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Abstract

This PhD thesis is focused on the study, analysis, design, and validation of power
topologies and control strategies for Power Electronic Converters (PECs) used to interface
Hybrid Energy Storage Systems (HESSs) to Direct Current (DC) microgrids and nanogrids.
In such type of power systems, a DC bus acts as the power link between the grid Voltage
Source Inverter (VSI) converter, the energy storage DC/DC converters and the rest of the
DC microgrid. The HESS under analysis consists of two energy storage units with signifi-
cantly different ratings and characteristics. In the particular case of study, the technologies
involved in the storage devices at the Hybrid Systems are an electrochemical Battery Bank
(BB) and a Supercapacitor Module (SM). The former device aims to provide long-term
energy support to the system, while the latter intends to supply/absorb fast, transient high
peak power demands. These devices need to be tightly coordinated to achieve a high-
energy and high-power combined storage system, with complementary properties. The
storage units are interfaced to the main system through dedicated power converters. The
control schemes implemented in these converters need to be coordinated as to manage the
power flows according to the system performance requirements.

The main objective of the research is, thus, to propose and compare different topologies
and control strategies that provide an adequate system performance during both islanding
mode and grid-connected mode. One of the primary purposes of the control stage is to de-
crease the DC bus voltage variations simultaneously and to perform a fast DC bus recovery,
upon fast, relatively large load variations. Also, the control scheme is aimed at increasing
the lifetime and State of Health (SoH) of the BB, thus increasing the system reliability and
robustness. Al these solutions have been studied, analyzed, demonstrated and validated
through simulations and experimental results.
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Una Solución Híbrida de Almacenamiento de Energía de Forma

Distribuida Aplicado a Microgeneración en Microrredes Redes

Eléctricas: Diseño del Sistema Electrónico de Potencia y Control

por

Ramy Georgious Zaher Georgious

Presentada en cumplimiento de los requisitos para la obtención del título de
Doctor en el Programa de Doctorado en Energía y Control de Procesos

Resumen

La presente Tesis Doctoral se centra en el estudio, análisis, diseño y validación de
Sistemas de Almacenamiento de Energía Híbridos (HESS por sus siglas en inglés) a mi-
crorredes y nanorredes de CC. En dichos sistemas, un bus de CC actúa como punto de in-
tercambio de potencia entre el convertidor de red de CA/CC en el Punto de Acoplamiento
Común (PCC), los convertidores de CC/CC del HESS y el resto de la microrred. El HESS
objeto de estudio consta de dos unidades de almacenamiento de distintas tecnologías, con
especificaciones significativamente diferentes. En el caso considerado, las tecnologías in-
volucradas en los dispositivos de almacenamiento son una Batería electroquímica (BB),
que proporciona la energía necesaria para el funcionamiento a largo plazo, más un Mó-
dulo de Supercondensadores (SM), dispuesto para suministrar/absorber demandas de alta
potencia transitorias y rápidas. Estos dispositivos deben estar estrechamente coordinados
para lograr un sistema combinado que presente características complementarias de energía
y potencia. Los esquemas de control implementados en los convertidores electrónicos de
potencia que interconectan estos dispositivos con la microrred, necesitan ser coordinados
para gestionar los flujos de potencia de acuerdo con los requisitos de funcionamiento del
sistema.

El objetivo principal de la investigación es proponer y comparar diferentes topologías y
estrategias de control para proporcionar un comportamiento adecuado del sistema, tanto en
modo aislado como en modo de conexión a la red. También se considera el funcionamiento
del sistema en caso de fallo de cortocircuito en el bus CC, así como el rearme del sistema
tras la reparación del fallo. Los resultados teóricos obtenidos son validados mediante sim-
ulaciones y resultados experimentales realizados en un prototipo de laboratorio.

Director de Tesis: Jorge García García
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1.1 Outline of the Research

This PhD thesis is framed within the scope of electrical engineering, specifically in the

disciplines of electrical power systems, power electronics and control systems. The recent

developments in new power converter and energy storage devices technologies, together

with advances in control strategies and systems, are leading a technological revolution to

boost the growth of the Distributed Generation (DG) paradigm. This paradigm is founded

on the integration of distributed resources into the transmission and distribution electrical

systems, as to maximize the energetic efficiency of the full power grid.
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Chapter 1. Outline of the Research, Objectives, Methodology and Structure

The conventional, centralized generation scheme of power systems assumes Alternating

Current (AC) transmission and distribution lines, as to provide an AC mains facility to the

end users and consumers. Also, it usually implies that these users are always power con-

sumers. However, as the penetration of renewable energy systems in the grid increases, as

electronic loads at the user premises turn out more and more relevant, and as energy storage

enters as a term in the equation, the coordination requirements and complexity of the full

electrical power system increases significantly. Microgrids and nanogrids emerge as a solu-

tion that eases the energy management at local levels, allowing for seamless integration of

renewable and distributed resources. In particular, Direct Current (DC) and hybrid AC/DC

microgrids or nanogrids are turning a feasible option for increasing the overall efficiency

of modern power grids.

As mentioned, Energy Storage Systems (ESSs) are turning into one of the key tech-

nologies in power electronics related disciplines. Indeed, by using these systems, there

is a reported improvement in the performance at leading applications such as integration

in the distribution network of stochastic power generators, grid stability and power qual-

ity support upon line contingencies, management of fast-dynamics high-power loads at the

power-train in electric-hybrid vehicles, and a manifold of industrial applications with a load

profile of large transient characteristics, among others.

One particular case of these systems is the Hybrid Energy Storage Systems (HESSs).

Generally speaking, these HESS interface a fast-dynamics high-power storage device, plus

a slower, bulk-energy storage unit, to the original power system under consideration. The

design of the full hybrid system involves the selection of adequate energy and power ratings

in its elements and parts, as well as the design of a control scheme that manages the involved

power flows appropriately. The final design must ensure that the resulting HESS shows an

overall enhanced performance, providing the energy ratings of the main energy storage

device, but simultaneously maintaining the power ratings of the fast-dynamics one. The

management of the power flows in the system is generally implemented through power

converters that enable synchronized control and operation of the involved storage units.

The main objective of the research conducted along this work is to propose, analyze,

compare and test different solutions to provide an adequate system performance during the
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most relevant system operation modes. Each solution considers jointly the design of the

power topology of the electronic converter and the control strategy implemented to ensure

the desired power flows, which depends as well on the operation modes in the system. The

operating conditions considered for the microgrid include both a grid-connected operation

mode and an islanding operation mode. The performance of the system upon faults is also

covered, as a fault ride through capability is one of the key system requirements. The main

target of the control stages is simultaneously to decrease the DC bus voltage variations and

to perform a fast DC bus recovery upon fast, relatively large load variations. Also, the

control strategy is aimed at increasing the system reliability and robustness.

In order to achieve this main goal, a set of objectives have been established in next

section. Then, the methodology for the fulfillment of these objectives is discussed, and

finally, the structure of the PhD thesis is outlined.

1.2 Objectives of the Research

In order to accomplish these main goals, a number of objectives have been identified.

These objectives will be targeted along the following chapters, and its fulfillment will be

assessed at the final stages of the document. The objectives can be expressed as:

• Definition of the system under study, its constraints in terms of applications, power

levels, voltage ratings and its expected performance and behavior.

• Characterization of the state-of-the-art of HESS for DC microgrids and nanogrids.

• Definition of the power electronic topologies suitable for HESS in DC microgrids

and nanogrids, and selection of the base case topology.

• Analysis of the main healthy operating conditions of the HESS. Definition of the

operation modes: islanding operation and grid-connected operation.

• Study of the control schemes for the HESS in the baseline case, for every operation

mode. Definition of the control strategies: islanding control strategy, independent

control strategy, and full control strategy.
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• Analysis of the operating limitations of the baseline case for the voltage rating con-

straints.

• Proposal of contributions for dealing with issues related to voltage rating constraints.

• Analysis and operating issues of the HESS upon DC bus short-circuit fault condi-

tions.

• Proposal of contributions for fault ride-through operation of the system.

• Establishment of a design methodology for validation and implementation of the

proposed solutions.

• Validation of the proposed solutions through the simulations and the experimental

test in laboratory prototypes.

• Critical analysis of the conclusions and establishment of future developments.

1.3 Methodology of the Research

The undertaken methodology starts by a revision of state-of-the-art solutions for the

implementation of HESS in DC microgrids, considering, among other aspects, the storage

technologies, the power topologies issues, the control methods and strategies, and the op-

eration in healthy and faulty conditions of the microgrid. Then, a comparison of the main

technologies, topologies and control strategies is carried out, in order to establish a base-

line case that will be the basis of the research carried out onwards. The performance of this

baseline case will be assessed in all the operating modes, conditions and control strategies.

Also, the limitations of this baseline will be deeply analyzed, and the critical aspects of the

operation will be identified.

Feasible alternate proposals will be presented then, in order to overcome the identified

limitations of the baseline case, and these proposals will be theoretically analyzed for all

the operation modes and strategies required. This methodology allows for performing a

critical comparison of the performance of the proposed solutions against the baseline case.
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So as to evaluate the feasibility of the proposal, these solutions must be assessed and

validated. In order to do so, a design procedure, for a given set of conditions and con-

straints, for both the baseline case and the proposed solutions, will be carried out. This

design method will be refined by the assessment of the system’s performance by means of

simulations, that will include complex models of the elements and devices in the system.

And finally, these results will be compared against experimental results on a laboratory

prototype of the HESS system, with the same conditions and constraint of the design and

simulation results.

After that, a critical analysis of the conclusions derived from the research will be carried

out. The degree of fulfillment of the objectives settled above will also be discussed in the

final Chapter of the document.

1.4 Structure of the Thesis

The following shows the structure of the PhD thesis, intended for fulfilling the estab-

lished objectives by means of the implementation of the discussed methodology.

Chapter 2 introduces and clearly defines the scope and framework of the research

conducted in this work. The DG paradigm is discussed, and the concept of microgrid and

nanogrid is briefly presented. It also explains the ESS in power systems, classifying the

different technologies as a function of the main relevant technical parameters. By the study

of the difference of these parameters for various devices, the concept of HESS is introduced

and justified. Finally, this chapter carries out a study and comparison of HESS structures

for interfacing the storage units to the DC bus at DC microgrids and nanogrids. The final

hybrid storage system is formed by an electrochemical Lithium-Ion (Li-Ion) battery and a

supercapcitor.

After that, Chapter 3 studies the most relevant topologies for power electronic convert-

ers applied to HESSs. Several options for three-port circuits are evaluated when interfacing

a DC bus with two distinct electrical energy storage units. Firstly, the most significant can-

didate options for non-isolated power electronics topology configurations in microgrids and

nanogrid applications are selected. From this study, a baseline solution for a three-port bidi-
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rectional converter for implementing HESS in DC microgrids is established. This topology,

based on the bidirectional DC/DC buck converter, is deeply analyzed. This chapter also

defines the operation modes of the HESS, i.e., the islanding mode and the grid-connected

mode. Finally, in this chapter, the implementation of two distinct control strategies for

the HESS is also described. These control strategies are the islanding control strategy

(that keeps the DC bus voltage constant), the independent control strategy (which, in turn,

considers the storage subsystem as an autonomous control scheme) and the full control

strategy (that takes into consideration also the references for the grid interfacing converter

of the microgrid).

The major drawbacks of the baseline solution are described in Chapter 4. In order to

cope with the limitations due to high voltage mismatch in the storage devices ratings, a

novel scheme for implementing a non-isolated solution for interfacing the ESS devices to

the DC bus is proposed. Then, a critical comparison is carried out among the two main

possibilities: the first one based on Parallel Connection (PC) of independent bidirectional

buck converters for each device, the second one based on the Series-Parallel Connection

(SPC) of the storage units. The proposed SPC is particularly useful in case of a large

voltage mismatch between one of the ESS units and the DC bus.

Then, the basic control strategies (islanding control, independent control and full con-

trol) are discussed at both operation modes of the microgrid (islanding mode and grid-

connected mode). This allows to compare the performance of the proposed solution against

the baseline option, considering static aspects, such as gain limitations, efficiency or power

density, but also regarding the dynamic behavior. The resulting structure is thoroughly

compared against the most significant direct alternatives. The analysis carried out on the

switching and conduction losses in the power switches of the target solution states the

design constraints at which this solution shows a performance improvement. This work

demonstrates how the proposed structure, referred to as SPC, performs as a simple, com-

pact and reliable approach, based on a modification of the H-bridge configuration. The

main advantage of this solution is that a sufficient large voltage gain, to some extent, at one

of the ports is attained by means of a simple topology, preventing the use of multilevel or

galvanic-isolated power stages. As a conclusion, the SPC shows a better performance in
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terms of reliability and controllability in the target application of compensating grid or load

variations in non-isolated HESSs, with a significant mismatch in the storage device voltage

ratings.

After that, Chapter 5 presents a fault ride-through control scheme for a non-isolated

power topology used in a HESS designed for DC microgrids and nanogrids. The power

topology under consideration is based on the buck-boost bidirectional converter, and it is

controlled through a bespoke modulation scheme in order to obtain low losses at nominal

operating conditions. The modulation scheme is based on two triangular carriers: one

for the boost mode operation and the other for the buck operation mode. In addition,

the operation of the proposed control scheme during a DC bus short-circuit failure is also

shown, as well as a modification to the standard control in order to achieve fault ride-

through capability once the fault is over.

Chapter 6 is devoted to establish the design procedure for implementing the different

solutions proposed in the previous chapters. It includes the design of the HESS, the power

converters, and the control strategies.

The feasibility and validity of the topologies and the control schemes during both is-

landing mode and grid-connected mode are validated in Chapter 7, through simulations

using MATLAB/SIMULINK R© and PLECS R©.

At Chapter 8, the theoretical and simulation results are compared against experimental

validations carried out on a 10 kW laboratory prototype, in order to assess the validity of

the results and to demonstrate the feasibility of all the proposed topologies and control

schemes during the design conditions.

Finally, Chapter 9, carries out a critical analysis of the performance of the proposed

solutions, stating its benefits as well as its main limitations. Finally, the main contributions

of the work are summarized, establishing future developments in the research.

As a consequence of the research carried out for the PhD thesis, several publications

in indexed international journals and prestigious international conferences have been pub-

lished. These publications are listed and included in the work as annexes.
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1.1 Resumen de la Tesis Doctoral

Esta tesis doctoral se enmarca dentro del ámbito de la ingeniería eléctrica, específica-

mente en las disciplinas de sistemas eléctricos de potencia, electrónica de potencia y sis-

temas de control. Los desarrollos más recientes en nuevas tecnologías de convertidores y

dispositivos de almacenamiento de energía, junto con los avances en estrategias y sistemas

de control, están liderando una revolución tecnológica para impulsar el crecimiento del

paradigma de la Generación Distribuida (DG, por sus siglas en inglés) en redes de potencia

eléctrica. Este paradigma se basa en la integración de recursos distribuidos en los sistemas
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eléctricos de transmisión y distribución, con el fin de maximizar la eficiencia energética de

toda la red eléctrica.

El esquema convencional de generación centralizada de sistemas de potencia asume la

operación de líneas de transmisión y distribución de corriente alterna (AC, por sus siglas en

inglés), para enviar la energía eléctrica desde grandes centrales de generación hacia las in-

stalaciones de red de CA a los usuarios y consumidores finales. Además, suele implicar que

estos usuarios son siempre consumidores de energía. Sin embargo, a medida que aumenta

la penetración de los sistemas de energía renovable en la red, que las cargas electrónicas en

las instalaciones de los usuarios resultan cada vez más relevantes, y que el almacenamiento

de energía comienza a ser une opción técnicamente viable, los requisitos de coordinación y

la complejidad del sistema eléctrico completo aumentan significativamente. Las microrre-

des y las nanorredes surgen como una solución que facilita la gestión de la energía a nivel

local, permitiendo una integración sin fisuras de los recursos renovables y distribuidos. En

particular, las microrredes o nanorredes de corriente continua (DC, por sus siglas en in-

glés) y las híbridas (AC/DC) se están convirtiendo en una opción viable para aumentar la

eficiencia general de las redes eléctricas modernas.

Como ya se ha mencionado, los sistemas de almacenamiento de energía (ESSs, por sus

siglas en inglés) se están convirtiendo en una de las tecnologías clave en las disciplinas

relacionadas con la electrónica de potencia. De hecho, mediante el uso de estos sistemas,

se ha reportado una mejora en el rendimiento de aplicaciones tales como la integración

en la red de distribución de generadores eléctricos estocásticos, la estabilidad de la red y

el apoyo a la calidad de la energía en contingencias en línea, la gestión de cargas de alta

potencia de dinámica rápida en el tren de potencia de vehículos eléctricos híbridos, entro

otras. En general, se trata de un amplio abanico de aplicaciones industriales con un perfil

de carga de grandes características transitorias.

Un caso particular de estos sistemas son los Sistemas Híbridos de Almacenamiento

de Energía (HESS, por sus siglas en inglés). En términos generales, estos HESS inter-

conectan un dispositivo de almacenamiento de alta potencia de dinámica rápida, además

de una unidad de almacenamiento de energía a granel más lenta, con el sistema de ali-

mentación original. El diseño del sistema híbrido completo implica la definición de las
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especificaciones de potencia y energía adecuadas en sus elementos y dispositivos, así como

el diseño de un esquema de control que gestione adecuadamente los flujos de potencia in-

volucrados. El diseño final debe asegurar que el HESS resultante muestre un rendimiento

global mejorado, proporcionando las especificaciones de energía del dispositivo de alma-

cenamiento de energía principal, pero manteniendo simultáneamente las especificaciones

de energía del dispositivo de dinámica rápida. La gestión de los flujos de potencia en el sis-

tema se realiza generalmente a través de convertidores de potencia que permiten el control

y funcionamiento sincronizado de las unidades de almacenamiento implicadas.

El objetivo principal de la investigación realizada a lo largo de este trabajo es proponer,

analizar, comparar y probar diferentes soluciones para proporcionar un rendimiento ade-

cuado del sistema durante los modos de operación más relevantes. Cada solución considera

conjuntamente el diseño de la topología de potencia del convertidor electrónico y la estrate-

gia de control implementada para asegurar los flujos de potencia deseados, lo que también

depende de los modos de operación del sistema. Las condiciones de funcionamiento con-

sideradas para la microrred incluyen tanto un modo de funcionamiento conectado a la red

como un modo de funcionamiento en isla. También se ha considerado el comportamiento

del sistema en caso de fallo, ya que la capacidad de robustez ante este tipo de fallos es

uno de los requisitos clave del sistema. El objetivo principal de las etapas de control es

simultáneamente disminuir las variaciones de tensión del bus de CC y realizar una ráp-

ida recuperación del bus de CC ante variaciones de carga rápidas y relativamente grandes.

Además, la estrategia de control tiene como objetivo aumentar la fiabilidad y robustez del

sistema.

Para lograr este objetivo principal, se han establecido una serie de objetivos en la sigu-

iente sección. A continuación, se discute sobre la metodología para el cumplimiento de

estos objetivos y, finalmente, se esboza la estructura de la tesis doctoral.

1.2 Objetivos de la Investigación

Para alcanzar estas metas principales, se han identificado una serie de objetivos. El

cumplimiento de estos objetivos se desarrollará a lo largo de los siguientes capítulos, y se

11



Capítulo 1. Esquema de la investigación, Objetivos, Metodología y Estructura

evaluará en las etapas finales del documento. Los objetivos pueden expresarse como:

• Definición del sistema estudiado, de sus limitaciones en términos de aplicaciones,

niveles de potencia, valores nominales de tensión y de sus prestaciones y compor-

tamiento esperados.

• Caracterización del estado del arte de HESS para microrredes y nanorredes de CC.

• Definición de las topologías de electrónica de potencia adecuadas para HESS en

microrredes de CC y selección de la topología de un caso base.

• Análisis de las principales condiciones de operación sin fallo del HESS. Definición

de los modos de operación: operación en isla y operación conectada a la red.

• Estudio de los esquemas de control del HESS en el caso base, para cada modo de

operación. Definición de las estrategias de control: estrategia de control en isla,

estrategia de control independiente y estrategia de control total.

• Análisis de los límites de funcionamiento del caso base en función de los márgenes

de las tensiones nominales.

• Propuesta de contribuciones para solventar las limitaciones relacionados con las re-

stricciones de la tensión nominal.

• Análisis y problemas de funcionamiento del HESS en caso de fallo por cortocircuito

en el bus de CC.

• Propuesta de aportaciones para el funcionamiento del sistema en caso de fallo.

• Establecimiento de una metodología de diseño para la validación e implementación

de las soluciones propuestas.

• Validación de las soluciones propuestas a través de simulaciones y ensayos experi-

mentales en prototipos de laboratorio.

• Análisis crítico de las conclusiones y establecimiento de futuros desarrollos.
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1.3 Metodología de la Investigación

La metodología emprendida se inicia con una revisión del estado del arte, focalizada en

las soluciones de última generación para la implementación de HESS en microredes de CC.

Se consideran, entre otros aspectos, las tecnologías de almacenamiento, los problemas de

topologías de potencia, los métodos y estrategias de control, y la operación en condiciones

en condiciones normales y ante fallos en la microrred. A continuación, se realiza una

comparación de las principales tecnologías, topologías y estrategias de control, con el fin de

establecer un caso de base que será la base de la investigación llevada a cabo. El desempeño

de este caso base será evaluado en todos los modos de operación, condiciones y estrategias

de control. Asimismo, se analizarán en profundidad las limitaciones de este caso base y se

identificarán los aspectos críticos de funcionamiento.

A continuación se presentan propuestas alternativas viables para superar las limita-

ciones identificadas en el caso de línea de base, y estas propuestas serán analizadas teóri-

camente para todos los modos de operación y estrategias requeridas. Esta metodología

permite realizar una comparación crítica del desempeño de las soluciones propuestas con

el caso base.

Para evaluar la viabilidad de la propuesta, estas soluciones deben ser probadas y val-

idadas adecuadamente. Para ello, se llevará a cabo un procedimiento de diseño, para un

conjunto dado de condiciones y limitaciones, tanto para el caso de referencia como para

las soluciones propuestas. Este método de diseño se refinará mediante la evaluación del

rendimiento del sistema mediante simulaciones, que incluirán modelos complejos de los

elementos y dispositivos del sistema. Y finalmente, estos resultados serán comparados con

los resultados experimentales en un prototipo de laboratorio del sistema HESS, con las

mismas condiciones y restricciones de los resultados de diseño y simulación.

Posteriormente, se realizará un análisis crítico de las conclusiones derivadas de la in-

vestigación. El grado de cumplimiento de los objetivos fijados anteriormente también se

discutirá en el capítulo final del documento.
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1.4 Estructura de la Tesis Doctoral

A continuación se muestra la estructura de la tesis doctoral, destinada al cumplimiento

de los objetivos establecidos mediante la implementación de la metodología discutida.

El capítulo 2 introduce y define claramente el alcance y el marco de la investigación

realizada en este trabajo. Se discute el paradigma de la generación distribuida y se pre-

senta brevemente el concepto de microrred y nanorred. También detalla el uso de sistemas

de almacenamiento de energía en los sistemas de potencia, clasificando las diferentes tec-

nologías en función de los principales parámetros técnicos relevantes. Mediante el estudio

de la diferencia de estos parámetros para varios dispositivos, se introduce y justifica el

concepto de HESS. Finalmente, este capítulo realiza un estudio y comparación de las es-

tructuras HESS para la interconexión de las unidades de almacenamiento con el bus de

CC en microrredes y nanorredes de CC. El sistema de almacenamiento híbrido final está

formado por una batería electroquímica de iones de litio (Li-Ion, por sus siglas en inglés)

y un módulo de Supercondensadores.

A continuación, en textbfel capítulo 3 se estudian las topologías más relevantes para los

convertidores electrónicos de potencia aplicados a los HESS. Se evalúan varias opciones

para circuitos de tres puertos, necesarios para interconectar un bus de CC con dos unidades

de almacenamiento de energía eléctrica distintas. En primer lugar, se seleccionan las op-

ciones más significativas para configuraciones de topología de electrónica de potencia no

aislada en microgrids y aplicaciones de nanogrid. A partir de este estudio, se establece

una solución base para un convertidor bidireccional de tres puertos para la implementación

de HESS en microrredes de CC. Esta topología, basada en el convertidor bidireccional

CC/CC reductor, se analiza en profundidad. En este capítulo también se definen los mo-

dos de funcionamiento del HESS, es decir, el modo aislado y el modo conectado a la red.

Finalmente, en este capítulo también se describe la implementación de dos estrategias de

control distintas para el HESS. Estas estrategias de control son la estrategia de control en

isla (que mantiene constante la tensión del bus de CC), la estrategia de control indepen-

diente (que, a su vez, considera el subsistema de almacenamiento como un esquema de

control autónomo) y la estrategia de control completo (que tiene en cuenta también las

14



1.4. Estructura de la Tesis Doctoral

referencias para el convertidor de interconexión a la red de la microrred).

Los principales inconvenientes de la solución base se describen en el Capítulo 4. Para

hacer frente a las limitaciones debidas a la gran diferencia de tensión nominal en los dispos-

itivos de almacenamiento, se propone un nuevo esquema para implementar una solución no

aislada para interconectar los dispositivos ESS con el bus de CC. A continuación, se realiza

una comparación crítica entre las dos posibilidades principales: la primera basada en la

Conexión Paralela (PC, por sus siglas en inglés) de convertidores bidireccionales indepen-

dientes para cada dispositivo, y la segunda basada en la Conexión Serie-Paralelo (SPC, por

sus siglas en inglés) de las unidades de almacenamiento. El SPC propuesto es particular-

mente útil en caso de un gran diferencia de tensión nominal entre una de las unidades ESS

y el bus de CC.

A continuación, se discuten las estrategias de control básicas (control en isla, control

independiente y control total) en ambos modos de funcionamiento de la microrred (modo

isla y modo de conexión a la red). Esto permite comparar el rendimiento de la solución

propuesta con la opción base, considerando aspectos estáticos, tales como limitaciones de

ganancia, eficiencia o densidad de potencia, pero también con respecto al comportamiento

dinámico. La estructura resultante se compara minuciosamente con las alternativas directas

más significativas. El análisis de las pérdidas en conmutación y en conducción en los

interruptores de potencia de la solución de destino indica las limitaciones de diseño en las

que esta solución muestra una mejora del rendimiento. Este trabajo demuestra cómo la

estructura propuesta, denominada SPC, funciona como una alternativa simple, compacta

y fiable, basada en una modificación de la configuración de puente en H. La principal

ventaja de esta solución es que se consigue una ganancia de tensión suficientemente grande,

hasta cierto punto, en uno de los puertos mediante una simple topología, evitando el uso

de etapas de potencia multinivel o aisladas galvánicamente. Como conclusión, el SPC

muestra un mejor rendimiento en términos de fiabilidad y controlabilidad en la aplicación

objetivo de las variaciones de la red de compensación o de la carga en los HESS no aislados,

cuando existe gran diferencia en los parámetros de tensión nominales de los dispositivos

de almacenamiento.

Después de eso, el Capítulo 5 presenta un esquema de control de fallo para una topología
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de potencia no aislada usada en un HESS diseñado para microrredes y nanorredes de CC.

La topología de potencia considerada se basa en el convertidor bidireccional reductor-

elevador, y se controla mediante un esquema de modulación a medida para obtener ba-

jas pérdidas en condiciones nominales de funcionamiento. El esquema de modulación se

basa en dos portadoras triangulares: una para el modo de operación elevador y otra para el

modo de operación reductor. Además, también se muestra el funcionamiento del esquema

de control propuesto durante una fallo por cortocircuito en el bus de CC, así como una

modificación del control estándar para lograr la capacidad de rearme del sistema una vez

finalizado el fallo.

El capítulo 6 está dedicado a establecer el procedimiento de diseño para implementar

las diferentes soluciones propuestas en los capítulos anteriores. Incluye el diseño del HESS,

los convertidores de potencia y las estrategias de control.

La viabilidad y validez de las topologías y los esquemas de control durante el modo en

island y el modo conectado a la red se validan en textbfel Capítulo7, mediante simulaciones

utilizando MATLAB/SIMULINK R© y PLECS R©.

En el Capítulo 8 se comparan los resultados teóricos y de simulación con las valida-

ciones experimentales realizadas en un prototipo de laboratorio de 10 kW, con el fin de

evaluar la validez de los resultados y demostrar la viabilidad de todas las topologías y es-

quemas de control propuestos durante las condiciones de diseño.

Finalmente, en el Capítulo 9, se realiza un análisis crítico del desempeño de las solu-

ciones propuestas, exponiendo sus beneficios, así como sus principales limitaciones. Final-

mente, se resumen las principales aportaciones del trabajo, estableciendo los desarrollos

futuros de la investigación.

Como consecuencia de la investigación realizada para la tesis doctoral, se han publi-

cado varias publicaciones en revistas internacionales indexadas y prestigiosas conferencias

internacionales. Estas publicaciones se enumeran y se incluyen en el trabajo como anexos.
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2.1 Introduction

This chapter explains and defines the different types of microgrids that can be found

in the DG paradigm, attending to the nature of the electrical characteristics, i.e., pure AC

microgrids, pure DC microgrids, and hybrid AC/DC microgrids. Also, it illustrates the

different types of ESS for this kind of microgrids. Finally, it is focused on the review of

state-of-the-art for the HESSs in microgrids.

2.2 The Concept of Microgrid

A microgrid is a power grid subsystem with DG capabilities which can operate de-

tached from the main distribution grid, in an isolated mode. However, in most cases these

subsystems operate in a grid-tied mode, enabling net power flows with the distribution net-

work. The essential elements within a microgrid are the loads and the generation systems,

either dispatchable generators or Renewable Energy Sources (RESs). The most significant

share of RES in microgrids are based on solar Photovoltaic (PV) or Wind Turbines (WTs)
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generation. Both sources rely on natural phenomena such as solar irradiance or wind speed.

With the increasing penetration of the RESs, the stability and the reliability of the micro-

grid are affected [1, 2]. However, the continuous development of ESSs [3, 4], balances the

stochastic behavior of both the RESs and the power demanded at the microgrid, ensuring

an uninterrupted and stable power flow to the loads [5–7]. The microgrid is connected to

the grid through the Point of Common Coupling (PCC) by means of Power Electronic Con-

verters (PECs) [8–10]. The microgrid could be an AC microgrid, a DC microgrid or even

a hybrid AC/DC microgrid [6, 10–18]. In an AC microgrid (Figure 2-1), the AC loads or

generators are connected directly to the AC bus, or through AC/AC converters (e.g., speed

drives for AC machines), while the DC units (either sources or loads) are interfaced to the

AC bus through DC/AC converters. On the other hand, in DC microgrids (Figure 2-2),

these AC units are connected to the DC bus through AC/DC converters, while the units

with DC power are connected directly to the DC bus or, more generally, through DC/DC

converters. Finally, in a hybrid microgrid (Figure 2-3), there are two buses for AC and

DC for units with AC power and DC power, respectively. The power exchange is ensured

through a given number of bidirectional AC/DC converters.
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Figure 2-1: An AC microgrid.
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Given the increasing number of DC units in power systems, there is a general percep-

tion in the technical literature that assumes the development of DC microgrids as a vital tool

for increasing the efficiency, stability, and reliability of microgrids[1, 2, 15, 19]. This per-

ception is based on several facts to be considered simultaneously. Currently, an increasing

number of the AC loads (and generators) are formed by some multi-stage electronic con-

verter structure. This structure generally is based on a cascaded connection of an AC/DC

rectification stage and a DC/AC inverter. In DC microgrids, one of these stages may be

removed, or at least substituted by a DC/DC converter, which usually has better efficiency

than the original stage. DC units, analogously, require an AC/DC stage for interfacing with

AC grids, that can be removed (or simplified by a DC/DC stage) in the case of DC micro-

grids. In any case, the grid frequency synchronization concerns at AC grids are not present

in the case of DC microgrids; this issue also simplifies in a significant manner the control

stages of the interfacing converters in DC grids [15, 19].

2.3 Benefits and Applications of Energy Storage Systems

The following deals with the benefits of integrating ESS in electrical power systems.

This discussion aims to demonstrate how these ESS play a key supporting role in the per-

formance of electric systems. Even though these benefits are valid from large-scale gener-

ation down to the end-user applications, in particular, the benefits of ESS in microgrids are

targeted here [20–22]:

• From the point of view of the generation, ESS allow for:

– Maintaining uninterrupted and stable power flow to the loads [5–7, 23]: Due

to the penetration of renewable generation sources, ESS is needed to provide

power when the renewable sources are not able to supply energy to the system.

– Providing peak shaving/load leveling [1, 22, 24–27]: The ESSs enables the

system to store the surplus energy during the light load and low price of energy

periods and to provide the required energy at heavy load intervals and high price

periods.

21



Chapter 2. A Review of Energy Storage Systems for DC Microgrids

– Giving support for black-start and reduce the risk of blackouts [1, 2, 22]: The

black-start occurs when the system needs to be restarted after a blackout (col-

lapse of failure or large power outage). It has been reported how some specific

technologies (e.g., electrochemical batteries and supercapacitors) have the ca-

pability of achieving such restoring feature [28].

– Enabling the use of mobile/remote applications [28]: It provides power for re-

mote areas or stand-alone systems such as electric vehicles and portable de-

vices.

• At transmission level, ESS provides for:

– Possibility if postponement of infrastructure upgrades and congestion relief

[20]: The usage of ESS reduces the need for new investments in order to have

a suitable transmission capacity.

– Voltage Regulation [21]: ESS allows for stabilizing the voltage levels between

each end of the power lines in the system.

• Finally, at the distribution level and end-user services, the implementation of ESS

yields to:

– Improving the power quality [1, 20, 23–25, 29–31]: In order to effectively min-

imize the effects of power quality issues (instantaneous voltage drop, transients

and flicker, sag, swell and harmonics), it is required a fast response of the ESS.

Supercapacitors, superconducting magnetic storage system and flywheel have

a very fast response, within the range of milliseconds. These dynamics are fol-

lowed by the performance of batteries, with characteristic responses in the order

of seconds [28].

– Increasing reliability [20, 24, 25]: ESSs support customer loads in the case of

the loss of the total power.

– Providing voltage support [25]: Maintain the voltage within an acceptable range.
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– Postponement of infrastructure upgrades [20]: Utilizing ESS reduce the need

for new investments in order to have suitable distribution capacity to meet load

demands.

– Ride-through support [25]: ESS can provide energy to ride-through operation

after disconnection due to a fault in the system and fault clearance.

In order to determine the optimal ESS technology for a given application, the require-

ments in terms of minimum response time and minimum discharge time need to be charac-

terized. Table 2.1 shows the minimum response time needed and the minimum discharge

duration of for key applications of the ESSs [20, 29]:

Table 2.1: The minimum response time and discharge time of the applications of the ESS

Applications of ESS Minimum Response Minimum Discharge
Time Duration

Generation
Uninterrupted and stable power flow sec. 10 min. - 2 hr.
Peak shaving min. - hr. sec. - 10 hr.
Black-start sec. - min. 1 h - 6 hr.
Mobile applications ms - sec. sec. - hr.

Transmission
Postponement of infrastructure upgrades min. 1 hr. - 6 hr.
Voltage regulation ms - sec. 6 min. - 1 hr.

Distribution and end-user services
Power quality < 5 ms ms - 1.2 min.
Reliability 5 ms - sec. 5 min. - 5 hr.
Voltage support < 5 ms 15 min.
Postponement of infrastructure upgrades min. 2 hr. - 8 hr.
Ride-through support < 5 ms 10 sec. - 15 min.

2.4 Energy Storage Systems Technologies

In this section, a summarized review of the different ESS technologies suitable for

electrical system applications is carried out. Depending on the physical form in which the

energy is stored, a first classification can be established [20, 29, 32–34]:
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1. Mechanical Energy Storage System: The energy is stored in the form of kinetic or
potential energy.

(a) Kinetic Energy Storage System:

i. Flywheel Energy Storage System (FESS) [1, 2, 17, 30, 31, 35–38].

(b) Potential Energy Storage System:

i. Compressed Air Energy Storage System (CAESS) [1, 2, 17, 30, 31, 35–
38].

ii. Pumped Hydro Energy Storage System (PHESS) [1, 2, 17, 30, 31, 35, 37,
38].

2. Electrical Energy Storage System: The energy is stored in the form of electrostatic
or magnetic fields.

(a) Electrostatic Energy Storage System:

i. Conventional capacitors [2, 35].
ii. Supercapacitors [1, 2, 17, 30, 31, 37, 38].

(b) Magnetic Energy Storage System:

i. Superconducting Magnetic Energy Storage System (SMESS) [1, 2, 17, 30,
31, 36, 37].

3. Chemical Energy Storage System: Energy can be stored and recovered when some
chemical substances are subjected to a transformation through a chemical reaction.
The main chemical technologies for energy storage are:

(a) Fuel Cells (FCs) [36, 37].

(b) Hydrogen Energy Storage System (H2ESS) [1, 30, 38].

(c) Synthetic Natural Gas (SNG) [1, 37, 39].

4. Electrochemical Energy Storage System: This can be defined as a particular case of
chemical energy storage, in which reversible chemical reactions in a combination of
cells are used to store electrical energy. This combination of cells in batteries can be
classified into:

(a) Conventional rechargeable batteries [1, 2, 30, 35, 36, 38].

(b) Liquid-metal and molten-salt batteries [40].

(c) Metal-air batteries [40].

(d) Flow batteries [2, 30, 37, 38].

5. Thermal Energy Storage System [1, 2, 30]: Heat is also a form of energy that can be
used for electrical systems storage applications. Depending on the range of temper-
atures involved, two different sets of technologies can be identified:

(a) Low-Temperature Thermal Energy Storage System (LTTESS) [31]:
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i. Aquiferous Low-Temperature Energy Storage System (ALTESS) [20, 21,
29].

ii. Cryogenic Energy Storage System (CESS) [20, 21, 29].

(b) High-Temperature Thermal Energy Storage System (HTTESS) [31]:

i. Molten Salt Storage (MSS) and Room Temperature Ionic Liquids (RTIL)
[20, 21].

ii. Concrete storage [21].
iii. Phase Change Materials (PSMs) [21, 29].

Notice how some of these technologies are classified into different forms of energy de-

pending on the technical literature references. The criterion followed in this classifications

aims to simplify the definitions of the technologies involved.

On the other hand, these technologies can also be classified based on their storage char-

acteristic duration into short-term ESS used for power quality, medium-term ESS used for

grid congestion management and frequency response and long-term ESS used for supply

and demand matching. [1, 2, 17, 20–22, 24, 29, 39, 41]. The following classification is

thus carried out as a function of this characteristic time:

1. Short-term Energy Storage System (from seconds to minutes): The energy to power
ratio is less than 1 (e.g., capacity of less than 1 kWh with a power of 1 kW system).

(a) FESS.

(b) Conventional capacitors.

(c) Supercapacitors.

(d) SMESS.

2. Medium-term Energy Storage System (from minutes to hours): The energy to power
ratio is between 1 and 10 (e.g., a capacity between 1 kWh and 10 kWh for a 1 kW
system).

(a) Conventional Rechargeable batteries.

(b) Liquid-Metal and Molten-Salt Batteries.

(c) ALTESS.

(d) CESS.

(e) SNG.

3. Long-term Energy Storage System (from hours to days to months): The energy to
power ratio is greater than 10 (e.g., capacity of greater than 10 kWh for a 1 kW
system).
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(a) CAESS.

(b) PHESS.

(c) Metal-air batteries.

(d) Flow batteries.

(e) FCs.

(f) H2ESS.

(g) MSS and RTIL.

(h) Concrete storage.

(i) PSMs.

Figure 2-4 shows the rated energy capacity versus duration of storage of the different

technologies of ESS [17, 22, 24, 29]. Again, this division into short, medium and large

term scales depends mainly on the specific application, on the power and energy ratings

involved, an also on the given criteria followed in the analysis carried out at the specific

technical literature references. The categorization shown here aims to match the most gen-

eral classifications studied.

Figure 2-4: Rated energy capacity versus duration of storage.
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2.4.1 Electrochemical Batteries

Electrochemical batteries stand out as one of the most commonly used storage tech-

nologies both in industrial and residential applications of power systems, microgrids and

nanogrids [21, 29]. The energy and the power ratings of the electrochemical battery need

to be sized to fulfill the peak power demands, as well as any backup requirements under

islanding mode operation of the target application.

Given the inherent modular approach of the battery system, that indeed is formed by an

assembly of cells and modules, the only limitation for finding a device with enough power

ratings come from the cost or size/weight sides. In fact, increasing the size of the Battery

Bank (BB) will solve the power rating requirements, apparently raising the cost as well.

The fundamental characteristic parameters used to define a battery are summarized

ahead [42]:

• Nominal Voltage, VBB_nom: Reference voltage of the BB, as per the conditions spec-

ified by the manufacturer. It is measured in Volts.

• Nominal Capacity,CBB_nom: coulometric capacity, measured in Amperes-hour, avail-

able when the device is discharged at a given discharge current (generally specified

as C-rate), from 100% state-of-charge to the cut-off voltage. The capacity generally

decreases with increasing discharge currents.

• State of Charge, SOCBB: The State of Charge (SoC) is a measure of the amount

of electrical energy stored in BB [43]. The units of SoC are percentage points (0%

= empty; 100% = full). An alternate form of the same measure is the Depth of

Discharge (DoD), the inverse of SoC (100% = empty; 0% = full). SoC is normally

used when discussing the current state of a BB in use, while DoD is most often seen

when discussing the lifetime of the BB after repeated use.

• Discharge Current, CBB_rate: A measure of the rate at which a BB is discharged,

relative to its maximum capacity. A C-rate of 1C means that the discharge current

will discharge the entire battery in 1 hour.

27



Chapter 2. A Review of Energy Storage Systems for DC Microgrids

• State of Health, SOHBB: The State of Health (SoH) of the BB is a figure of merit

of the condition of a battery or a cell, compared to its ideal conditions. Typically, a

battery’s SOHBB will be 100% at the time of manufacture and will decrease over

time and use [44].

• Cycle Life: The number of discharge-charge cycles that the BB can suffer, before

failing to meet specific performance criteria. This number of cycles is affected by

the charge/discharge conditions, temperature, humidity, etc. Generally speaking, the

higher the DoD, the lower the cycle life.

• Maximum Continuous Charge(Discharge) Current: Maximum current at which the

BB can be charged (discharged) continuously. It is given by the manufacturer to limit

dangerous charging/discharging rates.

• Maximum Voltage, VBB_max: Also known as charge voltage, it is the voltage at which

the device is charged to the full capacity.

• Float Voltage, VBB_fl: The voltage at which the BB must be kept once charged to

100% SoC as to compensate for self-discharge.

• Internal Impedance, ZBB: The impedance of the BB, generally different for charge

and discharge, that accounts for internal losses and dynamic performance. This

impedance is a function of parameters that state the BB condition, such as the SoH

and the SoC.

• Specific Power and Specific Energy: The specific power, measured in W/kg, is the

maximum available power per unit mass of the device. In turn, the specific energy

(Wh/kg) is the nominal energy stored in the battery, at 100% SoC, per unit mass of

the device.

• Power Density and Energy Density: The power density, measured in W/m3, states the

maximum available power per unit volume of the device, whereas the energy density

defines the amount of energy stored per unit volume, in Wh/m3.
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The main limitation in the lifetime of the battery comes from the voltage mismatch at

cell level within a given battery module. Passive or active cell balancing techniques are re-

quired for ensuring an even distribution of the voltages that maximizes the battery lifetime

and SoH [45]. These devices are suffering from frequent charge and discharge cycles, in or-

der to supply the instantaneous power requirements [46, 47]. Also, if the charge/discharge

levels are greater than the rated ones, the lifetime of the battery is significantly jeopardized

[48].

The thermal management of the batteries is a significant challenge to operate safely

in high power demands. In fact, the batteries need to be adequately refrigerated in high-

temperature environments, but in turn, they require warming-up in low-temperature en-

vironments, in order to provide the desired power in optimal conditions [49]. Generally

speaking, the batteries have a limitation in the transient response (di/dt) [50] as large tran-

sient fluctuations might affect the device performance.

2.4.2 Classification of Electrochemical Battery Technologies

The batteries are widely used in power systems applications, being a quite mature,

well-known technology ESS [23, 40]. The different implementations of such a BB can be

classified attending to their general structure and operation principle.

1. Conventional Rechargeable Batteries: These batteries consists of: positive cathode,

negative cathode, electrolyte and the separator. They are a mature technology and

widely used in a lot of applications.

(a) Li-Ion Battery [1, 2, 30, 31, 36, 49, 51, 52].

(b) Lithium-Polymer (Li-Poly) Battery [49].

(c) Lithium-Iron Phosphate (LiFePO4) Battery [49].

(d) Lead-Acid (Ph-Acid) Battery [1, 2, 31, 36, 49, 51, 52].

(e) Nickel-Cadmium (NiCd) Battery [1, 2, 30, 31, 36, 52].

(f) Nickel-Metal Hydride (NiMH) Battery [1, 2, 30, 36, 49, 51, 52].

(g) Nickel–Zinc (NiZn) Battery [52].
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(h) Nickel-Hydrogen (NiH2) Battery.

(i) Nickel-Iron (NiFe) Battery [40].

(j) Zinc Silver Oxide (ZnAg) Battery [40].

(k) Alkaline Zinc-Manganese Dioxide (ZnMn) Battery [40].

2. Liquid-Metal and Molten-Salt Batteries: These batteries utilize liquid metal/molten

salts as electrolytes which plays the part of electrodes. The electrodes are separated

by a solid membrane separator. They are still not widely implemented in commercial

applications.

(a) Sodium-Sulfur (NaS) Battery [1, 2, 30, 31, 36].

(b) Sodium Nickel Chloride (NaNiCl) also is known as (ZEBRA) Battery [1, 2, 21,

30, 31].

3. Metal-Air Batteries: These batteries replace the second electrode with an air elec-

trode. At present, the technology is not mature enough for practical implementation

in grid applications.

(a) Zinc-air (Zn-Air) [21, 40].

(b) Iron-Air (Fe-Air) [40].

4. Flow Batteries: The electrolytes in the battery contain dissolved active materials, that

flow through the cell to generate electricity.

(a) Vanadium Redox Flow Battery (VRFB) [1, 2, 30, 31].

(b) Polysulfide-Bromide (PSB) Battery[1, 2, 20, 30, 31].

(c) Zinc-Bromine (ZnBr) Redox Flow Battery [1, 2, 30, 31].

(d) Zinc-Cerium (ZnCe) Redox Flow battery [40].

2.4.3 Characteristic Parameters of Batteries

The characteristics of the main battery technologies, regarding energy density, power

density, specific energy, specific power, rated power and rated energy capacity are presented
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in Table [20, 21, 29, 31–33, 36, 40, 40, 49, 53].

Table 2.2: Characteristics of batteries and supercapacitors.

Technology
Energy Power Specific Specific Rated Rated Energy
Density Density Energy Power Power Capacity
(Wh/L) (W/L) (Wh/Kg) (W/Kg) (MW) (MWh)

Li-Ion 94-500 1300-10,000 30-300 8-2000 1-100 0.0004-25
Li-Poly 200 250-1000 130-200 1000 -2800 - -
Pb-Acid 25-90 10-700 10-50 25-415 0-50 0.001-48
Ni-Cd 15-150 75-700 10-80 50-300 0-50 6.75
Ni-MH 38.9-350 7.8-588 30-120 6.02-1200 0.01 3
Ni-Zn 80-400 121.38 15-110 50-900 0.001-0.05 -
Ni-Fe 25-80 12.68-35.18 27-60 20.57-110 0-0.05 -
Zn-Ag 4.2-957 3.6-610 81-276 0.09-330 0.25 -
Zn-Mn 360-400 12.35-101.7 80-175 4.35-35 0-0.001 -
NaS 150-345 50-180 100-250 14.29-260 0.01-80 0.4-244.8
NaNiCl 108-200 54.2-300 85-140 10-260 0-53 0.12-5
Zn-Air 22-1673 10-208 10-470 60-225 0-1 5.4
Fe-Air 100-1000 250 8-109 18.86-146 0-0.01 -
VRB 10-70 0.5-33.42 10-75 31.3-166 0.03-50 2-60
PSB 10.8-60 1-4.16 10-50 - 0.001-100 0.06-120
ZnBr 5.17-70 1-25 11-90 5.5-150 0.001-20 0.05-50
Supercapacitor 1-35 40,000-120,0000.05-85.65.44-100,000 0-5 0.0005

It can be seen from Table 2.2 that Li-Ion battery has better characteristics compared to

other technologies of batteries [29]. Li-Ion batteries are increasing in the market due to

they have a long cycle life, a high cell voltage, good low-temperature performance, good

charge retention, high depth of charge [40].

Table 2.3 shows the response time and discharge time of the main ESS [1, 20, 21, 21, 22,

29, 39]in order to easily select the proper technology of ESS for the suitable application.

Discharge time is the maximum power discharge duration. It depends on the depth of

charge and operating conditions [37].
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Table 2.3: The response time and discharge time of the ESS technologies.

ESS Response Time Discharge Time Suitable Storage Duration
Mechanical Energy Storage System

FESS < 4 ms - min. ms - 15 min. s - min. (short-term)
CAESS 1 min. - 15 min. 30 sec. - days hr. - months (long-term)
PHESS sec. - min. 1 hr. - days hr. - months (long-term)

Chemical Energy Storage System
Li-Ion ms 15 min. -8 hr. min. - days (medium-term)
Ph-acid < 5 ms sec. - 10 hr. min. - days (medium-term)
NiCd ms sec. - 8 hr. min. - days (medium-term)
NiMH ms 18 min. - 8 hr. min. - days (medium-term)
NiZn ms 18 min. - 8 hr. min. - days (medium-term)
NaS ms sec. - 7 hr. sec. - hr. (medium-term)
NaNiCl ms min. - 4 hr. sec. - hr. (medium-term)
Zn-Air ms sec. - days hr. - months (long-term)
VRFB < 1 ms sec. - ds hr. - months (long-term)
PSB 20 ms sec. - 10 hr. hr. - months (long-term)
ZnBr < 1 ms sec. -10 hr. hr. - months (long-term)
FC ms - sec. sec. - days hr. - months (long-term)
hydrogen ms - min. sec. - days hr. - months (long-term)
SNG min. hr. - days Medium-term

Electrical Energy Storage System
Conventional capacitors < 5 ms ms - 1 hr. sec. - hr. (short-term)
Supercapacitors < 5 ms 10 sec. - 1.2 hr. sec. - hr. (short-term)
SMESS 17 ms ms - 30 min. min. - hr. (short-term)

Thermal Energy Storage System
ALTESS min. 1 hr. - 8 hr. min. - days (medium-term)
CESS sec. 1 hr. - 8 hr. min. - days (medium-term)
HTTESS sec. 1 hr. - days min. - months (long-term)

2.4.4 Applications of the Lithium-Ion battery

From the technical literature and Tables 2.2 and 2.3, it can be said that the Li-Ion tech-

nology presents a great potential for many applications:

• At generation level:

– Renewable energy smoothing and stable power flow to the loads[22].

– Provide peak shaving [39].
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– Emergency supply [39].

– Used in mobile applications such as electric vehicles [39].

• At transmission level:

– Voltage regulation [22]

• At distribution level and end-user services and end user:

– Improving the power quality [22, 39].

– Increasing the service reliability (Customer backup) [22].

– Distribution upgrade deferral [22].

2.4.5 Hybrid Energy Storage Systems

A battery system design means, basically, the selection of the final number of mod-

ules required, as well as their serial and/or parallel interconnection to ensure compliance

with the storage specifications of the target application. However, because of the above

discussion, a design that ensures the ability to provide the given power with the dynam-

ics necessary for the application may be substantially greater than that required to ensure

only the energy ratings. In this case, if the final design is taken as the one that guarantees

the power levels of the application, the storage system will have a larger size, weight, and

cost than in the case of the system that strictly guarantees the energy support [54]. On the

other hand, if the design assures only the available energy required by the system, when

surpassing the charge and discharge ratings and the current derivative values, the SoH of

the storage device will be penalized, and thus the lifetime of the battery, and therefore of

the full energy system, will be shortened. Summarizing, if the BB is sized only by energies,

then the SoH might decrease rapidly, preventing lifespan. On the other hand, if the size of

the BB is selected by power yields to extra costs and size in the storage system.

One of the options to solve this paradox is to propose an energy system consisting of two

different device technologies, with complementary power and energy characteristics. Thus,

the combined energy system, called HESS, presents the energy characteristics of one of the
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devices, but the dynamic and power characteristics of the other one. In the case under study,

the option chosen is to design the Li-Ion battery according to the energy specifications for

the application, while an additional device is added to provide the necessary power, with the

required dynamics [49]. Provided that the additional storage device meets some economic

and volumetric constraints, this scheme would, in addition, decrease the cost and size of the

resulting storage system. However, in any case, a correct design of the HESS will increase

the SoH of the battery, therefore extending the lifespan of the storage system [3, 55].

In order to select the complementary technologies within a HESS, their performance

must be compared according to their specific power and specific energy ratings, as well

as according to the power and energy densities [29, 50, 56]. In general, the weight is

not an issue in stationary grid utility applications; however, it is critical in transportation

and aerospace applications. The volume, though, could be an issue in some grid utility

applications. Figure 2-5 shows the characteristics behavior of the main ESSs technologies,

with respect to the power and energy densities [29, 39, 57]. The higher the power and

energy densities, the lower the volume.

Figure 2-5: A comparison between the energy density and the power density for ESSs.
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From figure 2-5, it can be seen how one of the technologies that may be hybridized with

electrochemical batteries is the one based on supercapacitors (also known as ultracapaci-

tors). The resulting HESS combines a main electrochemical battery ESS for high energy

density with a characteristic relatively slow dynamics, while the auxiliary supercapacitor

based ESS provides high power density and fast dynamics [36, 49, 51, 58, 59]. This com-

bination improves the overall performance, increases the lifetime of the battery [49, 55, 60]

and can achieve better efficiencies [51]. BB and Supercapacitor Module (SM) are one of

the most widely used pairs of technologies in hybrid systems, given that the latter provide

complementary characteristic ratings to the former in terms of power and energy densities

[52, 61–64].

Transient fluctuations in the DC bus will occur upon changes in the operating conditions

at the microgrid. These changes might be due to variations in the power flows, either due to

variable load profiles or injection of power from DGs. Also, these changes might happen

because of voltage variations in the distribution grid. Usually, the ESS used for energy

supply in microgrids present limited dynamics, and large transient power spikes reduce

their operating lifetime as in the case of BB [3]. In these cases, a fast, high-power capability

storage system such as SM can be included, thus forming a HESS [3, 49, 51]. With an

adequate coordinated control, these hybrid systems ensure a stiff behavior of the DC bus,

decoupling the grid and the microgrid sides. But also, they enhance the system reliability

by preventing the low-dynamic storage systems to provide large current spikes, increasing

of the BB lifetime [65]. These HESS are gaining more and more research interest due to

their potential benefits in power and energy support in grid applications [66]. The following

subsection defines the main characteristics of supercapacitive technologies.

2.4.6 Supercapacitors

A supercapacitor, also is known as an ultracapacitor or Electric Double-Layer Capacitor

(EDLC), is an electrical device able to store energy in an electric field, in a similar manner

than standard capacitors [31, 67–69]. However, the level of capacitances reached by these

devices is several orders of magnitude higher than in conventional capacitors [6, 36, 66, 70–

73]. In general terms, these devices present faster dynamics, higher power density, high
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charge and discharge ratings, and higher life cycling parameters (over 100,000 cycles) when

compared to batteries [32, 73]. The energy stored in one SM is defined as:

ESM =
1

2
CSM · V 2

SM (2.1)

where:

• ESM is the SM energy storage in Joules or Watt-secs,

• CSM is the SM capacitance in Farads,

• VSM is the SM voltage in Volts.

This quadratic dependence of the energy versus the voltage in SM imposes some key

design parameters. In order to deliver 75% of the stored energy in the SM, the SM is needed

to discharge to half of its initial value [49].

The main characteristics of these devices are also included in Tables 2.2 and 2.3, for

reference. In order to be able clearly to define the hybrid system, the following sections

deal with a review of the main aspects of both the electrochemical batteries and the super-

capacitors technologies.

2.4.7 Applications of the Supercapacitor

Following a review of the technical literature, a number of applications have been iden-

tified that uses the technology of supercapacitors in storage systems. These applications

include:

• At generation level:

– Centralized renewable energy integration (smoothing) [1].

– Renewable generation grid integration [1].

– Mobile applications such as transportation [1].

• At transmission level:
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– Voltage regulation [1].

• At distribution level and end-user services:

– Improving power quality [1, 39].

– Increasing reliability [1].

– voltage regulation [1].

– Transit and end ride-through capability (Bridging power). [1].

2.5 Configurations of the Hybrid Energy Storage

Systems

As already mentioned, the technologies to be hybridized in the HESS under consid-

eration are an electrochemical BB plus a SM, and both interfaced to a DC microgrid or

nanogrid through PECs. There are many possible configurations in order to connect the

main ESS (BB) and the auxiliary ESS (SM) to the DC microgrid/nanogrid. Usually, the

hybrid system is connected to a DC bus that manages the power flow of the microgrid.

These configurations depend on the voltage ratings and limit values of the BB (VBB), the

SM (VSM ), and the DC bus (VDC). All the cases will be studied in order to give generality

to the analysis; however, it will be assumed, for the establishment of the baseline case un-

der consideration, that the SM voltage ratings are going to be significantly smaller than the

BB voltage ratings.

2.5.1 The Basic Passive Parallel Configuration (VBB = VSM = VDC)

In the most straightforward configuration, the BB and the SM are connected directly

to the DC bus [49, 74] as depicted in Figure 2-6. Due to the behavior of the devices, the

SM acts as a Low Pass Filter (LPF) [49]. The advantages of this configuration include no

requirements of PECs, thus being very easy to implement [49]. The high transient current

of the BB is avoided because of using the parallel scheme to connect the SM [61]. A

drawback of this configuration is that it cannot effectively utilize the SM stored energy as
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the working range of the SM is very small[49]. Besides, usually, a number of SM need

to be connected in series in order to increase the operating voltage, thus yielding to a cost

increase. Also, voltage balance mismatch effects might appear in the series connection of

SM. However, the most significant drawback is that the power-sharing between the two

ESS cannot be controlled [61].

 

Figure 2-6: The BB and the SM are connected directly to DC bus.

2.5.2 The Passive Cascaded Configurations

This scheme, partly derived from the Basic Passive Parallel Configuration, includes a

single bidirectional DC/DC converter. Depending on the relative voltage ratings of the BB,

the SM and the DC bus, three different variants can be identified.

2.5.2.1 VBB = VSM , (VBB, VSM) < VDC

In the case that the voltage ratings of the BB and the SM are similar and the ones at

the DC are significantly different, the former devices can be connected directly in parallel,

and, by means of a bidirectional DC/DC converter, they are also interfaced to the DC

bus[36, 52, 62, 75]. As in the previous case, the advantage of this configuration is that

high transient currents through the BB are prevented, as they flow through the SM. This

ensures smooth current variations in the BB during charge and discharge, thus increasing

the reliability of the system [61, 62]. An apparent drawback is that the power-sharing

between the two ESS cannot be controlled, as the power contribution of each ESS depends

on their respective internal resistances [49, 62]. Also, a bulk bidirectional DC/DC converter

is needed to handle the total power of the full ESS, yielding to a cost investment increase, as

compared to a direct connection. Also, it must be taken into account that the power flowing
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from the ESSs has to flow through the bidirectional DC/DC converter, thus yielding to

losses [61].

 

Figure 2-7: The BB and the SM are connected to a bidirectional DC/DC converter and then
to the DC bus.

2.5.2.2 VSM < VBB, VBB = VDC

Assuming BB voltage ratings close to those at the DC, and also assuming that the SM

ratings are significantly different. Then, a bidirectional DC/DC converter can be used to

interface the SM and the DC bus, connecting the BB directly to the DC bus [36, 63, 64, 71,

74]. Figure 2-8 shows this configuration. The advantages of this scheme are the voltage of

the SM can be utilized in a wide range, so the SM is efficiently used [49, 50]. The nominal

voltage of the SM can be lower, and thus this might yield to a decrease the cost of the

overall system. [49]. An additional advantage is that the voltage of the DC bus is relatively

more stable [49]. The drawbacks of this configuration are that the BB still suffers from

frequent charge and discharge operations and that the DC bus voltage cannot be controlled

independently [49].

 

Figure 2-8: A bidirectional DC/DC converter is connected between the SM and the DC
Bus, and the BB is connected directly to DC bus.
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2.5.2.3 VBB < VSM , VSM = VDC

Finally, a bidirectional DC/DC converter can be connected between the BB and the DC

bus. By designing an assembly of SM to present similar voltage ratings to the DC, the SM

can be connected directly to the DC bus [36]. In this configuration, shown in Figure 2-9, the

SM acts as a LPF. Thus, the main advantage of this configuration is that the BB current can

be controlled, and therefore dangerous current and current derivative values are prevented,

thus increasing the reliability of the device [49]. In addition, if the DC bus can be varied

within a given range, the SM can be effectively used up to some extent [49, 61]. However,

in general terms, this is also a drawback for this configuration, as usually the voltage of

the DC bus cannot be varied over a large range [61]. In addition, it is generally required

a series connection of a number of SM to match the DC bus voltage, often yielding to a

non-optimal solution from the point of view of the cost.

 

Figure 2-9: A bidirectional DC/DC converter is connected between the BB and the DC bus,
and the SM is connected directly to the DC bus.

2.5.3 The Active Cascaded Configurations

In this configuration, there are two different possible structures, which in turn depend

on the voltage ratings of the BB, the SM and the DC bus. For all these configurations, two

bidirectional DC/DC converters are needed.

2.5.3.1 VSM < VBB < VDC

A bidirectional DC/DC converter is connected between the SM and the BB and another

bidirectional DC/DC converter is connected between the BB and the DC bus as shown in
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Figure 2-10. The advantage of this configuration are that the voltage of the SM and the BB

are varied in a vast range. The main drawback is that a bulk bidirectional DC/DC converter

is needed to handle the total power of the ESSs, yields to increase the cost. All the energy

storage has to flow through the bidirectional DC/DC converter connected to the DC bus,

and this generates high losses [61].

Figure 2-10: A bidirectional DC/DC converter is connected between the SM and the BB
and another bidirectional DC/DC converter is connected between the BB and the DC bus.

2.5.3.2 VBB < VSM < VDC

Also, a bidirectional DC/DC converter is connected between the BB and the SM and

another bidirectional DC/DC converter is connected between the SM and the DC bus [49,

52, 75] as depicted in Figure 2-11. Again, the main advantage of this configuration is that

the voltage of the SM and the BB are varied in an extensive range. The BB could have a

small voltage, implying a specific cost reduction [52]. The drawback is that there are two

bidirectional DC/DC converters, and therefore the cost, the size and the control complexity

increases. The DC/DC converter connected between the BB and the DC bus should able

to handle all the ESS power. This configuration yields to a subsequent rise in the system

losses.

2.5.4 The Multiple Input Converter Configuration or the Multiport

Converter Configuration (VSM 6= VBB, (VSM , VBB) < VDC)

In this structure, a multiple input bidirectional DC/DC converter interfaces the BB, the

SM and the DC bus [49, 50, 76, 76, 77], as depicted in Figure 2-12. The main advantages

of this configuration are a decrease in the cost of the converters [49], and the possibility
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Figure 2-11: A bidirectional DC/DC converter is connected between the BB and the SM
and another bidirectional DC/DC converter is connected between the SM and the DC bus.

of centralized control of the power flows involved in the system [77]. As main drawbacks,

it can be said that together with a size increase, the control strategies and the power flow

management are much more complicated [52, 61].

Figure 2-12: A multiple input bidirectional DC/DC converter is connected between the BB,
the SM and the DC bus.

2.5.5 The Multiple Converter Configuration or the Active Parallel

Configuration (VSM 6= VBB, (VSM , VBB) < VDC)

The most common scheme used in HESS is finally introduced in this section. A first

bidirectional DC/DC converter is connected between the SM and the DC bus, while another

bidirectional DC/DC converter connects the BB and the DC bus [36, 49, 62, 74, 78, 78–

82]. The basic diagram of the structure is depicted in Figure 2-13. The advantages of this
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configuration is that the voltages of the BB and the SM can be varied in a wide range, and

thus most of the SM available energy is effectively used [49, 62]. The power contribution of

the two ESS can be managed independently. This yields to a set of interesting features for

this structure, that include more flexibility for power management, overall system efficiency

with an adequate design, and better general performance [52, 62, 83]. The drawbacks of

this configuration are that two bidirectional DC/DC converters are needed [49, 50, 62],

thus increasing the cost, size, and complexity of the design. But for all the advantages

as mentioned earlier, this is the structure that has been selected for the application under

consideration as it is the most suitable solution for the HESS. Therefore, this structure is

used in the next sections of the discussion.

Figure 2-13: Two independent bidirectional DC/DC converter are used for interfacing the
SM and the BB with the DC bus.

2.6 Conclusions

In this Chapter, the main ESS device technologies suitable for power systems have been

presented, and their benefits, drawbacks, and applications have been discussed. Then, the

state-of-the-art of the HESS for the DC microgrid and nanogrids have been characterized.

The technologies of Li-Ion electrochemical BB and SM have been targeted as the most typ-

ical for the selected application, and therefore chosen as the two technologies to hybridize
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in this research.

Finally, the power topology configurations suitable for the HESS are defined showing

their merits and drawbacks. The active parallel configuration has been selected as the base-

line structure for this kind of HESS. Next Chapter introduces the PC of two bidirectional

buck converters as the base case for the selected configuration. Also, the control schemes

during islanding mode and grid-connected mode are proposed, studied and discussed.
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3.1 Introduction

This chapter focuses on the discussion of power electronic topologies at the multiple

converter configuration, also known as active parallel configuration, applied in for HESS

applications in DC microgrids and nanogrids. This configuration is the preferred one in

HESSs when full control of all the power flows between the energy storage devices, and

the DC bus is required. Later, the control strategies for these converter configurations

are deeply analyzed, considering the system main operation constraints, i.e., both in the

islanding mode and in the grid-connected mode. Finally, some contributions on this control

strategies are proposed, in order to state a baseline case that can be used as a reference in

the research in forthcoming Chapters.

3.2 Topologies of the Multiple Converter Configuration

In the application under study, i.e., HESSs for DC microgrids, different options can be

chosen to implement the interfacing converters. The DC/DC bidirectional converters are

generally divided into isolated and non-isolated types [5, 7, 84, 85]. If galvanic isolation is

not a requirement for the HESS, then PC of two bidirectional buck converters, as shown in

Figure 3-1 is the most prevalent for low to medium power applications. The variable current

source (IN ) and the variable resistance (RN ) at the DC bus in Figure 3-1 are intended to

model the behavior of the rest of the DC microgrid. The DC bus consists of two capacitors
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connected in series, with equal capacitance values, so as to have access to the middle point

of the DC bus, point m in figure 3-1. This scheme can also be defined as a H-bridge

configuration [4, 36, 74, 78, 79, 86–90]. Given that the topology is a bidirectional circuit,

the consideration of the topology as a buck or as a boost is a matter of defining adequately

the references and the switch which has the main control action (i.e., duty cycle) in the

corresponding leg, leaving the remaining switch commuting in a complementary scheme.

For simplicity in the equations, the upper switch is considered to have the duty cycle that

defined the control action in each leg; therefore, the topology will be called buck converter

stage along this research.

Figure 3-1: PC of two bidirectional buck converters interfacing the energy storage devices
(BB and SM) and the DC bus.

For higher rated power levels in the ESS, still, without the isolation requirement, other

options for the storage power converters, such as interleaved bidirectional converters [7,

85, 91] (Figure 3-2) or multilevel converters [92, 93] can be used.

However, if the galvanic isolation is a requirement in the design, a number of iso-

lated DC/DC converter topologies might be considered. Among them, Dual Active Bridge

(DAB) (Figure 3-3), stands as one of the most suitable for this application [36, 57, 58,

81, 94–96]. However, it yields an increase in the cost and the hardware complexity, as the

number of switches also increases. For ah hybrid storage structure, the DAB is transformed

into the Triple Port Active Bridge (TAB), depicted in Figure 3-4 [97–100]. This scheme

results in a smaller number of switches compared to the two parallel DAB converters.

In general terms, isolation might be required to isolate the distribution grid from the
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Figure 3-2: PC of two bidirectional interleaved buck converters interfacing the energy stor-
age devices (BB and SM) and the DC bus.

microgrid galvanically. In this case, this is usually achieved by a line transformer or by a

specific isolated conversion stage, usually at the PCC. However, in any case, if the isolation

is not a requirement in the HESS, then the basic non-isolated converters are preferred be-

cause of smaller size, weight, and cost. Additionally, for a set of operating conditions that

depend on the solutions implemented, it might yield to an improvement in the efficiency

[4, 7]. For this reason, the case under study considers a system where isolation is not a re-

quirement for the HESS. In addition, a power range below 100 kW is targeted. Therefore,

the direct PC of bidirectional buck converters is selected as the baseline case in the coming

discussion. The power topology will be reviewed, and the main advantages and limitations

will be stated. Later, along with the coming chapters, some contributions will be proposed

to overcome the identified limitations in the system.
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Figure 3-3: Two DAB converters connected in parallel interfacing the energy storage de-
vices (BB and SM) and the DC bus.

3.3 Switching States of the Parallel Connection of Two

Bidirectional Buck Converters

In the most straightforward arrangement, each interfacing stage connects a storage unit

and the DC bus by means of two switches that are connected following a bidirectional buck

converter scheme. This is the connection that is going to be referred to as PC. The switches

in this arrangement can be implemented in the real application by means of several tech-

nologies. Nowadays, the leading technologies for implementing switches include Insulated

Gate Bipolar Transistor (IGBT), Metal Oxide Silicon Field Effect Transistor (MOSFET)

(based on Silicon (Si) or Silicon Carbide (SiC)) or Field Effect Transistor (FET) Gallium

Nitride (GaN) [101, 102] devices. For this research, IGBT power modules are going to be

considered, however, a similar analysis can be done with any other power device technol-
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Figure 3-4: TAB is interfacing the energy storage devices (BB and SM) and the DC bus.

ogy. Each switch is formed by a Switch (S), that is formed by an IGBT and an anti-parallel

Diode (D). The converter interfacing the BB is formed by S1 (IGBT1 and D1) and S2 (IGBT2

and D2), whereas the converter that interconnects the SM is formed by S3 (IGBT3 and D3)

and S4 (IGBT4 and D4), as it is depicted in Figure 3-1. For each of the converters, the duty

cycle is defined as the one for the upper switch, i.e., S1 for the BB converter and S3 for the

SM converter. In any case, at each of the converters, the lower switch is commutating in a

complementary scheme with respect to the upper switch. For this arrangement of switches,

it is evident that dead time is needed in order to avoid cross-conduction of switches in a

leg that yield to short circuit. For simplicity, this dead time is assumed to be much smaller

(at least two orders of magnitude) than the switching period, and therefore it is neglected

in this discussion. However, it will be considered in simulations and implemented in the

experimental setup.

With this switching pattern, four possible switching states for the bidirectional buck
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converters can be found. These states are shown in Table 3.1 and Figure 3-5.

Table 3.1: Switching states of the PC of two bidirectional buck converters.

States
BB Converter SM Converter

Figure
On Off On Off

State I S1 S2 S3 S4 3-5a
State II S1 S2 S4 S3 3-5b
State III S2 S1 S4 S3 3-5c
State IV S2 S1 S3 S4 3-5d

(a) State I (b) State II

(c) State III (d) State IV

Figure 3-5: Switching states of the PC of two bidirectional buck converters.

At each switch, the anti-parallel diode allows for bidirectional current flow capability in

the converter. Table 3.2 shows all the possible combinations of which is the actual device

driving the current at each switch (i.e., IGBT or Diode), for either the intervals of charging

or discharging of the storage devices.

There are three possible conditions, regarding the relative values of the duty cycles of

the upper switches:

d1 > d3 (3.1)

d1 = d3 (3.2)

d1 < d3 (3.3)

51



Chapter 3. Structure of Hybrid Storage Systems in DC Microgrids and Nanogrids

Table 3.2: Switching states of two bidirectional buck converters for the On switches.

States
BB Converter (On Switches) SM Converter (On Switches)

BB Discharging BB Charging SM Discharging SM Charging

State I D1 IGBT1 D3 IGBT3

State II D1 IGBT1 IGBT4 D4

State III IGBT2 D2 IGBT4 D4

State IV IGBT2 D2 D3 IGBT3

where d1 and d3 are the duty cycles of the IGBT1 and IGBT3, respectively.

Depending on these conditions, and considering a sine-triangle Pulse Width Modulation

(PWM) scheme synchronized with a triangular waveform [84], the switching states will

change as in Figure 3-6.

(a) d1 > d3 (b) d1 = d3 (c) d1 < d3

Figure 3-6: Switching states of the PC of two bidirectional buck converters, as a function
of the relative values of the duty cycles.

The on and off times can be defined for every switch in the system. In particular, for

the upper switches of each storage device converter, S1 and S3, this definition is carried
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out in Equations (3.4)-(3.7). Among the four possible states, only three switching states

appear in conditions (3.1) and (3.3), whereas only two states appear in condition (Equation

(3.2)). In the case under study, the SM voltage is always smaller than the BB voltage

(VSM < VBB). Therefore, at steady state and according to the rated voltage values of the

ESS devices, the condition stated at Equation (3.1) will occur.

Ton_S1 = d1 · Ts (3.4)

Toff_S1 = (1− d1)Ts (3.5)

Ton_S3 = d3 · Ts (3.6)

Toff_S3 = (1− d3)Ts (3.7)

where:

• Ton_S1 and Toff_S1 are the on and off times of the upper switch (S1) for the BB
converter, respectively, in Secs,

• Ton_S3 and Toff_S3 are the on and off times of the upper switch (S3) for the SM
converter, respectively, in Secs,

• Ts is the switching time in Secs.

3.4 Operating Modes of the DC Microgrid

Figure 3-7 depicts a generic structure of a DC microgrid, where the PCC is interfaced

to the microgrid by means of a DC/AC inverter. Upon grid-connected mode, the microgrid

is effectively tied to the distribution grid through the PCC, and power can flow to/from the

grid [5, 6, 103, 104]. On the other hand, in the islanding mode, also known as a stand-alone

mode, the PCC is disconnected from the grid, and therefore an internal power balance must

be ensured, as the power cannot flow to/from the grid side anymore [3, 14, 15, 18, 19, 77,

105–107].

The islanding mode might take place in several conditions. In some cases, a stand-alone

operation is the only possible operation mode. This is the case of remote areas, where the

connection costs to the distributions/transmission facilities are prohibitive [3, 15, 86, 108].
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Figure 3-7: The power balance in a DC microgrid.

Even when the regular operation of the system is the grid-tied operation, the microgrid

might enter in islanding mode upon given circumstances:

• Due to the appearance of the faults in the distribution system that triggers protections,

in particular at the PCC [5].

• Reception of hierarchical commands from the Distribution Network Operator (DNO)

forcing the disconnection of the microgrid, as in the case of the interruptibility ser-

vice. This service is a demand management tool that provides flexibility and rapid

response to system operation in situations of imbalance between generation and de-

mand [109].

• The Existence of internal strategies that envisage potential benefits in the disconnec-

tion for the grid and stand-alone operation (tariff/economic constraints, etc.).

In any case, the microgrid must have the ability to supply the loads defined in each
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circumstance. In particular and in order to optimize the cost of energy, several strategies

can be implemented:

• Power shifting: Loads are programmed to work at off-peak hours and low price

energy rate [110].

• Load shedding: When load power is high, non-critical and low-priority loads can

be temporarily shut down for given periods of time. Usually, load shedding is used

to prevent blackout and instability of the systems [111]. This is implemented in the

stand-alone mode when the sum of the generated power plus the available power at

the HESS is less than the power demanded.

• Peak shaving: During the off-peak hours and low-price energy rates, the battery is

charged to a high SoC condition [112]. However, during the peak hours and high

price energy rate, the power drained from the grid is limited to a given maximum

value, and the remaining voltage is provided by the storage system [112]. In peak

shaving, there is no need to shut down the loads or change the hours the load op-

eration. Therefore, it has clear advantages over the alternative schemes. The peak

shaving is implemented in the supervisory control.

A notation convention will be applied in the following discussion. Given that both the

BB and SM devices are bidirectional power elements, it is evident that both can deliver or

absorb power. As they are unipolar in voltage, therefore the current can be positive or nega-

tive, respectively. For establishing a consistent, unambiguous formulation in the following

discussion, it will be considered that the positive current is the discharging current of the

storage devices, while the negative current is the charging current of the storage devices.

Therefore, the maximum current of each ESS will be the maximum discharging current,

whereas the minimum current will be the maximum charging current, in order to be consis-

tent with the signs of the currents. The same criteria are applied to the signs of the instant

power at each device. The maximum power is the maximum power delivered; however, the

minimum power is the maximum power absorbed by the device.
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3.4.1 Control Scheme during the Islanding Mode

During the stand-alone operation, one of the internal converters at the microgrid must

ensure the DC bus control that keeps system proper operation and stability [60]. One option

is that the interfacing converter of the BB takes over the DC bus voltage control, thus regu-

lating the power balance in the DC bus [99, 113]. In order to achieve the hybrid behavior of

the storage system, the SM converter’s control aims to provide or absorb the transient peak

power during load variations or stochastic variations in the distributed generators within the

microgrid [79, 114]. This control strategy is generally implemented through three control

loops: one outer DC bus voltage control loop plus two inner current control loops, so as

to control the current flowing through the inductors at both the BB and the SM converters

[79, 86, 87, 89, 115]. This scheme is shown in Figure 3-8.
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Figure 3-8: Control of the PC of the two bidirectional buck converters for islanding mode
operation of the microgrid.

In order to implement the control strategy, several operating parameters need to be

measured and computed. These set of parameters include the voltage and current values
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of both the BB and SM, VBB, IBB and VSM , ISM , respectively. Also, the DC bus voltage

(VDC) is going to be acquired. The HESS output current (IODC
) also needs to be measured;

however, for future developments, this parameter could be estimated if there is difficulty in

measuring it. But for this research, the value of this parameter is always measured. In this

scheme, the reference values are compared to the measured values and then are applied to

a Proportional Integral (PI) controller. However, the estimated values are used to generate

the reference values for the next stages.

3.4.1.1 Outer DC Bus Voltage Control Loop

The DC bus voltage is controlled by a typical PI controller as shown in Figure 3-9.

The outer DC bus voltage control loop is considering that the transfer function of the two

inner current control loops are equal to unity. In order to assume such condition, the inner

current loops are designed to be much faster, with a bandwidth at least ten times faster than

the bandwidth of the outer loop.

+

-+

+

  

+

-

Figure 3-9: The DC bus voltage control closed loop.

Considering the standard form (ideal form) of the PI controller shown in Figure 3-10,

the transfer function in Laplace transform is given by:

++

Figure 3-10: The PI controller in the standard form.

R(s) =
UPI(s)

E(s)
= Kp

(
1 +

1

Tis

)
(3.8)

R(s) = Kp

(s+ 1
Ti

s

)
(3.9)
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where:

• R is the transfer function of the PI controller,

• UPI is the output of the PI controller before the limiter,

• U is the output of the PI controller after the limiter,

• E is the error of the PI controller,

• Kp is the proportional gain of the PI controller,

• s is the Laplace complex variable s = σ + jωd,

• Ti is the integral time constant of the PI controller in Secs.

As it can be seen from Figure 3-10, the output of the controller is limited according to

the upper and lower limits as in Equation (3.10). It must be noticed that in case the output

of the controller exceeds these values, an anti-windup mechanism is needed in order to

avoid the saturation of the regulator.

U =





Umin UPI < Umin

UPI Umin ≤ UPI ≤ Umax

Umax UPI < Umax

(3.10)

where Umin and Umin are the minimum and maximum value of the PI controller output.

As mentioned before, the DC bus is divided into two capacitors which have the same

capacitance values as depicted in 3-1. The control parameters will be designed for the

total DC capacitance, that can be expressed as in Equation (3.12). Therefore, the transfer

function of the DC bus capacitor in Laplace transform is as in Equation (3.13).

1

CDC
=

1

CDC1

+
1

CDC2

=
CDC1 + CDC2

CDC1 · CDC2

(3.11)

CDC =
CDC1 · CDC2

CDC1 + CDC2

=
CDC1

2
=
CDC2

2
(3.12)

GCDC
(s) =

VDC(s)

ICDC
(s)

=
1

CDC · s
(3.13)

where:
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• CDC is the DC bus capacitor’s capacitance in Farads,

• CDC1 and CDC2 are the capacitance of the upper and lower half of the DC bus’s
capacitor, respectively in Farads,

• GCDC
is the transfer function of the DC bus capacitor,

• ICDC
is the DC bus capacitor’s current in Amps.

The tuning of the parameters of the PI regulator for the DC bus voltage controller will

be discussed in Chapter 6. However, the limits of the control action are obtained in the

following discussion. With these limits, an anti-windup scheme can be implemented in

order to prevent the saturation of the controller.

Figure 3-1 depicts how the rest of the microgrid is represented by a variable current

source with a parallel variable resistance according to Norton’s theorem. The parallel vari-

able resistance represents the resistive loads, and the variable current source represents the

other loads and the RES (e.g., constant current and constant power loads). Using Kirch-

hoff’s Current Law (KCL) in Figure 3-1, it yields to:

IESSDC
= IODC

+ ICDC
(3.14)

d1 · IBB + d3 · ISM = IRN
− IN + ICDC

(3.15)

ICDC
= d1 · IBB + d3 · ISM + IN −

PRN

VDC
(3.16)

where:

• IESSDC
is the sum of the currents of the ESS converters at the DC bus side in Amps,

• IODC
is the output current at the DC bus side drawn by the rest of the microgrid in

Amps,

• IBB and ISM are the BB and SM currents, respectively, in Amps,

• IRN
is the current drawn by the load resistance (RN ) in Amps,

• IN is the Norton current modeling the behavior of the rest of the microgrid in Amps,

• RN is the load resistance in Ohms,

• PRN
is the load power in Watts.
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The lower limit of the operation of the PI controller is obtained for both d1 = 1 and

d3 = 1 (i.e., State I) which the storage converters remain with the upper switch turned on,

and therefore:

ICDC_min = IBB_min + ISM_min + IN_min −
PRN_max

VDC_ref
(3.17)

where:

• ICDC_min is the minimum DC bus capacitor current in Amps,

• IBB_min and ISM_min are the minimum BB and SM currents (the maximum BB and
SM charging currents) in Amps,

• IN_min is the minimum current delivered by the rest of the microgrid in Amps,

• VDC_ref is the DC bus voltage reference in Volts,

• PRN_max is the maximum load power in Watts.

On the other hand, in order to obtain the upper limit for the PI controller, both upper

switches are continuously turned on in the state I (i.e., d1 = 1 and d3 = 1) as well, the

following equations apply:

ICDC_max = IBB_max + ISM_max + IN_max −
PRN_min

VDC_ref
(3.18)

where:

• ICDC_max is the maximum DC bus capacitor current in Amps,

• IBB_max and ISM_max are the maximum BB and SM currents (the maximum BB and
SM discharging currents) in Amps,

• IN_max is the maximum current delivered by the rest of the microgrid in Amps,

• PRN_min is the minimum load power in Watts.

The limits of the DC bus PI voltage controller is obtained as follows:

ÎCDC
=





ICDC_min ÎPICDC
< ICDC_min

ÎPICDC
ICDC_min ≤ ÎPICDC

≤ ICDC_max

ICDC_max ÎPICDC
> ICDC_max

(3.19)
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where ÎCDC
and ÎPICDC

are the estimated DC bus capacitor current after and before the lim-

iter, respectively, in Amps.

After the limits for the control action (ÎPICDC
) are established, the feed-forward term

(IODC_meas) is added in order to improve the dynamics and the recovery of the DC bus

upon load variations [79]. The resulting variable after adding such feed-forward term is the

ESS estimated current at the DC side (ÎESSDC
) as depicted in Figure 3-8.

3.4.1.2 Generation of the Power References

From ÎESSDC
, the references for the inner BB and SM current loops can be obtained.

In order to do so, a scheme must be defined that can coordinate the evolution of the power

delivered/absorbed by each storage device. Therefore, a power balance as a function of

time must be defined during the transient stage [116]. Assuming that there are no losses in

the converters, from the schematics at Figure 3-7, the following expressions are obtained:

PCDC
= ICDC

· VDC (3.20)

PESS = IESSDC
· VDC (3.21)

PO = IODC
· VDC (3.22)

PCDC
= PESS − PO (3.23)

PESS = PCDC
+ PO = (ICDC

+ IODC
)VDC (3.24)

where:

• PCDC
is the power of the DC bus capacitor in Watts,

• PESS is the power of the ESS in Watts,

• PO is the active power delivered to the rest of the microgrid in Watts.

As stated before, the voltage at the DC bus capacitor is controlled to maintain the power

balance within the system. Therefore, the DC bus capacitor average power is null in steady

state. Assuming a transient power positive step in the active power delivered to the rest of

the microgrid (PO), indicating that the rest of the microgrid suddenly demands more power.

Initially, this power is provided by the DC bus capacitor. Thus, the DC bus voltage will
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decrease. Given that voltage control is implemented, this voltage is being measured and

compared against a reference. The sudden error in the DC bus voltage is the signal that

is used to force the ESS to supply the required power to the system, and therefore the DC

bus voltage will evolve towards its reference value, again charging the DC bus capacitor up

to the steady-state value. Analogously, in case the microgrid suddenly delivers a transient

power towards the DC bus, the system will evolve in a similar manner, but with the DC

bus voltage initially increasing above the reference value. Finally, the DC bus voltage will

reach the steady state again, in this case after the ESS absorbs the excessing amount of

power.

The ESS power reference (PESS_ref ) is calculated from the control action of the voltage

control loop (ÎCDC
) and the feed-forward term (IODC_meas):

PESS_ref = (ÎCDC
+ IODC_meas)VDC_meas (3.25)

where:

• PESS_ref is the power reference of the ESS in Watts,

• IODC_meas is the measured output current at the acrshordc bus side drawn by the rest
of the microgrid in Amps,

• VDC_meas is the measured DC bus voltage in Volts.

Several strategies can be used to split the power share among the BB and the SM. As

mentioned in previous sections, the target is to define the SM power reference to support

the peak current demands, while the BB is used to support the energy storage requirements.

The most straightforward strategy is to obtain the BB power reference (PBB_ref ) by apply-

ing a LPF to the global ESS power reference (PESS_ref ) [99, 117–119]. In this manner,

provided that the adequate the LPF characteristics be selected, then the values of both the

peak current and the di/dt through the BB can be effectively kept between the defined oper-

ational limits. In order to ensure that the SM storage system provides the additional power

required by the load, the power reference for the SM (PSM_ref ) is calculated precisely as the

subtraction between the reference of the overall power of the complete system (PESS_ref )

and that delivered by the battery (PBB_ref ). This way, it is ensured that the SM storage
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system is providing or absorbing the transient peak power during load variations:

PBB_ref (s) =
1

1 + TBBLPF
· s︸ ︷︷ ︸

LPF

PESS_ref (s) (3.26)

TBBLPF
=

1

2π · fBBLPF

(3.27)

where:

• PBB_ref is the power reference of the BB in Watts,

• TBBLPF
is the time constant of the LPF of the BB power in Secs,

• fBBLPF
is the cutoff frequency of the LPF of the BB power in Hz.

A limiter for the BB power reference (PBB_ref ) is used here in order to force the SM

to provide/absorb the excess power that BB cannot provide/absorb during the transient and

steady state.

PBB_ref =





PBB_min
PESS_ref

1 + TBBLPF
· s < PBB_min

PESS_ref

1 + TBBLPF
s

PBB_min ≤
PESS_ref

1 + TBBLPF
· s ≤ PBB_max

PBB_max
PESS_ref

1 + TBBLPF
· s > PBB_max

(3.28)

However, the SM power reference is calculated as the difference between the power

references of the ESS and BB values as follows:

PSM_ref = PESS_ref − PBB_ref (3.29)

where PSM_ref is the power reference of the SM in Watts.

It must be noticed how another limiter for the SM power reference (PSM_ref ) is used,
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in this case, to ensure that SM power converter limits are not exceeded as follows:

PSM_ref =





PSM_min (PESS_ref − PBB_ref ) < PSM_min

PESS_ref − PBB_ref PSM_min ≤ (PESS_ref − PBB_ref ) ≤ PSM_max

PSM_max (PESS_ref − PBB_ref ) > PSM_max

(3.30)

3.4.1.3 Calculating the Operational Limits for the Power References

The following discussion deals with the control process depending on the SoC of each

ESS as depicted in Figure 3-11. This control will be implemented as a state machine

in the control of the HESS, as is a simple way to control the system and to change the

power limits depending on the status of the ESS (charge/discharge). This control is a high-

hierarchy level control, aiming to protect the ESS of a dangerous complete discharge or an

excess overcharge. Given that the system must always operate within limits imposed by

the absolute maximum ratings of the energy storage devices, the overall control algorithm

must consider these limits.

The algorithm starts by reading the SoC of the BB and then comparing it with the

stated SoC operating limits. In order to keep the system between safe operating margins,

the limits of the BB power reference (PBB_ref ) will change depending on the SoC of the

BB [120] as follows:

1. SOCBB < SOCBB_min: In this case, only power flowing towards the battery is

allowed, and therefore the discharging capability of the BB will be blocked. Consid-

ering the signs convention, then the following limits must be applied:

PBB_min = IBB_min · VBB_meas (3.31)

PBB_max = 0 (3.32)

2. SOCBB_min ≤ SOCBB ≤ SOCBB_max: This is the most general case [121]. The

BB can either be charged and discharged, depending on the system operating condi-
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Figure 3-11: Flowchart of the control process depending on the SoC.
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tions. The following limits apply:

PBB_min = IBB_min · VBB_meas (3.33)

PBB_max = IBB_max · VBB_meas (3.34)

3. SOCBB > SOCBB_max: In this last case, the BB is fully charged; no more power

can flow towards the battery, and only the discharge is allowed. The limits then

evolve to:

PBB_min = 0 (3.35)

PBB_max = IBB_max · VBB_meas (3.36)

From Equations (3.31) to (3.36), the following notation is used:

• SOCBB_min and SOCBB_max are the minimum and maximum SoC of the BB, re-
spectively.

• PBB_min is the minimum power of the BB (the maximum BB charging power) in
Watts,

• PBB_max is the maximum power of the BB (the maximum BB discharging power) in
Watts,

• VBB_meas is the measured BB voltage in Volts.

In a similar manner, the SoC of the SM is read and compared to the desired SoC oper-

ating limits. The operating limits for the SM power reference (PSM_ref ) values will change

depending on the SoC of the device:

1. SOCSM < SOCSM_min: The SM is at its minimum amount of stored energy, and

therefore the operating limits for the SM power reference are:

PSM_min = ISM_min · VSM_meas (3.37)

PSM_max = 0 (3.38)
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2. SOCSM_min ≤ SOCSM ≤ SOCSM_max: Again the base case and the SM can either

charge and discharge. The most general limits for the SM power reference are:

PSM_min = ISM_min · VSM_meas (3.39)

PSM_max = ISM_max · VSM_meas (3.40)

3. SOCSM > SOCSM_max: Finally, the SM is fully charged, and the control must

allow only the discharge mode:

PSM_min = 0 (3.41)

PSM_max = ISM_max · VSM_meas (3.42)

Analogously, from Equations (3.37) to (3.42), the following notation is used:

• SOCSM is the SoC of the SM,

• SOCSM_min and SOCSM_max are the minimum and maximum SoC of the SM, re-
spectively,

• PSM_min is the minimum power of the SM (the maximum SM charging power) in
Watts,

• PSM_max is the maximum power of the SM (the maximum SM discharging power)
in Watts,

• VSM_meas is the measured SM voltage in Volts.

3.4.1.4 Implementation of the Control Algorithm

The operation of the energy management system at Figure 3-8 with the control algo-

rithm defined above will be discussed in the following paragraphs. Firstly, the derivation

of the power reference values for the storage subsystems will be discussed, considering

a series of specific load power steps at the microgrid. Figure 3-12 shows the main refer-

ences for the distinct power flows involved in the system, upon a sequence of two steps that

provide a symmetric profile in the demanded power (PO).

In this example, the demanded power (PO) first increases at t1 and then decreases back

to the original level at t2. As it can be seen, the islanding mode operation is assumed since
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(a) PBB_max ≥ PO (b) PBB_max < PO

Figure 3-12: The power references generation during the islanding mode while the BB is
discharging.

the ESS power reference (PESS_ref ) is equal to the power demanded by the microgrid (PO).

In the most general case, if the maximum power demanded (PO_max) is less or equal to the

BB maximum power ratings (PBB_max), then the SM will deliver or absorb the transient

peak power, and the BB will deliver the rest of power needed. This situation is depicted in

Figure 3-12a. Nevertheless, the demanded power might be greater than this BB maximum

power ratings, and thus this would imply that the SM would deliver or absorb both the

transient peak power, but also the remaining power that the BB is not able to provide

for a short period. This alternative situation is shown in Figure 3-12b. This is implicitly

assuming that power demanded to the SM storage system, (PSM_ref ) is not reaching the

maximum power ratings of the SM (PSM_max), but also that the amount of energy stored in

the SM is enough to satisfy the (PSM_ref ) requirements during the required time. It will be

assumed that the power ratings at the SM are in all cases large enough, and well above the

maximum ratings at the demands. However, in case that the amount of remaining energy

at the SM is not enough for ensuring the sustained power for a given time interval, i.e., the
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SM presents a small initial SoC, the SM will provide the required amount of power only

until the minimum SoC is reached, as depicted in Figure 3-13.

Figure 3-13: The SM power reference.

After this interval, the HESS is not able to support the required power anymore. To

prevent this situation, the system might react by a set of predefined modes, such as detach-

ing the non-critical loads, or treating this condition as a kind of saturation in the actuators

(then redefining the commands by means of realizable references), etc. In any case, these

operation modes are out of the scope of this work. In order to ensure that the control sys-

tem will always be able to provide the required power, it is assumed that the power rating

definition of the storage system is designed to be able to support the characteristic power

demands. An anti-windup system will be implemented in every regulator considering the

limiters mentioned in previous discussions.

The other characteristic example is sketched in Figure 3-14. It can be seen how the

demanded power steps are interchanged. At the first step, the power decreases at t3, while

at the second one it increases again to the original value at t4. For simplicity, it is assumed

now that the initial demanded power is negative (power being delivered by the microgrid

to the ESS). Again, the ESS power reference (PESS_ref ) is equal to the power demanded

(PO). Similarly to the previous example, provided that (PO) is greater or equal to the BB

minimum power (PBB_min), the SM will absorb/deliver the transient peak power and the

BB will absorb the rest of power needed. This situation is depicted in Figure 3-14a. Alter-

natively, Figure 3-14b shows the case in which the power demanded (PO) is smaller than

the minimum BB power (PBB_min). In this case, the SM will absorb/deliver the transient

peak power as well as the rest of the power that BB cannot absorb for a short period as

in Figure 3-14b. The same consideration about the limitations in the SoC at the SM can
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be discussed, and similar premises about the limitations on the available energy and the

anti-windup at the regulators are assumed.

(a) PBB_min ≤ PO (b) PBB_min > PO

Figure 3-14: The power references generation during the islanding mode while the BB is
charging.

3.4.1.5 Generation of the Current References for the Inner Current Loops

Once the power references are obtained, the current references can be calculated by

dividing the power reference for each storage device by its corresponding voltage [91].

IBB_ref =
PBB_ref

VBB_meas
(3.43)

ISM_ref =
PSM_ref

VSM_meas
(3.44)

where IBB_ref and ISM_ref are the current references for the BB and SM, respectively, in

Amps.

The limits for these current references also need to be computed in real time. This is
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because the voltages of BB and SM are changing as the SoC of both devices is evolving dur-

ing the system operation. Therefore, dividing the power reference coming from the above

algorithm by the voltage measured from the storage devices, then the current references for

the BB and SM can be defined, respectively, as:

IBB_ref =





IBB_min
PBB_ref

VBB_meas
< IBB_min

PBB_ref

VBB_meas
IBB_min ≤

PBB_ref

VBB_meas
≤ IBB_max

IBB_max
PBB_ref

VBB_meas
> IBB_max

(3.45)

ISM_ref =





ISM_min
PSM_ref

VSM_meas
< ISM_min

PSM_ref

VSM_meas
ISM_min ≤

PSM_ref

VSM_meas
≤ ISM_max

ISM_max
PSM_ref

VSM_meas
> ISM_max

(3.46)

From Figure 3-1, it is clear that the current flowing through the inductors connected to

both the BB and the SM are the same as the currents of the BB and the SM, respectively:

IL1_ref = IBB_ref (3.47)

IL2_ref = ISM_ref (3.48)

where IL1_ref and IL2_ref are the current references through the inductors connected to the

BB (L1) and SM (L2), respectively, in Amps.

3.4.1.6 Design of the Inner Current Control Loops

At this point, it is necessary to select and tune the regulators for the inner current control

loops. For tuning these controllers, it must be noticed that the expected dynamic behavior

of both storage systems in a closed loop can be made very different. For instance, the

dynamics of the regulator for the current control through the inductor at the SM converter

(L2) must be faster than the corresponding dynamics of the controller for the inductor in
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the BB one (L1). This condition will ensure that the SM inductor tracks adequately the SM

current reference, which can be derived from the SM power reference (Equation (3.44))

[86].

As a consequence, this constraint in the SM current loop ensures that the SM can deliver

or absorb the required transient power during fast load variations. This is because the SM

voltage (VSM ) is relatively small, while the SM current reference (ISM_ref ) is quite large,

as it is noticed from Equation (3.44). Given the relationship between the power references

for both storage devices, it can easily be understood that the final di/dt of the battery results

limited, thus protecting the device and extending the SoH.

In this case, two PI controllers in the standard form are implemented. The structure

of these controllers is shown in Figure 3-15. For both control loops, the input variable of

the plant under consideration is the respective inductor currents, VL1 and VL2 , whereas the

outputs are the variables to control, i.e., IL1 and IL2 . Thus, the transfer functions of the

plants are equal to the impedance of the converter inductors, that can be modeled by the

first-order system, formed by series connection of an inductor and a resistor. Therefore,

the output of the regulators will be, in both cases, the reference for the inductor voltages

through the inductors. The transfer functions of the inductors connected to the ESS in

Laplace transform are as follows:

GL1(s) =
IL1(s)

VL1(s)
=

1

L1 · s+R1

(3.49)

GL2(s) =
IL2(s)

VL2(s)
=

1

L2 · s+R2

(3.50)

where:

• GL1 and GL2 are the transfer function of the inductors connected to the BB and SM,
respectively,

• IL1 and IL2 are the currents in the inductors connected to the BB and SM, respectively
in Amps,

• VL1 and VL2 are the voltages across the inductors connected to the BB and SM, re-
spectively in Volts,

• R1 and R2 are the parasitic resistances of the inductors connected to the BB and SM,
respectively in Ohms.
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Both current control loops assume that the transfer function of the switching functions

in the converter are instantaneous and equal to unity. This can be guaranteed in practical

setups for a switching frequency operating at least one order of magnitude above than

the dynamics (bandwidth) of the current control loops. This structure allows for simple

tuning of the controller, given that the target plant is a first order system that can be easily

measured and characterized. The tuning of the PI inner current controllers’ parameters will

be explained in Chapter 6. In turn, the obtained control action from the PI regulators, in

these case the inductor voltages, must be converted somehow into the real actions that will

be implemented, i.e., the duty cycles of the switches at the converters.

The following paragraphs discuss this conversion, and it will be demonstrated how

eventually it is going to result in a feed-forward action to compute the final duty ratio

values. The estimated inductor voltages, V̂L1 and V̂L2 are the control actions at the output
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Figure 3-15: The inner current control closed loops.

of the current regulators. The limits for the inductor voltages are developed in the following

discussion. Anti-windup scheme is used here to prevent the saturation of the control outputs

(voltages at the inductors). By considering the transient state condition in Figure 3-1,

Kirchhoff’s Voltage Law (KVL) yields to the following expressions for the limit values of

the inductor voltages:

VBB − VL1 − VCE2 = 0 (3.51)

VL1 = VBB − d1 · VDC (3.52)
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where VCE2 is the collector-emitter voltage of the IGBT2 in Volts.

For the maximum duty cycle of the leg connected to the BB being equal to unity (e.g.,

d1 = 1) (State I or State II), the following expression is found:

VL1_min = VBB_meas − VDC_ref (3.53)

where VL1_min is the minimum voltage across the inductor connected with the BB in Volts.

Conversely, when the minimum duty cycle for such leg connected to the BB is reached,

and thus it equals to null (e.g., d1 = 0) (State III or State IV), then:

VL1_max = VBB_meas (3.54)

where VL1_max is the maximum voltage across the inductor connected with the BB in Volts.

Now focusing at the SM branch at Figure 3-1, then:

VSM − VL2 − VCE4 = 0 (3.55)

VL2 = VSM − d3 · VDC (3.56)

where VCE4 is the collector-emitter voltage of the IGBT4 in Volts.

At a duty cycle of the leg connected to the SM being equal to unity (e.g., d3 = 1) (State

I or State IV) then it can be found that:

VL2_min = VSM_meas − VDC_ref (3.57)

where: VL2_min is the minimum voltage across the inductor connected with the SM in Volts.

Lastly, a duty cycle of the leg connected to the SM equals to null (e.g., d3 = 0) (State

II or State III) yields to:

VL2_max = VSM_meas (3.58)

where VL2_max is the maximum voltage across the inductor connected with the SM in Volts.
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The limits for the control actions of the two PI current controllers can now be explicitly

computed as:

V̂L1 =





VL1_min V̂ PI
L1

< VL1_min

V̂ PI
L1

VL1_min ≤ V̂ PI
L1
≤ VL1_max

VL1_max V̂ PI
L1

> VL1_max

(3.59)

V̂L2 =





VL2_min V̂ PI
L2

< VL2_min

V̂ PI
L2

VL2_min ≤ V̂ PI
L2
≤ VL2_max

VL2_max V̂ PI
L2

> VL2_max

(3.60)

where:

• V̂L1 and V̂L2 are the estimated voltage across the inductors connected to the BB and
the SM after the limiter, respectively, in Volts,

• V̂ PI
L1

and V̂ PI
L2

are the estimated voltage across the inductors connected to the BB and
the SM before the limiter, respectively, in Volts.

Finally, a needed adaptation between these control actions and the applied duty cycles

in both converters, d1 and d3, is implemented in control, though the Duty Cycle Calculation

Blocks in Figure 3-8. These blocks implement the following equations:

d1 =
VBB_meas − V̂L1

VDC_meas
(3.61)

d3 =
VSM_meas − V̂L2

VDC_meas
(3.62)

This results in applying a given feed-forward term for each block, which corresponds

to the measured BB and SM voltages, VBB_meas and VSM_meas respectively. These feed-

forward terms are improving the performance of the current control loops [79]. The limits
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for the duty cycles are defined as follows:

d1 =





0
VBB_meas−V̂L1

VDC_meas
< 0

VBB_meas−V̂L1

VDC_meas
0 ≤ VBB_meas−V̂L1

VDC_meas
≤ 1

1
VBB_meas−V̂L1

VDC_meas
> 1

(3.63)

d3 =





0
VSM_meas−V̂L2

VDC_meas
< 0

VSM_meas−V̂L2

VDC_meas
0 ≤ VSM_meas−V̂L2

VDC_meas
≤ 1

1
VSM_meas−V̂L2

VDC_meas
> 1

(3.64)

These values of duty cycles are modulated through a triangular carrier waveform, in

order to obtain the PWM signals. The upper switches (S1 and S3) are commuting with the

values of the duty cycles of the BB and the SM, respectively. However, the lower switches

(S2 and S4) are complementary:

d2 = 1− d1 (3.65)

d4 = 1− d3 (3.66)

where d2 and d4 are the duty cycles of the IGBT2 and IGBT4, respectively.

At the steady state, the voltages across the inductors are null, and therefore the duty

cycles of the legs connected to the BB and SM are given by:

d1 =
VBB
VDC

(3.67)

d3 =
VSM
VDC

(3.68)

There is no need for any additional control to achieve peak shaving as during the off-

peak hours, the BB charges if the generated power from the microgrid is higher than the

load power. However, during the peak hours, the BB discharges in order to provide the

demanded power to the loads. Given that the HESS is controlling the DC bus voltage, any

surplus or lack of power will absorb/provide by the HESS.
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3.4.2 Control Scheme during the Grid-Connected Mode

As stated previously, the condition for grid-tied mode operation is that the microgrid

is able to interchange a net power flow with the distribution grid. In case this flow exists,

it occurs through the PCC. For the case under study, the DC bus is connected to the grid

by a three-phase Voltage Source Inverter (VSI) [36, 122] as shown in Figure 3-16. While

other topologies might be considered for the grid interfacing, the assumption of the VSI

topology does not imply any constraint in the design of the control strategies for the power

interchanged with the grid. But in addition, it also ensures simplicity in the implementation

of these control strategies. For instance, the scheme that manages the power flows for the

HESS operation at the microgrid might include or not the control of this PCC converter.

As a result, two different control strategies can be implemented. In the case that the VSI

control is included in the system management, referred to as full control strategy, it will be

shown how the performance and the dynamic behavior of the microgrid can be improved,

as compared to the alternative scheme. However, this full control strategy needs a real-

time communication scheme between the converters of the HESS and the grid, in order to

generate the power references. This yields to a cost and complexity increase, and also to a

concern for reliability aspects in the design.

On the other hand, the alternate scheme, named independent storage control, does not

need any communication between the HESS converters and the PCC converter, resulting

on a HESS control that is independent of the grid control. This increases the reliability and

robustness of the system, and can easily be extended to be implemented in a manifold of

distributed storage subsystems all along the microgrid resources. In fact, with this strategy,

the full HESS can be attached to an existing microgrid, without modifying the operating

control schemes.

In any case, the following is a basic analysis of the power flows involved in the convert-

ers depicted in Figure 3-7. Assuming that there are no losses in these converters, then:

PG = IGDC
· VDC (3.69)
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Figure 3-16: Two bidirectional buck converters connected in parallel to interface a BB and
a SM, under grid-tied operation mode (connected to the grid through a VSI).

PCDC
= PESS + PG − PO (3.70)

PESS + PG = PCDC
+ PO = (ICDC

+ IODC
)VDC (3.71)

where:

• PG is the active grid power in Watts,

• IGDC
is the grid current delivered/absorbed to/from the DC microgrid in the DC side

in Amps.

In steady-state conditions, the power drained from the DC bus (i.e., power extracted

from the capacitor (CDC)) is null, and the DC bus voltage remains stable at the rated

value. Upon sudden load variations, the DC bus intends to provide/absorb the correspond-

ing power variations, yielding to a decrease/increase in the DC bus voltage. One of the

main goals of the control scheme is to stabilize the system and to provide a fast recovery
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in the DC bus to the desired reference value. For the case of the peak shaving strategy

during the grid-connected mode, the general remarks stated previously about the share of

the power at off-peak hours and peak hours can easily be implemented [112].

3.4.2.1 Independent Storage Control Strategy

As mentioned before, this strategy considers that the DC bus voltage is controlled by

the three-phase VSI independently from the HESS control. The main purpose of the HESS

control is to aid the VSI control in improving the recovery of the DC bus due to load

variations. Therefore, the HESS is more focused on power quality aspects of the microgrid.

This HESS control scheme is depicted in Figure 3-17. As in the general approach followed

in this research, the SM is intended to provide/absorb the transient peak power, whereas

the BB is in charge of providing/absorbing the remaining power of the storage system [99].

The general approach of this control scheme is that the reference steady-state power for the

energy storage system is null, and then all the power is eventually being provided/absorbed

by the grid. Nonetheless, in case that the grid power level is limited by any physical or

economic constraints, the BB may also provide/absorb the excess power demand, providing

some peak shaving feature up to some extent [123]. However, this approach needs some

modifications to the control scheme, as it will be discussed in coming paragraphs. In any

case, the control scheme is composed of two current control loops for the inductors at the

storage device converters, given that the DC bus voltage control loop is out of the scope of

the HESS control design.

3.4.2.1.1 Generation of the Power and Current References

The following discussion addresses the main case for the independent control, in which

the peak shaving feature is not considered. The total ESS power reference (PESS_tr_ref ) is

generated by measuring the output power (PO_meas) and filtering through a High Pass Filter

(HPF) [115, 124, 125]:

PO_meas = IODC_meas · VDC_meas (3.72)
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Figure 3-17: The control of the PC for the two bidirectional buck converters in order to
provide or absorb transient power in case of grid-tied operation (focus on power quality).

PESS_tr_ref (s) =
TESSHPF

· s
1 + TESSHPF

· s︸ ︷︷ ︸
HPF

PO_meas(s) (3.73)

TESSHPF
=

1

2π · fESSHPF

(3.74)

where:

• PO_meas is the measured active power of the load in Watts,

• PESS_tr_ref is the ESS transient power reference in Watts,

• TESSHPF
is the time constant of the HPF of the ESS power in Secs,

• fESSHPF
is the cutoff frequency of the HPF of the ESS power in Hz.

The total ESS transient power reference (PESS_tr_ref ) is not directly applied to the sys-

tem. Instead, the final transient SM power reference (PSM_tr_ref ) is generated by using a

different HPF with a higher cut-off frequency, so to allow the SM to provide/absorb the
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peak power reference:

PSM_tr_ref (s) =
TSMHPF

· s
1 + TSMHPF

· s︸ ︷︷ ︸
HPF

PO_meas(s) (3.75)

TSMHPF
=

1

2π · fSMHPF

(3.76)

where:

• TSMHPF
is the time constant of the HPF of the SM power in Secs,

• fSMHPF
is the cutoff frequency of the HPF of the SM power in Hz.

Then, the power transient for the BB (PBB_tr_ref ) is obtained as a difference between the

total ESS transient power reference (PESS_tr_ref ) and the SM transient power (PSM_tr_ref )

[89, 90]:

PBB_tr_ref = PESS_tr_ref − PSM_tr_ref (3.77)

After that, the power reference for the battery control loop (PBB_ref ) is obtained from

the transient power reference (PBB_tr_ref ) and the power reference from the peak shaving

(PBB_ps_ref ) as follows:

PBB_ref = PBB_tr_ref + PBB_ps_ref (3.78)

A limiter is used to ensure that the BB power limits are not exceeded:

PBB_ref =





PBB_min PBB_tr_ref + PBB_ps_ref

PBB_tr_ref + PBB_ps_ref PBB_min ≤ PBB_tr_ref + PBB_ps_ref ≤ PBB_max

PBB_max PBB_tr_ref + PBB_ps_ref > PBB_max

(3.79)

The SM power reference (PSM_ref ) is calculated from the sum of the SM transient

power reference (PSM_tr_ref ) and the power reference from the peak shaving (PSM_ps_ref )
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as follows:

PSM_ref = PSM_tr_ref + PSM_ps_ref (3.80)

But again, a limiter must be included here to ensure that the SM power limits are not

exceeded:

PSM_ref =





PSM_min PSM_tr_ref + PSM_ps_ref < PSM_min

PSM_tr_ref + PSM_ps_ref PSM_min ≤ PSM_tr_ref + PSM_ps_ref ≤ PSM_max

PSM_max PSM_tr_ref + PSM_ps_ref > PSM_max

(3.81)

Once the power reference values are obtained, the current references of the BB and

SM loops are calculated by dividing there power references by respective BB and SM

measured voltages as in Equations (3.43) and (3.44). The rest of the control scheme is the

same as in the case of the islanding mode control design. Then two PI current controllers

are implemented. The bandwidth for SM current controller is faster than the BB current

controller. The limits for the control action are defined as in Equations (3.59) and (3.60).

Finally, the duty cycles of the upper switches of each ESS converter are calculated as in

Equations (3.61) and (3.62). The limits for the duty cycles are defined as in Equations

(3.63) and (3.64).

Figure 3-18a shows the evolution of the instantaneous power values along the HESS

elements when the discussed control is applied. Again the performance of the control

scheme is illustrated considering a characteristic sequence of two symmetric power steps

in the demanded power (PO) from the microgrid. It is assumed that the power references

for the ESS are null (PBB_ps_ref = PSM_ps_ref = 0). As it can be seen, initially the de-

manded power step is positive, then increased at t1 and then decreased back to the original

level at t2. The measured demanded power (PO_meas) is also represented, and it is assumed

to be equal to the demanded power (PO). The ESS power reference (PESS_ref ) will de-

liver/absorb the generated transient power, as sketched in Figure 3-18a. This ESS power

reference (PESS_ref ) is shared between the BB and the SM. As stated previously, the SM
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delivers/absorbs transient peak power, while the BB provides/absorbs the rest of the tran-

sient power.

(a) PO > 0 (b) PO < 0

Figure 3-18: The power references generation during the grid-connected mode (Indepen-
dent Storage Control).

Also, the opposite initial condition might be considered. The main power waveforms

for an initial situation in which the starting power is delivered from the microgrid are de-

picted in Figure 3-18b. Now, the most adverse condition is that the demanded power (PO)
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initially decreases at t3, and increasing back again to the original level after a given time

at t4. Still, the measured demanded power (PO_meas) is the same as the demanded power

(PO). The rest of the power waveforms, for the ESS, the BB and the BB are defined in

the same manner than in the previous case. In any case, as seen from Figure 3-18 the limit

constraints in the BBand SM power values must be ensured at all times.

3.4.2.1.2 Control of the Voltage Source Inverter

A basic scheme of the VSI control connected to the grid at the PCC is shown in Figure

3-19. Besides effectively controlling the shape of the instant currents at the grid side, it is

assumed that this VSI also maintains the DC bus of the microgrid constant [86, 113, 126,

127]. The overall control scheme consists of the outer DC bus voltage control loop and two

inner current control loops in d-q coordinates.
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Figure 3-19: The control of the VSI in order to maintain the DC bus voltage fixed.
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The outer DC bus voltage control loop performs similarly than in the case of the island-

ing mode. However, the limits for the control action (ÎCDC
) are in this case different. In

order to calculate these limits, a KCL in Figure 3-16 is applied:

IESSDC
+ IGDC

= IODC
+ ICDC

(3.82)

Unlike the full control strategy, now the feed-forward term coming from load variations

cannot be directly applied. This would imply the use of this information as control variables

at the VSI control stage, or at least a high-speed communications link that is not generally

available. Therefore, the transient load and the performance of the ESS are considered

as perturbations in control, and will not be considered in the control design. In turn, the

control system is designed considering the parameters at the DC bus and the VSI converter,

assuming that:

ICDC
≈ IGDC

=
PG
VDC

(3.83)

The lower limit for this current is calculated as follows:

ICDC_min =
PG_min

VDC_ref
(3.84)

where PG_min is the minimum grid active power (the maximum power absorbed from the

grid) in Watts.

On the other side, the upper limit can be expressed as:

ICDC_max =
PG_max

VDC_ref
(3.85)

where PG_max is the maximum active grid power (the maximum power delivered from the

grid) in Watts.

Then, the active grid power reference from the DC bus voltage control (PG_bus_ref ) is
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calculated from the control action term (ÎCDC
) as given by:

PG_bus_ref = ÎCDC
· VDC_meas (3.86)

The grid active power reference (PG_ref ) is obtained from the sum of the grid active

power reference from the DC bus control (PG_bus_ref ) and the power reference from peak

shaving as follows:

PG_ref = PG_bus_ref + PG_ps_ref (3.87)

Notice that there is a limiter for the active grid power as follows:

PG_ref =





PG_min PG_bus_ref + PG_ps_ref < PG_min

PG_bus_ref + PG_ps_ref PG_min ≤ PG_bus_ref + PG_ps_ref ≤ PG_max

PG_max PG_bus_ref + PG_ps_ref > PG_max

(3.88)

The reactive grid power (QG_ref ) is controlled as to improve the power quality in a

relatively weak microgrid. A rigorous, detailed derivation for calculating the active and

reactive power in the system [6] is explained in Appendix A. The grid active power and

reactive power for the three-phase balanced system is obtained as follows:

PG_ref =
3

2
(VGd_meas · IGd_ref + VGq_meas · IGq_ref ) (3.89)

QG_ref =
3

2
(VGq_meas · IGd_ref − VGd_meas · IGq_ref ) (3.90)

where:

• QG_ref is the reactive grid power reference in Volt-Amps-Reactive,

• VGd_meas and VGq_meas are the measured grid voltage in d and q axes, receptively, in
Volts,

• IGd_ref and IGq_ref are the grid current references in d and q axes, respectively, in
Amps.

In order to synchronize with the grid, a vector control scheme using the d-q synchronous
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reference frame is going to be used. The phase angle of the grid voltages is extracted

utilizing a Phase Locked Loop (PLL) block [128–131]. The d-axis of the synchronous

reference frame is aligned with the grid voltage, (VGd
= VG); and the q-axis component is

equal to zero: (VGq = 0) [6, 66, 132]. Therefore, the power equations reduce to:

PG_ref =
3

2
VGd_measIGd_ref (3.91)

QG_ref = −3

2
VGd_measIGq_ref (3.92)

The current references of the grid in d and q axes are calculated as follows:

IGd_ref =
PG_ref

3
2
VGd_meas

(3.93)

IGq_ref =
−QG_ref
3
2
VGd_meas

(3.94)

The limits of the current references are as given by:

IGd_ref =





IGd_min
PG_ref

3
2
VGd_meas

< IGd_min

PG_ref
3
2
VGd_meas

IGd_min ≤
PG_ref

3
2
VGd_meas

≤ IGd_max

IGd_max
PG_ref

3
2
VGd_meas

> IGd_max

(3.95)

IGq_ref =





IGq_min
−QG_ref
3
2
VGd_meas

< IGq_min

−QG_ref
3
2
VGd_meas

IGq_min ≤
−QG_ref
3
2
VGd_meas

≤ IGq_max

IGq_max
−QG_ref
3
2
VGd_meas

> IGq_max

(3.96)

where:

• IGd_min and IGd_max are the minimum and maximum grid current in d axis, respec-
tively, in Amps,

• IGq_min and IGq_max are the minimum and maximum grid current in q axis, respec-
tively, in Amps.

Hence, the current references of the filter inductors in d and q axes are the same as the
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current references of the grid:

ILfd
_ref = IGd_ref (3.97)

ILfq _ref = IGq_ref (3.98)

where ILfd
_ref and ILfq _ref are the current references in the filter inductors in d and q axes,

respectively, in Amps.

Finally, the vector control implemented can be seen in Figure 3-20. Two current control

loops are used for d and q axes in the ideal form [128]. A detailed derivation of the voltage

across the filter in d-q axes is explained in Appendix A. In order to improve the disturbance

rejection, the decoupling term is added [133]. The decoupling term in Laplace transform

can be calculated as follows [6, 115]:

--
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+
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+
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+

Figure 3-20: The inner current control closed loops in d and q axes.

VLfd
(s) = ILfd

(s)(Rf + Lf · s)− ILfq
(s) · Lf · ωe︸ ︷︷ ︸

Decoupling Term

(3.99)

VLfq
(s) = ILfq

(s)(Rf + Lf · s) + ILfd
(s) · Lf · ωe︸ ︷︷ ︸

Decoupling Term

(3.100)

where:

• VLfd
and VLfq

are the voltages across the filter inductors in d and q axes, respectively,
in Volts,
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• ILfd
and ILfq

are the currents in the filter inductors in d and q axes, respectively, in
Amps,

• Rf is the resistance of the filter in Ohms,

• Lf is the inductance of the filter in Henries,

• ωe is the grid frequency in rads/sec.

The transfer functions of the filter inductors in Laplace transform are as follows:

GLfd
(s) =

ILfd
(s)

VLfd
(s) + ILfq

(s) · Lf · ωe
=

1

Lf · s+Rf

(3.101)

GLfq
(s) =

ILfq
(s)

VLfq
(s)− ILfd

(s) · Lf · ωe
=

1

Lf · s+Rf

(3.102)

where GLfd
and GLfq

are the transfer function of the filter inductors in d and q axes, re-

spectively.

As the core of the control design, the tuning of the parameters of the PI current vector

controllers will be explained in Chapter 6.

The detailed derivation of the inductor voltage of the filter in d-q axes, as a function of

the grid voltage and the DC bus voltage, can be found in Appendix A. The expressions for

these inductor voltage values can then be expressed as:

VLfd
= VGd

− dGd

VDC
2

(3.103)

VLfq
= VGq − dGd

VDC
2

(3.104)

where:

• VGd
and VGq are the grid voltage in d and q axes in Volts,

• dGd
and dGq are the grid duty cycles in d and q axes.

In order to obtain the minimum operating limits for the control action (inductor voltage

of the filter) in d and in q axes, the duty ratios at both axes are made equal to one:

VLfd
_min = VGd_meas −

VDC_ref

2
(3.105)

VLfq _min = VGq_meas −
VDC_ref

2
(3.106)
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where VLfd
_min and VLfq _min are the minimum voltages across the filter inductors in d and

q axes, respectively, in Volts.

On the other hand, aiming to obtain the maximum limits for the control action (inductor

voltage of the filter) in d and q axes, then these duty ratios are made equal to minus one:

VLfd
_max = VGd_meas +

VDC_ref

2
(3.107)

VLfq _max = VGq_meas +
VDC_ref

2
(3.108)

where VLfd
_max and VLfq _max are the maximum voltages across the filter inductors in d and

q axes, respectively, in Volts.

From the above sets of equations, the limits for the control actions of the current con-

trollers (the voltage across the inductors) in d and q axes is given by:

V̂Lfd
=





VLfd
_min V̂ PI

Lfd
< VLfd

_min

V̂ PI
Lfd

VLfd
_min ≤ V̂ PI

Lfd
≤ VLfd

_max

VLfd
_max V̂ PI

Lfd
> VLfd

_max

(3.109)

V̂Lfq
=





VLfq _min V̂ PI
Lfq

< VLfq _min

V̂ PI
Lfq

VLfq _min ≤ V̂ PI
Lfq
≤ VLfq _max

VLfq _max V̂ PI
Lfq

> VLfq _max

(3.110)

where:

• V̂Lfd
and V̂Lfq

are the estimated voltages across the filter inductors in d and q axes
after the limiter, respectively, in Volts,

• V̂ PI
Lfd

and V̂ PI
Lfq

are the estimated voltage across the filter inductors in d and q axes
before the limiter, respectively, in Volts.

The values of the duty cycles in both d and q axes, derived in detail in Appendix A, can

be expressed as:

dGd
=
VGd_meas − V̂Lfd

VDC_meas

2

(3.111)
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dGq =
VGq_meas − V̂Lfq

VDC_meas

2

(3.112)

The limits for the grid duty cycles in d and q axes are defined as follows:

dGd
=





−1
VGd_meas − V̂Lfd

VDC_meas

2

< −1

VGd_meas − V̂Lfd

VDC_meas

2

−1 ≤
VGd_meas − V̂Lfd

VDC_meas

2

≤ 1

1
VGd_meas − V̂Lfd

VDC_meas

2

> 1

(3.113)

dGq =





−1
VGq_meas − V̂Lfq

VDC_meas

2

< −1

VGq_meas − V̂Lfq

VDC_meas

2

−1 ≤
VGq_meas − V̂Lfq

VDC_meas

2

≤ 1

1
VGq_meas − V̂Lfq

VDC_meas

2

> 1

(3.114)

Finally, the duty cycles for the switches at the three-phases of the VSI, dGa , dGb
and

dGc , can be obtained from the duty cycles in d and q coordinates, dGd
and dGq , respec-

tively, through the dq-abc standard transformation. The upper switches (S5, S7 and S9) are

commuting with the values of the duty cycles of the three-phases a, b and c, respectively.

However, the lower Ss (S6, S8 and S10) follow a complementary pattern with respect to their

respective upper switches:

d5 = dGa (3.115)

d6 = 1− dGa (3.116)

d7 = dGb
(3.117)

d8 = 1− dGb
(3.118)

d9 = dGc (3.119)

d10 = 1− dGc (3.120)
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where:

• d5, d6, d7, d8, d9 and d10 are the duty cycles of the IGBT5, IGBT6,IGBT7, IGBT8,
IGBT9 and IGBT10, respectively,

• dGa , dGb
and dGc are the duty cycles of the three-phase, respectively.

3.4.2.2 Full Control Strategy

The other approach considered for the control strategy is, as stated in the previous

paragraphs, the full control scheme. Figure 3-21 shows this approach, being the DC bus

controlled by a coordinated scheme of the grid converter and the HESS converters controls.

As in the previous case, the grid is providing/absorbing the steady-state power; the

transient peak power is delivered/absorbed by the SM, and finally, the rest of the transient

power is delivered/absorbed by the BB. The coordination of the strategies is effectively

achieved through the implementation of a control scheme that consists of one outer loop

for the DC bus voltage and four inner loops for the inductor’s current. It must be noticed

that this strategy assumes ideal information flows between the different control stages in-

volved. This ultimately implies the need for implementing a real-time communications

subsystem between the grid converter and the HESS converters. This ensures the genera-

tion of the required synchronized and coordinated power references for every control loop

in the system.

The keystone of the system management is the control of the DC bus capacitor voltage.

This voltage control is inherently providing a power flow balance between all the agents

in the system, i.e., the grid (through the PCC VSI converter), the HESS system (through

the BB and SM converters) and the rest of the microgrid resources (loads and generation

elements). In steady state, the DC bus capacitor power is null. However, upon any variation

in this capacitor voltage, due to any change in the load/generation scheme, will force the

control loops to react as to oppose to this change. The following discussion details the role

of the distinct control loops in the overall control system. First, the DC bus is controlled

by an outer PI controller in the ideal form as discussed before. However, the limits for

the control action (ÎCDC
) are, again, different. Starting from Equation (3.82), the limits are
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Figure 3-21: The control of the PC of the two bidirectional buck converters and the VSI in
case grid-connected (Full Control).
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calculated as follows:

d1 · IBB + d3 · ISM +
PG
VDC

= IRN
− IN + ICDC

(3.121)

ICDC
= d1 · IBB + d3 · ISM +

PG
VDC

+ IN −
PRN

VDC
(3.122)

In order to obtain the lower limit, the duty cycles of the BB and the SM are made equal

to unity (state I):

ICDC_min = IBB_min + ISM_min +
PG_min

VDC_ref
+ IN_min −

PRN_max

VDC_ref
(3.123)

Besides that, to obtain the upper limit, the duty cycles of the BB and SM should be

made equal to zero (state III):

ICDC_max = IBB_max + ISM_max +
PG_max

VDC_ref
+ IN_max −

PRN_min

VDC_ref
(3.124)

On the other hand, the output power reference (PO_ref ) is calculated from the control

action of the voltage controller (ÎCDC
) and the feed-forward term (IO_meas):

PO_ref = VDC_meas(ÎCDC
+ IO_meas) (3.125)

This allows for the calculation of the steady-state active grid power reference (PG_ss_ref ),

by applying a LPF to the output power reference (PO_ref ):

PG_ss_ref =
1

1 + TGLPF
· s︸ ︷︷ ︸

LPF

PO_ref (3.126)

TGLPF
=

1

2π · fGLPF

(3.127)

where:

• PG_ss_ref is the steady-state active grid power reference in Watts,

• TGLPF
is the time constant of the LPF of the active grid power in Secs,

• fGLPF
is the cutoff frequency of the LPF of the active grid power in Hz.
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Then, the active grid power reference (PG_ref ) is calculated as the sum of the steady-

state active grid power reference (PG_ss_ref ) and the power reference from peak shaving

(PG_ps_ref ) as follows:

PG_ref = PG_ss_ref + PG_ps_ref (3.128)

A limiter for the active grid power is obtained, given that:

PG_ref =





PG_min PG_ss_ref + PG_ps_ref < PG_min

PG_ss_ref + PG_ps_ref PG_min ≤ PG_ss_ref + PG_ps_ref ≤ PG_max

PG_max PG_ss_ref + PG_ps_ref > PG_max

(3.129)

The transient ESS power reference (PESS_ss_ref ) can be obtained from the difference

between the output power reference (PO_ref ) and the steady-state grid active power refer-

ence (PG_ss_ref ):

PESS_tr_ref = PO_ref − PG_ss_ref (3.130)

Once the global transient ESS power reference (PESS_tr_ref ) is known, it can be split

into the individual storage device power references. Firstly, the SM power reference (PSM_tr_ref )

can be expressed, again by applying a HPF to the output power reference (PO_ref ):

PSM_tr_ref =
TSM_HPF · s

1 + TSM_HPF · s︸ ︷︷ ︸
HPF

PO_ref (3.131)

Secondly, the BB transient power reference (PBB_tr_ref ) is obtained from the differ-

ence between the ESS transient power reference (PESS_tr_ref ) and the SM power refer-

ence (PSM_tr_ref ). This is given exactly as in Equation (3.77) and the BB power reference

(PBB_ref ) is obtained as the sum of the BB transient power reference (PBB_tr_ref ) and the

BB power reference from the peak shaving as in Equation (3.78). Also, the corresponding

limits for PBB_ref are also the ones defined in Equation (3.79). The SM power reference
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(PSM_ref ) is calculated from the sum of the SM transient power reference (PSM_tr_ref ) and

the SM power reference from the peak shaving (PSM_ps_ref ) as in Equation (3.80). As in

the previous cases, a limiter is used to ensure that the SM power limits are not exceeded as

in Equation (3.81).

In order to explain the power sharing among all the agents involved in the system, Fig-

ure 3-22 and Figure 3-23 show the evolution of the main power flows references involved.

(a) PG_max ≥ PO (b) PG_max < PO

Figure 3-22: The power references generation upon positive steps during the grid-
connected mode (Full Control).
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Once more, the two-step profile in the demanded power (PO) is assumed, considering

an initial positive value for the demanded power. Upon this condition, Figure 3-22 shows

an initial positive step in the demanded power (PO) at t1. After a given time (t2), the

demanded power decreases back to the original level. Considering the power references

from the peak shaving are equal to zeros (PG_ps_ref = PBB_ps_ref = PSM_ps_ref = 0). As

it can be seen, the load power reference (PO_ref ) is equal to the power demanded by the

microgrid (PO).

If the maximum power reference delivered is less or equal to the maximum limit for

the grid power (PG_max) (i.e., HESS not used for peak-shaving), then the grid will deliver

or absorb all the required power, and the ESS will only deliver the transient power, even-

tually reaching zero. This ESS transient power is shared between the BB and the SM, as

in the previous cases; the SM provides/absorbs the transient peak power, while the BB

provides/absorbs the remaining ESS power. This situation is depicted in Figure 3-22a.

However, now, the peak-shaving scheme can easily be included in the casuistic of the con-

trol system, without the need for additional requirements. In this case, if the demanded

power is greater than the limit for the maximum grid power, the BB will deliver or absorb

both the transient power, but also the remaining steady-state power that the grid is not able

to provide anymore. The SM, on its side, will provide only the transient peak power (as in

the former case). This situation is shown in Figure 3-22b.

Figure 3-23 shows both situations but for initial negative value for the demanded power.

In fact, the sequence of power steps is also interchanged, i.e., the power decreases at t3 and

then it increases again to the original value at t4, to account for the worst possible situation.

A completely similar discussion can then be carried out, but changing the signs of the

power references involved. The power demanded reference (PO_ref ) is equal to the power

demanded (PO). Provided now that (PO) is greater or equal to the minimum grid power

(PG_min), the grid will absorb/deliver the power necessary. The SM will absorb/deliver

the transient peak power, while the BB will absorb the rest of the transient power. This

situation is depicted in Figure 3-23a. Alternatively, Figure 3-23b shows the case in which

the power demanded (PO) is smaller than the minimum BB power (PG_min). In this case,

the grid will absorb/deliver some of the power needed. However, SM will absorb/deliver
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the transient peak power, and the BB will absorb/deliver the rest of the power that grid

cannot absorb and the rest of the transient power as in Figure 3-23b.

(a) PG_min ≤ PO (b) PG_min > PO

Figure 3-23: The power references generation upon negative steps during the grid-
connected mode (Full Control).

After the calculation of the power references, the current references are calculated by

dividing the power references by their corresponding voltage as in Equations (3.43), (3.44),

(3.93) and (3.94). PLL is needed in order to synchronize with the grid voltage [134]. The
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limits of the current references are defined as in Equations (3.45), (3.46), (3.95) and (3.96).

Then, four current control loops are required: two current control loops for the d and q axes

to control the grid current in the filters and another two current control loops for the BB and

SM converters. The limits of the control actions are defined as in Equations (3.59), (3.60),

(3.109) and (3.110). The bandwidth of the current control of the SM is faster than the

bandwidth of the current control of the BB and the current control in d and q axes. Finally,

the duty cycles are calculated as in Equations (3.61), (3.62), (3.111) and (3.112). The

limits for the duty cycles are defined as in Equations (3.63), (3.64), (3.113) and (3.114).

In Chapter 6, all these conditions, for every operation mode and every control strategy

discussed here, will be applied to obtain a detailed design of all the parameters required to

provide a full scheme of a HESS in a DC microgrid.

3.5 Conclusions

In this Chapter, the PC of two bidirectional buck converters is targeted as the base case

for the research in this work. Then, the control schemes for this topology during island-

ing mode and grid-connected mode have been defined, studied, analyzed and discussed in

detail. The general theoretical performance of these control schemes has been outlined.

Next steps in the design consist of studying the limitations of these topologies in HESS

applications. These limitations are studied in Chapters 4 and 5, and these chapters also

propose topologies and control solutions to overcome these limitations. After providing a

detailed design of every solution in Chapter 6, the performance of all these control schemes

is validated, through simulations and experimental results in Chapters 7 and 8.

Next Chapter 4 studies the operating limits in the baseline solution when there is a large

mismatch in the voltage ratings of the storage systems, and proposes a topology, named

SPC of two bidirectional buck converters, as a feasible alternative to solve these operating

limitations.
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4.1 Introduction

This chapter discusses in detail the operation limits of the PC scheme in HESS, mainly

coming from high voltage rating mismatch between the storage devices. Once these con-

straints are studied, different alternative solutions are explored. Finally, a novel connection

structure is proposed, aiming to overcome the problems that arise in the original PC of two

bidirectional buck converters. This gives pace to the introduction of the SPC of two bidi-

rectional buck converters. This scheme is defined and analyzed in detail, and finally, the

control schemes already discussed for the PC during the islanding and grid-tied modes are

adapted for the new configuration.

4.2 Limitations of the Parallel Connection

As discussed in the previous section, the most straightforward scheme for a three-port

bidirectional converter interface in a HESS able to attach these devices to a controlled

DC bus is the PC of two bidirectional buck converters. The following is a discussion of

how the main limitations of the multiple converter configuration, i.e., the active parallel

configuration, come from the ratio between the storage devices voltage ratings and the DC

bus voltage [80, 135].

For the sake of clarity, a nominal DC bus voltage (VDC) of 500 V is going to be consid-

ered in the next discussion. In the same manner, the operating voltage ratings for the BB

(VBB) is considered to be in the range of 200–300 V (e.g., a Li-Ion BB intended for grid

applications). For a BB operating voltage of 250 V, with these constraints, then the duty

cycle of the S1 (d1) according to Equation (4.1) will be around 50%, thus optimizing the

performance of such converter, regarding stresses balancing, design complexity and control
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capability.

d1 =
VBB
VDC

=
250

500
= 50% (4.1)

However, in some applications, the extra storage unit presents significant lower voltage

ratings than the ones in the BB, and thus the voltage ratios between the DC bus voltage

and the additional storage unit voltage will change correspondingly. For instance, some

SM voltage ratings (VSM ) are ranged from 20V to 80V. This implies that at some operating

conditions, e.g., the SM discharged to a voltage of 30 V, and for the stated DC bus voltage

ratings, the required gains for the dedicated interfacing converter will reach values up to 17

or even higher (Equation (4.2)).

For the conditions mentioned above for the DC bus voltage of 500 V and the SM oper-

ating voltage of 30 V, the performance in the steady state can be assessed, yielding to the

following duty cycle for the S3 (d3):

d3 =
VSM
VDC

=
30

500
= 6% (4.2)

This mismatch in the operating voltage ratings would yield to the operation of the con-

verters at the PC topology at duty cycle around 6%, well beyond the optimal 20–80%

range [136]. As a large gain is required, the efficiency and the cost-effectiveness of the

buck converter-based design are compromised [137, 138].

For the discussed conditions, S3 is turned on 6 % of the switching time, while the S4 is

turned on 94 % of the switching time. These extreme duty ratio values yield low efficiency

in the buck-based configuration [139]. Besides, the parasitic series resistor of the inductor

together with the non-ideal components at the switches implies a limit in the achievable

voltage gain of the buck converter [140]. Such a high voltage ratio can be attained only by

using optimal, high-performance magnetic devices. For this discussion, it is assumed that

the inductors present a relatively small parasitic resistance.

As the switches must be designed for the high DC bus voltage, high voltage ratings

must be used. However, these devices present relatively large on-resistance values, and

therefore conduction losses increase [141]. Moreover, in IGBT based topologies, this im-
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plies large currents at the anti-parallel diodes, yielding to operation drawbacks derived from

the reverse recovery phenomenon [142]. Moreover, the high duty cycles limit the switching

frequency, as the minimum off-time of the switch must be ensured [143].

In addition, the dynamic performance of the converter is also affected, since the small

duty cycles yield to non-symmetric bandwidths limitation in charge and discharge opera-

tion [137]. The instant value of the duty cycles in the converters states the capability of

providing a given transient voltage to the inductors in the converters, therefore yielding to

a given current by those inductors. On top of an unbalance of the stresses in the switches

and poor performance due to extreme duty cycles, the main problem in PC comes from the

fact that the starting value of the duty cycle in the SM leg is quite small (6%).

Considering an abrupt negative step in the SM current demand, then the control stage

must generate a control action in the duty cycles that provide the actual SM current, equal

to the reference value. However, the available control actions range from the 6% value

down to 0%, which ultimately implies S3 and S4 continuously turned off and on, respec-

tively. This condition implies that the SM inductance (L2) is discharged with the relatively

small voltage at the SM (Vsm) thus implying a limitation in the rate of decrease of the SM

current. This aspect penalizes the discharging dynamics enormously, also introducing a

non-symmetric behavior in the system performance. Indeed, for the opposite case (charg-

ing current), the extreme operation in the control action would imply a charging voltage of

VDC , and the rate of charge results dramatically increased.

Finally, the small duty cycle of the S3 leg (d3) yields to thermal and electrical stresses

mismatch on the switches at this leg. The reliability of the design is a function of the

relative value and distribution scheme of the thermal efforts associated with the electrical

parameters [144]. The following discusses the effect of the shape of the waveforms in

the distribution of the electrical stresses of a leg at the converter. The concept of Form

Factor (FF) will be used, understood as the ratio if the Root Mean Square (RMS) value of

a waveform to its average value. Assuming small current ripples, then the FF of the current

waveform for a given switch in the converter follows the general expression for a square
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waveform:

Kf =
Irms
Iavg

(4.3)

Irms = Ipk

√
Ton
Ts

(4.4)

Iavg = Ipk(
Ton
Ts

) (4.5)

Kf =
Ipk

√
Ton
Ts

Ipk
Ton
Ts

=
1√
Ton
Ts

(4.6)

where:

• Kf is the FF of the current in the switch,

• Irms, Iavg and Ipk are the RMS, average and peak currents of a periodic square wave-
form of switching period, respectively, in Amps,

• Ton is the interval of the waveform that the current value equals peak value in Secs.

Figure 4-1 shows a scheme of the switch current waveform approximations in case of

low ripple, with the graphical definition of the parameters used for the definition of the FF.

Figure 4-1: Current waveform of a switch considering small ripple.

In the PC topology, for a large mismatch between the ratings at the SM and at the DC

bus, the duty cycle at the upper switch of the SM leg (d3) is close to 0%, around 6% in the

case under study. From Equation 3.6, the duty cycle at the (d3) can be expressed as:

d3 =
Ton_S3

Ts
(4.7)
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and therefore the FF of the current for the S3 (Kf3) is obtained as follows:

Kf3 =
1√
Ton_S3

Ts

=
1√
d3

(4.8)

Analogously, the FF of the current for the S4 (Kf4) is calculated as follows:

Kf4 =
1√
Ton_S4

Ts

=
1√

1− d3

(4.9)

Therefore, for a duty ratio close to 6%:

Kf3 =
1√
0.06

= 4.08 (4.10)

Kf4 =
1√

1− 0.06
= 1.03 (4.11)

This difference between the FFs at the switches of the leg of the SM converter implies

that the thermal efforts at both switches are very different. Ideally, to evenly distribute

these thermal efforts among the upper and lower switches of a leg, the duty cycles should

be around 50%, yielding to FF values close to:

Kf =
1√

1− 0.5
= 1.41 (4.12)

Such requirements cannot be accomplished by the parallel buck arrangement, nor for

the rest of the commonly used single-stage non-isolated converter topologies [80, 136].

More complex alternatives can be used to solve the problem of voltage mismatch, including

cascaded stages, multilevel or even isolated approaches. Some of these options are the

parallel configuration of two DAB [36, 58, 81, 95], the use of triple active bridge [97, 98], as

well as systems based in resonant converters [145] or multilevel converters [92]. However,

it could yield to higher costs and system complexity due to the increase in the number of

switches and passive elements [136].

106



4.3. The Full-Bridge Connection

4.3 The Full-Bridge Connection

In order to solve these issues, the most straightforward solution among non-isolated

topologies is to use a Full Bridge Connection (FBC) [146], as depicted in Figure 4-2. The

negative terminal of the SM is connected to the middle point of a third leg, formed by S5

and S6. It is assumed that the duty cycles of S4 and S6, are complementary to the ones at

S3 and S5, respectively, as in the following scheme:

Figure 4-2: The FBC of the two bidirectional buck converters connected to BB and SM and
sharing the DC bus.

d4 = 1− d3 (4.13)

d6 = 1− d5 (4.14)

Considering the transient state an by applying KVL in Figure4-2, it yields to:

VCE6 + VSM − VL2 − VCE4 = 0 (4.15)

d5 · VDC + VSM − VL2 − d3 · VDC = 0 (4.16)

d3 =
d5 · VDC + VSM − VL2

VDC
(4.17)

d3 = d5 +
VSM − VL2

VDC
(4.18)
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At steady state, the duty cycle of the S3 is given by:

d3 = d5 +
VSM
VDC

(4.19)

In fact, this effect comes as there is a new degree of freedom, that can be selected to

have one of the duty cycles, e.g. d5, fixed at a given value, for instance, equal to 50%. This

ensures effective duty cycles at each leg out away from the extreme values, i.e., within the

20% - 80% areas, therefore achieving better general performance [137, 138, 141].

In addition, the dynamic range is greater, given that the asymmetric modulation con-

straint of the PC solution is not present anymore. The payback, in this case, is the use of

two additional switches in a second leg. This issue increases the size and weight of the

converter, as well as the switching and conduction losses. However, with this solution,

the dynamics are not limited to the low duty cycles in the converter [137]. Still, all the

four switches need to cope with the large VDC voltages at the DC bus, even though the

device to interface presents significantly small ratings, yielding again to large conduction

and switching losses [141].

4.4 The Series Connection

To overcome the drawbacks of the PC and the FBC, a solution that prevents from mov-

ing to more complex schemes is the Series Connection (SC) of the storage systems depicted

in Figure 4-3 [70, 137]. This solution aims to avoid the low duty cycles at the SM branch.

The negative terminal of the SM is connected to the positive terminal of the BB.

By applying KVL to the voltage mesh that includes the BB, the SM, inductor L2 and

S4 in Figure4-3, then:

VBB + VSM − VL2 − VCE4 = 0 (4.20)

VBB + VSM − VL2 − d3 · VDC = 0 (4.21)

d3 =
VBB + VSM − VL2

VDC
(4.22)
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Figure 4-3: The SC of the two bidirectional buck converters connected to BB and SM and
sharing the DC bus.

Upon steady-state condition, the average voltages at the inductors are null, and therefore

the value of the duty cycle at the S3 (d3) is given by:

d3 =
VBB + VSM

VDC
(4.23)

d3 = d1 +
VSM
VDC

= 56% (4.24)

The value of the duty cycle at the BB leg is given by Equation (4.1). The duty cycle of the

S3 (d3) is always bigger than the duty cycle of the S1 (d1). With the same voltage values

than in the PC case, S3 is turned on 56%, and S4 is turned on 44 % of the switching time

in the SC scheme. This yields to a balance in the thermal stress on the switches for the

SM leg. In the aforementioned connection, the duty cycle of the S3 is a function of the

SM voltage and BB voltage, not only of the SM voltage as in case of PC. Therefore, the

stresses in the switches of the SM leg are much more balanced than in the previous case,

thus avoiding the decrease in the reliability aspects mentioned before.

The gain required for the SM leg of the converter results in a much more reasonable

value than before. Indeed, the drawback of the voltage mismatch at the PC is solved as

the average voltage at the midpoint of the SM leg results in the addition of the SM plus

the BB voltages. Assuming that the SM ratings are much smaller than the BB ones, this

leg operates with a duty cycle similar to the BB leg. However, the main drawbacks of this

connection are that at the end the BB needs to provide also the SM peak current, decreasing
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the lifespan of the BB. This is deduced from applying the KCL at the node that connects

the BB, the SM and inductor L1:

IBB = IL1 + ISM (4.25)

ISM = IL2 (4.26)

This results in the impossibility of implementing a practical decoupled current control

scheme in both the storage systems (BB and SM). In fact, if both inductor currents are

independently controlled, then the evolution of the battery inductor current is forced by

Equation (4.25), yielding either to dangerous voltages in the system due to the inductive

behavior, or to a limited dynamic performance if these overvoltages are prevented at the

control level.

Another point of the analysis comes by looking at Figure 4-3. From the inductors con-

nection scheme, it might seem that a certain beneficial interleaving effect is possible in the

BB current (IBB). Nevertheless, this effect would only be valid for small operating condi-

tions ranges, as it depends on the values of the duty cycles and in the synchronization of

the pulses in the switches. This enhanced interleaving effect will not occur for all possible

conditions, particularly for SM currents much higher than BB currents.

Finally, also derived from Equation (4.25), the peak current flowing through the BB

inductor is calculated as a function of the SM and BB currents. Thus, inductor L1 must

be designed considering values in the order of magnitude of the SM current, that is sig-

nificantly larger than the BB current. This results in a much larger inductor device, which

compromises the efficiency and the cost of the full HESS.

Given all these constraints, the SC scheme is disregarded as a feasible option. Therefore

it will not be included in the validation stages, by simulation or experimental tests.

4.5 The Series-Parallel Connection

All these drawbacks of the previous schemes can be effectively solved by considering

the SPC of both storage units [125, 147, 148]. This scheme, shown in Figure 4-4, keeps
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the original H-bridge configuration of the switches. As shown in Figure 4-4, the negative

terminal of the SM is connected to the middle point of the leg connected to the BB. This

configuration can be seen as an integration of the FBC from three to two legs, removing

the degree of freedom that existed in the latter.

Figure 4-4: The SPC of the two bidirectional buck converters connected to BB and SM and
sharing the DC bus.

For the references at Figure 4-4, the mesh equation that includes the voltage at the SM

can be expressed as:

VCE2 + VSM − VL2 − VCE4 = 0 (4.27)

VBB − VL1 + VSM − VL2 − d3 · VDC = 0 (4.28)

d3 =
VBB − VL1 + VSM − VL2

VDC
(4.29)

d3 = d1 +
VSM − VL2

VDC
(4.30)

Again, upon steady-state conditions, the average inductor voltages are null, and there-

fore the value of the duty cycle at the S3 (d3) is given by:

d3 =
VBB + VSM

VDC
= d1 +

VSM
VDC

(4.31)

In SPC, the duty cycle of the S3 (d3) is a function also of the voltage at the inductor

connected to the battery. This ultimately yields to an extension on the values that the SM
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inductor might take, and therefore extending the range of symmetrical behavior. Again, it

presents a similar expression than in the SC case; thus all the statements concluded for the

new duty cycle values are still valid.

In order to quantify the stresses distribution, the values of the FF can be calculated for

the switches at the SM branch at the SPC configuration:

Kf3 =
1√
0.56

= 1.34 (4.32)

Kf4 =
1√

1− 0.56
= 1.51 (4.33)

These values are close to the optimal value for an even distribution of the current efforts

stated in Equation (4.12), therefore increasing the reliability of the system. This effect is

obtained for any application in which one of the legs at the converter interfaces a device

with voltage ratings significantly smaller than the other one, this latter being around half

(e.g., practical values of 40–60%) the DC bus value.

In addition to that, it must be noticed how, in the SPC scheme, the following expression

can be calculated for the BB current:

IBB = IL1 (4.34)

Therefore, and unlike in the SC case, decoupling both BB and SM current control

is quite simple in the SPC scheme. This results in the possibility of implementing an

independent current control (and hence power flow) for both storage devices. This allows

for an effective hybridization of the energy devices, without the drawbacks of extreme

duty rations in the system. The following discussion deals with an in-depth analysis of the

operation of the SPC converter, aiming to provide the foundations for an adequate design

of the HESS.

4.5.1 Switching States

Similar to the PC of the two bidirectional buck converters, the SPC also has four switch-

ing states as in Table 4.1 and Figure 4-5. The S1 and the S3 are commutating with the value

112



4.5. The Series-Parallel Connection

of the duty cycle for the BB and SM converters, respectively, while the S2 and the S4 are

complementary.

Table 4.1: The switching states of the SPC of the two bidirectional buck converters.

States
BB Converter SM Converter

Figures
On Off On Off

State I S1 S2 S3 S4 4-5a
State II S1 S2 S4 S3 4-5b
State III S2 S1 S4 S3 4-5c
State IV S2 S1 S3 S4 4-5d

(a) State I (b) State II

(c) State III (d) State IV

Figure 4-5: The switching states of the SPC of the two bidirectional buck converters.

The equivalent switching states depicted in Figure 4-5 are described in detail in the

following subsections.
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4.5.1.1 State I. S1 and S3 Turned On

Figure 4-5a shows both S1 and S3 turned on. The resulting current expressions in the

switches for this interval are:

IS1(State I) = −IBB + ISM ; IS3(State I) = −ISM ;

IS2(State I) = 0; IS4(State I) = 0;
(4.35)

where IS1 , IS2 , IS3 and IS4 are the currents of S1, S2, S3 and S4, respectively, in Amps.

4.5.1.2 State II. S1 and S4 Turned On

In the next switching interval, depicted in Figure 4-5b, S3 turns off, and S4 turns on,

whereas the BB leg remains unchanged as in state I. The resulting current expressions in

the switches are as follows:

IS1(State II) = −IBB + ISM ; IS3(State II) = 0;

IS2(State II) = 0; IS4(State II) = ISM ;
(4.36)

4.5.1.3 State III. S2 and S4 Turned On

State III keeps the SM leg as in state II, but now S2 is turned on as S1 turns off (Figure

6c). The inductor connected to the BB charges through S2 (IBB > 0). Assuming also

ISM > 0, then L2 charges through S2 and S4:

IS1(State III) = 0; IS3(State III) = 0;

IS2(State III) = IBB − ISM ; IS4(State III) = ISM ;
(4.37)

4.5.1.4 State IV. S2 and S3 Turned On

Finally, S4 turns off, and S3 turns on, while the BB leg is kept the same as in state III.

The SM current flows towards the DC bus through S3, and therefore:

IS1(State IV ) = 0; IS3(State IV ) = −ISM ;

IS2(State IV ) = IBB − ISM ; IS4(State IV ) = 0;
(4.38)
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Depending on its direction, the current may flow in the switch either through the IGBT

or the anti-parallel diode in the SM leg, as stated in Table 4.2. However, for the case of

the BB leg, the final device that carries the current in the switch is given by the sign of the

combination of the BB current and the SM, as shown in Table 4.3.

Table 4.2: The switching states of the SPC of the two bidirectional buck converters.

States
BB Converter (On Switches) SM Converter (On Switches)

BB Discharging BB Charging SM Discharging SM Charging

State I D1 / IGBT1 IGBT1 / D1 D3 IGBT3

State II D1 / IGBT1 IGBT1 / D1 IGBT4 D4

State III IGBT2 / D2 D2 / IGBT2 IGBT4 D4

State IV IGBT2 / D2 D2 / IGBT2 D3 IGBT3

Table 4.3: The switching states of the SPC of the two bidirectional buck converters for the
On switches.

States
BB Converter (On Switches)

BB Discharging BB Charging
IBB > ISM IBB < ISM IBB < ISM IBB > ISM

State I D1 IGBT1 IGBT1 D1

State II D1 IGBT1 IGBT1 D1

State III IGBT2 D2 D2 IGBT2

State IV IGBT2 D2 D2 IGBT2

Similar to PC, there also are three possibilities for the duty cycles of both ESS: (d1 >

d3) or (d1 = d3) or (d1 < d3). Depending on the duty cycles, the switching states will

change as in Figure 4-6.

4.5.2 Steady-State Analysis

Once the switching states are defined, the steady-state analysis of the SPC scheme can

be carried out. It must be noticed that both converters are bidirectional in the current, and
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(a) d1 > d3 (b) d1 = d3 (c) d1 < d3

Figure 4-6: The switching states of the SPC of the two bidirectional buck converters de-
pending on the values of the duty cycles.

thus, if a general analysis is desired, all possible combinations must be assessed. Consid-

ering a system that operates with DC bus voltage control, and provided that both storage

device legs be controlled in current mode, the operating conditions that need to be taken

into account are stated in Table 4.4.

Table 4.4: Operating conditions of storage systems, considering reference notations in Fig-
ure 4-4

BB SM Operating Conditions

Discharging IBB>0 Charging ISM<0 Opposite sign in currents
Discharging IBB>0 Discharging ISM>0 Same sign in currents

Charging IBB<0 Charging ISM<0 Opposite sign in currents
Charging IBB<0 Discharging ISM>0 Same sign in currents

From Equations (4.35)-(4.38), it can be concluded that the current flowing through the

switches at the BB leg is a subtraction of the BB and SM inductor currents. Therefore,
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the net result of these switch currents depends on whether these currents are added or

subtracted in absolute value. Thus, this study can be simplified to the cases in which SM

and BB currents have either the same or opposite signs. The theoretical waveforms for

these two key cases can be seen in Figure 4-7a (BB and SM discharging, IBB and ISM

have same signs) and Figure 4-7b (BB discharging, SM charging, IBB and ISM present

opposite signs). Even if the resulting current values at the switches result in significant

change, the claimed balancing effect in the current stresses at the SM leg switches can still

be noticed, as all the involved duty ratios are relatively close to the 50% optimal value.

Another consequence of this switching pattern is that the current waveforms through

the SM inductor present a ripple at twice the switching frequency. This allows for a certain

degree of optimization in the inductor design, as current ripple will decrease for the same

target inductor value, or, conversely, the inductor can be made smaller for the same target

current ripple.

In any case, the most significant consequence of this connection comes from the rela-

tionship between the duty cycle at S3 at both PC and SPC configurations. Considering the

steady-state operation, then from Equation (4.31), d3 is always greater than d1 (d1 < d3)

as in Figure 4-6c for SPC scheme. However, in transient operation (Equation (4.31)), the

inductor voltage at the SM might be substantially large, depending on the transient current

demanded. This might yield d3 to reach values smaller than d1 (d1 > d3) as in Figure 4-6a.

However, as in the FBC case, now the control action at the SM is not clamped as in PC,

and therefore a better dynamic performance is found. Moreover, this behavior is now sym-

metric. Given that the control action can reach negative values naturally, the modulation

is never interrupted in the SPC operation. These issues will be validated experimentally in

Chapter 8, devoted to the validation of the topologies.

4.5.3 Circulating Currents and Efficiency

From the above discussion, the SPC can be initially considered as an alternative solution

for a non-isolated interface in a HESS, in the case that one of the storage devices is rated

at very low voltage. As can be seen, the proposed scheme overcomes the main drawbacks

of the PC, FBC and SC schemes. However, significant concerns in the performance of
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(a) BB and SM both are discharging. (b) BB is discharging, but SM is charging.

Figure 4-7: Theoretical waveforms of the SPC scheme.

the solution arise from the fact that the SM current will also flow through the switches of

the BB leg. It means that both switching and conduction losses through these switches
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will be affected. In the event that the final losses at these switches increase with respect

to the original scheme, the overall efficiency loss might make infeasible the use of this

solution. Thus, a thorough, objective analysis of the time evolution of losses in the system

as a function of the state of operation must be carried out. As it will be demonstrated, the

final balance depends on the operation point of the HESS.

The main issue to consider is that, at the switching states (I or II) and (III or IV) depicted

in figure 4-5, respectively, when both the current through the BB and SM have the same

sign (both charging or discharging, as per Table 4.4), then the current through the switches

at the BB leg are effectively subtracted. Indeed, considering KCL at the node that connects

inductor L1, Switches S1 and S2, and the SM in Figure 4-5a or Figure 4-5b for the state I

or the state II, respectively, then:

IS1 = IL2 − IL1 = ISM − IBB (4.39)

However, from Table 4.4, if both devices are charging or discharging, then this arith-

metic subtraction is a subtraction of the moduli of the currents, and therefore the current

IS1 is smaller than any of the device currents. The same conclusion for the current of S2

can be derived from state III or state IV, looking at the same node in Figure 4-5c or Figure

4-5d:

IS2 = IL1 − IL2 = IBB − ISM (4.40)

Thus, depending on the relative current values flowing through the storage devices, the

final current stresses at the BB leg of the converter might result smaller than the ones in the

PC connection. On the other hand, when the current through the storage devices present

different signs, these current arithmetic subtractions at S1 and S2 will result in an addition

of the moduli of the currents, thus increasing the current stresses.

To assess this comparison quantitatively, the losses at every switch of converter have

been expressed following a simplified theoretical approach. The general equations of both

the switching and conduction losses, for inductive switching of the converter, have been

calculated, to compute the converter power losses, PLoss as a function of the BB and SM
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current values [137, 146]. However, to extract conclusions on the comparison of perfor-

mances, the figure of merit that is considered is the difference between the losses at both

the PC and SPC configurations, ∆PLoss, rather than the losses at each of the schemes on

their own. Figure 4-8 shows the power losses, PLoss_PC in steady-state, for the operating

characteristics discussed previously, as a function of different BB and SM. Analogously,

Figure 4-9 shows the same PLoss_SPC parameter for the SPC configuration. Finally, Figure

4-10 shows the difference in the power loss, as expressed by:

∆PLoss = PLoss_SPC − PLoss_PC (4.41)

where:

• ∆PLoss is the difference in power loss between PC and SPC in Watts,

• PLoss_PC and PLoss_SPC are the power losses of the PC and the SPC, respectively, in
Watts.

Figure 4-8: Power Losses of the PC in steady state.
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Figure 4-9: Power Losses of the SPC in steady state.

Figure 4-10: The difference in the power loss between PC and SPC.
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From Figure 4-10, some conclusions can be derived. At those pairs of (IBB − ISM )

coordinates for which the values of ∆PLoss are negative, the losses at SPC configuration

are smaller than the losses at PC scheme. This means that for these operating conditions,

the circulating currents at the SPC configuration have an overall positive impact on the

efficiency of the converter. However, for another set of coordinates, at which ∆PLoss is

positive, losses at the SPC configuration are higher. These theoretical conclusions, along

with the applicability to HESS systems will be corroborated and validated by experimental

results in Chapter 8 after a detailed design procedure is defined in Chapter 6.

4.5.4 Control Schemes

Finally, the implications on the control schemes discussed previously of the SPC topol-

ogy will be analyzed. As mentioned in the previous chapter, there are three control schemes

depending on the two modes of operation: islanding mode and grid-connected mode. The

difference between the control schemes of the SPC and the control schemes of the PC is

the limits of the control action (SM inductor voltage) of the SM current controller and the

calculating of the duty cycle of the SM in each connection as depicted in Figure 4-11.
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Figure 4-11: Inner current controllers scheme for the SPC of the two bidirectional buck
converters.

The limits of the control actions of the inner BB current controller are the same as in the

PC case (Equations (3.53) and (3.54)). However, the limits of control action of the inner

SM are different from PC case [148]. In order to calculate the limits of the inductor voltage
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connected to the SM, from Equation (4.28) yielding to:

VL2 = VBB − VL1 + VSM − d3 · VDC = 0 (4.42)

At a duty cycle of the leg connected to the BB equals to zero and a duty cycle of the leg

connected to the SM equals to unity (i.e., d1 = 0 and d3 = 1) (State IV) yielding to:

VL1 = VBB (4.43)

VL2 = VBB − VBB + VSM − VDC (4.44)

VL2_min = VSM_meas − VDC_ref (4.45)

As it can be noticed that the minimum inductor voltage limit is the same as in Equation

(3.57); however, the maximum voltage of the inductor connected to the SM is calculated as

follows. At a duty cycle of the leg connected to the BB equal to unity and duty cycle of the

leg connected to the SM equals to zero (i.e., d1 = 1 and d3 = 0) (State II) yielding to:

VL1 = VBB − VDC (4.46)

VL2 = VBB − (VBB − VDC) + VSM (4.47)

VL2_max = VSM_meas + VDC_ref (4.48)

The duty cycle of the S3 is calculated as follows:

d3 =
VBB_meas − V̂L1 + VSM_meas − V̂L2

VDC_meas
(4.49)

d3 =





0
VBB_meas−V̂L1

+VSM_meas−V̂L2

VDC_meas
< 0

VBB_meas−V̂L1
+VSM_meas−V̂L2

VDC_meas
0 ≤ VBB_meas−V̂L1

+VSM_meas−V̂L2

VDC_meas
≤ 1

1
VBB_meas−V̂L1

+VSM_meas−V̂L2

VDC_meas
> 1

(4.50)

After all this discussion, the current control loops for the inductors, adapted to the SPC
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scheme, are finally shown in Figure 4-12. As it can be seen, the average value of the

collector-emitter voltage of the IGBT4 (VCE4), required for the control implementation, is

obtained from the control actions of both control actions (V̂L1 and V̂L2) of both control

loops, and also from the feed-forward terms (VBB_meas and VSM_meas). This is the control

scheme that will be implemented in the SPC scheme for validation.
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Figure 4-12: The inner current control closed loops.

4.6 Conclusions

It has been discussed how the proposed SPC scheme solves the problem of voltage mis-

match between SM voltage and the DC bus voltage, showing a better balance of the thermal

and electrical stress on the switches, overcoming the limitation of the duty cycles involved

and providing a dynamic symmetric behavior in the charge and discharge operation of the

storage devices. The effect on the overall losses has also been quantified, and the adapta-

tions needed in order to apply the already defined control strategies have been stated. In

Chapters 7 and 8, the SPC is validated through simulation and experimental results. But

prior to that, in the following chapter, a fault ride-through capability for the HESS is going

to be studied.
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5.1 Introduction

This chapter describes a new strategy for the design and implementation of a non-

isolated fault-tolerant converter solution to integrate HESS in microgrid applications. Firstly,

the sensitivity to short-circuits of the PC scheme, considered as the baseline case for im-

plementing the HESS in DC microgrids will be analyzed. After that, the derivation of

a Fault-Tolerant Parallel Connection (FTPC) scheme for HESS will be introduced. This

solution covers both the power topology and the control scheme required to protect and

manage the HESS operation during the DC side short-circuit faults. It also presents a fault

ride-through control scheme for the discussed solution. The power topology under con-

sideration is based on the buck-boost bidirectional converter, and it is controlled through a

bespoke modulation scheme in order to obtain low losses at normal healthy operation. The

operation of the proposed control scheme during a DC bus short-circuit failure is shown,

as well as a modification to the standard control in order to achieve the fault ride-through

capability, after clearing the fault.

5.2 Fault-Tolerant Topologies

Power quality is a major concern in modern power systems, particularly in weak mi-

crogrids. The interest for the economic importance of power quality issues has led the

development of standards and regulations that define the requirements for equipment and

utilities in grid applications [149, 150]. Faults in power systems are one of the major causes

of power quality issues. Therefore, continuous research is being done in turning electric

system and its components to Fault-Tolerant (FT) systems, in order to boost and develop a

more resilient electric grid [18].

In particular, the effects of voltage issues in microgrids have attracted a lot of attention

from the research community. In particular, for the case under consideration in this re-

search, the PCC is implemented through a PEC that interfaces the AC grid with a DC bus.
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As seen in previous chapters, the control of the DC bus voltage at the DC side of the grid

interfacing converter is critical to ensure adequate operation of the system [66]. In an in-

creasing number of applications, HESS is connected to this DC bus through dedicated PEC,

aiming to primarily provide the needed energy in case the microgrid operates in islanding

mode. Additionally, the HESS balances the energy flows of the microgrid, accounting

for the stochastic behavior of distributed generation and loads; therefore, decreasing this

random factor in the power consumed from the grid [66].

The FT HESS are intended to be able to deal with fault conditions in the grid. Depend-

ing on the magnitude and the distance to the fault location, the induced variations on the

DC bus might vary substantially [10]. For faults far away from the PCC, at distribution or

even at transmission levels, the effects within the microgrid are generally limited to voltage

sags that can be solved by the regular operation of the HESS. However, for faults at the

distribution level closer to the PCC or even at the DC bus inside the microgrid, more severe

voltage variations, and also short-circuit currents might appear through the storage subsys-

tem [10]. FT topologies prevent these dangerous short-circuit currents to circulate across

the storage subsystem [151, 152]. Also, fault-ride through capability is also expected in

this case, and therefore once the fault is removed, the system is can automatically operate

properly again in a reasonable amount of time, in accordance to the standards/regulations

and the expected behavior of the microgrid [10].

In addition to the lack of galvanic isolation and the operating limits due high voltage

rating mismatch of the PC of the bidirectional buck converter, a major disadvantage of this

system is its sensitivity to short-circuit faults at the DC bus. If a short-circuit occurs at the

DC bus, the current drawn from both the BB and the SM will increase without control, as

the anti-parallel diodes of the upper switches in the legs of the converters will allow large

short-circuit currents as depicted in Figure 5-1. These short-circuit currents will cause

damage to the inductors, the storage devices (BB and SM) and the switches themselves

[10, 18].

In order to avoid this behavior of the original topology upon DC faults, a specific device

which can interrupt, or at least limit the fault currents flowing through the storage units must

be included [10]. One option is to connect switches in series with the storage units and the
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Figure 5-1: Short-circuit fault at the DC bus of the PC of the two bidirectional buck con-
verters.

inductors of the converters, as it can be seen in Figure 5-2. These switches can be opened

during fault conditions to prevent the BB and SM short-circuit currents [117].

Figure 5-2: The PC of the two bidirectional buck converters with a switch in series between
the storage devices and inductors.

But, in order to allow a discharge path for any current flowing through the inductors

once the series switches are open, additional free-wheeling switches for each leg are re-

quired. Otherwise, a voltage spike will occur, causing an arcing or even destruction of the

switches. This eventually yields to a final configuration of two parallel bidirectional non-

inverting buck-boost converters [4, 7], as shown in Figure 5-3. This topology can be used

for implementing fault tolerance in non-isolated PC of storage devices to a DC bus. This

solution, denoted as FTPC, has not been analyzed for this particular challenge.

This buck-boost scheme can operate either as a step-up or a step-down voltage inter-

face. As the buck-boost converter is inherently symmetric, a choice must be made at this
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Figure 5-3: The FTPC of the two bidirectional buck-boost converters connected to BB and
SM and sharing the DC bus.

stage as to settle a common reference for both converters, and to identify the variables to

control. The convention that will be followed along the present work is that upon these

conditions, i.e., the storage voltage is smaller than the DC bus voltage, the buck-boost con-

verter operates as a buck converter. This is important to ensure that the control definition

of the duty cycles involved is made consistently. Therefore, in the system under considera-

tion, configured as in Figure 5-3, the BB voltage (VBB) and the SM voltage (VSM ) ratings

are less than the DC bus voltage (VDC) in healthy conditions, the buck-boost converters

will always operate as a buck converter. On the other hand, it is assumed that the positive

sign of the current is obtained when the storage device is being discharged.

The main feature of this scheme is the operation under fault condition of the HESS, by

effectively limiting the current drained from the storage devices if the DC bus is shorted.

Provided that a suitable control strategy is implemented, the proposed solution enables

a swift system reset once the fault is cleared. It must be noticed that during the fault

conditions and immediately after the fault is cleared, the DC voltage will be relatively
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small, and then the operation as a boost converter is also required. A proposal for such a

fault ride-through feature will also be demonstrated in the following sections.

It is evident that the inclusion of the short-circuit FT features in the converter adds four

more switches compared to the original topology (Figure 3-1), therefore resulting in higher

cost and size than in the initial case. However, as it will be demonstrated in the following

sections, by using a proper control, even though the number of switches has increased, the

losses of the two topologies can be made very similar.

5.3 Fault-Tolerant Parallel Connection Converter

Operating Modes

Each non-inverting buck-boost converter is implemented by means of two legs, and

therefore the HESS converter is now formed by a total amount of eight switches. It is

initially assumed that all switches are commutating at High Frequency (HF), as in the PC

case. In addition, the complementary switching scheme for a leg is also assumed. But on

top of that, both legs in a converter are synchronized. The diagonal switches (S2-S3) and

(S6-S7) are commutating with the values of the duty cycle for the BB and SM converters

respectively, while the other diagonal switches (S1-S4) and (S5-S8) are commutating in a

complementary scheme in order to be compared easily with the previous topologies:

d2 = d3 (5.1)

d1 = d4 = 1− d2 = 1− d3 (5.2)

d6 = d7 (5.3)

d5 = d8 = 1− d6 = 1− d7 (5.4)

As a result, the only degrees of freedom in the switching pattern are d2 and d6, being

the duty cycle of the buck-boost converters for the BB and SM, respectively, used in the
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well-known steady-state static gain relationships of a buck-boost converter:

VBB
VDC

=
d2

1− d2

=
d3

1− d3

(5.5)

VSM
VDC

=
d6

1− d6

=
d7

1− d7

(5.6)

With these switching patterns, there are four possible switching states as shown in Table

5.1 and Figure 5-4.

Table 5.1: Switching states of the FTPC of the two bidirectional buck-boost converters.

States
BB Converter SM Converter

Figures
On Off On Off

State I S1 , S4 S2 , S3 S5 , S8 S6 , S7 5-4a
State II S1 , S4 S2 , S3 S6 , S7 S5 , S8 5-4b
State III S2 , S3 S1 , S4 S6 , S7 S5 , S8 5-4c
State IV S2 , S3 S1 , S4 S5 , S8 S6 , S7 5-4d

At each switch at the converter, the current can flow either through the IGBT or the

anti-parallel diode, depending on whether the ESSs device is charging or discharging. This

particular issue is shown in Table 5.2.

Table 5.2: Switching states of the PC of the two bidirectional buck-boost converters of the
On switches.

States
BB Converter (On Switches) SM Converter (On Switches)

BB Discharging BB Charging SM Discharging SM Charging

State I IGBT1 , IGBT4 D1 , D4 IGBT5 , IGBT8 D5 , D8

State II IGBT1 , IGBT4 D1 , D4 D6 , D7 IGBT6 , IGBT7

State III D2 , D3 IGBT2 , IGBT3 D6 , D7 IGBT6 , IGBT7

State IV D2 , D3 IGBT2 , IGBT3 IGBT5 , IGBT8 D5 , D8

Still ensuring that the voltage across both ESSs (VBB and VSM ) are smaller than the

DC bus voltage (VDC), but depending on the relative values of the storage device voltages,

there are three possible conditions in the operation of the converters:
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(a) State I (b) State II

(c) State III (d) State IV

Figure 5-4: Switching states of the FTPC of the two bidirectional buck-boost converters.

• If VBB < VSM , then from Equations (5.5) and (5.6), then:

d2 < d6 (5.7)

• If VBB = VSM , again from Equations (5.5) and (5.6):

d2 = d6 (5.8)
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• And, finally, if VBB > VSM , analogously,

d2 > d6 (5.9)

Depending on these three possibilities, the switching states will change as derived from

Figure 5-5. In this Figure, the on and off times are defined as those of the diagonal switches

(S2-S3) and (S6-S7) of each converter.

(a) d2 > d6 (b) d2 = d6 (c) d2 < d6

Figure 5-5: The switching states of the FTPC of the two bidirectional buck-boost converters
depending on the values of the duty cycles.

5.4 Control Scheme during Healthy Condition

The same control schemes depicted in Chapter 3, for the islanding and the grid-tied

modes can be implemented in the FTPC scheme. At each mode, the performance of both

the independent and full designs of the control schemes are thus ensured. However, in

order to achieve a perfectly matched behavior of these control system with respect to the

standard PC scheme, some modifications are required. Given that the expressions that relate
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the voltages ratio and the duty cycles in the topology are different, the control blocks that

compute the duty cycle from the output of the regulator (Duty Cycle Calculation Blocks at

Figures 3-8, 3-17 and 3-21), need to be adapted.

Again, and considering transient state, the inductor voltage connected to the BB (VL1)

can be calculated by using KVL in Figure 5-3:

VBB − VCE1 − VL1 − VCE4 = 0 (5.10)

VBB − d2 · VBB − VL1 − d3 · VDC = 0 (5.11)

By substituting d3 from Equations (5.3) into (5.11) yields to:

VBB − d2 · VBB − VL1 − d2 · VDC = 0 (5.12)

VBB − VL1 − d2(VBB + VDC) = 0 (5.13)

VL1 = VBB − d2(VBB + VDC) (5.14)

In order to calculate the limits for the control action of the PI current controller (induc-

tor voltage), the maximum and minimum values for the duty cycles involved need to be

computed. The lower limit is obtained at a duty cycle of switches S2 and S3 equal to unity

(i.e., d2 = d3 = 1) (State III or IV):

VL1 = VBB − (VBB + VDC) (5.15)

VL1_min = −VDC_ref (5.16)

On the other hand, the upper limit is obtained at the duty cycle of switches S2 and S3

equal to zero (i.e., d2 = d3 = 0) (State I or II) yielding to:

VL1 = VBB (5.17)

VL1_max = VBB_meas (5.18)

With the same mathematical manipulation and using KVL to calculate the inductor
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voltage connected to the SM (VL2), the following relations obtained:

VSM − VCE5 − VL2 − VCE8 = 0 (5.19)

VSM − d6 · VSM − VL2 − d7 · VDC = 0 (5.20)

Again, by substituting d7 from Equations (5.1) into (5.20) yields to:

VSM − d6 · VSM − VL2 − d6 · VDC = 0 (5.21)

VSM − VL2 − d6(VSM + VDC) = 0 (5.22)

VL2 = VSM − d6(VSM + VDC) (5.23)

The lower limit is calculated at duty cycles of switches S6 and S7 equal to unity (i.e.,

d6 = d7 = 1) (State II or III) yielding to:

VL2 = VSM − (VSM + VDC) (5.24)

VL2_min = −VDC_ref (5.25)

Finally, the upper limit is calculated at duty cycle of switches S6 and S7 equal to zero

(i.e., d6 = d7 = 0) (State I or IV) yielding to:

VL2 = VSM (5.26)

VL2_max = VSM_meas (5.27)

From Equation (5.13), the duty cycle of switches S2 and S3 is obtained as follows:

d2(VBB + VDC) = VBB − VL1 (5.28)

d2 =
VBB_meas − V̂L1

VBB_meas + VDC_meas
(5.29)
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The limits of the duty cycle of switches S2 and S3 are given by:

d2 = d3 =





0
VBB_meas−V̂L1

VBB_meas+VDC_meas
< 0

VBB_meas−V̂L1

VBB_meas+VDC_meas
0 ≤ VBB_meas−V̂L1

VBB_meas+VDC_meas
≤ 1

1
VBB_meas−V̂L1

VBB_meas+VDC_meas
> 1

(5.30)

The same manipulation for Equation (5.22) is done for the duty cycle of switches S6

and S7:

d6(VSM + VDC) = VSM − VL2 (5.31)

d6 =
VSM_meas − V̂L2

VSM_meas + VDC_meas
(5.32)

The limits of the duty cycle of switches S6 and S7 are thus:

d6 = d7 =





0
VSM_meas−V̂L2

VSM_meas+VDC_meas
< 0

VSM_meas−V̂L2

VSM_meas+VDC_meas
0 ≤ VSM_meas−V̂L2

VSM_meas+VDC_meas
≤ 1

1
VSM_meas−V̂L2

VSM_meas+VDC_meas
> 1

(5.33)

Given that, at steady state, the voltages across the inductors are null, the duty cycles are

calculated from:

d2 =
VBB_meas

VBB_meas + VDC_meas
(5.34)

d6 =
VSM_meas

VSM_meas + VDC_meas
(5.35)

Finally, from Equations (5.29) and (5.32), the control scheme for this scheme can be

now depicted and is represented in Figure 5-6. Notice how the BB and SM Duty Cycle

Calculation Blocks now consider the specific case of the FTPC scheme topology.

At this point, the theoretical derivations for making compatible the healthy operation of

the buck-boost converter with the standard PC scheme have been shown. The next section

deals with the operation of the buck-boost topology under faulty conditions. Neverthe-
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Figure 5-6: Inner current controllers scheme for the two bidirectional buck-boost convert-
ers.

less, it must be remarked that in this initial approach all the switches are commutating at

HF. This yields to high losses in the switches, roughly twice the switching and conduction

losses than in the PC case, and therefore the total efficiency of the system will drop, as com-

pared to the mentioned original PC scheme. This point will be quantitatively demonstrated

in Chapter 7.

An alternate switching scheme, aiming to fix this efficiency issue, is proposed in forth-

coming sections after the fault operation of the original buck-boost scheme operation is

studied.

5.5 Proposed Control Scheme during Faulty Condition

The most critical short-circuit faults types in DC microgrids, with the split DC bus

scheme of Figure 5-3, are either a short-circuit between positive and negative bus bars

or a short-circuit between any bus bar and ground [18, 153]. In the first approach of the

proposed control scheme, once a DC bus short-circuit fault is detected (for instance by de-

tecting a DC bus voltage below a threshold level), all the switches of the storage converters

will be turned off [117]. Therefore the storage devices are instantly disconnected from the

DC bus while allowing a discharge path for the inductors at the converters through the anti-

parallel diodes of the switches. After the inductances are discharged, no more energy is
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interchanged between the HESS and the DC bus. However, this first control scheme does

not have a ride-through capability, and therefore even if the fault is removed, the system by

itself has no ability for returning to the initial operation mode, unless the control is reset

manually and the DC bus is charged externally. After the DC bus is back at rated values,

the control scheme works again, and the HESS will remain to support the microgrid normal

operation. This scheme is shown in Figure 5-7.

Figure 5-7: Control scheme including the fault detection block and the pulse disabling.

However, by making a relatively simple modification to the control scheme, the con-

verter can still operate in a controlled manner under fault conditions and can resume normal

healthy operation once the fault is over. This modification is introduced in Figure 5-8,
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Figure 5-8: The proposed control of the FTPC of the two bidirectional buck-boost convert-
ers during the DC bus fault.

The fault sequence operation of this control scheme is outlined in Figure 5-9. The DC

bus fault occurs at tf . Then, the fault ride-through capability of the proposed strategy is

achieved by providing a small safe current reference (IL1_f_ref ) value for the BB converter

only under DC bus short-circuit. While the DC bus fault is still present, the DC bus voltage

remains nearly zero. However, this small current enables the DC bus capacitance to charge

linearly once the fault is cleared ar tc. Once a threshold value is reached at tn, the system
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gets back to the normal operation scheme, and the standard control takes the system back to

the steady state at tss. This current reference value must be low enough as not to discharge

the BB in a reasonable time frame. On the other side, this value must be large enough as to

allow a fast detection of the fault clearance condition. Ultimately, this reference value is a

function of the DC bus voltage rating and the DC bus capacitance.

Figure 5-9: Performance of the fault ride-through control sequence.

In any case, the switches of the SM converter will be turned off continuously from the

fault detection until the fault ride-through stage is over. Thus, there are only two switching

states as in Table 5.3 and Figure 5-10. The current flows in the switch through IGBT

during state I and the anti-parallel D during state II as in Table 5.4 because the BB is only

discharging. The IGBT1 and IGBT4 are commutating with the value of the duty cycle of

the BB as shown in Figure 5-11.

Table 5.3: The switching states of the PC of the two bidirectional buck-boost converters
during the fault.

States
BB Converter SM Converter

Figures
On Off On Off

State I S1 , S4 S2 , S3 - S5 , S6 , S7 , S8 5-10a
State II S2 , S3 S1 , S4 - S5 , S6 , S7 , S8 5-10b
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(a) State I (b) State II

Figure 5-10: The switching states of the PC of the two bidirectional buck-boost converters
during short-circuit fault at the DC bus.

Table 5.4: The switching states of the PC of the two bidirectional buck-boost converters of
the On switches during the fault.

States
BB Converter (On Switches)

Discharging

State I IGBT1 , IGBT4

State II D2 , D3

Figure 5-11: The switching states of the PC of the two bidirectional buck-boost converters.

140



5.5. Proposed Control Scheme during Faulty Condition

At the DC bus short-circuit fault, the voltage of the DC bus is almost null (VDC ' 0).

Substituting in Equation (5.14), yielding to:

VL1 = VBB − d2 · VBB (5.36)

VL1 = (1− d2)VBB (5.37)

By putting the minimum and maximum values of the duty cycle, the limits of the voltage

of the inductor are calculated as follows:

VL1_min = 0 (5.38)

VL1_max = VBB_meas (5.39)

Therefore, the duty cycle for switches S2 and S3 is given by:

1− d2 =
VL1

VBB
(5.40)

d2 = 1− VL1

VBB
(5.41)

d2 =
VBB_meas − V̂L1

VBB_meas
(5.42)

The limits of the duty cycle for switches S2 and S3 as follows:

d2 = d3 =





0
VBB_meas − V̂L1

VBB_meas
< 0

VBB_meas − V̂L1

VBB_meas
0 ≤ VBB_meas − V̂L1

VBB_meas
≤ 1

1
VBB_meas − V̂L1

VBB_meas
> 1

(5.43)

However, in this control scheme (Figure 5-8), the carrier is using values from 0.0 to 1.0.

During fault and fault ride-through intervals, the switches of the SM converter are turned

off, and SM current is null. It also must be noticed that if the fault is permanent, the control

is designed to operate for a specific time and then the switches of the BB converters will

be turned off in order to decrease the power dissipated from the BB. Another advantage is
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that this control can be used to charge the DC bus at system start-up.

Simulated and experimental demonstrations of the fault and fault ride-through perfor-

mance of the FTPC topology, with the outlined control scheme, are included in Chapters 7

and 8.

5.6 Double Modulation Switching Scheme of the

Fault-Tolerant Parallel Connection

As it has been discussed before, the FTPC solution (all the switches in the converters are

commuting at HF) presents increased losses compared to the PC scheme, i.e., the standard

non-inverting buck-boost approach. In order to decrease these switching losses, only one

leg at each converter will switch at HF, thus obtaining the behavior of a simple buck (or

boost) DC/DC converter.

For instance, looking at Figure 5-3, S1 and S5 could be forced to turn on all time in

healthy conditions, while S2 and S6 could be turned off. This scheme implies that the

switching losses at the storage-side legs of the converters (S1-S2 and S5-S6) will be null,

thus decreasing the overall switching losses. In this case, the resulting converters operate

as standard buck converters, for all the duty cycle possible values at the upper switches S3

and S7 (d3 and d7, respectively). This is consistent with the definition of the static gain of

the converters already stated at Equations (3.67) and (3.68) in Chapter 3 for the PC. These

expressions are modified now for this topology considering the switch labels to be:

d3 =
VBB
VDC

(5.44)

d7 =
VSM
VDC

(5.45)

This buck converter mode of the setup is also consistent with the healthy operation of

the system, as it is implicitly considered that both storage devices present voltage ratings

smaller than the DC bus voltage rated values. Therefore, all the control schemes used in

the PC of the two bidirectional converters depicted in Chapter 3 can be directly used.
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Nevertheless, this approach prevents the use of the FTPC approach in boost operating

mode, i.e., when any of the storage device voltages is greater than the DC bus voltage. As a

general discussion, this situation would increase the applicability of the FTPC to situations

in which in steady state the storage ratings is greater than the DC bus ratings, such as low-

voltage DC bus applications (house-hold safe DC values, automotive, etc.). It will increase

also the applicability to extend the voltage ratings of the storage subsystems, for instance

in case the electrochemical battery presents higher voltage ratings (e.g., in order to increase

the storage capability, etc.). But the real, specific reason to use this boost mode in every

application is that it would allow controlling the power flows when the DC bus voltage is

very low (for instance, after start-up, during DC bus faults).

For the boost operation mode, the strategy is to keep S3 and S7 continuously turned on,

whereas S4 and S8 are turned off permanently. This means that the leg of the converters

adjacent to the DC bus is not switching at HF; instead, the control signals at the converters

are going to be the HF duty cycles of the lower switches S2 and S6 (d2 and d6), respectively.

As usual, the upper switches are governed by means of the complementary scheme. This

provides the following relationships in steady state in this case:

1

1− d2

=
VBB
VDC

⇒ d2 =
VBB − VDC

VBB
(5.46)

1

1− d6

=
VSM
VDC

⇒ d6 =
VSM − VDC

VSM
(5.47)

In all the cases, i.e., buck-boost, buck and boost modes, the equations for the inductor

voltage values, when the converter is in transient, can also be derived. Both the steady-state

and the transient stage equations for the BB converter can be summarized as it is expressed

in Table 5.5.

Apparently, the buck-boost case inherently covers all the possible cases (buck and boost

modes) for the system operation, but at the cost of an increase in the switching losses, as

previously mentioned.

However, to take advantage of both the buck and boost modes of the FTPC solution

in a unified control scheme, and at the same time decrease the switching losses, the use

of a hybrid modulation scheme that implements two carriers is proposed. The idea of
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Table 5.5: Duty cycles of the BB and SM converters in case of buck-boost mode, buck
mode, and boost mode.

Buck-boost mode Buck mode Boost mode

BB Converter (dbb_BB = d2 = d3)ε(0, 1) (dbu_BB = d3)ε(0, 1) (dbo_BB = d2)ε(0, 1)

Steady State
VBB

VBB + VDC

VBB
VDC

VBB − VDC
VBB

Transient stage
VBB − VL1

VBB + VDC

VBB − VL1

VDC

VBB − VDC − VL1

VBB

SM Converter (dbb_SM = d5 = d6)ε(0, 1) (dbu_SM = d6)ε(0, 1) (dbo_SM = d5)ε(0, 1)

Steady State
VSM

VSM + VDC

VSM
VDC

VSM − VDC
VSM

Transient stage
VSM − VL2

VSM + VDC

VSM − VL2

VDC

VSM − VDC − VL2

VSM

the proposed control strategy deals with using two independent modes of operation for

each converter in steady state. These modes are the already commented buck mode for

healthy conditions, and the boost mode in low DC bus conditions (transient stages after

the fault takes place or at system start-up). This scheme aims to decrease the number of

commutating switches in each converter, in order to consequently minimize the switching

losses [84, 94, 154–157], but at the same time, simplifying the control scheme.

For the implementation of the unified dual boost or buck options, once the driving

scheme has provided the control action coming from the regulators, and depending on the

existing operation mode, the Duty Cycle Calculation Blocks in the control system need

to be defined according to Equations (5.29) and (5.32). But this operation mode, in turn,

depends on the relative values of the storage and DC bus voltage values, and thus this

selection must be made in real time. The change in control schemes needs to be swift, fast

and automatic, in order to fully achieve the desired behavior. The first idea is to use the

existing buck-boost control scheme derived in the previous sections, using the same Duty

Cycle Calculation Blocks as defined in Figure 5-6. The operating mode can be obtained
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naturally from the value of the duty cycle, given that:

• For the BB converter:

dbb_BB < 0.5⇒ VBB < VDC ⇒ buck mode⇒ DC bus leg at HF (5.48)

dbb_BB > 0.5⇒ VBB > VDC ⇒ boost mode⇒ BB leg at HF (5.49)

• For the SM converter:

dbb_SM < 0.5⇒ VSM < VDC ⇒ buck mode⇒ DC bus leg at HF (5.50)

dbb_SM > 0.5⇒ VSM > VDC ⇒ boost mode⇒ SM leg at HF (5.51)

Thus, a simple manner to naturally obtain the dual behavior is to use two different

triangular carrier signals to generate the pulses for the converter branches, parting from

the Duty Cycle Calculation Blocks defined at the buck-boost control scheme. One carrier

is intended for the buck mode only (using values of the triangular modulating waveform

from 0.0 to 0.5), and the output of the comparison will provide the duty ratios d3 and d7 to

drive only the DC side leg switches at HF, S3-S4 and S7-S8 for the BB and SM converters,

respectively. In this situation, the rest of the switches will remain in a static condition as to

allow the buck mode operation.

On the other hand, another carrier will be implemented for the boost mode (using values

from 0.5 to 1.0). Analogously, it will generate the HF driving signals for switches S1-S2

and S5-S6, keeping the rest of the switches in a constant state to allow for the boost mode.

This scheme is outlined in Figure 5-12.

According to this proposed switching pattern, there are nine possible switching states

as it is detailed in Table 5.6 and Figure 5-13. As in the previous analysis, depending on

the sign of the current through the switch, it can flow either through the IGBT or through

the anti-parallel diode. This is shown in Table 5.7, taking as reference the charging or

discharging of the respective ESS device.

In any case, for every possible operating condition, the converters can operate in boost

or buck mode independently. This implies four combinations, that account for both con-
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Figure 5-12: The proposed PWM modulation of the FTPC of the two bidirectional buck-
boost converters based on two different carriers.

verters operating in buck mode, both in boost mode or one in buck mode and the other in

boost mode. Thus, the four cases stated in Table 5.8 will be considered. For each of these

cases, a set of switching states appear. Additionally, the relative value of the duty cycles of

the converters, for each case, is also taken into account in order to define all the possible

switching states. In cases 1 and 2 (both converters in buck mode or both in boost mode,

respectively), three possibilities for the relative values of the duty cycles of both ESS are

going to be considered. These three conditions, (d2 > d6, d2 = d6 and d2 < d6), are

described in Figure 5-14 for case 1 and Figure 5-15 for case 2. In case 3, though, only two

possibilities are considered: (d2 > d6 − 0.5 or d2 < d6 − 0.5), as it is shown in Figure
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Table 5.6: The switching states of the FTPC of the two bidirectional buck-boost converters.

States
BB Converter SM Converter

Figures
On Off On Off

State I S1 , S3 S2 , S4 S5 , S7 S6 , S8 5-13a
State II S1 , S3 S2 , S4 S5 , S8 S6 , S7 5-13b
State III S1 , S3 S2 , S4 S6 , S7 S5 , S8 5-13c
State IV S1 , S4 S2 , S3 S5 , S7 S6 , S8 5-13d
State V S1 , S4 S2 , S3 S5 , S8 S6 , S7 5-13e
State VI S1 , S4 S2 , S3 S6 , S7 S5 , S8 5-13f
State VII S2 , S3 S1 , S4 S5 , S7 S6 , S8 5-13g
State VIII S2 , S3 S1 , S4 S5 , S8 S6 , S7 5-13h
State IX S2 , S3 S1 , S4 S6 , S7 S5 , S8 5-13i

Table 5.7: The switching states of the FTPC of the two bidirectional buck-boost converters
of the On switches.

States
BB Converter (On Switches) SM Converter (On Switches)

BB Discharging BB Charging SM Discharging SM Charging

State I IGBT1 , D3 D1 , IGBT3 IGBT5 , D7 D5 , IGBT7

State II IGBT1 , D3 D1 , IGBT3 IGBT5 , IGBT8 D5 , D8

State III IGBT1 , D3 D1 , IGBT3 D6 , D7 IGBT6 , IGBT7

State IV IGBT1 , IGBT4 D1 , D4 IGBT5 , D7 D5 , IGBT7

State V IGBT1 , IGBT4 D1 , D4 IGBT5 , IGBT8 D5 , D8

State VI IGBT1 , IGBT4 D1 , D4 D6 , D7 IGBT6 , IGBT7

State VII D2 , D3 IGBT2 , IGBT3 IGBT5 , D7 D5 , IGBT7

State VIII D2 , D3 IGBT2 , IGBT3 IGBT5 , IGBT8 D5 , D8

State IX D2 , D3 IGBT2 , IGBT3 D6 , D7 IGBT6 , IGBT7

5-16. Finally, case 4 has also two possibilities (d2 − 0.5 > d6 or d2 − 0.5 < d6) that are

expressed in Figure 5-17. It must be remarked that for cases 3 and 4, the value of 0.5 needs

to be subtracted from the duty cycle in order to compare both duty cycles at the BB and

SM converters.

As mentioned, it is assumed that in healthy conditions, the voltage values at the BB and

the SM are smaller than the DC bus voltage value, and both ESS converters are operating

in buck mode. Thus, case 1 from Table 5.8 is considered. Upon this case 1 operation,
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(a) State I (b) State II

(c) State III (d) State IV

(e) State V (f) State VI
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(g) State VII (h) State VIII

(i) State IX

Figure 5-13: The switching states of the FTPC of the two bidirectional buck-boost convert-
ers.

Table 5.8: The switching states of the PC of the two bidirectional buck-boost converters of
the On switches during the buck and boost modes.

Cases BB Converter SM Converter States Figures

Case 1 Buck Mode (d2 < 0.5) Buck Mode (d6 < 0.5) I,II,IV,V 5-14
Case 2 Boost Mode (d2 > 0.5) Boost Mode (d6 > 0.5) I,III,VII,IX 5-15
Case 3 Buck Mode (d2 < 0.5) Boost Mode (d6 > 0.5) I,III,IV,VI 5-16
Case 4 Boost Mode (d2 > 0.5) Buck Mode (d6 < 0.5) I,II,VII,VIII 5-17

149



Chapter 5. Contributions for Fault Ride-Through Hybrid Energy Storage Systems

(a) d2 > d6 (b) d2 = d6 (c) d2 < d6

Figure 5-14: Both the BB and the SM converters are operating in the buck mode.

(a) d2 > d6 (b) d2 = d6 (c) d2 < d6

Figure 5-15: Both the BB and the SM converters are operating in the boost mode.
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(a) d2 > d6 − 0.5 (b) d2 < d6 − 0.5

Figure 5-16: The BB converter is operating in the buck mode, and the SM is operating in
the boost mode (d2 < d6).

(a) d2 − 0.5 > d6 (b) d2 − 0.5 < d6

Figure 5-17: The BB converter is operating in the boost mode, and the SM converter is
operating in the buck mode (d2 > d6).
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the current flowing through the inductors equal the storage device currents for both ESS

currents. Also, following the assumptions made in previous chapters, in which the SM

ratings are smaller than the BB ratings, it can be calculated that the duty ratio of the BB

converter (d2) is greater than the duty cycle of the SM converter (d6) in steady state. This

condition is expressed as (d2 > d6).

However, this approach has an important drawback, derived from the fact that the con-

trol actions obtained considering the buck-boost scheme do change when applied to the

dual-carrier scheme, for both buck and boost operation modes. As shown in Figure 5-18, if

the duty cycle (d) derived from the buck-boost, single-carrier scheme is applied directly in

the dual-carrier scheme for the buck mode, the switching pattern diverges sensibly. In fact,

this target duty cycle (d) should be decreased to achieve the same control action and switch-

ing pattern as in the original one-carrier scheme. Therefore, in order to correct this error,

an additional block is implemented. This block modifies duty cycle (dm) to be applied in

the buck mode.

Figure 5-18: Switching scheme of the buck mode for one carrier and dual carriers.

The basis of this modification is discussed in the following lines. The initial buck-boost

scheme presents the original carrier changing from 0.0 to 1.0. Looking at Figure 5-18, the

instant at which the control waveform, G, toggles from turn-on state to turn-off state, (t5),
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can be calculated as a function of the duty cycle, (d), as follows:

d− 0

t5 − 0
=

1− 0
Ts
2
− 0

(5.52)

d

t5
=

2

Ts
(5.53)

t5 =
d · Ts

2
(5.54)

In the dual-carrier buck mode, a similar calculation would yield to a different instant t6.

In order to maintain t5 as the instant at which the control waveform, G, toggles from the

turn-on state to the turn-off state, a new value of the duty cycle, dm, will be established as:

dm − 0

t5 − 0
=

0.5− 0
Ts
2
− 0

(5.55)

dm
t1

=
1

Ts
(5.56)

t5 = dm · Ts (5.57)

where dm is the modified duty cycle for a given switch.

From Equations (5.54) and (5.57), then the modified duty cycle (dm) can be obtained

as follows:

dm · Ts =
d · Ts

2
(5.58)

dm = 0.5d (5.59)

This last equation shows the conversion required to directly apply the buck-boost duty

cycle in the dual-carrier scheme, for the buck operation mode. Analogously, Figure 5-19

shows the similar error obtained when considering the dual-carrier boost mode. In this

case, the duty cycle (d) needs to be increased, in order to provide the same control action

applied to the converter.

The new modified duty cycle (dm) for the boost mode can be calculated by using the
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Figure 5-19: Switching scheme of the boost mode for one carrier and dual carriers.

same technique as in the previous case. But now, the target instant is t8 in Figure 5-19:

t8 =
dTs
2

(5.60)

Thus, t8 can be obtained for this boost mode, considering the carrier waveform is taking

values from 0.5 to 1.0:

dm − 0.5

t8 − 0
=

1− 0.5
Ts
2
− 0

(5.61)

dm − 0.5

t8
=

1

Ts
(5.62)

t8 = (dm − 0.5)Ts (5.63)

And, from Equations (5.60) and (5.63), the following relationship is found:

(dm − 0.5)Ts =
dTs
2

(5.64)

dm = 0.5 + 0.5d (5.65)

Finally, considering Equations (5.59) and (5.65), a final expression for the modified
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duty cycle can be expressed as:

dm =





0.5d 0 ≤ d ≤ 0.5 (buck mode)

0.5 + 0.5d 0.5 < d ≤ 1 (boost Mode)
(5.66)

One drawback of this approach is that the operating range of the modified duty is not

continuously defined:





0 ≤ dm ≤ 0.25 buck mode

0.75 < dm ≤ 1 boost Mode
(5.67)

This means that the range of values from 0.25 to 0.75 is not used. These margins are

marked in Figures 5-18 and 5-19 as grey areas. Therefore the resolution of the duty is

smaller than in the previous case (in particular there is 1-bit resolution lost, as the final

available range is half of the original). In order to solve this problem, and in order to

increase the resulting operating range (decreasing the grey areas), the original maximum

and minimum values of the carriers can be varied.

5.6.0.1 Changing the Carrier Range

The idea is to establish the maximum and minimum values of the triangular waveforms

at the dual-carrier scheme. From the original values (i.e., the triangular carrier ranging

from 0 to 0.5 at buck mode and from 0.5 to 1.0 at boost mode), the carriers’ range can be

changed as in Figure 5-20. The final situation is that the triangular carrier for buck mode

ranges from 0.0 to Ac_max, while at boost mode, the triangular carrier evolves from Ac_min

to 1.0, where:

• Ac_max is the maximum limit for buck carrier,

• Ac_min is the minimum limit for boost carrier.

Now, for the buck mode, the instant t5 is calculated as a function of the maximum
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Figure 5-20: Switching scheme for one carrier and dual carriers.

carrier limit as follow:

dm − 0

t5 − 0
=
Ac_max − 0
Ts
2
− 0

(5.68)

dm
t5

=
2Ac_max
Ts

(5.69)

t5 =
dm · Ts
2Ac_max

(5.70)

Recalculating again the expression that relates both d and dm, from Equations (5.54)

and (5.70), then:

d · Ts
2

=
dm · Ts
2Ac_max

(5.71)

dm = d · Ac_max (5.72)

The maximum possible value for d in the original buck-boost converter that results in

buck operation in the dual-carrier scheme, is, by definition:

d = 0.5 (5.73)

On the other hand, the maximum possible value for the modified duty ratio, dm, has an

operational limit at the minimum of the carrier for the boost mode.

dm = Ac_min (5.74)
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Notice that if dm has a greater value, the resulting pattern will present spurious trigger-

ing of the switches. Therefore, a condition that relates both limit values, for the buck case

operation, can be obtained from Equations (5.72), (5.73) and (5.74):

Ac_min = 0.5Ac_max (5.75)

A similar approach will be followed to calculate the limit operation values in the case

of the boost carrier:

dm − Ac_min
t8 − 0

=
1− Ac_min
Ts
2
− 0

(5.76)

dm − Ac_min
t8

=
2− 2Ac_min

Ts
(5.77)

t8 =
Ts(dm − Ac_min)

2− 2Ac_min
(5.78)

From Equations (5.60) and (5.78), the modified duty cycle is obtained as follows:

dTs
2

=
Ts(dm − Ac_min)

2− 2Ac_min
(5.79)

d =
dm − Ac_min
1− Ac_min

(5.80)

dm = Ac_min + d(1− Ac_min) (5.81)

Again, the minimum possible value for d for the boost mode is as Equation (5.73). The

limit for dm can be calculated:

dm = Ac_max (5.82)

From the previous relationships, substituting in Equation (5.81), yields to:

Ac_max = Ac_min + 0.5(1− Ac_min) (5.83)

Ac_max = 0.5Ac_min + 0.5 (5.84)
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Substituting for Ac_min from Equations (5.75) in (5.84), yields to:

Ac_max = 0.5× 0.5Ac_max + 0.5 (5.85)

0.75Ac_max = 0.5 (5.86)

Ac_max =
2

3
(5.87)

Then, from equation (5.75), the minimum limit for the buck carrier is obtained as:

Ac_min =
1

3
(5.88)

Finally, from Equations (5.72), (5.81), (5.87) and (5.88), the modified duty cycle (dm)

is found to be:

dm =





2

3
d 0 ≤ d ≤ 0.5 buck mode

1

3
+

2

3
d 0.5 < d ≤ 1 boost mode

(5.89)

The new operating range of the modified duty is given by:





0 ≤ dm ≤
1

3
buck mode

2

3
< dm ≤ 1 boost mode

(5.90)

The final implementation of the modified duty cycle scheme, considering the two car-

riers calculated with this approach are depicted in Figure 5-21.

Figure 5-21 shows how the duty cycle modification depends on the buck-boost duty

cycle in steady state, as taken from Table 5.5:

dBB_ss =
VBB_meas

VBB_meas + VDCmeas

(5.91)

dSM_ss =
VSM_meas

VSM_meas + VDCmeas

(5.92)

As it can be seen, the inductor current reference of the BB converter (IL1_ref ) changes

depending on the mode of operation (buck or boost). In buck mode, the inductor current
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Figure 5-21: Inner current controllers scheme for the two bidirectional buck-boost convert-
ers with modified carrier range technique.

reference is equal to the BB device current reference. However, for boost operation mode,

this inductor current reference equals the output current of the BB converter at the DC side.

This can be summarized as:

IL1_ref =





PBB_ref

VBB_meas
dBB_ss ≤ 0.5 (Buck mode)

PBB_ref

VDC_meas
dBB_ss > 0.5 (Boost mode

(5.93)

In a similar manner, the inductor current reference in the SM converter (IL2_ref ) can be

expressed as:

IL2_ref =





PSM_ref

VSM_meas
dSM_ss ≤ 0.5 (Buck mode)

PSM_ref

VDC_meas
dSM_ss > 0.5 (Boost mode)

(5.94)
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The modification of the ranges of the carriers results in some increase of the resolution

against the original implementation. However, there is still a loss in the achievable accu-

racy. Figure 5-22 shows the static voltage gain (
VBB
VDC

) as a function of the duty cycle, in

the buck-boost converter, for every operation scheme. It is noticed from Figure 5-22 that

the gain for the buck operation (green line) reaches 1.0 at a duty ratio of 0.33; however, the

gain for the boost scheme (magenta line) surpasses 1.0 from the duty ratio of 0.66. This

yields to a discontinuity in the duty cycle if using the two-carrier scheme, compared to

the original modulation scheme with one carrier only. In order to keep the original PWM

resolution, and avoiding this discontinuity, another approach is followed, that consists of

using a different Duty Cycle Calculation Block for either the buck and the boost modes.

This analysis is valid for the other buck-boost converter connected to the SM.

0 0.5 1
0

1

2

3

4

5

Figure 5-22: The gain (
VBB
VDC

) as a function of the duty.
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5.6.0.2 Changing the Duty Cycle Calculation

Again, this approach consists of using two triangular carriers for boost mode and buck

mode, as in the previous case. However, in this strategy, the control action is going to be

tailored for the operation case, and therefore no additional adjustment on the duty cycle

needs to be undertaken. The duty cycles d2 and d6, as defined in Table 5.5, are going to be

applied for the buck mode;

d3 =
VBB_meas − V̂L1

VDC_meas
(5.95)

d7 =
VSM_meas − V̂L2

VDC_meas
(5.96)

and for the boost mode, the following relationships can be found:

d2 =
VBB_meas − VDC_meas − V̂L1

VBB_meas
(5.97)

d6 =
VSM_meas − VDC_meas − V̂L2

VSM_meas
(5.98)

And from this expression, the value that actually is going to be compared to the dual-

carrier scheme, defined in Equation (5.66), needs to be calculated. Notice how in this case,

this transformation does not imply a loss in the resolution as the available duty ratio margin

is again the full 0.0-1.0 region:

d2m = d3m





0.5
(VBB_meas−V̂L1

VDC_meas

)
0 ≤ VBB_meas

VBB_meas+VDC_meas
≤ 0.5

0.5 + 0.5
(VBB_meas−V̂L1

−VDC_meas

VDC_meas

)
0.5 < VBB_meas

VBB_meas+VDC_meas
≤ 1

(5.99)

d6m = d7m





0.5
VSM_meas−V̂L1

VDC_meas
0 ≤ VSM_meas

VSM_meas+VDC_meas
≤ 0.5

0.5 + 0.5
VSM_meas−V̂L2

−VDC_meas

VDC_meas
0.5 < VSM_meas

VSM_meas+VDC_meas
≤ 1

(5.100)

This yields to a final modification in the Duty Cycle Calculation Blocks, as it is depicted

in figure 5-23.
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Figure 5-23: Inner current controllers scheme for the two bidirectional buck-boost convert-
ers with changing duty calculation technique.

This is the final control scheme that is going to be implemented in the control of the

converter. Figure 5-24 shows the continuity of the duty cycle by using this proposed ap-

proach. The gain in buck mode (red line) reaches unity at 0.5, and the gain in buck mode

(red line) surpasses unity exactly at 0.5.

5.7 Conclusions

In this chapter, a FTPC of two bidirectional buck-boost converters, with a proposal

for a dual-carrier switching pattern and for a specific control scheme (by changing the

Duty Cycle Calculation Blocks) has been carried out. This scheme provides a fault ride-

through capability once the fault is over, for the whole HESS, operating at any condition.

In Chapters 7 and 8, simulated and experimental demonstrations of the control schemes of

this topology are presented to demonstrate the performance. Before this demonstrations,
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Figure 5-24: Static voltage gain of the BB converter as a function of the duty, for all the
control strategies evaluated.

the following Chapter 6 presents the derivation of the detailed design parameters of the

HESS converter topologies, for every proposed control schemes studied so far.
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Design Procedure
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6.1 Introduction

This chapter considers a design procedure for the baseline case of the study. It covers

the sizing and definition of all the characteristic parameters and magnitudes of the phys-

ical system, such as voltage, current, power and energy ratings, impedances of inductors

and capacitors, switching frequencies, etc. It also defines a procedure for designing the

control parameters in the management strategy, such as the signal conditioning blocks, the

bandwidth of the control systems, coordination strategies, etc. This definition is done for

the operation modes and constraints considered in the previous chapters. These parameters

will be used in the forthcoming simulation and experimental chapters in order to compare

the different proposed topologies and control schemes.

6.2 Definition of the System

Firstly, the main power and voltage ratings of the DC microgrid are going to be defined.

Generally speaking, the power range in microgrids might change from some megawatts

down to few kilowatts. In this case, the target nominal power level of the system is balanced

towards the lower range of the scale, as justified in the previous chapters for microgrid and

nanogrid applications. It also allows for a reasonable size of the laboratory prototypes,

suitable for being efficiently managed. Considering typical figures for small users, a target

level of the nanogrid of 10 kW is thus selected.
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The power values that the HESS can provide are going to be different to this rated value

for the whole microgrid. This fact adds generality to the system performance, enabling the

study of additional features such as peak-shaving, the detachment of non-critical loads

strategies, etc. In this sense, the transient peak power capability to the system is limited

to 75% of the total rated load power, aimed to dimension the power-support device of

the ESS. The long-term, steady-state islanding power capability of the system is, though,

dimensioned to be 50% of the rated load power. About the energy sizing, it is assumed that

the system must be able to provide an energy equivalent to that of the rated power during

one hour, thus providing a rated energy value of 10 kWh.

Finally, the DC bus voltage ratings need to be considered as to include most of the

possible grid interfaces that might be found in real applications. Considering both single-

phase and three-phase voltage ratings at the PCC for European grid levels (230 Vrms/50 Hz

for single-phase, and 400 Vrms/50 Hz line-to-line for three-phase systems), then the range

of the DC bus voltage must cover from 400 V to 700 V. The following table summarizes

the basic requirements of the system.

Table 6.1: Base parameters of the HESS design.

Parameter Symbol Value Unit

Rated microgrid power PMG 10 kW
Transient peak power supported by the HESS PESS_max 7.5 kW
Sustained power supported by the HESS (islanding mode) PESS_sus 5 kW
Energy stored at the ESS EESS 10 kWh
Minimum Output power PO_min -10 kW
Maximum Output power PO_max 10 kW
Minimum DC bus voltage VDC_min 400 V
Maximum DC bus voltage VDC_max 700 V

Parting from the information in the previous table, the individual blocks of the system

can now be sized and designed.
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6.3 Energy Storage System

The first block to be defined is the ESS subsystem. As discussed in the previous chap-

ters, there are two individual ESSs devices, arranged in a complementary scheme. The ESS

used in the designed DC microgrid is BB and SM.

6.3.1 Battery Bank

The target electrochemical BB is going to be an assembly of a number of specific

commercial modules. In this case, the base module is the 48 V module from CEGASA

PORTABLE ENERGY. The parameters of this module are shown in Table 6.2. This mod-

ule is based on the Li-Ion technology. In order to optimize the battery lifetime, it is recom-

mended to operate between 20% and 90% of the SoC. It is noted from the Table 6.2 that the

discharging current is greater than charging current due to the chemical processes involved.

This means that in practice the power delivered is greater than the power absorbed.

Table 6.2: Parameters of the BB.

Parameter Symbol Value Unit

Nominal voltage VBB 48 V
Minimum voltage at SOC 0% VBB_min 37.5 V
Maximum voltage at SOC 100% VBB_max 54.75 V
Minimum current (Maximum charging current)
(1C)

IBB_min -48 A

Maximum current (Maximum discharging current)
(3C)

IBB_max 144 A

Rated continuous charging current (0.5C) IBB -24 A
Rated continuous discharging current (1C) IBB 48 A
Minimum power (Maximum charging power) PBB_min -2.628 kW
Maximum power (Maximum discharging power) PBB_max 6.912 kW
Nominal energy storage EBB 2.3 kWh
Nominal capacity QBB 42 Ah
Minimum SoC SOCBB_min 20 %
Maximum SoC SOCBB_max 90 %

By carefully looking at the parameters in the previous table, some considerations are
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taken into account:

• In order to attain the energy requirements of the BB as expressed in Table 6.1, a

number of 5 modules must be used. Thus, a commercial assembly 5 modules (ROOK

48×5 battery) will be used. This yields to an increase of the voltage levels of the BB,

avoiding the problem of the voltage mismatch between the DC bus and the BB.

• This initial assumption implicitly considers that the contribution of the energy sup-

port of the alternate storage system in the hybrid setup, i.e., the SM, will be neglected.

• SoC around 50% will be considered which give a margin for the BB to provide or

absorb power.

• As the SM will provide the peak transient requirements, the continuous current of

the BB will be considered.

• The maximum battery current is the maximum discharging current. Also, a symmet-

ric performance is required, and therefore the maximum discharge current is con-

sidered the same as the maximum charging current. For the convention stated in

previous chapters, then this maximum charge current it is going to be noted as the

minimum battery current.

Table 6.3 shows the new parameters of the BB taking into account all the previous

consideration and these parameters will be considered for the control and the protection

devices.

As it can be seen from Tables 6.3 and 6.1, this setup also fulfills the power requirements

for the long-term energy system; therefore, there is no need to parallel additional battery

setups to increase the current of the storage element.

6.3.2 Supercapacitor Module

Similarly, the basic building block for the SM device is firstly defined. The SM selected

for this design is the BMOD0165 P048 C01 from Maxwell Technologies. The main pa-

rameters are given in Table 6.4. The SM can operate theoretically between 0% and 100%
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Table 6.3: Parameters of the designed BB.

Parameter Symbol Value Unit

Nominal voltage VBB 240 V
Minimum voltage at SOC 0% VBB_min 187.5 V
Maximum voltage at SOC 100% VBB_max 273.75 V
Initial voltage at SoC 50% VBB 260 V
Minimum continuous current (Maximum charging
current) (0.5C)

IBB_min -24 A

Maximum continuous current (Maximum dis-
charging current) (1C)

IBB_max 24 A

Minimum power (Maximum charging power) PBB_min -6.57 kW
Maximum power (Maximum charging power) PBB_max 6.57 kW
Nominal energy storage EBB 11.5 kWh
Nominal capacity QBB 42 Ah
Minimum SoC SOCBB_min 20 %
Maximum SoC SOCBB_max 90 %

of the SoC. This means an operation range from rated voltage to zero volts. However, From

(2.1), it is possible to utilize 75% of the available energy if the SM voltage reaches half the

rated value (approximately 50% of the SoC).

Table 6.4: Parameters of the SM.

Parameter Symbol Value Unit

Rated voltage VSM 48 V
Minimum voltage VSM_min 0 V
Maximum voltage VSM_max 51 V
Minimum current (Maximum charging current) ISM_min -1900 A
Maximum current (Maximum discharging current) ISM_max 1900 A
Minimum power (Maximum charging power) PSM_min -96.9 kW
Maximum power (Maximum discharging power) PSM_max 96.9 kW
Energy storage ESM 53 Wh
Rated capacitance CSM 165 F
Maximum DC ESR ESRDC 6 mΩ
Minimum SoC SOCSM_min 0 %
Maximum SoC SOCSM_max 100 %
Number of cells NSM 18 -
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At the HESS, the SM is designed in terms of the power requirements, rather than re-

garding the stored energy. On the other hand, the discharge and charge of the SM can occur

at the same rate because of the energy storage mechanism of the SM is not a chemical re-

action. This yields to an equal theoretical discharging and charging power levels. Also,

as expected, the rated power of the SM is greater than the power of the BB, as the SM is

providing or absorbing the transient peak power.

However, the final output current extracted from the SM is going to be limited, in this

particular case, by the absolute maximum ratings of the selected IGBT. This value is equal

to 75 A, as it is justified in the Subsection 6.4.1. This results in a significantly smaller

current than the one depicted in the previous table. This consideration has been made

due only by practical implementation reasons, as these are the available switches and SM

parts at the laboratory premises where the validations have been carried out. This situation

causes that the effective values for the current and power values in the SM are equal to

these values in Table 6.5.

Table 6.5: Effective current and power parameters of the SM.

Parameter Symbol Value Unit

Minimum effective current (Maximum effective
charging current)

ISM_min -75 A

Maximum effective current (Maximum effective
discharging current)

ISM_max 75 A

Minimum effective power (Maximum effective
charging power)

PSM_min -3.825 kW

Maximum effective power (Maximum effective
discharging power)

PSM_max 3.825 kW

With these effective values for the SM storage device, and analogously to the case of

the BB device, the following consideration need to be carried out:

• In order to guarantee the power requirements specified for the HESS system in Table

6.1, an assembly of 2 modules is required.

• The modules will be connected in series, thus increasing the device voltage.
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• As mentioned, the current of the SM assembly during charging and discharging will

be limited to the current that flows through the IGBT and the anti-parallel diode.

However, the power delivered or absorbed from the SM is still greater than the power

supplied or absorbed from the BB.

• The minimum voltage will be above 10V for each SM in order to not fully discharge

the SM.

• SoC around 75% is considered as nominal voltage, in order to maximize the sym-

metric energy availability.

With these considerations, the final design parameters for the SM device are presented

in Table 6.6.

Table 6.6: Parameters of the designed SM.

Parameter Symbol Value Unit

Rated voltage VSM 96 V
Minimum voltage VSM_min 19.2 V
Maximum voltage VSM_max 102 V
Initial voltage at SoC 75% VSM 80 V
Minimum current (Maximum charging current) ISM_min -75 A
Maximum current (Maximum discharging current) ISM_max 75 A
Minimum power (Maximum charging power) PSM_min -7.65 kW
Maximum power (Maximum discharging power) PSM_max 7.65 kW
Energy storage ESM 106 Wh
Rated capacitance CSM 82.5 F
Maximum DC ESR ESRDC 12 mΩ
Minimum SoC SOCSM_min 20 %
Maximum SoC SOCSM_max 100 %
Number of cells NSM 36 -

6.4 DC/DC Converters and AC/DC Converter

For simplicity in the design, the same parameters for all the switches in the power

topologies are going to be selected. This allows for a common design of the PC and the
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SPC of the two bidirectional buck converters, the FTPC of the two bidirectional buck-boost

converters and the three-phase VSI. The main reason for this scheme is that commercial H-

bridge / three-phase VSI modules of converters can be used for the considered topologies,

thus simplifying the implementation and the construction stages. In addition, for simplicity,

but also for economic constraints, the inductors and the DC bus capacitors used in the

converters are also going to be the same, for all the converter topologies implemented.

6.4.1 Switches

The switch module is 2MBI200HH-120-50 from Fuji Electric, and its parameters are

in Table 6.7. This module has two IGBTs, with an anti-parallel diode with each IGBT,

representing one leg of the converter. The emitter of the first IGBT is connected to the col-

lector of the second IGBT. One IGBT module can form a bidirectional buck converter. Two

IGBT modules can form a bidirectional buck-boost converter, while three IGBT modules

can form a three-phase VSI. The SPC converter is also easily implemented with this mod-

ular device. It is noticed from Table 6.7 that the current flowing through the anti-parallel

diode is less than the current flowing the IGBT. As the currents from the ESS will flow

through the IGBT and the diode, the current will be limited to the current values of the

diode.

Table 6.7: Parameters of the IGBT module.

Parameter Symbol Value Unit

Collector-emitter voltage VCE 1200 V
Gate-emitter voltage VGE ±20 V

Collector continuous current (Current through IGBT)
Ic (25◦C) 300 A
Ic (80◦C) 200 A

Maximum collector pulse current (Current through IGBT)
Ic_max (25◦C) 600 A
Ic_max (80◦C) 400 A

Collector continuous current (Current through diode) Ic (25◦C) -75 A
Minimum collector pulse current (Current through diode) Ic_max (25◦C) -150 A
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6.4.2 The Inductors and the DC Bus Capacitors

This section shows the basic design procedure of the inductors and the DC bus capacitor

for the baseline case, i.e., the PC scheme. It aims at defining the main parameters of the

power topology. The BB converter is designed in a first stage. The design must ensure that

the converters can operate within a given range for the operational voltage values at every

port of the converter. These design limits for the voltages of BB (VBB) and SM (VSM ) are

expressed in Table 6.3 and Table 6.6. However, the limits for the DC bus voltage (VDC)

and the output power (PO) is shown in Table 6.1.

6.4.2.1 Calculation of the Inductance

The inductance of the inductor is calculated as follows [141]:

VL = L
dIL
dt

(6.1)

VL = L
∆IL
∆T

(6.2)

L =
VL ·∆T

∆IL
(6.3)

where:

• VL is the inductor’s voltage in Volts,

• L is the inductance of the inductor in Henries,

• dIL
dt

is the rate of inductor current change in Amps/Sec,

• ∆IL is the current ripple of the inductor in Amps,

• ∆T is the time duration in Secs.

The inductance of the inductor can be calculated during the turn-on or turn-off of the

switches. At steady state, the duty of S1 is greater than the duty cycle of S3, then the states

I, II and III will occur (Figure 6-1).

From Equation (3.51), the inductor voltage is as follows:

VL1 = VBB − VCE2 (6.4)
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Figure 6-1: Switching states and the inductors’ currents of the PC of two bidirectional buck
converters.

During Ton_2, considering state III (Figure 3-5c), the switch S2 is closed so the VCE2 = 0

and ∆T = Ton_2 = d2 · Ts =
(1− d1)

fs
.

The value of the inductance of the buck converter, given from the general Equations of

this topology in the continuous operation mode, is provided by [141]:

L1 =

VBB

(
1− VBB

VDC

)

fs ·∆IL1

(6.5)

where ∆IL1 is the current ripple of the inductor connected with the BB (L1) in Amps.

Thus, the value of the inductor depends on the target current ripple for each applica-

tion, as well as on the voltage levels at both the BB and the DC bus. About this HF current

ripple, it must be noticed that this inductor is directly connected in series with the BB.

Therefore, the inductor ripple is the HF current ripple through the BB. Given that the ex-

isting literature states that the HF current ripple might affect the SoH of the battery in the

long term [158, 159], this parameter is kept relatively low to ensure both a reliable design

and proper operation of the converter. This implies a relatively large inductance value [93];

however, this is not an understood as a concern in the design, given that no major weight
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or size constraints are envisaged for the static application of power support in microgrids.

The target value for this parameter is:

δIL1 < 0.02 (6.6)

∆IL1 = δIL1 · IL1_avg = δIL1

(
PO_max

VBB

)
(6.7)

where:

• δIL1 is the p.u. value of the peak to peak current ripple at the inductor connected
with the BB L1,

• IL1_avg is the average value of the current through inductor connected with the BB
(L1) in Amps,

• PO_max is the maximum active output power delivered to the rest of the microgrid in
Watts.

Combining this parameter with the worst-case scenario for the input voltage magnitudes

involved (i.e., maximum values for the DC bus voltage VDC_max and BB voltage VBB_max),

the value for inductor L1 can be calculated:

L1 =

VBB_max

(
1− VBB_max

VDC_max

)

fs · δIL1

(
PO_max

VBB_max

) (6.8)

L1 =

273.75

(
1− 273.75

700

)

20000× 0.02× 10000

273.75

(6.9)

L1 > 11.408mH (6.10)

In order to ensure some safety margin, a slightly large value has been selected for L1.

The final value chosen is shown in Table 6.8

The inductor connected to SM should be less than the inductor connected to the BB to

charge and discharge quickly in order to can provide or absorb the peak transient current.

From Equation (3.51), the inductor voltage is as follows:

VL2 = VSM − VCE4 (6.11)
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Table 6.8: Parameters of the inductors.

Parameter Symbol Value Unit

Inductance of the inductor connected with the BB L1 14.36 mH
Parasitic resistance of the inductor connected with the BB R1 0.34 Ω
Inductance of the inductor connected with the SM L2 3.59 mH
Parasitic resistance of the inductor connected with the SM R2 0.085 Ω
Inductance of the filter connected to the grid Lf 7.18 mH
Parasitic resistance of the filter connected to the grid Rf 0.17 Ω

During Ton_4, considering state II (Figure 3-5b) and state III (Figure 3-5c), the switch

S4 is closed so the VCE4 = 0 and ∆T = Ton_4 = Ts · d4 =
1− d3

fs
. For inductor connected

with the SM (L2), the same formulation is used:

L2 =

VSM

(
1− VSM

VDC

)

fs ·∆IL2

(6.12)

where ∆IL2 is the current ripple of the inductor connected with the SM (L2) in Amps.

However, for the SM case, it must be noticed how the voltage values at the storage

device are significantly smaller than in the BB case, yielding too much higher current levels.

The target per-unit current ripple level is kept the same as follows:

δIL2 < 0.02 (6.13)

∆IL2 = δIL2 · IL2_avg = δIL2

(
PO_max

VSM

)
(6.14)

where

• δIL2 is the p.u. value of the peak to peak current ripple at the inductor connected
with the SM L2,

• IL2_avg is the average value of the current through inductor connected with the SM
(L2) in Amps.

The HF losses in the magnetic device are a function of the square of the RMS value of

the HF current harmonics, being the fundamental one of the switching frequency. Hence,
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given that the average current flowing through the SM is high, relatively large HF current

ripples imply high magnetic losses. For the worst-case scenario (i.e., maximum values

for the DC bus voltage (VDC_max) and SM voltage (VSM_max), the obtained value for the

capacitance can be calculated:

L2 =

VSM_max

(
1− VSM_max

VDC_max

)

fs · δIL2

(
PO_max

VSM_max

) (6.15)

L2 =

102

(
1− 102

700

)

20000× 0.02× 10000

102

(6.16)

L2 > 2.2222mH (6.17)

As a final remark, a slightly larger value has been selected, to ensure a safety margin in

the design. The value at Table 6.8 is finally selected. The inductors of the filter connected

to the grid are commercial inductors, and their parameters are presented in Table 6.8.

6.4.2.2 Calculation of the DC Bus Capacitor

The capacitance of the DC bus is calculated considering the following equation [141]:

IDC = CDC
dVDC
dt

(6.18)

IDC = CDC
∆VDC
∆T

(6.19)

CDC = IDC
∆T

∆VDC
(6.20)

where:

• dVDC
dt

is the rate of DC bus voltage change in Volts/Sec,

• ∆VDC is the DC bus voltage ripple in Volts.

Considering state II (Figure 3-5b) for the PC of two bidirectional, S2 and S4 are turned
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on, Idc =
PO_max

VDC
and ∆T = Ton_2 = d2 · Ts =

1− d1

fs

CDC =

PO_max

VDC

(
1− VBB

VDC

)

fs ·∆VDC
(6.21)

In a first approach, the effect of the capacitor Equivalent Series Resistance (ESR) is

neglected. The target voltage ripple at the DC bus voltage is chosen to be:

δVDC < 0.005 (6.22)

∆VDC = δVDC · VDC (6.23)

where δVDC is the p.u. value of the peak to peak voltage ripple at the DC bus capacitor

CDC .

Then, once again considering the worst-case condition (i.e., minimum BB voltage

(VBB_min) and minimum DC bus voltage (VDC_min)), the required value for the DC bus

capacitance results:

CDC =

PO_max

VDC_min

(
1− VBB_min

VDC_min

)

fs · δVDC · VDC_min
(6.24)

CDC =

10000

400

(
1− 187.5

400

)

20000× 0.005× 400
(6.25)

CDC > 332.03µF (6.26)

As in the case of the inductance value, a certain safety margin has been ensured, and

thus the value of Table 6.9 is finally implemented. The DC bus has two capacitors in series

in order to increase the voltage of the DC bus and have access to the middle point of the

DC bus.

These design parameters for the reactive elements are kept unchanged for the SPC

of the two bidirectional buck converters and the FTPC of the two bidirectional buck-boost

converters, in order to compare the variations due solely to the performance of the topology.
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Table 6.9: Parameters of the DC bus.

Parameter Symbol Value Unit

Capacitance of the both half of the DC bus CDC1 , CDC2 940 µF
Maximum voltage of both half of the DC bus VDC1_max, VDC2_max 450 V
Capacitance of the DC bus CDC 470 µF
Maximum voltage of the DC bus VDC_max 900 V

6.5 Electrical Grid and Grid Transformer

For the baseline case in the considered application, the DC microgrid is connected to

the distribution line through a three-phase line transformer at the PCC. This transformer is

implemented primarily in order to provide galvanic isolation between the distribution grid

and the microgrid. If no extra constraints are imposed in the system, the turns ratio of this

transformer can be 1:1, yielding to a minimum DC bus value that is typically 700V for

nominal European three-phase grid voltage of 400 VLL_rms/50 Hz. Besides, and in the event

that it is required, the use of the transformer also allows for an adaptation and matching

of the voltage values that might be necessary for proper operation of the VSI PEC grid

converter. In the case under study, practical constraints in the implementation of the labo-

ratory setup, such as limitations in the ratings of the protections, static switches, contactors,

etc., prevent the DC bus voltage ratings from reaching more than 500 V. Therefore, the line

transformer will have a turns ratio of 3/4, that ensures a proper control margin in the grid

converter for a European three-phase grid voltage of 400 VLL_rms/50 Hz. Notice that this

constraint does not affect the validity of the results obtained. The parameters of the grid

are presented in Table 6.10.

6.6 Rest of the DC Microgrid

The rest of the DC microgrid including the RES (PV panels and wind turbines, ...)

and the loads are represented by the variable current source in parallel with the variable

resistance. Their parameters are presented in Table 6.11.
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Table 6.10: Parameters of the grid.

Parameter Symbol Value Unit

Line to Line voltage VLL_rms 400 V
Voltage ratio of the line transformer rtline 3/4 -
Frequency fe 50 Hz
Phase current Iph_rms 25 A
Minimum current IG_min -35 A
Maximum current IG_max 35 A
Minimum active power PG_min -10 kW
Maximum active power PG_max 10 kW
Minimum reactive power QG_max -10 kVAR
Maximum reactive power QG_max 10 kVAR

Table 6.11: Parameters of the rest of the DC microgrid.

Parameter Symbol Value Unit

Minimum current drawn by the rest of the microgrid IN_min -20 A
Maximum current drawn by the rest of the microgrid IN_max 20 A
Minimum power drawn by the rest of the microgrid PN_min -10 kW
Maximum power drawn by the rest of the microgrid PN_max 10 kW
Nominal DC bus voltage VDC 500 V

6.7 Control Schemes

Due to the current and the power will flow from the ESS through the inductors and the

IGBTs to the DC bus and vice versa. As well from the grid to the DC bus through the filter

inductor and vice-versa. The limits of the control schemes should consider all the elements

in the system and the lifetime of the ESS.

Some of the control parameters will change depending on the operation mode of the

DC microgrid, either islanding mode or grid-connected mode. General consideration for

the control are taken into account:

• The bandwidth of the outer DC bus voltage control loop should be ten times less than

the inner current control loops in order to appear as instantaneous to the outer loop
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(10Bwv≤ Bwi) [86, 160, 161].

• The bandwidth of the SM current control should be faster than the bandwidth of

the BB current control loop due to that the SM provides/absorbs the transient power

(Bwi_SM > Bwi_BB) [86].

• The bandwidths of both current control loop should be ten times less than or equal

the cutoff frequency of the anti-aliasing filter in order to avoid filtering the dynamics

by the anti-aliasing filter (10Bwi ≤ fa).

• The cutoff frequency of the anti-aliasing filter should be less than or equal the half

of the sampling frequency by Nyquist–Shannon sampling theorem to avoid aliasing

(2fa ≤ fsa).

• The sampling frequency should be less than or equal the switching frequency (fsa ≤
fs). In particular, a synchronous switching scheme is going to be implemented in the

real prototypes.

• The switching frequency is selected depending on the technology of the switch.

6.7.1 Control Parameters during the Islanding Mode

The control schemes (Figure 3-8) consists of outer DC bus control loop and two in-

ner current control loops. Tuning of the PI controller will be discussed in the following

Sections:

6.7.1.1 DC Bus Voltage Controller

The open loop transfer function is presented as follows:

RCDC
(s)GCDC

(s) =
Kpv

(
s+ 1

Tiv

)

CDC · s2
(6.27)

where:

• RCDC
is the transfer function of the PI controller for the DC voltage control,
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• Kpv is the proportional gain of the PI controller of the DC bus voltage control,

• Tiv is the integral time constant of the PI controller of the DC bus voltage control in
Secs.

Then, the closed loop transfer function is obtained as follows:

VDC(s)

VDC_ref (s)
=

RCDC
(s)GCDC

(s)

1 +RCDC
(s)GCDC

(s)
=

Kpv

(
s+ 1

Tiv

)

CDC ·s2

1 +
Kpv

(
s+ 1

Tiv

)

CDC ·s2

(6.28)

=

Kpv

CDC
s+ Kpv

CDC ·Tiv

s2 + Kpv

CDC
s+ Kpv

CDC ·Tiv

(6.29)

Therefore, the characteristic Equation is calculated as follows:

s2 + 2ζωns+ ω2
n = s2 +

Kpv

CDC
s+

Kpv

CDC · Tiv
(6.30)

where:

• ωn is the undamped natural frequency in rads/sec,

• ζ is the damping ratio.

Be equaling the terms, then the proportional gain of the is calculated as:

Kpv = 2ζωnCDC = 4ζπBwvCDC (6.31)

And the integral gain is obtained as follows:

Tiv =
Kpv

ω2
n · CDC

=
4ζπBwvCDC

4π2Bw2
v · CDC

=
ζ

πBwv
(6.32)

ζ is selected to be equal to 0.707 in order to have a maximum peak overshoot of 4.32%

[160].
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6.7.1.2 BB and SM Currents Controller

In Figure 3-15, assuming the measured and estimated values of the voltage and current

are equal to their real values; therefore, the open loop transfer functions are :

RL1(s)GL1(s) =
Kpi_BB

L1 · s

(s+ 1
Tii_BB

s+ R1

L1

)
(6.33)

RL2(s)GL2(s) =
Kpi_SM

L1 · s

(s+ 1
Tii_SM

s+ R1

L1

)
(6.34)

where:

• RL1 and RL2 are the transfer function of the PI controller for the BB and SM current
controls, respectively,

• Kpi_BB
and Kp_i_SM are the proportional gain of the PI controller of the BB and SM

current control, respectively,

• Tii_BB
and Tii_SM

are the internal time of the PI controller of the BB and SM current
control, respectively, in S.

From Equations (3.49) and (3.50), the open loop transfer functions of the BB and SM

inductors have a pole at (−R1

L1

) and (−R2

L2

), respectively. Typically, these poles are fairly

close to the origin and corresponds to a slow natural response. To improve the open-loop

frequency response, the pole can be canceled by the zero of the PI controller [162]:

Tii_BB
=
L1

R1

(6.35)

Tii_SM
=
L2

R2

(6.36)

Considering the pole is canceling the zero, then the closed loop transfer functions are:

IL1(s)

IL1_ref (s)
=

Kpi_BB

L1·s

1 +
Kpi_BB

L1·s

=

Kpi_BB

L1

s+
Kpi_BB

L1

(6.37)

IL2(s)

IL2_ref (s)
=

Kpi_SM

L2·s

1 +
Kpi_SM

L2·s

=

Kpi_SM

L2

s+
Kpi_SM

L2

(6.38)
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Equations (6.37) and (6.38) are first order with unity gain; therefore,
Kpi_BB

L1

and
Kpi_SM

L2

are the bandwidth of the closed loop transfer functions. The larger the bandwidth gives the

faster the current control response.

Kpi_BB
= 2πBwi_BBL1 (6.39)

Kpi_SM
= 2πBwi_SML2 (6.40)

where Bwi_BB and Bwi_SM are the bandwidth of the PI controller of the BB and the SM

current control in Hz.

The method used for the tuning the PI current controller is the pole-zero cancellation

method. The parameters of the PI DC bus voltage controller and the current controller are

tested by Control System Designer tool (sisotool) from MATLAB R©.

Table 6.12 includes the parameters of the control schemes during the islanding mode.

These parameters are valid in case of the PC and the SPC of the two bidirectional buck con-

verters and the FTPC of the bidirectional buck-boost converters as the inductors connected

with the ESS and the DC bus capacitor are kept the same.

The LPF frequency is selected in order to reduce the stress on the BB [55]. The smaller

filter frequency, the more significant the amount of power drawn from the SM and smoother

the power of the BB. The LPF filter frequency can be obtained from the power profile of

the microgrid/nanogrid in islanding mode.

Table 6.13 shows the parameters of the control during the short circuit fault in the DC

bus. When the DC bus voltage is less than the minimum voltage threshold, this means that

there is a fault and the control during the fault will be activated. However, when the DC bus

voltage reaches the maximum threshold voltage, the fault is cleared, and the control during

the healthy condition is enabled. The tuning of the PI for BB current control during fault

conditions is the same as the previous case (during the islanding mode).

6.7.2 Control Parameters during the Grid-Connected Mode

Upon grid-tied operation mode, two different control strategies can be implemented:

independent storage control scheme (Figure 3-17) and full control scheme (Figure 3-21).

185



Chapter 6. Design Procedure

Table 6.12: Parameters of the control during islanding mode.

Parameter Symbol Value Units

Outer DC Bus Voltage Control Loop
DC bus voltage reference VDC_ref 500 V
Bandwidth Bwv 30 Hz
Proportional gain Kpv 0.124 -
Integral time Tiv 0.0075 s

LPF of the BB
Cutoff frequency fBBLPF

0.7 Hz
Inner BB Current Control Loop

Bandwidth Bwi_BB 300 Hz
Proportional gain Kpi_BB

27.068 -
Integral time Tii_BB

0.0422 s
Inner SM Current Control Loop

Bandwidth BwiSM 500 Hz
Proportional gain Kpi_SM

11.2783 -
Integral time Tii_SM

0.0422 s
PWM Signals

Switching frequency fs 20 kHz
Dead time tD 1 µHz

Table 6.13: Parameters of the control during the fault.

Parameter Symbol Value Units

Minimum DC bus voltage threshold VDC_f_min 100 V
Maximum DC bus voltage threshold VDC_f_max 400 V

Inner BB Current Control Loop
Fault current reference IL1_f_ref 5 A
Bandwidth Bwi_BB 300 Hz
Proportional gain Kpi_BB

27.068 -
Integral time Tii_BB

0.0422 s

6.7.2.1 Independent Storage Control Strategy

Regarding the independent storage control scheme, two PI current control loops are

used. The parameters of these controllers are the same as in the islanding mode. Table 6.14

includes these parameters. The cut-off frequency of the HPF of the SM is kept the same
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as the cut-off frequency of the LPF for the BB, as in the case of islanding mode, in order

to have the same transient power. However, the cut-off frequency of the HPF of the ESS

power is selected smaller than the one of the SM. Again, the values of the HPF frequency

can be obtained from the power profile of the DC microgrid or nanogrid.

Table 6.14: Parameters of the control during the grid-connected mode.

Parameter Symbol Value Units

HPF of the ESS power
Cutoff frequency fHPFESS

0.4 Hz
HPF of the SM power

Cutoff frequency fHPFSM
0.7 Hz

Inner BB Current Control Loop
Bandwidth Bwi_BB 300 Hz
Proportional gain Kpi_BB

27.068 -
Integral time Tii_BB

0.0422 s
Inner SM Current Control Loop

Bandwidth BwiSM 500 Hz
Proportional gain Kpi_SM

11.2783 -
Integral time Tii_SM

0.0422 s
PWM Signals

Switching frequency fs 20 kHz
Dead time tD 1 µHz

6.7.2.2 Voltage Source Inverter Control

The DC bus voltage control loop parameters are the same as the one of the islanding

mode. The parameters of the PI current controllers in d and q axes are tuned by pole-zero

cancellation method as follows:

Kpi_G_d = 2πBwi_G_dLf (6.41)

Tii_G_d =
Lf
Rf

(6.42)

Kpi_G_q = 2πBwi_G_qLf (6.43)

Tii_G_q =
Lf
Rf

(6.44)
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where:

• Kp_i_G_d and Kp_i_G_q are the proportional gain of the PI controller of the d and q
axes grid current control, respectively,

• Bwi_G_d and Bwi_G_q are the bandwidth of the PI controller of the d and q axes grid
current control, respectively, in Hz,

• Tii_G_d and Tii_G_q are the integral time constant of the PI controller of the d and q axes
grid current control, respectively, in Secs.

Table 6.15 includes the main design parameters of the VSI for the DC bus voltage

control and the current control in dq axes.

Table 6.15: Parameters of the control for the inverter during grid-connected Mode.

Parameter Symbol Value Units

Outer DC Bus Voltage Control Loop
DC bus voltage reference VDC_ref 500 V
Bandwidth Bwv 30 Hz
Proportional gain Kpv 0.124 -
Integral time Kiv 0.0075 s

Inner d and q Axes Current Control Loop
Bandwidth Bwi_d, Bwi_q 300 Hz
Proportional gain Kpi_G_d , Kpi_G_q 13.534 -
Integral time Tii_G_d , Tii_G_q 0.0422 s

PWM Signals
Switching frequency fs 20 kHz
Dead time tD 1 µHz

6.7.2.3 Full Control Strategy

As in this strategy, the control of the HESS and the VSI is included; therefore, there

are outer DC bus control loop and four inner current control loops. Table 6.16 includes the

parameters of the full control. As it is seen, that the parameters are the same as in the case

of independent storage control and the VSI control.
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Table 6.16: Parameters of the full control during the grid-connected mode.

Parameter Symbol Value Units

Outer DC Bus Voltage Control Loop
DC bus voltage reference VDC_ref 500 V
Bandwidth Bwv 30 Hz
Proportional gain Kpv 0.124 -
Integral time Tiv 0.0075 s

LPF of the grid
Cut off frequency fLPFG

0.4 Hz
HPF of the SM power

Cut off frequency fHPFSM
0.7 Hz

Inner d and q Axes Current Control Loop
Bandwidth Bwi_d, Bwi_q 300 Hz
Proportional gain Kpi_G_d , Kpi_G_q 13.534 -
Integral time Tii_G_d , Tii_G_q 0.0422 s

Inner BB Current Control Loop
Bandwidth Bwi_BB 300 Hz
Proportional gain Kpi_BB

27.068 -
Integral time Tii_BB

0.0422 s
Inner SM Current Control Loop

Bandwidth BwiSM 500 Hz
Proportional gain Kpi_SM

11.2783 -
Integral time Tii_SM

0.0422 s
PWM Signals

Switching frequency fs 20 kHz
Dead time tD 1 µHz

6.8 Conclusions

In this chapter, a complete design of the power stage parts and components, as well as

of the control systems of the converters in the HESS has been obtained. These parameters

are going to be used in the coming validation chapters. The simulation results will be

compared with the experimental results in Chapter 8.
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7.1 Introduction

This chapter presents all the simulations intended to verify and assess the performance

of the proposed topologies and control strategies shown in the previous chapters. It also

targets the validation of the design procedure defined previously for the PC scheme of

the two bidirectional buck converters. The performance of this scheme in the specified

operating conditions of grid-tied mode and islanding mode is verified for the corresponding

control strategies. For the islanding operation mode, the control strategy assumes that the

HESS system is taking over both the power flow command and the DC bus control. On the

other hand, in the grid-tied scheme, the control strategies assumed are both the full control

and the independent control strategies defined in Chapter 3.

Once the performance of the PC baseline case is validated, it is compared against the

SPC of the two bidirectional buck converters, in order to assess its behavior upon large

mismatch in storage device voltage ratings defined in Chapter 4. Next, the fault-tolerant

topology proposed in Chapter 5, based on the parallelization of two buck-boost convert-

ers, is compared as well with the PC. Firstly, the performance in healthy conditions is

assessed. Finally, the behavior against short-circuit fault of this PC of the two bidirec-

tional buck-boost converters is validated, including the fault ride-through control scheme
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outlined. Again, the simulations of each topology will be done in case of the islanding

mode and the grid-connected mode. The simulations are carried out with the environment

MATLAB/ SIMULINK/ PLECS R©.

7.2 Simulation Considerations

In the previous chapters, the main contributions of the research work have been pre-

sented, including a theoretical justification and a preliminary evaluation of their validity.

These contributions are summarized as the discussion of the operation of the HESS sys-

tem in islanding and grid-connected operation modes, for the control strategies already

discussed; the study of alternate non-isolated topologies and control strategies for solving

the voltage mismatch problems; and a discussion on the performance of the HESS upon

short-circuit faults at the DC bus, as well as a proposal of a fault ride-though solution. In

any case, the verification of these contributions must be carried out rigorously in order to

assess the feasibility, the robustness and the limitations in the validity of the solutions that

define the constraints of applicability.

The demonstration will start by the islanding operation mode, considering the DC bus

control scheme outlined in Chapter 3. Then, the grid-connected operation mode of the

microgrid will be resembled, taking into account both the full and the independent control

strategies. In this work, the performance of all the proposals will be carried out in a two-

step approach; initially, a set of simulations to check and refine the parameters of operation

of the proposals will be undertaken. In this simulations, complex, detailed models of all

the subsystems involved will be implemented. Later, in Chapter 8, experimental results

obtained from a working laboratory prototype of the HESS will be discussed and analyzed.

As a first stage, some general considerations are taken into account, in order to obtain

valid results that can be compared against the experimental results that are going to be

presented in the next chapter.

• The solver in MATLAB R© is discrete, and its type is fixed-step (Sample time = 1

µs). This value is selected given that the switching period equals 50 µs, and thus it

is ensured a reasonable resolution, beyond the minimum recommended value of 20
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samples per period.

• In order to simulate the electrochemical storage unit, the built-in model of MATLAB

/SIMULINK R© for a Li-Ion BB is going to be selected. The parameters have been

fixed from the available information from the real device from the manufacturer (Ta-

ble 6.3). In order to establish a baseline reference operation point, the SoC of the BB

is considered as 50% (VBB = 260 V ).

• In the same manner, an initial SoC of the SM is stated as to allow a symmetrical

power capability in case positive or negative power steps occur [46]. Considering the

maximum and minimum values indicated in Table 6.6, then this value corresponds to

a SM voltage of:

VSM =

√
V 2
SM_max + V 2

SM_min

2
=

√
(19.2)2 + (102)2

2
= 73.4 V (7.1)

• About the integration method selected for the PI controllers, the option chosen is

trapezoidal. The PI implementation of the controller is selected in the ideal form.

• Anti-Windup method has been selected to avoid saturation of the controllers. In

particular, the methodology used is back-calculation mode.

• The measured magnitudes of voltages and currents in the circuit are filtered by a

LPF with a cutoff frequency of 3.5 kHz. This is consistent with the existing signal

conditioning available at the laboratory setup.

• A dead-time of 1 µs in the switching of the converters is considered.

• As a reference, the evolution of the systems upon a load step on the 10 kW converter,

will be simulated. Two symmetric load steps where the load is changed from 1 kW

to 2 kW at 0.5 s and then back to 1 kW again at 2.5 s, is going to be considered in

order to compare against the achievable operation values at the experimental results

carried out at the coming chapter.
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• For the fault analysis, a short circuit fault sequence has been defined. The DC bus is

shorted at t = 0.5 s and cleared after two seconds (at t = 2.5 s).

• The colors of the simulation Figures are defined according to Table 7.1, and the

same colors will be kept in the following Chapter in order to easily compare with the

experimental results.

Table 7.1: Colors of the simulation figures.

Parameter Color

References of the controllers Magenta
Using only single ESS (BB only) Green
Utilizing inverter only without ESS Black
Using PC of two bidirectional buck converters Blue
Utilizing SPC of two bidirectional buck converters Red
Utilizing FTPC of two bidirectional buck-boost converters Yellow

7.3 Baseline Case: Parallel Connection of the Two

Bidirectional Buck Converters

The benefits of using the HESS in power systems, compared to the ones if a simple ESS,

are to optimize the size and cost of the storage system, and to simultaneously increase the

lifetime of the BB while improving the dynamic performance of the system. Initially, it will

be assessed how the use of a HESS performs in these main aspects, against a regular ESS

with a unique storage system. In order to guarantee the energy storage requirements, the

single storage unit will be the BB based storage system. Then, the islanding operation mode

will be targeted. It is assumed that there is no connection to the distribution grid through

the grid PEC at the PCC, and therefore the HESS is controlling the DC bus voltage. After

the grid-connected mode with the two schemes is verified, the steady-state operation of the

converter is analyzed.
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7.3.1 Islanding Operation Mode

In this operating mode, a voltage control loop is applied to the converters of the ESS,

in order to keep the DC bus voltage at a reference value of 500 V. The DC bus voltage

control is implemented at the HESS control stage. The BB is providing or absorbing the

steady-state power, and the SM is suppling or absorbing the transient power. But in a first

step, Figure 7-1 compares the performance between using the defined HESS, formed by

the coordinated assembly of the BB and the SM storage units, versus a single storage unit

ESS, formed by the BB only.
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Figure 7-1: Simulation results in islanding mode for two storage systems: the HESS vs.
the single ESS (BB only).

The sequence of the power steps applied to the system is the one depicted in the general

consideration of this Chapter. It can be seen how the DC bus voltage varies less in mag-

nitude, in the case of the HESS, rather than in the case of the BB only. This is due to the
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fact that the SM has the ability to provide power with higher dynamics than in the case of

the BB when required to track the DC bus voltage reference. Also, it is noticed how in the

HESS, the BB does not suffer a quick change in di/dt, as compared to the single storage

ESS. This yields to an increase in the SoH of the device, and hence on the lifetime of the

BB, as expected.

In order to validate the control scheme (Figure 3-8), the output power demand (PO)

is changed using the defined power step sequence (Figure 7-2). The performance of the

HESS in this control scheme can be seen in Figures 7-2 and 7-3.
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Figure 7-2: Simulation results for the PC of the two bidirectional buck converters during
the islanding mode showing the performance of the outer DC bus voltage loop control.

The references (magenta lines) of the DC bus voltage and the powers of the BB and

the SM are compared with their measured (blue lines) to validate the control scheme. The

DC bus voltage (VDC) reference is 500 V; when the output power (PO) changes at 0.5 s,

VDC decreases down to 497 V; on the other hand, when power demand (PO) varies back

at 2.5 s, VDC increases slightly up to 500.5 V. The behavior of the DC bus voltage at 0.5
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Figure 7-3: Simulation results for the PC of the two bidirectional buck converters during
the islanding mode showing the performance of the two inner control loops.

s is different from its behavior at 2.5 s and not symmetrical. This effect is due to that it is

relatively easy for the SM to absorb the current from the DC bus voltage.

About the hybrid performance of the control system, it can be seen in Figure 7-3 how

the BB is providing and absorbing the steady-state power. However, the SM is providing

and absorbing the transient power, as the control is designed to limit the transient power

delivered by the BB, thus increasing its lifespan. It is noticed that the peak transient SM

power (PSM ) is 1.099 kW and not 1 kW at 0.5 s. This effect is due to the fact that the

SM needs to provide the transient power for the load and also to the DC bus, in order to

recover the original DC bus voltage to 500 V. The measured values (blue lines) are tracking

their references (magenta lines), within the limitations of the control system. It must be

noticed that given that the voltages at the BB and the SM present a relatively small variation

within the simulation interval, then the power references variations are representing the

current references variations. Thus, this power evolution can be used to validate the two
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inner current control loops. The power distribution between the BB and SM at Figure 7-3

matches the power distribution from the theoretical analysis in Figure 3-12a.

7.3.2 Grid-Connected Operation Mode

Once the islanding mode has been validated through simulations, the grid-tied operation

can be targeted. In this case, there is an effective capability of interchanging power between

the microgrid and the distribution network, through the grid PEC at the PCC. It is assumed

that the DC bus control is carried out by this grid PEC. As mentioned before, two different

control strategies can be implemented, the independent and the full control strategies.

In the independent control, there is no communication between the grid inverter control

and the proposed HESS control. Therefore the full HESS can be conceived in the manner

of a "plug and play" autonomous system that can be attached to any existing DC microgrid.

On the other hand, in the full control strategy, the inverter and the ESS control is designed in

a coordinated manner, and both converters are jointly controlled. In both control strategies,

the control scheme for the PC of the two bidirectional buck converters is firstly validated in

this section. Later, the control schemes of the SPC of the two bidirectional buck converters

and the FTPC of the buck-boost based solution are compared with the baseline case.

In any case, it will be considered that the reactive power is equal to zero (QG_ref = 0).

Also, it will be assumed that the power references that would provide the peak-shaving

feature in the performance of the HESS are equal to zero (PBB_ps_ref = PSM_ps_ref = 0).

7.3.2.1 Independent Control Strategy

In this strategy, the DC bus voltage is controlled by a VSI connected to the grid, in order

to maintain the DC bus voltage around the reference value of 500 V. The SM is providing

or absorbing the transient peak power and the BB is providing or absorbing the rest of the

transient power. Figure 7-4 shows the effect of adding the HESS. It can be seen how the

DC bus voltage varies much more if the HESS is not connected (black lines), compared to

the variations when the HESS is attached and controlled adequately (blue lines). However,

it is also noticeable that the DC bus voltage evolution is slower in the case of the HESS
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connection than in the case of the inverter only.
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Figure 7-4: Simulation results for the inverter only and the PC of the two bidirectional buck
converters during the grid-connected mode (Independent control strategy).

The following Figures 7-5 and 7-6 are validating the control scheme for the independent

control outlined in Figure 3-17. The measured (blue lines) of the DC bus voltage and the

power of the full ESS (the BB and the SM) are tracking their references (magenta lines).
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Figure 7-5: Simulation results for the PC of the two bidirectional buck converters during
the grid-connected mode (Independent control strategy) showing the performance of the
outer DC bus voltage control loop.
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Figure 7-6: Simulation results for the PC of the two bidirectional buck converters during
the grid-connected mode (Independent control strategy) showing the performance of the
two inner control loops.

It must be noticed in Figure 7-5 how the DC bus voltage evolves initially (see a zoomed

area of the DC bus voltage) by decreasing, then slightly increases, to finally decrease again.

This situation, when the output power changes at 0.5 s, is due to the fact that there is no

communication between the control stages, the one of the grid inverter and the one of the

HESS. In fact, both are trying to recover the DC bus simultaneously, yielding to this effect.

As the control has been designed in Figure 3-17 to split the power contribution of the

storage devices, it can be seen how effectively the ESS power is divided between the SM

power (provides/absorbs the transient peak power) and the BB power (delivers/absorbs the

rest of the transient power). This power share is depicted in Figure 7-6, and it matches with
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the theoretical power distribution at Figure 3-18a.

7.3.2.2 Full Control Strategy

In this control, there is a typical, coordinated design of the full system control, including

the VSI, the BB and the SM converters. The primary purpose of this control is again

to maintain the DC bus voltage close to the reference of 500 V, for any power profile

demanded by the load. The VSI is designed to provide/absorb the steady-state power; the

SM, in turn, is targeted to provide/absorb the transient peak power; whereas the BB will

take over the remaining transient power.

Figure 7-7 shows that by using this full control scheme, the recovery of the DC bus

voltage (blue lines) is much faster when compared against the two previous cases, i.e.,

without ESS (black lines) and with the independent control scheme (cyan lines).
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Figure 7-7: Simulation results for the inverter only and with HESS (Independent control
and full control strategies) during the grid-connected mode.

The control scheme defined in Figure 3-19 is now validated in Figure 7-8 and Figure

7-9. As it can be noticed in Figure 7-8, the measured (blue line) DC bus voltage is track-

ing its reference (magenta line). On the other hand, Figure 7-9 shows the power share

among the different subsystems; the grid provides/absorbs the steady-state power, and the

ESS provides/absorbs the transient power. The ESS power is divided between the SM
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(provides/absorbs the transient peak power) and the BB (provides/absorbs the rest of the

transient power). Figure 7-9 matches the theoretical power share at Figure 3-22a.
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Figure 7-8: Simulation results for the PC of the two bidirectional buck converter during the
grid-connected mode (Full control strategy) showing the performance of the outer DC bus
voltage control loop.

7.3.3 Steady-State Operation

At this point, one aspect still pending is to verify that the design conditions, such a the

current ripple in the inductor at the steady-state operation of the baseline case, match the

specifications stated in Chapter 6. The inductors current ripples will be calculated theoreti-

cally for the operating parameters under consideration, and then they will be compared with

the simulation results. From Equation (6.5), the current ripple of the inductor connected to

the BB is as follows:

∆IL1 =
VBB(1− VBB

VDC
)

fsL1

(7.2)
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Figure 7-9: Simulation results for the PC of the two bidirectional buck converters during
the grid-connected mode (Full control strategy) showing the performance of the four inner
control loops.

∆IL1 =
260(1− 260

500
)

20000× 14.36× 10−3
= 0.4345 A (7.3)

Another way to calculate the current ripple during Toff_2, considering state I (Figure

3-5a) and state II (Figure 3-5b), the lower switch S2 is opened so the VCE2 = VDC and

∆T = Toff_2 = Ton_1 = d1 · Ts =
d1

fs
. The ripple current of the inductor connected to the
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BB is as follows:

∆IL1 =
(VBB − VDC)d1

fs · L1

=
(VBB − VDC)

VBB
VDC

fs · L1

(7.4)

∆IL1 =
(260− 500)

260

500
20000× 14.36× 10−3

= −0.4345 A (7.5)

The negative sign means the slop is negative. It is noticed that the current ripple in turn

off of the S2 has the same value in turn on.

Now, the current ripple of the inductor connected to the SM (∆IL) is calculated with

the same technique. From Equation (6.12), yields to:

∆IL2 =
VSM(1− VSM

VDC
)

fs · L2

(7.6)

∆IL2 =
73.4(1− 73.4

500
)

20000× 3.59× 10−3
= 0.8722 A (7.7)

Again, during Toff_4, considering state I (Figure 3-5a), the switch S4 is turned-off so

the VCE4 = VDC and ∆T = Toff_4 = Ton_3 = d3 · Ts =
d3

fs
. The ripple current of the

inductor connected to the SM is as follows:

∆IL2 =
(VSM − VDC)d3

fsL2

=
(VSM − VDC)

VSM
VDC

fsL2

(7.8)

∆IL2 =
(73.4− 500)

73.4

500
20000× 3.59× 10−3

= −0.8722 A (7.9)

The current ripple value in turn off of S4 is the same as during turn on. However, this is

different from the SPC case, as it will be discussed later in the following sections.

In order to compare with the simulation results, the DC bus is regulated by the VSI to

a constant value of 500V, and the BB and SM current references are set at 5 A and 10 A,

respectively. Figure 7-10 shows the currents at the inductors of both storage devices at the

ESS, plus the collector-emitter voltages of the switches S2 and S4. As it is noticed from
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Figure 7-10, the peak to peak current ripple of the inductor connected to the BB is 0.4291

A and the peak to peak current ripple of the inductor connected to the SM is 0.8257 A. The

main operating waveforms are tracking the expected theoretical values outlined. Therefore,

it can be concluded that the design of the converter has been carried out satisfactorily.
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Figure 7-10: Simulation results for the PC of two bidirectional buck converters where 5 A
BB current reference and 10 A SM current reference are applied and the grid VSI controls
the DC bus.

The collector-emitter voltage of IGBT2 and IGBT4 in Figure 7-10 can represent the

duty cycles of the BB and SM converters, respectively. As it can be noticed from Figure

7-10 that the SM converter has a small duty cycle compared to the duty cycle of the BB

converter. This yields to thermal and electrical stress on the switches.
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7.4 Series-Parallel Connection of Bidirectional Buck

Converters

Once the baseline case has been studied for every healthy operating condition, the oper-

ation of the SPC scheme is now going to be verified by simulations. The main conditions of

the simulation will be maintained, in order to obtain results that can be easily compared. In

a first stage, the situation in islanding mode will be validated; later, the grid-tied operation

mode will be tackled, for both the independent and the full control strategies. Then, the

steady-state operation will be verified.

7.4.1 Islanding Operation Mode

At this section, the simulations already were done for PC of the two bidirectional buck

converters will be compared with the performance of the SPC. Again, the power step se-

quence will follow the already defined evolution. This load power, (PO) is changed from 1

kW to 2 kW at 0.5 s and back to 1 kW at 2.5 s. Figure 7-11 shows the evolution of the SPC

scheme against the PC scheme and also against the non-hybrid ESS (BB only).

0 0.5 1 1.5 2 2.5 3 3.5 4
495

500

505 BB
BB and SM (PC)
BB and SM (SPC)

2.5 2.51 2.52 2.530.5 0.51 0.52 0.53
495

500

505

Figure 7-11: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one and the BB only during the islanding mode.
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It can be seen from Figure 7-11 how the SPC has a better performance than the non-

hybrid solution, but also a slightly better performance than the PC scheme. Again, the

improvement is much more significant in recovering the DC bus voltage (VDC) when the

load power increases or the SM has a small voltage compared with the SM voltage in the

PC as it will be seen in the following discussion. This is because, in the SPC scheme,

the SM is providing the transient power (PSM ) slightly faster than in case PC as shown in

Figure 7-12. The power provided by the BB (PBB) is the same in both cases.
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Figure 7-12: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the islanding mode showing the power distribution between
ESSs.

The critical aspect at the SPC scheme is that the SM can provide a faster power dy-

namics, given that the margin of possible variations of the duty cycle of switch S3 (d3) is

much more significant than the case of PC (see Figure 7-13). In case of the PC, the duty

cycle of the SM (blue line) is saturated to zero. On top of allowing a faster variation of the

current levels involved, this situation also affects that, for the case of the SPC, the thermal
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and electrical stresses on the IGBTs are balanced. This last aspect yields to increase the

lifetime of the IGBTs, also contributing to solving, up to some extent, the problem of the

voltage mismatch.

0
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SPC

0 0.5 1 1.5 2 2.5 3 3.5 4
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2.5 2.5005 2.501 2.5015 2.502

Figure 7-13: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the islanding mode showing the duty cycles of BB and SM.

All the aforementioned problems of the too narrow duty ratio range obtained for PC

scheme are therefore solved in the SPC configuration. On the other side, the duty cycle of

the S1 (d1), which defines the behavior of the BB subsystem, is the same in both the PC and

the SPC cases (0.5) and does not suffer any change in its contribution to the load power.

Figure 7-14 shows the DC bus voltage when the SM voltage decreases down 40 V.

This is an extreme situation, but realistic, since the SM might be discharged during regular

operation. It is noticed that the DC bus decreases significantly upon an increasing load

step, for the PC (blue line), whereas this decrease is much smaller for the SPC (red line).

This is because, unlike in the case of SPC, the duty cycle reaches saturation in PC scheme.
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Figure 7-14: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the islanding mode, showing the behavior of the DC bus
(VSM = 40V ).

7.4.2 Grid-Connected Operation Mode

Once the performance of the SPC in islanding mode is calculated, the effect of connect-

ing to the grid will now be assessed. The same sequence of simulations will be carried out.

Initially, the independent control will be targeted, and later the full control strategy will be

performed.

7.4.2.1 Independent Control Strategy

The simulations results of the SPC of the two bidirectional buck converters will be

compared to the PC. Figure 7-15 shows the DC bus voltage in case the grid inverter has

not any storage unit (black line), compared to the effect of the two possible HESS systems

(i.e., PC (blue line) and SPC (red line) schemes, for grid-tied independent control scheme).

It can be seen how the SPC scheme has slightly better performance compared to the PC

scheme in the recovery of the DC bus.

As noticed from Figure 7-16, the SM in SPC provides power a little bit faster than the

PC one at 0.5 s. This is due to duty of the IGBT3 in the SPC scheme is not saturated when

the output power increases at 0.5 s as depicted in Figure 7-17. The power of the ESS and
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Figure 7-15: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the grid-connected mode (Independent control strategy) and the
inverter only.

the BB are the same in both cases (PC (blue line) and SPC (red line) as shown in Figure

7-16.

7.4.2.2 Full Control Strategy

The results of the SPC scheme are now compared to the PC, again in the grid-tied

operation mode, but for the full control strategy. Figure 7-18 shows how a better dynamics

is obtained in the recovery of the DC bus voltage for the SPC (red line) compared to the

system without storage (black line) and the PC (blue line). Again the performance of the

SPC scheme (red line) is slightly better than in the case of the PC scheme (blue line).

The power of the grid (PG) and the BB (PBB) in SPC (red line) are fully matched with

the PC case (blue line). However, the power of the SM (PSM ) in SPC evolves faster than

in PC as depicted in Figure 7-19. This is due to the duty cycle of the S3 (d3) in SPC does

not saturate, as shown in Figure 7-20.
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Figure 7-16: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the grid-connected mode (Independent control strategy) show-
ing the power distribution between ESSs.

7.4.3 Steady-State Operation

The validity of the design of the SPC will be demonstrated by assessing the current

ripple value in steady-state operation, as in the case of the PC scheme. At steady-state, the

duty of S3 is greater than the duty cycle of S1, then the states I, III and IV will occur (Figure

7-21).

During Ton_2, considering the state III (Figure 4-5c) and state IV (Figure 4-5d), the

ripple current of the inductor connected to the BB is precisely the same as in the case of

the PC of the two bidirectional buck converter (Equation (7.3)). However, if the state I
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Figure 7-17: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the grid-connected mode (Independent control strategy) show-
ing the duty cycles of the BB and the SM.

(Figure 4-5a) and state II (Figure 4-5b) is considered during Toff_2, the ripple current of

the inductor connected to the BB matches the one stated at Equation (7.5).

From Equation (4.27), the voltage of the inductor connected to the SM is calculated as

follows:

VL2 = VCE2 + VSM − VCE4 (7.10)

During Ton_4, considering the state III (Figure 4-5c), VCE2 = 0 and VCE4 = 0 and ∆T =

Ton_4 = (1 − d3)Ts =
1− d3

fs
. Therefore, the ripple current of the inductor connected to

the SM as follows:

∆IL2 =
VSM(1− d3)

fs · L2

=
VSM(1− VBB + VSM

VDC
)

fs · L2

(7.11)
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Figure 7-18: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the grid-connected mode (Full control strategy) and inverter
only.

∆IL2 =
73.4(1− 260 + 73.4

500
)

20000× 3.59× 10−3
= 0.3388 A (7.12)

During Toff_4, there are two different cases: Considering State I (Figure 4-5a), VCE2 =

VDC and VCE4 = VDC and ∆T = Toff_2 = Ton_1 = d1 · Ts =
d1

fs
. Then, the current ripple

of the inductor connected to SM is obtained as follows:

∆IL2 =
(VDC + VSM − VDC)(d1)

fs · L2

=
(VSM)(

VBB
VDC

)

fs · L2

(7.13)

∆IL2 =
73.4(

260

500
)

20000× 3.59× 10−3
= 0.5316 A (7.14)

Now, considering state IV (Figure 4-5d), VCE2 = 0 and VCE4 = VDC and ∆T =
Toff_4 − Toff_2

2
=
Ton_3 − Ton_1

2
= d3 ·Ts−d1 ·Ts =

(d3 − d1)Ts
2

. Therefore, the current

ripple of the inductor connected to SM is calculated as follows:

∆IL2 =

(VSM − VDC)

(
d3 − d1

2

)

fs · L2

=

(VSM − VDC)

(
(VBB+VSM

VDC
)− VBB

VDC

2

)

fs · L2

(7.15)
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Figure 7-19: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the grid-connected mode (Full control strategy) showing the
power distribution between the ESSs.

∆IL2 =

(73.4− 500)

((
260 + 73.4

500
)− 260

500
2

)

20000× 3.59× 10−3
= −0.4361 A (7.16)

By using SPC scheme, a smaller ripple is obtained for the same inductance value at

the SM converter. For the SPC scheme, the principal operating waveforms can be seen at
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Figure 7-20: Simulation results for the SPC of the two bidirectional buck converters com-
pared to the PC one during the grid-connected mode (Full control strategy) showing the
duty cycles of the BB and the SM.

Figure 7-22. As it can be noticed from Figure 7-22 that the peak to peak current ripple of

the inductor connected to the BB is 0.4291 A. However, the peak to peak current ripple

of the inductor connected to the SM is 0.3021 A for state III, 0.4834 A for the state I and

-0.4364 A for state IV. The simulation results match the expected theoretical values. Again,

the operation of the steady-state converter is thus demonstrated.

Figure 7-22 shows that the SM converter has a duty cycle very near to the duty cycle

of the BB converter. This yields to solve the problem of voltage mismatch and balance the

thermal and electrical stresses in the switches.
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Figure 7-21: Switching states and the inductors’ currents of the SPC of two bidirectional
buck converters.

7.5 Fault-Tolerant Parallel Connection of the two

Bidirectional Buck-Boost Converters

So far, the performance of the SPC scheme has proven to be better than the baseline case

for solving issues due to voltage mismatch in the storage ratings. The main limitation of

this topology, though, is the behavior during DC bus short-circuit fault. From the discussion

carried out in Chapter 5, the buck-boost topology, i.e., the FTPC scheme, stands out as a

suitable solution to cope with DC bus short-circuit faults. This section will demonstrate the

performance of the FTPC in the healthy operating conditions that were characterized for the

cases of PC and SPC. Then, the performance in faulty conditions and the fault ride-through

sequence will also be simulated. In any case, the modulation scheme is the two-triangular

modulation pattern (Figure 5-23) defined in Chapter 5 for healthy conditions, while the

standard operation will be used for fault operation. Finally, the steady-state operation will

be analyzed.
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Figure 7-22: Simulation results for the SPC of two bidirectional buck converters where 5 A
BB current reference and 10 A SM current reference are applied and the grid VSI controls
the DC bus.

7.5.1 Islanding Operation Mode (Healthy Condition)

Figure 7-23 shows that the FTPC of the buck-boost converter presents a perfectly

matched performance as the PC of two bidirectional buck converters, as expected.

Again, following the power distribution profiles outlined in the discussion, the SM will

take over the fast, transient share of the required load power. It can be noticed in Figure

7-24 that the SM provides/absorbs the same power for the FTPC as well in the case of the

PC of two bidirectional buck converter. Also, the BB power (PBB) is the same in any case.
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Figure 7-23: Simulation results for the FTPC of the two bidirectional buck-boost converters
compared to the PC and SPC of the two bidirectional buck converters and the BB only
during the islanding mode in the healthy conditions.

7.5.2 Grid-Connected Operation Mode (Healthy Condition)

Once the islanding condition has been demonstrated, the grid-tied connection is now

assessed. Again, both control strategies (the independent control strategy and the full con-

trol scheme) are verified. The results of the FTPC of the two bidirectional buck-boost

converters are compared with the PC and the SPC of the two bidirectional buck converters

in healthy conditions. It must be recalled that in the event of a short-circuit fault at the DC

bus is detected, the control changes to islanding mode until the fault is cleared and the DC

bus charged again to a safe value. If the fault is permanent, all the PWM will turn off. This

will be discussed thoroughly in the dedicated subsection.

7.5.2.1 Independent Control Strategy

The same power step sequence is applied to the FTPC system, in order to obtain com-

parable results. As it is noticed from Figure 7-25, the DC bus voltage in the PC of two

bidirectional buck-boost converters has a similar behavior as the PC of two bidirectional

buck converters considering the variation on the DC bus voltage. The power share for this
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Figure 7-24: Simulation results for the FTPC of the two bidirectional buck-boost converters
compared to the PC one during the islanding mode showing the power distribution between
the ESSs.

case is depicted in Figure 7-26, where the SM power has the same behavior as the PC of

two bidirectional buck converters.

7.5.2.2 Full Control Strategy

In the case of the full control strategy, where the grid VSI control is considered as part

of the coordinated control design, the FTPC of the two bidirectional buck-boost converters

is compared with the performance of VSI only, the PC and the SPC schemes. The PC of

the two bidirectional buck-boost converters has the same performance in the recovery of

the DC bus voltage as the PC scheme as depicted in Figure 7-27.

Figure 7-28 shows the power share in the FTPC case. As it can be seen, the power

of the grid (PG) and the BB (PBB) in the FTPC are adequately matched with their corre-

sponding values for the PC and the SPC cases. However, the power of the SM in the FTPC
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Figure 7-25: Simulation results for the FTPC of the two bidirectional buck-boost converters
compared to the PC and SPC of the two bidirectional converters during the grid-connected
mode (Independent control strategy) and inverter only.

provides/absorbs power with same dynamics as in the corresponding in the PC as expected.

7.5.3 Steady-State Operation

Again, the performance of the converter in steady-state operation will be checked, by

comparing the theoretical and simulated values o the current switching ripples at the induc-

tors of the converter. Because of the BB voltage (VBB) and the SM voltage (VSM ) are less

than the DC bus voltage, then states I, II, IV, V will occur from Table 5.8 (VCE1 = VCE5 =

0). At steady-state, the duty of S2 is greater than the duty cycle of S6, then the states I, II

and V will occur (Figure 7-29).

From Equation (5.10), the inductor voltage of the BB converter is obtained as follows:

VL1 = VBB − VCE1 − VCE4 (7.17)

VL1 = VBB − VCE4 (7.18)
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Figure 7-26: Simulation results for the FTPC of the two bidirectional buck converter com-
pared to the PC one during the grid-connected mode (Independent control strategy) show-
ing the power distribution between ESSs.

During Ton_4, considering state V (Figure 5-13f), VCE4 = 0 and ∆T = Ton_4 = Ts·d4 =
1− d3

fs
. The current ripple of the inductor connected to the BB is as follows:

∆IL1 =
VBB(1− d3)

fs · L1

=
VBB(1− VBB

VDC
)

fs · L1

(7.19)

∆IL1 =
260(1− 260

500
)

20000× 14.36× 10−3
= 0.4345 A (7.20)

During Toff_4, considering state I (Figure 5-13a) and state II (Figure 5-13b), VCE4 =
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Figure 7-27: Simulation results for the FTPC of the two bidirectional buck-boost converters
compared to the PC and SPC of the two bidirectional buck converters during the grid-
connected mode (full control strategy) and inverter only.

VDC and ∆T = Toff_4 = Ton_3 = d3Ts =
d3

fs
. The current ripple of the inductor connected

to the BB is as follows:

∆IL1 =
(VBB − VDC)(d3)

fs · L1

=
(VBB − VDC)(

VBB
VDC

)

fs · L1

(7.21)

∆IL1 =
(260− 500)(

260

500
)

20000× 14.36× 10−3
= −0.4345 A (7.22)

From Equation (5.19), the inductor voltage of the SM converter is obtained as follows:

VL2 = VSM − VCE5 − VCE8 (7.23)

VL2 = VSM − VCE8 (7.24)

During Ton_8, considering state II Figure 5-13b) and state V (Figure 5-13e), the switch

S8 is closed so the VCE8 = 0 and ∆T = Ton_8 = Ts · d8 =
1− d7

fs
. The current ripple of
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Figure 7-28: Simulation results for the FTPC of the two bidirectional buck-boost converters
compared to the PC one during the grid-connected mode (full control strategy) showing the
power distribution between the ESSs and the grid.

the inductor connected to the SM is calculated as follows:

∆IL2 =
VSM(1− d7)

fs · L2

=
VSM(1− VSM

VDC
)

fs · L2

(7.25)

∆IL2 =
73.4(1− 73.4

500
)

20000× 3.59× 10−3
= 0.8722 A (7.26)
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Figure 7-29: Switching states and the inductors’ currents of the FTPC of two bidirectional
buck-boost converters.

During Toff_8, considering state I (Figure 5-13a), the switch S8 is opened so the VCE8 =

VDC and ∆T = Toff_8 = Ton_7 = d7·Ts =
d7

fs
. The ripple current of the inductor connected

to the SM is as follows:

∆IL2 =
(VSM − VDC)d7

fs · L2

=
(VSM − VDC)

VSM
VDC

fs · L2

(7.27)

∆IL2 =
(73.4− 500)(

73.4

500
)

20000× 3.59× 10−3
= −0.8722 A (7.28)

The current ripples of the inductor connected to the BB and SM in case the FTPC

are the same as the ones found for the PC scheme. This is consistent with the expected

results, given that the buck-boost converters operate, in steady-state, in buck operation

mode. The dual carrier scheme does not affect the current ripples as the duty cycles are

correspondingly modified. For the FTPC scheme, the steady-state operation is shown in
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Figure 7-30. As it can be seen, the peak to peak ripple current of the inductor connected

to BB is 0.4361 A, while the ripple for the inductor connected to the SM is 0.8258 A. The

results for the current ripples obtained from the simulation matches the expected theoretical

values.
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Figure 7-30: Simulation results for the FTPC of the two bidirectional buck-boost converters
where 5 A BB current reference and 10 A SM current reference are applied, and the DC
bus is controlled by the grid VSI.

7.5.4 Power Losses Calculation of the Switches

Another aspect that was still pending to validate in the FTPC scheme is the comparison

of power semiconductor device losses depending on the switching pattern utilized. Special

attention has been put on the calculation of the losses in the switches (both conduction and

switching losses) during the healthy operation of the converters. The simulations are done
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in PLECS R© in order to calculate the switching and conduction losses. The parameters and

the curves of the IGBT are taken from the datasheet of the 2MBI200HH-120-50 IGBT

module from Fuji Electric. The switches losses are divided into conduction losses and

switching losses. The conduction and the switching losses of the switches are calculated

according to Equations (7.29) and (7.32) as these equations are implemented in PLECS R©.

For the conduction losses, the following expressions are considered:

Pavg_cond = Pavg_cond_IGBT + Pavg_cond_Diode (7.29)

Pavg_cond_IGBT =
1

Ts

∫ Ts
0

(Vce(t) · Ic(t))dt (7.30)

Pavg_cond_D =
1

Ts

∫ Ts
0

(VD(t) · Ic(t))dt (7.31)

where:

• Pavg_cond is the average conduction losses of the switch in Watts,

• Pavg_cond_IGBT is the average conduction losses of the IGBT in Watts,

• Pavg_cond_D is the average conduction losses of the anti-parallel diode in Watts,

• Vce is the on-state collector-emitter voltage of the IGBT in Volts,

• Integrated Circuit (IC) Integrated Circuit,

• VD is the on-state forward voltage of the anti-parallel diode in Volts.

On the other hand, regarding the switching losses, these equations are used:

Psw = Psw_IGBT + Prec_D (7.32)

Psw_IGBT = (Eon + Eoff )fs (7.33)

Prec_D = Erec · fs (7.34)

where:

• Psw is the switching losses of the switch in Watts,

• Psw_IGBT is the switching losses of the IGBT in Watts,

• Prec_D is the reverse recovery losses of the anti-parallel diode in Watts,
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• Eon is the energy loss at IGBT turn on in Joules or Watt-Secs,

• Eoff is the energy loss at IGBT turn off in Joules Watt-Secs,

• fs is the switching frequency in Hz,

• Erec is the energy loss of the reverse recovery of the anti-parallel diode in Joules or
Watt-Secs.

The calculation of the losses is done for a given set of operating conditions. The con-

verter is working in the steady-state case. The microgrid is operating in grid-connected

mode, where the DC is controlled by the grid VSI to a reference voltage of 500 V. The cur-

rent references for the storage devices are 5 A for the BB and 10 A for the SM are applied.

With these conditions, a comparison between the losses in the original PC scheme and the

new FTPC topology, both with the standard control (one carrier) and with the proposed

control (dual carries), has been carried out.

The results of this comparison are summarized in Table 7.2. It can be seen how the

value of the losses (switching and conduction) using the original switching mode in the

FTPC are high compared to the original PC scheme. However, the switching losses using

the proposed dual carrier control scheme are almost equal compared to the original buck

converters, while the conduction losses are higher as S1 and S5 are turned on during buck

mode. In general, the total losses with the dual carrier scheme are a little bit higher than

the original buck converter case.

Table 7.2: The losses in the topologies.

Topology
Conduction Losses Switching Losses Total losses

(W) (W) (W)

PC Buck 14.68 53.8 68.48
FTPC Buck-Boost (One carrier) 29.7 85.7 115.4
FTPC Buck-Boost (two carriers) 30.09 52.08 82.17
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7.5.5 Fault Condition and Performance, and Fault Ride-Through

Scheme

A simulation of the fault ride-through capability of the buck-boost converter sketched

in Chapter 5 is shown in Figure 7-31. The converters are initially operating under normal

control (either grid-tied or islanding control). During the healthy condition, the islanding

mode is considered, and the load power is equal to 1 kW.
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Figure 7-31: Simulation results during fault and normal operation with the proposed control
for the FTPC of the two bidirectional buck-boost converters where the fault occurred at 0.5
s and cleared at 2.5 s.

However, when a DC bus fault is detected at 0.5 s (being the fault condition of the DC

bus voltage below a 100 V threshold), the converters enter to operate under fault control.

In this fault control mode, a given current reference is applied to the BB, while the SM
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leg is disconnected. The choice of this current reference is selected employing a trade-off

considering the amount of power dissipated and the ability to provide a quick change in the

DC bus voltage once the fault is cleared. For convenience, in this case, a reference of 5 A

has been selected.

When the fault is removed at 2.5 s, this reference will charge the DC bus to a specific

value (400 V threshold in this case). Then, the system is automatically reset to the normal

control. The DC bus will continue charging with a ramp until the DC bus reference voltage

value and the converter operates in normal mode.

7.6 Conclusions

As a conclusion, it can be demonstrated that the SPC of two bidirectional buck convert-

ers solves the problem of the voltage mismatch, balances the thermal and electrical stresses

on the switches and provides a symmetric behavior in supplying and absorbing power.

However, the FTPC of the two bidirectional buck-boost converters has a fault ride-through

capability against DC short circuit faults. The results obtained from simulation will be

compared to experimental results from the physical prototype in the following Chapter.
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8.1 Introduction

This chapter covers all the experimental verification of the contributions outlined, de-

fined, analyzed and validated through simulations in previous chapters. It starts by defining

the power experimental setup characteristics of the laboratory prototypes. Then, it explains

the different Printed Circuit Boards (PCBs) designed for i) signal conditioning (measuring

the voltages and the currents and scaling and filtering these measurements); ii) sending

and receiving the PWM and error (trip-zone) signals through fiber optics wiring between

the converter and the controller; as well as iii) adapting these signals to control the IGBT

switches. Finally, this chapter shows the results of experiments carried out in the same con-
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ditions that in the previous simulations, in order to easily compare the results, to validate

the proposed power topologies and control schemes presented in the earlier chapters.

8.2 Experimental Considerations

The following describes the main parameters of the laboratory setup required to provide

a platform that allows the experimental verification of the proposals. It also considers

requirements from the point of view of the safety.

• The power stage will be implemented with a configurable assembly of switch mod-

ules. The switch module is the 2MBI200HH-120-50 from Fuji Electric, as defined

in Chapter 6. The main parameters of the switches can be seen in Table 6.7. This

module has two IGBTs and two anti-parallel D with each IGBT module representing

one leg.

• Figure 8-1 shows the schematics of the power arrangement of the switches. With this

scheme, the configuration of the power topology can be easily modified, in order to

act as any of the topologies described in this work.
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Figure 8-1: Schematic of the experimental setup implemented.

• The inductors and DC bus capacitors implemented have the values specified in Chap-

ter 6.
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• Surge arrestors are used to protect the DC bus from overvoltage conditions. In addi-

tion, fuses are used to protect from overcurrent.

• A synchronous sampling scheme has been selected for the digital control of the con-

verter. The sampling frequency could be less than or equal the switching frequency

(fsa ≤ fs). So, it is selected to be equal to the switching frequency which is the

maximum allowable sampling frequency.

• The reactive power reference is set to zero (QG_ref = 0).

• The power ratings of the converters in are 10 kW.

• A sudden load step of ±50%, from the storage power reference of 2 kW has been

implemented. The step sequence implemented is a change in the power reference

from 1 kW to 2 kW at 1 s and then back to 1 kW again at 5 s.

• Again, the same colors defined for the simulation results in Table 7.1 in the previous

chapter are kept the same for the experimental results.

8.3 Digital Control and Discretization

The control schemes are implemented in a Digital Signal Processor (DSP), in particular

in the TMS320F28335 control card, from Texas Instruments. Therefore, the regulators of

the control loops designed in previous chapters, and implemented as continuous PI con-

trollers are transformed to discrete form by using bilinear transformation (Tustin) (Equa-

tion (8.1)). The same thing applies to the LPF and HPF filters in the generation of power

references for the HESS control scheme.

s =
2

Ts

z − 1

z + 1
(8.1)

In order to get the difference equation of PI controller, Tustin transform as discretization
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method is applied. By substituting Equation (8.1) into Equation (3.9), it yields to:

C(z) =
UPI(z)

E(z)
= Kp(

2
Ts

z−1
z+1

+ 1
Ti

2
Ts

z−1
z+1

) (8.2)

All the transfer functions are defined in Chapter 3. A detailed analysis can be found in

Appendix B. Then, the difference equation obtained is thus as follows:

U [k] = Kp(
Ts
2

1

Ti
+ 1)E[k] +Kp(

Ts
2

1

Ti
− 1)E[k − 1] + U [k − 1] (8.3)

where:

• U [k] and E[k] are the present values of the controller and error, respectively,

• U [k−1] and E[k−1] are the values of the controller and error, respectively, obtained
in the previous sample.

An anti-windup strategy has been implemented in order to avoid saturation of the con-

trollers. The implemented anti-windup technique is based on a back-calculation scheme.

The error is calculated, according to the operating limits, as follow:

E[k] =
1

Kp(
Ts
2

1
Ti

+ 1)
U [k]−

Kp(
Ts
2

1
Ti
− 1)

Kp(
Ts
2

1
Ti

+ 1)
E[k − 1]− 1

Kp(
Ts
2

1
Ti

+ 1)
U [k − 1] (8.4)

The same manipulation will be done for the LPF (Equation (3.26) and (3.126)) and for

the HPF (Equations (3.73) and (3.75)) that are used for calculating the power references in

the HESS control. Thus, by substituting Equation (8.1) into Equations (3.26) and (3.126),

the following expressions are calculated:

PBB_ref (z) =
1

1 + TBB_LPF ( 2
Ts

z−1
z+1

)
PESS_ref (z) (8.5)

PG_ssref (z) =
1

1 + TG_LPF ( 2
Ts

z−1
z+1

)
PO_ref (z) (8.6)

A detailed analysis of this calculations is given in Appendix B. The difference equations
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of the LPF is obtained as follows:

PBB_ref [k] =
Ts
2

(Ts
2

+ TBB_LPF )
PESS_ref [k] +

Ts
2

(Ts
2

+ TBB_LPF )
PESS_ref [k − 1]

− (Ts
2
− TBB_LPF )

(Ts
2

+ TBB_LPF )
PBB_ref [k − 1]

(8.7)

PG_ss_ref [k] =
Ts
2

(Ts
2

+ TG_LPF )
PO_ref [k] +

Ts
2

(Ts
2

+ TG_LPF )
PO_ref [k − 1]

− (Ts
2
− TG_LPF )

(Ts
2

+ TG_LPF )
PG_ss_ref [k − 1]

(8.8)

where:

• PBB_ref [k], PESS_ref [k], PG_ss_ref [k] and PO_ref [k] are the present values of the BB,
the ESS, the steady-state active grid and output power references, respectively, in
Watts,

• PBB_ref [k−1], PESS_ref [k−1], PG_ss_ref [k−1] and PO_ref [k−1] are the values of the
BB, the ESS, the steady-state active grid and output power references, respectively,
obtained in the previous sample in Watts.

Analogously, The difference equation of the HPF of the ESS and the SM is calculated

by substituting Equation (8.1) into Equations (3.73) and (3.75):

PESS_tr_ref (z) =
TESS_HPF ( 2

Ts
z−1
z+1

)

1 + TESS_HPF ( 2
Ts

z−1
z+1

)
PO_meas(z) (8.9)

PSM_tr_ref (z) =
TSM_HPF ( 2

Ts
z−1
z+1

)

1 + TSM_HPF ( 2
Ts

z−1
z+1

)
PO_meas(z) (8.10)

A detailed analysis of this calculations can be found in Appendix B. Finally,the expres-

sion of the ESS and SM transient power references, as difference Equations, is obtained as

follows:

PESS_tr_ref [k] =
TESS_HPF

(
Ts
2

+ TESS_HPF )
PO_meas[k]− TESS_HPF

(Ts
2

+ TESS_HPF )
PO_meas[k − 1]

−
Ts
2
− TESS_HPF

(Ts
2

+ TESS_HPF )
PESS_tr_ref [k − 1]

(8.11)
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PSM_tr_ref [k] =
TSM_HPF

(Ts
2

+ TSM_HPF )
PO_meas[k]− TSM_HPF

(Ts
2

+ TSM_HPF )
PO_meas[k − 1]

−
Ts
2
− TSM_HPF

(Ts
2

+ TSM_HPF )
PSM_tr_ref [k − 1]

(8.12)

where:

• PBB_ref [k], PBB_ref [k]and PESS_ref [k] are the present values of the ESS and the SM
transient power references and measured power of the load, respectively, in Watts,

• PBB_ref [k − 1], PBB_ref [k − 1]and PESS_ref [k − 1] are the values of the ESS and
the SM transient power references and measured power of the load, respectively,
obtained in the previous sample in Watts.

8.4 Experimental Setup

This section defines the experimental power setup and explains the PCBs designed and

used in order to obtain the experimental results.

8.4.1 Power Stage of the Laboratory Setup

The experimental results are done in a 10 kW demonstrator setup shown in Figure 8-2.

It shows the two ESSs used: BB and SM, the control cards, the driver boards, the inductors,

the DC bus, transducers, contactors and fuses.

8.4.2 Signal Conditioning

For simplicity, all the voltage signals in the physical setup are measured with equal

sensors, in particular with LV 25-P voltage transducers from LEM. In the same manner,

all the currents are measured using current transducers LA 55-P, also from LEM. Then,

the signals coming from the transducers are processed, firstly by a scaling stage that fits

the values in the Analog-to-Digital Converter (ADC) range of the controllers, and then by

filtering the signal with an anti-aliasing scheme, as shown in Figure 8-3 and Figure 8-4.

It must be noticed how the output of both the voltage and current transducers is a current

signal.
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Figure 8-2: Experimental setup of four legs of IGBT modules that can be connected in
several configurations (buck, boost, buck-boost converter, etc.).

In the case of the voltage transducer, the primary current of the voltage sensor (ILV 25−P
p )

shown in Figure 8-3 is calculated as follows:

ILV 25−P
p =

Vmeas
R1 +R2

=
(Vmeas+)− (Vmeas−)

R1 +R2

(8.13)

On the other hand, the primary current of the current transducer (ILA55−P
p ) is the same

magnitude as the desired measured current, as shown in Figure 8-4:

ILA55−P
p = Imeas (8.14)

These primary currents pass through the ferromagnetic core in the sensor and create

a magnetic flux, which is balanced by the magnetic flux created by the secondary current

[163]. The output currents of both the voltage or current transducers are the secondary

current of the sensors (Is). These currents depend on the conversion ratio at each transducer
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+
-

+
-

Figure 8-3: Voltage transducer and signal conditioning stages (scaling and filtering).

+
-

+
-

Figure 8-4: Current transducer and signal conditioning stages (scaling and filtering).

as follows:

Is = Ip
n1

n2

(8.15)

The parameters of the voltage transducer (LV 25-P) and the current transducer (LA

55-P) are shown in Table 8.1.

The output current (Is) is converted to a voltage, through Ohm’s law, by multiplying by

R4. The value of R4 depends on the characteristics and type of the measured signals and

might be different in case of the voltage and current sensors.

V2 = IsR4 (8.16)

This V2 must be scaled to the input values range imposed by ADC at the DSP, which in

this case are varied from 0 V to 3 V. This scaling is implemented by using an operational
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Table 8.1: Parameters of the voltage and current transducers.

Parameter Symbol Value Unit

Voltage Transducer
Measured Voltage range Vmeas ±924 V
Primary current range Ip ±14 mA
Conversion ratio n1 : n2 2500:1000
Sensor output current range Is ±35 mA

Current Transducer
Measured current range Imeas ±70 A
Conversion ratio n1 : n2 1:1000
Sensor output current range Is ±70 mA

amplifier to implement the following linear relationship:

V3 = V2
R3 +R5

R3

− 3
R5

R3

(8.17)

Considering that R3 = R5, then:

V3 = 2V2 − 3 (8.18)

After this scaling scheme, voltage V3 is filtered. The anti-aliasing filter implemented

is a second-order active LPF. The filter response that has been selected is a second order

Butterworth LPF, with unity gain. The electronic circuit topology for implementing this

filter is Multiple Feedback topology. The input ADC voltage at the DSP (VDSP ) is obtained

as follows:

VDSP = −V3
R7

R6

(8.19)

R9 is used to limit the current to the ADC input at the DSP. In addition, the zener diode

is used to limit the voltage above 3 V. The parameters of the resistors and capacitors used

for the scaling stage and the anti-aliasing filter can be seen in Table 8.2.

Given that the characteristic values of the measured voltages at the BB, the SM and
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Table 8.2: Scaling stage and anti-aliasing filter parameters.

R3 R5 R6 R7 R8 R9 C1 C2

2 KΩ 2 KΩ 2 KΩ 1 KΩ 1.74 KΩ 47 Ω 27 nF 10 nF

the DC have different ratings, the values of resistors R1, R2 and R4 vary depending on the

case, as to ensure an optimal matching between the measuring margins for each device and

the resolution of the measurements. These values are shown in Table 8.3:

Table 8.3: Measured voltages ranges.

VSM_meas VBB_meas VDC_meas V2 V3 VDSP Bits
R1 +R2 = 16.5 KΩ R1 +R2 = 66 KΩ R1 +R2 = 66 KΩ

R4 = 100 Ω R4 = 100 Ω R4 = 50 Ω

99 396 V 792 V 1.5 V 0 V 0 V 0
0 0 V 0 V 0 V -3 V 1.5 V 2048

-99 -396 V -792 V -1.5 V -6 V 3.0 V 4095

By changing R4, the measured current range of the BB and the SM changes to increase

the resolution as in Table 8.4.

Table 8.4: Measured currents ranges.

IBB_meas ISM_meas V2 V3 VDSP Bits
R4 = 47 Ω R4 = 22 Ω

31.9 A 68.2 A 1.5 V 0 V 0 V 0
0 A 0 A 0 V -3 V 1.5 V 2048

-31.9 A -68.2 A -1.5 V -6 V 3.0 V 4095

For a generic design, the cutoff frequency of the anti-aliasing filter (fsa) could be less

than or equal the half of the sampling frequency (fa) (2fa ≤ fsa). The parameters of the

frequencies are in Table 8.5.
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Table 8.5: Parameters of the frequencies.

Parameter Symbol Value Unit

Sampling frequency fsa 20 kHz
Cutoff frequency of the anti-aliasing filter fa 3.5 kHz

8.4.3 Gate Driver Board

The gate driver is another interfacing board between the controller and the power stage.

The PWM signals are sent from the DSP dedicated module to the gate driver board, whereas

the fault signals, i.e., trip-zone signals, are sent from the driver board to the DSP. This con-

nection is made through fiber optic wires, in order to minimize noise in the connections.

The PWM signals of the DSP are from 0 V to 3.3 V. Then, the driver board receives the

PWM signals, after the opto-couping stage, ranging from 0 V to 5 V. The IGBTs switches

are turned on and off with a gate-to-source voltage (VGE) values of 15 V and -15 V, re-

spectively. Therefore, the driver board adapts these signals and also isolates the gating

references between the upper IGBT and the lower one. On the other hand, the driver board

sends the trip zone signals to the DSP back through the fiber optic cables. The driver Ic

used is the ACPL-333J from AvaGO Technologies. The driver board schematic is shown

in Figure 8-5.

Figure 8-5: Driver Board Scheme.

The anode of the optocoupler is connected to the PWM signals. R2 is limiting the

current which is passing from the anode to the cathode of the optocoupler input LED. The
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fault signal is sent to the trip zone input of the DSP. This fault output at the driver is an

open collector; therefore, it is connected to a pull-up resistance R1. The fault pin changes

from a high impedance to a logic low output when the voltage on the DESAT pin exceeds

an internal reference voltage of 6.5 V while the IGBT is on. C1 is used to maintain the

voltage fixed against noise spikes. In order to increase the gate current, two NPN (Q1) and

PNP (Q2) transistors are added in a complementary stage. R5 is a pull-down resistance to

maintain the IGBT turned off in case there is no output from VOUT . R6 is the gate resistance

which depends on the IGBTs used. R4 limits the current to the bases of the transistors. C2,

C3, C4, C5 and C6 are used to maintain the voltage level fixed and provide the peak current.

The parameters of the resistors and capacitors of the driver board are in Table 8.6.

Table 8.6: Driver parameters.

R1 R2 R3 R4 R5 R6

2 KΩ 430 Ω 100 Ω 10 Ω 47 KΩ 2 Ω

C1 C2 C3 C4 C5 C6

330 pF 100 pF 100 nF 10 nF 100 nF 100 nF

The implemented dead time between the upper and lower switches, programmed in the

PWM module of the DSP, must ensure that the short circuit between the upper and lower

switches, and hence cross-conduction in the IGBT leg is prevented.

8.5 Outline of the Experimental Results

With the experimental setup shown in the previous section, a set of experiments has

been carried out, in order to validate the simulations carried out in Chapter 7. The ex-

periments are done for the three main topologies involved; the baseline case (PC of the

bidirectional buck converters), the SPC scheme, and the FTPC based in the buck-boost

bidirectional converter. Initially, the behavior at islanding mode is evaluated. Then, the

performance in grid-connected operation mode is assessed, for both the independent stor-

age and full control strategies, for the three mentioned topologies. Finally, the operation of
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the FTPC upon a DC bus fault is experimentally validated.

8.6 Baseline Case: Parallel Connection of the two

Bidirectional Buck Converters

This section covers the experiments carried out to verify the operation of the PC scheme

of the bidirectional buck converters. The PC is the baseline case to be compared with the

other cases.

8.6.1 Islanding Operation Mode

The results obtained by simulation will be repeated to validate the proposed topology

and the defined control schemes. In this mode, the DC bus is controlled to track a reference

of 500 V. The SM provides/absorbs the peak transient power and the BB provides/absorbs

the steady-state power. The load is changed at 1 s from 1 kW to 2 kW and at 5 s is changed

again to 1 kW. Figure 8-6 shows the performance by using BB only (green line) and the by

using BB and SM in the PC scheme (blue line). It is fully matched with Figures 7-2 and 7-3

from simulations. It is noticed that the BB is providing/absorbing the steady-state power

while the SM is providing/absorbing the peak power as expected for the implemented con-

trol design.

8.6.2 Grid-Connected Operation Mode

After the islanding mode is validated, the grid-connected mode is targeted. As it has

been discussed earlier, two control schemes are implemented, i.e., the independent storage

control strategy and the full control strategy.

8.6.2.1 Independent Control Strategy

In this control, the DC bus voltage is controlled by a VSI connected to the grid in order

to maintain the DC bus voltage tracking the 500 V reference. In turn, the SM is providing

or absorbing the transient peak power, while the BB takes over the rest of the transient
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Figure 8-6: Experimental results for the BB only and the HESS (BB+SM) during the is-
landing mode.

power. Figure 8-7 shows that the DC bus is recovered very fast with using ESS (blue line)

compared to the inverter only (black line). Figure 8-7 matches the simulation results at

Figures 7-4 and 7-6.

8.6.2.2 Full Control Strategy

This control keeps the same DC bus voltage control reference of 500V. But in this case,

the control scheme includes this outer loop within a full control design scheme. Again, the

grid is providing/absorbing the steady-state power, the SM is providing/absorbing the peak

transient power and the BB is providing/absorbing the transient power. Figure 8-8 shows
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Figure 8-7: Experimental results for the inverter only and the PC of the two bidirectional
buck converters during the grid-connected mode (Independent control strategy).

the DC bus has a fast recovery by using the ESS (blue line) compared to the inverter only

(black line). Figure 8-8 matches the simulation results at Figures 7-7 and 7-9.

8.6.3 Steady-State Operation

Considering the DC bus voltage is controlled by the grid VSI to maintain the DC bus

voltage around 500 V. A 5 A BB current reference and 10 A SM current reference are

applied. As shown in Figure 8-9, the collector-emitter voltage of IGBT2 (VCE2) and the

collector-emitter voltage of IGBT4 (VCE4) are representing the duty cycles of the BB and

SM, respectively. The duty cycle of SM in PC is a very small value compared to the

duty cycle of the BB as in Figure 8-9. It can be appreciated how the duty cycle of the

switches reaches extreme values. This yields to the aforementioned operational and design
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Figure 8-8: Experimental results for the inverter only and with HESS for the PC of two
bidirectional buck converters during the grid-connected mode (Full control strategy).

limitations.

As it can be noticed from Figure 8-9, the peak to peak ripple current is 0.407 A for

the inductor connected to the BB and 0.757 A for the inductor connected to the SM. These
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Figure 8-9: Experimental results for the PC where 5 A BB current reference and 10 A SM
current reference are applied, and the DC bus is controlled by the grid VSI.

results match with the theoretical results and the simulation derived in Chapter 7.

As mentioned, the dynamic performance is also significantly affected by the extreme

duty cycle values in the SM leg, which are very close to the 0–100% physical limits. Con-

sidering an abrupt negative step in the SM current demand (ISM_ref ), then the control stage

must generate a control action in the duty cycles that provide the actual SM current equal to

the reference value. However, the available control actions range from d3 = 14% to d3 = 0%,

which ultimately implies S3 and S4 continuously turned off and on, respectively. This con-

dition implies that the SM inductance (L2) is discharged with the relatively small voltage

at the SM (VSM ) thus implying a limitation in the rate of decrease of the SM current. This

aspect penalizes the discharging dynamics enormously, also introducing a non-symmetric

behavior in the system performance. Indeed, for the opposite case (charging current), the
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extreme operation in the control action would imply a charging voltage of the DC bus

(VDC), and the rate of charge results dramatically increased.

This situation is illustrated in Figure 8-10, where a series of alternate steps in the SM

current reference, from 10 A to -10 A and vice-versa, are provided to the system. It can

be seen how, at the beginning of the charging step (i.e., SM current changing from -10 A

to 10 A), the modulation temporarily stops, as (d3) results clamped to 0%. Therefore, the

demanded control action would drop to negative values, yielding to an impossible operating

constraint. On the other hand, for the discharging step (-10 A to 10 A), the control action

can be provided by the system without constraints. Thus, the non-symmetrical performance

of the system is demonstrated. Notice that this effect would take place even if the switches

are considered ideal. In the following subsection, it will be demonstrated that by using the

SPC scheme yields to a symmetric behavior in charging and discharging.
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Figure 8-10: Experimental results of the PC scheme, for ISM steps from 10 A to −10 A,
and the DC bus is controlled by the grid VSI.
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8.7 Series-Parallel Connection of the two Bidirectional

Buck Converters

After the baseline case has been validated, the SPC scheme will be assessed. This

scheme aims to cope with the functional problems identified by a large mismatch between

storage unit voltage ratings and the DC bus voltage. Initially, the dynamic behavior of the

system will be tested. After that, the switching waveforms at the converter will be assessed,

in order to validate the claims on the variations of the resulting duty cycles in the converters.

8.7.1 Islanding Operation Mode

Again, the DC bus voltage is controlled to target the 500 V reference, in this case

utilizing an external controller. As it can be seen from Figure 8-11, the experimental results

match pretty well the simulations in Figures 7-11 and 7-12 as well as the expected behavior.

The voltage drop with the proposed control scheme for the SPC configuration is smaller

than for the standard PC case as shown in Figure 8-11. The BB provides/absorbs the

steady-state power while the SM delivers/absorbs the transient power in order to increase

the lifetime of the BB.

Therefore, the implemented control system has been experimentally validated for the

system under consideration. It must be noticed how the proposed SPC configuration and

control scheme does not imply any extra component than the base PC scheme, and therefore

the enhancement in the performance is obtained at no cost.

8.7.2 Grid-Connected Operation Mode

In the same manner, the following conditions to test are the ones the resemble the grid-

tied operating conditions. In order to do this, a VSI converter has been attached to the DC

bus voltage to provide the ability to implement the PCC grid converter.
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Figure 8-11: Experimental results for the SPC of the two bidirectional buck converter
compared to the PC one during the islanding mode.

8.7.2.1 Independent Control Strategy

A comparison of the performance of both the SPC and the baseline case (PC), for the

independent control strategy in the grid-tied operation mode, is depicted in Figure 8-12.

It matches the simulation results at Figures 7-15 and 7-26. The SM provides/absorbs the

transient peak power and the BB supplies/absorbs the rest of the transient power.
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Figure 8-12: Experimental results for the SPC of the two bidirectional buck converter
compared with the PC one during the grid-connected mode (Independent control strategy).

8.7.2.2 Full Control Strategy

The SPC of the two bidirectional buck converters is compared with the base case PC

of the two buck converters as depicted in Figure 8-13. Again, it can be seen how Figure

8-13 matches the simulation results at Figures 7-18 and 7-19. The grid provides/absorbs

the steady-state power while the SM delivers/absorbs the transient peak power, and the BB

supplies/absorbs the rest of the transient power.

8.7.3 Steady-State Operation

In order to demonstrate the merits and the feasibility of the SPC, the steady-state oper-

ation will be validated, considering the current ripples involved. In Figure 8-14, the duty
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Figure 8-13: Experimental results of the SPC of the two bidirectional buck converter com-
pared with the PC one during the grid-connected mode (Full control strategy).

cycle of the SM converter is slightly higher than the duty cycle of BB converter. This yields

to decrease the thermal and electrical stresses and increasing the lifetime of the IGBTs, thus

contributing to solve the problems derived from the voltage mismatch. From Figure 8-14,

the peak to peak current ripple is 0.358 A for the inductor connected to the BB. However,

the peak to peak ripple current is 0.212 A (state III), 0.382 A (state I) and -0.3194 A (state
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IV). It can be thus verified how these results match the theoretical and simulation results

for this scheme presented in Chapter 7.
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Figure 8-14: Experimental results for the SPC where 5 A BB current reference and 10 A
SM current reference are applied, and the DC bus is controlled by the grid VSI.

But the key aspect of the SPC scheme is that now, the control action at the SM is not

clamped in such a dramatic manner as in PC, and therefore a better dynamic performance is

expected. Moreover, the behavior is also expected to be symmetric, as discussed in previous

chapters. To illustrate these last assertions, Figure 8-15 shows a series of symmetric±10 A

consecutive bidirectional current steps for the SPC connection. As it can be seen, and

given that the control action can reach negative values in a natural manner, the modulation

is never interrupted in the SPC operation, unlike the case of the PC.
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Figure 8-15: Experimental results of the SPC scheme, for ISM steps from 10 A to −10 A,
and the DC bus is controlled by the grid VSI.

8.7.4 Power Losses Comparison and Effects in the Efficiency

Still, the overall efficiency performance of the SPC scheme must be assessed. In Chap-

ter 4, particularly in Subsection 4.5.3, it was discussed how, in principle, the SPC scheme

would yield different losses in the switches, depending on the mode of operation. The the-

oretical calculation of these losses, and a comparison with the expected losses at the PC

scheme were calculated an presented graphically in Figures 4-8, 4-9 and 4-10. The con-

clusions to this analysis were that, upon given operating conditions, the losses at SPC were

smaller than those at the PC, as the circulating currents in the BB branch resulted in lower

net current flowing through the BB switches.

This analysis has been validated through a series of experiments on the built setup, for

different power stage configurations. Table 8.7 shows efficiencies and losses obtained in
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steady state, of both the PC and SPC configurations, for the known given voltage conditions

of VDC = 500 V, VBB = 260 V and VSM = 73 V. The recorded current reference values

considered were IBB = 0 A, +5 A, +10 A and ISM = −10 A, −5 A, 0 A, +5 A and +10 A.

Table 8.7: Experimental losses and efficiency performance of PC and SPC configurations.

IBB_ref ISM_ref PLoss(PC) PLoss(SPC) ∆PLoss ηPC ηSPC

(A) (A) (W) (W) (W) (%) (%)

0 10 142.0 248.6 106.6 - -
0 5 82.0 147.9 65.9 - -
0 0 20.3 15.1 −5.3 - -
0 −5 99.8 55.3 −44.5 - -
0 −10 206.0 250.8 44.8 - -
5 10 240.1 224.4 −15.7 87.0% 87.4%
5 5 177.8 139.0 −38.8 89.5% 91.6%
5 0 146.0 138.3 −7.7 90.5% 91.0%
5 −5 166.0 191.8 25.9 89.1% 87.4%
5 −10 188.1 277.5 89.4 87.5% 81.9%

10 10 308.6 257.2 −51.5 90.6% 92.1%
10 5 251.8 218.7 −33.1 92.0% 93.1%
10 0 222.7 215.9 −6.9 92.6% 92.9%
10 −5 247.5 293.9 46.4 91.7% 90.3%
10 −10 286.4 363.9 77.5 90.4% 88.0%

From these results, it can be verified that the switches losses are lower in SPC provided

that the BB and SM currents are both large and of the same sign. On the other hand, if

the signs of both currents are opposite, SPC presents more losses than PC. Thus, Table

8.7 corroborate the theoretical results depicted in Figure 4-10. The results in Table 8.7

are graphically represented in Figure 8-16. As can be seen, the SPC presents fewer losses

when the BB and SM currents have the same sign and larger values. As a conclusion, it

must be noticed that, even though at some operating points the losses will be higher with the

proposed SPC scheme than in the original PC scheme, the full performance concerning the

efficiency of the proposed topology must be assessed only after considering the application

and the control scheme used.
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Figure 8-16: Steady-state losses comparison between PC and SPC configurations.

8.8 Fault-Tolerant Parallel Connection of the two

Bidirectional Buck-Boost Converters

The next set of experiments dealing with the operation of the FTPC scheme. These

experiments are done for both healthy and faulty conditions.

8.8.1 Islanding Operation Mode (Healthy Condition)

Figure 8-17 shows the healthy operation of the PC of two bidirectional buck converters

(baseline case), together with the FTPC of two bidirectional buck-boost converters, in the

same conditions as outlined in Section 7.5 of the previous Chapter. As it can seen from

Figure 8-17, the BB delivers/absorbs the steady state power while the SM provides/absorbs

the transient peak power. The behavior of the FTPC of two bidirectional buck-boost con-
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verters is the same as the PC of the two bidirectional buck converters. Figure 8-17 fully

matches with the simulation results in Figures 7-23 and 7-24.
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Figure 8-17: Experimental results for the FTPC of the two bidirectional buck-boost con-
verters compared to the PC one during the islanding mode in the healthy condition.

These experiments validate the conclusions obtained in the simulations for these oper-

ating conditions.

8.8.2 Grid-Connected Operation Mode (Healthy Condition)

Once the islanding operation is validated, the system is now assessed upon the grid-tied

operating mode (Independent and full control strategies).
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8.8.2.1 Independent Control Strategy

The experimental results are done during healthy operation of the system (no fault at

the DC bus). The DC bus is controlled by the VSI. The FTPC (yellow line) is compared

with the PC baseline case (blue line) as depicted in Figure 8-18. The SM delivers/absorbs

the transient peak power while the BB delivers/absorbs the rest of the transient power.

From Figure 8-18, The FTPC of two bidirectional buck-boost converters (yellow line) has

the same behavior as the PC of two bidirectional buck converters (blue line) as expected

from simulation results. Figure 8-18 matches Figures 7-25 and 7-26, again validating the

conclusions of the simulated tests.
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Figure 8-18: Experimental results for the FTPC of the two bidirectional buck-boost con-
verters compared to the PC one during the grid-connected mode (Independent control strat-
egy) in healthy condition.
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8.8.2.2 Full Control Strategy

The FTPC of the two buck-boost converters is compared with the base case PC of the

two buck converters in healthy conditions, but now for the case of the full control strategy.

The performance in these conditions is shown in Figure 8-13. Again, the grid delivers

the steady-state power; however, the SM delivers/absorbs the transient peak power, and

the BB delivers/absorbs the rest of transient power. Figure 8-19 shows that the FTPC of

two bidirectional buck-boost converters (yellow line) has the same behavior as the PC of

two bidirectional buck converters (blue line). As it can be seen, Figure 8-19 matches the

simulation results at Figures 7-27 and 7-28.

8.8.3 Steady-State Operation

Again, the steady-state operation is validated by measuring the current ripple at the

inductors. The DC bus is kept constant by a VSI, and two current controllers are applied

for the BB and SM. As it is shown from Figure 8-20, the peak to peak current ripple for the

inductor connected to the BB is 0.41 A; however, for the inductor connected to the SM is

0.743 A. These results match the theoretical and simulation results in Chapter 7.

8.8.4 Fault Condition and Fault Ride-Through Scheme

As the performance at healthy conditions of the FTPC scheme of the HESS has been

demonstrated, the next step is to assess the behavior of the setup upon a short-circuit fault at

the DC bus. Figure 8-21 shows the operation of the buck-boost converter with the proposed

control during the fault sequence outlined in the previous chapter. First, the system is

operating at healthy conditions; suddenly a short-circuit fault is imposed at t = 0.5 s, and

the fault is cleared only at t = 2.75 s. From this instant, the system recovery is finally

obtained at around t = 3.2 s. It must be noticed how the fault operation and fault ride-

through performance of the system again fully matches with Figure 7-31 from simulations.
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Figure 8-19: Experimental results for the FTPC of the two bidirectional buck-boost con-
verters compared to the PC one during the grid-connected mode (Full control strategy) in
healthy condition.
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Figure 8-20: Experimental results for the FTPC where 5 A BB current reference and 10 A
SM current reference are applied, and the DC bus is controlled by the grid VSI.

8.9 Conclusions

This chapter has validated, through experimental tests carried out in a laboratory setup,

all the operation modes and control strategies defined in the earlier Chapters 3 to 6 and

simulated in previous Chapter 7. As it will be discussed in detail in the next chapter, this

proves the feasibility and validity of the solutions proposed in this PhD thesis as contribu-

tions to the implementation of non-isolated, bidirectional PEC to interface storage devices

in a HESS to DC microgrids and nanogrids.
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Figure 8-21: Experimental results during fault and normal operation with the proposed
control, the fault occurred at 0.5 s and cleared at 2.75 s.
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9.1 Conclusions

The following summarizes the research conducted through the realization of this PhD

thesis.

Firstly, the target problem to tackle, including the definition of the application, the op-

erating constraints, and the design limits, is defined in detail. The basic structure of the

HESS attached to DC microgrids is initially studied. Then, a comparison among the basic

power converter topologies for these HESS in DC nanogrids and microgrids is performed.
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From the results of the comparison, the PC of two bidirectional converters was selected as

the baseline case. After that, a control scheme for islanding mode and two control schemes

for grid-connected mode (independent storage control and full control) for ESSs in DC

microgrids were analyzed, compared and validated (both by simulation and through ex-

periments). The results show that the full control scheme has a better and faster DC bus

recovery that the independent storage control scheme, for the grid-connected mode. How-

ever, the full control needs a genuinely real-time communication between the grid converter

and the ESS converters in order to generate the power reference. This decreases the robust-

ness and reliability of the control system, as malfunction or delays in the communication

link affect the control performance significantly. On the other hand, in case the HESS

control is independent of the grid converter control, there is no need for real-time commu-

nication. This increases the robustness and reliability of the independent storage control

scheme, yet at the cost of a slower DC bus recovery. In any case, both control schemes

provide better performance in grid-connected mode compared to the operation of the grid

converter without HESS. Therefore, the final decision relies on the constraints of the target

application.

Secondly, the limitations of the base case were identified, mainly arising from the oper-

ational limits of the converters upon high voltage mismatch ratings, and from the behavior

of the system upon DC bus fault conditions.

In the case of the operational limitations due to a large mismatch in the voltage ratings

of the ESS devices, a novel topology for this configuration, the SPC, has been proposed.

This constraint considers low/medium power levels where galvanic isolation is not a re-

quirement. The topologies studied are the base PC of two bidirectional converters, the FBC

configuration for the SM leg, the SC of the storage devices, and the proposed SPC of the

storage units. All these options can be implemented by connecting the power switches in

the standard single-leg configuration with complementary control pulses switching. This

constraint facilitates the final implementation using ready-to-market, cheap components.

The control schemes for islanding mode and grid-connected mode are adapted for the SPC.

The control scheme implemented in the analysis manages the storage power flows to com-

pensate the system DC bus voltage due to load steps or grid perturbations.
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The results of the theoretical study, which included aspects such as losses, efficiency,

loss balance between switches, and margins in the control stage design have been validated

utilizing simulations and experimental tests on a built laboratory prototype with a rated

power level of 10 kW. All throughout the analysis, and to find comparable results, the

main parameters in the design, i.e., power, voltage and current levels of the devices were

kept constant. For the same reason, also the values of the reactive elements were held

constant. From the comparison, it can be seen how SPC presents a better efficiency (fewer

losses) and also a better distribution of the electric and thermal stresses in the switches

of the legs of the converter than the PC case. Given that the SM inductor presents half

the inductance value than in the PC case for the same target current ripple, higher power

density might also be achieved. SPC also allows for extended control margin. On the

other hand, as mentioned, SC does not allow for independent current control of the storage

devices, therefore preventing its use as a hybrid storage solution. For SC and FBC cases,

the thermal and stresses balance is similar to the SPC; however, FBC presents increased

power losses than SPC.

The comparative efficiency results show how the performance comparison between PC

and SPC depend on the signs of the currents; therefore, the control scheme determines the

overall efficiency of the system. From the above discussion, the proposed SPC scheme is

considered as a feasible option for non-isolated interfacing of highly mismatched voltage

rating storage systems in multiport configurations, for low to medium power rated HESSs

applications. The critical issue demonstrated in this work is that, regardless of the effi-

ciency of the base-case (PC), an increase in the efficiency, in the dynamic performance,

and in the stresses distribution in the converter switches achieved by the SPC connection

scheme will be obtained, provided that a set of operating constraints be met. In the per-

formed comparison, the hardware setup has been kept constant, and therefore this gain

does not yield to modification in the components count or the basic control implementation

requirements. The performance of the SPC solution is better than the standard PC option,

and this enhancement is obtained without any extra component.

To address the second critical limitation of the base-case solution, a DC bus short-circuit

fault-tolerant, fault ride-through control scheme for a non-isolated topology for HESSs has
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been presented, analyzed and verified through simulations and validated by experiments.

The proposed strategy includes automatic fault ride-through once the DC bus short-circuit

is cleared. This configuration has a higher component count than the bidirectional buck

version which is the simplest topology able to achieve the required dynamic performance.

However, provided that the proposed control scheme with a dual carrier be used, it has

been stated that the inclusion of the fault-tolerant, fault-ride through feature does not sig-

nificantly increase the overall power losses. The proposed configuration, based on the two

carrier signals can operate in buck or boost mode, making this scheme also useful for dif-

ferent applications.

The Degree of fulfillment of the objectives defined in the introductory sections of this

research is now discussed:

• Objective: Definition of the system under study, its constraints in terms of appli-

cations, power levels, voltage ratings and its expected performance and behavior.

Degree of the fulfillment: This objective has been completely achieved, particularly

in Chapter 2.

• Objective: Characterization of the state-of-the-art of the HESS for DC microgrids

and nanogrids. Degree of the fulfillment: This objective has been completely achieved,

particularly in Chapter 2.

• Objective: Definition of the power electronic topologies suitable for HESS in DC

microgrids and nanogrids, and selection of the base case topology. Degree of the

fulfillment: This objective has been completely achieved, particularly in Chapter 3.

• Objective: Analysis of the main healthy operating conditions of the HESS. Def-

inition of the operation modes: islanding operation and grid-connected operation.

Degree of the fulfillment: This objective has been completely achieved, particularly

in Chapter 3.

• Objective: Study of the control schemes for the HESS in the baseline case, for every

operation mode. Definition of the control strategies: islanding control strategy, inde-

268



9.2. Publications

pendent control strategy, and full control strategy. Degree of the fulfillment: This

objective has been completely achieved, particularly in Chapter 3.

• Objective: Analysis of the operating limitations of the base case for the voltage

rating constraints. Degree of the fulfillment: This objective has been completely

achieved, particularly in Chapter 4.

• Objective: Proposal of contributions for dealing with issues related to voltage rating

constraints. Degree of the fulfillment: This objective has been completely achieved,

particularly in Chapter 4.

• Objective: Analysis and operating issues of the HESS upon DC bus short-circuit

fault conditions. Degree of the fulfillment: This objective has been completely

achieved, particularly in Chapter 5.

• Objective: Proposal of fault ride-through operation of the system. Degree of the

fulfillment: This objective has been completely achieved, particularly in Chapter 5.

• Objective: Establishment of a design methodology for validation and implementa-

tion of the proposed solutions. Degree of the fulfillment: This objective has been

completely achieved, particularly in Chapter 6.

• Objective: Validation of the proposed solutions through simulations and experimen-

tal test in laboratory prototypes. Degree of the fulfillment: This objective has been

completely achieved, particularly in Chapters 7 and 8.

• Objective: Critical analysis of the conclusions and establishment of future devel-

opments. Degree of the fulfillment: This objective has been completely achieved,

particularly in this Chapter.

9.2 Publications

The following lists the publications in prestigious international conferences and indexed

international journals directly derived from this PhD thesis:
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9.2.1 Journal Publications (First Author)

• R. Georgious, J. García, Á. Navarro-Rodríguez and P. García, "A Study on the Con-

trol Design of Non-Isolated Converter Configurations for Hybrid Energy Storage

Systems", in IEEE Transactions on Industry Applications [125].

• Ramy Georgious, Jorge Garcia, Pablo Garcia, and Angel Navarro-Rodriguez. A

comparison of non-isolated high-gain three-port converters for hybrid energy storage

system. Energies, 11(3), 2018 [146].

9.2.2 Conference Publications (First Author)

• R. Georgious, J. García, P. García and M. Sumner, "Analysis of hybrid energy stor-

age systems with DC link fault ride-through capability," 2016 IEEE Energy Conver-

sion Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8 [117].

• R. Georgious, J. García, Á. Navarro-Rodríguez and P. García, "A study on the con-

trol loop design of non-isolated configurations for hybrid storage systems," 2016

IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee, WI, 2016,

pp. 1-6 [148].

• R. Georgious, J. Garcia, A. Navarro, S. Saeed and P. Garcia, "Series-Parallel Con-

nection of Low-Voltage sources for integration of galvanically isolated Energy Stor-

age Systems," 2016 IEEE Applied Power Electronics Conference and Exposition

(APEC), Long Beach, CA, 2016, pp. 3508-3513 [147].

• R. Georgious and J. García, "Hybridization of Energy Storage Systems for elec-

tric transportation by means of bidirectional Power Electronic Converters," 2015 6th

International Conference on Power Electronics Systems and Applications (PESA),

Hong Kong, 2015, pp. 1-6 [119].

A complete copy of all the previous publications is included in the Appendix C. Addi-

tionally, the PhD candidate, as a member of the LEMUR research group at the University of
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Oviedo, Spain, has also collaborated in the following publications, related to the research

in microgrids and nanogrids for grid support applications:

9.2.3 Journal Publications (Coauthor)

• Á. Navarro-Rodríguez, P. García, R. Georgious, J. García and S. Saeed, "Observer-

based Transient Frequency Drift Compensation in AC Microgrids," in IEEE Trans-

actions on Smart Grid [129].

9.2.4 Conference Publications (Coauthor)

• Á. Navarro-Rodríguez, P. García, R. Georgious and J. García, "Adaptive active

power sharing techniques for DC and AC voltage control in a hybrid DC/AC micro-

grid," 2017 IEEE Energy Conversion Congress and Exposition (ECCE), Cincinnati,

OH, 2017, pp. 30-36 [133].

• J. Garcia, R. Georgious, P. Garcia and A. Navarro-Rodriguez, "Non-isolated high-

gain three-port converter for hybrid storage systems," 2016 IEEE Energy Conversion

Congress and Exposition (ECCE), Milwaukee, WI, 2016, pp. 1-8 [137].

• A. Navarro-Rodriguez, P. Garcia, R. Georgious and J. Garcia, "A communication-

less solution for transient frequency drift compensation on weak microgrids using a

D-statcom with an energy storage system," 2015 IEEE Energy Conversion Congress

and Exposition (ECCE), Montreal, QC, 2015, pp. 6904-6911 [130].

• T. U. Okeke and R. G. Zaher, "Flexible AC Transmission Systems (FACTS)," 2013

International Conference on New Concepts in Smart Cities: Fostering Public and

Private Alliances (SmartMILE), Gijon, 2013, pp. 1-4.

• T. U. Okeke and R. G. Zaher, "Reactive power management for distributed genera-

tion: Motivation and solutions," 2013 International Conference on New Concepts in

Smart Cities: Fostering Public and Private Alliances (SmartMILE), Gijon, 2013, pp.

1-4.
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9.3 Future Development

After the work carried out in this PhD research, a series of future developments have

been identified. These topics extend the validity and applicability of the obtained conclu-

sions beyond the constraints of the studied application. These developments include:

• Implementing the experimental prototype on a high scale with high ratings of IGBTs

modules and loads.

• Including photovoltaic panels in the microgrid and the design of the control scheme

to obtain the Maximum Power Point Tracking (MPPT) during the islanding mode

and grid-connected mode.

• Using other technologies of ESS with different dynamics such as fuel cells and com-

pared with the HESS implemented in this research.

• Extending the methodology for other possible power topologies and different strate-

gies for the control schemes.

• Optimizing the system for increasing the efficiency and power density assuming SPC

scheme as the target topology.

• Including the extension of the study to other fault types, for instance at the storage

units; optimization of the control parameters to minimize the energy lost during fault

mode or the extension of this scheme to a different type of applications apart from

HESS.

• Including the energy storage devices modeling as to refine the control algorithms

performance; or extension of the proposed solution in another kind of applications

apart from HESS.
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9.1 Conclusiones

En este capítulo final se resumen las investigaciones realizadas a través de la realización

de esta tesis doctoral.

En primer lugar, se define detalladamente el problema objetivo a abordar, incluida la

definición de la aplicación, las restricciones de explotación y los límites de diseño. Inicial-

mente se estudia la estructura básica del HESS acoplado a microrredes de CC. A contin-

uación, se realiza una comparación entre las topologías básicas de convertidores de poten-
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cia para estos HESS en nanorredes y microrredes de CC. De los resultados de la compara-

ción, se seleccionó un caso base de topología de convertidor para interconectar el HESS

al bus CC, denominada PC. A continuación, se analizaron, compararon y validaron un es-

quema de control para el modo aislado y dos esquemas de control para el modo conectado

a la red (control independiente del almacenamiento y control total) para la aplicación ob-

jetivo. Esta validación se llevó a cabo tanto por simulación como a través de experimentos

en prototipos de laboratorio. Los resultados muestran que el esquema de control completo

tiene una recuperación de bus de CC mejor y más rápida que el esquema de control de alma-

cenamiento independiente, para el modo conectado a la red. Sin embargo, el control total

necesita una comunicación en tiempo real entre el convertidor de red y los convertidores

ESS para generar la referencia de potencia. Esto implica aspectos que limitan la robustez y

fiabilidad del sistema de control, ya que el mal funcionamiento o los retrasos en el enlace

de comunicación afectan significativamente al comportamiento del control. Por otro lado,

en caso de que el control HESS sea independiente del control del convertidor de red, no

hay necesidad de comunicación en tiempo real. Esto aumenta la robustez y fiabilidad del

esquema de control de almacenamiento independiente, pero a costa de una recuperación

de bus de CC más lenta. En cualquier caso, ambos esquemas de control proporcionan un

mejor rendimiento en el modo conectado a la red en comparación con el funcionamiento

del convertidor de red sin HESS. Por lo tanto, la decisión final se basa en las limitaciones

de la aplicación del objetivo.

En segundo lugar, se identificaron las limitaciones del caso base, principalmente derivadas

de los límites operativos de los convertidores en las clasificaciones de desajuste de alto

voltaje, y del comportamiento del sistema en condiciones de fallo del bus de CC.

En el caso de las limitaciones de funcionamiento debidas a una gran diferencia en las

especificaciones de tensión nominal de los dispositivos ESS, se ha propuesto una nueva

topología para esta configuración, denominada esquema SPC. La aplicabilidad de esta

solución se restringe en principio a niveles de potencia bajos/medios donde el aislamiento

galvánico no es un requisito. Las topologías estudiadas son la solución base (PC de dos

convertidores bidireccionales), la configuración en puente completo (FBC, por sus siglas

en inglés), la conexión serie (SC, por sus siglas en inglés) de los dispositivos de almace-
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namiento, y el SPC propuesto de las unidades de almacenamiento. Todas estas opciones se

pueden implementar conectando los interruptores de potencia en la configuración estándar

de una sola etapa con conmutación de pulsos de control complementarios. Esta restric-

ción facilita la implementación final utilizando componentes baratos y simples, fácilmente

disponibles en el mercado. Además, los esquemas de control para el modo aislado y el

modo conectado a la red se han adaptado para poder ser aplicados al SPC. El esquema

de control implementado en el análisis gestiona los flujos de energía de almacenamiento

para compensar la tensión del bus de CC del sistema debido a transitorios de carga o a las

perturbaciones de la red.

Los resultados del estudio teórico, que incluye aspectos tales como pérdidas, eficiencia,

balance de pérdidas entre interruptores y márgenes en el diseño de la etapa de control, han

sido validados utilizando simulaciones y pruebas experimentales en un prototipo de labora-

torio construido con un nivel de potencia nominal de 10 kW. A lo largo de todo el análisis, y

para encontrar resultados comparables, se mantuvieron constantes los principales parámet-

ros del diseño, es decir, los niveles de potencia, tensión y corriente de los dispositivos. Por

la misma razón, también los valores de los elementos reactivos se mantuvieron constantes.

De la comparación se puede ver cómo SPC presenta una mejor eficiencia (menos pérdidas)

y también una mejor distribución de los esfuerzos eléctricos y térmicos en los interruptores

de las ramas del convertidor que en el caso base del esquema PC. Dado que la bobina del

SM presenta la mitad del valor de inductancia que en el caso base para la mismo rizado

de corriente, también podría lograrse una densidad de potencia más alta. El SPC también

permite un margen de control ampliado. Por otro lado, como ya se ha mencionado, la

estructura SC no permite un control independiente de la corriente de los dispositivos de

almacenamiento, lo que impide su uso como solución híbrida de almacenamiento. En los

casos de SC y FBC, el balance térmico y de tensiones es similar al SPC; sin embargo, el

FBC presenta mayores pérdidas de potencia que el SPC.

Los resultados muestran cómo la comparación de rendimiento entre PC y SPC depende

de los signos relativos de las corrientes; por lo tanto, el esquema de control determina

la eficiencia global del sistema. A partir del análisis anterior, el esquema SPC propuesto

se considera una opción viable para la interconexión no aislada de sistemas de almace-
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namiento de valores nominales de tensión muy dispares en configuraciones multipuerto,

para aplicaciones HESS de baja a media potencia. La cuestión crítica demostrada en este

trabajo es que, al utilizar la estructura SPC, se obtendrá un aumento en la eficiencia, una

mejora en el comportamiento dinámico y en la distribución de los esfuerzos de tensiones

en los interruptores del convertidor frente al caso base, siempre que se cumpla un conjunto

de restricciones de funcionamiento. En la comparación realizada, la configuración de hard-

ware se ha mantenido constante, y por lo tanto esta ganancia no implica modificaciones

en el número ni características de los componentes o en los requisitos básicos de imple-

mentación de control. El rendimiento de la solución SPC es mejor que el de la opción

estándar de PC, y esta mejora se obtiene sin ningún componente adicional.

Para abordar la segunda limitación crítica de la solución del caso base, se ha presen-

tado, analizado y verificado mediante simulaciones un esquema de control de cortocircuito

de bus de CC tolerante a fallo, para una topología no aislada para integración de HESS

en microrredes, y se ha validado también de forma experimental. La estrategia propuesta

incluye el rearme automático del sistema una vez que se haya eliminado el cortocircuito del

bus de CC. Esta configuración tiene un mayor número de componentes que la versión bidi-

reccional base, que es la topología más simple capaz de alcanzar el rendimiento dinámico

requerido. Sin embargo, siempre que se utilice el esquema de control propuesto con una

portadora doble, se ha demostrado que la inclusión de las modificaciones necesarias para

conseguir un sistema robusto a fallos no aumente significativamente las pérdidas totales de

potencia. La configuración propuesta, basada en dos señales portadoras triangulares, puede

operar en modo reductor o elevador, lo que hace que este esquema también sea útil para

diferentes aplicaciones.

Se discute a continuación el grado de cumplimiento de los objetivos definidos en las

secciones introductorias de esta investigación:

• Objetivo: Definición del sistema en estudio, sus limitaciones en términos de apli-

cación, niveles de potencia, valores nominales de tensión y su rendimiento y com-

portamiento esperados. Grado de cumplimiento: Este objetivo se ha alcanzado ple-

namente, en particular en el capítulo 2.
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• Objetivo: Caracterización del estado del arte del HESS para microrredes y nanorre-

des de CC. Grado de cumplimiento: Este objetivo se ha alcanzado plenamente, en

particular en el capítulo 2.

• Objetivo: Definición de las topologías de electrónica de potencia adecuadas para

HESS en microrredes y nanorredes de CC, y selección de la topología del caso base.

Grado de cumplimiento: Este objetivo se ha alcanzado plenamente, en particular en

el capítulo 3.

• Objetivo: Análisis de las principales condiciones operativas nominales (sin fallo) del

HESS. Definición de los modos de operación: operación en isla y operación conec-

tada a la red. Grado de cumplimiento: Este objetivo se ha alcanzado plenamente, en

particular en el capítulo 3.

• Objetivo: Estudio de los esquemas de control del HESS en el caso base, para cada

modo de operación. Definición de las estrategias de control: estrategia de control en

modo isla, estrategia de control independiente y estrategia de control total. Grado de

cumplimiento: Este objetivo se ha alcanzado plenamente, en particular en el capítulo

3.

• Objetivo: Análisis de los límites de funcionamiento de la hipótesis de base para

las restricciones de tensión nominal. Grado de cumplimiento: Este objetivo se ha

alcanzado plenamente, en particular en el capítulo 4.

• Objetivo: Propuesta de contribuciones para solucionar problemas relacionados con

las restricciones de tensión nominal. Grado de cumplimiento: Este objetivo se ha

alcanzado plenamente, en particular en el capítulo 4.

• Objective: Análisis de las limitaciones de funcionamiento del HESS en condiciones

de fallo por cortocircuito en el bus de CC. Grado de cumplimiento: Este objetivo se

ha alcanzado plenamente, en particular en el capítulo 5.

• Objetivo: Propuesta de funcionamiento del sistema en caso de fallo. Grado de
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cumplimiento: Este objetivo se ha alcanzado plenamente, en particular en el capí-

tulo 5.

• Objetivo: Establecimiento de una metodología de diseño para la validación e imple-

mentación de las soluciones propuestas. Grado de cumplimiento: Este objetivo se ha

alcanzado plenamente, en particular en el capítulo 6.

• Objetivo: Validación de las soluciones propuestas mediante simulaciones y ensayos

experimentales en prototipos de laboratorio. Grado de cumplimiento: Este objetivo

se ha alcanzado plenamente, en particular en los capítulos 7 y 8.

• Objetivo: Análisis crítico de las conclusiones y establecimiento de futuros desarrol-

los. Grado de cumplimiento: Este objetivo se ha alcanzado plenamente, en particular

en este capítulo.
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A continuación, se enumeran las publicaciones en prestigiosas conferencias interna-
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comparison of non-isolated high-gain three-port converters for hybrid energy storage

system. Energies, 11(3), 2018 [146].
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• A. Navarro-Rodriguez, P. Garcia, R. Georgious and J. Garcia, "A communication-

less solution for transient frequency drift compensation on weak microgrids using a
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9.3 Desarrollos Futuros

Tras el trabajo realizado en esta investigación de doctorado, se han identificado una

serie de desarrollos futuros. Estos temas extienden la validez y aplicabilidad de las conclu-

siones obtenidas más allá de las limitaciones de la aplicación estudiada. Estos desarrollos

incluyen:

• Implementación del prototipo experimental a mayor escala de potencias, adaptando

las especificaciones de los interruptores, elementos reactivos y cargas del a microrred.

• Inclusión de generación distribuida (como por ejemplo paneles fotovoltaicos) en la

microrred, así como el diseño del esquema de control para obtener el Seguimiento
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del Punto de Máxima Potencia (MPPT) durante el modo de funcionamiento en isla y

el modo de conexión a red.

• Uso de otras tecnologías de ESS con diferentes dinámicas tales como celdas de com-

bustible, y combinación de estos equipos con el HESS implementado en esta inves-

tigación.

• Ampliación de la metodología para otras posibles topologías de potencia y diferentes

estrategias para los esquemas de control.

• Optimizar el sistema para aumentar la eficiencia y la densidad de potencia asumiendo

el esquema SPC como topología objetivo.

• Extensión del estudio a otros tipos de fallo, por ejemplo en las unidades de almace-

namiento; la optimización de los parámetros de control para minimizar la pérdida de

energía durante el modo de falla o la extensión de este esquema a un tipo diferente

de aplicaciones aparte del HESS.

• Inclusión del modelado detallado de los dispositivos de almacenamiento de energía

para refinar el rendimiento de los algoritmos de control. Extensión de la solución

propuesta en otro tipo de aplicaciones además del HESS.
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A.1 Transformation from abc Stationary Reference

Frame to dq Rotating Reference Frame

Considering a three-phase balanced system has an anti-clockwise positive phase se-

quence (abc) (i.e., fa(t) leads fb(t) by 120 electrical degrees and fb(t) leads fc(t) by 120
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electrical degrees) as depicted in Figure A-1.

Figure A-1: Three phase balanced system as a function of cosine.

Therefore, the three-phase time-varying quantities are represented as a function of co-

sine as follows:

fa(t) = fm cos(ω · t) (A.1)

fb(t) = fm cos(ω · t− 2Π
3

) (A.2)

fc(t) = fm cos(ω · t+ 2Π
3

) (A.3)

where:

• f is any of the electrical variables, and it could be voltage or current,

• fm is the amplitude of f ,

• ω is the angular frequency of f in rads/sec.

A.1.1 Transformation from abc Stationary Reference Frame to αβγ

Stationary Reference Frame

In order to convert these quantities from abc stationary reference frame into αβ station-

ary reference frame, taking the projections of the three-phase quantities on orthogonal αβ

axes where α axis is aligned with a-axis as shown in Figure A-2. The αβγ transformation

is also known as the Clarke transformation [164].
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Figure A-2: The relationship between the abc stationary reference frame, the αβ stationary
reference frame and the dq rotating reference frame.
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Therefore, the αβγ quantities are represented as follows:

fα = fm cos(ω · t) (A.6)

fβ = fm sin(ω · t) (A.7)

fγ = 0 (A.8)

In order to transform from αβ stationary reference frame to abc stationary reference

frame, the inverse transformation can be used as follows:




fa

fb

fc


 =




1 0 1

−1
2

√
3

2
1

−1
2

√
3

2
1
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fβ

fγ


 (A.9)
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A.1.2 Transformation from αβγ Stationary Reference Frame to dq

Rotating Reference Frame

The net vector for the components of dq reference frame makes an angle (θ) with the

orthogonal αβ reference frame and rotates with angular frequency (w) as shown in Figure

A-2. The system can be reduced to a DC by taking the projection of the αβ stationary

reference frame components on the dq rotating reference frame.

θ = ω · t (A.10)


fd
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f0
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− sin(θ) cos(θ) 0

0 0 1
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 (A.11)

Therefore, the transformations from abc stationary reference frame to dq rotating refer-

ence frame are expressed as:
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Aligning the d-axis with the vector f (both rotating with the same angle (θ)), this yields

to:

fd = 2
3
(cos(θ)fa + cos(θ − 2Π

3
)fb + cos(θ + 2Π

3
)fc) (A.14)

fq = 0 (A.15)

The transformation from a three-phase abc reference frame to dq rotating reference

frame is known as Park transformation [164]. However, in order to transform from dq
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rotating reference frame to abc stationary reference frame, the inverse transformation is

obtained as follows:




fa

fb

fc
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cos(θ − 2Π
3

) − sin(θ − 2Π
3
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3

) − sin(θ + 2Π
3
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fq
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 (A.16)

fabc = Afdq (A.17)

where:

fabc =




fa

fb

fc


 (A.18)

fdq =




fd

fq

f0


 (A.19)

A =




cos(θ) − sin(θ) 1

cos(θ − 2Π
3

) −sin(θ − 2Π
3

) 1

cos(θ + 2Π
3

) −sin(θ + 2Π
3

) 1


 (A.20)

where A is the matrix to transform from abc axes to dq axes.

The space vector of f can be presented as follows:

f = fa + afb + a2fc (A.21)

f = fd + jfq = (fα + jfβ)e(−jωt) =
2

3
(fa + fbe

(− 2Π
3

) + fce
( 2Π

3
))e(−jωt) (A.22)

A.1.3 Three-phase Components as a Function of Sine

Now, considering a three-phase balanced system abc has a clockwise phase sequence

(abc) (i.e., fa(t) lags fb(t) by 120 electrical degrees) as depicted in Figure A-3.

Therefore, the three-phase time-varying components are represented as a function of
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Figure A-3: Three phase balanced system as a function of sine.

sine as follows:

fa(t) = fm sin(ω · t) (A.23)

fb(t) = fm sin(ω · t− 2Π
3

) (A.24)

fc(t) = fm sin(ω · t+ 2Π
3

) (A.25)

As it can seen from Figure A-4, the α-axis is aligned 90 degrees behind a-axis

Figure A-4: The relationship between the abc stationary reference frame, the αβ stationary
reference frame and the dq rotating reference frame.

Therefore, the dq components will be as follows:

fd_new = −fq (A.26)

fq_new = fd (A.27)
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A.2 Three-Phase Power in dq Axes

In order to obtain the instantaneous active and reactive power in terms of dq reference

frame variables. Starting by the grid apparent power for three-phase balanced system is

obtained as follows [6, 162]

SG = VGaIGa

∗ + VGb
I∗Gb

+ VGcI
∗
Gc

(A.28)

SG = V T
Gabc

I∗Gabc
(A.29)

SG = V T
Gdq
ATA∗I∗Gdq

(A.30)

where:

• SG is the apparent grid power in Volt-Amps,

• VGa , VGb
and VGc are the grid voltages in a, b and c, respectively, in Volts,

• IGa , IGb
and IGc are the grid currents in a, b and c, respectively, in Amps,

• VGabc
is the grid voltage in abc axes in Volts,

• IGabc
is the grid current in abc axes in Amps,

• VGdq
is the grid voltage in dq axes in Volts,

• IGdq
is the grid current in dq axes in Amps.

It is found that AT =
3

2
A−1 and A−1 · A = 1. This yields to:

SG =
3

2
V T
Gdq
A−1AI∗Gdq

(A.31)

SG =
3

2
V T
Gdq
I∗Gdq

(A.32)

SG =
3

2
(VGd

+ jVGq)(IGd
− jIGq) (A.33)

SG =
3

2
(VGd

IGd
− jVGd

IGq + jVGqIGd
+ VGqIGq) (A.34)

SG =
3

2
(VGd

IGd
+ VGqIGq)

︸ ︷︷ ︸
PG

+j
3

2
(VGqIGd

− VGd
IGq)

︸ ︷︷ ︸
QG

(A.35)

where:
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• IGd
is the grid current in d-axis in Amps,

• IGq is the grid current in q-axis in Amps,

• QG is the reactive grid power in Volt-Amps-Reactive.

Then, the instantaneous active and reactive power are obtained as follows:

PG =
3

2
(VGd

IGd
+ VGqIGq) (A.36)

QG =
3

2
(VGqIGd

− VGd
IGq) (A.37)

A.3 Three-Phase Inductor Voltage in dq Axes

In order to calculate the inductor voltage, the differential of the A is needed to be

calculated:

dA

dt
=
dθ

dt




− sin(θ) − cos(θ) 0

− sin(θ − 2Π
3

) − cos(θ − 2Π
3

) 0

− sin(θ − 4Π
3

) − cos(θ − 4Π
3

) 0


 (A.38)

dA

dt
= j

dθ

dt




cos(θ) − sin(θ) 1

cos(θ − 2Π
3

) − sin(θ − 2Π
3

) 1

cos(θ − 4Π
3

) − sin(θ − 4Π
3

) 1


 (A.39)

dA

dt
= jωA (A.40)

The decoupling term is needed to be calculated [6]. Therefore, the three-phase inductor

voltage is calculated as follows:

VLfabc
(t) = ILfabc

(t)Rf + Lf
dILfabc

(t)

dt
(A.41)

AVLfdq
(t) = AILfdq

(t)Rf + Lf
dAILfdq

(t)

dt
(A.42)

AVLfdq
(t) = AILfdq

(t)Rf + LfA
dILfdq

(t)

dt
+ LfILfdq

(t)
dA

dt
(A.43)

AVLfdq
(t) = AILfdq

(t)Rf + LfA
dILfdq

(t)

dt
+ LfILfdq

(t)jωA (A.44)
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where:

• VLfabc
is the voltage across the inductor in abc axes in Volts,

• ILfabc
is the current in the inductor in abc axes in Amps,

• VLfdq
is the voltage across the inductor in dq axes in Volts,

• ILfdq
is the current in the inductor in dq axes in Amps.

Then, multiplying both sides in Equation (A.44) by A−1 as follows:

A−1AVLfdq
(t) = A−1AI

Lfdq
(t)Rf + A−1LfA

dILfdq
(t)

dt
+ A−1LfILfdq

(t)jωA(A.45)

After that, A−1 · A = 1, this yields to:

VLfdq
(t) = ILfdq

(t)Rf + Lf
dILfdq

(t)

dt
+ LfILfdq

(t)jω (A.46)

Converting from the time domain into Laplace domain:

VLfdq
(s) = ILfdq

(s)Rf + LfsILfdq
(s) + LfILfdq

(s)jω (A.47)

VLfdq
(s) = (ILfd

(s) + jILfq
(s))Rf + Lfs(Ilfd (s) + jILfq

(s))

+ [ILfd
(s) + jILfq

(s)]jωLf

(A.48)

VLfdq
(s) = ILfd

(s)Rf + LfsILfd
(s)− ILfq

(s)ωLf

+ j(ILfq
(s)Rf + LfsILfq

(s) + ILfd
(s)jωLf )

(A.49)

VLfdq
(s) = ILfd

(s)(Rf + Lfs)− ILfq
(s)ωLf︸ ︷︷ ︸

VLfd
(s)

+ j(ILfq
(s)(Rf + Lfs) + ILfd

(s)jωLf︸ ︷︷ ︸
VLfq

(s)

)
(A.50)

Finally, the inductor voltage in d and q axes including the decoupling term is obtained

as follows:

VLfd
(s) = ILfd

(s)(Rf + Lfs)− ILfq
(s)Lfω︸ ︷︷ ︸

Decoupling Term

(A.51)
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VLfq
(s) = ILfq

(s)(Rf + Lfs) + ILfd
(s)Lfω︸ ︷︷ ︸

Decoupling Term

(A.52)

A.4 Three-Phase Duty Cycles in dq Axes

By using KVL for the VSI, the duty cycle in dq axes is obtained as follows:

VGabc
− VLfabc

− Vabcm = 0 (A.53)

VGabc
− VLfabc

− dGabc

VDC
2

= 0 (A.54)

AVGdq
− AVLfdq

− AdGdq

VDC
2

= 0 (A.55)

A−1AVGdq
− A−1AVLdq

− A−1AdGdq

VDC
2

= 0 (A.56)

where:

• Vabcm is the three-phase voltage referred to the middle point of the DC bus in abc
axes in Volts,

• dabc is the duty cycle in abc axes,

• dGdq
is the duty cycle in dq axes.

Again, A−1 · A = 1, this yields to:

VGdq
− VLfdq

− dGdq

VDC
2

= 0 (A.57)

[VGd
+ jVGq ]− [VLfd

+ jVLfq
]− [dGd

+ jdGq ]
VDC

2
= 0 (A.58)

Then, taking only the real part, this yields to

VGd
− VLd

− dd
VDC

2
= 0 (A.59)

VGd
− VLd

= dd
VDC

2
(A.60)

dd =
VGd
− VLd

VDC
2

(A.61)
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Now, considering only the imaginary part:

VGq − VLq − dq
VDC

2
= 0 (A.62)

VGq − VLq = dq
VDC

2
(A.63)

dq =
VGq − VLq

VDC
2

(A.64)
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The continuous PI controllers and LPF and HPF filters are transformed into discrete

form by using bilinear transformation (Tustin) in order to be implemented in the DSP.

B.1 Difference Equation of PI Controller

In order to get the difference equation of PI controller, Tustin method is applied by

substituting for s from (8.1) in (3.9) as follows:

R(z) =
UPI(z)

E(z)
= Kp(

2
Ts

z−1
z+1

+ 1
Ti

2
Ts

z−1
z+1

) (B.1)

Then, multiplying the numerator and denominator by
Ts
2

(z + 1) as follows:

UPI(z)

E(z)
= Kp(

z − 1 + Ts
2
z+1
Ti

z − 1
) (B.2)
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UPI(z)z − UPI(z) = Kp(
Ts
2

1

Ti
+ 1)E(z)z +Kp(

Ts
2

1

Ti
− 1)E(z) (B.3)

UPI(z) = Kp(
Ts
2

1

Ti
+ 1)E(z) +Kp(

Ts
2

1

Ti
− 1)E(z)z−1 + UPI(z)z−1 (B.4)

Finally, the difference equation is obtained as follows:

U [k] = Kp(
Ts
2

1

Ti
+ 1)E[k] +Kp(

Ts
2

1

Ti
− 1)E[k − 1] + U [k − 1] (B.5)

B.2 Difference Equation of LPF

The same manipulation will be done for the LPF (3.26) by substituting for s from (8.1)

in (3.26) as follows:

PBB_ref (z) =
1

1 + TBB_LPF ( 2
Ts

z−1
z+1

)
PESS_ref (z) (B.6)

Then, multiplying the numerator and denominator by
Ts
2

(z + 1) as follows:

PBB_ref (z) =
Ts
2

(z + 1)
Ts
2

(z + 1) + TBB_LPF (z − 1)
PESS_ref (z) (B.7)

(
Ts
2

+ TBB_LPF )PBB_ref (z)z + (
Ts
2
− TBB_LPF )PBB_ref =

Ts
2
PESS_ref (z)z

+
Ts
2
PESS_ref (z)

(B.8)

(
Ts
2

+ TBB_LPF )PBB_ref (z)z =
Ts
2
PESS_ref (z)z +

Ts
2
PESS_ref (z)

− (
Ts
2
− TBB_LPF )PBB_ref

(B.9)

After that, dividing both sides by ((
Ts
2

+ TBB_LPF )z), yields to:

PBB_ref (z) =
Ts
2

(Ts
2

+ TBB_LPF )
PESS_ref (z) +

Ts
2

(Ts
2

+ TBB_LPF )
PESS_ref (z)z−1

− (Ts
2
− TBB_LPF )

(Ts
2

+ TBB_LPF )
PBB_ref

(B.10)
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Finally, the difference equation of the LPF is obtained as follows:

PBB_ref [k] =
Ts
2

(Ts
2

+ TBB_LPF )
PESS_ref [k] +

Ts
2

(Ts
2

+ TBB_LPF )
PESS_ref [k − 1]

− (Ts
2
− TBB_LPF )

(Ts
2

+ TBB_LPF )
PBB_ref [k − 1]

(B.11)

B.3 Difference Equation of HPF

The same manipulation will be done for the HPF (3.73) by substituting for s from (8.1)

in (3.73) as follows:

PESS_tr_ref (z) =
TESS_HPF ( 2

Ts
z−1
z+1

)

1 + TESS_HPF ( 2
Ts

z−1
z+1

)
PO_meas(z) (B.12)

Then, multiplying the numerator and denominator by
Ts
2

(z + 1) as follows:

PESS_tr_ref (z) =
TESS_HPF (z − 1)

Ts
2

(z + 1) + TESS_HPF (z − 1)
PO_meas(z) (B.13)

(
Ts
2

+ TESS_HPF )PESS_tr_ref (z)z + (
Ts
2
− TESS_HPF )PESS_tr_ref (z)

= TESS_HPFPO_meas(z)z − TESS_HPFPO_meas(z)

(B.14)

(
Ts
2

+ TESS_HPF )PESS_tr_ref (z)z = TESS_HPFPO_meas(z)z − TESS_HPFPO_meas(z)

− (
Ts
2
− TESS_HPF )PESS_tr_ref (z)

(B.15)

After that, dividing both sides by ((
Ts
2

+ TESS_HPF )z), yields to:

PESS_tr_ref (z) =
TESS_HPF

(Ts
2

+ TESS_tr_HPF )
PO_meas(z)− TESS_HPF

(Ts
2

+ TESS_HPF )
PO_meas(z)z−1

−
Ts
2
− TESS_HPF

(Ts
2

+ TESS_HPF )
PESS_ref (z)z−1

(B.16)
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Finally, the difference equation of the HPF is obtained as follows:

PESS_tr_ref [k] =
TESS_tr_HPF

(Ts
2

+ TESS_HPF )
PO_meas[k]− TESS_HPF

(Ts
2

+ TESS_HPF )
PO_meas[k − 1]

−
Ts
2
− TESS_HPF

(Ts
2

+ TESS_HPF )
PESS_ref [k − 1]

(B.17)
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1

A Study on the Control Design of Non-Isolated
Converter Configurations for Hybrid Energy Storage

Systems
Ramy Georgious, Student Member, IEEE, Jorge Garcı́a, Member, IEEE, Ángel Navarro-Rodrı́guez, Student

Member, IEEE, Pablo Garcı́a, Member, IEEE

Abstract—This paper is focused on the control strategies for
non-isolated Hybrid Energy Storage Systems (HESSs) in power
support applications for microgrids and nanogrids. The hybrid
storage system under analysis consists of two storage units with
significantly different ratings and characteristics. These units
are interfaced to the main system through dedicated power
converters with coordinated control schemes to manage the power
flows according to the system requirements.

Firstly, the most relevant candidate options for the power
electronics topology configurations in nanogrid applications are
selected. These target solutions are reduced to two possibilities:
the first one based on independent bidirectional boost converters
for each device, the second one based on the Series Parallel
Connection (SPC) of the storage units.

Then, the basic control scheme is implemented at each of
these topologies. This allows to compare the performance of
each solution considering static aspects, such as gain limitations,
efficiency or power density, but also considering the dynamic
behavior.

Finally, a strategy to design the control loops of the resulting
HESS is proposed, studied, simulated and experimentally im-
plemented on a 2 kW demonstrator. The reported results show
how the proposed control strategy applied to the SPC presents
better performance in terms of dynamic behavior and steady
state operation.

Index Terms—Hybrid Energy Storage System, Boost Con-
verter, Non-Isolated Storage System, Nanogrid.

I. INTRODUCTION

NOWADAYS, Energy Storage Systems (ESSs) are consid-
ered as a key tool in the development of power systems,

and particularly in the field of microgrids and nanogrids
design. These ESSs are able to mitigate the effects of the
power fluctuations coming from the generation plants and
the load demands, as well as to supply the power mismatch
between generation and demand [1]–[4]. These ESSs can
be applied to AC or DC microgrids and nanogrids [5]–[7].
This work will consider an ESS applied to one of such DC
nanogrids.
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In general, DC microgrids and nanogrids present better
efficiency, stability and reliability compared to AC ones. In
fact, due to the reported trend to increase the amount of
final DC loads in household and industry consumers [8], the
use of DC microgrids prevents extra conversion steps from
DC to AC and finally to DC again, but it also avoids the
need for grid synchronization control algorithms [9]. On the
other hand, AC microgrids and nanogrids have some key
advantages, such as the implementation of protections, the
fault management, etc. In addition, AC distribution relays on
a more mature technology, hence there is a huge number of
available electronic loads designed for a direct connection to
the AC grid [8]. But in any case, for a DC microgrid or
nanogrid like the one depicted in Fig. 1, the AC units need an
AC/DC converter to connect to the main DC bus, while the
units with DC power are connected either directly to the DC
bus or through DC/DC converters [10], [11].

DC Bus

DC

DC
EV

DC

DC

DC

AC

AC Load

DC Load

DC

AC
WT

DC

DC
PV

DC

DC
FC

AC

DC

Grid

DC Bus 

Capcitor
DC

DC
BB

DC

DC
SM

Fig. 1: The power balance in a DC microgrid.
Among all the possible options for implementing ESSs

in DC microgrids, Hybrid ESSs (HESSs) become the most
versatile in terms of performance and cost optimization [12].
These HESS combine a bulk energy storage device, usually
presenting slow-dynamics, with a high-power fast-dynamics
storage module [13]–[18]. For the bulky energy device, one
suitable option for nanogrid applications is the selection of
electrochemical Battery Banks (BBs). Among all the possible
technologies, Lithium-Ion batteries are one of the preferred
choices due their overall performance [19]. An interesting
option for the fast, high-power counterpart to hybridize these
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batteries is the use of Supercapacitor Modules (SMs) [20],
[21]. The philosophy underlying these HESS is to obtain a
global system that combines the energy storage capabilities of
the BB and the power ratings of the SM. This results in a
decrease of the overall system costs (by reducing the battery
size and increasing its operating lifespan [2], [12]) and an
increase in the system reliability (by decreasing stresses at
both the battery and the dedicated converter during transient
stages) [3], [4], [22], [23].

The target ESS devices are interfaced to the DC bus through
Power Electronics Converters (PECs), that adapt the electric
parameters from both sides and also control and coordinate
the power flows from the HESS to the nanogrid and vice-
versa [14]. Among all the possibilities of the configuration
of these HESS, the most simple connection able to fully
control all the power flows is the Parallel Connection (PC)
[1], [24]–[27], shown in Fig. 2. This scheme is based on two
bidirectional boost converters connected to the DC bus. Yet
being a simple, well-known and compact solution, its main
limitations come in the event of a high voltage mismatch
between one of the storage devices voltage ratings (usually the
SM) and the DC bus voltage. In the nanogrid under study, the
DC bus nominal voltage considered as reference value in the
target application is 500 V. Considering a design BB voltage
rating of around half the DC bus nominal voltage, then the
duty ratio of the converter at the battery leg will be around
50%, thus optimizing the performance of such converter in
terms of stresses balancing, design complexity and control
capability. However, provided that in some applications the
SM voltage rating is ranged from 20V to 40V, then, for this
DC bus voltage rating, the required gains for the dedicated
interfacing converter will reach values up to 25:1 or even
higher.

Fig. 2: PC of two bidirectional boost converters connected to
a BB and to a SM.

Such requirements cannot be accomplished by the parallel
boost arrangement, nor for the rest of the commonly used
single-stage non-isolated converter topologies [28], [29]. But
even for practical gain values (for instance 10:1), the bidirec-
tional boost converter experiences an increase in the unbalance
of the current stresses on the upper and lower switches, a de-
crease in the control margin of the converter, more sensitivity
to parasitic elements, etc. [29]. More complex alternatives can
be used to solve the problem of voltage mismatch, including
cascaded stages, multilevel or even isolated approaches. Some
of these options are the parallel configuration of two Dual
Active Bridges (DABs) [30]–[34], the use of triple active
bridge [35]–[37], as well as power stages based on resonant
converters [38] or multilevel converters [39]. However, these
solutions yield to higher costs, losses and system complexity

due to the increase in the number of switches and passive
elements [29].

To overcome these drawbacks, a solution that prevents from
moving to more complex schemes is the Series Connection
(SC) [40], [41] of the storage systems. This solution aims to
avoid the low duty cycles ratios at the SM branch. However,
the main drawbacks of this connection is that at the end the
BB needs to provide also the SM peak current, disserving the
lifespan of the BB. To cope with this issue, the Series-Parallel
Connection (SPC) depicted in Fig. 3 has been introduced as
an option for HESS in nanogrid applications [42], [43]. As
shown in Fig. 3, the negative terminal of the SM is connected
to the middle point of the leg connected to the BB.

Fig. 3: SPC of two bidirectional boost converters connected
to BB and SM and sharing the DC bus.

This work is thus focused on the study of the control of a
Hybrid BB/SM ESS for nanogrid applications, interfaced by
the SPC scheme, and its comparison vs. the standard parallel
boost converter option. The paper is organized as follows:
Section II compares in depth the SPC to the conventional PC.
Section III briefly discusses the main design parameters of
the converters. Next, section IV proposes the control scheme
required for the control of both the PC and the SPC schemes.
After that, section V shows the validation of the proposed
system through simulations. Then, Section VI shows experi-
mental results to demonstrate the performance of the proposed
solution. Finally, Section VII summarizes the work done and
discusses the future developments.

II. COMPARISON OF CONFIGURATIONS

The system targeted in this research is defined ahead,
considering the HESS shown in Fig. 1. This HESS has a rated
power of 2kW, and includes two individual commercial storage
systems. The first storage device, a Lithium-Ion BB (Rook
48×5 module from CEGASA PORTABLE ENERGY) is in-
terfaced by a dedicated PEC. Analogously, the second device,
a SM (BMOD0165 P048 C01 from Maxwell Technologies) is
also attached to the DC bus by means of a PEC. The rated
operating values of the system and the individual parts are
given in Table I. The performance of the HESS will initially
be assessed in steady state.

Upon the conventional PC scheme, the well-known boost
converter equations under complementary switching pattern
are fulfilled. Therefore the corresponding duty cycles at steady
state for the IGBT1 (at the leg connected to the battery) and
IGBT3 (at the leg connected to the SM), dBB and dSM , keep
the following expressions:

dBB =
VBB

VDC
= 50% (1)
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TABLE I: Rated Operating Parameters of the Target HESS.

Parameter Symbol Value Units
Nominal BB voltage VBB 240 V
Rated continuous BB charging
current (0.5C) IBB -24 A

Rated continuous BB discharging
current (1C) IBB 48 A

Rated SM voltage VSM 48 V
Capacitance of the SM CSM 165 F
DC bus voltage VDC 500 V

dSM =
VSM

VDC
= 6% (2)

where VBB , VSM and VDC are the BB, the SM and the DC
bus voltage values in Volts, respectively.

Thus, for the parameters under consideration (250V BB,
30V SM, 500V DC bus), IGBT3 is turned on 6% of the
switching time, while IGBT4 is turned on 94% of the switching
time as shown in Fig. 4a. The small duty cycle of the SM
leg yields to thermal and electrical stresses mismatch on the
switches at this leg. These constraints of the duty cycle also
limit the switching frequency. On the other hand, after a
detailed analysis of the SPC scheme [41], it can be seen how
the following equation applies to the leg formed by IGBT3
and IGBT4:

VBB − VL1 + VSM − VL2 = dSMVDC (3)

where VL1 and VL2 are the voltages in the inductors
connected to the BB and to the SM in Volts, respectively.

Upon steady state condition, the inductor voltages are null;
therefore, the value of the duty ratio at the SM leg is given
by:

dSM =
VBB + VSM

VDC
= 56% (4)

The value of the duty ratio at the battery leg is given by (1).
With the same voltage values than in the PC case, IGBT3 is
turned on 56% and IGBT4 is turned on 44% of the switching
time in the SPC scheme as shown in Fig. 4b. This yields to a
balance on the thermal stress on the switches for the SM leg. In
the aforementioned connection, the duty cycle of the IGBT3 is
a function of the supercapacitor and battery voltages, not only
of the supercapacitor voltage as in case of PC. Therefore, the
stresses in the switches of the SM leg are much more balanced
than in the previous case, yielding to a better performance in
terms of reliability and increased control margin.

The main drawback is the appearance of circulating extra
currents through the switches of the battery leg in the SPC.
However, as it was demonstrated in [41], in the case of
using the SM subsystem for transient compensation of power
demands, where most of the time the current reference for
the SM will be null, this issue is not a concern. Thus, the
SPC is an option for some applications of HESS with high
voltage ratings mismatch. Nevertheless, in order to fully assess
its performance, a deep analysis of the control system required
to govern the power flows in the converter is still needed. This
study is the focus of the present work.

(a) PC (b) SPC

Fig. 4: Switching states of the PC and SPC of two bidirectional
boost converters, as a function of the relative values of the duty
cycles.

III. DESIGN OF THE CONVERTERS

This section shows the basic design procedure for the PC
scheme, aiming to define the main parameters of the power
topology. The BB converter is designed in a first stage. The
nominal values for the voltage ratings for the converter design
are given in Table I. However, the design must ensure that the
converters can operate within a given range for the operational
voltage values at every port of the converter. These design
limits are expressed in Table II.

TABLE II: Limits of the Operating Parameters.

Parameter Symbol Value Units
Minimum BB voltage (0% SOC) VBB min 178.5 V
Maximum BB voltage (100%
SOC) VBB max 273.75 V

Minimum SM voltage VSM min 20 V
Maximum SM voltage VSM max 51 V
Minimum DC Bus voltage VDC min 400 V
Maximum DC Bus voltage VDC max 700 V
Minimum load power PO min -2 kW
Maximum load power PO max 2 kW

The value of the inductance of the boost converter, given
from the general equations of this topology in continuous
operation mode, is given by [44]:

L1 =
VBB(1− VBB

VDC
)

fs∆IL1

(5)
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where:

• fs is the switching frequency of the converter, in Hz,
• ∆IL1

is the current ripple of the BB inductor, in Amps.

Thus, the value of the inductor depends on the target current
ripple for each application, as well as on the voltage levels at
both the BB and the DC bus. About this High Frequency (HF)
current ripple, it must be noticed that this inductor is directly
connected in series with the battery. Therefore, the inductor
ripple is the HF current ripple through the battery. Even though
it is not clear from the existing literature that the HF current
ripple affects the State of Health (SOH) of the battery in the
long term [45], [46], this parameter is kept relatively low
in order to ensure proper operation of the converter. This
implies a relatively large inductance value; however, this is
not a understood as a concern in the design, given that no
major weight or size constraints are envisaged for the static
application of power support in microgrids. The target value
for this parameter is:

δIL1
< 0.1 (6)

∆IL1
= δIL1

· IL1 avg
= δIL1

· PO max

VBB
(7)

where:

• δIL1
is the per unit (p.u.) value of the peak to peak current

ripple at the inductor L1,
• IL1 avg

is the average value of the current through L1, in
Amps.

Combining this parameter with the worst-case scenario
for the input voltage magnitudes involved (i.e. maximum
values for VDC and VBB), the value for inductor L1 can be
calculated:

L1 > 11.4mH (8)

In order to ensure some safety margin, a slightly large value
has been selected for L1. The final value selected is shown in
Table III.

TABLE III: Design Values for the PC Configuration.

Parameter Symbol Value Units
Inductance of the inductor connected
with the BB L1 14 mH

Parasitic resistance of the inductor
connected with the BB R1 0.2 Ω

Inductance of the inductor connected
with the SM L2 7 mH

Parasitic Resistance of the inductor
connected with the SM R2 0.1 Ω

Capacitance of the DC bus CDC 470 µF

For the SM converter inductor, the same formulation is used:

L2 =
VSM (1− VSM

VDC
)

fs∆IL2

(9)

where ∆IL2
is the current ripple of the SM inductor in Amps.

However, for the SM case, it must be noticed how the
voltage values at the storage device are significantly smaller

than in the battery case, yielding to much higher current levels.
The target current level is decreased down to:

δIL2
< 0.01 (10)

∆IL2 = δIL2 · IL2 avg
= δIL2

· PO max

VSM
(11)

where
• δIL2

is the p.u. value of the peak to peak current ripple
at the inductor L2,

• IL2 avg
is the average value of the current through L2, in

Amps.
This decrease in the target current ripple is justified from the

losses perspective. The HF losses in the magnetic device are
a function of the square of the RMS value of the HF current
harmonics, being the fundamental one the switching frequency.
Hence, given that the average current flowing through the SM
is high, relatively large HF current ripples imply high magnetic
losses. For the worst-case scenario, the obtained value for the
inductor L2 can be calculated:

L2 > 6.03mH (12)

As a final remark, a slightly larger value has been selected,
to ensure a safety margin in the design. The value at Table III
is finally selected.

The DC bus capacitor is calculated considering the follow-
ing equation [44]:

CDC =
IDC(1− VBB

VDC
)

fs∆VDC
=

PO max

VDC
(1− VBB

VDC
)

fs∆VDC
(13)

where:
• IDC is the capacitor current in Amps,
• ∆VDC is the DC bus voltage ripple in Volts.
Neglecting the effect of the capacitor ESR, and for a voltage

ripple of:

δVDC < 0.001 (14)
∆VDC = δVDC · VDC (15)

where δVDC is the p.u. value of the peak to peak voltage
ripple at the DC bus capacitor CDC .

Then, once again considering the worst-case condition (min-
imum battery voltage and minimum DC bus voltage), the
required value for the DC bus capacitance results:

CDC > 346.1µF (16)

As in the case of the inductance value, a certain safety
margin has been ensured, and thus value of Table III is
finally implemented. These design parameters for the reactive
elements are kept unchanged for the SPC connection, in order
to compare the variations due solely to the performance of the
topology.

IV. PROPOSED CONTROL OF THE SERIES-PARALLEL
CONNECTION

The following paragraphs discuss the control strategy con-
sidered in this work, as well as the proposal for the imple-
mentation in the SPC scheme. The control strategy assumes
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grid-tied operation, and considers that the DC bus voltage is
controlled externally to the HESS, like for instance, through
the inverter connected to the grid at the Point of Common
Coupling (PCC) depicted in Fig. 1. This structure, including
the control block signals, is outlined in Fig. 5. It must be
noticed how the intended control scheme will not consider
any kind of real-time communications between the HESS and
the rest of the system. In particular, the control of the HESS
is assumed to be independent of the bus control that governs
the Grid PEC. Once designed, implemented and operating,
the HESS will act as an independent subsystem, using only
internal variables, except for an external load current sensor
to determine IO at Fig. 2. Hence, the effects of the HESS on
the Grid PEC control are treated as disturbances.
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Fig. 5: Block diagram of the HESS, including the signals
required for the control scheme.

The first aspect to clarify is the desired behavior of the ESS
upon sudden changes in the power demand profile. This will
be illustrated with the help of Fig. 6. As it can be seen, the
system is initially in steady state. The grid power equals the
load power, PO meas and; therefore, the power demanded from
the HESS, PESS ref is null. The PESS ref is split into the
BB and SM reference power values, PBB ref and PSM ref

respectively. The measured load power is known, since:

PO meas = IO measVDC meas (17)

where:

• PO meas is the measured power of the load in Watts,
• IO meas is the measured current through the load in

Amps,
• VDC meas is the measured DC bus voltage in Volts.

In case an external event such as a fault or a Distribution
Network Operator (DNO) triggering command forces the PCC
to decouple from the grid, the system must enter into islanding
mode. In this mode, the HESS takes over all the power
generation during the duration of the external event. These
specifications (ensured amount of power available, duration
of events) can be used to design the energy capability of
the battery. The SM is used to absorb the high frequency
components of the power demand, while the battery reference
is kept relatively constant. This prevents the battery to reach
the maximum current levels given by the charge/discharge rate
of the manufacturers.

However, in grid-tied operation, the main goal of the ESS
is to compensate transient power variations, so as to keep con-
stant the DC bus voltage, therefore ensuring system stability.
In order to ensure the ESS ability to provide the required

Fig. 6: Evolution of the instant power values involved in the
HESS operation in grid tied operation.

energy in case of grid-tied operation, the ESS power reference
will eventually be null again after the transient variations are
compensated. Therefore, the power reference for the ESS is
generated by passing the load power through a High Pass Filter
(HPF) [47]–[49], thus obtaining similar waveforms to the ones
depicted at Fig. 6. This can be defined as:

PESS ref (s) =
TESSs

1 + TESSs︸ ︷︷ ︸
HPF

PO meas(s) (18)

where:
• PESS ref is the power reference for the total HESS in

Watts,
• TESS is the time constant of the HPF of the ESS power

in seconds,
• s is the Laplace complex variable; s = σ + j ωd.
The Bandwidth of this HPF must be slow enough as to

allow for the DC bus control. The effect of the ESS control
will actually change the DC bus value. Given that there is no
information interchanged between the HESS and the Grid PEC
controller (except for the obvious measurement of the DC bus
itself), this effect is seen as a disturbance from the point of
view of the Grid PEC controller.

The bandwidth for the HPF is chosen well below the
bandwidth of the DC bus voltage control loop. Thus, it is
ensured that for any design of the HPF corner frequency, the
components of any disturbance close to these frequencies are
attenuated at the sensibility function of the voltage control
loop. Assuming a bandwidth for this DC bus control of 20-30
Hz, then the bandwidth of the HPF will be chosen at least one
order of magnitude smaller. For demonstration purposes, the
bandwidth for this HPF is selected as:

fESS = 0.4Hz << BWDC = 20Hz (19)

where:
• fESS is the cut-off frequency of the HPF of the ESS

power in Hz,
• BWDC is the bandwidth of the DC bus voltage control

loop in Hz.
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Once the power reference is defined for the full HESS,
it must be noticed that the aim of the hybrid control is to
force the SM to deliver or absorb the transient peaks in the
demanded power profile, while ensuring that the BB delivers
or absorbs the remaining ESS demanded power. Therefore,
a second HPF must be implemented to generate the power
reference for the SM subsystem, thus splitting the share of
power between both storage subsystems:

PSM ref (s) =
TSMs

1 + TSMs︸ ︷︷ ︸
HPF

PO meas(s) (20)

where:

• PSM ref is the power reference of the SM in Watts,
• TSM is the time constant of the HPF of the SM power

in seconds.

In this case, the bandwidth of this second HPF is calculated
taking into account the limits in the power ratings of the
battery (given by the charge/discharge capacity) and in the
di/dt of the battery current. By keeping low the derivative
of the battery current, aspects such as voltage unbalance
between cells, thermal mismatch between cells/modules, or
noise-triggering of battery protections are avoided, thus in-
creasing the system reliability. Therefore, the limitation of
these parameters contribute to optimize the SOH and the
lifespan of the battery. Also for demonstration purposes, this
value is settled as:

fSM = 0.7Hz (21)

where fSM is the cut-off frequency of the HPF of the SM
power in Hz.

Fig. 7 shows the block diagram of this control scheme,
as designed for the conventional PC configuration. It must
be remarked how two limiter blocks are used to ensure that
the limits for both the SM and the BB power ratings are not
exceeded.
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Fig. 7: Control of the PC in order to provide or absorb transient
power demand as to improve the recovery of the DC bus.

Finally, the power reference for the battery control loop is
obtained as a difference between the total ESS power and the

SM power reference [50]–[52]. The battery power reference
expression is thus defined as:

PBB ref = PESS ref − PSM ref (22)

where PBB ref is the power reference of the BB in Watts.
As a consequence of the structure implemented for HPF1
and HPF2, the resulting power references follow the general
shapes depicted in Fig. 6. Once the power reference values for
both the BB and the SM subsystems are obtained, the current
references of the BB and SM loops are calculated by dividing
these power magnitudes by the BB and SM measured voltages,
respectively [53]. From Fig. 3, the current flowing through the
BB (and SM) inductor is also the current flowing through the
BB (and SM) itself. Thus, the BB (and SM) current control is
indeed an inductor current control.

Through the V-I characteristic of these inductors, two in-
dependent current control loops can be implemented, one at
each of the storage devices, simplifying the control design,
and allowing for a different dynamic behavior of each of these
subsystems. Therefore, typical ideal-form Proportional Integral
(PI) current controllers are selected as regulators:

C(s) = Kp

(
1 +

1

Tis

)
(23)

where:

• C(s) is the transfer function of the PI controller,
• Kp is the proportional gain,
• Ki is the integral gain.

These PI controllers are tuned to ensure that the references
are tracked adequately. In order to do so, these controllers will
be made as fast as possible. Thus, the system will be taken to
the operational limits, including saturation of the controller.
However, an anti-windup method will be implemented to
prevent the uncontrolled operation upon saturation of the PI
regulator [1].

The output of these controllers are the respective inductor
voltages (see Fig. 7). Therefore, these limits for the voltages
at the inductors in the PC are calculated as follows:

VL1 min = VBB min − VDC ref (24)
VL1 max = VBB max (25)

VL2 min = VSM typ − VDC ref (26)
VL2 max = VSM typ (27)

where:

• VL1 min, VL1 max, VL2 min and VL2 max: are the min-
imum and maximum inductor voltages in Volts for the
BB and SM boost converters, respectively,

• VBB min and VBB max are the minimum and maximum
battery voltage values, respectively, defined by the man-
ufacturer ratings, in Volts,

• VSM typ is the value, in Volts, of the SM voltage that
ensures the same amount of energy available for charging
and for discharging, obtained through the expression:

VSM typ =

√
V 2
SM max+V 2

SM min

2 (28)
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With these inductor values, the bandwidths of the PI con-
trollers can be selected. The chosen value, for each of the
current loops involved, is that of a typical second order system
with a rising (and falling) time corresponding to saturation of
the controller:

Tr ' 1.8 · 1

ωn
, ωn = 2 · π ·Bw (29)

where:
• Tr is the rising (or falling) time, in this case of the

inductor current, from 10% to 90% of steady state value,
in seconds,

• ωn is the natural frequency of the equivalent system, in
rad/s,

• Bw is the bandwidth of the current loop, in Hz.
In the case of the battery for a positive current step, if the

output of the controller is saturated, the voltage at the inductor
is clamped at its maximum possible value, VL1clamp:

VL1 clamp = VL1 max (30)

The step value of the inductor current from the steady state
value, IL1 max, corresponds to:

IL1 max =
Pstep

VL1 max
(31)

And thus, the rise time is given by:

Tr = (0.9− 0.1) · IL1 max · L1

VL1 clamp
(32)

From (29) and (32), the value of the bandwidth for the
maximum battery voltage and positive current step can be
calculated:

BwI1V maxImax
' 1.8 · VL1clamp

2π · 0.8 · L1 · IL1 max
(33)

In a similar manner, this parameter is calculated for the
rest of the boundary conditions (minimum possible battery
voltage, decreasing current step), in order to find the minimum
bandwidth. This minimum value for the bandwidth ensures
that the design will be adequate in all cases. The same
procedure is carried out in the case of the SM, but in this
case considering only the VSMtyp value. This procedure finally
allows to select the values of the bandwidths for both the
battery and the SM current controllers.

Besides, some extra calculations are required to compute
the control actions on the control loops, in this case the duty
ratios of both legs, from the obtained values for the voltages
at the inductors. For the PC in Fig. 2, and considering the
transient state, the relationships for the duty cycles are found
as follows:

dBB =
VBB − VL1

VDC
(34)

dSM =
VSM − VL2

VDC
(35)

These instant values of the duty ratios state the capability
of the converter for providing a given transient voltage to the
inductors in the converter legs; therefore, yielding to a given
current by those inductors. As mentioned earlier, in addition

to stresses unbalance in the switches and poor performance
due to extreme duty ratios, the main problem in the PC comes
from the fact that in the SM leg, the starting value of the
duty ratio is quite small (6%). This is due to the fact that the
discharging voltage for the SM inductor in the case of positive
current step is limited to VSMtyp.

If a high SM charging current is required, the control system
acts providing a high duty ratio to this leg. For this reason, the
resulting voltage in the SM inductor increases noticeably (up
to 450-500V), and therefore, a very high SM charging current
can be achieved. On the other hand, when a high discharging
SM current is desired, the duty ratio of the SM leg cannot be
smaller than zero (saturation of the controller), so consequently
the discharging voltage in this inductor is limited to the SM
voltage (for example 30V). Thus, the discharging current is
significantly smaller than the charging one. This results in a
non-symmetric behavior of the control, which is not admissible
for a transient compensating scheme [41].

However, in the alternate SPC scheme at Fig. 3, it was stated
from (3) that the duty cycle of IGBT3 at the SM branch is
also a function of the BB voltage. This ultimately yields to an
extension on the values that the SM inductor might take during
the transient, and therefore extending the range of symmetrical
behavior. For this reason, in the case of implementing this
control in the SPC scheme, the following relationships of the
duty cycles are derived from (3):

dBB =
VBB − VL1

VDC
(36)

dSM =
VSM − VL2

+ VBB − VL1

VDC
(37)

Fig. 8 shows the proposed control when implemented for
the SPC scheme. The differences with the control schemes
implemented in Fig. 7 for the PC configuration are the
following:

• The calculation of the duty cycle of the SM branch
parting from the output of the PI controller.

• The limit for the SM inductor maximum voltage values
is now given as follows:

VL2 max = VSM max + VDC meas (38)

• As a result, the bandwidth at the SM branch, as calculated
from (33), but for the new clamping values for the induc-
tor voltage at the SM branch, is significantly increased.
This yields not only to a symmetric behavior, but also to
a faster dynamics in the SM subsystem performance.

V. VALIDATION OF THE PROPOSED CONTROL THROUGH
SIMULATION

The next step in the procedure is the comparison through a
simulation platform of the performance of the proposed control
in both power topologies, PC and SPC. This step aims to
validate the assumptions carried out during the analysis and
design, and to assess the expected performance of the full
HESS. The parameters used in the operating conditions of
the validation procedure are listed in Table I and Table III,
whereas the control design parameters implemented can be
seen in Table IV. The validation has been carried out in the
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Fig. 8: Proposed control of the SPC in order to supply or
absorb transient power during load variations providing the
improvement of the recovery of the DC bus due to load
variations.

environment MATLAB-Simulink R©, considering the model of
an existing prototype setup of a HESS of 2kW rated power. In
this first approach, ideal components and devices have been
considered.

TABLE IV: Parameters of the control of the converters.

Parameter Symbol Value Units

HPF1 of the ESS power

Cut off frequency fESS 0.4 Hz

HPF2 of the SM power

Cut off frequency fSM 0.7 Hz

Inner BB Current Control Loop

Bandwidth BwBB 500 Hz

Proportional gain KpBB
45.1133

Integral time TiBB
0.0422 Secs

Inner SM Current Control Loop in PC

Bandwidth BwSM 36 Hz

Proportional gain KpSM
1.6241

Integral time TiSM
0.0422 Secs

Inner SM Current Control Loop in SPC

Bandwidth BwSM 222 Hz

Proportional gain KpSM
10.0151

Integral time TiSM
0.0422 Secs

Switching frequency fs 20 kHz

In order to compare the results, an initial State of Charge
(SOC) of the BB of 50% is considered in all cases. In the
same way, the initial voltage value at the SM is kept constant
during the test. The DC bus voltage is controlled by an inverter
connected to the grid in order to maintain its value around
500 V. Initially, all the load power is being provided by the

grid, and therefore the initial ESS power references are null.
From the initial equilibrium operation point, two load steps of
1kW (from 833W to 1833W) and -1kW (from 1833W back to
833W) have been applied, at time instants 0.5 and 2.5 seconds,
respectively.

Figure 9 shows the behavior of both topologies for an
initial SM voltage of 40V. As it can be seen, both topologies
are able to perform a voltage compensation for the DC bus
faster than the system without the energy storage system as
depicted in Fig. 10. In the first load step up transient, the
initial peak power is provided by the SM, while the rest of
the total transient power is delivered by the BB. After around
2 seconds, the steady state is reached again and the power is
again fully delivered by the grid. A similar situation is seen
for the step down transient. It is interesting to remark how, in
the original PC situation, the power delivered by the SM. For
the implemented design, the sudden increased power demand
implies duty ratio values that are below 0%, and the controller
is saturated. The SM branch stops switching for a while, the
anti-windup mechanism implemented in the PI controller turns
on, and only after some instants the system starts to operate
again to track again the reference. Given that the steady state
duty cycle for this branch is relatively small (typically a 5%),
the resulting dynamics are relatively slow.
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Fig. 9: Simulation results for the PC and the SPC where the
load power is changed from 833.3 W to 1833.3 W at 0.5
seconds and then to 833.3 W again at 2.5 seconds.

For the mentioned design, also saturation is given in the
SPC scheme, however for much faster dynamics. As the steady
state initial duty ratio of this branch is closer to a 50%, well
above the 5% typical values in the PC solution, the existing
range for the control action, and hence the obtained bandwidth
for the controller, are significantly higher. This results in the
SM subsystem tracking the power reference much faster for
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Fig. 10: Simulation results of the DC bus for the PC and the
SPC where the load power is changed from 833.3 W to 1833.3
W at 0.5 seconds and then to 833.3 W again at 2.5 seconds.

the proposed SPC scheme. Hence, all the aforementioned
problems of the too small duty ratio obtained for the SM
branch of the PC scheme are therefore solved in the SPC
configuration. The evolution of the control actions (i.e. the
duty ratios of both the BB and SM subsystems) as a function
of time is depicted in Fig. 11. The saturation of the duty ratio
for the SM in the PC scheme can be clearly seen.

VI. EXPERIMENTAL VALIDATION

This control strategy for both topologies has been imple-
mented in a laboratory demonstrator of the HESS setup defined
in Table I and Table III. Figure 12 shows the 2kW laboratory
prototype. The same initial operating conditions have been
applied.

In a first step, the merits and feasibility of the SPC configu-
ration for the steady state operation has been validated for the
conditions of the system under study. The main waveforms
at switching frequency have been represented in Fig. 13 and
Fig. 14, for both the PC scheme and the SPC configuration,
respectively. In both cases, the DC bus voltage is kept constant
and equal to 500V, while the current references for the BB and
SM subsystems are, respectively, IBB ref = 5A, ISM ref =
10A. Figures 13 and 14 show the collector-to-emitter voltages
of IGBT2 (VCE2

) and of IGBT4 (VCE4
), in order to clearly

demonstrate the duty cycles of the BB and SM subsystems,
respectively. From Fig. 13, it can be seen how the duty cycle
for the SM branch in the conventional parallel scheme presents
a very small value compared to the duty cycle of the BB
converter. On the other hand, Fig. 14 shows how under the
SPC configuration, the duty cycle of this SM branch has a
value slightly larger than the duty cycle of BB, but, in any
case, within the 20%-80% optimal range [41]. As mentioned
in the previous sections, these waveforms yield to decrease
the thermal and electrical stresses mismatch, thus improving

0

0.5

1 PC

SPC

0 0.5 1 1.5 2 2.5 3 3.5 4

0

0.5

1 PC

SPC

2.5 2.504 2.5080.5 0.505 0.51

0

0.5

1

Fig. 11: Simulation results of the BB duty cycle (dBB) and
SM duty cycle (dSM ) for the PC and the SPC where the load
power is changed from 833.3 W to 1833.3 W at 0.5 seconds
and then to 833.3 W again at 2.5 seconds.

Fig. 12: Experimental setup that can be configured as PC or
SPC.

the system reliability. But it also solves the voltage mismatch
between the SM device and the DC bus, allowing an increase
in the available margin for the evolution of the control action
in the current control loop.

Once the steady state operation is experimentally validated,
the behavior of the system upon load variations has also been
verified in the prototype setup. Figure 15 shows the evolution
of the system for the same +1kW and -1kW load step sequence
that was applied through simulations in section V. Again,
the DC bus was kept constant and equal to 500V, by means
of an external controller. The main electric parameters have
been recorded and analyzed, in order to verify the claims
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Fig. 13: Experimental results for the PC where 5 Amps BB
current reference and 10 Amps SM current reference are
applied and the DC bus is controlled by the grid inverter.
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Fig. 14: Experimental results for the SPC where 5 Amps
BB current reference and 10 Amps SM current reference are
applied and the DC bus is controlled by the grid inverter.

of the research. As it can be seen, the experimental results
match pretty well the simulations as well as the expected
behavior. The voltage drop with the proposed control scheme
for the SPC configuration is smaller than for the standard PC
case as shown in Fig. 16. Therefore, the implemented control
system has been experimentally validated for the system

under consideration. It must be noticed how the proposed
SPC configuration and control scheme does not imply any
extra component than the base PC scheme, and therefore the
enhancement in the performance is obtained at no cost.
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Fig. 15: Experimental results for the PC and the SPC where
the load power is changed from 833.3 W to 1833.3 W at 0.5
seconds and then to 833.3 W again at 2.5 seconds.
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Fig. 16: Experimental results of the DC bus for the PC and
the SPC where the load power is changed from 833.3 W to
1833.3 W at 0.5 seconds and then to 833.3 W again at 2.5
seconds.

VII. CONCLUSION AND FUTURE DEVELOPMENTS

In this paper, a control loop design strategy for the im-
plementation of the SPC of HESS in nanogrids is proposed,
studied, simulated and experimentally validated. The design
constraints have been established considering the ratings of
an existing laboratory demonstrator. The performance of this
strategy is compared to the original PC of the storage units
proving that the dynamics of the SM aren’t limited by the
small voltage of the SM. The results show that the proposed
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control for the SPC scheme keeps the DC bus under control
upon sudden load variations, with a non-isolated, transformer-
less simple solution. This solution decreases the thermal and
electrical stress on the switches by balancing the voltage on
the switches.

Therefore, the goal of the work has been accomplished
satisfactorily. It has been demonstrated how the SPC configu-
ration with the proposed control scheme is a suitable option for
the implementation of HESS in nanogrid applications, when
there is a large voltage mismatch in the ratings of one of the
storage units and those of the DC bus. The performance of the
SPC solution is better than the standard PC option, and this
enhancement is obtained without any extra component.

Future developments include the optimization of the system
for increasing the efficiency and power density, and even
the extension of the analysis and validation in other kind of
applications apart from HESS.
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Abstract: This work carries out a comparison of non-isolated topologies for power electronic
converters applied to Hybrid Energy Storage Systems. At the considered application, several options
for three-port circuits are evaluated when interfacing a DC link with two distinct electrical energy
storage units. This work demonstrates how the proposed structure, referred to as Series-Parallel
Connection, performs as a simple, compact and reliable approach, based on a modification of the
H-bridge configuration. The main advantage of this solution is that an effective large voltage gain
at one of the ports is attained by means of a simple topology, preventing the use of multilevel or
galvanic-isolated power stages. The resulting structure is thoroughly compared against the most
significant direct alternatives. The analysis carried out on the switching and conduction losses
in the power switches of the target solution states the design constraints at which this solution
shows a performance improvement. The experimental validations carried out on a 10 kW prototype
demonstrate the feasibility of the proposed scheme, stating its benefits as well as its main limitations.
As a conclusion, the Series-Parallel Connection shows a better performance in terms of efficiency,
reliability and controllability in the target application of compensating grid or load variations in
Non-Isolated Hybrid Storage Systems, with large mismatch in the storage device voltage ratings.

Keywords: hybrid storage systems; power electronic converters; multiport; high gain converters;
ultracapacitors

1. Introduction

At present, Hybrid Storage Systems (HSSs) are turning into one of the key technologies in power
electronics related disciplines [1]. Indeed, by using these systems, there is a reported improvement
in the performance at leading applications such as integration in the distribution network of
stochastic power generators [2,3], grid stability and power quality support upon line contingencies [4],
management of fast dynamics high power loads at the power-train in electric-hybrid vehicles [5,6],
and a manifold of industrial applications with a load profile of large transient characteristics [7],
among others. Generally speaking, these HSSs interface a fast-dynamics high-power storage device,
e.g., a Ultracapacitor Module (UM), with a slower, bulk-energy storage unit, e.g., an Electrochemical
Battery (EB) [8]. The design of the HSS involves the selection of adequate energy and power ratings in
the elements of the system, as well as the design of a control scheme that manages properly the involved
power flows [9]. The final design must ensure that the resulting HSS shows an overall enhanced
performance, providing the energy ratings of the main energy storage device, but simultaneously
maintaining the power ratings of the fast-dynamics one [1,10–12]. The management of the power
flows in the system is generally implemented through Power Electronic Converters (PEC) that enable
synchronized control and operation of the involved storage units [10–12].
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Figure 1 depicts the power flow balance in a generic HSS. The primary energy source (in this
case, it is the grid) supplies a given amount of power, PGrid, to the front grid PEC (PECG). The aim
of the system is to supply a power flow, PLoad towards another port that behaves either as a load or
as a generator, for instance in the case of regenerative breaking applications. This port is interfaced
through a Load/Generator PEC (PECL). At every instant, the difference between the load and grid
power values, PD, is managed by the control at the DC link. An adequate power balance into this DC
link is essential for the correct operation of the system. A capacitor bank, DC link Cap in Figure 1,
is usually employed as energy buffer for this difference power, being able to absorb or deliver the
required PCdc. In some applications, for instance in islanded operation of microgrids, a very large
energy storage capability is required at the DC link. The energy stored in the capacitor bank is normally
not enough to ensure a stable operation at the DC link. Therefore, an extra energy storage system
is interfaced to this DC link, ensuring also a fast recovery in case large power steps are demanded.
Furthermore, in the case of hybrid systems, the total power of the HSS, PHSS, is divided into two
different storage units, ESS1 and ESS2, which are interfaced through two power converters, PEC ESS1
and PEC ESS2. The power through the EB and UM, PEB and PUM, respectively, is finally interfaced to
the DC link.

PEC
ESS1

PEC
ESS2

Primary 
Energy 
Source 
(Grid)

Load 
/

Gen

PECG

PECL

DC 
link

ESS1
EB

ESS2
UM 

PGrid

PLoad

PD

PEB

PUM

P
HSS

DC
link 
Cap.

PCDC

HSS

( )

( )

Figure 1. Scheme of the power flow balance in a general Hybrid Storage System (HSS).

To ensure a general case, all the power flows in the system must be considered as bidirectional.
The conventional control scheme ensures that, upon normal conditions, i.e., power flowing from the
grid to the load or from a generator back to the grid, the voltage at the DC link capacitor is kept
constant. Then, in the event of sudden fluctuations at either load or line characteristics, the HSS control
must compensate the resulting variation of operational parameters to ensure an adequate behavior of
the system.

The simplest scheme for a three-port bidirectional converter interface in a HSS, able to attach these
devices to a controlled DC link is the Direct Parallel Connection (DPC), can be seen in Figure 2a [13,14].
This scheme is formed by two independent bidirectional boost converters, each of them implemented
by adding a filter inductor to a leg of a H-bridge converter. For the sake of clarity, a nominal DC
link voltage of 600 V is defined in the coming discussion. In the same manner, the operating voltage
ratings for the EB is considered to be in the range of 300–400 V (e.g., a Li-Ion EB intended for grid
supporting applications). For these voltage ratios, a bidirectional boost converter can be selected as
a feasible solution for interfacing both ports. Nevertheless, considering an extra storage unit with
significant lower voltage ratings that requires to be interfaced, the voltage ratios between the DC
link voltage and the storage unit voltage will change correspondingly. For instance, in the case of
a UM as storage device of, e.g., 48 V voltage rating, and considering a steady-state reference value of
30 V, the direct interface through a boost topology would yield to the operation of the converter at
duty ratios around 5%, well beyond the optimal 20–80% range [15]. On top of major concerns in the
effect of parasitic elements, these extreme values for the duty ratio of the converter imply significantly
high form factors in the voltage and current switch waveforms at the UM converter leg. In addition,
it implies constraints in the practical control margins used in the regulation of the converter. All these
issues, which are covered extensively in Section 2, make mandatory a search for simple, high-gain
alternatives to interface low voltage ratings storage devices with the DC link [16–18].
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Figure 2. Non-isolated topologies considered for the HSS: (a) Direct Parallel Connection (DPC);
(b) Full-Bridge Connection (FBC); (c) Series Connection (SC); and (d) Series-Parallel Connection (SPC).

The most used alternatives in high power applications include complex cascaded schemes
(multistage solutions and tapped-inductor topologies), multilevel converters, or galvanically-isolated
converters [19–25]. However, for small power levels, these solutions are not cost-competitive
depending on the application. To solve these issues, the most straightforward solution in non-isolated
converters is to use a Full Bridge Converter (FBC), as depicted in Figure 2b, for the UM storage
system. As is justified in Section 3, this solution implies higher sizes and costs, as well as increased
power losses. After that, Section 4 explores the non-isolated interfacing scheme proposed in [16],
and depicted in Figure 2c, based on a Series Connection (SC) of the storage devices. After studying
this scheme in detail, its advantages and drawbacks are highlighted. The most important drawback
of this proposal is the series connection of both storage systems that eventually makes impossible an
independent current control of both storage subsystems. This aspect will be discussed in Section 4.
To overcome the mentioned drawbacks, an alternate solution is finally proposed for high voltage gain
applications. The performance of the proposed Series-Parallel Connection (SPC) has been preliminarily
explored on isolated applications [26]. However, this paper is focused on applying the SPC to the
non-isolated scheme, as depicted in Figure 2d, and provides a deeper study than the one carried out
in [27]. Therefore, this work aims to critically assess the performance of the SPC as a non-isolated
alternative for HSS applications. This assessment is carried out through a detailed theoretical analysis,
which is then validated by means of experimental performance demonstrations on a 10 kW rated
laboratory setup. Section 5 covers the definition and detailed discussion of the switching modes in
the converter, whereas Section 6 provides an analysis of the steady state operation of the topology.
Section 7 evaluates the losses performance of the converter, and compares it to the DPC topology.
From the conclusions derived of this study, Section 8 discusses the operation and suitability of this
topology for HSS. A discussion on the control loop implemented for the validation is carried out in
Section 9. Finally, Section 10 presents the final conclusions on the comparison carried out, and proposes
some future work related with this topic.
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2. Limitations of the Direct Parallel Connection

As mentioned, the DPC scheme in Figure 2a is suitable for the interconnection of DC sources
when the voltage ratings at the storage systems are in the order of magnitude of half the DC link
value. However, when a significantly small voltage ratings storage device is interfaced with a large
DC link, i.e., with a ratio of 1:10 or higher, the bidirectional boost configuration is not the optimal
option. As a large gain is required, the efficiency and the cost-effectiveness of the design are
compromised [27,28]. Such a high gain requires a large duty ratio at the lower switch, over 90%.
On the other hand, and considering a complementary pulses scheme, the remaining upper switch must
be turned on with a very small duty ratio. These extreme duty ratio values yield to low efficiency [29].
As the switches must be designed for the high DC link voltage, high voltage ratings must be used.
However, these devices present relatively large on-resistance values, and therefore conduction losses
increase [30]. Moreover, in IGBT based topologies, this implies large currents at the antiparallel diodes,
yielding to operation drawbacks derived from the reverse recovery phenomenon [31]. Moreover,
the high duty cycles limit the switching frequency, as the minimum off-time of the switch must be
ensured [32].

Finally, the dynamic performance of the converter is also affected, since the small duty ratios
yield to non-symmetric bandwidths limitation in charge and discharge operation [27]. This last issue
will be evidenced by considering an example of a HSS with the operating parameters of Table 2. In this
case study, a 600 V DC link voltage is assumed, with a nominal operation voltages for the EB and the
UM of 300 V and 30 V, respectively. All through this work, a particular notation will be used to clarify
the discussion. Note that the subscript applied to the parameters for each of the studied topologies
include a capital letter to distinguish the different configurations under consideration. In agreement
with Figure 2, the magnitudes related to the DPC have a capital letter A in the subscript. In the same
manner, the subscripts in the FBC include capital letter B. Letter C is used for subscripts in the SC,
whereas subscripts for the SPC include capital letter D. For instance, the parameter D1 (i.e., the duty
ratio of Switch S1) is represented as D1A for the DPC (Figure 2a), but is notated by D1B for the FBC
(Figure 2b), and so on.

Initially, the steady state behavior is discussed. Upon these conditions, the corresponding duty
ratios for the EB and UM legs are given by:

D1A =
uEB
VDC

= 50% (1)

D3A =
uUM
VDC

= 5% (2)

where D1A and D3A are the duty ratios of switches S1 and S3, respectively, for the DPC configuration.
These relationships come directly from the gains of each leg of the bidirectional topology, which can be
defined as:

MEBA =
uEB
VDC

(3)

MUMA =
uUM
VDC

(4)

where MEBA and MUMA are the static gain of the EB and the UM voltages to the DC link voltage,
respectively, for the DPC configuration. In this case, the final capital letter A in the subscript indicates
the DPC scheme.

Therefore, it is obvious to see that:

D1A = MEBA (5)

D3A = MUMA (6)
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However, these expressions are a function of the topology, and will change for the rest of the
topologies considered, as shown in the coming analysis.

2.1. Effects of the Waveform Shape in the Thermal Efforts

The final reliability of the design is a function of the relative value and distribution scheme of
the thermal efforts associated to the electrical parameters [33]. The following paragraph discusses the
effect of the shape of the waveforms in the distribution of the electrical stresses of a leg at the converter.
Assuming small current ripples, then the form factor (K f ) of the current waveform for a given switch
in the converter follows the general expression for a square waveform:

K f =
Irms

Iavg
(7)

Irms = Ipk

√
Tup

Ts
(8)

Iavg = Ipk
Tup

Ts
(9)

K f =
1√
Tup

Ts

(10)

where Irms, Iavg and Ipk are the rms, average and peak currents of a periodic square waveform of period
Ts, respectively, being Tup the interval of the waveform that the current value equals Ipk.

In the DPC topology, for large mismatch between the ratings at the UM and at the DC link,
the duty ratio at the UM leg (D3A ) is close to 0%, around 5% in the case under study. This duty ratio at
the upper leg can be expressed as:

D3A =
Tup

Ts
(11)

and therefore:

K f3A
=

1√
D3A

(12)

Analogously for the lower switch:

K f4A
=

1√
1− D4A

(13)

Therefore, for a duty ratio close to 5%:

K f3A
= 4.47 (14)

K f4A
= 1.02 (15)

This difference between the form factors at the switches of the leg of the UM converter implies
that the thermal efforts at both switches are very different. Ideally, to evenly distribute these thermal
efforts among the upper and lower switches of a leg, the duty ratios should be around 50%, yielding to
K f values close to:

K f3 = K f4 = 1.41 (16)
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2.2. Prototype and Experimental Setup

An experimental setup of the PC converter has been implemented in an existing laboratory
prototype of 10 kW (Table 1). The prototype can be configured in all the configurations discussed
in this work (Figure 3). The setup is built using a ROOK 48 × 6 module lithium-ion battery from
CEGASA Portable Energy, a BMOD0165 P048 C01 Ultracapacitor Module from Maxwell Technologies
and 2MB1200HH-120-50 IGBT modules from Fuji Electric, switching at a frequency of 20 kHz. The setup
uses a TMS320F28335 from TI as control platform. The design uses standard reactive elements.

Table 1. Parameters of the 10 kW prototype.

Symbol Parameter Value

uEB Nominal Battery Voltage 288 V
uEB_min Minimum Battery Voltage (0% SOC) 225 V
uEB_max Maximum Battery Voltage (100% SOC) 328 V

iEB Battery Current ±30 A
uUM Rated UM Voltage 48 V
iUM UM Current ±200 A
CUM UM Capacitance 165 F

Figure 3. Experimental setup that can be configured as Parallel Connection (PC), Full Bridge Converter
(FBC), Series Connection (SC) or Series-Parallel Connection (SPC).

For the conditions of the above description for the DPC scheme, with such a small D3A ,
the waveforms of the current through both switches S3 and S4 in Figure 2a present average values and
K f that are significantly different. This issue implies a high mismatch, both in the electrical and in the
thermal stresses at each switch.

Figure 4a shows these waveforms at the switches, for the setup operating with the parameters in
Table 2. As can be seen, the main currents and voltages measurements, consistent with the references
in Figure 2a, are represented. It can be appreciated how the duty ratio of the switches reach extreme
values. This yields to the aforementioned operational and design limitations, that eventually prevent
the use of this topology.
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Figure 4. Experimental waveforms of the DPC scheme. Steady states: (a) iEB = 10 A, iUM = 10 A;
and (b) iEB = 10 A, iUM steps from 1 A to −1 A.

Table 2. Operating parameters of the system under study.

Symbol Parameter Value

V∗DC DC link Voltage 600 V
RLOAD DC load resistor 300 Ω

uEB Battery Voltage 300 V
i∗EB Battery Current 10 A

uUM UM Voltage 30 V
i∗UM UM Current 10 A

fs Switching Frequency 20 kHz

As mentioned, the dynamic performance is also significantly affected by the extreme duty ratio
values in the UM branch, which are very close to the 0–100% physical limits. Considering an abrupt
negative step in the UM current demand, iUM*, then the control stage must generate a control action
in the duty ratios that provide the actual UM current, iUM, equal to the reference value. However,
the available control actions range from D3A = 5% to D3A = 0%, which ultimately implies S3 and S4

continuously turned off and on, respectively. This condition implies that the UM inductance, LUM,
is discharged with the relatively small voltage at the UM, uUM, thus implying a limitation in the
rate of decrease of the UM current. This aspect penalizes the discharging dynamics enormously, also
introducing a non-symmetric behavior in the system performance. Indeed, for the opposite case
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(charging current), the extreme operation in the control action would imply a charging voltage of VDC,
and the rate of charge results dramatically increased.

This situation is illustrated in Figure 4b, where a series of alternate steps in the UM current
reference, from 1 A to −1 A and vice-versa, are provided to the system. Even though these current
values are several orders of magnitude smaller than the expected operational range, it can be seen how,
at the beginning of the charging step (i.e., current iUM changing from −1 A to 1 A), the modulation
temporarily stops, as D3A results clamped to 0%. Therefore, the demanded control action would
drop to negative values, yielding to an impossible operating constraint. On the other hand, for the
discharging step (−1 A to 1 A), the control action can be provided by the system without constraints.
Thus, the non-symmetrical performance of the system is demonstrated. Notice that this effect would
take place even if the switches are considered ideal.

3. The Full Bridge Converter

To solve these issues, the most straightforward solution among non-isolated topologies is to use
a FBC, as depicted in Figure 2b. During the following discussion, the inductors at the converter are
considered ideal and purely inductive, therefore neglecting any parasitic resistances. This simplification
is generally accurate for a reasonably good design of the magnetic devices. For the references at this
figure, and considering an ideal inductor, the static gain of the UM leg of the converter can be
defined as:

MUMB =
uUM
VDC

=
D3B ·VDC − D5B ·VDC

VDC
= D3B − D5B (17)

where D3B and D5B are the duty ratios of switches S3 and S5, respectively, for the FBC solution.
As can be seen, the effective gain between the UM and the DC link is the difference between the

duty ratios of both legs of the H bridge converter. The value of the duty ratio of the UM branch can be
calculated then as:

D3B = D5B +
uUM
VDC

= D5B + MUMB (18)

It is assumed that the duty ratios of S3 and S5 are complementary to the ones at S4 and S6,
respectively, as in the following scheme:

D4B = 1− D3B (19)

D6B = 1− D5B (20)

In this case, the effective static gain of the UM leg, MUMB , is a subtraction of both converter legs
duty ratio levels. In other words, the voltage constraints impose the difference in the values of D3B

and D5B , but the value itself can be selected arbitrarily. This implies that these duty ratios can reach
more adequate values than in the boost converter case, while the difference can be made very small to
achieve a large resulting gain. In fact, this effect comes as there is a new degree of freedom that can be
selected to have one of the duty ratios, e.g., D5B , fixed and equal to 50%. This ensures effective duty
ratios at each leg out away from the extreme values, i.e., within the 20–80% areas, therefore achieving
better general performance [27,28,30–32]. In addition, the dynamic range is greater, given that the
asymmetric modulation constraint of the DPC solution is not present any more. The payback in this
case is the use of two additional switches in a second leg. This issue increases the size and weight of the
converter, as well as the switching and conduction losses. However, with this solution the dynamics
are not limited to the low duty ratios in the converter [27]. However, all four switches need to cope with
the large voltages at the DC-link, VDC, even though the device to interface presents significantly small
ratings, yielding again to large conduction and switching losses [30,31]. A set of experiments has been
carried out, configuring the same converter used in Figure 4 as a FBC. The system operates at a DC link
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voltage of 600 V, a UM voltage of 30 V, and different current values combinations flowing through both
the EB and the UM. Table 3 shows experimental values of the losses and efficiency measurements of
both DPC and FBC configurations, for the aforementioned voltage and current conditions, considering
an extended set of UM current values (it must be noticed that the asterisks at any variable represent
the references for the control systems). As can be seen, compared to the DPC operation, the FBC losses
result increased, and therefore the efficiency of the FBC configuration is significantly smaller.

Table 3. Experimental losses and efficiency performance of DPC and FBC configurations.

i∗EB (A) i∗U M (A) PLoss(DPC) (W) PLoss(FBC) (W) ηDPC (%) ηFBC (%)

10 10 308.6 434.3 90.6% 86.6%
10 5 251.8 339.4 92.0% 89.3%
10 0 222.7 250.4 92.6% 91.8%
10 −5 247.5 310.8 91.7% 89.4%
10 −10 286.4 374.7 90.4% 86.7%

4. Series Connection of the Storage Systems

Figure 2c shows the series configuration of the storage systems [10]. It must be noticed how the
UM is connected in series to the EB. The analysis of the topology starts by looking at the mesh equation
that relates the voltages at the switches S2 and S4, at both inductors and at the UM, with the references
in Figure 2c:

uCE2(t) + uUM(t) + uLEB(t)− uLUM (t) = uCE4(t) (21)

where uCE2(t) and uCE4(t) are the collector to emitter voltages of switches S2 and S4, respectively,
and uLEB (t) and uLUM (t) are the voltages at the inductors LEB and LUM, in the EB and UM legs, respectively.
The average inductor voltages will be null at steady state, and thus Equation (21) can be expressed as:

uCE2 + uUM = uCE4 (22)

Given that each leg of the H-bridge operates as a bidirectional boost converter, the average values
of uCE2(t) and uCE4(t) are again a function of the duty ratios at the upper switches of the H-bridge
converter, D1C , for S1 at the EB leg, and D3C , for S3 at the UM leg, respectively. The expressions for the
static gain in SC is analog to the ones derived in Equations (3) and (4), for FBC, but for consistency,
they are expressed for this topology as:

MEBC =
uEB
VDC

(23)

MUMC =
uUM
VDC

(24)

Equations (23) and (24) yield to the expression for the duty ratios, D1C and D3C , and the static
gains, MUMC and MEBC , in steady state:

D1C =
uEB
VDC

= MEBC (25)

D3C =
uUM + uEB

VDC
= MUMC + MEBC (26)

From Equations (25) and (26), the expression that relates the duty ratio from both legs can be
calculated as:

D3C = D1C +
uUM
VDC

=
uUM + uEB

VDC
(27)
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Equation (27) is interesting, since the duty ratio of switch S3 at the UM leg, i.e., D3C , is not
a function of the UM and DC voltage values alone (which would yield to very small duty ratio values
as in the DPC), but also a function of the battery voltage. This is has a similar effect to what was found
for the FBC scheme. From Equation (27), for the operating conditions in Table 2, the duty ratio values
at the UM leg of the converter for the DPC change from D3A = 5% for the DPC to D3C = 55% in the SC.
Therefore, again, the resulting duty ratios at the SC scheme imply a significant improvement in the
current stresses balancing versus the DPC case. In addition, the control margins for the control actions
achievable in this topology result increased, and in principle this would allow for a symmetrical fast
dynamics performance design, in line with the FBC case. The only constraint in the design for SPC
scheme is that the voltage at the battery as well as the voltage at the UM cannot reach the DC link
voltage. This means the duty ratio of the switch S3 at the UM leg must be less than or equal 100%
(D3C ≤ 100%). However, for practical values, a feasible system ensuring this condition can be designed
without major issues.

However, the most significant drawback in this scheme comes from the expression of the battery
current, which can be expressed by:

iEB = iLEB + iUM (28)

where iEB, iLEB and iUM are the currents of the EB, inductor LEB and UM, respectively.
This results in the impossibility of implementing a practical decoupled current control scheme

in both storage systems (EB and UM). In fact, if both inductor currents are independently controlled,
then the evolution of the battery inductor current is forced by Equation (28), yielding either to
dangerous voltages in the system due the inductive behaviour, or to a limited dynamic performance if
these overvoltages are prevented at control level.

Another point of the analysis comes by looking in Figure 2c. From the inductors connection
scheme, it might seem that a certain beneficial interleaving effect is possible in the EB current, iEB.
Nevertheless, this effect would only be true for small operating conditions ranges, as it depends on
the values of the duty ratios and in the synchronization of the pulses in the switches. This enhanced
interleaving effect will not occur for all possible conditions, particularly for UM currents much higher
than EB currents.

Finally, also derived from Equation (28), the peak current flowing through the EB inductor is
calculated as a function of the UM and EB currents. Thus, inductor LEB must be designed considering
values in the order of magnitude of the UM current, that is, significantly larger than the EB current.
This results in a much larger inductor device, which compromises the efficiency, the power density
and the cost of the full HSS.

Given all these constraints, the SC scheme is disregarded as a feasible option. Therefore, it will
not be included for the validation stages, by simulations or experimental tests.

5. Analysis of the Series-Parallel Connection

All these drawbacks of the SC scheme can be effectively solved by considering the SPC of both
storage units. This scheme, shown in Figure 2d, keeps the H-bridge configuration of the switches.
However, in this case, the series assembly formed by the EB and inductor LEB, is connected between
both midpoints of the legs. This configuration can be seen as an integration of the FBC from three to
two legs, removing the degree of freedom that existed in the latter. For the references in Figure 2d,
the mesh equation that includes the voltage at the UM can be expressed as:

uCE2(t) + uUM(t)− uLUM (t) = uCE4(t) (29)

Analyzing Equation (29) analogously to the former FBC and SC cases, the expression for the duty
ratio at the UM leg, results in:

D3D = MUMD + MEBD =
uUM + uEB

VDC
= D1D +

uUM
VDC

(30)
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Again, it presents a similar expression to the SC case; thus, all statements concluded for the new
duty ratio values are still valid.

Regarding the stresses distribution, the values of the K f can be calculated for the switches at the
SM branch at the SPC configuration, considering the values of Table 2:

K f3D =
1√
0.55

= 1.35 (31)

K f4D =
1√
0.45

= 1.49 (32)

These values are close to the optimal value for an even distribution of the current efforts stated
in Equation (16), therefore increasing the reliability of the system. This effect is obtained for any
application in which one of the legs at the converter interfaces a device with voltage ratings significantly
smaller than the other one, this latter being around half (e.g., practical values of 40–60%) the DC
link value.

However, in addition to that, it must be noticed how, in the SPC scheme, the following expression
can be calculated for the EM current:

iEB = iLEB (33)

Therefore, and unlike in the SC case, decoupling both EB and UM current control is quite simple
in the SPC scheme. This results in the possibility of implementing an independent current control
(and hence power flow) for both storage devices. This allows for an effective hybridization of the
energy devices, without the drawbacks of extreme duty rations in the system.

The following discussion deals with a deep analysis of the operation of the SPC converter, aiming
to provide the foundations for an adequate design of the HSS. The previous step of the analysis is to
settle the assumptions and limitations that are going to be considered to simplify and establish the
limits of the study. These assumptions are the following:

• The UM is a unipolar DC device, and the terminal of negative polarity is attached to the center
point of the battery leg. Thus, it can be deduced from (30) that D3D is greater than D1D in
steady state.

• The switching pulses of all the switches are synchronized at the same frequency, fS.
• The ripple values of the current through both inductors and of the voltage at the capacitor, are

relatively smaller than the respective average values.
• Each leg at the converter operates in a complementary scheme, i.e., the pulse signals for the lower

switches are the logical inverted pulses of the upper ones. It is also assumed that a dead time is
implemented in the switching scheme, aiming to avoid cross-conduction, and that its effect in the
overall performance can be neglected.

• The initial conditions assume a positive value for iEB, i.e., the battery is being discharged towards
the DC link.

• Finally, it is also considered a positive value for iUM, i.e., the UM is also being discharged.
However, to increase the generality of the analysis, in a later stage, the case of negative iUM will
also be considered.

Once the basic operating assumptions are settled, the instant waveforms at the converter must be
analyzed. However, the shapes of these waveforms depend on the exact sequence of gating signals in
the switches. Each leg operates in complementary mode, as stated previously; however, in the most
general case, the phase shift between legs might take any value, resulting in different synchronization
schemes. From the point of view of the implementation of the PWM scheme in a digital controller,
the most straightforward manner to synchronize the pulses is to use a single triangular waveform
at fS, and compare this triangular shape with given reference values to generate the control pulses
for every switch in the converter. For this single triangular waveform scheme, the pulses obtained
are symmetrical from the central point of the on/off intervals, as depicted in Figure 5. In particular,
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Figure 5a corresponds to the switching pattern in the steady state, i.e., for D3D being greater than D1D .
This gives rise to a set of operating modes, as a function of the combination of on/off states of the
switches in the converter. These equivalent switching modes are detailed in the following subsections,
considering the chronograms in Figure 5.
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Figure 5. Switching modes in the SPC for the pulse scheme considered: (a) D3D is greater than D1D ;
and (b) D3D is smaller than D1D (only in transients).

5.1. Mode I. S2 and S4 Turned On

Figure 6a shows both S2 and S4 turned on. The battery inductor charges through S2 (iEB > 0).
Assuming also iUM > 0, then LUM charges through S2 and S4:

iS1(Mode I) = 0; iS3(Mode I) = 0;
iS2(Mode I) = iEB − iUM; iS4(Mode I) = iUM;

(34)
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Figure 6. Switching modes in the SPC scheme: (a) Mode I; (b) Mode II; (c) Mode III; and (d) Mode IV.
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5.2. Mode II. S2 and S3 Turned On

In the next switching interval, depicted in Figure 6b, S4 turns off and S3 turns on, whereas the
battery leg remains unchanged. The UM current flows towards the DC link through S3, and therefore:

iS1(Mode I I) = 0; iS3(Mode I I) = −iUM;
iS2(Mode I I) = iEB − iUM; iS4(Mode I I) = 0;

(35)

5.3. Mode III. S1 and S3 Turned On

Finally, mode III keeps the UM leg as in Mode II, but now S1 is turned on as S2 turns off (Figure 6c).
The resulting current expressions in the switches for this interval are:

iS1(Mode I I I) = −iEB + iUM; iS3(Mode I I I) = −iUM;
iS2(Mode I I I) = 0; iS4(Mode I I I) = 0;

(36)

5.4. Mode IV. S1 and S4 Turned On

An additional switching mode has to be analyzed. During transients, D3D might get smaller than
D1D , and therefore Mode IV would take place instead of Mode II (see Figure 6b) in the switching
sequence. In this case, S1 and S4 will be turned on, whereas S2 and S3 will remain turned off (Figure 6d):

iS1(Mode IV) = −iEB + iUM; iS3(Mode IV) = 0;
iS2(Mode IV) = 0; iS4(Mode IV) = iUM;

(37)

6. SPC Steady State Analysis

Once the switching states are defined, the steady state analysis of the SPC scheme can be carried
out. It must be noticed that both converters are bidirectional in current, and thus, if a general analysis
is desired, all possible combinations must be assessed. Considering a system that operates with
DC link voltage control, and provided that both storage device legs are controlled in current mode,
the operating conditions that need to be taken into account are stated in Table 4.

Table 4. Operating conditions of storage systems, considering references in Figure 6.

EB UM Operating Condition

Discharging iEB > 0 Charging iUM < 0 Opposite sign in currents
Discharging iEB > 0 Discharging iUM > 0 Same sign in currents

Charging iEB < 0 Charging iUM < 0 Same sign in currents
Charging iEB < 0 Discharging iUM > 0 Opposite sign in currents

From Equations (34)–(37), the current that flows through the switches at the battery leg are
a subtraction of the EB and UM inductor currents. Therefore, the net result of these switch currents
depends on whether these currents are added or subtracted in absolute value. Thus, this study
can be simplified to the cases in which UM and EB currents have either the same or opposite signs.
The theoretical waveforms for these two key cases can be seen in Figure 7a (EB and UM discharging, iEB
and iUM have same signs) and Figure 7b (EB discharging, UM charging, iEB and iUM present opposite
signs). Even if the resulting current values at the switches result in significant change, the claimed
balancing effect in the current stresses at the UM leg switches can still be noticed, as all the involved
duty ratios are relatively close to the 50% optimal value.
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Figure 7. Theoretical waveforms of the SPC scheme: (a) EB and UM both are in discharge mode;
and (b) EB is in discharge mode but UM is in charge mode.

Another consequence of this switching pattern is that the current waveforms through the UM
inductor evolves at twice the switching frequency. This allows for a certain degree of optimization in
the inductor design, as current ripple will decrease for the same target inductor value, or, conversely,
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inductor can be made smaller for the same target current ripple. Figure 8a shows key experimental
waveforms measured at steady state, for the SPC configuration of the prototype setup defined in Table 2.
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Figure 8. Experimental waveforms of the SPC scheme. Steady states: (a) iEB = 10 A, iUM = 10 A;
and (b) iEB = 3 A, iUM steps from 1 A to −1 A.

However, the most significant consequence of this connection comes from the relationship between
MEBD and MUMD , and therefore between D1D and D3D . As stated in the assumptions, and considering
the steady state operation, then from Equation (30), D3D is always greater than D1D . However,
in transient operation, the inductor voltage at the UM might be substantially large, depending on
the transient current demanded. This might yield D3D to reach values smaller than D1D . However,
as in the FBC case, now the control action at the UM is not clamped as in DPC, and therefore a better
dynamic performance is found. Moreover, this behavior is now symmetric. To illustrate this last
assertion, Figure 8b shows a series of symmetric ±1 A consecutive bidirectional current steps for the
SPC connection, in order to keep the same values as in the DPC case (Figure 4b), as to be compared
directly. As it can be seen, and given that the control action is able to reach negative values in a natural
manner, the modulation is never interrupted in the SPC operation. Figure 9 shows the performance for
an increased current steps than in Figure 8b, up to ±10 A current steps. As it can be seen in this figure,
a large ripple an be appreciated in the DC link voltage. This is due the fact that for these experiments,
the DC link is not regulated with optimal bandwidth. However, the aim of these plots is to show how
this topology can supply large, fast current steps to the DC link voltage by the UM storage subsystem.
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Figure 9. Experimental waveforms of the SPC scheme, for iUM steps from 10 A to −10 A.

7. Losses Comparison and Effects in the Efficiency

From the above discussion, the SPC can be initially considered as an alternative solution for
a non-isolated interface in a HSS, in the case that one of the storage devices is rated at very low voltage.
As can be seen, the proposed scheme overcomes the main drawbacks of the DPC, FBC and SC schemes.
However, major concerns in the performance of the solution arise from the fact that the UM current
will flow also through the switches of the EB leg. It means that both switching and conduction losses
through these switches will be affected. In the event that the final losses at these switches result in
an increase with respect to the original scheme, the overall efficiency loss might make unfeasible the
use of this solution. Moreover, as is demonstrated below, the final balance depends on the operation
point of the HSS. Thus, a thorough, objective analysis of the time evolution of losses in the system as
a function on the mode of operation must be carried out.

To assess this comparison quantitatively, the losses at every switch of converter have been
expressed following a simplified theoretical approach. The generic equations of both the switching and
conduction losses, for inductive switching of the converter, have been expressed as a function of the
EB and UM current values [15]. However, to extract conclusions on the comparison of performances,
the figure of merit that is considered is the difference between the losses at both the DPC and SPC
configurations, ∆PLoss, rather than the losses at each of the schemes on their own. Thus:

∆PLoss = PLoss(SPC)− PLoss(DPC) (38)

This parameter has been quantified theoretically for the operating parameters in Table 2, and the
results are shown in Figure 10. This picture represents ∆PLoss in a grey scale. The darker areas
correspond to larger negative differences, i.e., the proposed SPC performs with fewer losses than the
original DPC. Conversely, the clearer regions imply larger positive differences, i.e., SPC performs with
more losses than DPC. As a conclusion, a better efficiency is obtained by using the proposed SPC
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scheme if the system evolves within at the darker areas. This implies both UM and EB currents are
large in amplitude and of the same sign, that is to say, both storage devices are simultaneously being
either charged or discharged.

iEB (A)
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40

20

0

-20

-40
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200 W
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-100 W
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ΔPLoss(W)
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Figure 10. Difference between the losses in DPC and SPC configurations, as a function of the UM and
EB currents. The darker areas correspond to SPC scheme operating with fewer losses than the original
DPC scheme. For reference, it must be noted that PLoss equals to zero if iUM = 0 (i.e., horizontal axis).

The conclusions of this analysis have been validated through a series of experiments on the
built setup. Table 5 shows efficiencies and losses obtained in steady state, of both the DPC and SPC
configurations, for the known given voltage conditions of VDC = 600 V, uEB = 300 V and uUM = 30 V.
The recorded current reference values considered were iUM = −10 A, −5 A, 0 A, +5 A and +10 A,
and iEB = 0 A, +5 A, +10 A. From these results, it can be verified that the switches losses are lower in
SPC provided that the UM and EB currents are both large and of the same sign. On the other hand,
if the signs of both currents are opposite, SPC presents more losses than DPC. Thus, Table 5 corroborate
the theoretical results depicted in Figure 10. The results in Table 5 are graphically represented in
Figure 11. As can be seen, the SPC presents fewer losses when the EB and UM currents have the same
sign and larger values. As a conclusion, it must be noticed that, even though at some operating points
the losses will be higher with the proposed SPC scheme than in the original DPC scheme, the full
performance in terms of efficiency of the proposed topology must be assessed only after considering
the application and the control scheme used.

Table 5. Experimental losses and efficiency performance of SPC and DPC configurations.

i∗EB (A) i∗U M (A) PLoss(DPC) (W) PLoss(SPC) (W) ∆PLoss (W) ηDPC (%) ηSPC (%)

0 10 142.0 248.6 106.6 - -
0 5 82.0 147.9 65.9 - -
0 0 20.3 15.1 −5.3 - -
0 −5 99.8 55.3 −44.5 - -
0 −10 206.0 250.8 44.8 - -

5 10 240.1 224.4 −15.7 87.0% 87.4%
5 5 177.8 139.0 −38.8 89.5% 91.6%
5 0 146.0 138.3 −7.7 90.5% 91.0%
5 −5 166.0 191.8 25.9 89.1% 87.4%
5 −10 188.1 277.5 89.4 87.5% 81.9%

10 10 308.6 257.2 −51.5 90.6% 92.1%
10 5 251.8 218.7 −33.1 92.0% 93.1%
10 0 222.7 215.9 −6.9 92.6% 92.9%
10 −5 247.5 293.9 46.4 91.7% 90.3%
10 −10 286.4 363.9 77.5 90.4% 88.0%
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Figure 11. Steady state losses comparison between DPC and SPC configurations: (a) iEB = 0 A;
(b) iEB = 5 A; and (c) iEB = 10 A. (d) Efficiency measurements of the DPC and SPC schemes, for iEB = 5 A
and iEB = 10 A.

8. SPC Scheme in Hybrid Storage Systems Applications

Thus far, the comparison of losses has been carried out considering steady state conditions.
This section, instead, deals with the analysis of the SPC performance in HSS applications upon
transient operation. For the power flows stated in Figure 1:

PCDC = PGrid − PLoad + PEB + PUM (39)

PD = PGrid − PLoad (40)

PESS = PEB + PUM (41)

where PCdc is the power absorbed by the DC link capacitor, PGrid is the power coming from the grid,
PLoad is the power consumed by the load, and PEB and PUM are the power flowing from both the EB
and UM, respectively, towards the DC link. These power values are defined as a function of the voltage
and current values at each subsystem [14]:

PGrid = VDC · iGridDC (42)

PLoad = VDC · iDC (43)

PEB = uEB · iEB = VDC · iEBDC (44)

PUM = uUM · iUM = VDC · iUMDC (45)

PCDC = VDC · iCDC (46)
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where iGridDC , iDC, iEBDC , iUMDC and iCDC are the currents of the grid, the load, the EB, the UM and the
DC link capacitor, respectively, all of them at the DC link side. In the system under consideration,
the DC link voltage is regulated and fixed to a reference value. Therefore, in steady state PCdc is
null. Assuming that all the load power is supplied by the grid converter, then the storage system
remains idle in steady state, which means that also PEB and PUM are null. Thus, from Equation (39),
the following equality applies in steady state:

PGrid = PLoad (47)

However, upon transient variations modeled by power steps in either the grid (line fluctuations)
or in the load (random load/stochastic generator), the balance given by Equation (47) is lost. It yields
to a transient change in the DC link steady voltage value, that must be compensated by the control
scheme if a stable operation is desired [34]. For simplicity, it is assumed that, once the system is in
steady state, a load instant power step takes place at a given moment (i.e., the grid power is kept
constant). It is also assumed that the hybrid behavior is designed as to achieve UM dynamics (power
support) much faster than the EB dynamics (energy support) [35].

Figure 12 sketches this evolution. Interval 1 shows the initial steady state situation, when no
power is flowing from any of the storage systems to the DC link. The power that the load is consuming
is fully delivered by the grid. The storage system is in idle mode, and thus the currents flowing through
the storage devices are null. Interval 2 starts with a sudden load change, in this case a step increase
in the load. The control stage reacts demanding more power from the HSS. Therefore, both storage
devices start to supply energy to the system. Due the system constraints, the battery has limited safe
dynamic response, and hence the power is initially supplied by the UM converter. In any case, PUM
and PEB, and therefore iEB and iUM, present the same polarity. As per the aforementioned discussion,
this results in smaller current stresses in the switches at the EB leg. Notice that an analogous situation
is achieved in the case of decreasing step in the load power.

Once the energy supply is taken over by the EB, the UM must recharge to reach the initial
reference value again in a reasonable amount of time. This ensures the HSS is ready to supply again
any forthcoming power steps. However, this implies that the sign of the UM current changes, yielding
to Interval 3. In this situation, EB and UM currents present opposite signs, resulting in an increase of
the stresses at the switches of the EB leg. Nevertheless, this evolution back to idle mode might be done
relatively slowly, allowing to minimize the effect of the addition of currents. Then, provided that the
control dynamics are tuned adequately, SPC provides a better efficient performance than DPC.

PLoad

EP B

Interval 1 2 3

ref
actual

PUM

t

t

t

Figure 12. Control operation intervals upon sudden load variation.

9. Stability of the SPC Scheme

Figure 13a shows the scheme of the UM current mode control loop. Although the standard EB
current mode and DC link voltage mode control schemes are not represented, it is assumed that these
loops are operating properly. H(s) is a signal conditioning block, in charge of measuring, adapting
and filtering the current through the UM. The obtained measured value, IUMMeas , is compared to
the reference, IUM*, to obtain the UM current error, εI . This error is the input of the regulator R(s).
The output of this regulator is the control action that enters the transfer function of the system, G(s).
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As seen in Figure 2d, the UM storage device current equals the UM inductor current, and hence the UM
control is indeed an inductor current control. Such a control scheme can be implemented considering
the inductor voltage, ULUM , as the control action. This yields to a transfer function given by:

G(s) =
ILUM

ULUM

=
1

s · LUM + RLUM

(48)

where RLUM is the parasitic resistor of the real magnetic component. This approach results in a simple
first order transfer function, and therefore the tuning of the controller can be made very easily.
After tuning the regulator, the duty ratio at the UM leg of the converter, D3D , can be obtained from
Equation (29). After linearizing:

D3D = D1D +
uUM − uLUM

VDC
(49)

Figure 13b shows the block diagram of the control scheme, where the measured DC link and UM
voltage values, VDCMeas and UUMMeas , respectively, are used to compute D3D . The implemented filter
H(s) is a second order Butterworth filter, on a Sallen–Key configuration, with a cut-off frequency of
3.5 kHz. The chosen bandwidth of the PI regulator R(s) is BW = 300 Hz. The UM inductor has an
inductance value of LUM = 21 mH and a series parasitic resistor of RUM = 0.48 Ω. Figure 14 shows the
open loop gain of G(s) · R(s) · H(s), used to check the system stability. As can be seen, for this design,
the Phase Margin (PM) is close to 90◦, therefore the system is stable.

R(s)

IUM Meas

IUM

+ _

I
G(s)

IUMULU M

H(s)

ε

(a)

R(s)

IUM·H(s)

IUM

+ _

εI SPC
Conv.

IUM

ULU M

H(s)

UUM Meas

D1D
+

+ 
D3D

-
+ VDCMeas

(b)

Figure 13. Control schemes: (a) Current control loop simplified scheme for tuning the regulator;
and (b) implemented control scheme, obtaining D3D from the control action, ULUM .
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Figure 14. Bode plot with the Phase Margin (PM) of the system.
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10. Conclusions and Future Developments

In this work, a comparison among basic power converter topologies for multiport Hybrid Storage
Systems (HSSs) has been conducted. The conditions in which the results of the analysis are valid have
been clearly defined. These particular constraints include the target application HSS, with a DC link
interfaced with two storage units, one of them with significantly smaller voltage ratings. In addition,
the constraints consider low/medium power levels where galvanic isolation is not a requirement.
The control scheme implemented in the analysis manages the storage power flows to compensate the
system DC link voltage due load steps or grid perturbations.

The topologies under study are the base Direct Parallel Connection (DPC) of two bidirectional
converters, the Full-Bridge Converter (FBC) configuration for the UM leg, the Series Connection (SC)
of the storage devices, and the proposed Series-Parallel Connection (SPC) of the storage units. All these
options can be implemented by connecting the power switches in the standard single-leg configuration
with complementary control pulses switching. This constraint facilitates the final implementation
using ready-to-market, cheap components.

The results of the theoretical study, that included aspects such as losses, efficiency, loss balance
between switches, and margins in the control stage design, have been validated by means of simulations
and experimental tests on a built laboratory prototype with a rated power level of 10 kW. All throughout
the analysis, and for the purpose of finding comparable results, the main parameters in the design,
i.e., power, voltage and current levels of the devices were kept constant. For the same reason, also the
values of the reactive elements were kept constant.

For HSS applications, SPC presents better efficiency (fewer losses) and also a better distribution
of the electrical and thermal stresses in the switches of the legs of the converter. The combination of
both effects yield to an increase in the reliability of the system.

The conclusions to this study are shown in Table 6 for DPC, FBC and SPC options. SC has
been discarded, as it does not allow the use in HSS due the limitations in the controllability of the
storage devices.

Table 6. Configuration performance.

Parameter DPC FBC SPC

Efficiency Baseline for comparison Smaller than DPC Depends on currents sign

Electr. and therm. High mismatch in K f K f at switches K f at switches
stress balancing at switches evenly distributed evenly distributed

Control regulation Non-symmetric current Symmetrical Symmetrical
margins control, lim. bandwidth current control current control

Control simplicity Simple, independent current control for EB and UM

Current ripple Baseline for comparison Ripple at twice Ripple at twice
through UM at switching frequency the switching frequency the switching frequency

Current ratings Rated for EB Rated for EB Rated for algebraic sum
at EB leg switches peak current peak current at UM and EB peak currents

Size Baseline for comparison Increased No. of legs Same legs than DPC,
smaller UM inductor

From the comparison, it can be seen how SPC presents a better electric and thermal stresses
balancing than the DPC case. Given that the UM inductor presents half the inductance value than
in the DPC case for the same target current ripple, higher power density might also be achieved.
SPC also allows for extended control margin. On the other hand, as mentioned, SC does not allow for
an independent current control of the storage devices, therefore preventing its use as hybrid storage
solution. For SC and FBC cases, the thermal and stresses balance is similar to the SPC, however FBC
presents increased power losses vs. SPC.
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The comparative efficiency results show how the performance comparison between DPC and SPC
depend on the signs of the currents; therefore, the control scheme determines the overall efficiency
of the system. From the above discussion, the proposed SPC scheme is considered as a feasible
option for non-isolated interfacing of highly mismatched voltage rating storage systems in multiport
configurations, for low to medium power rated HSSs applications.

The key issue demonstrated in this work is that, regardless of the efficiency of the base-case
(DPC), an increase in the efficiency, in the dynamic performance, and in the stresses distribution in
the converter switches achieved by the SPC connection scheme will be obtained, provided that a set
of operating constraints are met. In the performed comparison, the hardware setup has been kept
constant, and therefore this gain does not yield to modification in the components count or in the basic
control implementation requirements.

Future developments include the optimization of the system for increasing the efficiency and
power density assuming SPC scheme as the target topology; the inclusion of the energy storage devices
modeling as to refine the control algorithms performance; or extension of the proposed solution in
other kind of applications apart from HSS.
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Abstract—— This work focuses on the control strategies for different 
configurations of Non-Isolated Hybrid Energy Storage Systems. Basic 
strategies are proposed, studied and compared. Parting from the 
standard parallel connection of bidirectional boost converter in hybrid 
storage systems, a comparison with alternate topologies is presented. 
These alternative schemes overcome the problems that arise in the 
original configuration due the high mismatch in voltage ratings of the 
individual storage systems. A strategy to design the control loops of the 
resulting Hybrid Energy Storage System is proposed, studied, simulated 
and experimentally implemented on a 1.5 kW demonstrator. The control 
strategy is implemented in the standard bidirectional boost converter 
approach and also in the series-parallel connection of the storage units. 
The reported results show how the proposed control strategy applied to 
the series parallel connection presents a good performance in terms of 
dynamic and steady state operation. 

Keywords— Energy Storage System; Boost Converters; Hybrid; 
Series-Parallel Connection; 

I.  INTRODUCTION  
Nowadays, the most common Energy Storage Systems 

(ESSs) implemented in DC microgrids are hybridized, thus 
combining a bulk ESS, usually presenting slow-dynamics (such 
as an electrochemical battery e.g. Lithium Ion Battery (LIB)) 
plus a high-power fast-dynamics storage module (e.g. a 
Supercapacitor Module, SM). Therefore, by using such a 
Hybrid ESS, the expected performance implies a decrease in 
the overall system costs (reducing the battery size and 
increasing the life span of the battery) and an increase in the 
system reliability (decreasing the stresses on the battery during 
transient stages) [1] – [15].  

The simplest connection of the Hybrid ESS able to fully 
control the power flow from and into every storage device and 
the DC link is the Parallel Connection (PC), shown in Fig. 1, 
based on two bidirectional boost converters connected to the 
DC link itself. This scheme can also be defined as a H-bridge 
configuration [1]-[3], [6], [8], [9], [11], [15]. The main 
limitations of this connection come from the high voltage 
mismatch between the SM voltage ratings and the DC link bus 
voltage. Considering a battery rated voltage of around half the 
DC link voltage, then the duty ratio of the battery leg will be 
around 50%, thus optimizing the performance of such 
converter, in terms of stresses balancing, design complexity 
and control capability. However, provided that in some 

applications the SM voltage ratings are ranged from 20V to 
40V, then for DC bus voltage ratings ranged from 500V to 
900V the required gains for the dedicated interfacing converter 
will reach values up to 40:1 or even higher.  

 
Fig. 1. Parallel Connection (PC) of two bidirectional boost converters 
connected to Lithium Ion Battery (LIB) and Supercapacitor Module (SM) and 
sharing the DC link. 
 

Such requirements cannot be accomplished by the 
commonly used single-stage non-isolated converter topologies 
[16]. But even for practical gain values (say 10:1), the 
bidirectional boost converter experiences an increase in the 
stresses unbalancing on the IGBTs, a decrease the control 
margin of the converter, more sensitivity to parasitic elements, 
etc. [16]. To overcome these drawbacks, a solution without 
moving to more complex schemes (such as cascaded, 
multilevel or isolated approaches) is the Series-Parallel 
Connection (SPC) depicted in Fig. 2 [17]. The negative 
terminal of the SM is connected to the middle point of the leg 
connected to the battery. 

 
Fig. 2. Series-Parallel Connection (SPC) of two bidirectional boost converters 
connected to Lithium Ion Battery (LIB) and Supercapacitor Module (SM) and 
sharing the DC link. 

978-1-5090-0737-0/16/$31.00 ©2016 IEEE
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II. COMPARISON OF CONFIGURATIONS 
In order to demonstrate the operation of the proposed 

solution, the system under consideration has the following 
operating conditions: 300V nominal voltage battery (e.g. a Li-
Ion battery), 30V rated SM voltage and 500V nominal voltage 
DC-link. The performance will be assessed in steady-state. 
Under PC scheme, the usual boost converter equations are 
fulfilled, therefore, the corresponding duty cycles at steady 
state for the IGBT 1 (at the leg connected to the battery) and 
IGBT 3 (at the leg connected to the SM), DBat and DSM, 
respectively, follow the following expressions:  

        (1) 

  %  (2) 

where, VBat, VSM and VDC_Link are the battery, the SM and the 
DC link voltage values in Volts, respectively.  

Thus, IGBT 3 is turned on 6 % of the switching time, while 
the IGBT 4 is turned on 94 % of the switching time. The small 
duty cycle of the SM leg yields to thermal and electrical 
stresses mismatch on the switches. On the other hand, under 
SPC scheme, the following equation applies to the leg formed 
by IGBT 3 and IGBT 4: 

Where, VL1 and VL2 are the voltages in the inductors 
connected to the battery and to the SM in Volts, respectively.                  

Upon steady state condition, the inductor voltages are null, 
therefore the value of the duty ratio at the SM leg is given by: 

The value of the duty ratio at the battery leg is given by (1). 
With the same voltage values than in the PC case, IGBT 3 is 
turned on 66 % and IGBT 4 is turned on 34 % of the switching 
time in the SPC scheme. This yields to a balance in the thermal 
stress on the switches for the SM leg. In the aforementioned 
connection, the duty cycle of the IGBT 3 is a function of the 
supercapacitor voltage and battery voltage, not only of the 
supercapacitor voltage as in case of PC. Therefore, the stresses 
in the switches of the SM leg are much more balanced than in 
the previous case, yielding to a better performance in terms of 
reliability and increased control margin.  

The main drawback is the appearance of circulating extra 
currents through the switches of the battery leg in the SPC. 
However, in the case of using a SM for transient compensation 
of power demands, where most of the time the current 
reference for the SM will be null, this issue is not a concern. 
Thus, the SPC is an option for some applications of Hybrid 
ESS with high voltage ratings mismatch. In order to assess its 
performance, a deep analysis of the control system required to 
govern the power flows in the converter is needed. 

III. PROPOSED CONTROL OF THE SERIES-PARALLEL 
CONNECTION 

For the PC in Fig. 1 considering now transient state, the 
following relationships for the duty cycles are found: 

Through the V-I characteristic of these inductors, two 
independent current control loops can be implemented for each 
of the storage devices, simplifying the control design. For 
instance, the bandwidth of the storage systems can be made 
significantly different, therefore limiting the di/dt of the 
battery, forcing the SM to cope with the fast power variations 
required by the DC-link. The instant value of the duty ratios in 
the converters states the capability of providing a given 
transient voltage to the inductors in the converters, therefore 
yielding to a given current by those inductors. In addition to 
stresses unbalance in the switches and poor performance due 
extreme duty ratios, the main problem in PC comes from the 
fact that in the SM leg, the starting value of the duty ratio is 
quite small (6%). 

If a high SM charging current is required, the control 
system acts providing a high duty ratio to this leg (say 80%), 
and therefore, the resulting voltage in the SM inductor 
increases noticeably (up to 450-500V), and therefore a very 
high SM charging current can be achieved. But in the opposite 
case, when a high discharging SM current is desired, the duty 
ratio of the SM leg cannot be smaller than 0, and therefore the 
discharging  voltage in this inductor is limited to the SM 
voltage (say 30V), and therefore the discharging current is 
significantly smaller than the charging one. This results in a 
non-symmetric behavior of the control, which is not admissible 
for a transient compensating scheme. 

However, In SPC the duty cycle of the IGBT 3 is a function 
also of the voltage at the inductor connected to the battery. This 
ultimately yields to an extension on the values that the SM 
inductor might take, and therefore extending the range of 
symmetrical behavior. From (1) and (3), for SPC in Fig. 2, the 
following relationships of the duty cycles are found: 

The control strategy proposed and implemented is 
discussed ahead. This control considers that the DC bus voltage 
is controlled by an inverter connected to the grid (not 
represented in the figures 1 and 2). The aim of the control is the 
SM delivers or absorbs the transient peak power and the LIB 
delivers or absorbs the rest of the transient power in order to 
improve the recovery of the DC link due to load variations.   
Fig. 3 shows the control scheme of the PC; as it can be seen, 
the total ESS power reference is generated by measuring the 
load power and filtering through a High Pass Filter (HPF) [7], 
[18]. This total ESS power reference is not directly applied to 
the system. Instead, another SM power reference is generated 
by using a different HPF (with a higher cut-off frequency). A 
limiter is used to ensure that the SM power limits are not 
exceeded. This SM power reference is applied to the SM 
control loop. Finally, the power reference for the battery 
control loop is obtained as a difference between the total ESS 
power and the SM power reference [9], [15]. Another limiter is 
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used to ensure that the LIB limits are not exceeded. The power 
expressions are defined as following: 

where:  

• PL_meas is the measured power of the load in Watts, 

• PESS_ref, PSM_ref and PBat_ref are the reference powers of 
the ESS, SM and LIB respectively in Watts, 

• IL_meas is the measured current of the load in Amps,  

• VDC_meas is the measured DC link voltage in Volts,  

•  TESS is the time constant of the HPF of the ESS power 
in Secs, 

• TSM is the time constant of the HPF of the SM power in 
Secs,   

• s is the Laplace complex variable; s= +j d.  

Once the power reference values are obtained, the current 
references of the battery and SM loops are calculated by 
dividing by the battery and SM measured voltages, 
respectively. The current of the inductors connected to LIB and 
SM are the same the currents of the LIB and SM, respectively. 
As regulators, typical PI current controllers in ideal form 
(tuned by zero-pole cancellation considering the RL 
equivalents of the inductors) are used as in (13). The 
bandwidth (BW) of the SM current controller is higher than the 
BW of the battery current controller[2], thus guaranteeing that 
the SM will supply or absorb the peak transient power during 
load variations. The limits for the inductors voltage are 
calculated as in (13)-(16). 

 
Fig. 3. Control of the Parallel Connection (PC) in order to provide or absorb 
transient power during load variations in order to improve the recovery of the 
DC link due to load variatons. 

  

where: 

• C(s) is the transfer function of the PI controller, 

• Kp is the proportional gain,  

• Ki is the integral gain. 

where:  

• VL1_min, VL1_max, VL2_min and VL1_max,  are the minimum 
and maximum inductor voltages in Volts for the LIB 
and SM boost converters respectively. 

• VBat_meas and VSM_meas are the measured storage device 
voltages in Volts. 

Figure 4 shows the proposed control in the SPC scheme, 
the difference between the two control schemes is the 
calculating of the duty cycle of the SM in each connection. The 
limits for the inductors voltage are the same as in (14), (15) and 
(17), however the maximum voltage of the inductor connected 
to the SM is calculated as following: 

  

 

Fig. 4. Propsed control of the Series-Parallel Connection (SPC) in order to 
provide or absorb transient power during load variations in order to improve 
the recovery of the DC link due to load variatons. 
 

IV. VALIDATION OF THE PROPSED CONTROL THROUGH 
SIMULATION  

The simulations carried out for demonstrating the proposed 
control performance have been done for the full Hybrid ESS, 
both in PC and SPC schemes. A State of Charge (SOC) of the 
battery of 50% is considered, and the rated SM voltage value 
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used for calculating the reference power for the battery is the 
same in all cases. The parameters used in the operating 
conditions are listed in Table 1 and the control parameters used 
are in Table 2.  

A sudden load step of ±50% in a 1.5kW rated converter 
operation has been simulated, both for the PC and SPC 
schemes.  The DC link voltage is controlled by a inverter 
connected to the grid in order to maintain the DC link voltage 
around 500 V. It is seen in Fig. 5 that the performance of the 
two Hybrid ESS is similar, the load power is changed from 
833.3 W to 1666.7 W at 0.5 seconds and again to 833.3 W at 
2.5 seconds. The SM delivered the transient peak power and 
the LIB delivered the rest of the transient power at 0.5 seconds. 
At 2.5 seconds, the SM absorbed the transient peak power and 
the LIB absorbed the rest of the transient power. 

 
Fig. 5. Simulation results for the Parallel Connection (PC) and the Series 
Parallel Connection (SPC) where the load power is changed from 833.3 W to 
1666.7 W at 0.5 seconds and then to 833.3 W again at 2.5 seconds. 

Table 1.  Parameters of the converters. 
Parameter Symbol Value 

Nominal Battery voltage VBat 300 V 
Nominal SM voltage VSC 30 V 
Capacitance  of the SM CSC 165 F 
DC link voltage VDC 500 V 
Capacitance of the DC link CDC 470 μF 
Maximum load power PL_max 1666.7 W 
Inductance of the inductors L 21 mH 
Resistance of the inductors R 0.3  

Table 2. Parameters of the control of the converters. 
Parameter Symbol Value 

HPF of the ESS Power  
Cut off frequency  FHPF_ESS 0.7 Hz 

HPF of the SM Power 
Cut off frequency FHPF_SM 1.5 Hz 

Current Control Loop for LIB 
Bandwidth  BWLIB 300 Hz 

Proportional gain KP_LIB 39.564 
Integral gain KI_LIB 22.8571 

Current Control Loop for SC 
Bandwidth BWSC 500 Hz 

Proportional gain KP_SC 65.94 
Integral gain KI_SC 22.8571 

 

However, the duty cycle of the SM leg is different; for the 
SPC scheme, the duty cycle of the SM leg is 0.66, as shown in 
Fig. 6. All the aforementioned problems of the too narrow duty 
ratio obtained for PC scheme is therefore solved in the SPC 
configuration. This yields to decrease the thermal and electrical 
stresses on the switches. 
 

 
Fig. 6. Simulation Results of the Battery duty cycle (DBat) and Supercapacitor 
Module duty cycle (DSM) for the Parallel Connection (PC) and the Series 
Parallel Connection (SPC) where the load power is changed from 833.3 W to 
1666.7 W at 0.5 seconds and then to 833.3 W again at 2.5 seconds. 
 

V. VALIDATION OF THE PROPOSED CONTROL BY 
EXPERIMENTAL RESULTS 

The Experimental results are done in a 2 KW demonstrator 
setup shown in Fig. 7. Considering the DC link voltage is 
controlled by the grid inverter to maintain the DC link voltage 
around 500 Volts. In order to demonstrate the merits and the 
feasibility of the SPC, the current control is tested for the PC 
and SPC. A 5 Amps LIB current reference and 10 Amps SM 
current reference are applied. As shown in Fig. 8 and Fig. 9, 
the collector-emitter voltage of IGBT 2 (VCE2) and the 
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collector-emitter voltage of IGBT 4 (VCE4) are representing 
the duty cycles of the LIB and SM, respectively. The duty 
cycle of SM in PC is a very small value compared to the duty 
cycle of the LIB as in Fig. 8. However, in Fig. 9 the duty cycle 
of the SM is a little bit higher than the duty cycle of LIB. This 
yields to decrease the thermal and electrical stresses and 
increasing the life time of the IGBTs and solving the problem 
of voltage mismatch. 

In order to demonstrate the feasibility of the proposed 
control strategy, the PC and SPC are tested.  Fig. 8 is showing 
the performance of the PC and SPC when the load power is 
changed from 833.3 W to 1666.7 W at 0.5 seconds and then to 
833.3 W again at 2.6 seconds. It is fully matched with the 
results obtained in Fig. 5 from simulations.  

 

Fig. 7. Experimental setup and it can be Parallel Connection (PC) or Series-
Parallel Connection (SPC). 

 

Fig. 8. Experimental results for the Parallel Connection (PC) where 5 Amps 
LIB current reference and 10 Amps SM current reference are applied and the 
DC link is controlled by the grid inverter. 

 

Fig. 9. Experimental results for the Series-Parallel Connection (SPC) where 5 
Amps LIB current reference and 10 Amps SM current reference are applied 
and the DC link is controlled by the grid inverter. 

 
 

Fig.10. Experimental results for the Parallel Connection (PC) and the Series 
Parallel Connection (SPC) where the load power is changed from 833.3 W to 
1666.7 W at 0.5 seconds and then to 833.3 W again at 2.5 seconds. 
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VI. CONCLUSIONS AND FUTURE DEVELOPMENTS 
In this paper, a control loop design strategy for the series-

parallel connection (SPC) of Hybrid ESS is proposed, studied, 
simulated and experimentally validated at 2 KW demonstrator 
setup. The performance of this strategy is compared to the 
original parallel configuration of the storage units. The results 
show that the proposed control for the SPC scheme keeps the 
DC-link under control upon sudden load variations, with a non-
isolated, transformerless simple solution. This solution 
decreases the thermal and electrical stress on the switches by 
balancing the voltage on the switches. This solution can be 
used in high voltage mismatch application in hybrid systems. 
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Abstract—In this work, a Fault Ride-Through control scheme 
for a non-isolated power topology for Hybrid Energy Storage 
Systems in a DC microgrid is presented. The Hybrid System is 
created from a Lithium-Ion Battery and a Supercapacitor Module 
coordinated to achieve a high-energy and high-power storage 
system; it is connected to a DC link to interface to the outer system. 
The power topology under consideration is based on the buck-
boost bidirectional converter, and it is controlled through a 
bespoke modulation scheme in order to obtain low losses in 
nominal operation. The operation of the proposed control during 
a DC link short-circuit failure is shown as well as a modification 
to the standard control in order to achieve Fault Ride-Through 
once the fault is over. The operation of the converter is 
theoretically developed and it is verified through simulation and 
experimental validation.  

Keywords—hybrid; Energy Storage System; buck-boost 
converter; Fault Ride-Through capability; 

 

I.  INTRODUCTION  
The simplest topology for interfacing the Energy Storage 

devices in Hybrid Energy Storage Systems (HESS) to a DC 
microgrid is the direct connection of two parallel bidirectional 
boost converters to the DC link, as shown in Fig. 1. This is a 
cost-effective and reliable solution for low-to-medium power 
range applications, as the number of elements and devices is 
relatively low [1]-[7]. This solution is valid if galvanic isolation 
is not a requirement. The case studied here considers the simple 
parallel connection of two distinct Energy Storage devices. One 
port consists of a Lithium-Ion Battery (LIB), which will provide 
a high energy density with slow dynamic response. The other 
port interfaces to a Supercapacitor Module (SM) intended to 
support a high power density and faster dynamic response [1]-
[8]. Therefore, provided that the control strategy is managed 
correctly, the resulting HESS has a better overall performance 
than either of the individual systems, allowing for a sustained, 
high-power high-dynamic performance of the storage system, 
and potentially a longer battery lifetime. 

In addition to the lack of galvanic isolation, a major 
disadvantage of this system is its sensitivity to short circuit faults 
on the DC link. If a short circuit occurs, the current drawn from 

both the LIB and the SM will increase without control, as the 
anti-parallel diodes of the upper switches in the legs of the boost 
converters would allow large short-circuit currents. This will 
cause damage to the inductors, the storage devices (LIB and 
SM), and the switches themselves. This paper describes a new 
circuit and control topology which will limit operation during 
DC side short circuit faults and can also recover quickly once 
the fault has been cleared. 

 

 
Fig. 1. Two parallel bidirectional boost converters connected to Lithium Ion 
Battery (LIB) and Supercapacitor Module (SM) and sharing the DC link. 
 

II. FAULT-TOLERENT TOPOLOGIES 
The solution to the DC link fault ride through problem is the 

connection of a device that is able to limit/interrupt the fault 
currents coming from the storage units. One option is to connect 
switches in series with the storage units and the inductors of the 
converters (see Fig. 2). These switches can be opened during the 
fault in order to prevent the LIB and SM short-circuit currents. 
In addition, in order to allow a discharge path for any current 
flowing through the inductors when the series switches are 
opened, additional free-wheeling switches for each leg are 
required. Otherwise, a voltage spike will occur, causing arcing 
or even destruction of the switches. This yields a final 
configuration of two parallel bidirectional buck-boost 
converters, as shown in Fig. 3.  
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Fig. 2. Two parallel bidirectional boost converters with a switch in series 
between the storage devices and inductors. 
 

 

 
Fig. 3. Two parallel bidirectional buck-boost converters connected to Lithium 
Ion Battery (LIB) and Supercapacitor Module (SM) and sharing the DC link. 
 

It can be seen that the inclusion of the short-circuit fault 
tolerant features in the converter adds four more switches 
compared to the original topology (Fig. 1), therefore resulting in 
higher costs and size than in the initial case. However, by using 
a proper control, (as will be demonstrated), the losses of the two 
topologies can be made very similar.  The operation under fault 
mode will be discussed in this work; however, the studied 
system with the proposed control strategy has the capability of 
operating in a step-down voltage mode. Provided that a suitable 
control strategy is implemented, this voltage mode enables for a 
swift system reset once the fault is cleared. A proposal for such 
a fault ride-through feature will also be demonstrated in the 
following sections. 

 

III. PROPOSED CONTROL STRATEGY 
In the case under study, the main goal of the control of the 

battery converter is to maintain the DC link voltage constant, 

while the aim of the control of the SM converter is to provide or 
absorb transient power during load variations. This control 
strategy is implemented through three control loops: one outer 
voltage control loop that controls the DC link voltage, plus two 
inner current loops in order to control the current flowing 
through the inductors [2],[3],[6], as shown in Fig. 4.  

 

 
Fig. 4. Control of the two parallel bidirectional Boost Converters in order to 
maintain the DC link voltage constant (LIB converter) and provide or absorb 
transient power during load variations (SM converter). 

 

The Energy Storage System (ESS) power reference is 
calculated from the control action of the voltage control loop (Ic) 
and the feedforward term (Io_meas) to improve the recovery of the 
DC Link due to load variations. The limits of the control action 
are obtained from (1) and (2).  

 

   (1) 

  

where:  

• Ic_min and Ic_max are the minimum and maximum current 
limits of the DC link current in Amps, 

• VDC_ref is the reference DC link voltage is Volts,  

•  RL_min and RL_min are the minimum and maximum load 
resistance in Ohms and can be obtained from the load 
profile,  

• Ibat_max is the LIB maximum current in Amps. 

 

The SM reference power is calculated as the difference 
between the references for the ESS and LIB power values. A 
limiter is used to ensure that SM power limits are not exceeded. 
The LIB power reference is calculated by using a Low Pass 
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Filter (LPF) to ensure that the SM is providing or absorbing the 
peak transient power during load variations. Also another limiter 
is used here, to ensure that the SM provides (or absorbs) the 
excess power that LIB cannot provide (or absorb) during steady 
state. The power references are calculated according to the 
following equations: 

where:  

• PESS_ref, PBat_ref and PSc_ref are the reference powers of the 
ESS, LIB and SM respectively in Watts, 

• Ic is the current in the DC link (control action of the 
voltage controller) in Amps,  

• Io_meas is the measured output current of the two 
converters in Amps,  

• VDC_meas is the measured DC link voltage in Volts,  

•  T is the time constant of the LPF in Secs,  

• s is the Laplace complex variable; s= +j d. 

 

The bandwidth of the controller for the current in L2 
(inductor in SM converter) is faster than the bandwidth of the 
controller for inductor L1 (LIB converter). This control scheme 
considers the inductor voltages, VL1 and VL2 in Fig. 3 to be the 
control actions at the output of the current regulators. The limits 
for the inductor voltages are developed as in (6) - (9). Therefore 
an adaptation between these control actions and the applied duty 
cycles in both converters, d1 and d2, is implemented in the 
control (Duty Cycle Calculation blocks in Fig. 4). 

where: 

• VL1_min, VL1_max, VL2_min and VL1_max are the minimum and 
maximum inductor voltages for the LIB and SM boost 
converters respectively. 

• VBat_meas and VSC_meas are the measured storage device 
voltages in Volts,  

• d1 and d2 are the duty ratios of the LIB and SM converters 
respectively, 

• VL1 and VL2 are the inductor voltages (control action of 
the current controller) for the LIB and SM boost 
converters respectively. 

 

If these inductor voltage control schemes are implemented 
in the buck-boost converters, some modifications are required in 
order to calculate the duty cycle from the output of the regulator 
(Duty Cycle Calculation block), as shown in Fig. 5. With this 
direct approach, the diagonal switches (S1 and S4) and (S5 and 
S8) will commutate with the values of the duty cycle for the LIB 
and SM converters respectively, while the other diagonal 
switches (S2 and S3) and (S5 and S6) are complementary. This 
approach will increase the switching losses and the total 
efficiency of the system will drop. The expressions to calculate 
the duty ratio for both the LIB and SM converters and the limits 
for the inductor voltages in this case are shown in (12) - (17). 

 

 
Fig. 5.  Control of two parallel bidirectional buck-boost converters with the 
same carrier in order to maintain the DC link voltage constant (LIB converter) 
and provide or absorb transient power during load variations (SM converter) . 
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The idea of the proposed control strategy deals with using 
two independent modes of operation for each converter during 
the healthy condition (Normal Operation) i.e. Buck Mode and 
Boost Mode, aiming to decrease the number of commutating 
switches in each converter, in order to decrease the switching 
losses [9]-[11]. In order to achieve a swift transition between the 
two switching modes, a PWM modulation of the converters 
through a triangle waveform will be implemented. However, this 
modulation will be based on two different triangle carriers 
signals: one carrier for the Buck mode (using peak values of the 
triangular waveform from 0.0 to 0.5), and another carrier for the 
Boost mode (using values from 0.5 to 1.0).  

This structure implies no overlapping of the switching 
intervals, which yields two different switching patterns for the 
switches. For example (as shown in Fig. 6.), if the desired duty 
cycle is between 0.0 and 0.5, the bidirectional buck-boost 
converter operates in Buck mode, and therefore switches S4 and 
S8 are turned off, while switches S3 and S7 remain turned on 
continuously. The switches S1 and S5 switch with the value of 
the duty cycle and the switches S2 and S6 are their complement. 
For the Boost mode, when the duty cycle is between 0.5 and 1.0, 
switches S1 and S5 are turned on and switches S2 and S6 remain 
off continuously. Switches S4 and S8 switch with value of the 
duty cycle and the switches S3 and S7 are their complement. Fig. 
7 depicts the implementation of this dual carrier control for the 
two parallel bidirectional buck-boost converters. The limits of 
the inductor voltage are the same as the case of the boost 
converter (6) - (9). 

 

 
 
Fig. 6. PWM modulation of the two parallel bidirectional buck-boost converters 
based on two different carriers. 
 

The possible short-circuit faults types in DC microgrids are 
short-circuit between positive and negative bus, or a short-circuit 

between any bus and ground [12]. Once a short-circuit fault is 
detected in the DC link (for instance by detecting a DC link 
voltage below a threshold level), all the switches of the storage 
converters will be turned off. This control scheme does not have 
ride-through capability, and therefore if the fault is removed, the 
system by itself has no ability for returning to the initial 
operation mode, unless the control is reset manually and the DC 
link is charged. By making a modification to the control scheme, 
as show in Fig. 8, the converter can still operate in a controlled 
manner under fault conditions, and can resume normal operation 
once the fault is over.  

 

 
Fig. 7. Control of the two parallel bidirectional buck-boost converters with two 
different carriers in order to maintain the DC link voltage constant (LIB 
converter) and provide or absorb transient power during load variations (SM 
converter). 
 
 

In this proposed control, while the short-circuit fault is 
present, a small safe current reference is applied to the LIB 
converter. This current reference depends on the DC link 
capacitance and how quickly the DC link charges after the fault 
is cleared. However, the switches of the SM converter will be 
turned off. The voltage across the inductor is limited and the 
duty cycle for LIB is therefore given by (18) to (20). Once the 
fault is cleared, this LIB current charges the DC link capacitors 
up to a specific value below the DC link reference voltage value. 
Once this value is detected, the control returns to the normal 
control scheme. If the fault is permanent, the control operates for 
a specific time and then the switches of the LIB converters will 
be turned off. Another advantage is that this control can be used 
to charge the DC link when the converter starts. 

Appendix C. Publications

348



 

 
Fig. 8.Propsed control of the two parallel bidirectional buck-boost converters 
during the DC link fault. 

 

IV. VALIDATION OF THE SYSTEM OPERATION UNDER 
NORMAL AND FAULT CONDITIONS THROUGH SIMULATION 
Simulations of the full system operation have been carried 

out with MATLAB/SIMULINK/PLECS. The operating 
conditions of the systems for these simulations are listed in 
Table 1. Considering the ideal form of PI controller which is 
tuned by zero-pole cancellation, the transfer function is given by 
(21). The control parameters of the converters are listed in Table 
2. Special attention has been put on the calculation of the losses 
in the switches (both conduction and switching losses) during 
the normal operation of the converters. The conduction and the 
switching losses of the switches are calculated according to (22) 
– (27). With this calculation of the losses, a comparison between 
the original and the new buck-boost topologies has been carried 
out. As can be seen Table 3, the losses (switching and 
conduction) using the original switching mode are high. 
However, the switching losses using the proposed dual carrier 
control scheme are almost equal compared to the original boost 
converters, while the conduction losses are higher as switches 1 
and 5 are turned on during boost mode. In general, the total 
losses with the dual carrier scheme are similar to the original 
boost converter case. 

Table 1.  Parameters of the converters. 
Parameter Symbol Value 

Nominal Battery voltage VBat 300 V 
Nominal SM voltage VSC 96 V 
Capacitance  of the SM CSC 82.5 F 
DC link voltage VDC 500 V 
Capacitance of the DC link CDC 470 μF 
Maximum load power PL_max 1666.7 W 
Inductance of the inductors L 21 mH 
Resistance of the inductors R 0.3  

 
 
  

where: 

• C(s) is the transfer function of the PI controller, 

• Kp is the proportional gain,  

• Ki is the integral gain. 

Table 2. Parameters of the control of the converters. 
Parameter Symbol Value 

Voltage Control Loop 
Bandwidth BWv 30 Hz 

Proportional gain KP_V 0.088548 
Integral gain KI_V 7.09 

Current Control Loop for LIB 
Bandwidth  BWLIB 300 Hz 

Proportional gain KP_LIB 39.564 
Integral gain KI_LIB 22.8571 

Current Control Loop for SM 
Bandwidth BWSM 500 Hz 

Proportional gain KP_SM 65.94 
Integral gain KI_SM 22.8571 

Cut off frequency of LPF fLPF 8 Hz 
 
 
  

where: 

• Pavg.cond. is the average conduction losses of the switch in 
Watts, 

• Pavg.cond.IGBT is the average conduction losses of the IGBT 
in Watts, 

• Pavg.cond.Diode is the average conduction losses of the anti-
parallel diode in Watts, 

• T is the switching time in Secs, 

• Vce is the on-state collector emitter voltage of the IGBT 
in Volts, 

• Ic  is the on-state collector current of the IGBT in Amps, 

• VD is on-state forward voltage of the anti-parallel diode 
in Volts. 

 
  

 

where: 

• Psw. is the switching losses of the switch in Watts, 

• Psw.IGBT is the switching losses of the IGBT in Watts, 

• Prec.Diode is the reverse recovery losses of the anti-parallel 
diode in Watts, 
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• Eon is the energy loss at IGBT turn on in Joules, 

• Eoff is the energy loss at IGBT turn off in Joules, 

• fsw is the switching frequency in Hz,  

• Erec. is the energy loss of the reverse recovery of the 
antiparallel diode in Joules. 

Table 3. The Losses in the topologies. 

Topology Conduction 
Losses (W) 

Switching  
Losses 

(W) 

Total  
losses  
(W) 

Boost 10.67 W 49.93 W 60.61 W 
Buck-Boost 

(original 
switching mode) 

29.7 W 96 W 125.7 W 

Buck-Boost 
(proposed 2 

control modes) 
22.2 W 49.93 W 72.13 W 

 

Fig. 9 shows the operation of both the boost and the buck-
boost with the dual carrier scheme solutions, under healthy 
conditions. The figure shows that these two solutions give the 
same performance during transient load steps. The LIB controls 
the DC link around 500V, while the SM delivers and absorbs the 
transient power required during the load steps (From 833.3 W to 
1666.7 W and again to 833.3W) to avoid DC link voltage 
variation during the transients. This yields a fast recovery of the 
DC link voltage and a decrease in the power ratings and the 
stresses (including current ripple) in the battery.  

 
Fig. 9. Simulation results during normal operation for the original 
topology and the proposed one where the load power (PL) is changed 
from 833.3 W to 1666.7 W and then to 833.3 W again. 

The fault ride through capability of the buck-boost converter 
with the proposed dual-carrier control is shown in Fig. 10. The 
converters are operating under normal control, however when a 
DC link fault is detected at 0.5 sec (the DC link voltage below 
15V threshold), the converters will operate under fault control. 
In fault control mode, a 4A reference current is applied to the 
LIB, while the SM leg is disconnected. When the fault is 
removed at 2.5 sec, this reference will charge the DC link to a 
specific value (500V threshold in this case). Then, the system is 
automatically reset to the normal control. The DC link will 
continue charging with a ramp until the DC link reference 
voltage value and the converter operate in normal mode. 

 

 
Fig. 10. Simulation results during fault and normal operation with the 
proposed control, the fault occurred at 0.5 sec and cleared at 2.5 sec. 

 

V. VALIDATION OF THE SYSTEM BY EXPERIMENTAL 
RESULTS 

The proposed control with the proposed topology are 
validated and tested using experimental setup as shown in Fig. 
11. Fig. 12 shows the normal operation of the two parallel 
bidirectional boost converters and the two parallel bidirectional 
buck-boost converters. The load is changed at 0.5 sec from 

Appendix C. Publications

350



833.3 W to 1666.7 W and at 3.6 sec is changed again to 833.3W. 
Fig. 12 fully matches with the simulation results in Fig. 9. Fig. 
13 show the operation of the buck-boost converter with the 
proposed control during the normal operation and fault 
operation and again fully matches with Fig. 10 from 
simulations. The fault is occurred at 0.5 sec and is cleared at 2.5 
sec. 

 

 

Fig. 11. Experimental setup of four legs of IGBTs and can be 
connected to be boost converter or buck-boost converter. 

 

 
Fig. 12. Experimental results during normal operation for the original 
topology and the proposed one where the load power (PL) is changed 
from 833.3 W to 1666.7 W and then to 833.3 W again. 

 

Fig. 13. Experimental results during fault and normal operation with 
the proposed control, the fault occurred at 0.5 sec and cleared at 2.4 
sec. 

VI. CONCLUSIONS AND FUTURE DEVELOPMENTS 
In this paper, a DC link short-circuit fault-tolerant, fault ride-

through control scheme for a non-isolated topology for Hybrid 
Energy Storage Systems has been presented, analyzed and 
verified through simulations and validated by experiments. This 
configuration has a higher component count than the 
bidirectional boost version which is the simplest topology able 
to provide hybrid performance. However, it has been stated that 
the inclusion of the fault-tolerant, fault-ride through capability 
does not significantly increase the power losses in the switches. 
The proposed configuration, with the two control modes using 
two carrier signals can operate in buck or boost mode, making 
this scheme useful for different applications.  
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Abstract—This work explores the Series-Parallel Connection 
of a Low Voltage Supercapacitor Module to obtain a Hybrid 
Energy Storage System for grid support applications. The 
Hybrid System is formed by the Supercapacitor Module itself, 
intended to ensure fast performance upon peak power 
requirements, together with a battery that provides the energy 
requirements. In the full system, the front end converter and the 
load interfacing converter share a common DC link. The battery 
is connected to the DC link by means of a Full-Bridge Current-
Source bidirectional DC-DC converter. The Supercapacitor 
Module is connected to the system using a Series-Parallel 
Configuration, which overcomes the main problems that arise 
with the most common topologies found in the literature. The full 
operation of the system has been demonstrated theoretically and 
by simulations. A demonstration of such connection is shown 
experimentally, in a converter operating at reduced power levels, 
in order to validate the feasibility of the system. Conclusions 
show how this scheme can be used in Hybrid Storage Systems. 

Keywords— Energy Storage Systems, Battery, Supercapacitor, 
Hybrid Storage Systems, Power Electronic Converters 

I.  INTRODUCTION  
The increasing penetration of distributed generation and 

Energy Storage Systems (ESS) into the distribution grid is 
boosting the growth of Microgrids and Smartgrids [1]-[4]. The 
system under consideration is shown in Fig. 1, in which a 
Front-End Converter (FEC) connects a given load (which can 
be generalized as a Microgrid) to the three-phase distribution 
line. The main ESS, formed by the battery and a Main Storage 
Converter, is intended to support the DC link voltage in case of 
load variations or line fluctuations. In this work, the Full-
Bridge Current-Source (FBCS) converter, shown in Fig. 2, has 
been selected as a suitable topology. This main ESS and its 
associated converter might have limitations in the power rating 
and bandwidth (due reliability, expected operating life or 
efficiency constraints). These limitations might affect the 
transient behavior of the storage system. Upon a power demand 
from the load, the power will initially be given by the DC link 
capacitor, which in turn will be discharged. It will take some 
time, depending on the design, for the ESS to be able to 
provide the required power to the DC link. This voltage drift 
might cause problems in the performance of the full system.  

 Fig. 1. Block Diagram of the system under consideration (Front-End 
Converter with ESS). 

 
Fig. 2. Full Bridge Current Source (FBCS) converter for interfacing of a DC-

link and a battery. 
 

The most current solution is to add in parallel an additional 
auxiliary storage system, in order to form a Hybrid Energy 
Storage System (HESS), able to supplement the needed 
transient power requirements with a very fast dynamics [5]-
[11]. This paper is focused on proposing an alternative for this 
application, based on a Supercapacitor (SC) module, connected 
to the DC link and the main ESS through a Series Parallel 
Connection (SPC), shown in Fig. 3 (shaded). 

 
Fig. 3. Full Bridge Current Source (FBCS) converter with SPC connection of 

Supercapacitor Bank. 
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II. THE MAIN ENERGY STORAGE SYSTEM 
The Main Energy Storage System is connected to the DC 

link by means of a DC to DC bidirectional Converter. Among 
the most used isolated topologies, the Double Active Bridge 
(DAB) converter outstands as a mature, well-known and 
versatile solution. It provides possibility of soft commutations 
within some operation margins, and high power density, plus 
overall good performance. The main flaws of this converter 
come from the loss of performance at low power levels, and the 
high current harmonics in the input and output current 
waveforms [refs required]. In order to avoid such harmonics to 
flow though the output port (in this case the ESS), in this work, 
the Current Source version of the DAB has been selected. 

The FBCS converter depicted in Fig. 2 is formed by a Full-
Bridge structure (switches SP1 to SP4), connected to the 
primary side of a transformer [12]-[13]. At the secondary side, 
another Full-Bridge (switches SS1 to SS4) interfaces with a 
filter inductor, L in series with the battery itself. Unlike in a 
standard Voltage-Source Double Active Bridge (VSDAB), this 
inductor operates with high DC current values and relatively 
small ripples, yielding to a current source behavior in the 
battery side. This also yields to a more compact design of the 
inductor, as the AC magnetic field is smaller. This inductor is 
therefore filtering the current to the battery, thus increasing the 
system reliability. In addition, the current control through this 
inductor is also the battery current control, which simplifies the 
control design. 

The switching scheme is depicted in Fig. 4.a, along with the 
main waveforms of the FBCS converter in steady state. The 
only control parameter is the duty ratio D that defines the 
modulation pattern. Fig. 4.b shows simulations of the FBCS 
operation. Fig. 5.a outlines the control scheme used for the full 
system. In order to compare the results, the performance of the 
FEC dynamics has been made equal in both cases (with and 
without battery). The current reference for the battery is 
calculated from the actual load step, as shown in Fig. 5.b. 

 
Fig. 4. Main theoretical (a) and simulated (b) waveforms of FBCS operation 

in steady state 

a) 

b) 
Fig. 5.a) Control scheme for main ESS alone. b) Generation of reference for 

battery current 
 

Fig. 6 and Fig. 7 depicts the performance of this initial 
system, without and with the main ESS, for a load step of 1 
kW, in a 700 VDC link voltage system. It can be seen how the 
DC voltage drift is substantially smaller in the system with the 
main ESS. The rest of the operating parameters are shown in 
Table I. A closer look to Fig. 7 shows a high di/dt in the initial 
response after the load step. This might yield to battery 
operating life shortening, etc. In order to solve this issue, a SC 
module can be placed in the system, to cope with such transient 
efforts. 

 
Fig. 6. Simulated waveforms without the main ESS, upon 1kW load step up 

and down.  
 

 
Fig. 7. Simulated waveforms with the main ESS, upon 1kW load step up and 

down.  
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TABLE I.  PARAMETERS OF THE SIMULATED SYSTEM. 

Parameter Value 

DC link ratings 700 VDC 

Bandwidth of DC link Control 20 Hz. 

Nominal Power (FEC) 10 kW 

Battery Nominal Voltage 300 V 

Bandwidth of Battery Current Loop 1 kHz. 

Load Step  1 kW 

 

III. THE PROPOSED INTEGRATION OF SUPERCAPACITOR 
One option for this integration would be the use of a Solid 

State Transformer (SST), with an additional port for the 
supercapacitor bank [14]-[15]. This is especially suitable for 
this application, given the high mismatch voltage ratings 
among the three ports, which can be solved by selecting the 
proper turns-ratio of the transformer. However, this would 
provide high stresses in the transformer, as it must therefore be 
defined for high currents to avoid saturation during the 
transients. This work explores the integration of the SC module 
as an auxiliary leg in the primary side of the converter through 
SPC, different from the series connection presented in [16], as 
depicted in Fig. 3. 

Ahead is a summary of the principle of operation of the 
SPC. The simplest connection of the HESS to manage the power 
flow from and into the storage devices is the Parallel Connection, 
shown in Fig. 8, based on a dedicated bidirectional boost converter 
connected to a DC link [17]-[24]. 

 
Fig. 8. Full Bridge Current Source (FBCS) converter with direct parallel 

connection of Supercapacitor Bank. 
 

The main limitations of this connection come from the high 
voltage mismatch between the supercapacitor voltage ratings and 
the fixed DC bus voltage. Considering a battery nominal voltage of 
around half the DC link, then the duty ratio of the battery leg will 
be around 50%, which optimizes the converter performance, in 
terms of stresses, design complexity and control capability. 
However, provided that in some applications the supercapacitor 
nominal voltage ratings are ranged from 20V to 40V, then for DC 
bus voltage ratings ranged from 500V to 900V the required gain for 
the converter might reach values of 40:1 and higher. Such 
requirements prevent the use of such topology. To overcome this 
drawback, the Series-Parallel Connection of the supercapacitor 
modules (Fig. 3) can be carried out. The gain required for the 
supercapacitor module leg of the converter results in a much more 
reasonable value than before. Indeed, the drawback of the voltage 

mismatch at the bidirectional boost configuration is solved, as the 
average voltage at the midpoint of the supercapacitor module leg 
results in the addition of the supercapacitors plus the battery 
voltages. Assuming that the supercapacitor ratings are much 
smaller than the battery ones, this leg operates with a duty ratio 
similar to the battery leg. In addition, if the switching pulses are 
adequately synchronized, the current ripples in the converter might 
decrease. 

Considering steady state, and given that the average voltage 
at the midpoint of the leg formed by switches SP1 and SP2 at the 
primary side equals VDC/2, then the average voltage value at 
the midpoint of the SPC leg (Switches SP5 and SP6) will be 
equal to (VDC/2)+VSC, as the average value of the SC inductor 
voltage is zero. This means that the duty ratio of SP5, DSC, can 
be calculated as follows: 

  (1) 

Yielding to a value close to 50%, which allows for the 
operation of this leg with a high gain between the SC module 
and the DC link, but within the most adequate values for the 
duty ratio (current and voltage stresses matched, high control 
margin). 

IV. RESULTS AND VALIDATION OF THE PROPOSED SCHEME 
Fig. 9 shows theoretical and simulated waveforms of the 

FBCS converter with the SPC scheme. As it can be seen, the 
DC current is now the addition of the current given by the main 
ESS (IMS, from the battery) plus the current given by the 
Auxiliary ESS (IAS, from the SC module). Fig. 10 shows the 
control scheme implemented for the control of the converter. 
As it can be seen, the error of the battery current loop is the 
parameter that will provide the reference for the supercapacitor 
current. Fig. 11 shows the performance of the HESS. It can be 
seen how the main operating parameters are pretty close to the 
simple battery ones depicted in Fig. 7. However, now the 
current that the battery is providing has a much slower di/dt, 
given the peak power is supplied initially by the SC. 

 
Fig. 9. Main theoretical (a) and simulated (b) waveforms of FBCS operation 

in steady state with SPC of Supercapacitors. 
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Fig. 11. Simulated waveforms of main ESS alone (
Supercapacitor, SC, (green), upon 1kW load step
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Load Step  
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Fig. 15 shows the operation of the supercapacitor bank 
under SPC connection, again for 200 VDC link voltage. A 
current step reference is provided, and the implemented control 
loop with a bandwidth of 1kHz is shown. As it can be seen, the 
system is able to track the reference within the desired 1 kHz 
bandwidth. 

 

 

 

V. CONCLUSION 
This work has demonstrated theoretically and through 

simulations the feasibility of the SPC of a Low Voltage SC 
Module for interfacing with an ESS formed by a DC link and 
a Battery connected through the FBCS converter. The main 
features of this Hybrid System include operation of the system 
with a high voltage mismatch from the supercaps module to 
the DC link. It also shows the easy control scheme, design and 
tuning (fully decoupled control parameters for the main and 
the auxiliary ESSs). Theoretically this scheme provides higher 
efficiency than other isolated connections (as the SC energy 
does not need to flow though the transformer). These 
characteristics allow this solution to be considered for Hybrid 
Systems of medium voltage and power ratings. 
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Abstract-This paper deals with the design of a Hybrid Energy 
Storage System (HESSs) for electric transportation such as 
Electric/Hybrid Vessel and Electric/Hybrid Train. The 
association of more than one Energy Storage Systems (ESSs) 
e.g., batteries which have different dynamics permit to take 
the advantages of the characteristics of both ESSs obtaining 
simultaneously a high energy density and high power density. 
This yields to a decrease in terms of the size of the main ESS 
and the total cost and an increase in terms of life span. The 
emulation of the batteries and with required control algorithm 
for the HESS are proposed. The design and the control of the 
HESSs is validated with the simulation in 
MATLAB/SIMULlNK® environment and also with the real
time emulation of batteries in a laboratory setup of a HESS. 
The real-time experimental results have been validated 
against PC simulations showing full consistency. The setup of 
the hardware of HESS can be used to test any technologies of 
batteries, being a low cost solution for testing and 
benchmarking. 

Keywords-Energy Storage Systems, Hybrid Energy Storage 
Systems, Bidirectional Boost Converter, Electrical 

Transportation. 

I. [NTRODUCTION 

The main purpose of Energy Storage Systems (ESSs) in 

applications such as electric transportation as well as 

micro grids or smart grids is to provide a temporary energy 

buffer between electrical power generators and loads or to 

provide a permanent energy to the loads in case of islanding 
mode [ 1]. These ESS, together with Power Electronic 

Converters (PECs) and required control algorithms provide 

the needed power flow versatility in the system. [n the case 

of electrical transportation such as electric vehicles, electric 

vessel, electric train, etc., the power flow changes very fast 
depending on the operation mode of motors, generators and 

ESSs [2]. 

Hybrid ESS (HESS) provide a solution to obtain a joint 

enhanced performance of the global ESS with respect to the 

individual ESS constrained due each individual storage 
technology. On the other hand in applications of power 

system related to electric transportation (Electrical 

Charging Station, Vehicle to Grid (V2G), Power System 
Operation), the main purpose of ESS is to increase the 

power quality of the grid in case of line contingencies such 

as voltage transients, current distortions, phase unbalances, 
load fluctuations, islanding modes, etc [3]. Unfortunately, 

as mentioned previously, most current ESS ratings do not 

allow simultaneously a large energy capability and a fast 

response. This yields to the need for hybridization of at least 

two technologies of ESS with different characteristics, one 

with a high energy density and slow dynamics and other 
with a high power density and fast dynamics [3-8]. 

[I. DESIGN SPECIFICATIONS 

The system designed will be more suitable for 

Electric/Hybrid vessel and Electric/Hybrid train. It has the 

following operating conditions: Lithium [on Battery (LIB) 

is selected for high power and Fast Dynamics ESS (FDESS) 

and Vanadium Redox Flow Battery (VRFB) is selected for 

high energy and Slow Dynamics ESS (SDESS). The control 
ofVRFB is mainly to maintain the DC bus voltage constant 
and the control of the LIB is to provide or absorb transient 

power during load variations. This yields to a decrease in 

the power ratings of the main ESS (VRFB in this design). 

The interface of both ESS is carried out by means of 
bidirectional boost converter as shown in Fig. I. With this 

topology, the power flow of each storage device can be 

controlled independently thanks to the two DC/DC 

converters offering a high flexibility to manage the HESS 

[2], [9-16]. 

1 st Bidirectional 2nd Bidirectional 

Boost Converter Boost Converter 
DC Link Load 

,-------------------------, .---------------------, r------------------- --------

SDESS 

, ' 

[Q1)-1 
Rl Ll ILl DC R 

I_+ ______ ��FB 

" _______ � _______ _ 

i : · F��:s : i � G lci ! .............................. . 
� -- -- -- - -- --- -- - -- -- - -::- -- ----- - ----- - ----- ----- - ----- - ----- ----- - ---- � 

Fig. 1. The power circuit of the designed system. 

III. DESIGN METHOD 

The selection of the two batteries technologies was 
according to their advantages over other batteries 

technologies. The main advantages of VRFB are as 

following [4], [ 14-19]: 

• It is an energy storage device which intended for 
energy rather than for power. 
• Its storage efficiency is high as it can work for 

hours. 
• It has a high scalability and is suitable for large 

scale storage applications because of electrolyte tanks. 
• Instant recharge by electrolyte exchange. 
• Long life cycle up to 10 000 charge/discharge 
cycles leads to lower through life costs. 
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• Low maintenance requirements because it uses 

pumps to circulate the electrolytes from the tanl(s to the cell. 

Also, LIB has a lot of advantages as following [20], [21]: 

• It is a power storage device compared to the VRFB. 
• [t has quick response than the VRFB. 
• [t operates through a wide range of temperatures 

and it has high efficiency. 
• Easy charge controllabi[ity and low self-discharge. 
• Suitable for short term applications. 
• No pollution compared to other battery 
technologies. 

Table 1 shows the parameters ofVRFB and LIB used in the 

designed HESS system. 

I 
Table 1: Parameters of VRFB and LIB 

VRFB I LIB 

Parameters Values Parameters Values 

E 50 KWh E 13.2 KWh 

P 25 KW P 15 KW 

Vnominal 302.4 V Vnominal 311.6 V 

Vmin 150 V Vmin 252 V 

Imax 166.7 A Imax 50 A 

Operating 20-80% Operating 20-80% 
region region 

No. of cells 230 No. of 6 
batteries 

[v. EMULATION OF THE BATTERIES 

I 

Before [mplementing the HESS with real batteries, which 

might be expensive, the control can be validated through the 

emulation of the batteries. Several options can be used to 
obtain the behavior of batteries. 

• The first option is a real time simulation [ 14], 
however the equipment associated with this solution is very 

expensive. 
• The second option consists on the emulation of the 
batteries by hardware construction by their equivalent 

circuit, nevertheless, if the battery parameters are changed, 

the hardware components should be modified as well. 
• The third option is the emulation of the battery 
dynamics through real-time software running on a Digital 
Signal Processing (DSP) to get the virtual battery voltage. 

This last has the lowest cost and is the one analyzed in this 

paper. 

1. Software part 

The dynamic behavior of any battery can be modeled, 
among other options, by a simple circuit [I], [22], 

consisting of a series resistor (Rse) standing for the internal 

resistance of the battery, a capacitor (Csoc) representing the 
state of charge (SOC) and a parallel capacitor (CD) with a 
parallel resistance (RD) representing the dynamics of the 

battery as shown in Fig. 2. 

State of Charge Internal 
Resistance Dynamics 

:- - - - - - - - � � - - - - - - - - : - - - - - - -R� - - - - - -
I II 

I It: csae:: :
: : 

I II I. I 
I II I. I 

+ � - - - - - - - - : : - - - - - - - - -: : - - - - - - - �� - - - - - - - � 

T--
VI L 

Fig. 2. Dynamic behavior equivalent circuit of any battery. 

After some algebraic manipulations, the transfer function of 

the dynamic equivalent circuit is expressed as following: 

G(s) = 

Vt(s) - VBat. init. 
/(s) 

R S2+(_1_+...&L+�)s+ 1 
S CSOC RDCD CD RDCDCSOC 

2 1 S +RDCDS 
(1) 

where: 
• 
t(s) : is the terminal voltage of the equivalent circuit, 
• 
(s) : is the current flowing in the equivalent circuit, 
• 
Bat init : is the initial battery voltage, 
• 
: is the Laplace transform. 

The current is considered positive flowing out of the battery 
(Discharging mode), thus a negative sign appears in ( 1). 

The virtual voltage of the battery is calculated in (2) from 

the transfer function. Also, the initial conditions of the 
battery voltage are included in the virtual voltage. Equation 

(2) is implemented in the DSP to get the virtual battery 
voltage which presents the same dynamics as the real 

battery voltage. The parameters of the dynamic equivalents 

circuit of both batteries are shown in table 2. 

VBat. virtual (S) Vt(s) 
VBat. init. + /(S) * G(S) (2) 

Table 2: Parameters of the dynamic equivalent circuits of 
VRFB and LIB 

I VRFB 

Parameters Values 

Csoc 7594.9 Farads 

Rse 0.06826 Ohms 

CD 0.025 Farads 

RD 0.0996 Ohms 

2. Hardware part 

I LIB 

Parameters Values 

Csoc 0.0127 Farads 

Rse 0.0628 Ohms 

CD 0.0127 Farads 

RD 0.1181 Ohms 

I 

To obtain the initial battery voltage in (2), a three phase 

uncontrolled rectifier as in Fig. 3. Capacitors are intended 
to decrease the ripples and smoothing the DC voltage. A 

charging resistance is used to initially charge the capacitor 

smoothly and then the bypass switch is closed. A blocking 

diode is used to prevent power return back to the three phase 

uncontrolled rectifier. A burning resistance is used to 
discharge the capacitor and in case of the power flowing 
from the DC bus through the bidirectional boost converter 
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to the three phase rectifier, the burning resistance will 

dissipate the power flowing back like in case of 

regenerative applicants. For this system, the two circuits of 

the FDESS and SDESS are similar, but with different initial 

voltage values. 

Three phase source 
r-------------I 

: : 

i ,}--i.--i , , 
1--------______ 1 

SBypass 

Three phase rectifier 

DBlocking 

RBurning VBal. inil. 

DC Bus 
Fig. 3. Emulation of the battery to obtain the initial voltage of the 

battery and behaves as a battery. 

V. CONTROL SCHEME OF THE CONVERTERS 

As mentioned, the system consists of two bidirectional DC
DC boost converters. Each converter is connected to one 
battery and has its own control. One converter controls the 

DC link voltage to avoid stability problems, while the other 

converter delivers the peak transient power during load 

variations. 

As discussed in the previous section, the virtual voltage of 
each battery will be calculated from (2) as in Fig. 4, 

however, each equivalent circuit has its own parameters. As 

the control of SDESS bidirectional boost converter is to 

maintain the DC link voltage constant. A typical cascaded 
control scheme is used, being the outer loop the DC link 
voltage control and the inner loop the inductor current 
control [6], [23]-[27] as shown in Fig. 5. 

The control aim of the FDESS bidirectional boost converter 
is to provide the peak transient power when the load varies. 

This control will accelerate the recovery of the DC link 
voltage variations. Also cascaded control scheme is 

proposed, being the outer loop the power control and the 

inner loop the inductor current control as shown in Fig. 6. 

The power reference is calculated by subtracting to the 
SDESS measured power its low frequency component by 

using a Low Pass Filter (LPF) to get the high frequency 

component. 

To assure that the power of LIB is providing transient 

power during load variations, a PI controller is implemented. 

To increase the amount of power provided by the LIB, a 
gain K is multiplied by the power measured of the LIB. This 

means that more power will be released under sudden load 
variations, as the power error tends to increase the FDESS 

current reference. This will be helpful for the fast 

recovering of the DC link voltage. The value of the gain K 
goes from 0.1 to 1.0 and it depends on the maximum power 

of FDESS and the load variations. Table 3 shows the 
parameters of the control scheme of both converters. 

Virtual VRFB Voltage Calculation 
...................................................... . _---_._----------............................ . 

�IL1 meas 

------------_. __ ..................................................................................... . 
Virtual LIB Voltage Calculation 

Fig. 4. Virtual voltage calculation for VRFB and LIB to get the 
battery dynamics. 

Outer Control Loop Inner Control loop 

1����Mriri:�:�J��;�;il 
t ______________ ._._._._._._ ........ ___ ._._._._._.� L ... ____ ... ____ ... __ ... ____ ... ____ . ____ ....................... l 

Duty Cycle Calculation PWM signals 

Fig. 5. SDESS converter control scheme to maintain the DC link 

voltage constant. 

, 
._---------------------------------._----------------- ---_._----------_._-----_._--_! 

1- ______________________________________ ��. __ • ______ • ______ • _____ • 

Fig. 6. FDESS converter control scheme to provide transient 

power during load variations. 

Table 3: Parameters of the control scheme 

I Parameters I Values I Parameters I Values I 
VVRFBinit 302.4 V VUB init 311.6 V 

SDESS converter control parameters 

VDC ref 600 V Fs 10 KHz 

Kpv 0.19 Kpi 79.16 

Tiv 0.3 Tii 0.042 

SDESS converter control parameters 

FLPF 10 Hz Fs 10 KHz 

Kpp 1.56 Kpi 79.16 

Tip 1 Tii 0.042 
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IV. VERIFICATION OF THE DESIGNED SYSTEM WITH 

SIMULATIONS 

The simulations will consist on applying load variations 

upon the system once the demanded power has reached the 
steady state, with different values of gain K, using as a 

metric the DC link voltage variations. 

A voltage reference of 600 V is used to validate the 
proposed control scheme for the designed HESS. The load 
is varied from 1.2 KW to 2.4 KW and again to 1.2 KW. The 

system is tested for two cases to check the effect of 
connecting LI-IB to VRFB. 

• Case 1. Only VRFB is used, being connected to 

the DC link through the bidirectional boost converter. 
• Case 2. Both VRFB and L1-1B are connected to the 

DC link by means of two bidirectional boost converters. 

In Case 1, as shown in Fig. 7 that the DC link voltage drops 

18 V when load varies from 1.2 KW to 2.4 KW and 
increases 19 V when load varies from 2.4 KW to 1.2 KW. 
These changes in the DC link voltage will increase if the 
load power is increased as the system designed for 25 KW. 

650 1 __ ,--__ ---,�··.:::Dc :.::I; ::::nk .:::vO::;ltag !:: • .::: .. "':.::u::.:. ':::ime :""" ___ 
';::::===::::;l 

� 619.1-----. 
j -� 

I-""'''"�I -Measured 

� 600 f----,--V
---===-------L-....::::==-------1 

' 581.8 () c 
�oL---�---L--�---�---L--� 

o 
Time (5) 

!��I r�· .'�-�'-'� l -;:::::==:::::;I==I, 
1000 ����----'----'-----������� 

o 3 

Time (5) 
Fig. 7. Simulation Results at VRFB only: a) DC link voltage 

versus time b) VRFB power versus time. 

In case 2, the gain K in Fig. 6 is changed to check the effect 
on the DC link voltage and the L1-1B current. As starting 

value, K = 1.0 is selected, the DC link voltage variations 

already exhibit a decrease, this is due to the power delivered 

by the L1-1B when load varied. By further decreasing K, the 

maximum voltage variations also improves, as it is shown 

in table 4, thus minimizing the effect of the load variations 
in the DC link voltage. The selected optimal value for K is 

0.3 and the results are shown in Fig. 8. 

Table 4· Simulation Results 

K VDC min VDC_max PUB max PUB min 

(V) (V) (W) (W) 

Case 1 581.9 619.1 

Case 2 1.0 587.9 612.7 465.8 -463.1 

0.7 588.5 612.2 531.3 -529.1 

0.5 588.8 611.2 581.8 -552.3 

0.3 589.9 610.4 655.7 -580.7 
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� 589.9 550 L-----L.---"""'--1---�-----'.----'-------' 
o 3 

Time(s) 
b. VRFB power versus lime 

Ef t- . . l !==l 
o 3 

Time(s) 
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_ 

� � 655.7 
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Time(,) 

Fig. 8. Simulation Results when VRFB and LIB are connected at 

K = 0.3: a) DC link voltage versus time. b) VRFB power versus 
time. c) LIB power versus time. 

VI. VERIFICATION OF THE DESIGNED SYSTEM WITH 

EXPERIMENTAL SETUP 

As it has been mentioned, the dynamic behavior of both the 

LDESS and FDESS will be implemented in real time 
software with parameters in Table 2, and the power will be 

absorbed or delivered to a dedicated DC bus. This scheme 

can be replicated for any ESS technology, provided that the 

dynamic behavior is known or can be calculated. 

The experimental results in Fig. 9 and table 5 are to validate 
the emulation of the batteries and the proposed control 

scheme. 

[I 1 k� I ···i-� 1 1: I� 
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Fig. 9. Experimental Results when VRFB and LIB are connected 

at K = 0.3: a) DC link voltage versus time b. VRFB power versus 
time. c) LIB power versus time. 

Table 5: Expenmenta IR esu ts 

K VOC_min VDC_max PUB max PUS min 
(V) (V) (W) (W) 

Case I 583 619 

Case 2 1.0 587.7 612.7 454.9 -442.5 

0.7 588.3 611.6 502 -503.2 

0.5 589.1 611.1 567.7 -523.8 

0.3 590.6 610.6 644.3 -565.6 
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V. CONCLUSION AND FUTURE WORK 

The designed HESS system for electric transportation 
decreases the total cost as there is no need to have a main 

ESS with a high energy density and a high power density 
simultaneously. Also it increases the life span of the main 

ESS. 

The designed system with the proposed control scheme is 

validated by simulation and experiments. The simulation 
results are validated with the experimental results from 

emulation of the batteries. This emulation of batteries 

provide a low cost solution to test any technology of 

batteries and can validate any new control scheme before 
implementing HESS. 

The technique used for emulation can be extended to 

different battery technologies, only requiring software 

changes. Further, the proposed control scheme can be used 

for any ESS technology such as supercapacitors, regular 
capacitors, etc. 

Moreover, future developments of this work would include: 

increasing the number of ESS in the hybrid system and 

explore the applicability to other PEC topologies, such as 
isolated, multilevel, etc. 
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[10] T. Dragičević, X. Lu, J. C. Vasquez, and J. M. Guerrero. DC microgrids—part ii:
A review of power architectures, applications, and standardization issues. IEEE
Transactions on Power Electronics, 31(5):3528–3549, May 2016. ISSN 0885-8993.
doi: 10.1109/TPEL.2015.2464277.

[11] J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. de Vicuna, and M. Castilla. Hierarchi-
cal control of droop-controlled AC and DC microgrids—a general approach toward
standardization. IEEE Transactions on Industrial Electronics, 58(1):158–172, Jan
2011. ISSN 0278-0046. doi: 10.1109/TIE.2010.2066534.

[12] Kyohei Kurohane, T. Senjyu, Akie Uehara, A. Yona, T. Funabashi, and Chul-Hwan
Kim. A hybrid smart AC/DC power system. In 2010 5th IEEE Conference on
Industrial Electronics and Applications, pages 764–769, June 2010. doi: 10.1109/
ICIEA.2010.5516936.

[13] X. Liu, P. Wang, and P. C. Loh. A hybrid AC/DC microgrid and its coordination
control. IEEE Transactions on Smart Grid, 2(2):278–286, June 2011. ISSN 1949-
3053. doi: 10.1109/TSG.2011.2116162.

[14] V. Salehi, A. Mohamed, and O. A. Mohammed. Implementation of real-time optimal
power flow management system on hybrid AC/DC smart microgrid. In 2012 IEEE
Industry Applications Society Annual Meeting, pages 1–8, Oct 2012. doi: 10.1109/
IAS.2012.6374113.

[15] Mohamed A. Ahmed, Yong Cheol Kang, and Young-Chon Kim. Communication
network architectures for smart-house with renewable energy resources. Energies,
8(8):8716–8735, 2015. ISSN 1996-1073. doi: 10.3390/en8088716. URL http:
//www.mdpi.com/1996-1073/8/8/8716.

[16] C. Jin, Junjun Wang, Koh Leong Hai, Choo Fook Hoong, and P. Wang. Coordina-
tion secondary control for autonomous hybrid AC/DC microgrids with global power
sharing operation. In 2016 - 42nd Annual Conference of the IEEE Industrial Elec-
tronics Society (IECON ), pages 4066–4071, Oct 2016. doi: 10.1109/IECON.2016.
7793276.

[17] Anurag Chauhan and R.P. Saini. A review on integrated renewable energy sys-
tem based power generation for stand-alone applications: Configurations, stor-
age options, sizing methodologies and control. Renewable and Sustainable En-
ergy Reviews, 38:99 – 120, 2014. ISSN 1364-0321. doi: http://dx.doi.org/

368

http://www.mdpi.com/1996-1073/8/8/8716
http://www.mdpi.com/1996-1073/8/8/8716


Bibliography

10.1016/j.rser.2014.05.079. URL http://www.sciencedirect.com/science/article/pii/
S1364032114004043.

[18] D. M. Bui, S. L. Chen, C. H. Wu, K. Y. Lien, C. H. Huang, and K. K. Jen. Re-
view on protection coordination strategies and development of an effective pro-
tection coordination system for DC microgrid. In 2014 IEEE PES Asia-Pacific
Power and Energy Engineering Conference (APPEEC), pages 1–10, Dec 2014. doi:
10.1109/APPEEC.2014.7066159.

[19] M. H. Nehrir, C. Wang, K. Strunz, H. Aki, R. Ramakumar, J. Bing, Z. Miao, and
Z. Salameh. A review of hybrid renewable/alternative energy systems for electric
power generation: Configurations, control, and applications. IEEE Transactions on
Sustainable Energy, 2(4):392–403, Oct 2011. ISSN 1949-3029. doi: 10.1109/TSTE.
2011.2157540.

[20] A. Alhamali, M. E. Farrag, G. Bevan, and D. M. Hepburn. Review of energy stor-
age systems in electric grid and their potential in distribution networks. In 2016
Eighteenth International Middle East Power Systems Conference (MEPCON), pages
546–551, Dec 2016. doi: 10.1109/MEPCON.2016.7836945.

[21] Haisheng Chen, Thang Ngoc Cong, Wei Yang, Chunqing Tan, Yongliang Li, and
Yulong Ding. Progress in electrical energy storage system: A critical review.
Progress in Natural Science, 19(3):291 – 312, 2009. ISSN 1002-0071. doi:
http://dx.doi.org/10.1016/j.pnsc.2008.07.014. URL http://www.sciencedirect.com/
science/article/pii/S100200710800381X.

[22] K. S. Tam. Energy storage technologies for future electric power systems. In 10th
International Conference on Advances in Power System Control, Operation Man-
agement (APSCOM 2015), pages 1–6, Nov 2015. doi: 10.1049/ic.2015.0238.

[23] A. A. Jamali, N. M. Nor, and T. Ibrahim. Energy storage systems and their sizing
techniques in power system- a review. In 2015 IEEE Conference on Energy Conver-
sion (CENCON), pages 215–220, Oct 2015. doi: 10.1109/CENCON.2015.7409542.

[24] T. M. Masaud, K. Lee, and P. K. Sen. An overview of energy storage technologies in
electric power systems: What is the future? In North American Power Symposium
2010, pages 1–6, Sept 2010. doi: 10.1109/NAPS.2010.5619595.

[25] A. Mohd, E. Ortjohann, A. Schmelter, N. Hamsic, and D. Morton. Challenges in
integrating distributed energy storage systems into future smart grid. In 2008 IEEE
International Symposium on Industrial Electronics, pages 1627–1632, June 2008.
doi: 10.1109/ISIE.2008.4676896.

[26] L. N. Rao and S. Gairola. A comparative study of bidirectional DC-DC converter &
its interfacing with two battery storage system. In 2016 IEEE 1st International Con-
ference on Power Electronics, Intelligent Control and Energy Systems (ICPEICES),
pages 1–6, July 2016. doi: 10.1109/ICPEICES.2016.7853175.

369

http://www.sciencedirect.com/science/article/pii/S1364032114004043
http://www.sciencedirect.com/science/article/pii/S1364032114004043
http://www.sciencedirect.com/science/article/pii/S100200710800381X
http://www.sciencedirect.com/science/article/pii/S100200710800381X


Bibliography

[27] I. Y. Chung, W. Liu, M. Andrus, K. Schoder, Siyu Leng, D. A. Cartes, and
M. Steurer. Integration of a bi-directional DC-DC converter model into a large-scale
system simulation of a shipboard MVDC power system. In 2009 IEEE Electric Ship
Technologies Symposium, pages 318–325, April 2009. doi: 10.1109/ESTS.2009.
4906531.

[28] Mathew Aneke and Meihong Wang. Energy storage technologies and real life
applications –a state of the art review. Applied Energy, 179:350 – 377, 2016.
ISSN 0306-2619. doi: https://doi.org/10.1016/j.apenergy.2016.06.097. URL http:
//www.sciencedirect.com/science/article/pii/S0306261916308728.

[29] Xing Luo, Jihong Wang, Mark Dooner, and Jonathan Clarke. Overview of cur-
rent development in electrical energy storage technologies and the application po-
tential in power system operation. Applied Energy, 137:511 – 536, 2015. ISSN
0306-2619. doi: http://dx.doi.org/10.1016/j.apenergy.2014.09.081. URL http:
//www.sciencedirect.com/science/article/pii/S0306261914010290.

[30] A. W. Bizuayehu, P. Medina, J. P. S. Catalão, E. M. G. Rodrigues, and J. Contreras.
Analysis of electrical energy storage technologies’ state-of-the-art and applications
on islanded grid systems. In 2014 IEEE PES T D Conference and Exposition, pages
1–5, April 2014. doi: 10.1109/TDC.2014.6863361.

[31] A. Dekka, R. Ghaffari, B. Venkatesh, and Bin Wu. A survey on energy storage tech-
nologies in power systems. In 2015 IEEE Electrical Power and Energy Conference
(EPEC), pages 105–111, Oct 2015. doi: 10.1109/EPEC.2015.7379935.

[32] Annette Evans, Vladimir Strezov, and Tim J. Evans. Assessment of utility en-
ergy storage options for increased renewable energy penetration. Renewable and
Sustainable Energy Reviews, 16(6):4141 – 4147, 2012. ISSN 1364-0321. doi:
http://dx.doi.org/10.1016/j.rser.2012.03.048. URL http://www.sciencedirect.com/
science/article/pii/S1364032112002316.

[33] Haoran Zhao, Qiuwei Wu, Shuju Hu, Honghua Xu, and Claus Nygaard Ras-
mussen. Review of energy storage system for wind power integration support. Ap-
plied Energy, 137:545 – 553, 2015. ISSN 0306-2619. doi: http://dx.doi.org/10.
1016/j.apenergy.2014.04.103. URL http://www.sciencedirect.com/science/article/
pii/S0306261914004668.

[34] K.S. Reddy, Madhusudan Kumar, T.K. Mallick, H. Sharon, and S. Lokeswaran. A
review of integration, control, communication and metering (ICCM) of renewable
energy based smart grid. Renewable and Sustainable Energy Reviews, 38:180 – 192,
2014. ISSN 1364-0321. doi: http://dx.doi.org/10.1016/j.rser.2014.05.049. URL
http://www.sciencedirect.com/science/article/pii/S1364032114003748.

[35] N. Bhatnagar and B. Venkatesh. Energy storage and power systems. In 25th IEEE
Canadian Conference on Electrical and Computer Engineering (CCECE), pages 1–
4, April 2012. doi: 10.1109/CCECE.2012.6334823.

370

http://www.sciencedirect.com/science/article/pii/S0306261916308728
http://www.sciencedirect.com/science/article/pii/S0306261916308728
http://www.sciencedirect.com/science/article/pii/S0306261914010290
http://www.sciencedirect.com/science/article/pii/S0306261914010290
http://www.sciencedirect.com/science/article/pii/S1364032112002316
http://www.sciencedirect.com/science/article/pii/S1364032112002316
http://www.sciencedirect.com/science/article/pii/S0306261914004668
http://www.sciencedirect.com/science/article/pii/S0306261914004668
http://www.sciencedirect.com/science/article/pii/S1364032114003748


Bibliography

[36] S. Vazquez, S. M. Lukic, E. Galvan, L. G. Franquelo, and J. M. Carrasco. Energy
storage systems for transport and grid applications. IEEE Transactions on Industrial
Electronics, 57(12):3881–3895, Dec 2010. ISSN 0278-0046. doi: 10.1109/TIE.
2010.2076414.

[37] H. Ibrahim, A. Ilinca, and J. Perron. Energy storage systems–characteristics and
comparisons. Renewable and Sustainable Energy Reviews, 12(5):1221 – 1250, 2008.
ISSN 1364-0321. doi: http://dx.doi.org/10.1016/j.rser.2007.01.023. URL http://
www.sciencedirect.com/science/article/pii/S1364032107000238.

[38] S. C. Smith, P. K. Sen, and B. Kroposki. Advancement of energy storage devices and
applications in electrical power system. In IEEE Power and Energy Society General
Meeting - Conversion and Delivery of Electrical Energy in the 21st Century, pages
1–8, July 2008. doi: 10.1109/PES.2008.4596436.

[39] Electrical Energy Storage project team. Electrical energy storage. White
Paper 0.0, International Electrotechnical Commission (IEC) Market Strat-
egy Board (MSB), December 2011. URL http://www.iec.ch/whitepaper/pdf/
iecWP-energystorage-LR-en.pdf.

[40] Siraj Sabihuddin, Aristides E. Kiprakis, and Markus Mueller. A numerical and
graphical review of energy storage technologies. Energies, 8(1):172–216, 2015.
ISSN 1996-1073. doi: 10.3390/en8010172. URL http://www.mdpi.com/1996-1073/
8/1/172.

[41] C. Abbey, J. Robinson, and G. Joos. Integrating renewable energy sources and stor-
age into isolated diesel generator supplied electric power systems. In 2008 13th
International Power Electronics and Motion Control Conference, pages 2178–2183,
Sept 2008. doi: 10.1109/EPEPEMC.2008.4635588.

[42] MIT Electric Vehicle Team. A guide to understanding battery specifications, 2008.
URL http://web.mit.edu/evt/summary_battery_specifications.pdf.

[43] J. Chiasson and B. Vairamohan. Estimating the state of charge of a battery. IEEE
Transactions on Control Systems Technology, 13(3):465–470, May 2005. ISSN
1063-6536. doi: 10.1109/TCST.2004.839571.

[44] P. A. Topan, M. N. Ramadan, G. Fathoni, A. I. Cahyadi, and O. Wahyunggoro. State
of charge (SOC) and state of health (SOH) estimation on lithium polymer battery
via kalman filter. In 2016 2nd International Conference on Science and Technology-
Computer (ICST), pages 93–96, Oct 2016. doi: 10.1109/ICSTC.2016.7877354.

[45] J. Cao, N. Schofield, and A. Emadi. Battery balancing methods: A comprehensive
review. In 2008 IEEE Vehicle Power and Propulsion Conference, pages 1–6, Sept
2008. doi: 10.1109/VPPC.2008.4677669.

[46] E. Micolano, R. Lazzari, and L. Pellegrino. Influence of management and system
configuration on performances and lifetime of lithium-ion batteries. In 2015 AEIT

371

http://www.sciencedirect.com/science/article/pii/S1364032107000238
http://www.sciencedirect.com/science/article/pii/S1364032107000238
http://www.iec.ch/whitepaper/pdf/iecWP-energystorage-LR-en.pdf
http://www.iec.ch/whitepaper/pdf/iecWP-energystorage-LR-en.pdf
http://www.mdpi.com/1996-1073/8/1/172
http://www.mdpi.com/1996-1073/8/1/172
http://web.mit.edu/evt/summary_battery_specifications.pdf


Bibliography

International Annual Conference (AEIT), pages 1–6, Oct 2015. doi: 10.1109/AEIT.
2015.7415243.

[47] Y. Kim, V. Raghunathan, and A. Raghunathan. Design and management of battery-
supercapacitor hybrid electrical energy storage systems for regulation services. IEEE
Transactions on Multi-Scale Computing Systems, 3(1):12–24, Jan 2017. doi: 10.
1109/TMSCS.2016.2627543.

[48] Rui Xiong, Hongwen He, Fengchun Sun, and Kai Zhao. Online estimation of
peak power capability of Li-Ion batteries in electric vehicles by a hardware-in-
loop approach. Energies, 5(5):1455–1469, 2012. ISSN 1996-1073. doi: 10.3390/
en5051455. URL http://www.mdpi.com/1996-1073/5/5/1455.

[49] J. Cao and A. Emadi. A new battery/ultracapacitor hybrid energy storage system for
electric, hybrid, and plug-in hybrid electric vehicles. IEEE Transactions on Power
Electronics, 27(1):122–132, Jan 2012. ISSN 0885-8993. doi: 10.1109/TPEL.2011.
2151206.

[50] P. B. Bobba and K. R. Rajagopal. Modeling and analysis of hybrid energy storage
systems used in electric vehicles. In 2012 IEEE International Conference on Power
Electronics, Drives and Energy Systems (PEDES), pages 1–6, Dec 2012. doi: 10.
1109/PEDES.2012.6484365.

[51] M. Ortuzar, J. Moreno, and J. Dixon. Ultracapacitor-based auxiliary energy sys-
tem for an electric vehicle: Implementation and evaluation. IEEE Transactions
on Industrial Electronics, 54(4):2147–2156, Aug 2007. ISSN 0278-0046. doi:
10.1109/TIE.2007.894713.

[52] A. Khaligh and Z. Li. Battery, ultracapacitor, fuel cell, and hybrid energy storage
systems for electric, hybrid electric, fuel cell, and plug-in hybrid electric vehicles:
State of the art. IEEE Transactions on Vehicular Technology, 59(6):2806–2814, July
2010. ISSN 0018-9545. doi: 10.1109/TVT.2010.2047877.

[53] Jakob Munkholt Christensen, Peter Vang Hendriksen, Jan-Dierk Grunwaldt, and
Anker Degn Jensen. Chemical energy storage, pages 47–52. Technical University
of Denmark (DTU), 2013. ISBN 978-87-550-3968-1.

[54] M. E. Glavin, P. K. W. Chan, S. Armstrong, and W. G. Hurley. A stand-alone pho-
tovoltaic supercapacitor battery hybrid energy storage system. In 2008 13th Inter-
national Power Electronics and Motion Control Conference, pages 1688–1695, Sept
2008. doi: 10.1109/EPEPEMC.2008.4635510.

[55] N. Anglani, G. Oriti, A. Julian, and V. Catania. How to control supercapacitors and to
account for the consequent extension of battery lifetime in an isolated AC microgrid.
In 2017 IEEE International Conference on Environment and Electrical Engineering
and 2017 IEEE Industrial and Commercial Power Systems Europe (EEEIC / I CPS
Europe), pages 1–6, June 2017. doi: 10.1109/EEEIC.2017.7977570.

372

http://www.mdpi.com/1996-1073/5/5/1455


Bibliography

[56] Ioannis Hadjipaschalis, Andreas Poullikkas, and Venizelos Efthimiou. Overview
of current and future energy storage technologies for electric power applications.
Renewable and Sustainable Energy Reviews, 13(6-7):1513 – 1522, 2009. ISSN
1364-0321. doi: http://dx.doi.org/10.1016/j.rser.2008.09.028. URL http://www.
sciencedirect.com/science/article/pii/S1364032108001664.

[57] H. Zhou, T. Bhattacharya, D. Tran, T. S. T. Siew, and A. M. Khambadkone. Compos-
ite energy storage system involving battery and ultracapacitor with dynamic energy
management in microgrid applications. IEEE Transactions on Power Electronics,
26(3):923–930, March 2011. ISSN 0885-8993. doi: 10.1109/TPEL.2010.2095040.

[58] Y. Tang and A. Khaligh. Bidirectional hybrid battery/ultracapacitor energy storage
systems for next generation MVDC shipboard power systems. In 2011 IEEE Vehicle
Power and Propulsion Conference, pages 1–6, Sept 2011. doi: 10.1109/VPPC.2011.
6043097.

[59] L. Solero, A. Lidozzi, and J. A. Pomilio. Design of multiple-input power converter
for hybrid vehicles. IEEE Transactions on Power Electronics, 20(5):1007–1016,
Sept 2005. ISSN 0885-8993. doi: 10.1109/TPEL.2005.854020.

[60] G. Oriti, A. L. Julian, N. Anglani, and G. D. Hernandez. Novel hybrid energy storage
control for a single phase energy management system in a remote islanded micro-
grid. In 2017 IEEE Energy Conversion Congress and Exposition (ECCE), pages
1552–1559, Oct 2017. doi: 10.1109/ECCE.2017.8095976.

[61] Xiang C, Wang Y, Hu S, and Wang W. A new topology and control strategy for a
hybrid battery-ultracapacitor energy storage system. Energies, 7:2874–2896, 2014.
doi: 10.3390/en7052874.

[62] M. A. Silva, H. N. de Melo, J. P. Trovao, P. G. Pereirinha, and H. M. Jorge. Hybrid
topologies comparison for electric vehicles with multiple energy storage systems. In
2013 World Electric Vehicle Symposium and Exhibition (EVS27), pages 1–8, Nov
2013. doi: 10.1109/EVS.2013.6914722.

[63] M. B. Camara, H. Gualous, F. Gustin, and A. Berthon. Design and new control of
DC/DC converters to share energy between supercapacitors and batteries in hybrid
vehicles. IEEE Transactions on Vehicular Technology, 57(5):2721–2735, Sept 2008.
ISSN 0018-9545. doi: 10.1109/TVT.2008.915491.

[64] M. B. Camara, H. Gualous, F. Gustin, A. Berthon, and B. Dakyo. DC/DC converter
design for supercapacitor and battery power management in hybrid vehicle applica-
tions –polynomial control strategy. IEEE Transactions on Industrial Electronics, 57
(2):587–597, Feb 2010. ISSN 0278-0046. doi: 10.1109/TIE.2009.2025283.

[65] J. Xiao, P. Wang, and L. Setyawan. Multilevel energy management system for hy-
bridization of energy storages in DC microgrids. IEEE Transactions on Smart Grid,
7(2):847–856, March 2016. ISSN 1949-3053. doi: 10.1109/TSG.2015.2424983.

373

http://www.sciencedirect.com/science/article/pii/S1364032108001664
http://www.sciencedirect.com/science/article/pii/S1364032108001664


Bibliography

[66] Xingguo Tan, Qingmin Li, and Hui Wang. Advances and trends of energy stor-
age technology in microgrid. International Journal of Electrical Power & En-
ergy Systems, 44(1):179 – 191, 2013. ISSN 0142-0615. doi: https://doi.org/10.
1016/j.ijepes.2012.07.015. URL http://www.sciencedirect.com/science/article/pii/
S0142061512003754.

[67] Lijun Gao, R. A. Dougal, and Shengyi Liu. Power enhancement of an actively
controlled battery/ultracapacitor hybrid. IEEE Transactions on Power Electronics,
20(1):236–243, Jan 2005. ISSN 0885-8993. doi: 10.1109/TPEL.2004.839784.

[68] G. Guidi, T. M. Undeland, and Y. Hori. An optimized converter for battery-
supercapacitor interface. In 2007 IEEE Power Electronics Specialists Conference,
pages 2976–2981, June 2007. doi: 10.1109/PESC.2007.4342496.

[69] J. Diaz, A. M. Pernia, J. M. Guerrero, P. G. Pereirinha, and A. Williams. Learning
energy storage in hybrid/electric vehicles: Erasmus mundus master course in sus-
tainable transportation & electrical power systems. In 2016 IEEE Vehicle Power and
Propulsion Conference (VPPC), pages 1–6, Oct 2016. doi: 10.1109/VPPC.2016.
7791719.

[70] K. Yamamoto, A. Imakiire, R. Lin, and K. Iimori. Comparison of configurations
of voltage boosters in PWM inverter with voltage boosters with regenerating circuit
augmented by electric double-layer capacitor. In International Conference on Elec-
trical Machines and Systems, pages 1–6, Nov 2009. doi: 10.1109/ICEMS.2009.
5382975.

[71] A. M. Gee, F. V. P. Robinson, and R. W. Dunn. Analysis of battery lifetime extension
in a small-scale wind-energy system using supercapacitors. IEEE Transactions on
Energy Conversion, 28(1):24–33, March 2013. ISSN 0885-8969. doi: 10.1109/
TEC.2012.2228195.

[72] A. M. van Voorden, L. M. R. Elizondo, G. C. Paap, J. Verboomen, and L. van der
Sluis. The application of super capacitors to relieve battery-storage systems in au-
tonomous renewable energy systems. In 2007 IEEE Lausanne Power Tech, pages
479–484, July 2007. doi: 10.1109/PCT.2007.4538364.

[73] A. M. Pernia, S. A. Menendez, M. J. Prieto, J. A. Martinez, F. Nuno, I. Villar, and
V. Ruiz. Power supply based on carbon ultracapacitors for remote supervision sys-
tems. IEEE Transactions on Industrial Electronics, 57(9):3139–3147, Sept 2010.
ISSN 0278-0046. doi: 10.1109/TIE.2009.2038332.

[74] S. D. G. Jayasinghe, D. M. Vilathgamuwa, and U. K. Madawala. A direct integration
scheme for battery-supercapacitor hybrid energy storage systems with the use of
grid side inverter. In 2011 Twenty-Sixth Annual IEEE Applied Power Electronics
Conference and Exposition (APEC), pages 1388–1393, March 2011. doi: 10.1109/
APEC.2011.5744773.

374

http://www.sciencedirect.com/science/article/pii/S0142061512003754
http://www.sciencedirect.com/science/article/pii/S0142061512003754


Bibliography

[75] O. Onar and A. Khaligh. Dynamic modeling and control of a cascaded active
battery/ultra-capacitor based vehicular power system. In 2008 IEEE Vehicle Power
and Propulsion Conference, pages 1–4, Sept 2008. doi: 10.1109/VPPC.2008.
4677598.

[76] Y.S. Mohammed, M.W. Mustafa, and N. Bashir. Hybrid renewable energy systems
for off-grid electric power: Review of substantial issues. Renewable and Sustain-
able Energy Reviews, 35:527 – 539, 2014. ISSN 1364-0321. doi: http://dx.doi.org/
10.1016/j.rser.2014.04.022. URL http://www.sciencedirect.com/science/article/pii/
S1364032114002494.

[77] H. Tao, A. Kotsopoulos, J. L. Duarte, and M. A. M. Hendrix. Multi-input bidi-
rectional DC-DC converter combining DC-link and magnetic-coupling for fuel cell
systems. In Fourtieth IAS Annual Meeting. Conference Record of the 2005 Industry
Applications Conference, 2005., volume 3, pages 2021–2028 Vol. 3, Oct 2005. doi:
10.1109/IAS.2005.1518725.

[78] H. Yoo, S. K. Sul, Y. Park, and J. Jeong. System integration and power-flow manage-
ment for a series hybrid electric vehicle using supercapacitors and batteries. IEEE
Transactions on Industry Applications, 44(1):108–114, Jan 2008. ISSN 0093-9994.
doi: 10.1109/TIA.2007.912749.

[79] N. R. Tummuru, M. K. Mishra, and S. Srinivas. Dynamic energy management of
hybrid energy storage system with high-gain PV converter. IEEE Transactions on
Energy Conversion, 30(1):150–160, March 2015. ISSN 0885-8969. doi: 10.1109/
TEC.2014.2357076.

[80] F. Giulii Capponi, P. Santoro, and E. Crescenzi. HBCS converter: A bidirectional
DC/DC converter for optimal power flow regulation in supercapacitor applications.
In 2007 IEEE Industry Applications Annual Meeting, pages 2009–2015, Sept 2007.
doi: 10.1109/07IAS.2007.304.

[81] D. Vinnikov, I. Roasto, and J. Zakis. New bi-directional DC/DC converter for su-
percapacitor interfacing in high-power applications. In Proceedings of 14th Interna-
tional Power Electronics and Motion Control Conference EPE-PEMC 2010, pages
T11–38–T11–43, Sept 2010. doi: 10.1109/EPEPEMC.2010.5606899.

[82] Yuedong Zhan, Youguang Guo, Jianguo Zhu, and Li Li. Power and energy manage-
ment of grid/PEMFC/battery/supercapacitor hybrid power sources for UPS applica-
tions. International Journal of Electrical Power & Energy Systems, 67(Supplement
C):598 – 612, 2015. ISSN 0142-0615. doi: https://doi.org/10.1016/j.ijepes.2014.12.
044. URL http://www.sciencedirect.com/science/article/pii/S0142061514007716.

[83] E. Chemali, M. Preindl, P. Malysz, and A. Emadi. Electrochemical and electrostatic
energy storage and management systems for electric drive vehicles: State-of-the-art
review and future trends. IEEE Journal of Emerging and Selected Topics in Power
Electronics, 4(3):1117–1134, Sept 2016. ISSN 2168-6777. doi: 10.1109/JESTPE.
2016.2566583.

375

http://www.sciencedirect.com/science/article/pii/S1364032114002494
http://www.sciencedirect.com/science/article/pii/S1364032114002494
http://www.sciencedirect.com/science/article/pii/S0142061514007716


Bibliography

[84] I. Aharon, A. Kuperman, and D. Shmilovitz. Analysis of dual-carrier modulator
for bidirectional noninverting buck–boost converter. IEEE Transactions on Power
Electronics, 30(2):840–848, Feb 2015. ISSN 0885-8993. doi: 10.1109/TPEL.2014.
2315993.

[85] W. Yu, H. Qian, and J. S. Lai. Design of high-efficiency bidirectional DC—DC
converter and high-precision efficiency measurement. IEEE Transactions on Power
Electronics, 25(3):650–658, March 2010. ISSN 0885-8993. doi: 10.1109/TPEL.
2009.2034265.

[86] S. K. Kollimalla, M. K. Mishra, and N. L. Narasamma. Design and analysis of novel
control strategy for battery and supercapacitor storage system. IEEE Transactions
on Sustainable Energy, 5(4):1137–1144, Oct 2014. ISSN 1949-3029. doi: 10.1109/
TSTE.2014.2336896.

[87] S. K. Kollimalla, M. K. Mishra, and Lakshmi Narasamma N. Coordinated control
and energy management of hybrid energy storage system in PV system. In 2014
International Conference on Computation of Power, Energy, Information and Com-
munication (ICCPEIC), pages 363–368, April 2014. doi: 10.1109/ICCPEIC.2014.
6915391.

[88] R. Sathishkumar, S. K. Kollimalla, and M. K. Mishra. Dynamic energy management
of micro grids using battery super capacitor combined storage. In 2012 Annual
IEEE India Conference (INDICON), pages 1078–1083, Dec 2012. doi: 10.1109/
INDCON.2012.6420777.

[89] W. Li, G. Joos, and J. Belanger. Real-time simulation of a wind turbine generator
coupled with a battery supercapacitor energy storage system. IEEE Transactions
on Industrial Electronics, 57(4):1137–1145, April 2010. ISSN 0278-0046. doi:
10.1109/TIE.2009.2037103.

[90] W. Li and G. Joos. A power electronic interface for a battery supercapacitor hy-
brid energy storage system for wind applications. In 2008 IEEE Power Electronics
Specialists Conference (PESC), pages 1762–1768, June 2008. doi: 10.1109/PESC.
2008.4592198.

[91] Phatiphat Thounthong, Pietro Tricoli, and Bernard Davat. Performance investigation
of linear and nonlinear controls for a fuel cell/supercapacitor hybrid power plant.
International Journal of Electrical Power & Energy Systems, 54(Supplement C):454
– 464, 2014. ISSN 0142-0615. doi: https://doi.org/10.1016/j.ijepes.2013.07.033.
URL http://www.sciencedirect.com/science/article/pii/S014206151300330X.

[92] A. Hillers, M. Stojadinovic, and J. Biela. Systematic comparison of modular multi-
level converter topologies for battery energy storage systems based on split batteries.
In 2015 17th European Conference on Power Electronics and Applications (EPE’15
ECCE-Europe), pages 1–9, Sept 2015. doi: 10.1109/EPE.2015.7309385.

376

http://www.sciencedirect.com/science/article/pii/S014206151300330X


Bibliography

[93] M. S. Bendyk, P. C. K. Luk, and M. H. Alkhafaji. Control strategy for a modified
cascade multilevel inverter with dual DC source for enhanced drivetrain operation.
IEEE Transactions on Industry Applications, 53(5):4655–4664, Sept 2017. ISSN
0093-9994. doi: 10.1109/TIA.2017.2701319.

[94] I. Aharon, A. Kuperman, and D. Shmilovitz. Analysis of bi-directional buck-boost
converter for energy storage applications. In 2013 -39th Annual Conference of the
IEEE Industrial Electronics Society, IECON, pages 858–863, Nov 2013. doi: 10.
1109/IECON.2013.6699246.

[95] S. Inoue and H. Akagi. A bidirectional DC—DC converter for an energy storage
system with galvanic isolation. IEEE Transactions on Power Electronics, 22(6):
2299–2306, Nov 2007. ISSN 0885-8993. doi: 10.1109/TPEL.2007.909248.

[96] R. Kondo, Y. Higaki, and M. Yamada. Proposition and experimental verification
of a bi-directional isolated DC/DC converter for battery charger-discharger of elec-
tric vehicle. In 2016 IEEE Applied Power Electronics Conference and Exposition
(APEC), pages 1713–1720, March 2016. doi: 10.1109/APEC.2016.7468098.

[97] R. Yapa and A. Forsyth. Extended soft switching operation of the triple active bridge
convereter. In 6th IET International Conference on Power Electronics, Machines and
Drives (PEMD 2012), pages 1–6, March 2012. doi: 10.1049/cp.2012.0226.

[98] J. L. Duarte, M. Hendrix, and M. G. Simoes. Three-port bidirectional converter for
hybrid fuel cell systems. IEEE Transactions on Power Electronics, 22(2):480–487,
March 2007. ISSN 0885-8993. doi: 10.1109/TPEL.2006.889928.

[99] Cheng-Shan Wang, Wei Li, Yi-Feng Wang, Fu-Qiang Han, Zhun Meng, and Guo-
Dong Li. An isolated three-port bidirectional DC-DC converter with enlarged ZVS
region for HESS applications in DC microgrids. Energies, 10(4), 2017. ISSN 1996-
1073. doi: 10.3390/en10040446. URL http://www.mdpi.com/1996-1073/10/4/446.

[100] Yue Yu, K. Masumoto, K. Wada, and Y. Kado. Power flow control of a triple ac-
tive bridge DC-DC converter using GaN power devices for a low-voltage DC power
distribution system. In 2017 IEEE 3rd International Future Energy Electronics Con-
ference and ECCE Asia (IFEEC 2017 - ECCE Asia), pages 772–777, June 2017. doi:
10.1109/IFEEC.2017.7992137.

[101] H. A. Mantooth, M. D. Glover, and P. Shepherd. Wide bandgap technologies and
their implications on miniaturizing power electronic systems. IEEE Journal of
Emerging and Selected Topics in Power Electronics, 2(3):374–385, Sept 2014. ISSN
2168-6777. doi: 10.1109/JESTPE.2014.2313511.

[102] W. J. de Paula, P. L. Tavares, D. d. C. Pereira, G. M. Tavares, F. L. Silva, P. S.
Almeida, and H. A. C. Braga. A review on gallium nitride switching power devices
and applications. In 2017 Brazilian Power Electronics Conference (COBEP), pages
1–7, Nov 2017. doi: 10.1109/COBEP.2017.8257254.

377

http://www.mdpi.com/1996-1073/10/4/446


Bibliography

[103] B. Liu, F. Zhuo, Y. Zhu, and H. Yi. System operation and energy management
of a renewable energy-based DC micro-grid for high penetration depth application.
IEEE Transactions on Smart Grid, 6(3):1147–1155, May 2015. ISSN 1949-3053.
doi: 10.1109/TSG.2014.2374163.

[104] J. Y. Kim, J. H. Jeon, S. K. Kim, C. Cho, J. H. Park, H. M. Kim, and K. Y. Nam. Co-
operative control strategy of energy storage system and microsources for stabilizing
the microgrid during islanded operation. IEEE Transactions on Power Electronics,
25(12):3037–3048, Dec 2010. ISSN 0885-8993. doi: 10.1109/TPEL.2010.2073488.

[105] J. H. Jeon, J. Y. Kim, H. M. Kim, S. K. Kim, C. Cho, J. M. Kim, J. B. Ahn, and K. Y.
Nam. Development of hardware in-the-loop simulation system for testing operation
and control functions of microgrid. IEEE Transactions on Power Electronics, 25
(12):2919–2929, Dec 2010. ISSN 0885-8993. doi: 10.1109/TPEL.2010.2078518.

[106] R. Bayindir, E. Hossain, and S. Vadi. The path of the smart grid - the new and im-
proved power grid. In 2016 International Smart Grid Workshop and Certificate Pro-
gram (ISGWCP), pages 1–8, March 2016. doi: 10.1109/ISGWCP.2016.7548270.

[107] H. Farhangi. The path of the smart grid. IEEE Power and Energy Magazine, 8(1):
18–28, January 2010. ISSN 1540-7977. doi: 10.1109/MPE.2009.934876.

[108] A. M. O. Haruni, M. Negnevitsky, M. E. Haque, and A. Gargoom. A novel oper-
ation and control strategy for a standalone hybrid renewable power system. IEEE
Transactions on Sustainable Energy, 4(2):402–413, April 2013. ISSN 1949-3029.
doi: 10.1109/TSTE.2012.2225455.

[109] Red electríca de españa. URL http://www.ree.es/en/activities/
operation-of-the-electricity-system/interruptibility-service.

[110] S. Miwa and H. Nakamura. Profile-based power shifting in interconnection net-
works with on/off links. In SC15: International Conference for High Perfor-
mance Computing, Networking, Storage and Analysis, pages 1–11, Nov 2015. doi:
10.1145/2807591.2807639.

[111] F. Sayed, S. Kamel, and O. Abdel-Rahim. Load shedding solution using multi-
objective teaching-learning-based optimization. In 2018 International Conference
on Innovative Trends in Computer Engineering (ITCE), pages 447–452, Feb 2018.
doi: 10.1109/ITCE.2018.8316665.

[112] L. Pan, J. Gu, J. Zhu, and T. Qiu. Integrated control of smoothing power fluctua-
tions and peak shaving in wind/PV/energy storage system. In 2016 8th International
Conference on Intelligent Human-Machine Systems and Cybernetics (IHMSC), vol-
ume 02, pages 586–591, Aug 2016. doi: 10.1109/IHMSC.2016.227.

[113] Z. Zhao, J. Hu, and H. Chen. Bus voltage control strategy for low voltage DC micro-
grid based on AC power grid and battery. In 2017 IEEE International Conference
on Energy Internet (ICEI), pages 349–354, April 2017. doi: 10.1109/ICEI.2017.68.

378

http://www.ree.es/en/activities/operation-of-the-electricity-system/interruptibility-service
http://www.ree.es/en/activities/operation-of-the-electricity-system/interruptibility-service


Bibliography

[114] Yaxing Ren, Shuaihu Li, Lin Jiang, and Pingliang Zeng. Coordinated control for
battery and supercapacitor in hybrid energy storage system in microgrid. In 2016
IEEE 8th International Power Electronics and Motion Control Conference (IPEMC-
ECCE Asia), pages 2654–2660, May 2016. doi: 10.1109/IPEMC.2016.7512717.

[115] N. Mendis, K. M. Muttaqi, and S. Perera. Active power management of a super
capacitor-battery hybrid energy storage system for standalone operation of DFIG
based wind turbines. In 2012 IEEE Industry Applications Society Annual Meeting
(IAS), pages 1–8, Oct 2012. doi: 10.1109/IAS.2012.6374045.

[116] Phatiphat Thounthong, Stephane Raël, and Bernard Davat. Energy management of
fuel cell/battery/supercapacitor hybrid power source for vehicle applications. Jour-
nal of Power Sources, 193(1):376 – 385, 2009. ISSN 0378-7753. doi: https://doi.
org/10.1016/j.jpowsour.2008.12.120. URL http://www.sciencedirect.com/science/
article/pii/S0378775308024981. Scientific Advances in Fuel Cell Systems.

[117] R. Georgious, J. García, P. García, and M. Sumner. Analysis of hybrid energy storage
systems with DC link fault ride-through capability. In 2016 IEEE Energy Conversion
Congress and Exposition (ECCE), pages 1–8, Sept 2016. doi: 10.1109/ECCE.2016.
7854875.

[118] Zhen Jin, Meiyi Hou, Fangfang Dong, and Ying Li. A new control strategy of DC mi-
crogrid with photovoltaic generation and hybrid energy storage. In 2016 IEEE PES
Asia-Pacific Power and Energy Engineering Conference (APPEEC), pages 434–438,
Oct 2016. doi: 10.1109/APPEEC.2016.7779541.

[119] R. Georgious and J. García. Hybridization of energy storage systems for electric
transportation by means of bidirectional power electronic converters. In 2015 6th
International Conference on Power Electronics Systems and Applications (PESA),
pages 1–6, Dec 2015. doi: 10.1109/PESA.2015.7398948.

[120] Qian Wang, Guangqi Lu, Xiaoyu Li, Yichi Zhang, Zejian Yun, and Di Bian. Real -
time optimization of distributed energy storage system operation strategy based on
peak load shifting. IOP Conference Series: Earth and Environmental Science, 108
(5):052014, 2018. URL http://stacks.iop.org/1755-1315/108/i=5/a=052014.

[121] Hongtao Lin, Jiuchun Jiang, Shaoyuan Wei, and Long Cheng. Optimization control
for the efficiency of an on-board hybrid energy storage system in tramway based
on fuzzy control. In 2017 11th IEEE International Conference on Compatibility,
Power Electronics and Power Engineering (CPE-POWERENG), pages 454–459,
April 2017. doi: 10.1109/CPE.2017.7915214.

[122] K. Mattern, A. Ellis, S. E. Williams, C. Edwards, A. Nourai, and D. Porter. Appli-
cation of inverter-based systems for peak shaving and reactive power management.
In IEEE/PES Transmission and Distribution Conference and Exposition, pages 1–4,
April 2008. doi: 10.1109/TDC.2008.4517244.

379

http://www.sciencedirect.com/science/article/pii/S0378775308024981
http://www.sciencedirect.com/science/article/pii/S0378775308024981
http://stacks.iop.org/1755-1315/108/i=5/a=052014


Bibliography

[123] C. K. Nayak and M. R. Nayak. Optimal design of battery energy storage system for
peak load shaving and time of use pricing. In 2017 Second International Conference
on Electrical, Computer and Communication Technologies (ICECCT), pages 1–7,
Feb 2017. doi: 10.1109/ICECCT.2017.8118030.

[124] J. Liang and C. Feng. Stability improvement of micro-grids with coordinate control
of fuel cell and ultracapacitor. In 2007 IEEE Power Electronics Specialists Confer-
ence (PESC), pages 2472–2477, June 2007. doi: 10.1109/PESC.2007.4342401.

[125] R. Georgious, J. Garcia, A. Navarro-Rodriguez, and P. Garcia-Fernandez. A study on
the control design of non-isolated converter configurations for hybrid energy storage
systems. IEEE Transactions on Industry Applications, pages 1–1, 2018. ISSN 0093-
9994. doi: 10.1109/TIA.2018.2838086.

[126] T. Ma, M. H. Cintuglu, and O. A. Mohammed. Control of a hybrid AC/DC microgrid
involving energy storage and pulsed loads. IEEE Transactions on Industry Applica-
tions, 53(1):567–575, Jan 2017. ISSN 0093-9994. doi: 10.1109/TIA.2016.2613981.

[127] Jingyu Liu and Lei Zhang. Strategy design of hybrid energy storage system for
smoothing wind power fluctuations. Energies, 9(12), 2016. ISSN 1996-1073. doi:
10.3390/en9120991. URL http://www.mdpi.com/1996-1073/9/12/991.

[128] F. Blaabjerg, R. Teodorescu, M. Liserre, and A. V. Timbus. Overview of control and
grid synchronization for distributed power generation systems. IEEE Transactions
on Industrial Electronics, 53(5):1398–1409, Oct 2006. ISSN 0278-0046. doi: 10.
1109/TIE.2006.881997.

[129] Á. Navarro-Rodríguez, P. García, R. Georgious, J. García, and S. Saeed. Observer-
based transient frequency drift compensation in AC microgrids. IEEE Transac-
tions on Smart Grid, pages 1–1, 2017. ISSN 1949-3053. doi: 10.1109/TSG.2017.
2786085.

[130] A. Navarro-Rodriguez, P. Garcia, R. Georgious, and J. Garcia. A communication-
less solution for transient frequency drift compensation on weak microgrids us-
ing a D-statcom with an energy storage system. In 2015 IEEE Energy Con-
version Congress and Exposition (ECCE), pages 6904–6911, Sept 2015. doi:
10.1109/ECCE.2015.7310627.

[131] D. Pérez-Estévez, J. Doval-Gandoy, A. G. Yepes, Ó. López, and F. Baneira. En-
hanced resonant current controller for grid-connected converters with LCL filter.
IEEE Transactions on Power Electronics, 33(5):3765–3778, May 2018. ISSN 0885-
8993. doi: 10.1109/TPEL.2017.2770218.

[132] J. Rocabert, A. Luna, F. Blaabjerg, and P. Rodríguez. Control of power converters in
AC microgrids. IEEE Transactions on Power Electronics, 27(11):4734–4749, Nov
2012. ISSN 0885-8993. doi: 10.1109/TPEL.2012.2199334.

380

http://www.mdpi.com/1996-1073/9/12/991


Bibliography

[133] Á. Navarro-Rodríguez, P. García, R. Georgious, and J. García. Adaptive active
power sharing techniques for DC and AC voltage control in a hybrid DC/AC mi-
crogrid. In 2017 IEEE Energy Conversion Congress and Exposition (ECCE), pages
30–36, Oct 2017. doi: 10.1109/ECCE.2017.8095757.

[134] G. De Donato, G. Scelba, G. Borocci, F. Giulii Capponi, and G. Scarcella. Fault-
decoupled instantaneous frequency and phase angle estimation for three-phase grid-
connected inverters. IEEE Transactions on Power Electronics, 31(4):2880–2889,
April 2016. ISSN 0885-8993. doi: 10.1109/TPEL.2015.2445797.

[135] J. Garcia, P. Garcia, F. G. Capponi, G. Borocci, and G. De Donato. Analysis, mod-
eling and control of half-bridge current-source converter for supercapacitor applica-
tions. In 2014 IEEE Energy Conversion Congress and Exposition (ECCE), pages
3786–3793, Sept 2014. doi: 10.1109/ECCE.2014.6953916.

[136] Ned Mohan, Tore M. Undeland, and William P. Robbins. Power Electronics: Con-
verters, Applications and Design. And Its Applications. John Wiley and Sons, Inc,
3 edition, 2003. ISBN 978-0-471-61342-8. URL https://books.google.es/books?id=
5ZpTAAAAMAAJ.

[137] J. Garcia, R. Georgious, P. Garcia, and A. Navarro-Rodriguez. Non-isolated
high-gain three-port converter for hybrid storage systems. In 2016 IEEE En-
ergy Conversion Congress and Exposition (ECCE), pages 1–8, Sept 2016. doi:
10.1109/ECCE.2016.7855294.

[138] F. L. Tofoli, D. d. C. Pereira, W. Josias de Paula, and D. d. S. Oliveira Júnior. Survey
on non-isolated high-voltage step-up dc—dc topologies based on the boost converter.
IET Power Electronics, 8(10):2044–2057, 2015. ISSN 1755-4535. doi: 10.1049/
iet-pel.2014.0605.

[139] N. Zhang, D. Sutanto, K. M. Muttaqi, B. Zhang, and D. Qiu. High-voltage-gain
quadratic boost converter with voltage multiplier. IET Power Electronics, 8(12):
2511–2519, 2015. ISSN 1755-4535. doi: 10.1049/iet-pel.2014.0767.

[140] Robert W. Erickson and Dragan Maksimović. Fundamentals of Power Electronics.
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