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Resumen

La presente tesis se enmarca en la tematica de la generacién distribuida de
energia eléctrica. En los tltimos afios la generacion distribuida ha sido foco
de gran actividad investigadora debido al aumento de la demanda energética
y a la concienciacion medioambiental. Tradicionalmente, la generacion de
energia eléctrica se ha venido realizado de forma centralizada, mediante el
uso de grandes plantas generadoras, por lo que la energia eléctrica ha de
transmitirse a través de largas distancias hasta los consumidores finales. En
contra, mediante el uso de la generacion distribuida, generadores de menor
potencia se conectan a la red principal lo mas cerca posible de los consumi-
dores, con el objetivo de reducir las pérdidas de transmisiéon y el ntimero y
tamano de las lineas de transmision. No obstante, el uso de sistemas de gen-
eracion distribuida plantea nuevos retos relacionados con la sincronizacion,
deteccion de estado de islanding, problemas de calidad de red, reparto de
carga. . .

Tres temas principales se discuten en la presente tesis:

e Sincronizacion de generadores distribuidos. La conexién entre unidades
de generacién distribuidas (habitualmente convertidores de potencia)
y la red principal requiere que la tension de salida del convertidor de
potencia coincida (en magnitud y fase) con la tensién de red. El uso de
métodos de sincronizacion es por lo tanto imprescindible para realizar
una conexion fisica suave y asegurar un control de potencia preciso.
En esta tesis se presentan tres algoritmos de sincronizacién: uno para
sistemas monofasicos y dos para sistemas trifdsicos.

e Deteccion de estado de islanding. Comtinmente se define la deteccién de
islanding como la deteccién de si el convertidor de potencia se encuentra
conectado a la red principal o aislado de la misma. Los convertidores
de potencia deben detectar si estan aislados o conectados a la red con
el objetivo de adaptar sus algoritmos de control al estado de conexién.



Se presentan en esta tesis cinco algoritmos de deteccién de islanding,
todos ellos basados en la estimacion de la impedancia de salida de alta
frecuencia del convertidor de potencia.

Mejora de la calidad de red. Un convertidor de potencia debe cumplir
un conjunto de normativas de conexién a red en cuanto a calidad de la
energia se refiere. Habitualmente se implementan mecanismos para la
reduccion de la tasa de distorsién armoénica (THD) y reduccion de la
tasa de variacion de frecuencia y magnitud de la tensién de la red prin-
cipal. Se proponen en la presente tesis dos algoritmos para la mejora
de la calidad de red: un algoritmo para la mejora del THD y un al-
goritmo para la conexién suave de convertidores de potencia a redes
distorsionadas.



Abstract

This thesis is focused on distributed power generation (DPG) issues. In the
last decades the use of DPG has been widely investigated due to the increase
of electricity demand and environmental concerns. Traditionally, the electric
power was generated in large centralized power plants and transmitted over
long distances. Opposite to this, in the DPG concept generators are con-
nected to the utility grid near where the electric power is used. This reduces
the transmission losses as well as the size and number of power lines needed.
However, some concerns as synchronization, islanding detection, grid stabil-
ity, power quality, dispatchability,... arise due to the use of DPG units.

Three main topics are discussed in this thesis:

e Synchronization of DPG units. Connection of DPG units to a micro-
grid /utility grid requires the DPG unit output voltage to match the mi-
crogrid/utility grid voltage, (both in magnitude and phase) for smooth
transition from island to grid-connected, also a correct synchronization
of a DPG unit is required for to precisely control the generated active
and reactive powers. Three synchronization methods are presented in
this thesis: one for single-phase and two for three-phase DPG units.

e [slanding detection of DPG units, i.e. detection of whether the DPG
unit is isolated or connected to the utility grid/microgrid. DPG units
are required to detect if they are isolated or connected to the utility
grid /microgrid to adapt their control algorithms to the operating con-
ditions. Five islanding detection techniques are presented in this thesis,
all of them based on the grid high frequency impedance estimation.

e DPG power quality enhancement. DPG units must comply with power
quality grid codes. Algorithms to increase the power quality, e.g. to-
tal harmonic distortion reduction or rate of magnitude and frequency
change reduction, are commonly implemented. Two algorithms for



power quality improvement are presented in this thesis, targeted to-
wards THD improvement and smooth connection of DPG units to dis-
torted grids respectively.



Nomenclature

0 Complex vector.

Wo Fundamental positive-sequence pulsation.
n Harmonic order.

Wn Pulsation of the n'"* component.

Wh Generic high frequency pulsation.

Upg Inverter output filter voltage.

Ug Utility grid voltage.

U, Magnitude of the n'* voltage component.
1 Inverter-side injected current.

ig Grid-side injected current.

r4;1  Fundamental positive-sequence voltage/current in SREF.
Tagn Voltage/current in the n* SRF.

Upf Generic high frequency voltage signal.
ihf Generic high frequency current signal.
Zaqny High frequency impedance.

| Z| High frequency impedance magnitude
Oz High frequency impedance phase angle
L; Inverter-side LCL inductance

R; Inverter-side LCL ESR

L, Grid-side LCL inductance

R, Grid-side LCL ESR

C LCL Capacitor

R, LCL Capacitor ESR

Zrr  Transmission line impedance

Rp;  Transmission line resistance

Lr;  Transmission line inductance






Abbreviations and acronyms

DPG Distributed Power Generation.
VSI Voltage Source Inverter.

CSI Current Source Inverter.
APF Active Power Filter.

PCC Point of Common Coupling.
PWM Pulse-Width Modulation.
THD Total Harmonic Distortion.
FLL Frequency Locked Loop.
PLL Phase Locked Loop.

ATO Angle Tracking Observer.
QSG Quadrature Signal Generator.

SRF Synchronous Reference Frame.
PFS Pre Filter Stage.

PDC Phase Delay Compensator.
FoL Filter on the Loop.

ANF Adaptive Notch Filter.

MAF Moving Average Filter.

SOLC Second Order Lead Compensator.
NDZ Non-detection Zone.

AFD Active Frequency Drift.

SMS Slip Mode frequency Shift.

SFS Sandia Frequency Shift.

SVS Sandia Voltage Shift.

PLC Power Line Communications.
AC Alternating Current.

DC Direct Current.

DSP Digital Signal Processor.
VCO Voltage Controlled Oscillator.
PD Phase Detector.

LF Loop Filter.



PI

RES
IEEE
FIR
IIR
IGBT
MSE
RCF
CCF
BSF

FS
ESR
DDSRF
DSOGI
MCCF
CCCF
NFOL
FOAP

Proportional Integral (controller).

Resonant (controller).

Institute of Electrical and Electronics Engineers.
Finite Impulse Response (filter).

Infinite Impulse Response (filter).
Insulated-Gate Bipolar Transistor.

Mean Squared Error.

Real Coefficient Filter.

Complex Coefficient Filter.

Band Stop Filter.

Filtering Stage.

Equivalent Series Resistance.

Double Decoupled Synchronous Reference Frame.
Dual Second Order Generalized Integrator.
Multiple Complex Coefficient Filter.

Cascade of Complex Coefficient Filter.

Notched Filter On the Loop.

First Order All Pass.
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Chapter 1

Introduction

1.1 Background on microgrids and smart grids

Traditionally, electricity generation was performed in large centralized
power plants, the use of small or medium size generation units being re-
stricted to remote areas with a marginal or without an adequate access to
the primary grid busbar. These small generation spots where usually isolated
from the main grid, feeding a group of loads or customers.

Centralized generation is a mature technology with good economies of
scale, coal, gas, oil, nuclear and hydropower being the primary resources.
However, energy needs to be routed through long distances, what increases
the transmission losses, and consequently the emissions.

In recent years, due to the unstoppable increased electricity demand, nat-
ural resources decrease and environmental concerns, distributed power gen-
eration (DPG) has grown steadily. Actually only a small part of worldwide
energy is generated by DPG, which includes both renewable (wind, solar,
etc...) as well as non-renewable (fuel cells, micro gas turbines, etc...) en-
ergy resources, meaning that, globally speaking, the new paradigm is at an
early stage. Although DPG is usually related to small or medium size power
plants, it is expected that in the medium term each home-user can become
an autonomous entity, with the capability not only of demanding but also of
injecting power into the grid, which is commonly known as micro-generation.

Benefits of DPG include reduction of size, number and level of saturation
of transmission lines as well as reduction of the transmission losses. Massive
utilization of DPG places however several challenges regarding stability and
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Figure 1.1: Microgrid architecture

dispatchability issues, due to the variability of renewable energy resources
and the absence of a proper market design.

A very extended and suitable way to insert the DPGs into the actual
electrical system is throughout microgrids. This concept was first defined as
a system with renewable and no-renewable energy resources, including loads,
energy storage and heat to a local area. An example of generic microgrid
architecture is shown in Fig. (1.1} It typically consists of non-renewable
generation units, i.e. diesel generation, renewable generation units, i.e. wind
turbines or photovoltaic (PV) systems, storage systems, i.e batteries, and
heating devices providing heat and domestic hot water to a customer of
group of customers. Each unit, e.g. diesel, storage units, wind turbines or
PV systems can be connected or disconnected by using a power switch. Also
the whole microgrig can be connected or disconnected from the main grid by
a power switch.



1.2 Objectives and thesis motivation 3

The development of power electronics has boosted the implantation of
DPG based on microgrids. A large variety of power converter topologies can
be used, the two-level voltage source inverter (VSI) being the most popular
choice in practice.

During the last decade, significant attention has been paid to enhance
the actual energy generation and distribution scenario: development of low-
losses, high voltage/current power modules, modulation techniques with re-
duced harmonic content, enhanced algorithms for current, voltage and power
regulation, islanding detection, synchronization, power quality improvement
.... Furthermore, challenges for the future include optimal sizing of the mi-
crogrid, with energy storage sizing playing an major role; implementation of
intelligent energy routing devices, allowing to optimize the energy routing
depending on factors like congestion, demand or economic constraints; and
the massive implantation of clean generation units in order to reduce the
overall emissions.

1.2 Objectives and thesis motivation

This thesis focuses on synchronization, islanding detection and power
quality improvements of microgrids. A deep review of the state of the art of
each technology will be done, highlighting strengths and weaknesses of the
existing methods. From this analysis, novel techniques that overcome the
limitations of previously published methods will be proposed.

The motivation for the development of novel synchronization methods
arises from the fact that the grid voltage is nowadays more polluted. E.g.
distributed power generation units using power electronics and non-linear
loads increase the grid harmonic content; single-phase loads usually induce
unbalances among phases, .... Most of the previously published single and
three phase synchronization methods do not implement mechanisms to deal
with grid disturbances, or have limitations in their response. Developing of
more robust and reliable methods is therefore required.

Synchronization and physical connection of a DPG to a distorted network
using only the fundamental PCC voltage could induce large overcurrents
due to the voltage mismatch between the circuit breaker terminals, which
could damage microgrid equipment or produce breakdowns. The method for
synchronization of DPG units to a distorted network proposed in this thesis
overcomes this problem.
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The connection of microgrids to the utility grid is required to meet stan-
dards normally regulated either by the country (local) authorities or by stan-
dardizing institutions as IEEE and TEC. Among other requirements, the
microgrid is required to have the ability to detect if it is connected or discon-
nected to the utility grid, which is normally referred as islanding detection.
Islanding detection standards establish the minimum requirements for is-
landing detection methods. However, the faster the islanding situation is
detected, the faster the control algorithms of all microgrid’s DPGs can be
adapted to the new situation, which is beneficial in terms of microgrid sta-
bility. A critical aspect of islanding detection methods is the so call non
detection zone (NDZ), i.e. the uncertainty region in which a particular is-
landing detection technique cannot precisely detect the islanding condition.
Development of faster islanding detection methods, with reduced or even zero
NDZ, is therefore a topic of great interest. This thesis will propose various
islanding detection methods that will overcome some of the limitations of the
existing methods.

Another important issue regarding to the DPG implantation is the power
quality, complying with grid codes [I1]-[68]. In order to increase the power
quality, several strategies can be found in the literature to compensate the
PCC harmonics, the virtual impedance concept being widely used for this
purpose. The drawback of the virtual impedance concept is that it can only
be applied to voltage source inverters (VSIs) working in voltage control mode.
However, a large number of VSIs working in current control model typically
exists in a microgrid. This thesis proposes a method for harmonic compen-
sation between several microgrid VSIs working in current control mode. The
proposed method is based on the virtual admittance concept, which can be
applied to VSIs working both in voltage and current control mode, therefore
the limitations of the virtual impedance concept are removed.

1.3 Outline of the Document

This thesis is organized in six Chapters.

e Chapter 2 introduces VSIs power converters topologies, both for single
and three-phase systems. PWM methods, filtering stages and VSIs
control strategies are analyzed.

e Chapter 3 analyzes single and three-phase synchronization techniques.
A review of synchronization techniques state of the art will be presented
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first. Three novel grid synchronization techniques, two for three-phase
systems and one for single-phase systems, will be proposed.

e Chapter 4 introduces and analyzes islanding detection techniques.
Following the same structure as Chapter 3, a full analysis of the existing
techniques is provided firstly, new active islanding detection methods
being proposed later.

e Chapter 5 focuses on microgrid power quality issues. Review of har-
monic compensation techniques is presented first. A method for har-
monic compensation based on the virtual admittance concept is then
proposed. A grid connection strategy for distorted networks is finally
presented.

e Chapter 6 summarizes the contributions of this thesis and outlines
future research lines.



Introduction




Chapter 2

Voltage source inverters:
topologies and control

2.1 Introduction

This chapter briefly discusses single and three-phase PWM power con-
verter topologies commonly used in in DPG units, as well as modulation and
control strategies. Single and three-phase PWM power converter topologies
will be analyzed. The basis of the current, voltage and power DPG control
strategies will be analyzed too.

2.2 Power converters for distributed genera-
tion

Most of the actual DPG units are connected to the utility grid/microgrid
through electronic power converters. DC/AC power converters are used
whenever the primary power source is DC, e.g. PV panels, batteries, etc.
On the contrary, if the primary power source is AC (e.g. wind turbine), the
AC power is commonly converted to DC first by either a controlled or un-
controlled AC/DC power converter (rectifier), and later converted to AC to
connect with the grid.

Generally speaking, DC/AC power converters topologies can be classified
into Voltage Source Inverters (VSIs) and Current Source Inverters (CSls),
VSIs being more widely used. Consequently, all the discussion presented in
this thesis is based on VSIs.
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Figure 2.1: Single-phase half-bridge VSI

2.2.1 Voltage source inverters (VSIs)

VSI converts a DC voltage into an AC voltage. VSIs used in microgrids
can be either single phase and three phase.

2.2.1.1 Single-phase half-bridge VSI

Fig. shows a single-phase, half-bridge, two level VSI. It is composed
by an upper (S1) and a lower (S2) power switches. Antiparalell diodes al-
low bidirectional power flow. Two capacitors are used to create a neutral
point, each capacitor supporting half of the DC bus voltage under balanced
conditions. The voltage applied to the load can be made positive or negative.

2.2.1.2 Single-phase full-bridge VSI

Fig. shows a single-phase, two level full-bridge VSI. It is composed
by two half-bridge legs which are connected in parallel. The voltage applied
to the load can be positive, negative or zero.

2.2.1.3 Three-phase full-bridge VSI

A three-phase full-bridge two level VSI is shown in Fig. 2.3] It consists
of three half-bridge legs connected in parallel.
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Figure 2.5: Fourier series definition of the inverter output voltage

2.2.2 Basis of pulse-width modulation (PWM)

The gate signals both for single-phase and three-phase inverters are com-
monly generated using PWM methods. PWM methods are aimed to produce
the desired fundamental voltage at the power converter output, with reduced
harmonic distortion and switching losses.

A simple way to produce the PWM signal is by comparing the reference
waveform voltage with a symmetric triangular carrier waveform. Fig.
shows a general block diagram of the PWM generation module. The modu-
lating signal m(t) is compared with the carrier signal ¢(¢). The intersections
between the modulating and carrier signals produce the gating signals for
the corresponding phase, i.e. S1 and S2 (see Fig. [2.1)).

Fig. [2.5| shows the spectrum of the output voltage waveform of a PWM-
VSI. It is observed that, in addition to the desired fundamental voltage, a
large number of switching harmonics are induced in the output voltage. A
filtering stage including inductors is required to limit harmonic content of the
current to reasonable limits. Those inductors serve also as boost inductors
in the event that the VSI needs to operate as a controlled rectifier.
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Figure 2.6: L filtering stage model

2.3 Filtering topologies

Different types of filters can be found in VSIs, including L, LC and LC'L.
They are briefly discussed in this section.

2.3.1 L Filter

Inductive filters are the simplest filter design. A simplified equivalent
circuit is shown in Fig. 2.6, Though not shown in the figure, an equivalent
series resistance exist. The output current vs. input voltage transfer function

is given by (2.1). Fig. shows the L filter Bode plot (2.1]) for different
inductance values, a 20 dB/dec attenuation being observed.

It is observed from Fig. that the higher the inductance is, the lower
the filter bandwidth is. Therefore a good harmonic rejection capability will
require a large inductance, which increases the filter size and cost.

. Upcc — Uy

o = R 1 Lis (2.1)

L filters are relatively ease to produce, but have limited filtering capabil-
ities.

2.3.2 LC Filter

To improve the L filter attenuation ratio, a capacitor can be added in
parallel connected to the PCC (see Fig. . This increases the filter order.

The LC filter transfer function is given by (£2.2]), while the filter output
current can be obtained from (2.3). It is observed that the filter output
current depends both on the input and output voltages.
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Figure 2.7: L filtering stage Bode plot as a for different values of L. An equivalent
series resistance R; = 10m$2 has been used.
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Figure 2.8: LC filtering stage model
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Upcc _ Zc _ CRCS+1 (2 2)
U; Zc+ Zi CLiRiS2 + CRCS +1 ’
. CLZ'RZ'SQ + LZ’RCRZ'S — CRCS — Rz -1
o =UpcC 2 2
CRes+ R2+1 '
+u;

Fig. shows the LC' filter Bode plot. As expected, the LC filter shows
an attenuation ratio of 40 dB/dec, improving therefore the performance of
the L filter. One of the drawbacks of the LC' filter is that it shows a reso-
nance peak, the resonance frequency f, being . Selection of LC' filters
resonance frequency has been widely investigated. A popular criteria is to
select the LC resonance between 1/3 and 1/2 of the switching frequency
[95]. However, the LC filter resonant frequency also depends on the PCC
impedance, which is usually unknown and can change during normal opera-
tion, being therefore an important drawback of this filter design. A number
of active/passive damping strategies to mitigate or remove the effect of the
filter resonance can be found in the literature [59], [105], [106], [107], [136]
and [24].

1

fr= 3 Tie

(2.4)

2.3.3 LCL Filter

LCL filters (see Fig. overcome some of the limitations of the LC
filter. One advantage of LC'L filters are that they reduce the sensitivity to
the grid impedance. In addition LC'L filters increase the filter attenuation,
therefore reducing the filter cost and weight.

The LCL filter transfer function is [2.5] its Bode plot being shown in
Fig. 2.11] The LCL attenuation is 60 dB/dec, which results from the series
connection of an L filter and an LC filter. As for the LC case, the LCL
filter has a resonant peak, the resonance frequency, f. being 2.7, a number
of strategies to damp this resonance can be found in the literature.

upcc  Zc 1 F
u;  Zc+ZiZ, As3+Bs2+Ds+E

(2.5)
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Figure 2.9: LC filtering stage Bode plot

Figure 2.10: LCL filtering stage model
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A=CL,L;
B =CLyR, + CL,R; + CL;R, + L,L;R.
D =CR.R,+CR,R; + L,R? + LyR.R; + LiR.R, + Lg (2.6)

E = R!R,+ R.R R, + R,
F=CRs+R*+1

1 | Li+L,
- =T 79 2.7
fT 277' Lng ‘I— C ( )

A extended rule of thumb to select the LC'L resonance frequency (12.7)) is
to choose it to be between ten times the fundamental frequency component
and one tenth of the switching frequency.
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Figure 2.12: Clarke transformation

2.4 Complex vector notation and reference
frames

A three-phase voltage system can be represented in an «f stationary
reference frame (2.8) by using the Clarke transformation ({2.9)).

U= uq + jug (2.8)

) %b (2.9)

U,

Ugy @ 2 /(1

<u5> - [TQ’B] Ul =3 (0

Assumed that the three phase voltages are a set of sinusoidal, balanced

three-phase system, the resulting components in the stationary reference

frame (af) will have the same magnitude and frequency. As shown in Fig.

2.12] the o component is aligned with phase a, the 5 component being shifted
by 90 degrees from the o component (see ([2.8])).

ol
w -

|
el

Variables in the af stationary reference frame can be transformed to a
rotating dg reference frame using (2.10), Fig. [2.13]

Being wy the fundamental frequency of .3, by selecting 6 = wot, the
resulting dq reference frame will rotate synchronously with the fundamen-
tal excitation. The resulting transformation is commonly known as Park
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Figure 2.13: Park transformation

transformation. The most relevant effect of the Park transformation is that
variables which are sinusoidal in the stationary reference frame, become DC
when transformed to the synchronous reference frame.

() - () -5 (0t ) () ew

2.5 VSI control

This section introduces the basics of VSIs control. Current, voltage,
power and harmonic control modes will be considered. All control strategies
will be analyzed in a dq reference frame synchronous with the fundamental
excitation.

Fig. [2.14] shows the schematic diagram of a three-phase, full-bridge two-
level VSI (see [2.2.1.3)), feeding an LCL filter (see [2.3.3)), where ; is the the
inverter-side current, wu,, is the output filter voltage and i, is the grid-side
current.

Fig. [2.15) shows the control block diagram of a VSI. Typically consists of
an inner current control loop used to control the inverter output current ¢;,
and an outer voltage control loop for output filter voltage control, u,,. The
power control loop is not represented in Fig. [2.15| it can be cascaded both
to the voltage or current loop, depending on the implementation being used.

2.5.1 Current control

VSI operated in a current controlled mode (VSI-CCM), typically controls
the inverter output current, i;, see Fig. [2.14] Alternatively, the grid-side
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Figure 2.15: VSI voltage control block diagram
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current, i.e. output filter current, could be controlled. However, since i;
is not directly controlled in this case, transient overcurrents at the inverter
output can occur, which could damage the power switches.

Synchronous PI regulator are normally used to control the current,
the output of the PI regulator uj, .., being the inverter voltage command.
The synchronous PI current regulator guarantees zero steady state error for
the fundamental component of the current. K, and K; are the proportional
and integral gains of the synchronous PI current regulator

PI(s) = K, + — (2.11)

2.5.2 Voltage control

VSI voltage control mode (VSI-VCM) is used to control the output filter
voltage, uqq ug (see Fig. . The VSI-VCM block diagram is shown in m
where uj, . is the voltage reference, ugq ,y is the filter output voltage,and
in, i 18 the output of the PI voltage regulator, which is the command to the
current regulator. As for the current regulator, the synchronous PI voltage
regulator provides zero steady state error for the fundamental component of
the voltage.

2.5.3 Power control

The power control mode (VSI-PCM) in VSIs is used to control the active
and reactive power delivered by the VSI to the grid. The active and reactive

power is calculated from the filter output voltage ug, 4 and current iq, 4 (see
Fig. 2.14).

The grid current can be measured or estimated from the inverter output
current and output filter voltage. The inverter instantaneous active power P
and reactive power Q) are obtained as (2.12]).

P=uugq-iga+tugq-ligq

Q = Upgq lgd — Upgd - Tgq

(2.12)
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Figure 2.16: VSI power control feeding the voltage loop

Power Loop

Current Loop

ey Uy em
+$ dqt; -PI (S) dq cmd 3

PQ ug idq i

PQ*ﬂg;

Figure 2.17: VSI power control feeding the current loop

2.5.4 Harmonic control

Some control techniques used for synchronization or harmonic compen-
sation purposes require PC'C voltage harmonics control. Typically harmonic
—1%¢ are due to unbalances among phases while harmonics —5t*, 7" —9th 11t
etc are due to nonlinear loads.

When a complex vector (voltage or current) in the stationary reference
frame is transformed to a reference frame synchronous with the fundamental
excitation, each harmonic of order n in a5 (Fig. [2.18(a))) produces a harmonic
of order (n — 1) (Fig. . Le. the —5" and the 7"¢ harmonics in
the stationary reference frame produces two harmonics, —6! and 6™, in a
reference frame synchronous with the fundamental excitation.

Control of symmetric harmonics can be realized using resonant (RES)
controllers. Alternatively to the use of RES controllers, harmonic compo-
nents could be also controlled in a dgn reference frame synchronous with
the harmonic frequency by using synchronous PI regulators. However, one
controller per harmonic is needed in this case, the implementation being
therefore more difficult.

Fig. shows the modified voltage and current control loops to con-
trol both the fundamental and harmonic components, where RES,(s) is a
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Figure 2.18: Harmonics in stationary or synchronous reference frames

resonant controller of order n, (2.14). A PI resonant controller (PI — RES
, Fig. , is used to control both the fundamental component and
harmonic components of the inverter output voltage/current, where K, ggs,
is the proportional gain of the resonant controller , wo is the funda-
mental frequency and n is the harmonic order. The PI controller ([2.11)),
as previously explained, controls the fundamental voltage/current compo-
nent, while each RES controller of order n, , controls two harmonic
components, i.e. positive and negative sequence components.

PI — RES(s) = PI(s) + RES(s) (2.13)

K

RES,(s) = Konzs.s” & 2Ky res, Os  (neo)” + C7

52 4+ (nwp)?

(2.14)

2.6 Conclusions

This chapter has briefly discussed the VSI power converters topologies
and filters commonly used in DPG units.
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Figure 2.19: VSI PI — RES control block diagram

Three filtering topologies, L, LC' and LCL, have been analyzed. The
L filter requires a higher inductance value to provide good harmonic rejec-
tion meanwhile the LCL filter shows better harmonic rejection capability.
However, they show a resonant behavior, which needs to be considered.

Finally, current, voltage, power and harmonic control strategies have been
reviewed.



Chapter 3

Synchronization

3.1 Introduction

Distributed energy resources are typically connected to the utility grid
or microgrid through electronic power converters. Estimating the magnitude
and phase of the point of common coupling (PCC) positive sequence voltage
component (fundamental component) is of paramount importance to guar-
antee stable operation and precisely control the active and reactive power
injected by the power converter. Also obtaining a clean and accurate esti-
mation helps to implement robust control strategies for islanding detection,
harmonic compensation or power dispatching.

During grid-connected operation, power quality (harmonics and unbal-
ances), islanding detection, frequency shifts and maximum magnitude devia-
tion regulations must be fulfilled [], precise measurement of the fundamental
voltage phase angle and magnitude being needed for this purpose. How-
ever, harmonics typically due to high non-linear loads, unbalances or power
transients, produce a distortion of the PCC voltage. Development of syn-
chronization methods able to work in high-distorted grids being therefore
needed in this case.

The fact that practically all electronic power converters used in microgrids
use some type of digital signal processor (DSP) for its control, has boosted
the development of digital synchronization techniques, e.g. digital frequency
locked loop (FLL) and digital phase locked loop (PLL) techniques. PLL
based methods are the most popular choice due to their simplicity, robustness
and ability to implement different filtering stages.

This chapter will give a full review of single and three-phase synchroniza-
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tion techniques. Also, three novel methods will be proposed: three-phase
pre-filter stage CCCF-CPLL, three-phase filter on the loop stage NFOL-
CPLL and single-phase FOAP-CPLL synchronization methods. The design,
tuning and stability of the existing and proposed methods will be discussed.

3.2 Synchronization methods: an overview

Synchronization methods obtain the frequency, phase and sometimes the
magnitude of an input signal. Synchronization of the power converter with
the main grid is one of the key issues for the inverter control. As previously
mentioned, the power converter can work islanded, i.e. isolated from the grid,
or grid connected. If the inverter is not accurately synchronized with the grid
voltage phase and magnitude previous to its connection to the grid, undesir-
able overcurrents may be induced when the physical connection between the
power converter and the grid occurs, which can damage the equipment or
produce unwanted operating breakdowns. If the inverter is grid connected,
errors estimating the PCC magnitude, frequency and phase may produce
noticeable power mismatches, affecting to the overall system stability.

Synchronization is needed both in single and three-phase systems. In both
cases, synchronization techniques can be open-loop or closed-loop. Open-
loop methods are based on the detection of the grid voltage zero crossing
after applying a filtering stage to the grid voltage. Closed-loop methods are
based on locking one characteristic of the input signal, e.g. the frequency
or phase. Typical examples of closed-loop methods are the conventional sin-
gle phase PLL and the synchronous reference frame PLL (SRF-PLL), which
have been widely used in three-phase applications. Closed-loop methods are
highly reliable even under high distorted conditions. Existing synchroniza-
tion methods both for the case of single phase and three phase systems are
discussed following.

3.3 Single-phase synchronization methods

This section reviews the most relevant single-phase synchronization meth-
ods. They can be roughly divided into methods that implement a dedicated
single-phase synchronization method or methods that emulate a three-phase
balanced system over a single-phase signal. They are discussed following.
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Figure 3.1: Narrow Pulse Zero Crossing Detector

3.3.1 The zero-crossing method

The most intuitive way to extract the grid frequency is by detection of zero
crossing of the grid voltage, namely zero crossing methods (ZCM). Changes
in the polarity of the grid voltage are detected by comparators. The ZCM
was originally developed using analog implementations [46], digital imple-
mentations were also been proposed later [134].

Two main ZCM approaches have been proposed: producing a narrow
pulse when zero crossings are detected, Fig. [3.1, or a square wave signal
in phase with the input signal, Fig. (3.2l The number of zero crossings are
counted to estimate the input signal frequency. The grid phase angle is
estimated by integrating the grid frequency, without any phase controller.

The dynamic performance of the ZCM is relatively poor, i.e. the fre-
quency can only be estimated each half cycle of the grid voltage, meaning
that the phase between the zero crossings needs to be interpolated. More-
over, the frequency is assumed to be constant during at least one half cycle,
which is not always true. Another significant drawback is that fake zero
crossings can be detected under harmonic conditions. To improve these limi-
tations, modified ZCD have been proposed [134]. However, this is at the prize
of increasing the complexity of the system, while still showing poor perfor-
mance when the grid voltage includes low-frequency harmonics or frequency
deviations from the rated value.
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Figure 3.2: Square Wave Zero Crossing Detector

3.3.2 Single-phase frequency locked loop (FLL) method

FLL closed-loop synchronization techniques are aimed to lock the fre-
quency of its input signal. The FLL block diagram is shown in Fig [3.3] it
consists of the following blocks:

1. Frequency detector (FD). Tt is used to obtain an output signal that
depends on the frequency difference between the two input signals, v
and v. This output signal is composed by a DC component that reflects
the frequency error €; and a set of unwanted AC terms whose frequency
is at integer multiples of the fundamental frequency.

2. Loop Filter (LF). This block is used to remove the unwanted AC com-
ponents induced by the FD. It usually behaves as a low-pass filter
thanks to the proportional integral (PI) controller , a first-order
low-pass filter can also be used. The output signal of the LF is the
estimated frequency f, of the input signal v

3. Voltage Controlled Oscillator(VCO). The VCO output is a sinusoidal
signal whose frequencyf is proportional to the magnitude of the DC
component of the input signal.

FLL methods change the VCO frequency accordingly to the frequency
difference of its inputs (v and ©). FLLs guarantee perfect estimation of the
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Figure 3.4: Schematic representation of a generic PLL method

input signal frequency in steady state (locked condition). However, FLL
methods do not guarantee that the input and output signals are in phase,
which can produce large overcurrents during the synchronization process, as
well as errors controlling the active and reactive power flows in grid connected
mode.

3.3.3 Single-phase phase locked Loop (PLL) method

PLL are closed-loop methods that shares some similarities with the FLLs.
However, PLLs are aimed to lock the phase, providing zero error in the
estimated phase in steady state. The PLL block diagram is shown in Figure
3.4 Tt is composed by a phase detector (PD) unit, a loop filter (LF) and a
voltage controlled oscillator (VCO). The PD unit feeds the LF with a signal
that depends on the phase difference between the input signal v and the
estimated output signal . The LF ouput obtains the estimated frequency,
f, from the phase error. The estimated output signal is finally obtained by
feeding the VCO with f.

The estimated frequency is obtained as the output of the LF, f. This
block is usually pre-charged with the grid rated frequency in order to improve
the dynamic performance whenever the PLL is reset. Once the phase (and
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Figure 3.5: Schematic representation of a PLL based on a multiplier phase detector
(LPLL)

thus the frequency) of the output signal is locked with the input voltage,
then the phase error between the input and output signals, €, is driven to
zero, the PLL therefore providing perfect estimations of both frequency and
phase of the input signal.

Several phase detectors implementations can be found in the literature.
It can be easily implemented by using a multiplier, see Fig. A linear
PLL (LPLL) is defined as a synchronization method that uses the multiplier
phase detector, a PI controller, and an integrator and a cosine function as
VCO.

Moreover, a group of phase detectors based on hardware elements like
EXOR gates, JK flipflops or phase-frequency detectors have been historically
implemented into high frequency analog communication systems. All of these
PLLs can be also digitally implemented in existing microcontrollers.

When an input voltage v(¢) of the form given by feeds a basic LPLL,
Fig. , the estimated output signal can be expressed by . The phase
error , which is obtained by multiplying v(¢) by is composed by
two components: a low frequency component, whose frequency is (w, — «,),
and which contains the phase difference between v and © and a high fre-
quency component whose frequency is (w, + ,) and which does not contain
information of interest.

A method to remove the high frequency component and obtain a clean
estimation of the frequency is therefore required, i.e. PI in Fig. [3.4. Once
the high frequency component is removed and the frequency of the esti-
mated signal is close to the frequency of the of the input signal ((w, — w,) & 0),
then the LPLL phase error signal can be safely assumed to be . It is
observed that the phase error signal is affected by the magnitude of the input
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signal, some type of normalization to avoid this dependency being advisable.

v(t) = Usin (wy,t + 6,) (3.1)
B(t) = cos <u5vt + 9;> (3.2)

€g = v(t) - 0(t) = Usin (wyt + 0,) cos

) (3.3)

+sin<(wv+wv)t+< ))

(st +

o = s ((wn =)+ (6, - 6) )+ (3.4)
)
)

69:%[Sin<(w —oﬁv)t—i—( )

€5 = [;1[@ ) )} (3.6)

The LPLL method uses a PI controller to adapt the estimated frequency.
The frequency estimation w, is the sum of the controller output, w, and the
rated grid frequency w,. Finally, the estimated angle 6, is obtained by simple
integration of the estimated frequency, which is feedback to the PD unit to
close the loop.

Fig. shows the LPLL linearized model, where K, is used to make the
phase difference independent of the input magnitude, K, = =

} (3.5)

3.3.3.1 The enhanced PLL (EPLL)

The enhanced EPLL, see Fig. is a single-phase synchronization
method similar to the linear PLL (Fig. - ) through a modification of
the multiplier phase detector (PD). The EPLL uses an adaptive notch filter
(ANF) to feed the LPLL. The v4nF signal is subtracted from the input signal
v to produce output of the ANF, ¢/, that becomes zero when v yp has the
same frequency and phase as the input signal, v. By doing this, disturbances
at the multiplier PD output are removed, the fundamental component of
the input signal phase 6, being extracted by using a conventional PI-based
single-phase PLL.
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Figure 3.6: LPLL Linearized model
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Figure 3.7: EPLL block diagram
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Figure 3.8: Three-phase PLL over a single-phase block diagram

3.3.3.2 Use of three-phase PLLs with single-phase systems

Three-phase PLLs can be used with single-phase systems. A fictitious
af stationary reference frame needs to be defined for this purpose, see Fig.
3.8l  One approach is making the a component equal to the phase volt-
age v, and the 5 component equal to zero [I12]. However, this produces a
mirror-frequency component that needs to be removed, a filtering stage or a
decoupling network being commonly used for this purpose.

Alternatively, it is possible to avoid the mirror-frequency by making the
f component, v, (quadrature signal), equal to the a component shifted by
90 degrees. The 90-deg block in Fig. is commonly known as quadra-
ture signal generator (QSG). The QSG is a crucial element for this solution,
several QSG implementations that have been proposed in the literature are
discussed following.

3.3.3.2.1 Transport delay QSG

The transport delay QSG obtains the quadrature signal by using a first-
in first-out (FIFO) buffer that delays the input signal a number of samples
corresponding to one fourth of the fundamental component period (7'/4).

Limitations of this method include an high sensitivity to frequency devi-
ations, the need of a relatively large buffer and the absence of a methodology
to deal with harmonic distortion.

3.3.3.2.2 Hilbert transform QSG

It is possible to generate the quadrature component by using the Hilbert
transform [22]. Being v(t) a real signal, its Hilbert transform is defined as

D).
o(t) = 1 / T ), (3.7)

T ) ot —T
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Figure 3.9: Inverse Park QSG

The Hilbert QSG produces a phase delay of 90 degrees for each harmonic
component. Unfortunately, the Hilbert transform QSG implies the use of a
non-causal system, which obviously is not feasible. Hilbert QSG can be im-
plemented either as Finite Impulse Response (FIR) or as Infinite Impulse Re-
sponse (IIR) digital filters. IIR Hilbert QSG phase response is approximated
in a range of frequencies while its magnitude response follows an all-pass be-
havior. Conversely, FIR Hilbert QSG performs a magnitude approximation
in a given range of frequencies, its phase response being always maintained
in all frequencies [I31]. IR Hilbert transformers can present instability and
they are sensitive to the rounding in their coefficients; FIR filters stability is
guaranteed. Due to this, and taking into account that FIR Hilbert realization
shows a higher complexity instead to the corresponding IIR filter realization,
FIR Hilbert QSGs are commonly found in practice [I31].

3.3.3.2.3 Inverse-Park generation QSG

The inverse-park generation QSG (Fig. uses the inverse Park trans-
formation of an internally generated three-phase balanced system to obtain
the quadrature signal v,.

The input single-phase signal (v) is used as the a component of the com-
plex vector (u,s) in the stationary reference frame feeding the Park trans-
formation block. The corresponding complex vector in the synchronous ref-
erence frame ug4, is obtained after the Park transformation.

If v, and vg are not perfectly in quadrature, the (u,3) complex vector
is composed both by a fundamental positive and a negative sequence com-
ponents. Thus, the v and vg signals being composed by a DC component
and a harmonic component of twice the fundamental frequency. In order to
mitigate the effect of the harmonic component, ug, is filtered by using low-
pass filters that feed to an inverse Park transformation block, the resulting
[ component being in quadrature respect to the input signal (v).
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Figure 3.10: SOGI-QSG block diagram

The main advantage of the inverse-Park QSG is that it is relatively easy
to implement, requiring the use of two low-pass filters, and a direct and an
inverse Park transformation blocks. Conversely, the presence of two coupled
nonlinear loops makes the three-phase PLL PI controller (Fig. tunning
and the low-pass filter tunning difficult.

3.3.3.2.4 Second order generalized integrator (SOGI-QSG)

In the SOGI-QSG, the quadrature component is generated by a block
that acts as a variable-frequency band-pass filter, whose outputs are shifted
by 90 degrees (see and ) (13.8) shows the transfer function between
the in-phase component «" and the input « while is the transfer function
linking the quadrature component qu’ with input u. The DSOGI-QSG block
diagram is shown in Fig. As strong point, the SOGI-QSG include
frequency-adaptive behavior while as a main drawback it shows a smooth
harmonic rejection characteristic.

U kw's
D = — = .
(5) u  §24 kw's + w'? (3.8)

/ k’ w/2

Qs) =15 = (3.9)

U s2 + kw's + w'?

Fig. shows D(s) and Q(s) SOGI-QSG bode plots; it can be observed
that the magnitude of the component at the grid rated frequency (50 Hz)
remains unchanged, the v’ component being in phase with the input signal, u,

(Fig. [3.11(a))), the gu’ component lagging 90 degrees behind u’ (Fig. [3.11(b)]).
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The band-pass filtering characteristic of the SOGI-QSG are controlled by
adequate selection of gain k, the lower £ is, the narrower is the band-pass
filter and the longer stabilization time is as well A critically-damped response
is achieved when k = v/2.

Drawbacks of the SOGI-QSG are that it is sensitive to DC offsets on the
input signal. Such DC offsets can be produced e.g. by the voltage sensors. It
was shown in [42], that DC offsets produce an oscillation at the grid frequency
in the estimated frequency and phase angle.

3.4 Three-phase synchronization methods

Distributed power generation units (DPGs) are commonly connected to
a three-phase grid, especially high power DPGs. Consequently, three-phase
synchronization methods have received intensive attention during the last
decades. The most important three-phase synchronization methods are dis-
cussed in this section.

3.4.0.3 Synchronous Reference Frame PLL

SRF-PLL, also known as dg-PLL, is one of the most used and well-
known three-phase synchronization methods. As explained in Chapter [2]
a three phase voltage signal, U, can be expressed as a complex vector ei-
ther in the stationary or synchronous reference frame by using
the Clarke/Park transformations.

Fig. shows the SRF-PLL control block diagram. The Park transfor-
mation angle (6*) is estimated by controlling the g-azis voltage component to
zero. In steady state and with ideal grid voltages, i.e. without harmonics and
unbalances, the d-azis component equals the magnitude of the grid voltage
U, while 6* corresp