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This thesis reports on an investigation of the impact of battery energy storage systems
(BESS) on the voltage and frequency stability of a transmission system. It also explores
an application of a BESS into an active distribution system which delves the realm of
smart grids.

Power quality and system stability are two major concerns in the transportation and dis-
tribution of electrical energy. It has long been recognised that energy storage is a possi-
ble way forward to improve on these parameters; but the battery technology and the
ancillary power electronics had not been developed sufficiently, until quite recently; to
meet such expectations. Current battery energy storage challenges the paradigm of in-
stantaneous usage of electrical energy. Intermittent renewable energy production has the
potential to improve the quality and efficiency of energy production.

The thesis gives an explanation of the battery working principles and includes a com-
parative study of battery technologies and the main advantages and disadvantages of
batteries in comparison to other electrochemical energy storage technologies. Besides,
the thesis addresses the all-important issue of power electronic converters. Battery con-
verters are responsible for controlling the power exchange between the grid and the
BESS. The link between the battery and the DC bus, i.e., DC-DC converter, and the link
between the DC bus and the grid, i.e., DC-AC converter, are covered in depth.

It has been found that using a BESS in a transmission system significantly improves
frequency stability. The damping of oscillations following a transient event is much
improved. The BESS can be seen as additional spinning reserve in the system. On the
other hand, when a BESS is applied in an active distribution system, the power, deliv-
ered by an intermittent energy source is of much higher quality. In particular, it is
shown that the BESS has the potential for turning a part of the distribution system with
intermittent generation, self-reliable from the energy perspective.



In brief, the outcome of this thesis shows the positive influence of the BESS in electrical
powers grid. Further research is required to develop a more detailed model of the bat-
tery which would include battery ageing and temperature dependency.
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ABBREVIATIONS

AC
BESS
Csl
DC
DOD
HVDC
Li-ion
LFC
PWM

Ampeére (unit of current)

Exponential zone time constant inverse (Ah)™

Pulse width / duty cycle

Output voltage (V)

Battery constant voltage (V)

Fundamental frequency (Hz)

Switching frequency (Hz)

Battery current (A)

Filtered current (A)

Actual battery charge (Ah)

Polarisation constant (\V/(Ah)) or polarisation resistance
()

Amplitude modulation (-)

Frequency modulation (-)

Battery capacity (Ah)

Actual battery charge (Ah)

Internal resistance (Q2) (whole document)

Components of the RC circuit, used in battery models
Volts (unit of voltage)

Battery voltage (V) (only in Matlab model)

Peak amplitude of the control signal in a PWM controlled
Inverter (V)

Amplitude of the triangular signal in a PWM controlled
inverter (V)

Alternating Current

Battery Energy Storage System
Current Source Inverter

Direct Current

Depth Of Discharge

High Voltage Direct Current
Lithium-ion

Load Frequency Control

Pulse Width Modulation



SES

SOC

SOH
STATCOM
VSI

VSC

Secondary Energy Storage

State of Charge

State of Health

Static Synchronous Compensator
Voltage Source Inverter

Voltage Source Converter
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1 INTRODUCTION

Energy consumption continues to increase unabated, following on a sustained path with
the onset of industrialization in the latter half of the 19" century (Figure 1. 1). However,
the largest increase (more than 2/3) of the total consumption has taken place in the past
50 years along with most of the energy coming from non-renewable sources, which are
of a finite nature. Therefore, there is growing interest in the use of renewable energy.

Most of the energy we consume today comes from the sun, most of it in indirect form,
since this has been first stored. There are many ways in which the solar energy is natu-
rally stored at the macro level (organic fuel, wind, water evaporation). This enables en-
ergy concentration in huge quantities which we may consume long after it has been
stored. Today, oil-based fuel seems to be the most convenient form of energy storage.
The storage of oil is relatively easy, cheap and the storage time is in human hands. [1]

| IX XIX 1900 1940 1965 2000

Figure 1. 1. (A): Total amount of energy consumption of humankind is 106 GW.
(B): Total amount of stored information is 1014 bits. From prehistoric times to present
days [1]

Renewable energy sources are not constant but highly dependent on the time of day,
weather conditions and the season. The electrical energy demand is not constant either
and its peak, more often than not, takes place at a time of day or season when the re-
newable energy resources are at their lowest. Owing to this time shift in renewable gen-
eration and consumption patterns, energy storage becomes an accentuated necessity.



Transportation of energy is an important part of getting the energy from source to con-
sumer. Qil is a widely used carrier of energy. It is relatively cheap and easy to transport
from the refinery to the gas stations.

Electrical energy has some exceptional advantages with respect to other carriers of en-
ergy between producers and consumers:

e Electromechanical machinery has existed for more than a century and during its
existence the technology has been perfected to be robust and efficient, even
though improvements continue to be made. For instance, with the introduction
of power electronics, the torque and speed control of these machines has become
highly controllable.

e Overhead transmission lines carry electricity at high voltages and underground
cables are designed in such a way that power losses, dielectric losses and reflec-
tions in the lines are reduced to a minimum.

e It is economically more advantageous to deliver the energy to the end user in
electrical form because of its higher quality than when delivered in liquid or sol-
id form. The reason for this is the low efficiency of the Carnot cycle when con-
verting the fuel into mechanical energy.

However, a major drawback of electricity has been our inability to store it in large quan-
tities. Except for the hydro pumped storage that a handful of hydro power stations
around the word can provide.

One credible option to overcome such a problem is to store the energy in so-called Sec-
ondary Energy Storage systems. This would enable us to store and release energy with
low power losses, significantly improving the efficiency of the overall system, because
it would flatten the load demand curve [1]. There is not a single best storage option, it
all depends on requirements. Important parameters in the storage selection are the
amount of power, the energy to be stored and the time scales in which this energy is
going to be used.

Figure 1. 2 shows the most frequently used forms of energy storage. It is clear that some
of them are more appropriate for delivering large amounts of power for a rather short
period of time whereas other forms are more suitable for storing large amounts of ener-

gy.



2
E Fuel tanks Water dams
=
()
Thermal reservoirs
Pumped
o | hydro
§ Advanced batteries
i.e. Li ion batteries CAES
g : ,
‘é Lead-acid batteries
£
8 Ultracapacitors
5
3
Flywheels SMES
! \ \ |
1 kw 10 kW 100 kW 1MW 10 MW 100 MW
Figure 1. 2. Energy management, power quality and ride-through storage applications
[2]

Other parameters that influence the choice of a specific technology are capacity, specif-
ic energy, energy density, specific power, efficiency, recharge rate, self- discharge, life-
time, capital cost and operating cost. For more information about the technologies pre-
sented in Figure 1. 2, read [2].

1.1 State-of-the-art of battery energy storage technology

The combination of a Voltage Source Converter (VSC) with a DC power source results
in significant improvements over the traditional Static Synchronous Compensator
(STATCOM) technology. The conventional STATCOM is able to control the flow of
reactive power by adjusting the amplitude modulation ratio of the converter. Figure 1.
3(a) shows the schematic diagram of a STATCOM [3]. When the DC power source to
be integrated with the STATCOM, is a battery pack; the arrangement is termed Battery
Energy Storage System (BESS), is illustrated schematically in Figure 1. 3(b).
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Figure 1. 3. (a) STATCOM connected to a transmission point; (b) Battery Energy Stor-
age System [3]

The lithium-ion battery technology has emerged as a credible response to the growing
need for reliable batteries. They were first put in the market by Sony Co. in 1991. De-
spite its high cost, the lithium-ion battery was accepted immediately because of its high-
energy density, good performance and lack of memory effect. Figure 1. 4 shows the
rapid evolution of Li-ion batteries in the short time span of 15 years. It is fair to say that
the development of new high-energy lithium systems has been a difficult road. The ear-
ly rechargeable batteries were plagued with safety problems, such as explosions, occur-
ring during overcharging. These were solved by introducing the Li-Al alloy anode for
greater safety in coin cell batteries. However, this was insufficient for the larger AA-
size cells. The Tadiran Corporation developed a new battery that solved this problem.
The electrolyte spontaneously polymerizes above 100°C which reduces drastically the
risk of explosion. [4]
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Figure 1. 4. Evolution of energy density and price of Li-ion batteries [5]



The BESS enables controlling the flow of outgoing/incoming active power into the bat-
tery and will therefore influence the power system frequency very effectively. [6]

Chile [7] and California [8] are two places where Battery Energy Storage facilities have
been installed in recent years. The primary function of the BESS in California is to
maintain the critical process loads during outages resulting from external disturbances
to the plant. The BESS is designed to supply critical loads of up to 2.5 MW for one
hour. This is the required time to safely shutdown the plant. A secondary function of
this system is to extend the spinning reserve of the plant. The battery, instead of the
generator, supplies the additional energy. This results in a much flatter load demand
curve and therefore a higher efficiency of the overall plant. Reference [8] describes the
converter and the battery system. PG&E has announced plans to install a second energy
storage system in California. [9] The storage system in Chile integrates 20MW of ad-
vanced battery energy storage with a 544MW thermal plant. It is the second BESS built
by the AES Corporation. The main purpose of this BESS is to increase the capacity of
the plants while maintaining system reliability and operational flexibility. The spinning
reserve is increased and the efficiency of the plant improved. This system was built and
commissioned in only fifteen months and provides very quick operational responses.

1.2  State-of-the-art of battery energy storage for model-
ling and simulation

To carry out simulations, a suitable battery model needs to be available. This thesis uses
the battery model given in Simulink [10], which has got similar functionality to several
other models [11, 12]. Even though Simulink offers a high quality model for simulation
of the battery dynamics, it still lacks some important modelling capabilities, such as
temperature dependency and battery ageing. This is an on-going area of timely research
and much more sophisticated models are likely to emerge over the coming years, but the
following papers present battery models which may give more advanced alternatives to
the model offered by Simulink:

M. Einhorn, F. V. Conte, C. Kral and J. Fleig, "Comparison, Selection, and Parameteri-
zation of Electrical Battery Models for Automotive Applications,” Power Electronics,
IEEE Transactions On, vol. 28, pp. 1429-1437, 2013.

T. Huria, M. Ceraolo, J. Gazzarri and R. Jackey, "High fidelity electrical model with
thermal dependence for characterization and simulation of high power lithium battery
cells," in Electric Vehicle Conference (IEVC), 2012 IEEE International, 2012, pp. 1-8.

H. Beltran, M. Swierczynski, N. Aparicio, E. Belenguer, R. Teodorescu and P. Rodri-
guez, "Lithium ion batteries ageing analysis when used in a PV power plant,” in Indus-
trial Electronics (ISIE), 2012 IEEE International Symposium On, 2012, pp. 1604-1609.

Nevertheless, for the application pursued in this thesis, the Simulink model was consid-
ered to be accurate enough since the influence of Battery ageing and temperature de-



pendency is likely to have little impact as simulation times are barely longer than one
minute. Other recent pieces of work where state-of-the-art research on battery modelling
and simulation are characterized, are:

L. Gauchia Babe, "Nonlinear dynamic per-unit models for electrochemical energy sys-
tems : application to a hardware-in-the-loop hybrid simulation,” PhD thesis, Univer-
sidad Carlos Il de Madrid, Madrid, Spain, 2009.

K. Bao, "Battery charge and discharge control for energy management in EDV and utili-
ty integration,” MSc thesis, University of Alabama, Tuscaloosa, USA, 2012.

The second major component of the storage system is the DC-DC converter. This con-
verter controls the active power flow between the batteries and the grid. DC-DC con-
verters a commonly used tool for charging batteries as it is easy to control the terminal
voltage by adjusting the duty cycle. There is a great deal of well-established research
work in this area but some new interpretation of its operation has come to light during
the course of this research. This is elucidated in Section 4.3.

The third major element is the voltage source converter, which is the link between the
DC-bus and the grid. This converter controls the AC Voltage by regulating the reactive
power flow.

1.3 Aim and objectives

The main objectives behind the research reported in this thesis are listed below.

e To develop a BESS model in Matlab/Simulink suitable for interfacing with the
model of a power transmission system or a distribution system and that can be
easily adjusted to meet future requirements.

e To use the BESS model to investigate the problem of frequency oscillations and
its amelioration with a BESS.

e To implement the BESS model in an active distribution system with distributed
generation in the form of wind mills, to make the downstream part of the system
self-reliant in terms of its energy requirements.



1.4 Publications

The following journal publications have been generated with the outcome of the original
research reported in this MSc thesis:

J. Servotte, E. Acha and L. M. Castro, “An Application of BESS to Frequency Control
In Power Transmission Systems,” Submitted to IEEE Transactions on Power Systems,
July 2013

J. Servotte, E. Acha and L. M. Castro, “Assessing the Impact of a BESS in an Active
Distribution System with Distributed Wind Turbines,” Submitted to IEEE Transactions
on Smart Grids, July 2013

1.5 Thesis outline

This thesis consists of four chapters. Chapters 2 and chapter 3 discuss the various ele-
ments that make up the BESS. Chapter 2 discusses the main parameters of the batteries,
such as Sate-of-Charge, terminal voltage, chemical processes, battery ageing and mod-
els. The emphasis in Chapter 3 is on power electronic converters. First, the different
types of DC-DC converters and their characteristics are introduced and compared. The
second part of chapters deals with VSC and PWM as a method to control the output
voltage. Chapter 4 discusses the BESS representation adopted in this work and gives a
deeper explanation of the control system. Chapter 5 presents simulation results of two
distinct BESS-upgraded power systems. One is in a high voltage transmission system
and the other is an active distribution system. The thesis is summarized in Chapter 7.



2 ELECTROCHEMICAL BATTERIES

Arguably, batteries may be considered among the first controlled sources of electricity
which were able to store energy. They may be considered to be fuel cells where the fuel
Is stored inside the cell, hence, the amount of stored energy is limited. Efforts are being
made all the time to develop batteries with a higher performance, a higher energy densi-
ty and a longer battery life. [13]

The most important properties of a battery are: capacity, terminal voltage, State-
Of-Health (SOH) and State-Of-Charge (SOC). Different techniques of obtaining these
parameters through measurements are explained in [14].

The main characteristics of the most popular battery cells are shown in Table 2.
1. This reference also states that the research goals for high-power batteries set in 1977
have been reached, except for the high-energy density cells.

Table 2. 1.Characteristics of selected batteries and comparison with 1977 development

goals [13]
Type Electro- Energy Energy Power-densities Cycle Operating
lyte efficien- density Peak Sustained life tempera-
cy tures
(%) (Whkg") (Wkg") (Wkg") (cycles) (°C)
Commercial
Lead-acid H,SO, 75 20-35 120 25 200-2000 -20to 60
Nickel-cadmium KOH 60 40-60 300 140 500-2000  -40to 60
Ni-metal-hydride KOH 50 60-80 440 220 <3000 10 to 50
Lithium-ion LiPFg 70 100-200 720 360 500-2000 -20to 60
Under development
Sodium-sulphur B-Al,03 70 120 240 120 2000 300 to 400
Lithium-sulphide AIN 75 130 200 140 200 430 to 500
Zinc-chlorine ZnCl, 65 120 100 0
Lithium-polymer Li- B-Alu 70 200 >1200 -20to 60

1977 goal cells
High energy 65 265 55-100 2500
High power 70 60 280 140 1000




2.1  Electrochemical principles

Batteries rely on chemical principles to store energy. While discharging, a chemical
reaction that converts the chemical energy into electrical energy, in the form of an elec-
tric current occurs; this takes place at a certain voltage. In some cases, the process can
be reversed, and the batteries able to do so are the so-called secondary batteries. Be-
cause of this property, secondary batteries are genuine storage systems, whereas prima-
ry batteries can convert their chemical energy into electric energy only once. [15]

2.1.1 Electrochemical cells and battery components

Like fuels cells and ultra-capacitors, batteries are electrochemical systems. However,
the difference between them is very significant. For one, the difference lies in the way
the reactant is supplied to the system. Batteries are, in contrast to fuel cells, closed sys-
tems. So, the amount of energy, that they can deliver, is limited. Conversely, under a
constant supply of hydrogen to the anode and oxygen to the cathode, fuel cells can de-
liver electric energy for an indefinite period of time, assuming the fuel cell remains
healthy. [14]

The main difference between batteries and capacitors is the way the energy is
stored. In batteries the energy is stored as chemical energy, whereas in capacitors the
energy is stored in the form of charges that are placed in an electric field. One of the
drawbacks of the small separation between the capacitor electrodes, is the maximum
voltage that it can handle, which depends on the dielectric characteristics. [14] There-
fore, the energy stored in capacitors and ultra-capacitors is rather limited.

Since there is no need for a constant supply of reactant and the ever increasing
levels of stored energy that they can accommodate, the use of bank of batteries for ener-
gy storage is becoming more and more popular.

Figure 2.1 shows the main parts of a liquid battery:

A: Valve to evacuate gasses which may be produced during overcharging
B: Battery case

C: Positive and negative terminals

D: Connector between plates to terminal

E: Positive top plate

F: Positive and negative plates

G: Top sealing

H: Negative top plate

I: Plate separating material

J: Plate separator (separates the positive and negative plates)
K: Positive and negative plates
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Figure 2.1. Parts of a commercial battery [14]
2.1.2 Chemical reactions during the charging and discharging cycles

When the battery cell is connected to an external load, electrons flow from anode to
cathode. This causes the anode to be oxidized and the cathode to be reduced. The elec-
tric circuit is closed by the flow of ions in the electrolyte. The positive ions (cations)
flow from anode to cathode and the negative ions (anions) in the opposite direction. [16]
This operation of discharging is shown in Figure 2. 2.

Electron flow
—

Load

Flow of anions

Anode
Cathode

Flow of cations

Electrolyte
Figure 2. 2. Electrochemical operation of a cell (discharge)

The chemical reactions that take place in a battery during the exchange of power with
either a load or a power supply can be illustrated with the example a lead-acid battery.
This is a rechargeable system, so the reactions can go in either direction.



In the electrolyte of a lead-acid battery, the following three reactions take place:

H,0 & H" + OH~
H,S0, © 2H* + S0%~
H,S0, & H* + HSO;

These reactions involve ionisation of water and sulphuric acid.

The reactions differ for the positive and the negative electrode.
e Positive electrode:
PbO, + 4H* + 2e~ & Pb%** + 2H,0
Pb?** + 50}~ & PbSO,
Total reaction: PhO, + 4H™ + 2e~ 4+ SO;~ < PbS0O, + 2H,0

e Negative electrode:
Pb & Pb?* +2e”
Pb%** + S0}~ & PbSO,
Total reaction: Pb + SO2~ < PbSO, + 2e~
e Overall reaction:
Pb + PbO, + 2H,S0, < 2PbSO, + 2H,0

11

(2.1)

(2.2)
(2.3)
(2.4)

(2.5)
(2.6)
(2.7)

(2.8)

When the cell discharges, the electrons flow from the anode to the cathode. Charging

the cell reverses the process, as illustrated in Figure 2. 3.

Electron flow
—

DC power supply

Flow of anions

Cathode
Anode

Flow of cations
ey

Electrolyte
Figure 2. 3. Electrochemical operation of a cell (charge)
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2.1.3 Self-discharge

The normal direction in which equations (2.1) to (2.8) apply is in the discharge direction
because this is the prevailing stable state. Even when there is no external load connect-
ed, there will be some loss of capacity. This phenomenon is called ‘self-discharge’. The
rate of self-discharging is not constant by any means, it depends on many factors, such
as temperature and ageing. [17]

By way of example, the temperature-dependency is shown in Figure 2. 4., which indi-
cates clearly a non-linear behaviour.

0.0025-

0.0020+

0.0015

0.0010-

0.0005-

Specific gravity loss per day, g/cm3

1 | I | |
0 5 10 15 20 25 30 35 40
Temperature °C

0 - ‘

Figure 2. 4. Temperature dependency of self-discharging [17]

The self-discharge rate can be minimized by storing the batteries at lower temperatures.
On the other hand, the open-circuit voltage and the capacity of the batteries are affected
by temperature; when the temperature is too low, there might be some undesirable ef-
fects such as failure of the system due to temporary decrease in battery capacity.

2.2 Battery Parameters

The most accurate approach to model the batteries would be to represent the whole elec-
trochemical response on the external and the internal processes. This approach, howev-
er, may be unyielding. Therefore, an approach based on electrical circuit theory is high-
ly popular. This section discusses the main parameters used in the electrical modelling
of batteries and the possible techniques to quantify them.

2.2.1 Open-circuit voltage

Open-circuit voltage of the battery is defined as the voltage at its terminals when there
is no load or DC source connected to the battery. This equilibrium voltage cannot be
exactly measured in most cases, since there is always some self-discharge going on.
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One of the parameters that influence the open-circuit voltage is the “Depth of Dis-
charge” (DOD), as shown in Figure 2. 5.
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Figure 2. 5. Open circuit voltage as a function of DOD [15]

The open-circuit voltage of lead-acid batteries is used in this figure where the continu-
ous line corresponds to the case when both electrodes are discharged according to Eq.
(2.8). The broken line represents the relation when only the negative electrode is dis-
charged according to equation (2.7).
Other factors that influence the open-circuit voltage are the concentration of the electro-
Iytes in the battery (p8.17 in [18]), the system pH, the purity and activity of the cathode
material, battery ageing and temperature.

The open-circuit voltage can be used, in some battery systems, as a rough esti-
mation of the SOC (e.g. Lead-acid batteries). [15, 19]

2.2.2 Operating voltage

A key parameter of a battery system is the voltage at which it operates while charging
and discharging. The open-circuit voltage represents the equilibrium cell voltage, but
during actual use, the operating voltage will differ significantly from this value. This
difference is caused by kinetic factors.

The operating voltage has a large influence on the quality of the energy delivered. The
power delivered by a source connected to a resistive load is proportional to the square of
the voltage; hence, stored energy at a higher voltage is superior to that stored at a lower
voltage. [20]

As the operating voltage depends on whether the battery is charged or discharged it is
important to discuss these two operating modes of the battery system. One method of
presenting this information is in the form of charge and discharge curves, in which the
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cell voltage is a function of the SOC. Figure 2. 5 shows the open-circuit voltage as a
function of the DOD which for most practical purposes is equivalent to 100% - SOC.

[20]
The operating voltage is also influenced by the size of the current density. If the current
increases, the voltage decreases, hence, a battery will be able to deliver more energy at

lower currents. This is shown in Figure 2. 6.

Low Current

Medium Current

High Current

Vaoltage

Charge Delivered >

Figure 2. 6. Schematic drawing showing the influence of the current density upon the
discharge curve [20]

More detailed information about the charging and discharging characteristics of batter-
ies can be found in [21, 22].

2.2.3 Internal resistance and capacitance

The most commonly used battery models include an internal resistance and one or two
RC parallel branches, as shown in Figure 2. 7.

RC circuit
Rin H Rin
AN
Eo| —/ E: Ei| == Et
(a) (b)

Figure 2. 7. Examples of battery models. (a) is the most basic model, (b) a fuller model

One way to measure these parameters (Rin, R and C) is termed the ‘Current Interruption
Test’. This test is a time domain test in which the (discharging) current is kept stable
until the battery reaches a stationary state. Once this has been reached, the load is ab-
ruptly interrupted. Notice that this system operates on direct current (DC). After the
interruption, the terminal voltage increases until it reaches the open-circuit voltage. The
period of returning to the open-circuit voltage can be divided in two parts. At first the
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voltage increases vertically and then changes its behaviour to be non-linear, until it
reaches the open-circuit voltage. The first part is caused by the ohmic voltage and can
be therefore represented by a resistance. The non-linear behaviour may be represented
by a chain of capacitors paralleled with a resistance, as shown in Figure 2. 8. [14, 23]

C C C
i i i

L«/\M AMA A~
R R R

Figure 2. 8. RC chain

This chain simulates the behaviour of the two contact points between the electrolyte and
the electrodes. These three parameters (Rin, R and C) can be calculated as follows:

A
Ry = U(;HM (2.9)
R=" (2.10)
T
c== (2.11)

If this test is carried out with different loads, it is possible to analyse the dependency of
the three parameters on current. When this relation is found, an equivalent circuit can be
defined as shown in Figure 2. 7(b). It is important to keep in mind that Ey, Ri,, R and C
all depend on the SOC and the load current.

This is a straightforward technique to obtain the parameters of the battery, but it
has some drawbacks. The first drawback is that it doesn’t include all of the battery char-
acteristics, such as the inductive behaviour at higher frequencies and the voltage drop
during high load currents. The second drawback is that the precision of the model de-
pends on the point at which the parameters are measured. As discussed, the voltage evo-
lution is not completely linear by any means.

Nonetheless, this technique may still be used quite successfully to model batter-
ies, but it has to be carried out for both the charge and the discharge processes. [14]

2.2.4 Capacity

The capacity of the battery is defined [24] as the electrical charge in units of Ah that can
be drawn from the battery:

Qan = J, I(t) - dt (2.12)
The energy contained in an electrochemical system is the integral of the voltage multi-
plied by the charge capacity:

Energy = [ Edq (2.13)



16

where E is the output voltage, which is a function of the SOC, the load/charge current
and some kinetic parameters and q is the amount of electric charge that can be supplied
to the external circuit.

Getting to know the maximum capacity that can be stored in the battery is essential to
its good characterization and yet this is not very easy to achieve as the capacity is a
function of many parameters, such as temperature, battery health, battery age, etc. [24]

2.2.5 Battery ageing

Battery ageing is the phenomenon which causes the capacity of the battery to reduce
most and the internal resistance to increase. Battery ageing is a complex process and it
is influenced by many external parameters. The reminder of this section discusses only
the most basic points of battery ageing.

One of the major causes of battery ageing in lead-acid batteries is sulphatation.
Sulphatation takes place when a battery is kept in a state of low charge for a long time.
This causes the lead sulphate, present in the electrodes to form crystals which sink to the
bottom of the battery. This process is very difficult to reverse and reduces the concen-
tration of the electrolyte. This concentration affects negatively the voltage and capacity
of the battery.

Another phenomenon of battery ageing is corrosion of the electrodes, which
increases the internal electric resistance of the battery. Together with corrosion, crystals
will be formed on the electrodes, which reduces the battery capacity and reduces the
active surface. [14]

Overcharging is a third major cause for capacity reduction. In the case of liquid
batteries, gasification may take place. Overcharging means that there is no more lead
sulphate on the electrodes to react, as they have already turned into lead or lead oxide.
Hydrogen and Oxygen are produced in the positive and negative electrode, respectively.
In traditional batteries, these gases leave the battery, causing loss of electrolyte. [14]
Due to this phenomenon, batteries may not be suitable for use in closed environments
such as mines.

Finally there is a fourth cause for capacity reduction, called ‘Memory effect’.
This is not exactly a battery ageing phenomenon, but it can severely reduce capacity. It
occurs with nickel-cadmium (Ni-Cd) or nickel-hydride (Ni-MH) batteries when they are
partially discharged followed by a charge. By performing this action, some crystals will
remain on the cell plate and new crystals will start growing on existing crystals that are
already present. Repeating this process will cause the crystals to grow, with the ensuing
loss of electrolyte. Hence, the capacity of the battery will drop.

You can find more information about modelling the battery ageing effect in [25].
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2.3 Lithium-ion batteries

Since Lithium-ion (Li-ion) batteries were developed, their capacity has almost treble, as
indicated in Figure 2. 9. You can find more information about this topic in [4].
Graphite
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Figure 2. 9. Capacity increase resulting from changes in materials and charging proto-
col [4]

The higher energy storage capability is a key characteristic of the Li-ion battery system

compared to the conventional battery systems. For a given cell size of the Li-ion system,
this yields a higher energy density and a higher specific energy. [26] This fact is illus-

trated in Figure 2. 10.
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Figure 2. 10. Energy density (Wh/l) and specific energy (Wh/kg) for the major small-
sealed rechargeable battery systems [4]
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Besides the properties of the Li-ion battery systems, discussed in the previous para-
graph, there are also some other trade-offs of Li-ion batteries compared to other sys-
tems. They are summarised in Table 2. 2.

Table 2. 2. Advantages and disadvantages of Li-ion and Li-ion polymer rechargeable
cells [4]

Advantages of Li-ion Disadvantages of Li-ion
e Chemistry with the highest energy e Requires protection circuitry for
density (Wh/kg) safety and to prevent overcharge
and overdischarge
e No memory effect e Relatively expensive
e Good cycle life e Nominal 3h charge
e High energy efficiency e Thermal runaway concerns

e Good high-rate capability

Added advantages and disadvantages of Li-ion polymer/laminate cells

e Flexible footprint e Limited high rate capability
e Plasticised electrolyte e Poor low-temperature performance
¢ Internal bonding of anode, cathode e More expensive

and separator

2.3.1 Principle

In a Li-ion cell, both electrodes consist of graphite or other carbon materials. These ma-
terials can absorb and emit lithium easily over many cycles. Using a carbon anode, sig-
nificantly improves the safety, charge rate and ability to recharge many times, but it has
the disadvantage of a higher self-discharge rate.[27, 28]

The charging and discharging processes of Li-ion batteries are performed through the
transport of Li*-ions between the anode and cathode. With each ion, there is an electron
exchange as a result of doping (when an ion is added) or undoping (extraction). The
reactions in this system are quite simple because only Li*-ions participate in the reac-
tions. For more information about these processes, read [29, 30].

2.3.2 Electrical charge/discharge model (Simulink)

The library of Matlab/Simulink offers a Li-ion battery model. The output voltage of the
battery is given by the following equations:



19

Discharge: Viare = Eo — R -1 — K%- (it +i*) +A-eBit (2.14)
. . L% Q . B

Charge: Veart =Eo — R i — Kit—O.l-Q it = Kﬂ' it+A-e B (2.15)

where

Vgatt = battery voltage (V)

Eo = battery constant voltage (V)

K = polarisation constant (V/(Ah)) or polarisation resistance (2)
Q = battery capacity (Ah)

it = [idt = actual battery charge (Ah)

A = exponential zone amplitude (V)

B = exponential zone time constant inverse (Ah)™

R = internal resistance (£2)

i = battery current (A)

i = filtered current (A)

The designers of this model [10] have made some key assumptions that limit the useful-
ness of the battery model. Possible improvements to this model could be made to make
the assumptions more realistic.

Model assumptions:

The internal resistance of the battery is independent of the SOC, current or bat-
tery health. It is kept constant during the charge and discharge cycles.

The model’s parameters are assumed to be the same for the charging and dis-
charging cycles.

The temperature has no influence on the model’s behaviour.

The battery has no memory effect.

The amplitude of the current has no influence on the capacity of the battery.

The self-discharge rate is assumed to be nil.

Model limitations:

The minimum open-circuit battery voltage is 0 and the maximum battery voltage
is 2-Eq.

The minimum capacity is 0 and the maximum capacity is Q. Therefore the ca-
pacity cannot be greater than Q, even if the battery is overcharged.



20

3 POWER CONVERTERS

Power converters are at the heart of the storage system since they are responsible for
controlling the power flow and voltages in the BESS system. The BESS technology
employs two power converters, a DC-DC converter and a Pulse-Width Modulated in-
verter. The former controls the active power flow between the battery and the grid as
well as the DC voltage, whereas the latter controls the reactive power injection in order
to stabilise the three phase voltage.

3.1 DC-DC converters

DC-DC converters have the purpose to control the average DC output voltage at the
desired level in the presence of a fluctuating output load and voltage. Switch-mode DC-
DC converters use one or more controlled switches. The control signal of the switches is
a pulse train. By changing the pulse width, the average output voltage is kept at the de-
sired level. One of the methods available for controlling the output voltage is switching
at a constant frequency. This method is called “Pulse Width Modulation” (PWM) and
the time the switch is on, is termed “5*. [31, 32]

3.1.1 Principles of Pulse Width Modulation

The generated pulse train, which is a saw tooth signal, compared to a reference value, is
shown in Figure 3. 1. When the reference value is either higher or lower than the instan-
taneous value of the saw tooth, the output is 1 or 0, respectively. The switch is closed
when the output is 1. The switching frequency is controlled by the saw tooth signal and
the pulse width is controlled by the reference signal.



21

Amplitude
1 Saw tooth
Reference
I
|
|
|
|
I
T : | Time (s)
« 6T ,: :
! I
| I
| |
l :
1 |
Time (s)

Figure 3. 1. Principles of PWM

3.1.2 Unidirectional vs. Bidirectional converters

Unidirectional converters can only transfer power in one direction. The diode rectifier is
an example of this principle. The rectification process converts the current from an AC
supply source to a DC form before being supplied to a load. The power can only go
from the AC side to the DC side. Other examples are rectifiers consisting of power tran-
sistors or thyristors. Possible applications of rectifiers are battery chargers and DC pow-
er supplies [33, 34]. The circuit of a three-phase diode rectifier is shown in Figure 3. 2.

+
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Figure 3. 2. Three-phase diode rectifier [35]

Bidirectional converters have the option of transferring power in both directions. Bidi-
rectional converters use bidirectional switches or multiple unidirectional switches. An
example of a bidirectional converter is the bidirectional buck converter. The principles
of the buck converter are explained in the section below.
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Figure 3. 3. Bidirectional buck converter [36]

In this figure, switch S; controls the power flow going from V; to V,. Switch S, con-
trols the power flow going from V; to V1. Notice that this configuration does not allow
to close S; and S, at the same time as this would short circuit capacitor C4, producing
terminal damage to the switches and capacitors.

3.1.3 Buck converter

The buck (or Step-Down) converter transforms an input voltage V; into an output volt-
age V2 which is lower than the input voltage. The basic circuit of the buck converter is
shown in Figure 3. 4., where V; is the input voltage and V;, is the output voltage.

L
by S YA -+
I
Vs, T~ C; ZXDl C2;< V,<V,;

Figure 3. 4. Unidirectional buck converter [37]

The converter in the BESS is used in the continuous mode, which means that the current
through the inductance L never drops to zero. Therefore, only the continuous mode will
be detailed in this section. More information about the discontinuous mode and the in-
fluence of the switches on the controls can be found in [31].

In the continuous mode, there are two sub-modes: the switch is closed or the switch is
opened. When the switch is closed and opened, respectively, the circuit diagram is sim-
plified to the representations shown in Figure 3. 5 (a) and (b).
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Figure 3. 5. Operating modes of buck converter: (a) switch opened, (b) switch closed

During the time 6-T (closed), the switch conducts the inductor current i.. As V1 is larger
than V,, the current i, increases, governed by equation (3.1):

diy,
dt

UL=V1—V2=L >O (31)
During the time period (1- 8) T (opened), the current i, will not come to zero due to the
energy stored in the inductor. The current now flows through diode D;. The current i is
now governed by equation (3.2) and will therefore decrease:

v, =0-V, =Lt <0 (3.2)

Considering equation (3.1) and (3.2) together and assuming that the capacitor C; is very
big, the output voltage will have the waveforms shown in Figure 3. 6.

Pulse train

Vi S

! . | | : Time (s)

&T
Figure 3. 6. Waveforms in the buck converter

The converter is assumed to operate in periodic steady-state. This means that the abso-
lute value of the change in current during 6-T is the same as the absolute value of the
change during (1- 6) -T:

Ai+="1L;"2-5-T (3.3)

Aim =2 (1-8)T (3.4)
|Ai*| = |Ai™| (3.5)
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Combining equations (3.3), (3.4) and (3.5) yields,
172 = 6 " 171 (36)

Equation (3.6) shows that the output voltage v- is easily controllable by changing the
pulse width. The output voltage is independent of the load. [31, 38, 39]

3.1.4 Buck-boost converter

The principle of a buck-boost converter is similar to that of a buck converter. The main
difference is that a buck-boost converter can make the output voltage larger or smaller
than the input voltage. Figure 3. 7. shows the circuit diagram of a buck-boost converter.
Note that the output voltage has a negative polarity with respect to the input voltage.
[31]

D1
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Figure 3. 7. Unidirectional buck-boost converter [31]

While the switch is closed, the current through the inductor increases as the voltage over
the inductor is larger than 0:

diy,

When the switch is opened, the current through the inductor does not extinguish due to
the energy stored in the inductor. Meanwhile the current through the inductor will de-
crease as the voltage over the inductor is negative:

v, =—V, =L <0 (3.8)
The two different operating modes of this converter (switch is opened/closed) are shown
in Figure 3. 8. [31, 38]

& - - + - o -
* . L=< L
Vi - 2L - - 2 -

Cl 5 ; Cz C1 : B) Cz
N vy 1, N Ly

(a) (b)
Figure 3. 8. Operating modes of the buck-boost converter: (a) switch opened, (b) switch
closed
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The converter is assumed to perform in the periodic steady-state. Note that the absolute
value of the change in current through the inductor is the same when the switch is
closed or opened:

Ai+=%-5-T (3.9)
Ai~ = ‘T”Z (1=8)"T (3.10)
|Ai*] = |Ai| (3.11)

Combining equations (3.9), (3.10) and (3.11) yields,

1)
Vy, = Vg B (312)

The buck-boost converter can work as a boost (step-up) converter or as a buck (step-
down) converter, depending on the value of &:

Buck: 0 <6 <£0.5
Boost: 0.5 <6 <1

3.1.5 Cuk converter

The cuk may be seen as an improved version of the buck-boost converter. Hence, it can
also produce an output voltage that is either higher or lower than the input voltage and
the output voltage has a negative polarity with respect to the input voltage. The circuit
diagram of the cuk converter is shown in Figure 3. 9.

The basic function of the capacitor C; is to store and transfer the energy from the input
to the output of the converter. Similarly to the buck-boost converter, the relationship
between the input and the output voltages are governed by equation (3.12).

G
* s

c{sl Dy o~ V2

Ay
/10

Figure 3. 9. Unidirectional cuk converter

A great advantage of the cuk converter lies on the form of its input and output currents.
In the case of a buck-boost converter these currents are highly discontinuous. The cuk
converter on the other hand, has a reasonably continuous current profile. This leads to
lower external filtering needs.
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A significant disadvantage is the need for a larger capacitor C, to keep the voltage V¢,
nearly constant even though it stores and transfers energy from the input to the output.
The circuit is also more complicated than the circuit of the buck-boost converter. [31,
38, 39]

3.2 PWM- Controlled Voltage Source Inverter

In order to exchange power between the BESS and the grid a voltage source converter
(VSC) is needed. Its primary function is to convert the DC voltage at the output of the
DC-DC converter into a three-phase AC voltage. [35] This section addresses PWM-
controlled Voltage Source Inverters (VSI). For more information about Current Source
Inverters (CSI) and other inverters, the following references [35, 38, 40] are recom-
mended.

3.2.1 Circuit diagram of a single-phase full-bridge inverter

A single-phase full-bridge inverter is shown in Figure 3. 10. This inverter comprises
two one-leg inverters, which makes it suitable for operation in either unipolar or bipolar
switching mode. This is the topic of discussion in the thesis. For cases of half-bridge
inverters, the following reference [31] is recommended.
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2| ——
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Figure 3. 10. Single-phase full-bridge inverter

The control signals of the switches are realized by a PWM generator. The PWM signal
has two main parameters: the frequency modulation ratio ms and the amplitude modula-
tion ratio m,. They are defined in equations (3.13) and (3.14)

m, = Leontrol (3.13)
Vtriangle
mf — fswitching (314)

f
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where V.,...ro; IS the peak amplitude of the control signal and Vtﬁangle is the amplitude
of the triangular signal, which is generally kept constant.

The frequency modulation is calculated as the ratio of the switching frequency
fswitcning @nd the fundamental frequency of the AC system, f;. The former is basically
the frequency with which the inverter switches are switched. An alternative name for
the switching frequency is “carrier frequency”. [35]

3.2.2 Harmonic content of the AC-voltage

The harmonic content of the AC-voltage depends on the amplitude and frequency mod-
ulation. The use of higher switching frequencies has the significant advantage of filter-
ing harmonic voltages with relative ease. On the other hand, the switching losses in the
inverter switches increase rapidly with the increases in the switching frequency fs.

The influence of the amplitude modulation on the harmonic content is divided into two
areas, depending on whether m, is larger or smaller than 1.

e Amplitude modulation m, < 1.0

The harmonic spectrum of the output voltage is shown in Figure 3. 11. The har-
monics appear as sidebands around the switching frequency and its multiples. In
the linear range, the magnitude of the harmonics is independent of m¢. However,
it is very important to choose m; as an odd integer because this results in a har-
monic spectrum with odd symmetry as well as in a half-wave symmetry:

f(=0) = =f(®)
f@©) = =f(t+3T1)

This kind of symmetry has the advantage that the waveform has a harmonic
spectrum with no even harmonics. When unipolar switching is performed, the
harmonics at the switching frequency and its odd multiples are cancelled out, as
presented in Figure 3. 12.
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Figure 3. 11. Bipolar switching: Harmonics of f; (m, = 0.8, m; = 15) [31]
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Figure 3. 12. Unipolar switching: Harmonics of f; (m, = 0.8, m¢ = 15) [31]

e Overmodulation (m, > 1.0)

Increasing the amplitude modulation beyond 1.0 is termed “overmodulation”.
Overmodulation has the advantage that the output voltage can be amplified with
respect to the input voltage. However, a major drawback is that the output volt-
age contains all odd harmonics. The harmonic spectrum of the output voltage is
shown in Figure 3. 13.
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Figure 3. 13. Harmonics due to overmodulation (m, = 2.5, m; = 15) [31]

Another drawback of overmodulation is that the magnitude of the fundamental compo-
nent is not linearly varying with the amplitude modulation ratio as shown in Figure 3.
14 and, hence, it becomes more difficult to control. At sufficiently large values of m,,
the output voltage turns into a square wave signal. This is the highest attainable output
voltage. [31]
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Figure 3. 14. Voltage control by varying m, [31]



30

Bipolar switching in a full-bridge inverter results in the same output voltage waveform
0.2

as in the half-bridge inverter. In the former case, the diagonally opposite switches (Ta",
Tg) and (Ta,, Tg") are switching at the same time. The voltage output of inverter leg A

is the negative of the voltage output of inverter leg B.
The control signal, triangular signal and the output voltage together with its fundamen-

tal frequency waveform are shown in Figure 3. 15. [31] In these example figures, m¢

3.2.3 Bipolar switching (single-phase)
equals 15.
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Figure 3. 15. PWM with bipolar voltage switching [31]
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The output voltage corresponds to the following equations:
Vout = Vdc for VUcontrol > vtriangle (3-15)

Vout = _Vdc for VUcontrol < vtriangle (316)

The peak value of the fundamental-frequency component can be obtained from equa-
tions (3.17) and (3.18):

~

Vour1 = mgVy (ma<1.0) (3.17)
Va < Voun <=Va (ma>10) (3.18)

3.2.4 Unipolar switching (single-phase)

Unipolar switching controls the four switches of leg A and B independently by compar-
ING Viriangle T0 Veontrol @Nd Viriangle 10 -Veontrol. Refer to Figure 3. 10 for illustration of a full-
bridge inverter.

Comparing Viriangle 10 Veontrol results in the following control signals for leg A:

. + —
Veontrol > Vitriangle - TA on and VaN = Vd (3-19)
Veontrol < Vtriangle : TA_ on and VAN = 0 (3-20)

Comparing Viriangle 10 -Veontrol results in the following control signals for leg B:

. + —
~Veontrol > Viriangle - T8~ 0N and ven = Vg (3.22)
~Veontrol < Viriangle - Ts 0N and vgy =0 (3.22)

These signals are shown in Figure 3. 16.

The feedback diodes in antiparallel with the switches have the important role to make
the foregoing voltages independent of the direction of the load current.
For example, when T, and Tg" are closed at the same time, the output voltage is 0.
Depending on the direction of the current, it flows through different switches and di-
odes:

A —>B: Ta"and Dg*

B — A: Tg" and D" (3.23)

This type of switching is called unipolar as the output voltage changes between V4 and
0 or —Vq and 0. Conversely, with bipolar switching, the output voltages change between
Vg and V. [31]
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Figure 3. 16. PWM with unipolar voltage switching (single phase) [31]
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The unipolar switching has two major advantages over the bipolar switching:

e The switching frequency is “effectively” doubled, so the first harmonics will ap-
pear in the sideband of 2m;, which means that the harmonics are easier to filter
out. The harmonic spectrum shown in Figure 3. 12 (unipolar) is of a higher qual-
ity than the spectrum of Figure 3. 11 (bipolar).

e The output voltage changes are reduced to V. In the case of bipolar switching,
the voltage changes are 2Vg.

3.2.5 Circuit diagram of a three-phase inverter (6 switches)

The most frequently used three-phase inverter circuit consists of three legs as shown in
Figure 3. 17. The AC output voltage of each leg only depends on the DC voltage and
the time the switches are closed. When we assume the switches to be ideal (no transient
between opening or closing of the switch and no internal resistance) the output voltage
is independent of the direction of the load current. The output AC voltage is also inde-
pendent of the magnitude of the load current as one of the two switches in a leg is al-
ways closed at any instant. [31]
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Figure 3. 17. Three phase inverter [31]

3.2.6 Control signals and PWM

The switches are controlled as if the converter consisted of three half-bridge inverters.
The three control signals are 120° out of phase, as shown in Figure 3. 18.
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Figure 3. 18. Three-phase PWM waveforms [31]
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The average dc components in the output of each leg (van, Van, Ven) are equal. These
DC components are cancelled out in the line-to-line voltage. Only the harmonics in the
line-to-line voltage are of concern.

Also, the phase difference of the harmonic m¢ (and its multiples) in the output voltages
of each leg is m; - 120°. This means that if m; is an odd integer and a multiple of three,

the harmonic mz is suppressed in the line-to-line voltage. This is illustrated in Figure 3.
19.
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Figure 3. 19. Harmonic spectrum of a three-phase PWM (m, = 0.8, m; = 15) [31]

3.2.7 Output voltage modulation

Similar to the single-phase bridge, the output voltage of the three-phase bridge is modu-
lated with m,. The peak value of the fundamental component in the output voltage van
equals:

(Van)s = mg -2 (3.24)

The RMS value of the line-to-line voltage at the fundamental frequency can be written
as

V3,5 V3
Vi1 = NG Van)1 = ﬁmavd (Ma<1.0) (3.25)
By <v,, <%y (M, > 1.0) (3.26)
2\/7 d LL1 = T d a . .
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3.2.8 Circuit diagram of a three-phase inverter (12 switches)

An alternative three-phase inverter design consists of three full-bridge inverters, as
shown in Figure 3. 20. The advantages of this configuration are a higher output voltage
and a better harmonic spectrum. However, it exhibits the following drawbacks which
have prevented its widespread adoption:
e It employs 12 switches instead of 6 switches.
e It requires a three-phase output transformer with six primary terminals or a sepa-
rate access for each one of the two three phases.
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A 0 l ‘ .
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]
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Figure 3. 20. Three-phase inverter with three full-bridge inverters

This set-up gives the possibility to switch from unipolar to bipolar switching and vice
versa. When bipolar switching is performed, the results will be similar to the results
presented in section 3.2.5. On the other hand when unipolar switching is used the con-
trol signals are similar to the signals of the single-phase unipolar controlled inverter, as
shown in Figure 3. 21.
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Figure 3. 21. Control signals for unipolar three-phase inverter
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This switching scheme results in the line-to-line voltage shown in Figure 3. 22.
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Figure 3. 22. Line-to-line voltage

The switching frequency has, compared to the switching frequency in Figure 3.
19Figure 3. 18, effectively doubled. This results in a much better harmonic spectrum, as
illustrated in Figure 3. 23.
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Figure 3. 23. Harmonic spectrum of a three-phase PWM (m,; = 0.8, m; = 15)
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3.2.9 A 48-pulse converter

The DC-AC converter which has been used as part of the BESS implemented in this
thesis, is a 48-pulse converter. This converter comprises four 12- pulse full-bridge con-
verters. The output voltage of the four converters is - each time - phase-shifted by 7.5
degrees, which results in a rather clean output voltage and current at the terminals of the
BESS. Employing this configuration reduces the complexity of the BESS since no fil-
ters are required. The line current and the phase-to-phase voltage of the converter are
presented below. For more information about this 48-pulse converter, read [41].

Current 48-pulse converter
T T T T

200 | ! .

1 (A)

_20 | | | | | | | | |
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Time (s)

Figure 3. 24. Line current of a 48-Pulse Converter
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Figure 3. 25. Phase-to-phase voltage of a 48-Pulse Converter
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4  BATTERY ENERGY STORAGE SYSTEM

4.1 Introduction

As the deployment of PV and wind generators within the Nordic countries gathers mo-
mentum, there is growing interest in searching for measures to ameliorate the problems
brought about by intermittent generation. For instance, the MW-level application of
battery energy storage systems is a relatively new application on the mitigation of fre-
guency excursions but reports on operational experience in existing installations, is ra-
ther encouraging — this has been the case in the Chilean power grid [7] and in California
[8]. Nevertheless, the issue of frequency oscillations mitigation still requires a deeper
understanding and the voltage control and back-up power applications of BESS remain
two crucial areas of research worth investigating because they have the potential to
bring about added value to technology deployment. The latter is particularly relevant to
distribution systems since it has the potential to turn an active distribution network with
renewable generation into a self-reliant network, along the spirit of the Smart Grids phi-
losophy.

Amongst the enabling technologies that make up the Smart Grids drive, energy storage
is perhaps the element that until quite recently, it was less well developed. This situation
has changed quite substantially over the past few years, with Battery Energy Storage
Systems (BESS) becoming a realistic proposition with the availability of reliable and
affordable Li-ion batteries — refer to Figure 1.4 for some comparative figures. The
BESS’s power electronic converters may be as simple as a standard boost converter and
a two-level voltage source converter, even though it is anticipated that in future the
VSCs employed in BESSs will be of the modular, multi-level kind, with or with no in-
terfacing transformers. The BESS model developed in this research comprises a realistic
model of a Li-ion battery pack, a DC-DC converter of the Cuk type and an x-level VSC,
which connects to a point of the AC power grid through an interfacing transformer.

4.2 The model

The BESS model developed in this work and aimed at two different applications is car-
ried out in Matlab/Simulink. The BESS basic structure is presented in Figure 4. 1.
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Figure 4. 1. Battery Energy Storage System

This diagram contains three major parts:
e Battery pack: Storage
e DC-DC Converter: Active power control
¢ Voltage Source Converter: Reactive power control
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Figure 4. 2. Connection diagram of the BESS in Matlab

These three parts are implemented in Matlab to carry out the simulations with which to
assess the impact of the BESS on the power grid. The model implemented in Matlab is
presented in Figure 4. 2.

The DC-DC converter has been built, as shown in Figure 4. 3. It is a bidirectional cuk-
converter. The parameters of this converter are:

C1 =750 pF C, = 2000 pF C3 = 7500 pF
L; =25puH L, =20 puH

Capacitors C, and C3 have been selected to be of large enough capacity. Capacitor C;
has an important influence on the output voltage ripple of the DC-DC converter. This
ripple needs to be as small as possible. Capacitor C, needs to have a large capacity to
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keep the voltage between the switches constant even as it transfers power between the
batteries and the VSC.

PWM 81

L1 )

O
1l
S1 S2
Viatt C1% _{ﬁ —ié TC3 Vout
| [

PWM S2
Figure 4. 3. DC-DC Converter BESS

A STATCOM injects/draws reactive power by directly or indirectly controlling the out-
put voltage of the inverter. It is well understood that when the output voltage of the in-
verter is higher than the grid voltage, reactive power flows from the STATCOM to the
grid. The opposite occurs when the inverter output voltage is lower than the grid volt-
age. The presence of the capacitor on the DC side reduces the voltage ripple on the DC
side of the inverter. The main goal of the VSC in the applications of this thesis is to con-
trol the AC voltage. [40, 42] The VSC in this BESS implementation is based on an ex-
isting VSC model available in the Simulink Examples library (power_statcom_gto48p).
When the VSC model is used as a STATCOM, it is set to regulate the DC voltage to
indirectly control the output voltage of the inverter and with it the reactive power flow.
However, in the BESS application, the DC voltage is tightly controlled by the cik con-
verter and this option is no longer available for reactive power control. In such a case
the VSC model internally changes the control mode to current control mode and it is by
this means that the BESS exerts reactive power control. For more information about this
VSC model, read [41].

The storage system can exchange active power with the grid. In order to control active
power flow between the storage system and the grid, the duty cycles of the switches in
the DC-DC converter are adjusted. Switch S; controls the power drawn from the battery
and switch S, controls the power injected into the battery. Of course, the switches can
never be closed at the same time. The switches also control the terminal voltage of the
battery. When the terminal voltage is higher or lower than the internal voltage of the
battery, the converter injects or draws power from the battery, respectively. The power
flow control of the DC-DC converter exerts control in two different ways:

e Frequency control mode: this will be used in the case of the transmission system
application.
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e Active power flow control mode: this will be used in the case of the active dis-
tribution system.

Controller Cuk
The control system of the DC-DC converter is split into three major stages:

e Determination of the operating mode and impact of the BESS

e Calculation of the target output voltage

e Calculation of the duty cycles 6; and d.
In the first stage, the error is calculated by comparing the actual frequency (or active
power flow) with respect to a target value, with the impact of the BESS being propor-
tional to the error incurred. If the error is lower than a pre-defined threshold, the impact
of the BESS is kept to zero. This is to prevent the batteries from constantly charging and
discharging at an unhealthy rate and in quite an unnecessary manner.

In the second stage, the target output voltage is calculated. When performing simula-
tions, the initial status of the system is its steady-state. The BESS is initialised in such a
way that this status is not perturbed. If frequency changes take place in the system, the
target output voltage will be adjusted, according to the following relationship:

Vout = Vinie + k- (fref — factuat) (4.1)

where frer and focuar Stand for the target frequency and the actual frequency, respectively.
For frequencies lower or higher than the target frequency, k takes positive or negative
values to control 6; and &, respectively. The value of k is a function of the rated power
of the BESS; in this work for a BESS of 22 MW, the value of k has been taken as 2000.
Note that the frequency is expressed in p.u.

In the third stage the duty cycles 6, and 6, are calculated and these values are trans-
formed into a PWM signal. The value of ¢ is calculated using equation (4.2)

5, = —22n _ withn=1or2 (4.2)

VbatttVoutn

4.3  Primary frequency regulation

As it is well-known, synchronous generators regulate frequency by adjusting the amount
of power being injected into the system. When a load change takes place, the generator
reacts to this change with ensuing changes in frequency. In the case of a load increment,
the electrical power delivered by the generator will exceed the mechanical power deliv-
ered by the turbine. This difference in power will be made up by the rotating mass (iner-
tia) of the generator [43, 44]. Hence, the generator will slow down as its kinetic energy
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decreases. The Load Frequency Control (LFC) will regulate the power delivered by the
turbine by changing the statism of the controller. [45]

The relationship between the power and the frequency is expressed by equation (4.3):
Rgen_Poz_P?R'Af (4.3)

where Pgen Stands for the power generated following the disturbance,
Po stands for the power generated before the disturbance,

Pr stands for the nominal generated power,

R = % stands for the statism of the generator and

Af =T - f, stands for the change in frequency caused by the change in load.
The statism of the generator is adjusted in order to return to the nominal frequency [45].
This regulation is shown in Figure 4. 4.

f [Hz]
A

~ Rs
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—_ R,

; : > P[W]
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Figure 4. 4. Speed-changer settings [45]

It is interesting to notice that the BESS observes similar operating characteristics as the
synchronous generator but it has no rotating parts. However, the lack of rotating parts in
a battery results in a much quicker speed of response of the BESS compared to a syn-
chronous generator. The ability of the BESS to provide frequency regulation is present-
ed in this thesis in chapter 5.

The energy stored in the battery has the characteristics of inertia by acting as a stored
Kinetic energy. The State of Charge (SOC) of the battery will decrease when the load
exceeds the power delivered by the synchronous generators in the system.

To further emphasize the operational resemblance between the BESS and the synchro-
nous generator, an analogy between a BESS and a hydro power generator is presented
in Figure 4. 5. The governor controls the inlet of water into the turbine (with the reser-
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voir being discharged) and the duty cycle controller controls the rate of discharge of the
battery. Note that the case of battery charging in this analogy would correspond to the
case of hydro pumped storage. The AC Voltage controller is in both cases, a regulated
gain.

With reference to Figure 4. 5, the following analogies exist at the output of the Reser-
voir and Battery blocks: the volumetric flow rate Q is akin to current | and pressure P is
akin to voltage. Likewise, at the output of the Turbine and DC-DC Converter blocks:
torque and speed are akin to power and voltage, respectively.

Volumetric flow rate Q

at Torque at Power at
Reservoir Pressure P - Speed S Voltage V¢
; > Turbine > (Generator
(watercapacity)
L v oltage
Controller
Reference Reference
Speed Voltage
Current [
at Power at Power at
Battery Voltage Vpc DC-DC Voltage Vpc VSC Voltage Vac
(chemicals) Converter
31, 62L Duty Cycle mﬂL AC Voltage
. Reference
Ref
elerence AC Voltage

DC Voltage
Figure 4. 5. Comparison between hydraulic energy storage and BESS

4.4  Potential applications in power grids

Two possible applications of BESS in electrical power systems are addressed in this
thesis. The BESS is capable of injecting or drawing active power at key points of the
grid. The first application is in the realm of high-voltage transmission systems by using
the test power network given by Prahba Kundur [46]. Two changes in the load around
the nominal, are assumed to take place. The impact of the BESS on the synchronous
generators’ frequency is investigated.

The second application of the BESS pursued in this thesis is related to power flow im-
provement in an active distribution system which contains distributed generation in the
form of windmills. Five windmills are placed at different points of the distribution sys-
tem. It is shown that a BESS placed at the PCC has the potential for “decoupling” a
large part of the active grid from the distribution utility company, in terms of both active
and reactive power.
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5  SIMULATION RESULTS

Potential applications of the BESS technology are just beginning to emerge. In this
chapter the results of two such applications are presented, namely, frequency support in
a high-voltage transmission system and a network decoupling scheme in an active dis-
tribution system. In the former application, the high-voltage transmission system devel-
oped by Prahba Kundur (Figure 5. 1), is used for testing the feasibility of the BESS.
Two situations are being observed:

e The load at bus 7 is increased by 50MW

e The load at bus 7 is decreased by 50MW

In the realm of active distribution with wind generation, the goal is to store the energy
produced by the wind generators in the BESS when the load is lower than production
and to make the stored energy available when the opposite situation occurs. As a sepa-
rate test case, a BESS is assumed connected at a point of common coupling and the self-
sufficiency of a portion of the active distribution network is investigated.

5.1 High Voltage Transmission System

The transmission power grid used to test the impact of the BESS can be found in [46].
This grid comprises two areas, linked by a double circuit transmission line. In order to
show the prowess of the BESS, the original system has been slightly modified; the ac-
tive power drawn by the load connected to node 7 has been increased/decreased and the
BESS is connected at node 6 through a 230/150kV transformer.

G1 1 5 6 7 8 9 10 11 3 G3
25km | 10km 110km , 110km 10km | 25km | |
——O— | | —o——)
e <f)
e L;I ILq
&
2 12 4
G2 G4

Figure 5. 1. A simple two-area system [46]

Each area comprises two synchronous generators each rated at 900 MVA and 20kV.
The parameters of these generators are given in Table 5. 1. They are in per unit on the
rated MV A base and kV base.
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Table 5. 1. Parameters synchronous generators [46]

X4=1.8 Xq=17 X =0.2 Tgo’ =8.0s T =04s
Xq¢=0.3 Xq =0.55 R, = 0.0025 Tgo” =0.03s Tw”=0.05s
Xq”=0.25 Xq?=0.25 WY1 =0.9 H = 6.5 (for G1 and G2)

Asy = 0.015 Bsat = 9.6 Kp=0 H = 1.8 (for G3 and G4)

The step-up transformers have an impedance of 0+0.15j per unit on a 900 MVA base
and a 20/230 kV base. Their off-nominal tap ratio is 1.0.

The transmission system nominal voltage is 230 kV. The parameters of the lines in per
unit, on 100 MVA, 230 kV base, are:

r=0.0001 p.u/km  x_=0.001p.u/km bc=0.00175 p.u./km

The synchronous generators are loaded as follows:

Gl: P=700 MW, Q =161 MVAr
G2: P =502 MW, Q =266 MVAr
G3: P=719 MW, Q =134 MVAr
G4: P =700 MW, Q =209 MVAr

The loads in buses 7 and 9 are as follows:

Bus 7: PL=967 MW, QL =350 MVAr
Bus 9: PL=1767 MW, QL =100 MVAr

The shunt capacitive compensation at the same buses are as follows:
Bus 7: Qc =200 MVAr
Bus 9: Qc =350 MVAr

Additional modifications to the original system

The shunt capacitors supply reactive power to provide voltage support. These parame-
ters are also adjusted to reflect changes in the load to ensure a working system. For ex-
ample, when the load increases, the injected reactive power of the shunt capacitors is
also increased to ensure that the system remains stable.
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5.1.1 Increment of load in bus 7, by 50 MW

Frequency regulation

The key point in this application is frequency regulation improvement using the BESS.
The load is increased by 50 MW after two seconds of simulation. The effect of adding
this load with and with no BESS is contrasted by comparing Figure 5. 2 to Figure 5. 3
and Figure 5. 4. The frequency of the generator, which cannot change instantly because
of the inertia of the generator, is shown in these figures. It is noticed that the frequency
takes about 13 seconds to reach its lowest point. With no BESS the frequency drops to
0.9845 p.u. (Figure 5. 2) and with a 22 MW BESS, it only drops to 0.9886 p.u. (Figure
5. 3) As expected, the frequency drop also reduces,

(1 — 0.9845) — (1 — 0.9886)
(1 — 0.9845)

x 100 = 26.45%

Further to the action of the BESS, the synchronous generator frequency regulator also
influences the system frequency. The frequency returns to its reference value of 1.0 p.u.
by adjusting the power contributed by the turbine. It follows that the frequency rises
again. After about 34.5 seconds the frequency reaches the reference value, but with no
BESS, the frequency exhibits a marked overshoot. At this point, the impact of the BESS
is of paramount importance; it damps the frequency oscillations very effectively. More
specifically, with no BESS, the frequency keeps rising until it reaches 1.0023 p.u. and
with the BESS in place it limits the overshoot to 0.01%.

The rated power of the BESS (22 MW) is similar to the state-of-the-art BESS installa-
tions in California and Chile. At this point in the thesis and purely for theoretical rea-
sons, the contribution of an 80 MW BESS is explored and a preliminary result is pre-
sented in Figure 5. 4. It is quite encouraging to observe that the frequency drop is much
smaller and the ensuing frequency oscillations are effectively cancelled out.

The BESS’s contribution to ameliorate frequency deviations from the nominal, termed
impact in this work, is presented in Figure 5. 6. During the most severe part of the fre-
quency drop, the BESS’s impact is maximum. The impact is proportional to the devia-
tion of the frequency with respect to the reference value. It is observed in Figure 5. 6
that the impact of the BESS decreases a great deal after the generator has reached its
nominal value, after 36 seconds, with its action directed at cancelling out the ensuing
frequency oscillations.

Voltage regulation

Figure 5. 7 shows the RMS voltage at node 6 with and with no BESS. When the change
in load occurs, the voltage tends to rise slightly in this case (normally the voltage would
drop because of load increases), but the increased voltage support of the shunt capaci-
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tors at node 7 prevails. The RMS voltage in the case study with BESS observes a simi-
lar behaviour (not shown). When the rotor speed departs from the reference value, some
ripple is visible in the RMS voltage at the BESS terminals (Figure 5. 8). Quite apart
from the presence of the ripple, the voltage remains with little change, even at the point
of load change. The BESS voltage is mostly a scaled down reflection of the voltage at
node 6, except for three small dents in the latter part of the simulation, as shown in Fig-
ure 5. 8. The small dents seem to correspond to instant in time when the BESS absorbs
reactive power from the network for short periods of time (Figure 5. 10).

Active and reactive power flow of the BESS

The active power and reactive power injected by the BESS are shown in Figure 5. 9 and
Figure 5. 10, respectively. After the load is increased, the outgoing power increases
very rapidly. It takes about two seconds to reach its nominal value of 22MW, as shown
in Figure 5. 9. When the frequency oscillates around the reference value (Figure 5. 5) at
around 38s, 45s and 53s, the active power changes direction very quickly (Figure 5. 9).
In two instances the BESS draws small amounts of active power from the grid, these
correspond to the two small overshoots in Figure 5. 5 where the rotor speed is higher
than the reference value. Along with the decreasing amplitudes of the frequency oscilla-
tions, the changes in active power flow also tend to reduce.

One possible improvement to the overall system would be the implementation of a sec-
ondary frequency regulation in the generator. In such a case, the generator would slowly
take over the contribution of the BESS when the steady state is achieved.

Immediately after the change in load, the voltage rise observed in Figure 5. 7 and Fig-
ure 5. 8 is accompanied by a peak in the reactive power injected by the BESS, as shown
in Figure 5. 10. This is followed by some voltage ripple and the BESS acts to counter-
act it; this resulting, in turn, in some ripple in the reactive power injected by the BESS.
The three inverted peaks towards the end of the simulation result from the BESS’s at-
tempt to damp out the frequency oscillations around the nominal value (Figure 5. 5).
The BESS changes from discharging to charging status and this brings similar effects in
reactive power (Figure 5. 10) and voltage (Figure 5. 8).

Duty cycles and output voltage in the cuk converter

The BESS duty cycles and its power flows are strongly interrelated. This is illustrated in
Figure 5. 11 where the increase in outgoing active power is clearly related to the duty
cycle of switch S;. It is appreciated from this result that, a stable outgoing power flow is
due to the stable value of the duty cycle of switch S;. A change of the power flow direc-
tion is associated with the duty cycle of switch S, (Figure 5. 12) where the three peaks
in the second part of the simulation are caused by changes in power flow.

The instantaneous DC voltage of the VSC (Figure 5. 13) encapsulates all of the effects
so far discussed: the peak at the moment of the load change, the ripple when the fre-
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quency deviates from the reference value and the three reversed peaks towards the end
of the simulations.

BESS Operating Mode and State of Charge

The operating mode of the BESS is shown in Figure 5. 14, where it indicates whether
the batteries are charging or discharging. When the frequency deviation with respect to
the reference value is smaller than 0.01%, the impact of the BESS is kept to zero, to
safeguard the battery. It is well known that excessive charging/discharging of the bat-
tery reduces its useful life.

The State of Charge (Figure 5. 15) goes down as the BESS contributes active power to
the grid. During the first two seconds of simulation, the SOC is kept constant as the fre-
quency deviation is extremely small. When the BESS works at its maximum output
point, the batteries are linearly drained. Three small changes in the active power flow
are also visible in the State of Charge curve of the battery pack, which is slightly
charged at times corresponding to positive excursions of rotor speed, with respect to the
reference value (Figure 5. 5).
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Figure 5. 3. Rotor speed when load is increased (with 22MW BESS)
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Figure 5. 4. Rotor speed when load is increased (with 80MW BESS)
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5.1.2 Decrement of load in bus 7, by 50 MW

Frequency regulation

The second case study that is simulated in the high voltage transmission system is a
decrement of load. This load change is also performed after two seconds of simulation.
The effect of this disturbance is in both cases (with and with no BESS) instantly visible
(Figure 5. 16 and Figure 5. 17). The response in this case is almost an inverted response
to the case of load increase (Figure 5. 2 and Figure 5. 3). Instead of a frequency drop,
the frequency will now tend to rise as the mechanical power input is higher than the
electrical power output. The frequency rises up to 1.0155 p.u. and reaches this peak af-
ter about 13 seconds. The BESS is capable of reducing this peak to 1.01 p.u. This is an
improvement of

(1.0155 — 1) — (1.01 — 1)

= 03548 = 35.489
IS5 = 1) 0.3548 = 35.48%

The frequency returns to the reference value of 1.0 p.u. by adjusting the power injected
by the turbine at about 34.5 seconds. With no BESS, the reversed overshoot reaches the
same magnitude as in the case of load increase. In contrast, the BESS reduces the fre-
quency overshoot to a mere 0.04% (Figure 5. 17). In this case, the frequency rises slow-
ly, after having gone slightly negative at about 34.5s, reaching at 60s the nominal value.
The BESS certainly damps the oscillations instantaneously.

The impact of the BESS is presented in Figure 5. 19. The first part of the impact is
about the same as in the case of load increase. However, the second part is flatter. The
reason is because the frequency is not oscillating as in the case of load increase.

Voltage regulation

The voltage at node 6 with BESS and with no BESS are shown in Figure 5. 18 and Fig-
ure 5. 20, respectively. The BESS is connected to the power grid with a coupling trans-
former. When the disturbance occurs, the voltage tends to drop at first and then some
ripple is observed. When the rotor speed differs from the reference value, the voltage
ripple appears. The ripple increases with the deviation; otherwise the voltage remains
very stable. The voltage ripple with the BESS connected is smaller because of an im-
proved frequency regulation. The voltage at the terminals of the BESS is mainly a
scaled-down reflection of the voltage at node 6.

Active and reactive power flow of the BESS

The active power and reactive power absorbed by the BESS are shown in Figure 5. 22
and Figure 5. 23, respectively. Following the load decrease, the BESS absorbs 22 MW
of power very quickly. It takes about two seconds to reach the intended value. The ab-
sorbed power in the first part of the response (just as the rotor speed goes below the
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nominal speed Figure 5. 17), is quite stable. This is shown in the impact of the BESS
(Figure 5. 19). After this the impact of the BESS diminishes quickly to zero, increases
again up to 25% and then decreases gradually. Power flow absorption increases rapidly
up to its nominal value, i.e. 22 MW. In order to support the system frequency, the BESS
draws as much power from the grid as it possibly can. This is so up to about 37s when
the rotor speed drops below the nominal speed and there is less need to absorb power
from the grid by the battery.

The BESS controls the voltage at node 6 by injecting/drawing reactive power at the
node. Following the load change, there is a peak in the reactive power flow of the BESS
(Figure 5. 23), and this is followed by some ripple, which is associated with the ripple
observed in the voltage at the BESS terminals (Figure 5. 21). The reverse peak at 38
seconds serves to stabilise the voltage at node 6 when the active power flow changes.
Notice that there is a small voltage perturbation in the RMS voltage at precisely this
point (Figure 5. 21).

Duty cycles and output voltage in the cuk converter

The duty cycles and the power flow are strongly related to each other. The increase of
absorbed active power is clearly reflected in the duty cycle of switch S, (Figure 5. 25).
Also the stable power flow is due to the stable value of the duty cycle of switch S,. The
change of direction of the power flow is also appreciated from the duty cycle of switch
Si1 (Figure 5. 24). This 8 increases very quickly when the absorbed power needs to be
decreased.

The DC voltage of the VSC (Figure 5. 26) shows all the previous mentioned items: the
(small) peak at the moment of load change, the ripple when the frequency deviates from
the reference value and the change (at about 38s) when the power flow reversal takes
place.

BESS Operating Mode and State of Charge

The operating mode of the BESS (Figure 5. 27) shows whether the batteries are being
charged or discharged. When the deviation of the frequency with respect to the refer-
ence value is smaller than 0.01%, the impact of the BESS reduces to zero to safeguard
the battery. It is well-known that charging and discharging of the battery at a sustained
high rate reduces the battery life.

The State of Charge of the batteries (Figure 5. 28) increases linearly as the BESS ab-
sorbs active power from the grid. During the first two seconds, the SOC is kept constant
as the deviation of the frequency is very small and the impact of the BESS is reduced to
a minimum. The dip in the power flow is also visible in the State of Charge.
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Figure 5. 18. Voltage at node 6 when load is decreased (no BESS)
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Figure 5. 19. Impact of the BESS when load is decreased
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Figure 5. 20. Voltage at node 6 when load is decreased (with BESS)
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Figure 5. 21. Voltage at the BESS terminals when load is decreased
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Figure 5. 28. State of Charge of the batteries when load is decreased
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5.2  Active distribution system

The second application of BESS in this thesis deals with power flow control in an active
distribution system [47]. The system is presented in Figure 5. 29. A BESS with a rated
power of 5 MVA is connected at node 8. In the simulation, the infeed substation, re-
ferred to its 11-kV side, is represented by a three-phase voltage source rated at 11kV.
The portion of the network between the utility in-feed point and PCC will be referred to
as upstream network and the portion of the network between PCC and nodes 15, 16 and
17 will be referred to as downstream network.

The main goal of the exercise presented in this section is to explore the ability of the
BESS to make the distribution system downstream the PCC to be self-sufficient, by
relaying only in the active power injected by the windmills and in the energy storage
and reactive power capabilities of the BESS.

33kV
’4 Primary 16
" substation 3%1{111; ot PCC 1253m 2
11kV. 5 492m ¢ sg3ym / 1110m Siom A =
1297m 26m 4 s ont 8 OH2 11 e I
OH1 = 3 ! o
27 Ol 738m U(Zl 1000m o 3 583m s
OH2/ 304m S o 9 1154m 13 O
Distribution 3 OH2 -
transformer (D 539m \UG1 65124m791m 17
400 V LN U6 8
i G L
Figure 5. 29. Distribution system [47]
The different types of cables in this system are presented in Table 5. 2.
Table 5. 2. Parameters distribution lines [42]
Code Type R (Q/km) X (Q/km) Rating (A)
OH1 50 AAC 0.550 0.372 219
OH2 100 AAC 0.277 0.351 345
UGl 185 AL 0.164 0.085 255
uG2 95 AL 0.320 0.087 170

Five windmills, each of a rated capacity of 550 kW, are assumed connected, one per
node, at nodes 10, 11, 12, 13 and 14. Because of the distance between windmills, the
wind speed will not be the same at all the locations. A wind profile has been established
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for turbine 1 for a period of 24 hours with wind speeds measurements assumed to have
been taken every hour. This profile is shown in Figure 5. 30. Note that in this wind
speed profile, the average wind speed during the night is approximately two times high-
er than during the day and that it drops to zero at around midday. The wind speed at
other turbines sites has been taken to vary around the wind pattern established for tur-
bine 1, according to information given in Table 5. 3.

Table 5. 3. Relative wind speeds at each turbine

Turbine Variations with respect to turbine 1
Turbine 2 +5%

Turbine 3 +10%

Turbine 4 -5%

Turbine 5 -10%

The generators used to convert the mechanical power into electrical power are induction
generators. The transformers, used to connect the generators to the system, have an im-
pedance of 0.001+0.025j per unit on a 630 kVA base and a 11kV/ 575V base. The pa-
rameters of the induction generators are presented below:

Type Squirrel-cage

Nominal power Shom = 650 MVA

Nominal output voltage ViLnom =575V
Frequency 60 Hz

Stator impedance (pu) Zstator = 0.004843 + 01248
Rotor impedance (pu) Zotor = 0.004377 + 0.1791]
Mutual inductance (pu) m=6.77

Inertia constant H(s) = 5.04

Friction factor F(pu) =0.01

Pole pairs p=3
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The loads for the system are given in Table 5. 4.

Table 5. 4. Loads in the distribution system

Bus P (kW) Q (kVAr)
3 238 71
4 159 48
6 340 102
7 178 53
11 458 137
12 221 66
14 97 29
15 386 116
16 161 48
17 64 19

Note that the torque profile (Figure 5. 31) and the power generation profile (Figure 5.
32) exhibit similar patterns to the wind speed profile; except that the turbine’s cut in
speed has taken to be 4.5 m/s, below which the turbine produces no torque and the elec-
trical generator produces no power.

It is important to clarify that the actual simulation time associated with the electrical
power profile shown in Figure 5. 32, is not a true 24 hours simulation time; with the
simulation tool being used, this simulation task would be unyielding. Instead, since the
wind speed is assumed to change only every hour, as a result of measurements taken
every hour; two full minutes of simulation at the beginning of a torque change gives
enough information to be able to extrapolate the simulation results with no error.

Two different experiments have been conducted; in the first one, the VSC is set to regu-
late voltage at PCC and in the second one the aim is to maintain not only active power
flow exchange at near zero in branch 7-8 but also reactive power flow. The former case
includes active power flow and voltage magnitude control whereas in the latter case it is
for active and reactive power flow control.

5.2.1 Active power and voltage regulation mode

Active and reactive power and rotor speed of turbine 1

The injected active power (Figure 5. 32) is almost a scaled-up reflection of the rotor
speed (Figure 5. 33). Every time the wind speed changes, a transient occurs in the rotor
speed. As expected, the injected active power and the rotor speed are zero when the
torque on the rotor drops to zero. On the other hand, it is observed that the generator
keeps on consuming reactive power (Figure 5. 32) even though the turbine is not turn-
ing. This reactive power consumption is necessary to keep the induction generator in the
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fluxed state and this is correctly picked up by the simulation. It is likely that disconnec-
tion of the induction generator during periods of low winds would not pose a risk to its
operation and this would prevent the consumption of reactive power, a situation that
would require some investigation.

Power through branch 7-8 and RMS voltage at PCC

The active and reactive power through the branch connecting the PCC with the up-
stream part of the distribution system (branch 7-8 in Figure 5. 29), are presented in Fig-
ure 5. 34 and Figure 5. 36 for cases with no BESS and with BESS, respectively. In the
case with no BESS, the active and reactive power flow changes are quite large. At the
peak of the available wind resource, the downstream system contributes about 1.25 MW
to the upstream system. Conversely, when no wind resource is available, the down-
stream system draws about 1.4 MW. On the other hand, the downstream system always
draws reactive power from the upstream system; at the time of maximum wind power
generation, it draws 2.4 MVAr, and at the time of no wind power generation, its reactive
power requirements decrease to 0.9 MVAr. These changes in active and reactive powers
are reflected on the voltage (Figure 5. 35). It is observed that during the day-hours there
is less local energy available and the voltage at PCC is at its lowest, i.e. 10.53 kV. At
night there is more wind resource available and sufficient power is generated to fulfil
the local demand and to export the remaining generated power to the upstream network,
hence, the downstream network, as seen from PCC, turns into an “unloaded network”.
The overall effect is that the voltage raises to about 10.82 kV. When the variations in
wind speed are small, the RMS voltage is quite stable.

When the BESS is assumed to be connected at PCC, the active power flow at branch 7-
8 in Figure 5. 29, is very close to zero, as shown in Figure 5. 36. The reason is that the
active power injected by the BESS (Figure 5. 37) follows a similar pattern to the active
power flow in Figure 5. 34, thus performing the roll of an excellent active power bal-
ancer. The reactive power deviates from zero since the VSC is set to control the voltage
at PCC and not the reactive power injection - these are mutually exclusive control ac-
tions. As shown in Figure 5.37, the BESS produces between 2.2 and 2 MVAr and,
hence, some reactive power is exported to the upstream network for most of the time but
this is accentuated during the day-time when up to 1 MVAr flows upstream branch 7-8.
Owing to the much smaller changes in active and reactive power due to the BESS, the
voltage at PCC remains much more stable and closer to the reference voltage value of
11kV.

Duty cycles and output voltage in the cuk converter

The duty cycles of the two switches (Figure 5. 39 and Figure 5. 40) are strongly related
to the active power flow between the BESS and the distribution system. The duty cycle
of switch S; rises above 0.5 at the moment the injected active power changes direction,
at around 7 and 8 hours. It tends to decrease below 0.5 when the injected active power
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again changes direction. The duty cycle of switch S, is an inverted scaled-down reflec-
tion of the active power injected by the BESS, with maximum and minimum values of
0.25 and 0.075, respectively.

The output voltage of the DC-DC converter remains very stable. The little fluctuations
observed in Figure 5. 41, are related to reactive power injections. When the injected
reactive power goes down, the DC voltage follows suit.
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Figure 5. 30. Windspeed at turbine 1
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Figure 5. 31. Torque on the rotor of turbine 1
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Figure 5. 32. Active and reactive power injected by turbine 1
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5.2.2 Active and reactive power regulation mode

The simulations in this case only covers a time lapse of 15 hours, from midnight until 3
pm since the wind profile from noon to midnight is largely a mirroring situation of the
profile from midnight to noon. Hence, in these simulations only the first 15 hours are
presented. Information of wind profile, torque and turbines is presented in section 5.2.1.

Power flow through branch 7-8 and RMS voltage at PCC

The VSC controls the reactive power flow through the branch at near-zero values, as
observed in Figure 5. 42. The cuk converter also controls active power flow through
this branch very well but it should be observed from this figure that some spikes do oc-
cur, noticeably around the 7™ hour. This is a point in time when the wind speed drops
drastically and some overshoots in the response of the BESS, shown in Figure 5. 43,
cause a peak in the active power flow, particularly at the 7" hour. This peak alerts us to
the critical importance of keeping the downstream part of the grid tied to the upstream
part of the network. In case of large changes in the wind, it helps to stabilise the voltage
in the downstream network. It should be stated that operation of the downstream net-
work in islanding mode would not be possible as it is. It would necessitate the installa-
tion of energy dissipating resistors and a mechanism for load shedding for the islanding
mode to be possible.

The output voltage, shown in Figure 5. 44, remains even flatter than in the case of the
voltage regulation (Figure 5. 38). The reason for this is the reactive power flow control
which is very effective. Except for the peak at the 7™ hour, the BESS is able to annihi-
late the varying influence of the wind speed on the voltage profile at PCC.

Output voltage in the cuk converter

The output voltage of the cuk converter follows a similar behaviour to the case, present-
ed in Figure 5. 41 for the case of reactive power injected by the BESS. When the inject-
ed reactive power drops, the DC voltage follows suit, particularly around the 7" hour.
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Figure 5. 45. Output voltage DC-DC converter

5.3 The use of MATLAB/Simulink (and its limitations)

Simulink is a popular tool for simulations and it is widely known in academic circles
and industry. The library of Simulink provides for a wide range of applications (hydrau-
lics, electrical systems, electronics, control systems, fuzzy logic, aerospace, power sys-
tem, etc.). Simulink is a user-friendly tool since it shows clearly the representation of
the models and how the different elements in a simulation interact with each other. It
includes a large number of solution methods for applications, speed and accuracy. How-
ever, Simulink is not suitable for every single application. A case in point is the study of
large scale power systems, for which Simulink becomes inefficient. The calculation
times tend to become prohibitively expensive when the simulation system expands.
When the sample time is increased to reduce the simulation time, numerical instabilities
have been experienced. For a simulation time of 24 hours for the distribution system, for
example, it would have taken six months to complete the full simulation with time steps
of 1ps (assuming that the calculation time increases linearly with the simulation time
and taking into account that it took 190s to calculate 1s of simulation time). It is likely
that more advance integration methods are available in an industry-version of Simulink
or that more sophisticated integration methods may become available in academic ver-
sions.
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6 SUMMARY

This chapter summarizes the major objectives and the results of this thesis. It also puts
forward recommendations for future research on this topic.

6.1 Final conclusions

The main objective of this thesis was to investigate the impact of a BESS in a wide
range of credible operational situations. The BESS controllers can be set to either sup-
port the system frequency or to regulate the active power flow at a key branch of the
network. The impact of the frequency support mode is tested in a high voltage transmis-
sion system designed by Prahba Kundur [46]. The results show significant improve-
ments in frequency stability which are strongly linked to the size of BESS. Although 80
MW BESS are not currently installed anywhere, this has been tested, purely for theoret-
ical reasons. The result shows a rather small frequency deviation and an almost perfect
damping of frequency oscillations.

A second control mode of the BESS controls active power flow through a branch. This
control mode has been tested in a modified 11kV distribution system [47]. In this case
study, five windmills were distributed across the 11kV-distribution system and the im-
pact of a BESS, installed at the PCC, has been assessed. The objective in this applica-
tion was to keep the power flow through the branch as low and constant as possible in
order to make the sub-grid self-reliant in terms of active power. The major goal of the
VSC is to support the voltage at the PCC, and therefore, the reactive power flow in
branch 7-8 is not zero. The active power flow, on the other hand, shows a significant
improvement. Where the active power flow changes direction (from about -1.25 up to
about 1.40 MW) when no BESS is installed, the BESS manages to keep the power flow
very close to zero at every point in time of the simulation.

6.2 Recommendations for future work

No attempts have been made to optimize the controller of the BESS in this research,
other than improved responses carried out through experimentation. It is expected that
adjusting the control parameters in an optimal or semi-optimal manner would result in
even better results, such as minimizing the active power flow peaks shown in Figure 5.
9. When optimizing the BESS size and design, it would be necessary to implement en-
ergy dissipating resistors and a mechanism for load shedding, in order to permit the
downstream network to operate in an islanding mode.
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A second possible improvement of the BESS in the case study of the high voltage
transmission system of Prahba Kundur, would be the implementation of small, distrib-
uted storage systems instead of the one large storage system. It is noticed that the active
power flow of the BESS does not drop to zero after reaching the steady state. A possible
improvement in the model would be the implementation of a secondary frequency regu-
lation of the generators which would reduce the impact of the BESS after reaching the
steady state.

Concerning the active distribution system, the simulation results could be made more
realistic by using a load profile instead of a constant load and by switching of the tur-
bines when the wind speed goes below or above the cut-in or cut-off speeds, respective-
ly.

At the level of the individual elements of the BESS, the switching-based converter
models are a realistic representation but the multi-level VSC model using GTO valves
should be replaced by a modular multi-level VSC model using IGBT valves. The bat-
tery model should incorporate its temperature dependency and functions to take account
of battery ageing and other environmental factors such as extreme weather conditions.
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