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Abstract

This thesis deals with the simulation and real-time emulation in a laboratory setup
of a Hybrid Energy Storage System connected to microgirds. The association of two
batteries; i.g., Vanadium Redox Flow Battery and Lithium Ion battery permits to
take advantage of the characteristics of both Energy Storage Systems obtaining a high
energy density, high power density. A general model of Vanadium Redox Flow Battery
is developed. A Vanadium Redox Flow battery and Lithium-Ion battery are connected
to DC bus and controllable loads through two bidirectional boost converter. The
model of the Vanadium Redox Flow battery is implemented in MATLAB/SIMULINK
R©. The real-time experimental emulation of the Energy Storage System models and
Hybrid Energy Storage System have been validated against PC simulations showing
full consistency. The setup of the hardware can be used to test any technologies of
batteries.
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for his guidance and supporting during the Master and especially during the Master

Thesis. I would Like to thank Prof. Pablo Garćıa Fernández for his help.
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Chapter 1

Introduction

The main purpose of Energy Storage Systems (ESS) introduction in microgrids

is to increase power quality, by maintaining power and energy balance in case any

contingency is presented in the grid. The nature of these contingencies (ranging from

load fluctuations even to islanding mode) will define the size of the ESS. Unfortunately

none of the currently available ESS has the necessary high power and energy densities

in the same time to face the effect of different disturbances coming from the load. An

ESS must have a high power density in order to face fast power variations, and at the

same time it must have a high energy density to give autonomy to the microgrids.

Thus, the association of more than one storage technology in a Hybrid Energy Storage

System (HESS) can be used to satisfy the above mentioned requirements. The HESS

is usually formed by two complementary storage devices, one of high energy density

and the other of high power density [1], [2], [3], [4], [5], [6].

1.1 Technologies of Energy Storage Systems

Nowadays, There are a lot of ESS technologies which are divided to short term

(seconds), medium term (minutes) and long term (hours), ESS can be used within

stand-alone applications [7], [8], [9], [10].

1. Mechanical Storage System:
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CHAPTER 1. INTRODUCTION

(a) Flywheel Storage System.

(b) Compressed Air Storage System.

(c) Pumped Hydroelectric Storage System.

2. Electrochemical Storage System:

(a) Conventional Batteries.

(b) Flow Batteries.

3. Electromagnetic Storage System:

(a) Superconducting Magnetic Energy Storage System.

4. Electrical Storage System:

(a) Conventional capacitors.

(b) Supercapacitors.

1.2 Comparison of the Batteries over Other Types

of Energy Storage Systems

The main advantages and drawbacks of Electrochemical Storage System versus

other ESS technologies are summarized in Table 1.1.

Table 1.1: Advantages and Drawbacks of Electrochemical Storage System (Batteries)

Advantages of the batteries [7] Drawbacks of the batteries [7]

A high flexibility in terms of size. Efficiency dependent on electrochem-
istry.

Quick response . A high capital cost.
Up to hours of continuous operations.

20



CHAPTER 1. INTRODUCTION

1.2.1 Technologies of Batteries

1. Conventional batteries:

(a) Lithium-Ion battery (LI-IB).

(b) Lead-Acid battery.

(c) Nickel-Cadmium battery.

(d) Nickel Metal Hydride battery.

(e) Sodium-Sulfur battery.

(f) Nickel-Hydrogen battery.

2. Flow batteries:

(a) Vanadium Redox Flow Battery (VRFB).

(b) Zinc-Bromine Flow Battery.

1.3 Selection of the Batteries

The system have two different batteries with different dynamics. Vanadium Redox

Flow Battery (VRFB) is used for supplying the load as it has high energy density

while the Lithium-Ion battery (LI-IB) is used for supplying the load at the transient

with the Vanadium Redox Flow Battery (VRFB) as it has high power density. The

advantages of VRFB [2], [11], [12], [13], [14], [15], [16] and Li-ion [7], [9] are in Table

1.2.

The life cycle of the VRFB is up to 10 000 charge / discharge cycles and it lasts

for minutes or hours, on the other hand, the life cycle of the LI-IB is 3000 charge /

discharge cycles and it lasts for seconds to minutes [13].

The interconnection of the HESS with the microgrid can be done in different ways,

but the most common solution is to use two separate DC/DC Convertors in order to

control the ESS individually [1], [6], [13]. With this topology, the power flow of each

storage device can be controlled independently thanks to the two DC/DC Converters,
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Table 1.2: Advantages of VRFB and LI-IB

VRFB LI-IB

Energy storage device. It is intended for
energy rather than for power.

Power storage device.

Their high storage efficiency. It can work
for hours.

Quick response compared to VRFB.

High scalability. It is suitable for Large
scale storage applications because of elec-
trolyte tanks.

Operation through a wide range of temper-
atures and it has high efficiency.

Instant recharge by electrolyte exchange. Easy charge controllability and low self-
discharge.

Long life cycle up to 10 000
charge/discharge cycles leads to lower
through life costs.

Suitable for short term applications.

Low maintenance requirements because it
uses pumps to circulate the electrolytes
from the tanks to the cell.

No pollution.

offering a high flexibility to manage the HESS. The biggest disadvantage of this

topology is the increased number of components and consequently their associated

losses.

The system is formed by two batteries with different dynamics, that are connected

connected to the DC bus through two bidirectional boost converter and two control-

lable loads connected in parallel with the DC bus as shown in Figure 1-1. However,

the VRFB is not cost effective in high power applications. The use of Li-IB which

has a high power density in parallel with the VRFB can reduce its power rating and,

therefore, the cost also [2],[3].

1.4 Outline

In Chapter 1, The technologies of energy storage systems and especially batteries

, will be described. Also, the reasons of selections the VRFB and Li-IB for the hybrid

system will be explained.
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Figure 1-1: The power circuit of the system.

In Chapter 2, A general modeling of a generic ESS, particularized for the above-

mentioned technologies, for all ranges of power and energy is developed and imple-

mented in MATLAB/SIMULINK R©.

In Chapter 3, It will be shown the emulating procedure for VRFB and Li-IB,

including a software emulation of their dynamic behavior.

In Chapter 4, The control strategy for the power converters (boost converters) of

both ESS are presented. The control of the first boost converter is controlling the

DC bus voltage. The control of the second boost converter is controlling the peak

transient power when load varies suddenly.

In Chapter 5, Simulation results obtained from using MATLAB/SIMULINK R© and

experiments results from implementation are presented.

Conclusions and future developments will be presented in final Chapter 6.
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Chapter 2

Modeling of the Batteries

2.1 Introduction

A general model of VRFB will be developed which will depend on physical and

mathematical properties of the battery [1], [2], [3], [8], [11], [12],[13], [14], [17], [18],

[19], [20], [21]. This model can be used for any range of power and energy rating in-

cluding the losses. A general model of LI-IB will be used from MATLAB/SIMULINK R©.

2.2 Vanadium Redox Flow Battery

A VRFB is an electrochemical cell divided into two compartments by an ionic

membrane where the battery reaction takes place, the positive and negative vana-

dium electrolytes are stored in two tanks as shown in figure 2-1. The electrolytes are

pumped from the tanks to the cell for circulating through a pump in each compart-

ment to improve battery performance and efficiency [8], [15], [22], [23].

The active material used for both the positive and negative electrodes of the

VRFB is vanadium ions that are dissolved in sulfuric acid and serve as metal ions

whose valence number changes.

VRFB uses a controlled pump to induce flow, and improve battery performance

and efficiency. The state of Charge (SOC) represents the amount of active chemicals

in the system.
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Source / Load

PumpPump
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Electrolyte
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Figure 2-1: VRFB operating principle
[8],[15],[24].
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The power and voltage ratings of a VRFB depends on the cell stack, while the en-

ergy capacity depends on the tank size and volume of electrolyte. This independence

between energy and power ratings provides high flexibility in terms of design.

In practice, the operation is limited to a SOC between 20 % and 80%, due to over

voltage issues on charging and under voltage issues on discharging.

The operating point where the stack current is maximum, 20 % SOC and the

overall efficiency is supposed to be 79 %. The calculations are based on estimating

losses at the end of the discharge cycle of 20 % SOC.

The total operating losses are divided into internal losses and parasitic losses.

The internal losses are divided into reaction losses and resistive losses. The parasitic

losses are divided into fixed losses and variable losses. The percentage of the losses

of VRFB are shown in Table 2.1.

Table 2.1: Losses in the VRFB

Losses Percentage %

Total operating losses 21
Internal losses 15
Reaction losses 9
Resistive losses 6
Parasitic losses 6

Fixed losses 2
variable losses 4

2.3 Properties of the Model

This model is based on researchers papers [1], [2], [3], [8], [11], [12], [13], [14], [17],

[18], [19], [20], [21].

1. The stack voltage is modeled as a controlled voltage source.

2. The parasitic losses accounts for power consumption by the re-circulation pump,

the system controller and power loss from cell stack by-pass currents.
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(a) The fixed losses due to system controller and stack by-pass currents is

modeled as a fixed resistance .

(b) The variable pump losses due to the re-circulation pump are modeled as a

controlled current source.

3. The internal losses accounts for the losses due to reaction kinetics, mass trans-

port resistance, solution resistance, electrode resistance and bipolar plate resis-

tance.

(a) The Reaction losses due to reaction kinetics are modeled as a reaction

resistance.

(b) The resistive losses due to mass transport resistance, solution resistance,

electrode resistance and bipolar plate resistance are modeled as a resistive

losses resistance .

4. The SOC is modeled as a variable that is dynamically updated which represents

the amount of active chemicals in the system.

5. The transient component associated with the electrode is modeled as a capaci-

tance.

2.4 Modeling

The equivalent circuit of VRFB is shown in Figure 2-2. The parameters of the

equivalent circuit are calculating as following:

2.4.1 Output Terminal Voltage Estimation

The battery individual cell voltage is directly related to the SOC of the battery

based on the Nernst equation [7] is:

Vcell = Vequilibrium + 2 ∗ R ∗ T
F

∗ Ln
(

SOC

1 − SOC

)
(2.1)
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C_electrode

R_reaction
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Figure 2-2: The equivalent circuit of VRFB.

Where:

• Vequilibrium: is the standard cell potential at a SOC of 50 % equals to 1.25 V

[25], [26].

• R: is the universal gas constant equals to 8.31451 J/(K.mole).

• T: is the temperature impact on the battery operation.

• F: is the Faraday constant equals to 96485 C/mol.

• SOC : is the State of Charge.

The single cell voltage is low, so the VRFB is made up of a number of cells in

series. For a battery made of n cell stack, The battery internal stack voltage depends

on the SOC and the number of cell stacks. The internal stack voltage or open circuit

battery voltage can be expressed as following:

VStack = n ∗ Vcell (2.2)

= n ∗
(
Vequilibrium + 2 ∗ R ∗ T

F
∗ Ln

(
SOC

1 − SOC

))
(2.3)
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Where:

• n : is the number of cell stacks.

The battery output terminal voltage can be espressed as following:

Vb = VStack − IStack ∗ (Rreaction +Rresistive) (2.4)

Where:

• IStack : is the current flowing through the stack and it is positive during charge,

negative during discharge.

• Rreaction : is the reaction resistance.

• Rresistive : is the resistive resistance.

2.4.2 Resistive Losses and Reaction Resistances Calculation

The total losses is 21 % as in Table 2.1 at maximum stack current and 20 % SOC.

Then, the cell stack output power can be expressed as:

Pstack =
Prating

1 − 0.21
(2.5)

Where:

• Prating : is the battery rated power.

The internal losses are divided into 9 % reaction losses and 6 % resistive losses,

so the reaction and resistive resistance can be expressed as following:

Rreaction =
0.09 ∗ Pstack

I2
max

(2.6)

Rresisitive =
0.06 ∗ Pstack

I2
max

(2.7)

Where:
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• Imax : is the maximum battery current.

2.4.3 Fixed Resistance and Pump Current Calculation

The parasitic losses are divided into 2 % fixed losses and 4 % variable losses, so

the fixed and variable losses can be expressed as following:

Pfixed = 0.02 ∗ Pstack (2.8)

Pvariable = 0.04 ∗ Pstack (2.9)

The parasitic losses can be expressed as following:

Pparasitic = Pfixed + Pvariable (2.10)

= V 2
bmin ∗Rfixed +K ∗

(
Istack
SOC

)
(2.11)

Where:

• Pfixed : is the fixed losses.

• Pvariable : is the variable losses.

• Vbmin : is the minimum battery voltage.

• Rfixed : is the fixed resistance.

• K : is a constant coefficient correlated with re-circulation pump power losses.

The constant coefficient correlated with re-circulation pump power losses are cal-

culated at 20 % SOC and maximum battery current, so it can be expressed as fol-

lowing:

K =
Pvariable ∗ SOCworse

Imax

(2.12)
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The fixed resistance can be calculated from equation 2.11 as following:

Rfixed =
V 2
bmin

Pfixed

(2.13)

Also, the pump current can be calculated from equation 2.11 as following:

Ipump =
Pvariable

Vbmin

(2.14)

=
K ∗

(
Istack
SOC

)
Vbmin

(2.15)

2.4.4 SOC Calculation

The system SOC can be defined as :

SOC =

(
CurrentEnergyinBattery

TotalEnergyCapacity

)
(2.16)

The SOC is computed each cycle based on the previous SOC. SOC is updated

periodically by accumulating electrical energy flowing through the battery stack.

SOCt+1 = SOCt + ∆SOC (2.17)

∆SOC =
∆E

Ecapacity

=
Pstack ∗ TStep
Prating ∗ Trating

=
Istack ∗ Vstack ∗ TStep
Prating ∗ Trating

(2.18)

where:

• SOCt : is the SOC at the instant of t.

• SOCt+1 : is the SOC at the instant of t+1.

• ∆ SOC : is the change of the SOC in a time step ∆ t it is positive during charge,

negative during discharge.

• ∆ E : is the energy change in a time step ∆ t.
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• Ecapacity : is the battery total capacity.

• Trating : is the time when battery total energy is charged into the battery at the

battery power rating.

• Tstep : is the time step.

The SOC can be implemented by using a discrete time integrator block by accu-

mulation the values of previous SOC. It computed each cycle based on the previous

SOC, depending on the input values [24].

2.4.5 Electrode Capacitor Calculation

The transient effects are related to electrode capacitance. Each cell is approxi-

mated to have a series capacitance of 6 Farad. The electrodes capacitance can be

expressed as following:

Celectrodes =
6

n
(2.19)

The parameters for the VRFB are in Table 2.2:

Table 2.2: VRFB Parameters

Parameter Value Units

Number of cells 230 Cell
Power rating 25 KW
Energy rating 50 KWh

Minimum Voltage 150 Volt
Maximum Current 166.6667 Amp
Operating Region 20-80 % SOC

The parameters for the equivalent circuit of the VRFB are in Table 2.3:
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Table 2.3: Euivalent Circuit of the VRFB Parameters

Parameter Value Units

Celectrodes 0.0261 Farad
Rreaction 0.1025 Ohm
Rresistive 0.0684 Ohm
Rfixed 35.55 Ohm

2.5 Lithium-Ion Battery

The parameters for the LI-IB are in Table 2.4. The Model of LI-IB from MAT-

LAB/SIMULINK R© is used.

Table 2.4: LI-IB Parameters

Parameter Value Units

Number of batteries 6 Batteries
Power rating 2.5 KW
Energy rating 2.2 KWh

Nominal Voltage 48 Volt
Capacity rating 45.8333 Ah

Minimum Voltage 42 Volt
Maximum Voltage 56 Volt
Operating Region 20-80 % SOC
Maximum Current 50 Amp
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Emulating the Batteries

3.1 Introduction

The VRFB and LI-IB battery will be emulated by a three phase rectifier and the

dynamics of the battery will be implemented in the software to get more or less the

behavior of the batteries . This way can be used for any technology of batteries.

3.2 Emulating the Batteries

A three phase rectifier is used to get the initial DC voltage of the batteries as shown

in Figure 3-1 and Figure 3-2. A regulated DC source can be used instead of the three

phase rectifier. Capacitors are used to decrease the ripples and smoothing the DC

voltage. Charging resistance is used to charge the capacitor smoothly. Discharging

resistance is used to discharge the capacitor and in case of the power flowing from the

DC bus through the boost converter to the three phase rectifier or the regulated DC

source. By using a battery, the power is flowing from and to the battery in charging

and discharging modes respectively, the discharging resistance will behave the same

in the case of charging the battery. The two circuits of the VRFB and the LI-IB are

the same but the difference in the value of the voltage of three phase source or the

voltage of the regulated DC source. A regulated DC source is used. The three phase

rectifier will be used in future development.
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Figure 3-1: Emulating of VRFB.
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Figure 3-2: Emulating of LI-IB.
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3.3 Emulating the Dynamics of the Batteries

The dynamic behavior of any battery can be represented by the circuit consists

of series resistor, SOC capacitor, dynamic capacitor and dynamic resistance [27] as

shown in Figure 3-3.

C_SOC

+

-

V_terminal

R_Dyn

C_Dyn

R_Ser I

Figure 3-3: Dynamic behavior equivalent circuit of any battery.

The transfer function of the equivalent circuit is:

TF =
Vinitial − Vterminal

I
(3.1)

where

• Vinitial : is the initial condition of the Capacitor CSOC .

= −
Rser ∗ s2 +

(
1

CSOC
+ 1

RDyn∗CDyn
∗Rser + 1

CDyn

)
∗ s+ 1

RDyn∗CDyn
∗ 1

CSOC

s2 + 1
RDyn∗CDyn

∗ s
(3.2)

The negative sign is because the current is considered positive flowing out from

the battery. This transfer function is implemented in the DSP to get the virtual

battery voltage. The virtual voltage of VRFB and LI-IB is calculated as shown in
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Figure 3-4. The virtual voltage has more or less the dynamics of the real battery

voltage. This model could be easily converted to a model with variable coefficients,

to continuously adapt the dynamic behavior of the batteries to the SOC. It will be

done in the future development.

IL2_meas +
+ Vbattery 2_virtual

Vbattery 2_initial

Rser ∗ s2 1
CS O C

+ 1
RD y n ∗CD y n

∗ Rser + 1
CD y n

∗ s 1
RD y n ∗CD y n

∗ 1
CS O C

s2 + 1
RD y n ∗CD y n

∗ s

IL1_meas +
+ Vbattery 1_virtual

Vbattery 1_initial

-Rser ∗ s2 - 1
CS O C

+ 1
RD y n ∗CD y n

∗ Rser + 1
CD y n

∗ s - 1
RD y n ∗CD y n

∗ 1
CS O C

s2 + 1
RD y n ∗CD y n

∗ s

( ) )(

--- ( ))(

Figure 3-4: Virtual voltage calculation for VRFB and LI-IB.

The parameters of the dynamic equivalent circuit is calculated as following by

applying a current step to the battery:

At the current step, an instant voltage step appear. The series resistance is cal-

culated at the point which the current step changes as following:

Rser =
∆V

∆I
(3.3)

After the current step, an exponential response is found at the voltage. The

dynamic resistor and the dynamic capacitor are calculated as following:

Rdyn =
∆V

∆I
(3.4)
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Cdyn =
Ts

3 ∗Rdyn

(3.5)

The SOC capacitor is calculated as following:

I = CSOC ∗ ∆V

∆t
(3.6)

CSOC =
I

∆V
∆t

(3.7)

3.3.1 Emulating the Dynamics of the VRFB

To calculate the parameters of the dynamic equivalent circuit, a current step; i.e.,

from -10 A to -60 A) is applied to to the VRFB model implemented in chapter 2 in

MATLAB/SIMULINK R© to get the voltage profile as shown in Figure 3-5. Figure

3-6 is a zoom of Figure 3-5.

The parameters of the dynamic equivalent circuit of VRFB are calculated by using

equations 3.3, 3.4, 3.5 and 3.7 and the values are in Table 3.1:

Table 3.1: Dynamic Equivalent Circuit of the VRFB Parameters

Parameter Value Units

Rser 0.06826 Ohm
CSOC 7594.93 Farad
CDyn 0.025 Farad
RDyn 0.0996 Ohm
Vinit 302.429 Volt

3.3.2 Emulating the Dynamics of the LI-IB

Also, to calculate the parameters of the dynamic equivalent circuit of the LI-

IB, a current step; i.e., from -10 A to -20 A is applied to to the LI-IB model of
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Figure 3-5: VRFB virtual voltage.
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Figure 3-6: Zoom at VRFB virtual voltage.
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MATLAB/SIMULINK R© to get the voltage profile as shown in Figure 3-7. Figure

3-8 is a zoom of Figure 3-7.
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Figure 3-7: LI-IB virtual voltage.

The parameters of the dynamic equivalent circuit of LI-IB are calculated by using

equations 3.3, 3.4, 3.5 and 3.7 and the values are in Table 3.2:
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Figure 3-8: Zoom at LI-IB virtual voltage.

Table 3.2: Dynamic Equivalent Circuit of the LI-IB Parameters

Parameter Value Units

Rser 0.0628 Ohm
CSOC 14106 Farad
CDyn 0.0127 Farad
RDyn 0.1181 Ohm
Vinit 311.6 Volt
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Chapter 4

Control of the Two Converters

4.1 Introduction

The system has two bidirectional boost converters. Every bidirectional boost

converter has his own control. The control of the second boost converter is dependent

on the first control. One converter is controlling the DC bus voltage to avoid stability

problems [28] and the other converter is controlling the peak transient power when

load changes suddenly. The power circuit of the system is shown in Figure 4-1.

D

R L

IGBT

D

D

D

R L

C_DC Bus

R_Load1 R_Load2

SW_Load 1 SW_Load 2

Battery 1 + 

  
G 1

G 2

G 3

G 4

Battery 1 - 

Battery 2 + 

Battery 2 - 

IGBT

IGBTIGBT

IL1

IL2

VDC

Figure 4-1: The power circuit of the system.

The parameters of the power circuit are in Table 4.1
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Table 4.1: Power Circuit Parameters

Parameter Value Units

Resistance of the inductor 1 Ohm
Inductance of the inductor 0.042 Henry

DC bus capacitance 1000 µ Farad
Load 1 300 Ohm
Load 2 300 Ohm

The inductor value has to calculated to have a small current ripple because the

current ripple will result in battery heating, as well as increased battery cycling, which

can have a negative impact on the battery life [7].

4.2 Control of First Boost Converter

The control of the first boost converter is to keep the DC bus voltage constant

around 600 Volt. There two control loops, the outer control loop is DC bus voltage

control loop and the inner control loop is the inductor current control loop [26], [5],

[28], [29], [30], [23] as shown in Figure 4-2.

The inductor current control loop has to be faster than the DC bus voltage control

loop. The bandwidth of the inductor current control is 300 Hz, the bandwidth of the

DC bus voltage control is 30 Hz.

4.2.1 DC Bus Voltage Control Loop

PI control will be used to control the DC bus voltage to be around 600 volt.

PI (s) = KPv ∗

(
s+ 1

Ti

s

)
(4.1)

Using zero pole cancellation method for tuning the parameters of the PI control
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Figure 4-2: Control of first bidirectional boost converter.
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with a bandwidth of 30 Hz, the PI parameters are:

KPv = 2 ∗ Pi ∗Bwv ∗ CDCBus
(4.2)

= 2 ∗ Pi ∗ 30 ∗ 1000 ∗ 10−6 = 0.1885 (4.3)

Tiv = CDCBus
∗RLoad (4.4)

= 1000 ∗ 10−6 ∗ 300 = 0.3 (4.5)

The reference DC bus voltage is obtained 600 volt. The input to the controller

is the error and it is equal to the difference between the reference DC bus voltage

and the measured DC bus voltage. The upper and lower limits of the output of the

controller which is the reference current is depending on the maximum and minimum

current of the VRFB during charging and discharging.

To avoid the windup due to the limits of current, anti windup technique has to be

implemented. The controller output has to be between these upper and lower limits

and the error has to be calculated again if the output controller exceeds or below

these limits.

4.2.2 Inductor Current Control Loop

PI control will be used also to control the inductor current. Using also zero pole

cancellation method for tuning the parameters of the PI control with a bandwidth of

300 Hz, the PI parameters are:

KPi
= 2 ∗ Pi ∗Bwi ∗ Linductor (4.6)

= 2 ∗ Pi ∗ 300 ∗ 42 ∗ 10−3 = 79.1681 (4.7)

Tiv =
Linductor

Rinductor

(4.8)

=
42 ∗ 10−3

1.0
= 0.042 (4.9)
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The reference current of inductor is obtained from DC bus voltage control loop.

The input to the controller is the error and it is equal to the difference between

the reference inductor current and the measured inductor current. The limits of the

output of the controller which is the voltage across the inductor is determined by:

VL1min
= VBat.1 − VDCBus

(4.10)

VL1max
= VBat.1 (4.11)

To avoid the windup due to the limits of the voltage across the inductor, anti

windup technique has to be implemented. The controller output has to be between

these upper and lower limits and the error has to be calculated again if the output

controller exceeds these limits.

4.2.3 Duty Cycle Calculation

The switching frequency of the IGBT is 10 KHz. The duty cycle of the IGBT is

calculated as following:

VBat.virtual1 − (1 − d1) ∗ VDCBus
= VL1 (4.12)

VBat.virtual1 − VL1 = (1 − d1) ∗ VDCBus
(4.13)

VBat.virtual1 − VL1

VDCBus

= (1 − d1) (4.14)

d1 = 1 − VBat.virtual1 − VL1

VDCBus

(4.15)

d1 = 1 +
VL1 − VBat.virtual1

VDCBus

(4.16)

The limits of the duty cycle is:

d1min
= 0 (4.17)

d1max = 1 (4.18)
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The duty cycle is then compared with the carrier to generate the switching signals.

This duty cycle for switching IGBT 1 and the complementary signal for switching

IGBT 2.

4.3 Control of Second Boost Converter

The control of the second boost converter to provide the peak transient power

when the load changes suddenly. This control will accelerate the recovery of reduction

in the voltage fall of the DC bus voltage. There two control loops, the outer control

loop is power control loop and the inner control loop is the inductor current control

loop [9], [30] as shown in Figure 4-3.

The inductor current control loop has to be faster than the power control loop.

The bandwidth of the inductor current control is 300 Hz.

4.3.1 Power Control Loop

PI control will be used also to control the power of the LI-IB. Using trial and error

method for tuning the parameters of the PI control [31], the PI parameters are:

KPp = 1.558 (4.19)

Tip = 1 (4.20)

The reference power of LI-IB is obtained from the difference between the power of

the VRFB and the power of the VRFB filtered by a Low pass filter to obtain the low

frequency part or from the difference betwween the power from load and the power

from the load filtered by a low pass filter to obtain the low frequency part [1], [2], [4],

[9], [31], [32], [33]. The first method is used and the second method will be used in

the future development to select the optimal method to create the reference power.

If the frequency of the filter decreases , the reference power reference increases. The

value selected of the frequency of the filter is 10 Hz. The input to the controller is

the error and it is equal to the difference between the reference LI-IB power and the
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Figure 4-3: Control of second bidirectional boost converter.
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measured LI-IB power multiplied by K to increase the power of LI-IB when changing

the controllable load 2 [28]. This means that more power will be released when

encountered with a sudden load, which will be helpful for the recovering of the DC

voltage. The limits of the output of the controller which is the power is determined

by the power that LI-IB can supply.

To avoid the windup due to the limits of the power, anti windup technique has

to be implemented. The controller output has to be between these upper and lower

limits and the error has to be calculated again if the output controller exceeds these

limits.

4.3.2 Inductor Current Control Loop

PI control will be used also to control the inductor current. Using also zero pole

cancellation method for tuning the parameters of the PI control with a bandwidth of

300 Hz, the PI parameters are the same as the PI parameters of the inductor current

control loop of the first boost converter as the inductors have the same values.

The reference current of inductor is obtained from power control loop divided by

the LI-IB virtual voltage. The input to the controller is the error and it is equal to the

difference between the reference inductor current and the measured inductor current.

The limits of the output of the controller which is the voltage across the inductor is

determined by:

VL2min
= VBat.2 − VDCBus

(4.21)

VL2max
= VBat.2 (4.22)

To avoid the windup due to the limits of the voltage across the inductor, anti

windup technique has to be implemented. The controller output has to be between

these upper and lower limits and the error has to be calculated again if the output

controller exceeds these limits.
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4.3.3 Duty Cycle Calculation

The switching frequency of the IGBT is 10 KHz. The duty cycle of the IGBT is

calculated as following:

VBat.virtual2 − (1 − d2) ∗ VDCBus
= VL2 (4.23)

VBat.virtual2 − VL2 = (1 − d2) ∗ VDCBus
(4.24)

VBat.virtual2 − VL2

VDCBus

= (1 − d2) (4.25)

d2 = 1 − VBat.virtual2 − VL2

VDCBus

(4.26)

d2 = 1 +
VL2 − VBat.virtual2

VDCBus

(4.27)

The limits of the duty cycle is:

d2min
= 0 (4.28)

d2max = 1 (4.29)

The duty cycle is then compared with the carrier to generate the switching signals.

This duty cycle for switching IGBT 3 and the complementary signal for switching

IGBT 4.

53



54



Chapter 5

Results

5.1 Introduction

This chapter presents the evaluation of the behavior of the designed HESS, by

means of simulations and emulations in the laboratory setup. The simulations to test

the model behavior have been carried in the MATLAB/SIMULINK R© environment.

In these simulations, as well as in the emulation, the behavior of the HESS is studied

and validated upon power variations. These steep power fluctuations take into account

the stochastic behavior of renewable sources and load variations in microgrids.

5.2 Simulation Results

In all cases, the first controllable load is connected from the beginning of the

simulation and the second load is connected and disconnected again to check the

effect on the DC bus voltage. This connection and disconnection of the second load

change the load power from 1200 Watt to 2400 Watt. The inductor current 1 is the

same as the VRFB current and inductor current 2 is the same as the LI-IB current.
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5.2.1 VRFB Only

The VRFB is connected to the DC bus and the controllable loads through Bidi-

rectional Boost converter. In this case, LI-IB didn’t taken into account.

The DC bus voltage decreased and VRFB current increased when controllable

load 2 is connected, the DC bus voltage increased and VRFB current decreased when

controllable load 2 is disconnected as shown in Figure 5-1 from simulation . Figure

5-2 is a zoom of Figure 5-1. When the controllable load 2 is disconnected, The virtual

voltage of the VRFB will decrease again in the steady state but Figure 5-2 shows the

transient only.

5.2.2 VRFB and LI-IB

The VRFB and LI-IB are connected to the DC bus and the controllable loads

through the two Bidirectional Boost converter. Several parameter of the HESS have

been changed, in order to check that the emulator and the simulations match at every

condition.

K value in Figure 4-3 and the frequency of the low pass filter in Figure 4-3 of

the power control loop of the second bidirectional converter will change to check the

effect on the DC bus and the LI-IB current.

Case 1 : K = 1.0 and flpf = 10 Hz

The voltage drop in the DC bus and the over voltage are decreased compared to

the previous case as shown in Figure 5-3 and in Table 5.1 due to using LI-IB as the

peak transient current is drawing from the LI-IB. Figure 5-4 is a zoom of Figure 5-3.

Case 2 : K = 0.7 and flpf = 10 Hz

By decreasing the k, the voltage drop and the over voltage is decreased more and

the LI-IB current is increased as shown in Figure 5-5 and Tables 5.1 and 5.2. Figure

5-6 is a zoom of Figure 5-5.
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Figure 5-1: Simulation results without LI-IB: a. DC bus voltage. b. VRFB current.
c. Virtual VRFB voltage.
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Figure 5-2: Simulation results without LI-IB: a. DC bus voltage. b. Virtual VRFB
voltage.
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Figure 5-3: Simulation results at k = 1.0 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure 5-4: Simulation results at k = 1.0 and flpf = 10 Hz: a. DC bus voltage. b.
Virtual VRFB voltage. c. Virtual LI-IB voltage.
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Figure 5-5: Simulation results at k = 0.7 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure 5-6: Simulation results at k = 0.7 and flpf = 10 Hz: a. DC bus voltage.
b.Virtual VRFB voltage c.Virtual LI-IB voltage.
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Table 5.1: DC Bus Voltage from Simulation Results

K LPF frequency
(Hz)

DC bus voltage
when load 2 con-
nected (Volt)

DC bus voltage
when load 2 dis-
connected (Volt)

Without LI-IB Without LI-IB 582.7 619.2
1.0 10 587.4 613.1
0.7 10 588.1 612.3

Table 5.2: LI-IB Current from Simulation Results

K LPF frequency (Hz) LI-IB Current when Load 2
connected (Amp)

LI-IB Current when load 2
disconnected (Amp)

1.0 10 1.439 1.401
0.7 10 1.667 1.491

5.3 Experimental Results (Emulation of the Bat-

teries)

The control algorithm is implemented in the DSP. The cases of the simulations

are validated by experiments and the frequency of the low pass filter is also changed.

5.3.1 VRFB Only

Figures 5-7 and 5-8 are compared to Figures 5-1 and 5-2. The DC bus voltage

decreased and the VRFB current increased when controllable load 2 connected and

the DC bus voltage increased and the VRFB current decreased when controllable

load 2 disconnected. The results of the experiments are equal to the results of the

simulation but the resolution of the virtual voltage of VRFB is very low due to this

signal is coming from the DSP.
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Figure 5-7: Experiments results without LI-IB: a. DC bus voltage. b. VRFB Current.
c. Virtual VRFB voltage.
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Figure 5-8: Experiments results without LI-IB: a. DC bus voltage. b. Virtual VRFB
voltage.
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5.3.2 VRFB and LI-IB

Case 1 : K = 1.0 and flpf = 10 Hz

Figures 5-9 and 5-10 are compared to Figures 5-3 and 5-4. The results of the

experiments are equal to the results of the simulation.

Case 2 : K = 0.7 and flpf = 10 Hz

Figures 5-11, 5-12 are compared to Figures 5-5 and 5-6. The results of the exper-

iments are equal to the results of the simulation.

From Tables 5.1, 5.2, 5.3 and 5.4, it validated the results from experiments with

simulation results.

Case 3 : K = 0.5 and flpf = 10 Hz

It is shown in Figure 5-13 and Figure 5-14 , Table 5.3 and 5.4 that the DC bus

voltage drop and over voltage is decreased compared to the previous cases due to

drawing more current from the LI-IB during the transient when loads vary.

Case 4 : K = 0.3 and flpf = 10 Hz

It is shown in Figure 5-15 and Figure 5-16 , Table 5.3 and 5.4 that the DC

bus voltage drop and over voltage is decreased more than the previous cases due to

drawing more current from the LI-IB.

Case 4 : K = 0.3 and flpf = 5 Hz

It is shown in Figure 5-17 and Figure 5-18 , Table 5.3 and 5.4 that the DC

bus voltage drop and over voltage is decreased more than the previous cases due to

drawing more current from the LI-IB and the current will flow after the transient till

reach to zero.
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Figure 5-9: Experiments results at K = 1.0 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure 5-10: Experiments Results at K = 1.0 and flpf = 10 Hz: a. DC bus voltage.
b. Virtual VRFB voltage. c. Virtual LI-IB voltage.
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Figure 5-11: Experiments results at K = 0.7 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure 5-12: Experiments results at K = 0.7and flpf = 10 Hz: a. DC bus voltage. b.
Virtual VRFB voltage. c. Virtual LI-IB voltage.
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Figure 5-13: Experiments results at K = 0.5 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure 5-14: Experiments results at K = 0.5 and flpf = 10 Hz: a. DC bus voltage.
b.Virtual VRFB voltage. c. Virtual LI-IB voltage.
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Figure 5-15: Experiments results at K = 0.3 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure 5-16: Experiments results at K = 0.3 and flpf = 10 Hz: a. DC bus voltage.
b. Virtual VRFB voltage. c. Virtual LI-IB voltage.
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Figure 5-17: Experiments results at K = 0.3 and flpf = 5 Hz: a. DC bus Voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.

75



CHAPTER 5. RESULTS

0 2 4 6 8 10 12
550

600

650

Time (sec)

D
C

 b
us

 V
ol

ta
ge

 (
V

ol
t)

a. DC bus Voltage versus Time

 

Measured
Reference

0 2 4 6 8 10 12
300

302

304

306

308

310
b. VRFB Virtual Voltage versus Time

Time (sec)

V
R

F
B

 V
irt

ua
l v

ol
ta

ge
 (

V
ol

t)

0 2 4 6 8 10 12
300

302

304

306

308

310
c. LI-IB Virtual Voltage versus Time

Time (sec)

LI
-I

B
 V

irt
ua

l v
ol

ta
ge

 (
V

o
lt)

691

610.4

Figure 5-18: Experiments results at K = 0.3 and flpf = 5 Hz: a. DC bus Voltage. b.
Virtual VRFB voltage. c. Virtual LI-IB voltage.
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Table 5.3: DC Bus Voltage from Experiments Results

K LPF frequency
(Hz)

DC bus voltage
when load 2 con-
nected (Volt)

DC bus voltage
load 2 discon-
nected (Volt)

Without LI-IB Without LI-IB 583 619
1.0 10 587.7 612.7
0.7 10 588.3 611.6
0.5 10 589.1 611.1
0.3 10 590.6 610.6
0.3 5 591 610.4

Table 5.4: LI-IB Current from Experiments Results

k LPF frequency (Hz) LI-IB Current when load 2
connected (Amp)

LI-IB Current when load 2
disconnected (Amp)

1.0 10 1.459 1.388
0.7 10 1.611 1.488
0.5 10 1.822 1.617
0.3 10 1.933 1.751
0.3 5 2.068 1.828
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Chapter 6

Conclusion and Future

development

6.1 Conclusion

• Emulation of the batteries matches the simulation. A general model of VRFB

has been implemented and is suitable for all power and energy ranges.

• The technique used for emulating of the batteries can be used for any tech-

nology of batteries, or even for another ESS (such as supercapacitors, regular

capacitors, etc...). The behavior of any technique of batteries can be tested by

using the same hardware. Only the changes will be in the software.

• The value of K in Figure 4-3 is changed from 1.0 to 0.3. A high decrease in the

voltage drop and the over voltage of the DC bus at K = 0.3. This is because the

current drawn from the LI-IB battery is increased when the controllable load 2

changed.

• The value of the frequency of the low pass filter in Figure 4-3 is changed from

10 Hz to 5 Hz. Also decrease in the voltage drop and the over voltage of the

DC bus but in this case the current of the LI-IB will flow after the transient till

reach to zero. Li-IB will supply the load for a while with VRFB.
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• The Li-IB meets the real power need, by absorbing or delivering power as re-

quired by the system. By using HESS, it decreases the power range of the

VRFB and consequently decreases the cost.

• The simulation results are validated with the experiments results from emulation

the batteries.

6.2 Future development

• The results obtained from simulation and from experiments by emulating the

batteries will be validated by testing real VRFB and LI-IB with the same power

and energy ratings of both batteries.

• Optimization of bandwidth of controllers.

• Real-time parameters variation on the battery models.

• Hybridization of more than two ESS.

• Change the reference generation of the LI-IB current (e.g. considering load

power instead of VRFB power, etc...). Optimization of the generation of the

LI-IB current reference.

• DC bus voltage is controlled and the value of the DC bus voltage is changing

depending on the battery capacity.

• A Three phase inverter will be connected to the DC bus from one side and the

other side to the grid as shown in Figure 6-1. The control of the three phase

inverter is to have the DC bus voltage constant around 600 volt. The control of

the first bidirectional boost converter is power control to provide power in case

the grid power is less than the load power and also to supply the loads in case

of the interruption in the grid. The control of the second bidirectional boost

converter is to supply the peak transient power when changing the loads and

also in case of the interruption in the grid.

80



CHAPTER 6. CONCLUSION AND FUTURE DEVELOPMENT

D

R L

IGBT

D

D

D

R L

C_DC Bus

G 1

G 2

G 3

G 4

G 5

G 6

G 7

G 8 G 10

G 9

IGBT

IGBTIGBT

Vanadium Redox
Flow Battery

Lithium-Ion
   Battery

DIGBT

D

D

D

IGBT

IGBTIGBT

D

D

IGBT

IGBT

RL Filter

Grid

Figure 6-1: The power circuit of the system.
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Appendix A

Figures

A.1 Experiments Results from the Oscilloscope

• Channel 1 is the DC bus voltage from the differential probe.

• Channel 2 is the VRFB current from the current probe.

• Channel 3 is the LI-IB current from the current probe.

• Channel 4 is the virtual voltage of the VRFB from the DSP.

• Channel 5 is the virtual voltage of the LI-IB from the DSP.

• Channel 6 is the reference current of the VRFB from the DSP.

• Channel 7 is the reference current of the LI-IB from the DSP.

A.2 Printed Circuit Boards (PCBs)

The boards are shown in Figures A-7, A-8, A-9, A-10 and A-11.

A.2.1 Three Phase Rectifier PCB

From the three phase rectifier board is used to get the initial value of the battery.

There are two three phase rectifier boards for VRFB and LI-IB.
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Figure A-1: Experiments results without LI-IB: a. DC bus voltage. b. VRFB current.
c. Virtual VRFB voltage.
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Figure A-2: Experiments results at K = 1.0 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure A-3: Experiments results at K = 0.7 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure A-4: Experiments results at K = 0.5 and flpf = 10 Hz: a. DC bus voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure A-5: Experiments results at K = 0.3 and flpf = 10 Hz: a. DC bus Voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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Figure A-6: Experiments results at K = 0.3 and flpf = 5 Hz: a. DC bus Voltage. b.
VRFB current. c. LI-IB current. d. Virtual VRFB voltage. e. Virtual LI-IB voltage.
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A.2.2 Interface PCB

The interface board is adapting the sensors signals from GUASCH converter to

the Filter and DSP board and also adapting the control signals from Filter and DSP

board to the GUASCH converter.

A.2.3 Filter and DSP PCB

The Filter and DSP board is used to filter the sensors signals from GUASCH

converter and also to control the GUASCH converter through the DSP.

A.2.4 USB PCB

The USB board is used to communicate between the DSP and the computer. This

board s connected to the filter and DSP board.

A.2.5 Back Plane PCB

The back Plane board is used for the connect interface board with the filter and

DSP board.
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Figure A-7: Three phase rectifier board.
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Figure A-8: Interface board.
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Figure A-9: Filter and DSP board.
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Figure A-10: USB board.
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Figure A-11: Back plane board.
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A.3 Experimental Setup

A.3.1 Manual Control

The manual control is used to supply the power to the boards. It also used to

connect or disconnect the Loads from the two boost converter. It is shown in Figure

A-12.

A.3.2 Inductors

The inductors are used for first and second boost converter are shown in Figure

A-13.

A.3.3 GUASCH Converter

The GUASCH converter in Figure A-14 is used to implement two bidirectional

boost converter. It has a DC bus , voltage sensor of the DC bus and two current

sensors for the inductors current.

A.3.4 Total Setup

Figure A-15 shows the total setup of the hardware.
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Figure A-12: Manual Control.

97



APPENDIX A. FIGURES

Figure A-13: Inductors of the first and second boost converters.
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Figure A-14: GUASCH Converter.
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Figure A-15: Total setup.
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