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Abstract

Present Power quality problems in distribution systems have been increased due to the
increased utilization of sensitive and critical equipment in the system. Power quality issues
may contain transient over voltages, voltage sags, voltage swells, under voltage, overvoltage,
harmonics distortion, flicker and voltage imbalance, etc. One of the most severe power quality
problems is voltage sag. Among the various solutions to overcome power quality problems,
Dynamic Voltage Restorer (DVR) is one of the most effective solutions. The DVRs can be
used to mitigate voltage sags/swells by injecting an appropriate voltage in series with the grid
voltage, in order to avoid loss of power as it can maintain the load voltage at its nominal
magnitude and phase by compensating the particular voltage sag/swell. The DVR consists of
a series connected injection transformer, a VVoltage Source Inverter (VSI), inverter output filter
and a DC energy storage.

DC storage mainly decides the capability of DVR. This dissertation is based on study of the
technical and economic aspects of various DC energy storage options on the performance of
DVR in the Voltage restoration.

The most common DC energy storage such as Batteries, Conventional Capacitors and the
recently developed storage technology “Super capacitors” have been discussed here.
MATLAB Simulink platform was used for modeling and simulating the DVVR and the energy
storage options. Other than the standard DC energy storage models, a new model was built up
for Super capacitor and validated through experiential results. Further economics of the above
energy storagesoptions in,achigving therequived ensrgy storage leyalshave been investigated.

Based on th@sponses ol-BVRin differentctypes of sagsfand Sswells for the above energy
storage optigaszit can be conclyded that for deeper and short duration sag mitigations, super
capacitor pérfefins better. ‘But'ifr Mitfgating fonger duration sags, battery performs better.
Conventional capacitor storages manufactured in the same scale of super capacitors can
perform better than batteries, but in the economic point of view it is not appropriate.
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Chapter 1

1.0 INTRODUCTION

1.1 Power Quality of Distribution Network

Power distribution network experiences wide range of different disturbances such as
voltage sags, swells harmonic distortion, flickers, interruptions, etc.... Among these
issues, voltage sags can occur at any instant of time with amplitude ranging from 10%
to 90%. Duration of such voltage sags may last for 0.5 cycles to 1 minute. On the
other hand sudden increases in the rms voltage or current which are called voltage
swells may last for a same duration. But they are less common than voltage sags. Both
the voltage sags and swells may affect the sensitive equipment in the distribution

network to fail, shutdown or creation of large currents which make the trip the breakers

or fuse blow.
Table 1 Std. 1159-1995
Voltage,'fri ge Time
0-0.5 cycle 0.5cycle-1Imin >1 min
10-90% Notch Voltage Sag Under Voltage
90-110% Normal Operating Range
>110% Transient Swell Overvoltage

1.2 Mitigating the Power Quality Issues

Different voltage regulation strategies are used to solve the above power quality
problems. There are two approaches to achieve these voltage regulation. They are
controlling the power quality from Customer side or Utility side. Regulating the power
quality from customer side is called load conditioning. Regulating the power quality
from utility side is called line conditioning. Presently line conditioning systems or
utility side solutions play a major role in improving the power quality as well as the

customer satisfaction.



Most of the traditional utility side solutions are Transformer with voltage control, Tap
changers both mechanical and SCR switched units, servo-variac technology and ferro-

resonant transformers, etc... But most of these devices are bulky and less efficient.

With the development of Power Electronics, various custom power devices such as
Distribution Static Synchronous Compensators (DSTATCOM), Solid State Fault
Current Limiter, Static Electronic Tap Changers (SETC), Uninterruptible Power
Supplies (UPS), and Dynamic Voltage Restorers (DVRS) have been introduced [1].
But most of those solutions are not economical to a developing country like Sri Lanka
as a utility side solution. But the Dynamic Voltage Restorer can be effectively and
economically used for voltage regulation as well as mitigating the other power quality

problems.

A DVR employ a series of voltage boost technology using solid state switches for
compensation of voltage sags/swells. The main function of the DVR is the protection

of sensitive loads from such kind of voltage sags/swells. It could be normally installed
in a distribution svstem either at Medium Voltaoe (MV) or | ow V0|tage (LV).

However DVR I latian-atil stdehés pamesadvaliagesamhe X can be targeted
more speciically at Voltige sag sefsitive l6ads! 1 OFctha othar the short circuit
level is sigh#feantly retlliced'sd that the'D ince most of the

consumers are at LV level DV R Can be Installed either by utility or Consumer.

DVR can be installed in the distribution side with no Energy storage or with an Energy
storage. DVR topologies without having an Energy Storage have to rely on a dedicated
grid connected or distribution transformer connected healthy line. This line provides
the energy required for DVR to be released in a voltage disturbance. A shunt converter
will convert this energy to feed the DVR. However, the reliability this source of supply
should continuously maintained even during a disturbance. Therefore maintaining
DVR with no Energy storage is not so economical. Therefore DVRs with a DC energy
storages are more precisely used in voltage disturbances. Several DC energy storage
systems are used with DVR such as Fly wheels, lead acid batteries, superconducting
Magnetic Energy Storage, Fuel Cells, Conventional Capacitor banks, Super capacitors,
etc... The performance, economics and sizing of DVR will depend upon this DC
energy storage. Therefore a techno-economic study of DVR with Different Energy
Storage Systems is important from the perspective of utility as well as the consumers.
Also Energy Storage technologies in the world are being rapidly developed. So that

2



the study of the efficient and economical way of utilizing them for improving the
distribution system in Sri Lanka is worthwhile for an Electrical Engineer employed in

a Distribution Division in Ceylon Electricity Board.

1.3 Objective of the study

The ultimate objective of this study to investigate the response of a DVR in the
presence of Battery Storage, Conventional Capacitor storage and Super capacitor
energy storage in compensating the voltages at Low Voltage distribution level and

compare the same with economic point of view.

1.4 Scope of the Study

The Scope of this study is mainly to analyze the performance of dynamic Voltage
Restorer installed in the Distribution network with different Energy Storage Options.
Most comniéh energyiistorages inl Sricirankay Batieryl Stofage and Conventional
Capacitor sg}ége are-gisclissed nere' ir'eonfunetionr'with BVVR. Beside this, new and
emerging technology of Supercapacitor which is still a guest to Sri Lanka, is discussed
here. Based on these three energy storages, performance of DVR is analyzed through
the following aspects.

e Study of DVR with Generic DC Energy Storage

e Study of Battery Storage, Conventional Capacitor storage and Super capacitor
storage

e Designing the DVR computer model

e Designing the Super capacitor computer model

e Energy Storage computer Model verification

e Interfacing the Energy Storages with DVR

e Analysis the response of DVR in a voltage fluctuation for the three energy
storage options

e Economic analysis of energy options in conjunction with DVR



1.5 Literature review

Reference [1] addresses on the power quality problems which effect on sensitive loads
discussed in this study and it highlights the significance of Dynamic Voltage Restorer
among the other custom power devices. Energy requirement for the DVR analyzed in
this study is fulfilled through stored energy. Importance of adding energy storage to
power electronic compensators are discussed in the reference [2]. Reference [3]
describes the most common DC energy storage schemes used for a DVR system. This
study considered only three of them which are more common. Characteristics of that
three energy storage options mentioned in the same reference are analyzed in this
study. Reference [4] explains the conventional system configuration of a DVR and its
operating modes which is discussed in this study. Reference [5] suggests two control
techniques for detecting and compensating sag/swell conditions which are PI
Controller (P1) and Fuzzy Logic Controller (FL). The controller used in this study is
based on the PI controller and the same controller tuning settings, LC filter settings
and series transformer settings were used and the sensitive load settings were selected
from an Indé,nﬁe&an study. “Reference [6]-discus about'the-stiper'capacitor technology
and how the‘computer models are validatéd through practical tests. They were useful
in determmmg the tests for validating the proposed model in this study. Reference [7]
is focused on integration of DVR with Super capacitor. This provides important
information on charging and discharging characteristics of super capacitor. The
capability of capacitors in the compensation of sags and swells when integrated with
DVR is discussed in Reference [8]. This was useful in testing the variation of sag
mitigating capability with capacitance in the system. Reference [9] describes the
characteristics and importance of each element of DVR. Elements of the suggested

DVR model in this study were designed based on those characteristics.



Chapter 2

2.0 STUDY OF THE DYNAMIC VOLTAGE RESTORER AND DC
ENERGY STORAGE

2.1 Locating the DVR for line conditioning

DVR could be installed either in MV side or LV side. If it is installed in LV side, it
should be located between the sensitive load and the point of common coupling
(PCC).This will ensure the power quality level of distribution level customers. On the
other hand energy storage requirement, installation cost will be minimum for this

arrangement and maintenance is much easier.

Loads
_______ ®>7 Low
. voltage
MV/LV Step down DVR Sensitive |~
side
apsformer | ‘ Lot |

Installation of DVR in MV side will be required in certain situations where protection

of distribution transformers and other MV equipment is required.

( i ) > Loads
Grid Substation DVR ( i: Sensitive

load
MV/LV
Transformer

Figure 2.2: Location of DVR in MV side



2.2 Equation Related to DVR

L W

@ ) Vbvr Vi

Figure 2.3: Circuit Model of DVR installed in a line

When the system voltage (Vs) drops, the DVR injects a series voltage Vovr through
the injection transformer, so that the desired load voltage magnitude VL can be
maintained [5]. The series injected voltage of the DVR can be written as

Vbovr= VL+ZLinelL-Vs

Where

VL: The desired load voltage magnitude
Zvine: The lipe impedance.

IL: The Ioa@rrent

Vs: The system voltageauring, fault-condition

When VL is considered as a reference, equation can be rewritten as,
Vbvr £20¢= V1L£0+ IL ZLine2(B-0) - Vs£5

o, B, 6 are angles of Vbvr, ZLine and Vs respectively and 6 is Load power angle

The complex power injection of the DVR can be written as,

Sovr= VowrlIL"

DVR can absorb or generate reactive power, but active power injection must be
provided by an external energy source. The reactive power is generated by converting
part of the real power supplied, into reactive power (by the reactive components used
in the DVR).

2.3 Conventional System of DVR

The basic operating principle of the Dynamic Voltage Restorer is to inject an
appropriate voltage in series with the supply through injection transformer whenever

6



voltage sag or voltage swell is detected. DVR is located on approach of sensitive loads.

If a fault occurs on other lines, DVR insert series voltage and compensates load voltage

to pre-fault value. Any differential voltage caused by the disturbances in the

distribution feeders will be compensated by an equivalent value generated by the

voltage source converters there and injected through the booster transformer.

Simplified block diagram to demonstrate this operation is given bellow.

Source Sensitive
side load side
Series booster
transformer
\ 4 {P
Measurement
LC filter
éi% BC Energy 4
User &= V¥
> storage ‘
] Control J
settinas
PWM
> PWM | Inverter
Generator

Figure 2.4: Simplified block demonstration of DVR

2.4 Basic elements of DVR

The generic model of a DVR consist of following important elements

l.
.
I1.
V.
V.

Series booster/injection transformer
Passive filter

Voltage Source Converter (VSC)
Control and voltage injection scheme

DC energy storage with charging mechanism



2.4.1 Series booster/injection transformer

A booster/injection transformer is specially designed to limit the coupling of noise and
transient energy from the primary side to the secondary side. It connects the DVR the
distribution network via the High Voltage (HV) windings and transformers and
couples the injected compensating voltages generated by the voltage source converters
to the incoming supply voltage. Further it serves the purpose of isolating the load from
the DVR system. Transformer winding ratio is pre-determined according to the voltage
requirement of the secondary side. Normally a higher transformer winding ratio is not
maintained since it will increase the primary side current which will adversely affect
the performance of the power electronic devices such as voltage source converter.
Three phase voltage injection transformers are used for this purpose but single phase

transformers can be used to inject the compensating voltages separately.

2.4.2 P---L i~ VA

¥

Basically passive

e e

se LC filters are
located at the sert the inverted
Pulse width modulated (PWM) waveform into a sinusoidal waveform. This is achieved
by eliminating the unnecessary harmonic components generated by the VSC. Since
higher order harmonic components distort the compensated output voltage, they
should be removed from the injected voltage waveform in order to maintain acceptable
total harmonic distortion (THD) levels. Generally switching frequencies of the VVoltage
source converters are maintained at several kHz for medium power levels. Passive
filter is placed at the low voltage side of the series injection transformer because when
it is placed closer to the harmonic source, higher order harmonic currents are avoided
to penetrate into the series injection transformer. It will have the disadvantage of
circulating harmonic currents into the transformer, if it is placed on the high voltage

side.



L e
._I_n 8 mH |

0.2 Ohm

20 uF
0.2 Ohm

a =
=
n_|IIIH|I_n

L

Figure 2.5: Passive LC filter

2.4.3 Voltage Source Converter

into AC vottage. Generally'pulse'width ttodulated voltage source inverters are used

for this with a low voitage rating. Typical power electronic six puise voltage source

converter is given below.

C ——

sly[/]} S ol SIQJE}

Figure 2.6: Six pulse Voltage Source Converter



2.4.4 Control and Voltage injection Scheme

Several techniques are used to implement the control scheme of DVR. The control
system measures the rms voltage at the load point. It can detect a voltage sag
information like starting point, end point and depth by appropriate real-time detection
algorithms. Control strategies may be linear or Non-linear. Feedback control strategy
is linear control mechanism. It measures the load voltage and difference between the
voltage reference of the load and actual load voltage and accordingly, required voltage
is injected. Nonlinear control strategies are used whenever the system is unstable and

the linear models fail to work properly.

Voltage injection or compensation methods by means of a DVR depend upon the
limiting factors such as; DVR power ratings, various conditions of load, and different
types of voltage sags. Some loads are sensitive towards phase angel jump and some
are sensitive towards change in magnitude and others are tolerant to these. Therefore
the con qtfc $_depend uponihe typE ofllved chdracteristias

T
There are dﬁ:fgreg methods-of DVR voltaneintection which are

I.  Pre-sag compensation method
ii.  In-phase compensation method

iii.  Reactive power compensation

Pre-sag compensation method

In Pre-Sag compensation, it is important for both magnitude and the phase angle to be
compensated. The different between the pre-sag and during the sag voltage are
detected by the DVR and it injects the different voltage, Therefore, the amplitude and

the phase of the voltage before the sag has to be exactly restored

In- Phase Compensation:

In-Phase Compensation technique, the injection voltage is in phase with the source.
When the source voltage is drop due to sagging problems in the network the injection
voltage produced by the Voltage Source Inverter (VSI) will injects the missing voltage

based on the drop voltage magnitude.
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Reactive power compensation
In the reactive power compensation only a small energy storage is required and hence
not require any active power. In this technique, the injected voltage is in quadrature

with the load current.

2.4.5 DC Energy Storage with charging mechanism

The purpose of a DC Energy Storage is to supply the necessary energy to the VSC via

a dc link for the generation of injected voltages.

Energy storage devices are divided into three categories:
i.  Small categories (<10MW): Flywheels, batteries, capacitors, ultra capacitors.
ii.  Medium categories (LOMW < energy < 100 MW): Large-scale batteries.
iii.  Large categories (> 100 MW). Pumped storage, compressed air energy storage
(CAES)
=
Technical ééb’ébilitieg of the above energy storage options can be classified as

demonstrated in the below figure [3].

Fouer——=
10" watt 107 watt 1P mdsbone (et
™,
Fly wheed Fumped Seomase
Mati=res | . o Compressed Air
Capmcor Large -Seale Battesies I-— Enerpr Sinrsa

(CAES)

Figure 2.7: Technical capabilities of the energy storage options

Energy and power density of the Battery, Super capacitor and conventional capacitor
storage can be compared by the figure 2.8
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Figure 2.8: Power and Energy Density of Storage options

Since this study of DVR is carried out for DVR installed in the LV side, only the small
scale energy storages Battery, Conventional Capacitors and Ultra Capacitors which
are used in Sri Lanka were considered. Among these energy storage options, this study

is more focused on super capacitor energy storage which is still new to Sri Lanka.
Battery Energy Storage

Batteries afgj;%éctrochemical tevicestvhiichiconverisichemical energy into electrical
energy durfﬁér-'discharge time” The'total energy stored and the weight of the battery
unit is considered to be important technological aspects, another important factor is
the cost of the batteries. The total energy that can be stored in a battery usually follows
the weight and volume more or less linearly. The linear factors are called “specific
energy” (Wh/kg) and “energy density” (Wh/I).The highest power a battery can deliver
is also limited and is, similar to energy, measured in “specific power” (W/kg) and
“power density” (W/I).There are a number of different battery types on the market
today, some of them more established and some more new and modern. For high power
application there are two major technologies of interest, namely the NiMH and the Li-

lon.

The equivalent electrical model of a battery is given in the figure 2.9.

12



n IE!at't 'E}
_— ESRpat
T

UBatt
P
() VOC
o J Ratt

Figure 2.9: Equivalent Electrical Model of a Battery

The ESRsat is the equivalent series resistance and the open circuit voltage is labeled
VOCesat. The value of the components depends on temperature, state of Charge (SoC)
and the current. The output voltage will drop with increasing power output and rise
with power input due to the voltage drop over the resistor. Also, the power dissipated
in the resistor is thermal losses. Typical discharge curve of a battery is indicated in the
figure 2.10.

scharge cune
Fu

EXponentia) f———————l L
Maminal RELNAERR N LR ELELER IR M EEOCET

Exponential MNom Max
Capacity (AR}

Figure 2.10: Typical Discharge Characteristics of Battery Storage

Conventional Capacitor Energy Storage

In its basic form, a Capacitor consists of two or more parallel conductive (metal) plates
which are not connected or touching each other, but are electrically separated either
by air or by some form of a good insulating material such as waxed paper, mica,
ceramic, plastic or some form of a liquid gel as used in electrolytic capacitors. The
insulating layer between a capacitors plates is commonly called the Dielectric. Due to
this insulating layer, DC current cannot flow through the capacitor as it blocks it
allowing instead a voltage to be present across the plates in the form of an electrical
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charge. The conductive metal plates of a capacitor can be either square, circular or

rectangular, or they can be of a cylindrical or spherical shape with the general shape,

size and construction of a parallel plate capacitor depending on its application and

voltage rating.

Charge

+QFR83-0
Flectric - Plate
field E area A

T
Plate separation o

Figure 2.11: Structure of a Conventional Capacitor
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Figure 2.12: Charging and discharging characteristics of conventional capacitor

Super capacitor Energy Storage

A super capacitor is a component which has relatively high specific power ability in

comparison to batteries much like a capacitor, while it has much higher specific energy

than a conventional capacitor, more like a battery. The main difference between the
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super capacitor and the ordinary electrostatic capacitor is that the electrolyte in the
super capacitor contains free charges in the form of ions. The ordinary capacitor does
not have this type of free charges. In a traditional electrostatic capacitor the electrodes
consist of a thin surface on which the charges are gathered. In a super capacitor the

electrodes consist of a porous micro structure illustrated in the figure 2.13.

ATE N Curregtflcrw
Sl me dwing

charging

Forous, high-surfacse ——|
area carbon :

Capacitor

ura Jes

The Super capacitor that can be made of carbon material and around it the electrolyte
is deposited. This structure gives a significantly larger specific surface area than the
electrostatic capacitors have. To separate anode and cathode a thin isolation membrane
is located between the electrodes of the super capacitor. Due to this thin isolator in
super capacitors, the maximum voltage per cell becomes relatively low, in order of 2-

4V to avoid dielectric breakdown.

When the super capacitor is charged, the electrons at the cathode attract positive ions
and on the anode the vacancies for electrons attract negative ions in order to locally
obtain a charged balance. This attraction of ions leads to a capacitance being formed
between the ions and the surface of the electrode. The name dual layer comes from the
two layers of ions at each electrode. The layer closest to the electrode acts as a
dielectric and the layer outside the first layer holds the charges. This occurs at both

electrodes in the super capacitor and the total capacitance consists of these two
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capacitances connected in series. When charges attract ions, they are gathered at the

electrode surface. This effect has been illustrated in the figure 2.14.

+ -
@ |y |
o+ ® |
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Uncharged Charged

Figure 2.14: Structure of Uncharged and Charged Super capacitor

There are a number of different ways to model the electric properties of a super
capacitor. Most common simplified model is given in the figure 2.15, where Co denotes
the nominal capacitance, which is dependent on the open circuit voltage. ESR is the

equivalent series resistance, which.is the main contributor to losses. EPR is the

equivaleni ?!I;el resistance, whieh is there tanodel self-discharge. Generally ESR

NG
ol
8|

of mitkieRms @ngERR, is jp-the range of kilo-ohms.

isin the ra

+ lue -
{'-\.
{i"EEH
=
l-Lc 1
>
Co {“j:- EFPR

Figure 2.15: Equivalent Electrical Model of a Super capacitor
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Beside the model illustrated in the figure 2.15, there are many other models which

consists of several RC branches for different time duration responses. However, for

the purpose of comparing the response of DVR for Super capacitor with other energy

storage options, this model is adequate.

Further charging and discharging characteristics of super capacitor at constant current

levels are illustrated in the figure 2.16

1.5 F Device, 1 Ampere Charging

I -"‘rl

Woltage-volts

k""‘""n\.vm.mq,.

Time-seconds

Woltape-volts

15 F Device, 1 Ampere Dizcharging

T

e,

=1

Time-seconds

Figure 2.16: Charging and discharging characteristics of Super capacitor
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Chapter 3

3.0 RESEARCH METHODOLOGY

3.1  Modelling the MV and LV distribution feeders

In order to simulate the function of a DVR in a power quality issue in a distribution
line, computer models of the MV and LV distribution feeders and the DVR were setup.
MATLAB R2008b Simulink was used for this simulation. Since the DVR was located
at the LV side, Medium Voltage power system and the downstream were modelled.
33kV feeder bay was modelled as a 33kV generating source. To create a sudden
voltage sag event, Fault block in the Simulink package was used and to create sudden
swell, source voltage was boosted. A bypass switch was connected through injection
transformer in order to set the DVR in the standby mode when it is not injecting power.
Source voltage and load voltages before and after the sag event and during the sag

event were monitored using scopes. In addition, voltage injection in the sag event was

monitol
-
=)
3.1.1 ld*‘*ilr 8 -20K V| Heeden Jay al
A lynx g ; selected for the

model where the distribution transformer was located 10km away from the Grid
Substation. Following parameters of the 33kV Generation source were added in the

model

e Phase to phase voltage and frequency=33kV, 50Hz
e Three phase short circuit level =463MVA

e Internal connection=Ygq

e X/Rratio=10

In addition, following feeder parameters were selected

e Feeder parameters R=1.78Q, 1.=0.01035 H (for 10km length)

3.1.2 Modeling the Distribution Transformer
Following parameters of the Distribution transformer was used for the model

e Vector Group=Dyn11l
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e Nominal power and frequency=160MVA, 50Hz
e Primary Winding Voltage=33kV

e Primary Winding R (pu)=0.0001

e Primary Winding x (pu)=0.045

e Secondary Winding Voltage=400V

e Secondary Winding R (pu)=0.0001

e Secondary Winding X (pu)=0.045

3.1.3 Modelling the sensitive load
e Configuration=Y
e  Active Power=2kW
e Line Voltage and frequency=400V,50Hz

3.1.4 Creating the Voltage Sag and Swell
Fault block i m the Simulink package was used for creating single phase and three phase
sags for des&;gd time duratfons. A Voltage boosted source tifock was applied to source

side in order to Create a swell,

e Fault resistance=4.6Q

e Ground resistance=0.1Q
% sag was determined using the equation

Sag=2Zs/(Zs+Zs)
Zs-Source Impedance
Zs-Fault Impedance

Swell=Voltage boost/rated voltage

3.2 Modelling the DVR

Basic models in the Simulink package was used for the elements of DVR. The Generic

DC voltage source model was used for DVR energy storage for testing the model.
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3.2.1 Modeling the Series Injection Transformer
Three phase rated power= 15 kVA

Winding 2 : Winding 1 ratio=1000:100

3.2.2 Modeling the IGBT converter
Number of bridge arms=3
fall time (Tf)=1ps
tail time (T¢)= 2us
Ron=0.0001€Q

3.2.3 Modelling the LC filter
Series RL Branch

R=0.2Q
L=6mH

Shunt F 5rar‘..

R=0.2¢

C=20pl

3.2.4 Modelling the control system

The input signal for the control unit was obtained from the voltage, V2 measured by
three-phase V-1 measurement at the sensitive load in per unit values. V2 was then
transformed to dg term using the following abc to dgO transformation matrix.

Uy 9 cos(f) cos(f — —% cos(f# + —):) Uy
ug| = 3 —sm(@) —sin( 9— =) —sm(@—l— T

Uy 2 2 ,? U,

A selector switch was used to select only the d and g channels. The voltage sag was
detected by measuring the error between the dg-voltage and the reference values. The
d-reference was set to rated voltage and g-reference is set to zero. The dg components
of load voltage were compared with the reference values and the error signal was sent
to PI controller. Two PI controller blocks were used for amplifying and tuning up the

error signal-d and error signal-q separately. For error signal-d, Ke gain value was set
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to 40 and Kigain value was set to 154. For error signal-g, Ke and Kj was set to 25 and
260 respectively [5]. Finally the outputs of the PI controller were transformed back

into Vanc using the following transformation matrix and forwarded to PWM generator

Uy cos(f) - 5111(9) 1 'u,;
up| = |cos(f — QT”) —sin(f — ) 1
U, cos(f + jT”) —sin(f + '”} 1 u(}

Discrete Virtual Phase lock loop (PLL) was used as a phase reference signal for input
and output signal which creates a sinusoidal waveform. Control system implemented
in MATLAB Simulink is illustrated in the figure 3.1.

PI Controller-d

» Pl |

e
ry Error PI

dq0

abc
P!l Controller-g i sin_cos Veontrol

d- reference
dq0_to_abc
Transformation
0 reference

q- reference

Figure 3.1: Control system of DVR

A Discrete Pulse width modulation Generator (PWM) was used for drive the
IGBT which has the following parameters

Carrier frequency=10 kHz

Sample time=5pus

3.3 Testing the model for voltage compensation

Complete DVR model was tested for three phase to ground faults and single phase to
ground faults where it creates sags. VVoltage levels at source side, sensitive load side
and voltage injected by the DVR was monitored. Fault condition was maintained for
0.2s for monitoring the voltage compensation.
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Figure 3.2: Complete DVR model for Sag
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3.3.1 Testing for Single phase voltage sags
It was observed that under a single phase to ground fault a voltage sag has been
appeared at the source side (measurement V1) as in the figure 3.3

Supply side voltage
T T T T T

Source side valtage (pu)
[}
| ——— —

AW A

Figure 3.3: Voltage measured at Source side for single phase sag

To compensate this voltage sag, DVR injects a voltage (measurement at Vdvr) at the

I_
<
Q.
S
o

o

=4

i8sinjection transformer indicated in the ‘figure‘3.4

E+F Ydlage injection

Injected voltage at LY side of injection transformer ()

0.3 0.4 0.5 0.6
time (g)

Figure 3.4: Voltage Injected by DVR to Compensate the Sag

It was noted that the Voltage at the sensitive load side (measurement V2) was not
affected by this sag as it has been fully compensated by the DVR as indicated in the
figure 3.5
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Figure 3.5: Voltage measured at sensitive load side for single phase sag

3.3.2 Testing for 3 phase sags

Same test was carried out for a three phase sag condition. It was observed that under a
three phase to ground fault a voltage sag has been appeared at the source side

(measuremegt V1) asin.the figure 3.6

7:-// P,
sk L EHED N SdE vpltAhe

LT O Y nmnnmannnasmnsnanannntb LR IO

05t

Source side voltage (pu)
o

S

|
1} 0.1 0.2 0.3 0.4 0.5 0.6
time (s)

Figure 3.6: Voltage measured at Source side for three phase sag

To compensate this voltage sag, DVR injects a voltage (measurement at \VVdvr) at the

LV side of the injection transformer indicated in the figure 3.7
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Figure 3.7: Voltage Injected by DVR to Compensate the Sag

It was noted that the Voltage at the sensitive load side (measurement V2) was not
affected by this sag as it has been fully compensated by the DVR as indicated in the
figure 3.8
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Figure 3.8: Voltage measured at sensitive load side for three phase sag

3.3.3 Testing for voltage swells
Supply voltage was boosted using an additional three phase voltage source, to create

voltage swell at the source side
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Figure 3.9: Testing the DVR model for voltage swells
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Testing for 1 phase swells

Tests carried out for sag conditions were repeated for swell conditions. A boosted
voltage source was connected to the supply side during the swell condition. A single
phase swell condition created at the source side was monitored (measurement V1) as
in the figure 3.10
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Figure 3.10: Voltage measured at Source side for single phase swell
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Figure 3.11: Voltage Injected by DVR to Compensate the Swell

It was noted that the Voltage at the sensitive load side (measurement V2) was not
affected by this swell as it has been fully removed by the DVR as indicated in the
figure 3.12
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Figure 3.12: Voltage measured at sensitive load side for single phase swell

Testing for 3 phase swells
Same test was carried out for a three phase swell condition. Three phase swell

condition was created at the source side (measurement V1) as in the figure 3.13

Supply side voltage
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Figure 3.13: Voltage measured at Source side for three phase swell

To compensate this voltage swell, DVR injects a voltage (measurement at VDVR) at

the LV side of the injection transformer as indicated in the figure 3.14.

£ wl
5

Figure 3.14: Voltage Injected by DVR to Compensate the Swell
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It was noted that the Voltage at the sensitive load side (measurement VV2) was not
affected by this swell as it has been fully removed by the DVR as indicated in the
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Figure 3.15: Voltage measured at sensitive load side for single phase swell
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34 Modgfl;f@g the DT Exes gy Storage farIDVIR

3.4.1 I\/IO'("JI?éiihg the Battery Enerdy Storage

Standard Battery model in MATLAB R2008b was used for the simulation. A 1.2V
Nickel Metal Hydride (NiMH) Battery cell model was selected for testing since it has
comparatively high energy density and rapid charging is possible. Its charging
characteristics were tested by applying a constant current of 0.2A as in the figure 3.16.

Controlled Current Source

(S0

1]

L gl
)

Woltage Measuremenfc'wp:'

0.2

Constant

Figure 3.16: Testing the charging characteristics of the battery
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Accordingly, charging characteristics of battery at constant current was monitored as
in the figure 3.17

Battery changmg charactenstics
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Figure 3.17: Constant current charging characteristics of battery

Typical ch g characteristics extracted frama NiME manufacturer’s datasheet is
as follows"%égé‘gthe figute:3.18)

Specifications 7
~ N 1
Diameter 17.0 +0/-0.7 mm Charge ; 1200mA {1C}x 1.2hrs, 20°C.
Height 3.0 +0/-1.5mm 16 Discharge Temperature : 20°C.
Approximate Weight 329 i5
- 2 14
Nominal Voltage 1.2V @
Discharge Average™ 2040mAh i3 -
Capacity” | Rated (Min) 2000mAN = —
Approx. Internal impedance at 20ma 212 ~
1000Hz at charged state. .
Standard | 200mA (0.1C}x 160 '
Charge Rapid | 1700mA (0,850 1. 10 \ 20
Standard 0°Cl045°C :
o
%5 Charge —apid 0°C 10 40°C ne
o8 Discharge -10°C 10 65°C 0.8
£2 <1 year -20°C 10 35°C 0 1 2 3 4 5 8
< E | Storage [ <3 months -20°C to 45°C Discharge Time (hours)
e <1 month 20°Cto55°C

Figure 3.18: Battery charging characteristics manufacturer’s data

Therefore the above MATLAB model used for the battery energy storage could be

validated.
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3.4.2 Modelling the Super capacitor Energy Storage

Since MATLAB R2008b has no standard models for super capacitor, an equivalent
model illustrated in the figure 2.15 was built up using the basic elements as illustrated
in the figure 3.109.

a
Conn+
ESR
q

EFR

%

G Y

Constant CUrfent charging chafatteristics | was tested by
applying a current pulse as in the figure 3.20. Terminal voltage variation was
monitored using MATLAB. The parameters of the same super capacitor (see the figure
3.22) which was selected for validating the above model were obtained from
manufacturer’s datasheet and applied for the MATLAB model.

Test parameters of the Supercapacitor

e Capacitor=9F/3V
e ESR=0.2Q
e EPR was selected as 2.7kQ
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Figure 3.20: Testing the super capacitor charging characteristics

Voltage variation across the terminals of the super capacitor was monitored as
illustrated in figure 3.21
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Figure 3.21: Super capacitor charging characteristics

In order to validate the above MATLAB model, the 3V/9F super capacitor was tested
in applying a constant current while monitoring its terminal voltage as in the figure
3.23.
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Figure 3.22: Super capacitors used for the experiment

Ul’il”v ersity of

Figure 3.23: Test setup for monitoring super capacitor charging

Super capacitor terminal voltage variation with time was recorded as tabulated in the
table 3.1.
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Table 3.1: Super capacitor terminal voltage variation with time at constant current

charging
time(s) | Super capacitor voltage(V)
0 0

1 0.28
2 0.31
3 0.41
4 0.57
5 0.69
6 0.76
7 0.88
8 1.12
9 1.24
10 1.41
11 1.58
12 1.77
13 1.89
14 1.92
15 2.04
16 3.
17 2.27
o 18 2.36
19 2.49
20 2.58
21 2.58
22 2.69
23 2.58
24 2.42
25 2.41
26 2.4

Super capacitor voltage was plotted against time as illustrated in the figure 3.24
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Figure 3.24: Super capacitor charging waveform

Fully charged supercapacitor was discharged through the 7.2Q resistor under a

constant curgent of 1A, The setup was,modelled in MATAB as in the figure 3.25
Sk

+
‘ ‘ @ Controlled Current Source

Timar
S| =
Woltage Measurement Scope
=

Supercapacitor

Figure 3.25: Super capacitor constant current discharging model in MATLAB



Following response indicated in the figure 3.26 was observed in MATLAB

Supercapacitor constant current discharge
T T T

0 5 10 15 pul} 25
tirme (s)

Figure 3.26: Super capacitor constant current discharging monitored through
MATLAB

Further, 9F/3V super capacitor was charged to its maximum voltage level and it was

discharged through 7.20 resistance maintaining 1A current, while monitoring its

terminal vq%gégg. Termmalvoltage vVartatidnhiwith time Was-tabtfated as in the table 3.2

Table 3.2: Super capacitor terminal voltage variation with time at constant current
discharging
time(s) Super capacitor voltage(V)
0 2.85
1 2.85
2 2.83
3 2.83
4 2.81
5 2.7
6 2.65
7 2.62
8 2.45
9 2.43
10 2.21
11 2.18
12 2.01
13 1.97
14 1.86
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time(s) Super capacitor voltage(V)
15 1.75
16 1.68
17 1.47
18 131
19 1.25
20 1.12
21 1.26
22 1.26

Super capacitor voltage was plotted against time as indicated in the figure 3.27
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Figure 3.27: Super capacitor voltage vs time at constant current discharge

Accordingly, it was concluded that the above MATLAB model is equivalent to the

characteristics of the real super capacitor selected for the test.
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3.4.3 Modeling the conventional capacitor Storage

A simple RC (R=2.7kQ, C=47uF) network model was modeled in MATLAB and a
16V DC voltage pulse was applied to the circuit and the voltage variation across the

capacitor was measured as illustrated in the figure 3.28.
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indicated in the figure 3.29 which is similar theoretical characteristics.
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Figure 3.29: Conventional capacitor charging characteristics
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Chapter 4

4.0RESULTS AND DISCUSSION

4.1 Integration of the battery energy storage with the DVR

Response of DVR with the 2Ah Ni-MH battery storage was tested for different sag
conditions in a fixed time duration. Test setup modelled in MATLAB is illustrated in

figure 4.1.

=
] 1)
- Eypass Switch
Dizcrets, Fauk
Te=Eie0M s T i s ]
powengui -\ —=a 1':{-:'1 - Vsource
= Bypass Switchi ‘Source VoRage
S .—.|> —
—‘ === ]
A 4 = n—l o N | Ditstrioution Transtnmer Bypass Switdh2 wioad
|||-@%Irrm\-s s BJ'i'lr—rm]-B n—l 4, - Load Vokage
i e | O
ine impedance =
T zouree ™ i B P i
e - Ee Vur
o e DVR VoRage
1ig = 1l
STE EL8aR =
g E @ g Finee phese boad
| LES & O3
e T i 1 t

CFI 3 Sooped
LeFEer W Thrae-Bhaze

V-1 Measurement

x =
rement Digorete 3-onzse
Tiokail Powear

So0pef

Figure 4.1: DVR MATLAB model for testing battery storage

Minimum voltage levels of the battery were checked for single phase to ground fault
and three-phase to ground fault conditions. Results are tabulated in the table 4.1 and
4.2.
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Table 4.1: Minimum Battery voltage required to compensate three phase to ground

faults
Sag level (%) Minimum Battery(2Ah) voltage requited to
compensate the sag
10% 150
20% 151
30% 152
40% 153
50% 157
60% 160

Table 4.2: Minimum Battery voltage required to compensate single phase to ground
faults

Sag level (%) Minimum Battery(2Ah) voltage requited to

compensatetrielsag

142
143
144
146
150
155

It was observed that, in order to compensate heavy sags, initial battery voltage should
be set to higher amount of voltage thresholds. But for small scale of sags, there is no
significant voltage change. The above tabulated results were plotted as indicated in

figure 4.2,
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Figure 4.2: Variation of minimum battery voltage vs time to compensate sags

Further, DVR was tested for 100% charged Ni-MH battery for 50% constant sag level
under different sag durations from 0.5 seconds to 3 seconds, the status of charge (SOC)
of the batterlx_at the end of the sag duration was monitored. Variation of Battery SoC

ST,

Piiag durations were plotted as Hlustrated in the figure 4.3.
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SoC (%)

0.5 1 1.5 2 2.5 8
Duation of sag (s)

Figure 4.3: SOC of battery at the end of sag vs time

It was found that there is no considerable variation in the SOC. This indicates that

battery is releasing its charge to the converter in a slower manner.
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This situation was well monitored using the scope connected to monitor the status of
charge with time as illustrated in figure 4.4. It was observed that even for a 50% sag,
at the end of sag condition at 1s, the battery SOC was reduced only by 0.24%. It means
charges were released to the VSC from the battery in a very slower manner. This is

because of low power discharge efficiency of the battery storage.
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The 50% sag condition created at the supply side is indicated in figure 4.5
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Figure 4.5: Voltage at source side during 50% sag condition
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However it was observed that the sag has been successfully compensated for the whole
duration (see the figure 4.6)
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Figure 4.6: Voltage at sensitive load side at 50% sag condition

Mean power delivered through the battery during the sag condition was monitored (see
the figure 4.7) and noticed that the battery can maintain the power delivery to the
converter in nearly constant manner during sag condition. This is because of the low

discharge e{fﬁtiﬁ_ency ofithechatteyystordge!
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Figure 4.7: Mean power variation of the battery

Same observations were there for the three phase voltage swell. DVR was tested for
100% charged Ni-MH battery for 30% voltage swell level under different durations
from 0.5 seconds to 3 seconds, the status of charge (SOC) of the battery at the end of
the swell duration was monitored. Results were tabulated in the table 4.3.1t was found

that there is no considerable variation in the SOC.
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Table 4.3: SOC of the battery with time under 30% swell

Duration of the three phase voltage | SOC at the end of swell
swell (s)

3 99.52%

2.5 99.61%

2 99.69%

1.5 99.74%

1 99.91%

0.5 99.95%

Variation of Battery SoC with Sag duration was plotted as illustrated in the figure 4.8
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Figure 4.8: Variation of SOC of the battery with time under 30% swell

4.2 Integration of the super capacitor energy storage with the DVR

Response of DVR with the 3F, 160V super capacitor storage was tested for different
sag conditions in a fixed time duration. Test setup modelled in MATLAB is illustrated

in the figure 4.9.
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Figure 4.9: testing the DVR MATLAB model for super capacitor

To monitor the high energy discharge characteristics of the super capacitor, it was

connected & Tie, DC-storage of:DVR and tested-the respanse for three phase sags with

variable ma _,f'i_i.udes far a:fixgd guration. |rinally it was compared with the response of

a same voltage Ni-MH battery. Results were tabulated as indicated in table 4.4.

Table 4.4: Mean power released by the battery and super capacitor with different sag

levels
% Sag Power released by the Power released by the Ni-
Super capacitor(W) MH battery(W)
60 2050 1500
50 1870 1490
40 1850 1465
30 1850 1465
20 1850 1440
10 1850 1440

It was observed that the super capacitor’s rate of releasing its power to the VSC is
higher than that of a battery because of its high discharging efficiency. Compensating
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deeper sags, Super capacitor energy can be effectively used than the battery, but in the
case of comparatively low sags, they do not show a significant variation in releasing

power.

In the figure 4.4 it was observed that 3 phase sag of 50% the SOC of the battery was
reduced only by 0.24% at the end of sag at 1s. But under the same initial voltage, a 1F
Super capacitor SOC has been reduced approximately by 10% at the end of the sag at
1s which is illustrated in the figure 4.10.
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releasing high amount of power to compensate even deeper sag effectively because of
its high power density. However even though it can release power efficiently, it cannot
maintain the power levels for longer periods as the battery storage. Figure 4.11 shows
that the released mean power level of super capacitor is rapidly reducing with time,
while the battery is trying to maintain it at approximately constant level.
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Figure 4.11: Mean Power variation of Super capacitor during sag

Further, a 60% sag condition was created for 0.45s as illustrated in the figure 4.12 and
load side voltage was monitored varying the capacitance of the super capacitor at 160V

constant voltage level.
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Figure 4.12: Voltage at source side during 3 phase 60% sag condition

Load side voltage for 0.1 F capacitance is indicated in figure 4.13
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Figure 4.13: Voltage at sensitive load side for 0.1F super capacitor at initial voltage
of 160V during 60% sag

Load side voltage for 0.25 F capacitance is indicated in figure 4.14
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Figure 4.14: Voltage at sensitive load side for 0.25F super capacitor at initial voltage

of 160V during 60% sag

Load side voltage for 1F capacitance is indicated in figure 4.15. It was observed that

sag was completely compensated by 1F capacitance.
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Figure 4.15: Voltage at sensitive load side for 1F super capacitor at initial voltage of
160V during 60% sag

Maximum sag compensating duration for a selected capacitance of super capacitor was
monitored by varying the capacitance of the super capacitor storage and testing the

response with DVR. Results were tabulated in the table 4.5

of Sag,conIpeNsalhg capahmity-wih supa itor Capacitance

Capacity of the Super duration of Sag
capacitor (F) compensating capability(s)
0.1 0.01
0.2 0.04
0.3 0.06
0.4 0.09
0.5 0.12
0.6 0.14
0.7 0.16
0.8 0.18
0.9 0.23
1 0.25

The capacitance and the duration of compensating the sag was ploted as illustrated in
figure 4.16.
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Figure 4.16: Variation of Capacitance of supercapaciotor vs duration of sag
compensating capability

It was found that as the capacitance increases, the duration of sag mitigating capability
also increases.

4.2.1 Harménics ofinjedtedvadltage

For a three phase sag of 50% for 0.2s duration ,Total Harmonic Distortion(THD) levels
of the injected voltage at the primary side of the injection transformer for 5 no of cycles
was monitored for the battery energy option and the 1F super capacitor storage, both
at an initial voltage of 160V. Results are shown in the figures 4.17 and 4.18
respectively.
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Figure 4.17: THD of the injected voltage at the primary side of the injection
transformer for battery storage
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Figure 4.18: THD of the injected voltage at the primary side of the injection
transformer for super capacitor storage

It was noticed a significant reduction in the THD levels for super capacitor energy
storage.

Capacitance of the Super capacitor was varied from 0.1 F to 1F and THD levels for 10
cycles of the injected voltage at the primary side of the injected transformer was
monitored as illustrated in the figures 4.19 and 4.20.
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Figure 4.19: THD of the injected voltage at the primary side of the injection
transformer for 0.1F super capacitor
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Figure 4.20: THD of the injected voltage at the primary side of the injection
transformer for 1F super capacitor

Variation of the THD levels against the capacitance of the super capacitor was
tabulated in the table 4.6.
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Table 4.6: Variation of THD for 10 cycles of the injected voltage at the primary side
of the injection transformer for capacitance of the super capacitor

Capacitance (F) THD (%)
0.1 2.06
0.2 0.77
0.3 0.58
0.4 0.58
0.5 0.56
0.6 0.54
0.7 0.55
0.8 0.53
0.9 0.53

1 0.53

Results were plotted as illustrated in the figure 4.21.
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Figure 4.21: THD of the injected voltage at the primary side of the injection
transformer vs. capacitance of the super capacitor

A significant decrease in the THD levels of injected voltage was monitored with the

increase of the capacity of the super capacitor.
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4.3 Integration of the conventional capacitor energy storage with the DVR

An ordinary electrolytic capacitor bank of 9F with initial voltage of 160V was
connected as the DC storage of DVR and the response of the DVR was monitored. The
simulation model is illustrated in the figure 4.22
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Figure 4.22: DVR MATLAB model with Conventional capacitor storage

Super capacitor storage of same size and same initial voltage was integrated to DVR
in order to compare the results between the ordinary electrolytic capacitor and the
super capacitor. Accordingly the mean power delivered by the super capacitor and
electrolytic capacitor was monitored as indicated in the figure 4.23 and 4.24

respectively. It was found that there is no significant discrepancy between various
responses of the two different storage options.

55



D0.5F supercapacitor SoC
T T T T T T T T T

Swpaicapaciter Sat; (%)

Figure 4.23: SOC of super capacitor under 40% sag condition for 0.45s duration
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Figure 4.24: SOC of electrolytic capacitor under 40% sag condition for 0.45s
duration

It was observed that the SOC of both storages at the end of sag duration was almost
same. But lot of fluctuations were observed in the super capacitor discharging

characteristics than the electrolytic capacitor.

Further, THD level of the injected voltage for 5 cycles at the primary side of the
injection transformer was monitored and the results are illustrated in figures 4.25 and
4.26.
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Figure 4.26: THD level of the injected voltage at the primary side of the injection
transformer for super capacitor storage

It was noted that there was no significant difference between the THD levels for both
storage options.
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Chapter 5

5.0 ECONOMIC ANALYSIS

Consider the DC power injection of 3000W for a period of 60seconds for a sag

condition. Suppose the voltage of the storage should be maintained at 160V.

5.1 Ni-MH battery storage

Cell Voltage (Veenl) = 1.2V

Minimum no of cells required=134

Minimum battery capacity required (Cmin)=Ed (Kaxkixkc)/Vdexkpop
Where,

Eq is the design energy over the autonomy time (Wh)

Ka is a battery ageing factor (%)

kiis a tempera rec (%

Keisac n@ﬂ?ﬁ Fating factor(Pa)

Vois the rmmal barw Lib 1

koop is the maximum depth of discharge (%)

For this case, consider ka=25%, ki=0.956, ke=25% and kpop=60%
Accordingly, minimum battery capacity required=31.12mAh
Cost of a 1.2V/45mAh Ni-MH cell =3 USD

Minimum total cost of battery storage required for compensating a sag=USD 402

5.2 Super capacitor storage

Nominal voltage of a capacitor=2.7V
Minimum No of capacitors required in series=60

Energy stored in the capacitor (Eu)=nxCeq(Umax-Unmin)%/2
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Where
n=efficiency
Ceg=equivalent capacitance

Umax, Umin=maximum and minimum operating voltages

Assuming that the super capacitor bank is operated between the maximum and

minimum voltage levels 170V and 134V respectively and n=90%,
Ceq=0.1F

If 9F/2.7V super capacitors were used

Cost of a capacitor=3 USD

Minimum total cost of super capacitor storage required for compensating a
sag=USD180

5.3 Co rgﬁps capacitor storag

If 3300

Minimum no of capacitors in series (Ns)=4

Considering same parameters as the supercapacitors,
Ceq=0.1F

No of Parallel paths in the Capacitor array (Np)= Ceq<Ns/Ccap
Np=122

Total no of Capacitors in the storage=488

Cost of a capacitor=USD 1

Minimum total cost of conventional capacitor storage required for compensating a
sag=USD488

According to the above calculations, the cost of the DC storage options for injecting
3000W for 1 minute can be compared as in the table 5.1
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Table 5.1: Cost comparison for energy storage options

DC storage Option Cost(USD)
1. Battery storage 402
2. Super capacitor storage 180
3. Conventional capacitor storage | 488

In order to release this 3000kW for a period of 60 seconds, an energy of 50Wh will be

required. Accordingly, required minimum mass of energy storage could be calculated

using the energy density and power density specifications of the storages (see table

5.2).

Table 5.2: Variation of energy density and total mass required for energy storage

storage

options
Storage option Energy density | Required mass of
(Wh/ka) energy(kg)
1. Batl;gry storfape 100 0.5
2. Sﬁjﬁﬁapa@itor stordde 19 5
3. Comentiond capacitor {0:3 167

In addition to mass, the volume to be maintained for the energy storage could be

compared (see table5.3)

Table 5.3: Required volume of energy storage options

Storage option

Volume per unit mass

Required

storage

(cmd/g) volume(cm?)
1. Battery storage 228 114
2. Super capacitor storage 358 1790
3. Conventional capacitor | 1675 279,725

Further, mass requirement according to the power density of the energy storages were

compared as in table 5.4.
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Table 5.4: Variation of power density and total mass required for energy storage

options
Storage option Power Density | Required mass of
(kW/kq) energy (kg)
1. Battery storage 1.5 2
2. Super capacitor storage 10 0.3
3. Conventional capacitor | 100 0.03
storage

According to the power density and energy density, Battery storage and Super
capacitor storage could be utilized for DVR. Even though the conventional capacitor
can deliver required power levels economically, it requires very high volume and mass
to maintain the above required energy level. Therefore conventional capacitor storage
option is not feasibly because of the high mass and volume levels which will

excessively increase the weight and size of the DVR as well as the cost.

Further, ecopomics of the energy storages based on their. cycle time could be compared
as indicatedtable 5.5,

If the frequierey of critical sags in'a feddéf'is 20 per day,

No of critical sags inayear =7300

No of critical sags in 10 years =73000

Table 5.5: Cycle durability of energy storage options

Storage Option Cycle durability No of wunits to be

replaced for 10 years

Ni-MH Battery 500 Cycles 15
Super capacitor 10° cycles None
Conventional capacitor unlimited None

Therefore, Super capacitors and conventional capacitors have the long term advantage

of replacement cost.
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Chapter 6

6.0CONCLUSION

According to the results obtained for the three energy storage options in connecting
with DVR, Super capacitor energy storage is suitable for compensating deeper sags
which prevail for shorter durations. Rather than the battery storage, it can release
higher amount of power in a shorter duration because of its high power density. This
feature of super capacitor increases the efficiency of the voltage source converter of
the DVR. But it cannot store large amount of energy in comparison with Battery
storage. Therefore super capacitor storage cannot deliver power for a long duration.
Therefore, for smaller sags prevailing for long durations, battery storage will be useful
because of its high energy density. Conventional capacitor and Super capacitor energy
storage shows similar characteristics in short duration sags and swells. But, economics
of building a conventional capacitor storage to match with the super capacitor storage

will be excessively high. On the other hand, sizing the conventional capacitor storage

for the energy: rement-may-increase the size,mass and.cost.of the DVR in a non-
economicglsmgihner FTherafore thd enstgy denbity: andtpower< y features of the
three storagemptions¥inally!decidetha Capa fferent sag/swell
conditioris.

Other than the capability of releasing high power in milliseconds, super capacitor
storage has the advantage of long durability. Since a super capacitor can survive even
more than 200,000 charging discharging cycles, DVR can be operated without
replacement of an energy storage even for 5 years. But a battery life ends within 500
cycles. Also its life cycle becomes shorter with the depth of discharge. Therefore it
cannot be used for high sag/swell locations. As it has the capability of recharging in
few seconds, DVRs with super capacitor storage is suitable for the locations having
frequent sags or swells in short durations. Another advantage of Super capacitor
storage is it can improve the quality of the compensated voltage by reducing harmonic
content. However, as the rate of discharging power in super capacitor is higher, the
temperature increase may shorten the lifetime of the super capacitor. Therefore, when
designing the super capacitor energy storage, rate of discharge will be a major factor.

On the other hand, when connecting super capacitors or batteries in a array to form a

62



bank, as all the elements in the array are not 100% identical in voltage and other

parameters, voltage balancing circuits must be build up with the energy storage.

To compensate all kind of sag/swell conditions, it is recommended to connect Battery
and Super capacitor storage as a hybrid energy storage. Therefore the required energy
can be released according to the condition of the sag or swell which is detected by the

DVR control module. This study should be carried out in future.

Hybrid energy storage to be studied in the future is indicated in the figure 6.1.

Voltage Source

Converter

Battery Storage —>

DC/ DC buck

|—> boost converter

Supercapacitor

Storage
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