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ABSTRACT

Power quality (PQ) has become a major concern with the wide application of power
electronic loads in distribution system. These loads result in power quality problems
like harmonic distortion in utility source currents, excessive neutral current, poor utility
power factor, voltage harmonics, voltage unbalance and interference with communica-
tion systems. To avoid these problems passive filters were used but, due to their inability
of solving all the power quality issues, customs power devices (CPDs) have emerged
as reliable technology. Distribution Static Compensator (DSTATCOM) and Dynamic
voltage restorer (DVR) are popular CPDs used to mitigate current and voltage related

power quality issues.

DSTATCOM is a shunt connected active power filter, which is used to overcome cur-
rent related PQ problems. It is connected at point of common coupling (PCC) to supply
harmonic, reactive components of load currents and also provide neutral current com-
pensation. This makes the source currents balanced and sinusoidal with Unity Power

Factor (UPF) operation.

DVR is a series connected active power filter (APF), used to mitigate voltage related
power quality problems. When connected to power system at PCC, DVR maintains

load voltage constant by injecting appropriate voltage under voltage disturbance.

The work presented in the thesis deals with topologies of voltage source inverter (VSI),
theories for generation of reference signals and current/voltage controllers for genera-
tion of switching pulses. Instantaneous reactive power theory and instantaneous sym-
metrical component theory used for reference currents generation for DSTATCOM are
analyzed. For DVR, reference voltages generation schemes like in-phase compensation,
pre-sag compensation, etc. are investigated. Switching control schemes are presented
with their merits and demerits. Simulation studies are performed in MATLAB/Simulink

environment to validate different reference signal algorithms.
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CHAPTER 1

INTRODUCTION

According to IEEE, Power quality (PQ) is the concept of powering and grounding sen-
sitive equipment in order to protect the sensitive equipment as well as source of electric
power from the disturbances. In simpler words, power quality is the combination of
voltage quality and current quality. It can be stated that the power quality is good,
when steady state supply voltage/current within the prescribed range, frequency close
to the rated value, and smooth voltage/current waveforms (which are sinusoidal). In
the recent years, the quality and reliability of power supply in distribution system is
becoming a growing concern due to increased use of power electronic based equipment
like computer related loads, rectifier loads, consumer electronic appliances, adjustable
speed motor drives. This semiconductor devices play an important role in development
of efficient and sustainable technology for power conversion and power conditioning
but they introduce nonlinear characteristics which causes contamination to voltage and
current waveforms at the point of common coupling (PCC) which is a matter of great
concern for utility and consumer. This non-linearity along with unbalance and reac-
tive loads have aggravated power quality problems on almost every part of the network
directly or indirectly. They cause excessive neutral currents, overheating of electrical
apparatus, poor power factor, voltage distortion and interference with communication

systems [1]-[3]. Some of the reasons for power quality problems are:

* Faults and failure of switching operations which may result in dips, interruptions
and transients

* Disturbances from loads that result in flicker, harmonics and phase imbalance

* More usage of non-linear loads resulting in higher reactive power oscillations.

1.1 Various Power Quality Issues

In general, an electrical utility is expected to maintain balanced voltages at consumer
end. Similarly, consumer is expected to draw balanced current from source. Any de-

viation in voltage and current waveforms causes a power quality Issue. Power quality



issues manifest themselves in different forms at PCC. Broadly, these can be classified

as following:

* Voltage/current unbalance

Voltage/current distortion

Voltage sag and swell

Voltage fluctuations

Power-frequency variation

Definitions of above presented issues from IEEE std. 519-1992 [4] and IEEE std. 1159-

2009 [5] are mentioned and brief explanation have been provided below.

1.1.1 Voltage/Current Unbalance

Voltage/current unbalance in a three-phase system is defined if the root mean square
(RMS) values of the voltages and phase angles between two consecutive phases are
not equal. The severity of the unbalance in a three-phase system can be expressed as
ratio of negative sequence component to the positive sequence component. The ratio is
usually expressed as a percentage [1]. The major source unbalance in a power system
network is due to different loads in three phases. This can be due to uneven spread of
single-phase loads over the three phases. Unbalance also leads to additional production
of heat in windings of induction and synchronous machines. This causes downfall of

efficiency and derating of the machine.

1.1.2 Voltage/Current Distortion

In general waveform should be sinusoidal but this may not always be sinusoidal due to
the presence of harmonics. This results in voltage distortion. This distortion is caused
mainly by two factors. The first one is the generated source voltages is not sinusoidal.
This can happen due to small deviations from the ideal shape of machine resulting a
small amount of harmonics at the generation. The second factor is voltage distortion
at PCC. This happens because of combination of linear and non-linear loads therefore

the total current drawn from supply is distorted and as a result, the drop across source



impedance will be non-linear and voltage at terminal bus will be distorted. Because
of this distorted voltage, linear load connected through PCC bus will also get affected.
The classical example is the power transformer, where the non-linearity is due to sat-
uration of the magnetic flux in the iron core of transformer. The amount of harmonics
generated by power system is considerably low but extensive usage of electronics in-
crease harmonics in the power system. Broad applications of adjustable speed drives

also contributes to voltage distortion in power systems.

1.1.3 Voltage Sag and Swell

Voltage sag/swell is a sudden decrease/increase in the RMS voltage at any point in an
electrical system for a duration ranging from half cycle to a maximum of one minute.
The principal cause for voltage sag is a short term increase in current usually appearing
during the starting of a motor, energizing of a transformer and faults on high voltage side
or low voltage side of transmission lines (mostly due to line-ground fault). Voltage swell
results from sudden reduction in load or switching of capacitor banks. A prolonged and
excessive swell can be dangerous to power transformer as it can enter into saturation

region and get subjected to high electromagnetic stress.

1.1.4 Voltage Fluctuations

Voltage fluctuations can be defined as a series of voltage changes or a cyclic variation of
the voltage envelope. These occur due to continuous and rapid variations in the current
magnitudes of loads. With variation of voltage, power flow also varies. Beyond 10 Hz

frequency, human eye becomes sensitive to the fluctuation, which can be disturbing.

1.1.5 Power Frequency Variation

Power frequency variation is deviation from fundamental frequency, or from its spec-
ified nominal value. This term often referred to as voltage frequency variation. This
happens due to unbalance between load and generation. At any instant, frequency de-
pends on the balance between load and capacity of available generation. The size of

frequency shift and its duration depend on the load characteristics and response of gen-



eration system to load changes.

1.2 Measures to Enhance Power Quality

Different schemes for mitigating power quality issues have evolved in literature. To
reduce the PQ issues conventionally, passive filters are used for compensation. Passive
filters consist of inductors and capacitors which are tuned for a particular frequency.
For elimination of multiple harmonic components separate filters are installed for each
harmonic frequency. Even though they are simple in operation, low cost and high effi-
ciency, these filters include disadvantages of bulk in size, need of high rating and they
often require coordination with reactive power requirements and harmonics of the loads.
In principle, these passive filters filtering characteristics are determined by impedance
ratio of source and the filter [6]. The source impedance which varies with the system
configuration, strongly influences the passive filters operation. Passive filters are not
suitable for real time management as these are firmly fixed at particular location in the
system and neither size of filter nor tuned frequency can be changed so easily. To over-
come the above problems, a viable solution has been proposed with Active Power Filters
(APFs). When proposed, the technology was unable to mitigate the same, but due to
the rapid advancements in power and semiconductor technology has enabled practical
realization of APFs. The active power filters employed in power distribution systems
are referred to as Custom Power Devices (CPDs). Popular CPDs are Distribution Static

Compensator (DSTATCOM), Dynamic Voltage Restorer (DVR), etc.

1.3 Motivation and Objectives

In many AC distribution systems due to more sensitive loads users continue to demand
high power quality. On the other hand loads which are responsible for power quality
issues have become numerous. This has more impact on critical loads and rating of
power system. Therefore, compensatory techniques to alleviate these issues need to be
analyzed. Realization of DSTATCOM involves mostly three major important aspects.
First one is selection of suitable Voltage Source Inverter (VSI) topologies based on load
and network configuration. Second part is generation of filter currents to be injected at

PCC to ensure that current from source is balanced and sinusoidal. Third one is devel-

4



opment of current control strategy for VSI in order to generate desired filter currents.
Merits and demerits of these topologies are studied. Comparisons of current generation
techniques of DSTATCOM need to be analyzed. The dynamic voltage restorer (DVR)
is a series APF which is designed to correct voltage sag and swell. The performance of
DVR is mainly dependent on voltage control strategy. The drawbacks during transient
responses are studied and it was concluded that a simple closed loop control technique
has a better transient response and easy to implement. The control schemes are studied
and analyzed. The objectives of the work are:

* Algorithm for generating reference filter currents/voltages to obtain desired source
currents and load voltages

* To maintain DC link capacitor voltage for better performance of VSI
* A control strategy requirement for generating pulses to VSI
* Structure and operation of DSTATCOM and DVR need to be investigated

* To achieve proper shaping of voltage/current while injecting at PCC, interface
filters plays an important aspect which should be explored further

1.4 Organization of Thesis

Chapter 1 describes various power quality effects on loads and power distribution sys-
tem and need for improvement. Various power quality events are described individually.

Mitigating techniques using passive filters and active power filters are introduced.

Chapter 2 is a description of CPDs and their role in mitigating power quality issues.
It provides a literature survey of various custom power devices, active filter topologies

and fundamental principles of the working of the same.

Chapter 3 presents various algorithms for generating reference currents and voltages
of these CPDs. These generated waveforms are injected into power system at load
terminal with filters. In this chapter DSTATCOM is operated in current control mode for
current compensation and DVR for voltage compensation. Detailed simulation results

are illustrated.

Chapter 4 presents conclusions of the work done and scope for future work is outlined.



CHAPTER 2

LITERATURE SURVEY

As custom power devices were introduced in the earlier chapter to mitigate power qual-
ity issues, detailed descriptions of these devices are provided and studied in this chapter.
The emergence of these CPDs has been documented in literature. Custom power de-
vices are a group of devices, which compensate current-voltage related PQ problems.
These custom power devices generally include components like a power inverter, energy
storage devices (capacitors, inductors, etc.), interface filter parameters, master control
module which ensures control and distribution of high quality power to consumers.
Popular CPDs are distribution static compensator (DSTATCOM), dynamic voltage re-
storer (DVR), Unified power quality conditioner (UPQC), solid state transformer switch
(SSTS) and solid-state fault current limiter (SSFCL) [7]—[9]. Brief description and role

of some of these CPDs are presented in the following sections.

2.1 Distribution Static Compensator (DSTATCOM)

DSTATCOM is a shunt custom power device connected in power system distribution
network for mitigation of current related problems. The major functions of this de-
vice are compensating reactive power, absorbing harmonic components and compen-
sating voltage sag. Generally this device is supported by short-term energy stored in a
DC capacitor. When a load is applied, it can generate compensatory currents to meet
load requirements. In literature, DSTATCOM presents various VSI topologies, differ-
ent control techniques and various switching strategies for compensation. The general

schematic of DSTATCOM connected to power system at PCC is displayed in Fig. 2.9

Source voltage (vy) is compatible with both linear and non-linear loads, and in the ab-
sence of DSTATCOM source supplies both linear and non-linear current combined.
The supplied source current (i) is similar to load current (i;) is of non-sinusoidal, un-
balanced and of low power factor. To avoid these hassles, DSTATCOM injects filter
current (iy) at load bus. The compensation makes source currents balanced and sinu-

soidal with unity power factor even though load is unbalanced and non-linear in nature.
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Fig. 2.1 Schematic diagram of DSTATCOM

The required compensating current if is injected using VSI through interfacing filter
which has an inductance Ly and resistance Ry. The operation of VSl is assisted by DC
storage capacitor C;. with DC link voltage V. across it. Feeder impedance are repre-
sented by the inductor L and resistor R;. DSTATCOM is a flexible PQ compensator as
it can operate in Voltage Control Mode (VCM) or Current Control Mode (CCM).

2.1.1 DSTATCOM in Voltage Control Mode

Voltage at PCC can be distorted or unbalanced if the loads are nonlinear or unbalanced.
As a result, PCC voltage deteriorates from ideal conditions. DSTATCOM, when oper-
ated in voltage control mode (VCM) injects an appropriate fundamental reactive current
to maintain load voltage constant, balanced and sinusoidal during voltage disturbances
like swell, sag, unbalance. The DSTATCOM can inject leading or lagging current based
on the nature of disturbance at PCC. During decrease in source voltage (sag) DSTAT-
COM acts as a capacitive load and supplies reactive current into the source to improve
load voltage. During increase in source voltage (swell) DSTATCOM acts like an induc-
tive load and draws reactive current from the source to keep load voltage at a constant
value. Therefore, DSTATCOM in voltage control mode injects either leading or lagging
fundamental reactive current for maintaining load voltage constant during voltage pol-
lution at PCC. The illustration of DSTATCOM in voltage control mode of three phase

four wire neutral point clamped VSI topology connected in a distribution system is



shown in Fig. 2.2. In the above figure, vy, vy, and v are source voltages of phases
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Fig. 2.2 Schematic for DSTATCOM in VCM operation.

a, b and c, respectively. Similarly, v;4, v, and v;. are load voltages at PCC. The loads,
source, and compensator together are connected at the PCC. The source currents in
three phase are represented by i,,, is, and is., load currents are represented by ij,, i
and ij.. The VSI currents are denoted by if,, ify, and if). in respective phases. The
interfacing inductance and resistance of the shunt active filter are represented by L and
Ry, respectively. The shunt capacitor Cy, connected at the load terminal, absorbs the
higher switching harmonics present in the filter currents. Currents through the shunt
capacitors are given by ig,,, isnp, and ig,.. The dc link capacitance and voltages across
them are represented byCy.; = Cye2 = Cy. and Vo1 = Vyeo = Vg, respectively. The dc
side capacitor serves mainly two purposes, it serves as an energy storage element to
supply a real power difference between the load and source during the transient pe-
riod. In steady state complete compensation is achieved but transient state response is
slow when DSTATCOM is operated in VCM. In normal operation DSTATCOM has to

operate in CCM but during faults VCM comes into operation.

2.1.2 DSTATCOM in Current Control Mode

The primary focus of DSTATCOM in current control mode is to mitigate current re-
lated problems. The objective of the compensator connected at PCC in current control
mode is to correct the imbalances in source current by supplying harmonic current.

The schematic shown in Fig. 2.3 is ideal current compensator with three-phase cur-



rent sources connected to system at PCC. However,a practical compensator is designed
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Fig. 2.3 Schematic of DSTATCOM acting as an ideal current compensator

using voltage source inverter operating in CCM through a suitable control method to
realize these current sources. Elaborate description of custom power devices can be
divided and studied as the following: VSI topologies, control theories for generation of

reference quantities and switching control techniques for VSI.

2.1.3 Control Schemes for Generation of Reference Signals

Control of DSTATCOM deals with two major tasks, which are generation of refer-
ence quantities and determining these through voltage source inverter. Various theories
for generation of reference currents are proposed in literature. Some of these theories
are instantaneous reactive power theory, instantaneous symmetrical component theory,
generalized instantaneous reactive power theory, synchronous reference theory. These
theories are most commonly used for generation of reference components. Brief de-

scription of some of these theories are as follows

Instantaneous Reactive Power Theory

Instantaneous reactive power theory was proposed by Akagi et.al. in 1983-84 [10],
[11] and it is also known as pq theory. This theory aims to develop a mathematical
formulation for realization of reference compensator currents using powers present in
load, reactive and harmonic powers. The reactive power can be compensated not only

in steady state but also in transient conditions. The pg theory uses Clarke transfor-



mation to convert abc to mutually orthogonal o — 8 and inverse clarke transformation
to convert o — 3 to abc. Definitions of instantaneous active and reactive powers af-
ter transformation are presented and discussed in this theory. Detailed explanation of

instantaneous reactive power theory with simulation results is explained in next chapter.

Generalized Instantaneous Reactive Power Theory

Instantaneous reactive power theory was generalized for three phase systems by Peng
and Lai [12]. It was done by considering zero sequence components to the active power
and non-active power. Instead of decomposing the current components into alpha-beta
orthogonal components, Power components were defined at first and then current is
decomposed. The instantaneous phase voltages and currents are expressed as instanta-

neous space vectors.

Va lg
V= |y | i=[j 2.1
Ve lc

The instantaneous active power is defined as

p = V. =vuig+ vpip + veie. 2.2)

The instantaneous reactive power vector is defined as

Vb Ve
ib ic
qa
. Ve Va
q=vXi=|q,| = o 2.3)
le g
qc
Va Vb
o Ip
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The instantaneous active current is defined as

. . p
1, = bp = W V. (24)
lep

lag
.|| _axv
iy = |ipg| = vy V. (2.5)

The active and reactive power defined on instantaneous basis is facing criticism as it is

not possible to estimate the nature of the load with these two definitions [13].

Synchronous Reference Frame (SRF) Theory

Synchronous reference theory was introduced by R. H. Park in 1920s and is based
on time domain reference signal estimation techniques. The cardinal structure of syn-
chronous reference theory consists of direct dg0 and inverse dg0 park transformation.
The reference frame transformation is formulated from a three-phase abc stationary sys-
tem to the direct axis (d) and quadratic axis (g) rotating coordinate system [14]. Using
park transformation three phase space vectors stationary coordinates are easily trans-
formed into dqO0 rotating frame coordinates as shown in below equations. Equation 2.6

is used for voltage transformation while equation 2.7 is used for current transformation.

Vig cos(wt) cos(wt—2m/3) cos(wt+27n/3)| |va
2
vid| =\/3 | sin (ot) sin(t—2x/3) sin(0t+271/3)| (v (2.6)
vio | 5 7 5| e
l1g cos(ot) cos(wt—2m/3) cos(wt+2n/3)| |iL
2
i | =1\ 3 |sin (o) sin(or—2x/3) sin(wt+27/3) | |ip (2.7)
i 1 1 1 i
10 | L V2 V2 V2 | [He

The dgq transformation output signals depends on the performance of the phase locked
loop (PLL). The PLL circuit provides the rotational speed (rad/sec) of the rotating ref-

erence frame, where @f is set as fundamental frequency component. The analysis of
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the dg components and appropriate filtering can support the generation of the filter cur-
rent references as required by the control. The dg components consist of DC and AC
components as given below.

i1g = l1g + 114 2.8)

ilq = ilq + ilq

The DC components i;; and lqu correspond to the fundamental positive sequence load
currents and the AC components i;; and flq correspond to the load currents harmonics.
Component flq corresponds to the reactive power drawn by the load. The reference for

the compensator can be obtained as follows

i}krd =1l
ity = i+ 114 (2.9)

The compensator references in abc reference frame are obtained using inverse Park

transformation as given below

% > cos (or) sin (ot ) % it
i | = \/; cos (ot —2m/3) sin(wt —27/3) % i (2.10)
i cos (ot +2m/3) sin(wt+2m/3) V% %

The calculation of reference filter currents using SRF theory is simple, which involves
direct Park transformation from abc to dq0 coordinates system and dealing with only
DC quantities in dq0 frame. However, a proper PLL circuit is required in this method to

obtain the transformation angle (®t) information from the three phase supply voltages.

Instantaneous Symmetrical Component Theory

The theory of instantaneous symmetrical components can be used for load balancing,
harmonic suppression and power factor correction [15]. Control algorithm of this the-
ory can compensate any kind of unbalance and harmonic in the load. The compensation
is done with high bandwidth current sources to track the filter reference currents. Ac-

cording to this theory any three phase instantaneous quantities can be expressed into
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positive, negative and zero sequence

Out of various theories,the instantaneous symmetrical component theory with extrac-
tion of fundamental positive sequence components is simple in formulation. In addition
to this, compactness of the control algorithm, flexibility to work under circumstances
and computational efficiency make this scheme a very attractive choice and hence can

be used for reference filter current generation for DSTATCOM.

2.2 Various VSI Topologies for CPDs

In DSTATCOM applications, VSI are used to track generated reference currents. Cur-
rent source inverters (CSI) can also be used instead of VSI. But, due to bulky DC induc-
tors, high dc link losses, requirement of voltage clamp circuit and reduced efficiency
at normal operating point VSIs are prefereed over CSIs. Also, mean time to failure
(MTTF), which is considered important in industrial applications is really low in case
of CSI. The insulated gate bipolar transistor (IGBT) used in VSI has an inherent free-
wheeling diode to allow current flow in reverse direction of switch current and are cost
effective when compared to IGBTs in CSI. Various VSI topologies are presented in lit-
erature [16], [17] . Some of the VSI topologies for DSTATCOM and DVR application
are described below. The common notations used in these topologies and figures are v,
vgp and vy represents source voltages of phases a, b and ¢ respectively. Similarly, vy,
vsp and vy are the terminal voltages . The source currents in three phase are represented
by isq, iy and is., load currents are represented by ij,, i;, and ij.. The DSTATCOM
injected filter currents are denoted by if,, ifp and iy.. The interfacing inductance and
resistance of the active filter are represented by L and Ry respectively. The load consti-
tuted of both linear and nonlinear loads as shown in these figures. The DC link capacitor

capacitance and voltage across it are represented by Cy. and V. respectively.

2.2.1 Three phase Three leg topology

This topology consists of six switches each with an anti-parallel diode and a single
DC storage capacitor. It has a disadvantage of not able to compensate zero sequence

currents in the load. Hence these currents flow in the neutral wire (n — N) between
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Fig. 2.4 Schematic diagram of three phase three leg VSI topology

the load and the system degrading power quality. The generation of the three compen-
sator currents is not independent. Hence, this scheme is not suitable for three phase
four wire distribution system with load currents containing zero sequence components.

Schematic of this compensator is shown in Fig. 2.4.

2.2.2 Neutral Clamped VSI Topology

Neutral clamped voltage source inverter has six switches, each with an anti-parallel
diode, two DC storage capacitors,and the junction of the two capacitors is connected to
the neutral of the load as shown in Fig. 2.5. It is also known as split capacitor topol-
ogy. Unlike the above topology, the neutral clamp at the junction of capacitors allows
the path for zero sequence current and three injected currents at PCC can be indepen-
dently controlled. The zero-sequence component of load current is circulated between
load and DSTATCOM. This topology is equipped to compensate DC components of
the load too, but due to the presence of DC component in VSI, the two DC capacitors
are charged to different voltages. Hence the major challenge of this topology is bal-
ancing of the DC link voltage across two capacitors. However, this is rectified using
a proportional-integral (PI) voltage control loop. This voltage unbalance is quite less
when zero sequence current on the neutral has only AC components. But, when load
demands any DC component, injection of this DC component current through capaci-

tors effects charging one of the capacitors below its reference value and discharging the
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Fig. 2.5 Schematic diagram of three phase neutral clamped VSI topology

other above the reference value. Hence apart from applying dangerously high voltages

across some of the switches, VSI loses its tracking ability, therefore degrading the per-

formance of the compensator.This topology is the best choice in a distribution system

because of its independent control, less number of switches and no transformer.

2.2.3 Three Phase H-Bridge VSI Topology
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Fig. 2.6 Schematic diagram of three phase H bridge topology

This topology contains three H-bridge inverters that are connected to a common DC
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storage capacitor. The schematic of this topology is shown in Fig. 2.6. Each switch
shown in the figure is the combination of a power semiconductor device and an anti-
parallel diode. This topology is realized by three interfacing transformers and three
H-bridge inverters. VSI connected at PCC injects filter currents which are indepen-
dent of each other. This interfacing transformer not only provides isolation between
inverter legs but also prevents DC capacitor from getting shorted during the operation
of switches in different legs. The output terminals of the transformer have the flexibility
to compensate star connected load or delta connected load by connecting the terminals
in star or delta. Due to the presence of transformers, if load draws any DC compo-
nent this topology fails to compensate, because the DC component current saturates
the transformers causing heating and increased losses thereby reducing their life. An-
other drawback is more switching losses in VSI as this uses more number of switches

compared to other topologies.

2.2.4 Three phase Four leg Topology
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Fig. 2.7 Schematic diagram of three phase four leg VSI topology

Fig. 2.7 illustrates three phase four leg topology with a single unit of DC storage ca-
pacitor and extra leg in an inverter, which is connected between source and load neutral
through interface reactance and helps in eliminating zero sequence components as well

as DC components of source currents [18]. The other three legs are connected to three
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phases at PCC. The reference current for the fourth leg is the negative sum (i, = —i,)
of the three phase load currents. To maintain DC link voltage a PI controller is used
which regulates the power flow between source and compensator. Since the fourth leg
tracks negative of the zero sequence current, it needs a higher bandwidth VSI to track
the neutral current. Major drawbacks of this topology are higher number of switches
and inability to control each leg of VSI independently. Therefore, each VSI topology
has its own load compensation capabilities, merits and demerits, hence the choice of

VSI topology is to be done based on the customer requirements and load configuration.

2.3 Switching Control Techniques for VSI

To realize these generated filter currents, DSTATCOM or any practical compensator
uses a VSI in an actual distribution system. To achieve desired currents as close as
possible to the reference currents, a suitable control scheme is required. Depending on
the application, control technique may vary but the primary requirements necessarily

remain the same. Some of the fundamental requirements are as follows [19]:

* Ease of implementation

* No phase and amplitude errors for an ideal tracking over a wide frequency band-
width of operation.

* Low or minimum harmonic content in the compensated quantities
* Good dynamic response of the system

* Constant switching frequency operation of the VSI to ensure safe operation of the
power semiconductor switches.

* Effective utilization of input DC link voltage of VSI.

The current control scheme inherently involves a closed loop control in which actual
current quantity is compared with a reference quantity and generates switching states.
These switching states are appropriately selected in order to minimize error between
generated and required currents. Open loop voltage control VSI pulse width modula-
tion (PWM) methods like sinusoidal pulse width modulation (SPWM) and space vector
modulation (SVM) strategy have advantages of constant switching frequency of oper-

ation resulting in a well-defined harmonic spectrum, optimum switching patterns and
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good DC link utilization. Some commonly used current control techniques are Hys-
teresis current control, Linear PI controller, Ramp comparator control, prediction based
hysteresis control, space vector based hysteresis controller, etc. Hysteresis control is
reported as one of the most widely used current control technique for active power
filter applications. Literature suggests that linear PI controller, ramp techniques and
dead beat implementations are also used widely. Hysteresis controller and its improved
variations are well suited for high speed applications, while not forsaking dynamic per-
formance. A detailed explanation of the Hysteresis control algorithm used in simulation

is explained in the next chapter.

2.4 Dynamic Voltage Restorer (DVR)
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Fig. 2.8 Schematic diagram of DVR

Dynamic voltage restorer belongs to the family of series CPDs which compensates
voltage related PQ problems. The basic function of DVR is to inject appropriate voltage
to maintain load voltage as desired [20]. DVR has the ability to supply both reactive
power and real power. When the voltage sag is small it can be restored through reactive
power only. In order to achieve complete compensation during high voltage sag real
power supply from DVR is required. Schematic of DVR is shown in Fig. 2.8. Brief
description of DVR structure, various topologies, control schemes and compensation

techniques are described in following subsections.

18



2.4.1 Structure of DVR

DVR mainly consists of energy storage device, VSI, Low pass filter and injection trans-
former. The basic function of VSI is to convert the DC voltage to AC voltage with
desired magnitude, phase angle and frequency. The injection transformer low voltage
side is connected at VSI while high voltage side is connected in series with the distri-
bution line. The transformer not only provides isolation between inverter and line but
also reduces the voltage requirement of the inverter and prevents shorting of capacitor
through switches in different legs. Low pass filters are used to filter out higher order
harmonic components generated from VSI. These filters can be placed either on the low
voltage side or high voltage side of the injection transformers [21]. If filter is connected
at low voltage side, higher order harmonics will be filtered out. But, due to the volt-
age drop across filter inductor, phase angle shift in fundamental component is observed
which may compromise the control scheme of DVR. A filter placed at high voltage side
of transformer avoids this issue but higher order harmonic currents penetrating into the

transformer causes heating and also requirs higher rating of transformer.

2.4.2 Topologies and Control Schemes of DVR

In literature, three-leg, four-leg, split capacitor with neutral point clamped and H-bridge
VST topologies are used. A brief explaination of these topologies are presented in earlier
sections. Each VSI topology has its own merits and demerits, but Split capacitor and
H-bridge topologies are most commonly used because of their ability to compensate

Zero sequence component.

DVR control strategies can be divided into reference voltage injection and inverter con-
trol. Numerous reference signal generation schemes are presented in literature. Some
of the reference voltage injection schemes are closed-loop state variable control, syn-
chronous reference frame based techniques etc. These schemes are required by DVR for
restoration of load voltage magnitude and phase. Synchronous reference based control

strategies are well used for the purpose.

Inverter control is required by DVR to synthesize switching pulses required for VSI.
Switching band controller (Hysteresis voltage controller), Sinusoidal PWM technique

etc. are some of the well known techniques. Literature suggests that some of the
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schemes require much information about system parameters. Hysteresis voltage con-
trol technique is a widely used control technique to synthesize switching signals due
to its advantages like, fast dynamic response, zero magnitude/phase error, independent
of system parameters and ease of implementation. Detailed discussion on hysteresis

controller is presented in chapter 3.

2.4.3 Compensation Techniques of DVR

In power system when a fault occurs, supply voltage fundamental component phase
shift and amplitude variation is observed. To compensate this voltage magnitude and
phase angle it is required to inject voltage in series. DVR is popularly used to inject
compensation voltages. Some of the compensation techniques are in-phase compensa-

tion, pre-sag compensation scheme and energy optimized compensation.

In-phase compensation

In-phase compensation compensates voltage sag/swell to same voltage as before voltage
disturbance. A phase locked loop (PLL) is used for implementation of this scheme.
PLL is a control system that generates an output signal whose phase is related to the
phase of an input signal. This PLL should not be locked and it has to be synchronized
with the grid. This scheme minimizes the magnitude of injected voltage for mitigation
of voltage sag/swell as compared to other compensation techniques. It demands more
active power to restore the voltage which results in increment of DC storage equipment.
In-phase compensation compensates only voltage but not phase shift i.e., phase jump
in source voltage is reflected in load voltage after compensation. It is not advisable to
use this scheme under very sensitive loads. Implementation of this scheme with phasor

diagram is explained in next chapter.

Pre-sag compensation

A standard solution for compensating voltage sag is to maintain the same load voltage
as before the sag. Therefore, the voltage magnitude and phase angle of the load voltage

has to be restored exactly as pre sag condition. Unlike In-phase compensation PLL will
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Fig. 2.9 Schematic diagram of Pre-sag compensation

be locked as soon as soon as sag is detected. Restored load voltage is in phase with
pre-sag voltage Vjre—sqe- In phasor diagram Fig. 2.9, Vi, is terminal voltage during

the sag, 0 is phase jump, /; is load current, and ¢ is load power factor angle.

|Vdvr| = szresag - 2Vpresagvsag cos 6 + Vs%zg (2.11)
Vsae SIn O
@ = (-l (2.12)
Vpresag - Vsag cos 6
P, = ‘VdWUICOS(Ot—i—G) (2.13)
Owr = |Vdvr| I sin((x + 9). (2.14)

Depending upon the phase jump of the grid voltage and sag depth, magnitude of DVR
voltage, the phase of DVR injection voltage i.e., @ and corresponding active and reac-
tive power associated with the load voltage compensation are calculated and given in
(2.11) - (2.14). This compensation scheme is the better choice due to its performance
in transient conditions. If load is very sensitive pre-sag compensation is preferred as
it compensated both phase angle and voltage magnitude. injected voltage magnitude
[Vinjl will be higher than that required for in-phase compensation. The injected voltage
increases if the phase jump increases. For larger values of phase jumps compensator

ratings should be more, even to compensate for small voltage sags.
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Energy Optimized Compensation

In order to reduce the active power requirement for the DVR circuit, energy optimized
compensation technique can be used. The DVR is controlled in such a way that the
DVR compensation voltages are maintained perpendicular to load currents, which indi-
cates zero active power supply through DVR. The basic idea of this strategy is to draw
maximum possible part of the load active power from the grid during the voltage distur-
bance resulting in minimization of active power requirement from DVR. This technique
has a limitation of minimum sag depth. The phasor diagram of the energy optimized

voltage compensation is shown in Fig. 2.10.
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Fig. 2.10 Schematic diagram of Pre-sag compensation

2.5 Unified Power Quality Conditioner (UPQC)

Unified power quality conditioner is the latest device in the family of custom power
devices. It is basically a hybrid power quality compensator which improves voltage and
current quality issues experienced in power system [22]. In simpler words, a combina-
tion of both shunt (DSTATCOM) and series (DVR) compensating devices as shown in
Fig. 2.11. The main purpose of series compensation is to mitigate voltage related prob-
lems and shunt filters compensates current related problems. UPQC is best suited for

simultaneous compensation of above stated power quality problems. UPQC consists of
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two VSIs with common DC link and are connected back to back.
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Fig. 2.11 Schematic diagram of UPQC

2.5.1 Topology of UPQC

The configuration of UPQC can be done in many ways depending on the type of invert-
ers and its application. The two types of inverters are VSI and CSI. DC current source
in series with large inductor used as input to CSI while a DC voltage source is used as
input for VSI. The advantage of VSI over CSI is presented earlier when topologies for
VSI are explained. Most commonly used topology is neutral clamped with six switches
of IGBT with an anti parallel diode. DC link voltage is maintained constant using PI
controller. Brief description of basic blocks in UPQC is explained below. DC link con-
tains two capacitors with grounded midpoint, charged to equal value before initializing
UPQC. Compensation of harmonic active powers causes oscillations in dc link voltages.
Losses during switching and in interfacing inductors causes VSI to consume real power
which deviates dc link voltage from constant value. Real power consumption by series
APF occurs during voltage sag depending on sag magnitude and a phase-angle jump
can also cause a decrease in dc link voltage. The injection transformer of series APF
has to be designed for harmonic voltage in addition to fundamental voltage, positive
and negative-sequence compensation.A low pass filter is used in shunt and series APF

to filter out higher order harmonic content of the output of VSI.
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2.5.2 Compensation of Load using UPQC

The aim is to use UPQC to compensate PQ issues which can fulfill the requirement
of consumers and utility. Control of UPQC is implemented in a way that supply only
generates average load power to load while the other requirements are met by UPQC.
Series APF of UPQC acts as a controlled voltage source as injected voltage needs to
be equal to the difference of load voltage and terminal voltage. Shunt APF operated
in current control mode can be utilized to maintain dc link voltage to constant level.
At PCC shunt APF makes source current harmonic free, balanced and in phase with
the fundamental voltage. Hence, UPQC gains the advantage of compensating voltage
and current related problems thus meeting the requirements of load, maintaining unity

power factor.

2.6 Conclusions

In this chapter, a detailed view of some of the most commonly used custom power
devices for compensating voltage and current are described. Principle of operation of
DSTATCOM in VCM and CCM has been presented in detail. Various topologies of
VSI for DSTATCOM applications are illustrated. Theories for generation of reference
currents and control schemes to track these current in order to inject desire voltage
are also presented briefly. Out of various theories in the literature for CCM operation of
DSTATCOM, the instantaneous symmetrical component with extraction of fundamental
positive sequence components is simple in formulation, flexible and can work under all
circumstances. Due to this, it a very attractive choice to implement in a real time system.
Structure, main components of DVR and their functions are explained. It is shown that
voltage sag restoration requires energy injection and in case of a voltage swell, energy
is absorbed. In-phase compensation is used as in generation of reference voltages for
simulations as it is observed that magnitude of injected voltage at PCC is minimized
under voltage disturbances. Structure, topology of UPQC and load compensation using
UPQC are explained. It is observed that various topologies have their own merits,
demerits in terms of compensation capabilities and the choice of topology is to be done

based on the nature of the load to be compensated.
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CHAPTER 3

POWER QUALITY IMPROVEMENT USING
DSTATCOM AND DVR

Load compensation in power systems is achieved by passive compensation techniques.
But this can only eliminate fundamental reactive power and unbalances in steady state.
Passive compensation is implemented using passive LC filters and thyristor controlled
devices. However, when harmonics are present in the system, these methods fail to pro-
vide correct compensation. To correct this unbalance and harmonics, instantaneous the-
ories are used. Two important and commonly used theories for current related problems
named instantaneous reactive power theory and instantaneous symmetrical component
theory are introduced and discussed in this chapter. Compensation of voltage related

problems is explained using in-phase compensation.

Using the theories mentioned, compensation achieved in simulations are explained in

the following order:

* Design and Topology of VSI
¢ Generation of reference currents

* scheme for generating switching pulses

3.1 VSI Parameters

VSI is mainly utilized for injecting required signal at PCC using switching pulses.
Widely used topology and control scheme for generation of pulses are used in sim-
ulation simulations studies are briefed below. Design parameters are also presented.
In simulations ideal DC voltage sources are considered instead of capacitors for better

understanding of compensation in distribution systems.



3.1.1 Topology of VSI

One of the common VSI topology used is neutral clamped inverter. A brief description
of the topology shown in Fig. 2.5 is as follows. The topology has two DC storage ca-
pacitors (Cy.1, Cge2) With voltages V. and V., respectively. Together these capacitors
form DC link with voltage V;. = V4.1 + V. for the inverter. It consists of six switches
(S1 to Sg ) with anti-parallel diodes (Dto Dg) to provide freewheeling path for the re-
spective phase currents. The switches shown in the figure are realized using Insulated
Gate Bipolar Transistors (IGBTs) or Metal Oxide Field Effect Transistor (MOSFETs)
depending of their voltage, current, switching frequency and many other important pa-
rameters. The voltage source inverter is connected to the PCC through interface filter

Ly and Ry in each phase.

3.1.2 Design of VSI

The compensation capability of an active filter depends on various parameters such as
DC link voltage (v4.), DC storage capacitor (Cy.), interface inductor (L) etc. In order
to drive the filter currents, the value of individual DC link voltage (v4.) should have
a minimum value of 1.6 times the peak ac system voltage as discussed in [16]. Once
the value of v, is selected, the value of Cy. (Cy. = Cye1 = C42) can be determined
based on the ability to regulate DC link voltage under transients or voltage disturbances.
Consider the active filter is connected to an x kVA system and deals with twice (2x) and
half (x/2) kVA handling capability under transient conditions for p cycles. The energy
in x kVA system in joules is x x 1000 joules. An increase in system kVA load results a
decrease in v, during transient and vice versa. Allowing a maximum of 12.5% variation
in actual vy, (vge = Vge1 = Vae2) during transients, the differential energy (AE,) across

each capacitor (for increase in load) is given as

_ Caeil(1.6Vinp)® — (1.4Vip)’]

AE,. >

3.1

In the above equation, Cy; is the capacitor value required to support VSI operation

during increase in load. The change in system energy (AEj) for load change from x
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kVA to 2x kVA in joules is

AE; = (2x—x)1000 p T 3.2)

where, T is the time period of system voltage and ‘p’ is the period of transient. There-
fore, using (3.1) and (3.2), each capacitor value Cy. can be obtained by equating AE,. =

AE /2 (here divided by 2 is used as single capacitor value is being calculated)

(2x—x)1000 p T
[(1.6Vinp)? — (1.4Vinp)?]

Caci = (3.3)

Similarly, C;.4 is calculated for the case of decrease in load from x kVA to 0.5x kVA,

where v, 1s allowed to increase up to 1.8V}, from a reference value of 1.6V, is given

as
(x—0.5x)1000 p T
Ciea = 3.4
4ed = 118V 2 — (1.6V V7] 4
Cye = maximum of (CgeiyCaca)- (3.5)

The maximum of the obtained Cy;, Cy4.4 values is chosen as the DC storage capacitor

Cyc, as given in (3.5).

The conventional method to interface VSI to PCC is through first order low pass fil-
ter (inductor-Ly). This filter inductor is required for proper shaping of current being
injected at the PCC. Ly (Ly,=Lsp=Ly.=Ly) is determined by combining two KVL loop
equations, applying from midpoint of DC link voltage to terminal voltage v; at the PCC.
KVL loop is applied to the Fig. 3.1.

|+
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™
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w

Fig. 3.1 Single phase diagram of VSI connected to grid
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Therefore, the interface inductance Ly is given as

_ Vl)"kch(l _D)

Ly = Fondl, (3.6)

where, V7, is the total DC link voltage and i, is the allowable peak to peak ripple
in filter current which is expressed as the percentage of maximum current in inductor.
The term f;,, 1s the switching frequency of triangular carrier signal. The term D is the
duty cycle of the switch. Detailed calculation of inerface inductace Ly and capacitance

selection is given in [23].

Design of PI Controller to Maintain DC link Voltage

For a practical compensator, switching and ohmic losses are considered. These losses
should be met from the source in order to maintain the dc link voltage constant. Let
us consider source supplies ploss to maintain dc link voltage. The average voltage
variation of dc link may be an indicator of P, in the inverter. If losses are more than
what is supplied by the inverter, the dc link voltage, i.e., V;. = V.1 + V02, will decline
towards zero and vice versa. For proper operation of compensator, we need to maintain
dc capacitor voltage to two times of the reference value of each capacitor voltage i.e.,
Vicr+ Vaca = Vae = 2Vyerer - Thus, we have to replenish losses in inverter and sustain dc
capacitor voltage to 2V, r with each capacitor voltage to Vy...r . This is achieved by

using proportional integral (PI) controller described below.

eV, = 2Vacref — (Vae1 +Vae2) 3.7

The term P, is computed as following

T
Pross = Kpey,, + K; /eVdcdt (3.8)
0
In the above equation, k represents the kth sample of error, ey,

Ploss(k) = Plogs(k — 1) + Kp[ey, (k) — eyac(k—1)] + Key, (k) Ty (3.9)
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Thus P, (error) is generated from PI controller. PI controller is tuned in such way to
make error signal to zero which results in maintaing constant capacitor voltage. The
control action can be updated at every positive zero crossing of phase voltage. For

understanding purposes DC voltage source is considered in all simulations.

3.2 Generation of Reference Signals

Unlike Passive filters, CPDs provide compensation when unbalance and harmonics are
present in system. As explained, reference signal generation algorithms plays a part in
CPDs for compensation. Instantaneous theories like reactive power theory and sym-
metrical component theory are used in this chapter for generation of reference currents

where as in-phase compensation is used for reference voltages.

3.2.1 Instantaneous Reactive Power Theory

Instantaneous reactive power theory was proposed by Akagi et.al. in 1983-84 [24]
and it is also called as pg theory. To understand pg theory one should know 30
transformation (also known as the Clarke transformation). One main application of
transforming in this theory is to generate reference currents used for control of three-
phase inverters. The instantaneous supply voltages and load currents in natural abc
coordinates are transformed into mutually orthogonal af80 coordinates and are given as
follows, along with definitions of active and reactive powers after transformation.

tc?’lc

120° Viar lia abc to 230
. —>

b th ’ IIb

Fig. 3.2 abc to a0 transformation
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i : 1 -1 =3 i
ig| =150 ¥ 2| | (3.11)
i 1 1 1 i
O_ V2 V2 V2 _lc

Let the instantaneous real, reactive and zero sequence powers be denoted by p, g and

po respectively. Then the three phase instantaneous power is given by
P3¢ = Vialia + Vibiip + Veclie- (3.12)

After clark transformation, the instantaneous real power, defined as product of instan-

taneous voltage on one axis and instantaneous current on the same axis, is given as

P36 = Valia+vgig +voio
S (3.13)

= p+po-

The instantaneous reactive power (gq) is defined by using cross product of the instanta-
neous voltage in one axis and the instantaneous current in the other axis. Therefore g is

given as [25]

— — — —
(3.14)

- Vaiﬁ - Vﬁia

Using (3.10) and (3.11), instantaneous reactive power in abc coordinates is given as
1 . . .
q= _%[(Va = Vp)ic + (Vb — ve)ia+ (Ve — Va)ip]

1 ) . .
= _ﬁ [Vablc + Voela + Vcalb]~

(3.15)

The reactive power in 3.15 is proportional to the quantity of energy that is being ex-
changed between the phases of the system. This implies that g does not contribute to

the energy transfer between the source and the load at any time. From (3.13) and (3.14),
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p and ¢ can be rearranged as following.

PL_ [ B | (3.16)
q Vg —Va iﬁ
-1
ig Ve VB % (3.17)
iﬁ vlg —Vo
i 1 15 v i i
al _ _ ' o B p _ ‘Otp " ‘aq (3.18)
ig] VeV [vg —va] |a]  isp] [ipe

The various terms in the above equation are defined as follows.
(- axis instantaneous active current, iq, = vgp/ (v + V%)

(- axis instantaneous reactive current, igg = vgq/ (v + vé)

B- axis instantaneous active current, ig,, = vgp/ (v + vlzg)

jB- axis instantaneous reactive current, ig, = —Vgq/ (vZ + vlzg)

The instantaneous power in the @ - axis and f3 - axis are defined as follows.

Val Val Val
Pa _ |Vela| _ (Valap n alag (3.19)
Pp VBl VBIBp VBIBq
v(zx VoV Vfg —VaVp
p= P 549+ 5P+ 5 q (3.20)

= +
vatvgt  vatvg o vgtvg vgtvg

P =DPap+Pag+Ppp+Ppg=PatDp (3.21)
where,
(- axis instantaneous active power py, = v p/ (v + v%)
O- axis instantaneous reactive power pg, = VaVpq / (v%x + V%)
BB- axis instantaneous active power pg,, = v% p/(vi+ v/23)
jB- axis instantaneous reactive power pg, = —vgVgq/ (vZ + V%)

Similarly, the reactive power g can be divided into two components corresponding to
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the products of voltage along « axis and current along 3 axis and vice versa.

q =vpla —Valg. (3.22)

From eqns. 3.13 and 3.21, the instantaneous three phase active power is given by

P3¢ = Pa+ppg+ po. (3.23)

The instantaneous active and reactive powers consists of two parts, a DC or average

value part indicated by overbar (-) and an oscillating component indicated by overtilde.

These can be written as follows

p=p+p
qg=q+q (3.24)
Po = Po+ Po

Now, the load powers that can be compensated in terms of @30 coordinates are pjj, gj,

q; and pg = po + po- Let us assume that the compensator supplies complete reactive

power required by the load. Thus compensator reactive power is given as

qu =dq]- (325)

Similarly, instantaneous active power supplied by the compensator to the load is

pfr=p1+ Po- (3.26)
The reference currents for the compensator using (3.18), can be written as
i 1 V y
] e A N (3.27)
" V2 412
l. B o B v/g —Vo q f

Using (3.25), (3.26) and (3.27), the reference filter currents in a0 frame is given as

i 1 Va V P1+Ppo

fal| a B

A Rl 2 (3.28)
Irp a " B (Vg —Va qi

The reference filter currents in abc phase system can be obtained using inverse Clark
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transformation and is given as

. 1 .
l;'i- ’ 1 0 7 l;'i-a
A O N IS T Y (3.29)
fb 3 2 2 2| |'fB ’
i IRV S I
fe 2 2 2 10
where, i}o (= ijp) is the zero sequence load current and is given as
Lo,
(ija+ i+ ic)- (3.30)

iy = ——
10 \/§

For a practical compensator, switching and ohmic losses are considered. These losses
should be met from the source in order to maintain the dc link voltage constant. Let
these losses are denoted by Ploss, then the following formulation is used to include this

term.

Ap = Pio+ Ploss (3.31)

Compensator supplied power equations after including power loss component

Pfo = Do
Pfap = Plap — AP (3.32)
dfap = diap

Once these compensator powers are obtained, compensator currents are computed. In-
verse clarke transformation to these currents results in abc frame using equations 3.29

and 3.30.

Once reference currents are generated they have to be synthesized by voltage source
inverter (VSI). To synthesize, switching pulses are required. Required pulses are gen-

erated using control scheme explained above.

3.2.2 Theory of Instantaneous Symmetrical Components

The theory of instantaneous symmetrical components can be used for the purpose of
load balancing, harmonic suppression, and power factor correction [2], [4]. The con-

trol algorithms based on instantaneous symmetrical component theory can practically
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compensate any kind of unbalance and harmonics in the load, provided we have a high
bandwidth current source to track the filter reference currents. Any three phase quantity

can be divided into positive, negative and zero sequence component.

W | I 1 1| |vs
v | = 3 1 a & |vg (3.33)
Vi 1 & a Vse
i 1 11 1 i
ij;l = 3 1 a d*| |iyg (3.34)
i, 1 a2 a Ige

In (3.33) and (3.34), 0, + and —, indicates zero, positive and negative sequence compo-
nents respectively. The quantity ‘a’ is a complex operator and is equal to e/ T Itis to
be noted that the instantaneous positive sequence (i) and the negative sequence (i ,)
are complex conjugates of each other and the zero sequence component (iga) is a real
quantity which is zero if the currents are balanced. Like pq theory, we assume that the

supply voltages are balanced.

The objective of three phase four wire system is to provide balanced source currents

such that its zero sequence components is zero. We therefore have
Isa+isp+isc = 0. (3.35)

To have a predefined power factor from the source, the relationship between the angle of
source current (ija) and the source voltage (v{) is assumed as shown in equation 3.36.
This power factor angle (¢™) can be explicitly set to any desired value in the control

algorithm. But it is not directly expressed as in pqg theory described earlier.

vl =il + ot (3.36)

sa

Z{vm +avg, + azvsc} =/ {im +aig, —|—a2isc} + ot (3.37)

The above equation is expanded after substituting the values for a and 4, it is given as
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follows

1 1 3 S D PRV
/ {(Vsa - Evsb - Evsc) _JT(Vsb _Vsc)} =/ {(lsa - Elsb - Elsc) _JT(lsb _lsc)}+(p+'

(3.33)
Equating the angles, we can write from the above equation
tan_l(Kl/Kz) :tan_l(Kg/K4)+(p+ (3.39)
where,
V3 1 1
Ky = T(Vsb - Vsc) K> = (Vsa - Evsb - Evsc)
YE .11
K = T(ZSb - lsc) Ky = (lsa - Elsb - Elsc)-
Taking tan on both sides of (3.39), we get
KU tan fran™ (s Ky) + 9] = 3/ Katiang” (3.40)
K, v 1= (Ks/Ka)tan @+ |
substituting values of K, K3, K3 and K4 in the above equation we get
(Vsb —Vsc — 3Y(Vsa - VO))isa + (Vsc — Vsa — 37(Vsb - VO))isb‘I’ (3.41)

(Vsa —Vsb — 3'}/(Vsc - VO)>isc =0.

where y = tan@™ /+/3. For unity power factor ¢ = 0, hence y = 0. It is well known
that the instantaneous power in a balanced three phase circuit is constant while for an
unbalanced circuit it has a double frequency component in addition to the DC or mean
value. The presence of harmonics adds higher frequency oscillating components to
the instantaneous power. The objective of the compensator is to supply the oscillating
component of the instantaneous load power, while the source supplies the average value

of the load power, Pj,,,. Therefore, we obtain as following.
Vsalsa + Vsblsh + Vscise = Plavg (3.42)

This P4, 1s calculated using moving average filter (MAF). Although low pass filter can

be used to find Py, but dynamic response is quite slow. This dynamic performance
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plays a prominent role in compensation. For this reason moving average algorithm is

used.

1 /o . . .
Plavg = T / (Viaita + Viplip +Vicic)dt (3.43)

tnh—T

Now combining the equations (3.35), (3.41) and (3.42), we get the reference source

currents
is, 0
i, | =M""| 0 (3.44)
i;kc Plavg
where,
1 1 1

M= (Vsb — Vsc — 3Y(Vsa - VO)) (Vsc — Vsa — 3y<vsb - VO)) (Vsa — Vsb — 3Y(Vsc - VO))

Vsa Vsb Vsc
(3.45)
Therefore, the reference compensator currents are given as
. . . . Vsa —V0) + Y (Vsp —V
l}a =ljg— l;ka =g — ( = ) A ( : SC) (Plavg)
. . . . Veb — Vo) + Y Vse — V
. . . . Vse —V0) + Y (Vsa — Vsb
l}kcc =ljc— l;kc =g — ( > ) A ( = : ) (Plavg)
1
where,
1
Ay = [ Z vfj] —3v(2), Vo= = Vsk, ¥ =tan q)/\/§ (3.47)
j:a,b,c 3 k:a,b,c

The average power supplied by the source according to the above equation will be
equal to the average power required by the load. Apart from the load average power,
the source has to supply VSI losses also. When the inverter power loss P, 1s also

incorporated in the above equations, the modified reference currents of the compensator
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changes to equation 3.48.

(Vsa - VO) + }/(Vsb - Vsc)

ij"a =llg — i:vka =ljq — A (Plavg +Ploss)

. . . . Vep — Vo) + Y (Vse —V

l}b =1Up— ljvﬂb =1p— ( : ) A, ( = sa) (Plavg +Ploss) (3.43)
. . . . Vse —V0) + Y Vsa — Vsb

l}c:llc_l:c:lla_ ( = ) A1< - : )(BaV8+PIOSS)'

The term Py, is obtained using simple moving average filter and P, is obtained from
the PI controller. The error between DC voltage reference and actual DC voltage are
processed through PI controller to obtain P,,. This will control the DC link voltage by
adjusting the small amount of real power absorbed by the inverter of DSTATCOM. This
small amount of real power is adjusted by changing the amplitude of the fundamental
component of the reference current. The AC source provides some active current to
recharge the DC capacitor. Thus, in addition to reactive and harmonic components,
the reference current of the DSTATCOM has to contain some amount of active current
as compensating current. This active compensating current flowing through the shunt
active filter, regulates the DC capacitor voltage [23]. When the source voltages are

balanced vp = 0 in the above equations.

3.2.3 In-phase Compensation

In-phase compensation is used to mitigate voltage related issues in power system. In
this technique load voltage is assumed to be in-phase with the pre-sag voltage. In con-
trast to the pre-sag compensation, the voltage is now compensated in phase to the grid
voltage after the sag. Hence, the required voltage amplitude is minimized. To realize
this strategy, the PLL has to be synchronized to the grid voltage itself, and therefore,
must not be locked to the pre-sag grid voltage during the compensation. Therefore,
the reference voltage of the control system will always be in phase with source voltage
(vs). During Voltage sag, DVR has to supply power into the system in order to compen-
sate [26]. Conversely under voltage swell, power injected is negative indicating DVR
will absorb power from external system. The absorbed power would have to be stored
in the energy storage storage system and the result would be rise in the dc capacitor
voltage. Therefore while designing capacitance above factors should be considered.

Phasor diagram of in-phase compensation is shown Fig 3.3.
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Fig. 3.3 Phasor diagram for in-phase compensation (a) sag compensation (b) swell
compensation

Using above mentioned scheme reference signals generation is as follows. Secondary
side of injection transformer is connected between terminal voltage (v;) and load voltage
(v;) as shown in Fig. 2.8. Voltages sensed at terminal voltage are given as input to phase-
locked loop (PLL) which outputs phase angle. This phase angle is multiplied with sine
wave of desired amplitude to generate sinusoidal balance waveforms with same phase as
terminal voltage. Difference between sensed terminal voltage waveforms and generated

waveforms gives the reference signal. The illustration is of this process is shown in Fig.

3.4.

y(t) =2V sin(wt) Vv L

(Output)

Vi PLL wt

Y
Y

(Input)

Fig. 3.4 Block diagram representation of reference signal generation

In the above figure V represents desired constant voltage amplitude while vy, . is ob-
tained reference signal. Reference signal and actual injected signal sensed is given to
hysteresis voltage control. Here actual waveform is varied over reference signal with
upper and lower bound thus generating switching pulses to VSI. Neutral clamped VSI
is used with low pass filter to inject required compensating voltage. Merits and demerits

of filter on either side of transformer is discussed in chapter 2.

38



3.3 Switching Control of VSI

Commonly used control scheme named hysteresis control has been used for generation
of pulses. This is closed loop control technique with a fast transient response. Hystere-
sis controller has the advantage of peak current limiting capacity apart from the other
merits such as ease of implementation, good dynamic response and independent from
the load parameter variations. It is to be noted that in the case of a three phase sys-
tem with neutral conductor, the current error remains within the tolerance band because
the hysteresis comparators are independent. But, in the absence of the neutral conduc-
tor, the instantaneous current error may at most reach twice the value of the hysteresis
band. This is due to the interaction between the comparators, since the comparator state
change in one phase influences the voltage applied across the coupling inductor in other
phases [23]. The switching signals Sa,S;,Sb,S;?,SC and S/C for VSI are generated using
a hysteresis band current control. The switching commands for switches is generated
when error signal (ey) between reference current (i;i) and actual current (i) exceeds
a specific tolerance band 4. Boundaries of reference filter current (say phase-a) are

formed using hysteresis 4 i.e., i;i-a +h and iji-a —h.
Matlab code for implementation of control logic for a phase switches
ifip,> iji-a +h
Se=0and S, =1
elseifif,< i}'ia —h
Se=1and$, =0
end

S, =0 and S; = 1 implies that the top switch is open and bottom switch is closed and,
Sq=1and S; = 0 implies that the top switch is closed and bottom switch is open. The
two logic signals S, and S/a are complementary to each other. This logic also holds for b
and c phases. While in case of switching for voltage controller same principle as current
controller is used. But, instead of reference current (i;), reference voltage (v}) is used

in algorithm.
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3.4 Simulation Studies

This section includes simulation results of Compensating power quality issues using
reference quantities generation theories. Tabulated values have been considered for all
the simulations. All the simulations are done in MATLAB/Simulink environment and
schematic is shown in 2.5.

Table 3.1 System Parameters for Simulation Studies

System Parameters Experimental values

System voltage Viems =398.371 V, f =50 Hz

Feeder impedance R;=0.01Q,L;=3 uH

Linear load Z1, =300+ j0.003 Q, Z;;, =275+ j0.03 Q,

Ze =420+ j0.1 Q

Addition of parllel load for load change | Z;,, =250+ j0.003 , Z;;,, = 175+ j0.3 Q,
Zje, =300+ 0.1 Q

Nonlinear load Three phase diode bridge rectifier
with R-L load of 300 Q - 50 mH

VSI parameters Vicl =Vaer =350V

Filter parameters L;=20mH, Ry =0.5Q

Fig. 3.5 illustrates currents drawn by load and supplied by source without any compen-
sating devices. It is observed that source currents are not balanced and sinusoidal as
load consists of both linear and non-linear loads. The total harmonic distortion (THD)
of source waveforms are in the range of 11.3% — 14.8%. But, allowable THD in power
system is 5% according to IEEE std 1547 [27]. Therefore, compensation is required,

which is achieved in simulations by using above mentioned theories.

Fig 3.6 represents compensation achieved using pg theory. It is observed that source
currents supplied by the source are sinusoidal and THD is 0.79% in all the three phases.
It is also observed that waveforms of load currents are as desired and harmonics are
supplied by compensator which is shown in fig 3.6 (b) and (c). Although pg theory
is able to compensate the power quality issues but it has some setbacks. If the nature
of load is linear and harmonics are absent, still resolutions of active and reactive com-
ponents of the current based on pg theory gives harmonics. Source currents majorly
consists of third harmonic which is not possible for linear loads. Also, instantaneous
reactive power ¢(t) as defined by pq theory does not really identify the power properties

of load instantaneously. Both powers p() and ¢(z) are time varying quantities, so that a
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Fig. 3.5 Simulation results before compensation (a) Source currents before compen-
sation, (b) Load currents before compensation
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Fig. 3.6 Simulation results of compensation using pg theory (a) source currents after
compensation, (b) load currents after compensation, (c) injected filter currents

pair of their values at any single point of time does not identify the power properties of
load [25]. Thus it is observed that pg theory is unable to achieve complete compensa-
tion. Hence symmetrical component theory is considered and used widely for complete

compensation.

Compensation achieved by using symmetrical component theory is shown in fig 3.7. It
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Fig. 3.7 Simulation results of compensation using symmetrical component theory (a)
Source currents after compensation, (b) Load currents after compensation, (c) Injected
filter currents

1s observed that waveforms are balanced, sinusoidal and harmonic free. Neutral current
is very close to zero as balanced currents are supplied by source. The THD value of
source waveforms are 0.27%. Thus compensation using symmetrical component theory
is achieved with almost unity power factor. The above simulation studies represents
current compensation which is achieved by DSTATCOM. Voltage compensation is done

using DVR by in-phase compensation is shown.

In Fig. 3.8 source voltages and load voltages before compensation simulation studies
are shown. It is observed that load voltage is similar to source voltage, so if there are
any changes in source voltages load voltages are affected. In order to compensate this
DVR is used. Simulations using DVR for voltage compensation is shown in fig 3.9.

In the Fig. 3.9, from simulation studies it is shown that load voltages are not similar
to source voltages in presence of sag/swell. Filter voltages shown is injected at load

terminal is able to maintain desired voltage.
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injected for compensation

3.5 Conclusions

The chapter concludes a detailed illustration of compensation with simulation studies.

Explanation of topology and design parameters of VSI and hysteresis current/voltage
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controller algorithm for generating switching pulses is presented. It is observed that in-
stantaneous symmetrical component theory is better than instantaneous reactive power
theory in order of compensating neutral current. In current compensation simulations,
source currents THD is in the range of 0.27% — 0.79% which is less than the pre-
scribed standard i.e., 5%. It can be observed that pg theory has some drawbacks in
compensation. In case of DVR compensation simulations, load voltages are unchanged
when disturbances like sag and swell are present in utility supply but phase shift is not
compensated in case of in-phase compensation. Thus Power Quality issues related to

voltage and current compensation is understood from simulation studies.
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CHAPTER 4

CONCLUSIONS

4.1 Summary

The extensive use of power electronic loads and unbalanced loads in power system has
deteriorated power quality. Some of the power quality issues are voltage/current unbal-
ance, distortion, voltage sag/swell, fluctuations and frequency variation. To overcome
this effects passive filters were used but due to their inability to compensate harmonics,
custom power devices have emerged. Among the custom power devices, DSTATCOM
for current related problems and DVR for voltage related problems are used popularly.
Compensation of voltage/current related power quality issues, simulations are done in
MATLAB/Simulink environment. Compensation achieved by custom power devices
in simulations is explained by dividing into three major blocks such as topology and
design of VSI, reference signal generation and synthesization of switching pulses. A
Neutral clamp inverter topology has been chosen for VSI because of its independent
control, less number of switches and path for zero sequence. Hysteresis controller has
been used for synthesizing switching pulses which are given as input to VSI switches.
This controller was preferred in this work because of fast dynamic response, zero mag-
nitude/phase error, independent of system parameters and ease of implementation. For
reference signal generation in-phase compensation was used in DVR while in case of
DSTATCOM pq theory and instantaneous symmetrical component theory have been

used.

4.2 Conclusions

Simulations based on above theories concludes that

* THD of source current is in the range of 0.27% — 0.79% which should be less
than 5% as per standard



* pq theory has drawbacks of supplying harmonic current in case of linear load and
definitions presented for p(¢) and g(¢) does not identify the power properties of
the load instantaneously.

* Symmetrical component theory is able to achieve complete compensation

* In-phase compensation for DVR simulations is able to compensate load voltages
and are obtained as desired

* This theory has setback of inability to compensate phase shift. Due to this, phase
jump in source voltage is reflected in load voltage after compensation.

4.3 Scope for Future Work

Topologies used for VSI and controllers have its own merits and demerits because of
this depending on load conditions and requirements topology is selected. Further more
investigation into topologies may overcome this. Renewable energies have emerged
into power distribution in recent years integration of these sources with distribution
systems may reduce the burden on utility. Renewable energies replace DC capacitors
when connected to system. These sources can act as micro grid. To achieve integration

and efficient power supply, theories are needed to be explored.
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