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In this research, thdq synchronous rotating reference frame similar @t th
used for the field oriented control of three phAs: machines was applied to model
the distribution system and the D-STATCOM. The estagjuations can be obtained
and were used to analyze the effect of differenap@ters of the distribution system
with D-STATCOM on dynamic system performance, arsb ao investigate the
relation between the parameters and the steady peaformance. These equations
were used to design the current, DC voltage andvAliage control system. In the
current control system, the decoupling techniques waploited. Their controller
parameters were obtained by using the symmetr#inom and genetic algorithms.
The decoupling current control based on the genafgorithms gives the best
dynamic response with the same gain and phasditstabargins. In the DC voltage
control, the elimination of the effects of the riae current was proposed. Similar to
the current control, their controller parametersengso obtained by the symmetrical
optimum and genetic algorithms. The proposed coriesed on the symmetrical
optimum gives good dynamic response and the baststgbility margin. In the outer

loop, the AC voltage control system, the loop shgpiechnique was employed to
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stabilize the system performances and to ensurg@dire margin within the desired
specification. The proposed D-STATCOM and its contwere verified by

SIMULIK/MATLAB simulation. The applications of th®-STATCOM for the load

voltage regulation in the distribution system wptlrely resistive, inductive loads and
distributed generators were presented. The reseasits indicated that the D-
STATCOM with the proposed control can regulate batlive and reactive currents
separately. In addition, it can reduce the overshajothe DC voltage responses.

Furthermore, the satisfactory of the responsel®fC voltage control was found.
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CHAPTER |

INTRODUCTION

In recent years, the main concern of consumers lectrecity was the
reliability of supply. The reliability is definedsahe continuity of the electric supply.
Even though the power generation in most develameohtries is fairly reliable, the
distribution is not always so. It is not only rdlibty that the consumers require in
these days, bus also power quality is very importanthem. For example, the
consumers that are connected to the same busupplies a large motor load may
have to face a severe voltage sags or dips in sheply. In some extreme cases, they
may have to tolerate with blackouts. This is unptaigle to most customers. There
are also very sensitive loads such as hospitdks glipport, operation theatre and
patient database system), processing plants (saductor, food, rayon and fabrics),
air traffic control, financial institutions and mather data processing and service
providers that require clean and uninterrupted powe several processes such as
semiconductor manufacturing or food processing tplarthe products can be
destroyed by voltage sag of very short duratiorthStustomers are very wary of such
voltage sags since each such interruption cost thesubstantial amount of money.
Thus in this changed scenario in which the custenmreasingly demand quality

power, the term power quality (PQ) attains increasgnificance.



1.1 Power Quality Problems

Power quality problems are classified into six gatees as transients, short
duration voltage variation, long duration voltagariation, voltage imbalance,
waveform distortion and voltage flicker. A briefsieiption of the characteristics of
category power quality problems is given next.

The transient is that part of change in a systarable that disappears during
transition from one steady-state operating condlitio another. Transients can be
classified into two categories as impulsive tramsi@nd oscillatory transients.
Impulsive transients do not travel very far froneithpoint of entry. However an
impulsive transient can give rise to an oscillatbrgnsient. The oscillatory transient
can lead to transient overvoltage and consequenagde to the power line insulators.
Impulsive transients are usually suppressed byesaingsters.

Any variation in the supply voltage for durationtrexceeding one minute is
called a short duration voltage variation. Shortration variations are further
classified as voltage sags, voltage swells andrumgons. Short duration voltage
variations have varied effects on consumers. Veltsags (also known as dips) can
cause loss of production in automated processes #ie voltage sag can trip a motor
or cause its controller to malfunction. For semphactor manufacturing industries
such a loss can be substantial. The voltage saglsanforce a computer system or
data processing system to damage. Also voltagelsswah put stress on computers
and many home appliances, thereby shortening lives. A temporary interruption
lasting a few seconds can cause a loss of prodyati@sing of computer data etc.

The case of such an interruption during peak hoanscost lots of money.



The long during voltage variations are definedhses RMS variations in the
supply voltage at the fundamental frequency foligusr exceeding 1 minute. These
variations are classified into overvoltages, undkages and sustained interruptions.
The impact of long duration voltage variations isajer than those of short duration
variations. A sustained overvoltage lasting for f&urs can cause damage to
household appliances without their owner knowing until it is too late. The
undervoltage has the same effect as that of thagmisag. In the case of the voltage
sag the termination of process is sudden. But nlboperation can be resumed after
the normal voltage is restored. However in the s sustained undervoltage, the
process cannot even be started or resumed. Thairgdtinterruption is usually
caused by faults. Since the loss to customers alwy sustained interruption can
cost lots of money, it is necessary for the utility have a good preventive
maintenance schedule and to have agreements datiega to encourage high supply
reliability.

Voltage imbalance is the condition in which thdtages of the three phases of
the supply are not equal in magnitude. Furthermtirey may not even be equally
displaced in time. The voltage imbalance can cdes®erature rise in motors and
can even cause a large motor to trip.

Waveform distortion is the steady-state deviatiorthe voltage or current
waveform from an ideal sine wave. These distortians classified as DC offset,
harmonics and notching. DC offsets can cause setoran the power transformer
magnetic circuits. Harmornics can cause malfunctdnripple control or traffic
control system, losses and heating in transformelsctromagnetic interference

(EMI) and interference with the communication systeSo, unwanted harmonic



currents flowing through the distribution networlinccauses needless losses. The
notch is a periodic transient that rides on thepBupoltage. It can damage capacitive
components connected in shunt due to high rateltdge rise at the notches.

A very rapid change in the supply voltage is chli®ltage flicker. This is
caused by rapid variations in current magnituddoafls such as arc furnaces, arc
discharge lamps, starting of large motors, arc imglanachines etc. Therefore other
customers that are supplied by the same feeder risgdar severe voltage drops
unless the supply bus is very stiff. The voltagek#irs can cause the light intensity
from incandescent lamps to vary and can have agdfects on human health. The

voltage flicker can also reduce the life span et&bnic equipment, lamps etc.

1.2 Custom power devices (CPD)

The flexible AC transmission technology (FACT) al® a greater control of
power flow. Since these devices provide very fastigr swing damping, the power
transmission lines can be securely loaded up to thermal limits. In a similar way
power electronic devices can be applied to the paligtribution systems to increase
the reliability and the quality of power suppliezithe customers. The technology of
the application of power electronics to power dsttion system for the benefit of
customers is called custom power devices (CPDsk Gbncept of CPDs was
introduced by Hingorani and Gyugyi (1995). Sincerough this technology the
utilities can supply value-added power to theseifipecustomers. Other applications
of CPDs are to improve the power quality to genewstomers in a region. The CPD
provides an integrated solution to the presentlprob that are faced by the utilities

and power distributions. Through this technolog treliability of the power



delivered can be improved in terms of reduced infions and reduced voltage
variations. The proper use of this technology wbknefit all the industrial,
commercial and domestic customers.

The CPDs are basically of two types as network migoring type and
compensating type. The network reconfiguring eq@pimcan be GTO based or
thyristor based. They are usually used for fastexurlimiting and current breaking
during faults. They can also prompt a fast loachdfer to an alternate feeder to
protect a load from voltage sag / swell or faulthe supplying feeder. The members
of the family of network reconfiguring devices aech as a solid state current limiter
(SSCL), solid state circuit breaker (SSCB) anddsstate transfer switch (SSTS). The
compensating devices are used for active filterilogd balancing, power factor
correction and voltage regulation. The active fdfewhich eliminate the harmonic
currents, can be connected in both shunt and sefi@sever, the shunt filters are
more popular than the series filters because aitgreease of protection. Some others
are operated to provide balanced, harmonic freeagelto the customers. Some of
these devices are used as load compensatorsprect the unbalance and distortions
in the load currents and load voltage regulatidme Tamily of compensating devices
has the members are distribution STATCOM (D-STATCOMynamic voltage
restorer (DVR) and unified power quality conditioffelPQC). The D-STATCOM is
connected parallel to the load and in shunt to pbever system. The DVR is
connected in series with the power supply lineadlls a voltage to the supply voltage
which is opposite to the line voltage drop. Theyedbcreasing the effective length of

the line. The UPQC is a combination of both seaied shunt compensators.



The concept of compensation has its genesis tdivegmower compensation
(Miller, 1982), which initially was conceived witlixed or passive capacitors. Later,
Static Var Compensator (SVC) came into use for ¥ampensation and voltage
regulation at the load end. These systems suffemd the following drawbacks:
suffered from granularity or the minimum amounialir compensation possible; they
exhibited poor dynamic performances; they had tesiygplemented with filters as
they injected harmonics into the network; theyddilunder low voltage conditions;
and they did not provide for load balancing anddldeveling. The answer to the
above was found in the D-STATCOM, which was conedifrom the concept of
STATCOM (Tan, 1999; Gonzalez and Cerrada, 2000g!Siet al., 2009) used for
transmission line compensation. A D-STATCOM is baBly a shunt connected
bidirectional converter based device which can ata generalized impedance
converter to realize either inductive or capacitreactance by changing its output
voltage levels (Bhattacharya et al., 1997). By prapacking of the load current, the
converter can generate such voltages and curremtsha the harmonics and
oscillations generated by the load current do ebttiginsmitted to the supply side. A
state of art D-STATCOM is capable of cancellingsappressing; the effect of poor
load power factor, the effect of poor voltage regjoh, the harmonics introduced by
the load, the DC offset in loads such that theemtrdrawn from the source has no
offset, the effect of unbalanced loads such thatctlrrent drawn from the source is
balanced, and if provided with an energy storagtesy, it can perform load leveling
when the source fails. Therefore, the D-STATCOM salve most of the customer’s
load related to power quality problems. Furthermdhe major attributes of D-

STATCOM are quick response time, less space remeing optimum voltage



platform higher operational flexibility and exceltedynamic characteristics under

various operating conditions.

1.3 Aim of Research

One of the main power quality problems is voltagg sr dip. The voltage
sags are the most important power quality probldéatsng industrial and large
commercial customers (Dugan et al., 1996). It cbates more than 80% of power
quality (PQ) problems that exist in power systei@idsh and Ledwich, 2002). By
definition, the voltage sag is a short time (10 tmd minute) event during which a
reduction in RMS voltage magnitude occurs. Theag®t sag magnitude is ranged
from 10% to 90% of nominal voltage and with duratipom half a cycle to 1 min.
The voltage sag is caused by a fault in the utditgtem, a fault within the customer’s
facility or a large increase of the load currerke Istarting a motor or transformer
energizing. Voltage sag causes problem on varigpest of utilization equipment.
Especially computers, adjustable-speed drives awdeps-control equipment are
well-known for their sensitivity to supply voltageags. Equipment used in modern
industrial plants are actually becoming more semsito voltage sags as the
complexity of the equipment increases and the eqgeifs are interconnected in
sophisticated processes. Even thought power imitons are also common in power
systems, they mostly occur when a protective deopmrates and isolates the circuit
serving a user. This normally occurs only when gher a fault in a circuit that
supplies a particular user. Meanwhile, short ingetions are also known to be a
troublesome and costly type of power quality prabler most customers. However,

occurrence of voltage sags is much more frequentpeoed to interrupt. Since



voltage sag can occur due to the faults in a wiale pf a power system whereas,
interrupt usually occur only when there is a faarta particular circuit. If equipment

is sensitive to these sags, the frequency of pnoblexperienced will be much higher
than if the equipment would be only sensitive t@iruptions. Over the last ten years,
voltage sags have become one of the main topicsecoimg power quality among

utilities, customers and equipment manufactureese&l international standards and
working group documents have been produced to imgprihe understanding of

voltage sag or dip problems.

In a power distribution system, fast load voltaggulation is required to
compensate for source voltage variations and tiarging loads such as electric arc
furnaces, fluctuating output power of wind genenmatisystems and transients on
parallel connected loads. Controlled reactive posairces are commonly used for
load voltage regulation in presence of disturband@se to their high control
bandwidth and attributes, D-STATCOMs, based on etplease pulse width
modulation voltage source converters, have beeposed for this application. In this
thesis, the load voltage regulation of the distitiu system by using the D-
STATCOM is considered. The aim of the research teasarry out load voltage
regulation analyses based on computer modeling samailation. The modeling
strategy similar to that used for the field orieht®ntrol of three phase AC machines
is employed. This work derives a set of dynamicadigns of the power distribution
system equipped with an installed D-STATCOM. Héheses dynamic equations are
used to investigate the impact of dynamic systemdeteg on load voltage
regulation. In addition, the steady-state equaticas be obtained from these

equations. Then the steady-state performance obt8& ATCOM in electric power



distribution systems is investigated. Furthermahe, dynamic equations of the D-
STATCOM are used to designing the current and Ditage controllers. Meanwhile,
the D-STATCOM model and its control were integratth the power distribution
system for designing the load voltage controlldre Bpplication of the D-STATCOM
with the proposed design control technique for lgatfage regulation were verified

using computer simulation performed in SIMULINK/MAAB.

The major objectives of thisthesisare asfollows:

1. Develop a mathematical model of the distributsystem with the D-
STATCOM and its control on the synchronously ratgtieference frame.

2. Investigate steady state and dynamic performahthe distribution system
with the D-STATCOM.

3. Design size and component rating of D-STATCOM @ising to load
voltage regulation when the source voltage and juader are varied.

4. Design appropriate control scheme for practisd of the D-STATCOM
for load voltage regulation.

5. Implementation of D-STATCOM model with the poged design control
technique for load voltage regulation in the dmition system on the
SIMULINK/MATLAB to verify steady state and dynamperformance.

6. Cost estimation of the D-STATCOM installation tegulate the load

voltage.

1.4 Structureof thess

This thesis presents the load voltage regulatiothéndistribution system by

using the D-STATCOM. It is also arranged into 1@pufers as follows.
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Chapter 1 introduces power quality problems amsdudises the importance of
the power quality problems in the distribution gystespecially the voltage sags or
dips. The brief review of custom power devicesnsspnted. The aim of research is
also included in this chapter.

Chapter 2 proposes a review of the D-STATCOM dsdapplication. The
working principle and several configurations of d&STATCOM are discussed. The
heart of the D-STACOM used for compensation of plogver system is its control
system that the D-STATCOM control strategies wal fresented in this chapter. In
addition, the example of the applications and itattans of the D-STATCOM for
compensation of the distribution system are progose

Chapter 3 proposes the mathematical modeling ef distribution system
based on the synchronously rotating reference fréBteady state characteristic is
obtained from state equation of the distributioategn with the D-STATCOM which
leads to analysis of the steady state performahce.size of the D-STATCOM for
voltage regulation with only injecting the reactipewer into the system is presented
in this chapter.

Chapter 4 analyzes the dynamic performance oflisieibution system with
the D-STATCOM by using root locus and frequencypoese methods. In this
chapter, the power circuit of the D-STATCOM is miadeby a controlled current
source. The linear approximation is applied to stigating the dynamic performance
of the distribution system with the D-STATCOM.

Chapter 5, the designing component rating and tmggef the D-STATCOM
are presented. A modeling strategy similar to tis&td for the field oriented control of

three phase AC machines is used in this chapter.sténdy state characteristics and
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dynamic performance of the D-STATCOM are analyzedavhich of the parameters
variations.

Chapter 6 presents the current and DC voltagera@odésign strategies. The
tuning of the PI controller parameters based onnsgtrical optimum and genetic
algorithms are proposed and compared.

Chapter 7 presents the AC voltage control desigrdad voltage regulation
of the distribution system. This design is constdein two cases as the distribution
system with the R and RL loads. In this chaptee, IRSTATCOM model and its
control were integrated with the power distributisystem for designing the load
voltage controller. The mathematical modeling @ thstribution system with the D-
STATCOM and its control based on the synchronoustating reference frame is
presented. To investigate the dynamic performantethese systems, linear
approximation is applied. The classical loop shgpirethod is presented and applied
to the load voltage controller design in this cleapt

Chapter 8, this chapter presents the applicaticdheoD-STATCOM with the
proposed design control technique for load voltaggilation. The applications of the
D-STATCOM for load voltage regulation for the dibtrtion system with the R and
RL loads are discussed. In addition, the applicatiof the D-STATCOM for the
system with the distribution generators are presenDynamic performances of the
D-STATCOM in distribution system voltage regulatioare simulated using
SIMULINK/MATLAB are presented.

Chapter 9 discusses cost estimation of the D-ST@WICinstallation to

regulate the load voltage.
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Chapter 10, this chapter presents summary oftlieisis. The contributions of

the research are presented and future works areleisussed.



CHAPTER II

REVIEW OF D-STATCOM AND ITSAPPLICATIONS

When the STATCOM is applied to the distribution teys it is called D-
STATCOM (Distribution-STACOM). Its configuration ithe same or with small
modifications of the STATCOM that is applied to tiistribution network at low and
medium voltage. It operates in a similar mannetheasSTATCOM, with the active
power flow controlled by the angle between the AStam and AC output converter
voltages and the reactive power flow controlled the difference between the
magnitudes of these voltages. However, some of dbetrol algorithms and
applications of these devices are different. Tliapter proposes a review of the D-
STATCOM and its applications. The working princi@ed several configurations of
the D-STATCOM are discussed. The heart of the D-SOM used for compensation
of the power system is its control system thatRR8 TATCOM control strategies will
be presented in this chapter. In addition, the ¢tanof the applications and
installations of the D-STATCOM for compensation tbe distribution system are

proposed.

2.1 Working Principle and Configuration of D-STATCOM

The voltage related power quality problems, suslsags and swells, voltage

dips, harmonic distortions due to nonlinear loaas @ltage unbalancing in electrical
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power distribution systems, have been a major gonfoe the voltage sensitive loads.
Load voltage regulation using a voltage source edey (VSC) for different grid
connected applications has been recently attempt@dohamed and Saadany, 2009;
Samuel et al., 2009; Selvajyothi and Janakiram@iQp D-STATCOM is one of
VSC-based compensators which has been commonly fosdtde mitigation of the
voltage sags and swells and regulating the loadvioitage. The D-STATCOM is
most widely used for power factor correction, tonghate current based distortion
and load balancing, when connected at the loadiiais It can also perform voltage
regulation when connected to a distribution buse Blehematic diagram for load
compensation using the D-STATCOM is shown in FigRre. A current controlled
voltage source converter is assumed at the hedheoD-STATCOM. Hence for an

ideal case, the D-STATCOM is replaced by an ideatent source . Further, as is

generally the case, the load is assumed to bewreanbnlinear and unbalanced. First,
assume the load is without a compensator. Heiglewing through the feeder is also

unbalanced and distorted and consequently, thegelon PCC bus will also be

unbalanced and distorted.

- Vst
@ Feeder V: PE?C
I_l -~ | *i
I s I |
Load-1 Load-2

It

ideal 7

compensator

Figure 2.1 Distribution systems with the installed D-STATCOM
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Ideally, the utility would like to see a load dragiunity power factor with

fundamental and positive sequence current. Wittioeitcompensatori will be the
same asi, i.e. reactive, unbalanced and distorted. To niéigdne problem, the
compensator must inject current such théecomes fundamental, positive sequence

and in-phase with the PCC voltage. From Figure &plying KCL to the PCC that is

i+ =i, (2.1)

hence i =i —i;
Thus, the compensator must generate a cuirersiuch that it cancels the reactive,

harmonic and the unbalance components of the loadrmt.

The schematic diagram of an ideal D-STATCOM acasa voltage regulator
is shown in Figure 2.2(a). In this the ideal D-ST&OM is represented by a voltage
source and it is connected to the PCC. Howeves rather difficult to realize this
circuit and the alternate structure is shown inuFeg2.2(b). It can be seen that this
like structure as used for load compensation. Hawnew has the advantage that the
harmonics can be bypassed by the filter capaitoFhe basic idea here is to inject

the currenti; in such a way that the voltage follows a specified reference. The ideal

D-STATCOM must be operated such that it does nectror absorb any real power

in the steady state.
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©

PCC

<

|_

Load-2 C( 4 )i; "Load-2

(b)

Figure 2.2 Schematic diagram of an ideal D-STATCOM actinga®ltage regulator

vSZC

coupling

transformer Lf J'T'_:LZP J

Figure 2.3 Basic Two-Level VSC bridge

In practice however the current source is implemgnising the voltage
source converter which is schematically depicte&igure 2.3. It consists of a three
phase voltage source converter, interfacing indscémd a DC link capacitor. The
VSC is connected to the network through the transés and the interfacing
inductors which are used to filter high-frequenoymponents of compensating
currents. The VSC is the backbone of D-STATCOM drd a combination of self-
commutating solid-state turn-off devices (i.e. tihetal oxide semiconductor field

effect transistor, MOSFET and integrated gate lkipdlansistor, IGBT) with a
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reverse diode connected in parallel to it. For DMSTATCOM, the solid-state
switches operate in pulse width modulation (PWM)dm@mploying high switching
frequencies in a cycle of operation. A DC voltagerse on the input side of VSC is
generally achieved by a DC capacitor. The turndeffice makes the converter action,
whereas diode handles rectifier action. The prinajective of D-STATCOM is to
obtain almost harmonic neutralized and controllablee-phase AC output voltage
waveforms at the point of common coupling to retpikhe reactive current flow by
generation and absorption of controllable reacpweer by the solid-state switching
algorithm. As D-STATCOM has inherent characterstof real power exchange with
a support of the proper energy storage systemppiegation of such controller is
possible in all four quadrants QP plane and it is governed by the following power

flow relation
2
S=3WVs gins— 3 Wa o |_p_jo 2.2)
X X X

where S is the apparent power flowR the active power flowQ the reactive power

flow, V, the terminal AC phase voltage to neutral (rm$)@c,V the D-STATCOM
fundamental output AC phase voltage (rm$), (wL,, where, ®=2rf), the
leakage reactance,; the leakage inductancethe system frequency anrtlthe phase
angle betweery, andV, . Active power flow is influenced by the variatiof 6 and

reactive power flow is greatly varied with the magde of the voltage variation

betweenV, andV, . Foré =0, theP is zero and) is derived from (2.2) as follows
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Vv
Q=X—f(\/§ Vi) (2.3)

The AC voltage output\( ) of D-STATCOM can be controlled through the PWM

switching method.

Functionally, D-STATCOM injects an almost sinusdidaurrent (1) in

quadrature (lagging or leading) with the terminaltage §,), and emulates as an

inductive or a capacitive reactance at the pointafinection with the electrical

system for reactive power control, and it is idgdlie situation when amplitude of

is controlled from full leading (capacitive) to fuhagging (inductive) foro equals to

zero (i.e. bothvg, andV, are in the same phase). The magnitude and phase @in
the injected currentl(, ) are determined by the magnitude and phase diiter¢)
between V,and V, across the leakage inductance;(, which in turn controls
reactive power flow and DC voltag¥,. across the capacitor. Figure 2.4 shows the

phasor diagrams on the operating principle at theddmental frequency for

capacitive and inductive modes. The terminal vat@g) is equal to the sum of the
converter AC output voltagev(, ) and the voltage across the coupling transformer
and interfacing inductor reactive/(. ) in both capacitive and inductive modes.
mean that if output voltage of D-STATCOM/{ ) is in-phase with bus terminal
voltage {;) andV, is greater thary, (V4 >V,), the D-STATCOM is considered to
be operating in a capacitive mode that it provickective power to system. Y is

smaller thanv, (V4 <V,), it is operating in an inductive mode that it @t reactive
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power from the power system. And faf, is equalV, (V4 =V,), it is no reactive

power exchange takes place.

VLV +
—Q> ,m\ \A Va é
Lf

+ + - y
|f If
;
Vi (b)
T — 7\ :
L o
+ + Vi v

v Qv x 7' - N A
f
Y

Figure 2.4 Phasor diagrams on the operating principle afuhdamental frequency

for (a) capacitive, (b) inductive and (c) neactive power exchange modes

Ideally, V,and V have the same phase, but actually they have a ptithse

difference to component the loss of the transformieding, interfacing inductor and
inverter switching, so absorbs some active powanfsystem. Figure 2.5 shows D-

STATCOM absorbs or produces active power witandV having phase lagging or
leading o). For lagging ¢o'), power P) flows from V, toV, that the active power

is transferred from the AC terminal to the DC cajmand causes the DC voltage to
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rise. For leading {5), power P) flows from V toV, that the active power is

transferred from the DC capacitor to the AC terrerad causes the DC voltage to
reduce. In any practical D-STATCOM there are lossethe transformer windings,
interfacing inductor and in the converter switchHsese losses consume active power
from the AC terminals. Accordingly, a small phasiéetience always exists between
the VSC AC output voltage and the AC system voltagesummary of the power
exchanges between the D-STATCOM and the AC systera &unction of the D-

STATCOM AC output voltage/,, and the AC terminal voltage.

Figure 2.5 D-STATCOM (a) absorbs active power wijand V having phase
lagging-6 and (b) produces active power wifand V  having phase

leading-6

For power quality improvement the voltage sourcavester (VSC) bridge
structure is generally used for the developmentustom power devices, while the

use of the current source converter (CSC) is lesworted. The current source
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converter topology finds its application for thevdlpment of active filters (Akagi et
al., 2007), D-STATCOM (Routimo et al., 2007). Figuz.6 shows basic three-phase
three-wire D-STATCOM based on the CSC, which is nemted in shunt with
distribution system. The CSC D-STATCOM PWM bridge built with six
controllable unidirectional switches. The semicartdu devices are under bipolar
voltage stresses and the maximum values of thes¢harpeak value of the supply
filter capacitor line-to-line voltage (Mohamed aBdadany, 2009), which in steady
state is nearly equal to supply line-to-line vodagigure 2.6 shows the anti-parallel
diodes of the commercial power switch modules ¢he. metal oxide semiconductor
field effect transistor, MOSFET and integrated gdlipolar transistor, IGBT).
Because of these and the very low reverse voltémgking capability of the switch,
additional diodes have to be connected in seriéis the power switch module. The
PWM bridge of the CSC D-STATCOM is connected to plogver system through the
second order filter L(C), which filters the carrier frequency componentsnf the
PWM currents. As the energy storage of the CSC BISIOM there is an inductor (

Ly ) with a DC currenti(, ) flowing through it. The current should be at keas high

as the peak value of the compensating current.

In addition, the D-STATCOM can be classified basedthe supply and / or
the load system having single-phase (two wire) thmele-phase (three-wire or four-
wire) systems. There are many nonlinear loads, sashdomestic appliances,
connected to single-phase supply systems. Some-fir@se nonlinear loads are
without neutral, such as adjustable speed driveD)A$ed from three-wire supply
systems. There are many nonlinear single-phases ldattibuted on four-wire three-

phase supply systems, such as computers, commégtiihg, etc. Hence, the D-



22

STATCOM may also be classified accordingly as twicewthree-wire, and four-wire
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Figure 2.6 Basic three-phase three-wire D-STATCOM based era8C
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Figure 2.7 Two-wire (single-phase) H-bridge D-STATCOM

The most common voltage source PWM bridge with B@acitive bus energy
storage elements, is used to form two-wire (siqgase) D-STATCOM that the
configuration is shown in Figure 2.7. In Figure,dtds called an H-bridge as it looks

like the eighth letter of the English alphabet. Toaverter contains four switches that
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each comprising a power semiconductor device an@rdiparallel diode as also
indicated in the figure. The power semiconductoricke can be a power MOSFET or
IGBT for distribution system applications.

Three-phase three-wire non-linear loads, such adD'?ddSare major
applications of solid-state power converters. Agéanumber of publications have
appeared in three-phase D-STATCOM (Singh et aD62&ingh et al., 2005; Xiao-
ping Yang et al., 2008; Sao et al., 2002; Singhl&t2005), with three wires on AC
side and two wires on DC side that is shown in Fagt3. At medium voltage level
this device is developed with voltage fed type hgvsingle stage VSC and for
enhanced voltage and power handling capacity raudtll VSC is used. In the
multilevel VSC, the number of possible operatingite$ increases and as a
consequence, the flexibility of the converter imm®. As all the devices are
individually controlled, better control over the ltage magnitude and harmonic
suppression can be achieved. Use of a multilevelC i@duces the required
transformer voltage ratio and sometimes even mp&ssible direct connection of the
compensator to the increased voltage supply systéhmee different multilevel VSC
topologies are considered currently. These aradedclamped multilevel converter
(DCMCQC); 2) flying capacitor multilevel converter @vC); and 3) cascade multilevel
converter (CMC).

Figure 2.8 shows a three-phase, five-level diodeagled VSC. The diode-
clamped multilevel converter uses capacitors iresdp divide up the DC bus voltage
into a set of voltage levels. To producendevel phase voltage, a diode-clamped

convertor needst1 capacitors on the DC bus.
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Figure 2.10 A three-phasay+level configuration of the CMC

A flying-capacitor multilevel converter (FCMC), abown in Figure 2.9, uses
a ladder structure of DC capacitors for which tlndtage on each capacitor differs
from that on the next capacitor. To generat@-kevel staircase output voltager1
capacitors in the DC bus are needed. Each phadeaegn identical structure. The
size of the voltage increment between two capacittetermines the size of the
voltage levels in the output waveform. It is obwgdbat the three inner-loop balancing
capacitors for phase leg A are independent froregior phase leg B. All phase legs
share the same DC-link capacitors.

The cascaded-multilevel converter (CMC) uses castacbnverters with
separate DC sources (SDCSs). The general functitmsomultilevel converter is the
same as that of the two previous converters. Th&€Gyhthesizes a desired voltage
from several independent sources of DC voltagesclwimay be obtained from

batteries, fuel cells or solar cells. This convedan avoid extra clamping diodes or
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voltage-balancing capacitors. A three-phasdgevel configuration of the CMC is
shown in Figure 2.10. Each SDCS is associated witBingle-phase H-bridge
converter. The AC outputs of different full-bridgenverters in the same phase are
connected in series such that the synthesizedgeoltgaveform is the sum of the
individual converter outputs. In the three-phassey, the output voltage of the three
cascaded converters can be connected in either onvydelta configurations. For
example, a wye-configured-level converter using a CMC with separated capegit
is illustrated in Figure 2.10.

A large number of single-phase loads may be suppfleen three-phase mains
with neutral conductor. They cause excessive nectiraent, harmonics and reactive
power burden, and unbalance. To reduce these pnebfeur-wire D-STATCOM has
been attempted. To develop the D-STATCOM device tfoee-phase, four-wire
distribution system different configuration of V3tving capacitor mid-point, three
single-phase H-bridge VSC configurations, and tegs VSC, are used.

The capacitor mid-point VSC that allows the injentiof three independent
currents including any DC current that the load rdegw is proposed in (Mishra et
al., 2006). This configuration is used for smalirmgs as the entire neutral current
flows through the DC bus capacitor. A three-phdsar-wire capacitor mid-point
VSC configuration is shown in Figure 2.11. In thare, the converter is supplied by
two equal DC sources, the neutral point of whictleaoted by’ . A three-phase load
is connected at the PCC. The load neutral is ddnoye and this point is connected
to the neutral point’ of the converter. This neutral clamped topologpwa#i a path
for the zero sequence current and therefore theethinjected currents can be

independently controlled.
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Figure 2.11 A three-phase four-wire capacitor mid-point VSQ@foguration

Three single-phase H-bridges scheme is populdradiews the proper voltage
matching for solid state devices and enhances dhability of the devices. Figure
2.12 shows the three-phase, four-wire configuratiointhe D-STATCOM. It contains
three H-bridge VSCs connected to a common DC stocagpacitor. This topology
allows three independent current injections, as tlintains three separate H-bridge
converters. Each VSC is connected to the netwodugh a transformer and
interfacing inductors. Six output terminals of tlhansformer are connected in wye.
The purpose of including the transformers is tovmle isolation between the
converters. This prevents the DC storage capaditum being short-circulated
through switches in different converters. The reyioint of the three transformers is

connected to the load neutral.
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Figure 2.12 H-bridge three-phase four-wire configurationste D-STATCOM
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Figure 2.13 Four-leg VSC configuration

An alternate topology is shown in Figure 2.13 inickha VSC with four legs

are used. This requires only one DC storage uhited of its legs are used for phase
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connection while the fourth leg is connected to lbad neutral and the system
neutral, if available, through a resistance (Quetnal., 1992; Quinn et al., 1993;
Hoffman and Ledwich, 1994). The fourth leg is usedstabilize the neutral of D-

STATCOM. The scheme utilizes a four legs voltagarse converter topology and
fourth leg is connected to the neutral which serthes purpose of compensating
neutral current. The reference current for the tfoleg is the negative sum of three
phase load currents. This nullifies the effect & Bomponent of load current. To
maintain the adequate charge on the DC side capdhé flow of active power from

AC side is controlled towards the DC side of thawaoter.

2.2 D-STATCOM Control Strategies

The heart of the D-STACOM used for compensatiothefpower system is its
control system and its response to the dynamic giharh the load depends on the
methodology used for its control. Usually, the cohof the D-STATCOM power
circuit in general is achieved in four stages. Tinst stage involves sensing the
essential AC and DC voltages and currents using €Ts, Hall-effect sensors, etc. to
gather information about the dynamic conditiontad toad and the system. Based on
this information some signals are synthesized usabniques likedg synchronous
rotating axis transformation (Freitas et al., 2002zayeri and Fendereski, 2007),

a — [ stationary reference frame transformations (Siagth Jitendra, 2006; Correa

et al., 2005) and so on in the second stage. Aarefe signal is generated from this
signal. Further the converter AC output voltagedseto be synchronized with the
power system voltage. A phase locked loop (PLLyeserally used to gather phase

and frequency information of the fundamental pusitsequence component of the
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system voltage. The basic PLL block diagram isstiated in Figure 2.14. Then using
the control methodology, the compensating commamdsrms of current or voltage

levels are generated in the third stage. The comtethodology used in this stage can
be categorized into linear (Freitas et al., 20@Zayeri and Fendereski, 2007; Singh
and Jitendra, 2006; Correa et al., 2005), nonlir{f€aukla et al., 2005) and special
control techniques (Singh et al., 2005; Xiao-pingny et al., 2008). Then depending
on the device configurations of the VSC, the gasigpal for the solid state devices

of the VSC are produced in the fourth stage.

v Freq 2"_Order e N
a . 0 -
—p1 abc Low pass Filter 2z 2z
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A O Yoy Mean value " | Controller| ™ T |’

Figure 2.14 Basic PLL block diagram

The development of the compensating signals playsngortant part in
deciding the rating and transient as well as tkadst - state performance of the D-
STATCOM. The control methodologies used for genenaibf the compensating
commands generally involve frequency domain ane ttamain control techniques.
The D-STATCOM using the time-domain methodologienses the time-domain
signals of instantaneous voltage and / or currentors and synthesizes ttig signals

using the populadg synchronous rotating axis transformation (Fredgasl., 2002;
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Jazayeri and Fendereski, 2007; Singh and Jite@0€#; Correa et al., 2005). Control
techniques like PI or PID are then used to protiesgransformed signals to derive
the compensating signals. In addition to this symniced component transformation
and unit vector control are some of the other papabntrol schemes to extract the
reference signals in time domain. In the PWM motleamtrol two popular control
techniques, voltage control (VC) and current cdnf@C) are adopted (Ledwich and
Ghosh 2002). The CC technique is widely reportediterature for linear and
nonlinear control strategies. Under the linear mdntnethodologies are reported
control schemes using a stationary Pl controllgncBronous vector Pl control, state
feedback control, predictive control and dead-bmattrols. The nonlinear control
schemes encompass hysteresis control, delta maul@M) or pulse DM current
control and online optimized controller.

Generation of proper triggering pulses for thetshes of the VSC is very
crucial for proper implementation of the load comgetion. The advent of the low
switching loss has enabled the designers to shifin f fundamental frequency
switching (FFS) to pulse width modulation (PWM).rther, custom power being a
relatively low power application, PWM methods offermore flexible option than
fundamental frequency switching methods favoredFACTS applications. Though
various topologies of VSC have been reported, singtee-phase bridge with six
switches is widely reported in D-STATCOM. From tirnte time, various schemes
were reported to generate the pulses for turnintherconverter switches, with each
scheme having some or the other advantages. Itbhes observed that all the
schemes broadly fall into the following categoriphase shift control, carrier based

PWM control, and carrier less hysteresis control.
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2.21 Phase Shift Control
The phase shift control scheme is simple. Thedlye is to maintain
a constant voltage at the load terminal. The comtigorithm exerts a voltage angle
control and generates a phase shift in the outplidage of the VSC with respect to
the AC terminal voltage. An error signal is genedaby comparing the measured
PCC voltage with the desired or the reference geltdhe error signal is fed to a Pl
controller to generate an ange to drive the voltage error to zero. Thus the PCC
voltage is regulated at the desired value. The P@éverator phase modulates the
sinusoidal voltage signal by angteand generates the switching signals for the VSC
switches by comparing it with a triangular carrgggnal. The DC side voltage is
maintained by a separate DC source. A schematgratia for phase shift control of

D-STATCOM is shown in Figure 2.15.

Virer Vierr 1) Pulse Pulse to
g1 cont' I generator :>switches of VSC

Viabe Phase angle
Terminal voltage

Figure 2.15 A schematic diagram for phase shift control of DAFCOM

The positive aspects of this type of control anés tontrol algorithm is
easy to implement and is sufficiently robust, aequires only voltage measurement.
Current and reactive power measurements are noireelq However, it suffers from

the following disadvantages:



33

- It does not have a self supporting DC bus andireg a separate DC source
to pre-charge the DC side capacitor and maintaiwvattage during the operation of
D-STATCOM.

- It assumes that the AC terminal voltage is batdnand without harmonics,
since the fundamental waveform is used to obtarptimse angles of the AC terminal
waveform.

- There is no provision for harmonic suppressionase the load connected to
PCC is nonlinear.

- This method results in generation of active polaethe VSC along with the

reactive power.

2.2.2 Carrier Based PWM Control
The schematic diagram for the carrier based PWMrol is shown in
Figure 2.16. A fixed frequency carrier based simsoPWM is used for generating
the switching pulses for the switch of the VSC. sThilgorithm is based on the
instantaneous reactive power theory. The instantaneoltage and current of the
system and the load are measured. The three-plgasamsis transformed to dq
synchronously rotating reference frame using Parkissformation. Compensation is

achieved by control of active and reactive currgitandi, ). The active powep and

the reactive poweq injected into the system by the D-STATCOM, undee diq

reference frame are given by:

P = Vigig +vtqi (2.4)
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0= Viglg — Vaalq (2.5)

For a balanced three-phase system- 0. Thus theiyand i, completely describes the

instantaneous value of real and reactive powerymed by the D-STATCOM.

P =Vglg andq=—vyi, (2.6)

AC voltage control
Vires Vier | PI controller ‘ iqref lgerr | PI controller
(outer) (inner) Houg
A - - :
i PWM
Calculation of V, 2 . [ J 0.1 Ppulse :>
Viabe t il T dg— generator
Viores Vacerr | PI controller ‘ et /<N lderr | PI controller | Uy  Pulse to
(outer) (inner) : switches of VSC
Vdc §

DC voltage control

Figure 2.16 Schematic diagram for the carrier based PWM cbntro

The instantaneoug, reference current is generated by PI regulation of
the DC terminal voltage with respect to a refereb€evoltage. Similarlyj, reference

current is generated by PI regulation of the AGnieal voltage of the VSC with
respect to a reference AC terminal voltage. In ¢hseonly power factor correction is

desired, the referencigis set to zero. The decouplégand i, components obtained

from abc to dq transformation of the measured instantaneous {pinese current, is

then regulated with two separate PI regulators we#pect to the referendgand i
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currents obtained earlier. In order to synchrorae to dqO transformation, a Phase
Locked Loop (PLL) is used.

As can be seen in Figure 2.16, the three phasénal voltages ¥, ,

v, andv,. ) are considered sinusoidal and hence their andglg{RMS) are computed

as.

2
v, =\/§(\é+\4ﬁ+\4§) (2.7)

The value ofV,computed above is compared with the desired teimiléage V,, .

The AC voltage errox,,, is

err I

Vier = (Vtref _Vt) (2.8)

whereV, is the amplitude of the sensed three phase AGyed at the PCC terminal.

The errorv,, is fed to an outer Pl controller, using time int@n, to generate the

|qref .

iqref = KpacMer + Klacjvterrdt (2.9)

where K. and K

1ac are the proportional and integral gain constahthe® outer Pl

Pac

controller of the AC terminal voltage at the PCQeTactual value of,is generated
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by anabc to dg convertor using Park’s transformation over the TASCOM current.

The i,y and i, components are compared and the eiggris fed to an inner Pl

current controller to generat% )

iqerr = (iqref _iq) (2.10)
Uy = Keigigar +Kiig [iger i (2.11)
where Ky, and K, are the proportional and integral gain constahti® inner Pl

controller of the AC terminal voltage at the PCC.

For control of the voltage at the DC bus of the DASCOM, theV,,
of the DC bus is compared with the desired DC lsageV,, . The DC voltage

ITOr Vyog, IS

Vdcerr = (Vdcref _Vdc) (2.12)

whereV, is the sensed DC voltage at the DC bus of the D-BIJ@M. The error is

then fed to an outer PI controller to generiglg .

lorer = KpacVcerr + Kldc_..vdcerrd't (2.13)
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where K4 and K. are the proportional and integral gain constantthefouter Pl
controller of the DC bus voltage. The actyais generated by aabc to dg convertor
using Park’s transformation over the D-STATCOM eutr The signals,, and iy

are compared and the erriqr, is fed to an inner PI current controller to genenragt.

| gere :(idref _id) (2.14)

Uy = Kpiglgerr + Klidjidardt (2.15)

where K4 and K, are the proportional and integral gain constahthi® inner Pl

controller of the DC bus voltage.

In PWM current controlleru, and u,signals generated above are

converted into a modulation index and phase anglé which are then used by the
PWM modulator for producing the required pulsestfaggering the switches of the
VSC. This causes the VSC to maintain the AC termio#tage of the system at the
PCC by generating / absorbing the required reactiweent and supplying / absorbing
active power from the system to maintain the D@ sidltage of the converter.
The advantageous features of this schemeinclude:

- It incorporates a self supporting DC bus.

- The active and reactive power control achievedughi; andi, control are

decoupled from each other. The DC bus control vlegmpn is decoupled from the AC

bus control like voltage regulation or power faatorrection and load balancing.
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- Switching of devices of VSC is done at a fixedguency. Thus switching
losses can be limited within the rating of the desi

- This type of control is inherently linear and wsb and uses PI or PID
controls, which are very easy to implement in rig@le and are less complex in
hardware.

However it suffersfrom thefollowing disadvantages:

- Very little harmonic suppression is achieved. Wddal series and shunt
filters need to be connected for removal of harro®ni

- As four PI controllers are used, response tintaase.

- The scheme is based on synchronization with tmeldmental frequency
using a PLL. In the case of distorted mains the Ridy produce errors.

- The scheme is applicable for balanced three-phhsee-wire system. It
cannot be used for single-phase systems.

- During transient conditions, the supply currehbas up to a very high
value.

- A larger series filter can be connected on thesid2 to limit transients and
harmonics. However it shall reduce the reactive ggogenerating capacity of the
VSC.

2.2.3 Carrier LessHysteresis Control

This compensation scheme is very versatile anddglwreported for
power factor correction and voltage regulation, addition to load balancing,
harmonic suppression and load leveling. Varioushowdt are reported for deciding
the magnitude of the reference active and reactiveent to be generated by the D-

STATCOM. Simplest method reported is with the usd’bcontroller. Figure 2.17
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shows the control scheme for PI controller basederdess hysteresis controller. The
unit vectors for the in-phase and the quadraturkages are obtained from the

terminal voltage. The in-phase unit vectons, ( u, and u,) are computed by
dividing the AC terminal voltagesv(,, v,, andyv, ) by their amplitudeV,. Another

set of vectors called the quadrature unit vectayg,(w, and w,) is a sinusoidal
function, obtained from the in-phase unit vectdr(sg,, u, andu,). To regulate the

PCC AC terminal voltage, its amplitudé is compared with the desired voltaggey

and the errow,

terr

is processed by a PI controller. The output o1‘FtheontroIIeri;mq
decides the amplitude of the reactive current t@éeerated by the D-STATCOM.

Multiplication of the quadrature unit vectorsy(, w, and w,) with i;mq yields the

quadrature component of the reference currgpt, (ig,q andigy, ).

To provide self supporting DC bus for the D-STATCQOtMe charging
current must be provided from the PCC. In ordeadbieve this, the DC bus voltage

V. is sensed and compared with the DC referencegmig, .. . The DC voltage

C

error v, is processed by a second PI controller. The ouptite PI controllelig,y

decides the amplitude of the active power componeintthe D-STATCOM.
Multiplication of the in-phase vectorsi(, u, andu,) with i;md yields the in-phase

-k .k % -k
component of the reference currenitg,( Igy andlgy). The reference currentgy,

i;) and i;) are obtained by adding the corresponding in-plaask the quadrature
components. The hysteresis controller adds a he@terband +h around the

calculated reference current. Whégei;) > +h, pulses are generated for the lower
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level switches and Wheni&(—i;) < -h, pulses are generated for the upper level

switches of the VSC. As can be seen in Figure 214 three phase voltages at the

PCC (,, v, andv, ) are sinusoidal and hence their magnitude (RM$&pmputed as

shown in (2.16). The unit vectorg,, u, andu,are derived as shown in (2.17).

v, v, y
. ta V‘a= Unit Voltage LL:Ia—
— vlb: Template =
c fCp. Generator e
Uy Uy Ui vy
Vdcref Vdcerr iS""d ln-phase Pulse to
PI controller >  Component switches of VSC
Reference Currents [~
YVY Ve — :

* | Hysteresis
Calculation of V; a Pulse >
generator

x S -
v v, i Quadrature i
e “>{ PI controller % Component =
v, TN TH T Rcferenci (‘tlrrents I g 1
Yvy
ta

Quadrature Voltage
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Generator e

Figure 2.17 Control scheme for PI controller based carries legsteresis controller

2
v, =\/§(\4i+\4i+\4§) (2.16)
Vta
u,. =—=
ta \/t
_ Vb 2.17
Uy, v, ( )
U = e



41

The unit vectors in quadraturey(, w, andw,), are derived from the in-phase unit

vectors @, , u, andu,), using the following transformation

utb utc
W, =——F—+—= (2.18)
ta \/é \/é
3 J3
W, :7uta+(utb_utc)7 (2-19)
3 3
Wee :_7uta+(utb_utc)7 (2-20)

The error of the AC terminal voltage at the PCC is

Vierr = (Vtref _Vt) (2.21)

whereV, is the amplitude of the reference AC terminal agé at PCC and, is the

amplitude of the sensed three phase AC terminghges at PCC. The amplitud;qjq

of the quadrature component of the reference D-ST@W current is derived as the
output of the PI controller for maintaining AC temral voltage constant and can be

expressed as:

ok

lsg = KPismtherr + K|isr11q_[\/terrdt (2.22)
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In the above Ky, and K4, are the proportional and integral gain constahtbe

PI controller, v, is the AC voltage error. The quadrature componaftshe

reference D-STATCOM currents are estimated as:

i;aq = igqua
i = lamgWo (2.23)
g = femg Wi

For in-phase component of reference D-STATCOM aurrne DC bus voltage error

Vdcerr IS

Vdcerr = (Vdcref _Vdc) (2.24)

whereV,, is the reference DC voltage am.is the sensed DC link voltage of the

D-STATCOM. The output of the PI controller for m&ming the DC bus voltage of

the D-STATCOM is expressed as

i = KpismaVacerr + Klismjvdoardt (2.25)
i;md is considered as the amplitude of the active pow@nponent of the D-

STATCOM current.K.,q and K4 are the proportional and integral gain constants

of the DC bus voltage PI controller, respectivelg-phase components of the

reference D-STATCOM currents are estimated as:
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i;d = i;mduta
iog = amalo (2.26)
i;d = i;moll'ltc

The total reference D-STATCOM current is the sumirephase and quadrature

components of the reference D-STATCOM currents.

g =lgq s (2.27)

The reference D-STATCOM currentéy(, iy, andiy) are compared

with the sensed D-STATCOM current&,( iy, and iy ). The on / off switching

patterns of the gate drive of the switches are ig¢ee from the hysteresis controller.
The hysteresis controller adds a hysteresis bahdaund the calculated reference

current. If the sensed current corresponding tos@laasignal is greater than the
reference current added to the hysteresis b@d'(;+h), the lower switch of the

phasea leg of VSC is made ON, upper switch of the phadeg of VSC is made

OFF. If the sensed current is less than the referemurrent subtracted with the

hysteresis bandi£<i;—h), upper switch is made ON and lower switch is made

OFF. A similar logic applies to the other two phalsandc.

Some of the positive factors of this scheme are:
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- The algorithm has built-in property of the selpporting DC bus.

- It is very simple, robust and has the automaticent limiting capability.

- Low the THD of D-STATCOM current.

- It has two PI controllers. It also does not reg PLL and the compleabc
to dg transformation. This enhances its dynamic response

- The algorithm can be easily modified to incorperadvanced control
methods in place of the two PI controllers to eaadplicker estimation of reference
currents, resulting in better response for the IXBTOM.

- Compensation for three-phase, four-wire systeamsbe easily achieved with
the addition of a fourth leg to the VSC and a safgacontrol for the same.
However, the negative aspects of this scheme are:

- The ripples on the DC side are high and needsgoritering.

- Switching of the converters, depending on theatiyics of the system, may
be at a considerable high frequency, causing exeeswitching losses in the devices.

- And hardware implementation of the control is péex and more difficult to

configure.

2.3 Application and Installation of D-STATCOM

In a distributed system, domestic and industr@ds induce harmonics,
produce voltage dips, draw large reactive currecasise imbalance in the supply
current etc. The voltage of a particular bus canlibtorted or unbalanced if the loads
on any part of the system are nonlinear or unbaldnthe customers connected to
that bus would be supplied by a set of unbalanceddsstorted voltages, even when

their loads are not contributing to the bus voltag#dution. The D-STATCOM has
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emerged as a promising CPD to provide not onlywé@iltage sag mitigation but a host
of other PQ solutions. Important applications ofnitlude voltage regulation, load
balancing, power factor correction, harmonic filtgr and flicker mitigation.
Applications of D-STATCOM in distribution level tionprove power quality are well

reported in many references.

2.3.1 Application of D-STATCOM for Load Compensation

For the load compensation, D-STATCOM is most widaked for
harmonics mitigation, power factor correction, teacpower compensation and load
balancing when connected at the load terminalshA&scircuit configuration of shunt
active filter is similar to D-STATCOM hence it cde used in the context of D-
STATCOM. The function of shunt active filter is deplent on injection of current
harmonics in phase with the load current harmorhiesice removing the harmonic
content of the line current. Active filters provide opportunity to choose the current
harmonics to be filtered and the degree of atteomaihe VSC size can be reduced
by using selective filtering and eliminating onlyose current harmonics that violate
the limits given in IEEE Std. 519-1992 (IEEE 51992). Active filtering also
provides a control on the power factor by injectorgabsorbing reactive power from
the load. Moreover, Active filters can be also usedompensate nonlinear as well as
unbalanced load (Akagi et al., 2007). Figure 2li&trates the principle of the D-
STATCOM acting as the active filter. As can be séerthis figure, the load is

assumed to be reactive, nonlinear and unbalane¢ain be written as (2.28).

i, =iy, + g+, (2.28)
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bp =lig +ip (2.29)

I =1 (2.30)

is+i =1y (2.31)
wherei, i, andi,are active, reactive and harmonic load currents,

respectively. First, assume the load is withoubmgensator. Hence, line curreigt

flowing through the feeder is also unbalanced arsoded. The function of D-
STATCOM is dependent on injection of reactive arainfmonic currents (2.29) in-
phase with the load reactive and harmonic currdr@sce removing the reactive and

harmonic content of the line curreént Therefore, the line currentbecomes active

current (2.30) and in-phase with the system voltage

§¥Vt
- Vot is + if J ' = i' {:]
v| pcc
I —.>.
i | ‘qu‘th

i 5
s 1 —lp

i
f
Unbalanced
shunt ﬁ & Nonlinear
Load

compensator

Figure 2.18 Principle of the D-STATCOM acting as the activiéefi
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In practice however the current source is imple@entising the

voltage source converter which can control the camsption current, to extract the

reference current signal. The method of generatafgrence currents for the D-
STATCOM is interested and presented in many reteenAkagi and his coworkers
have described an instantanepgsheory of generating reference currents for the D-
STATCOM in (Akagi et al., 1984; Akagi et al., 1986%ince then various
interpretations of this method have been presemedFuruhashi et al., 1990;
Willems, 1992; Watanabe et al., 1993; Ferrero amge8i-Furga, 1991). This method
is applicable to the three-phase, four-wire systémbegin with, transformation of

the three phase voltages frahc to ¢f0frame and vice versa using the following

invariant transformation

Yo V2 V2 2|y,
v, |= 2 1 -¥Y2 -3¥2 (v (2.32)

Vs 0 +3/2 —J3 2V

Similarly, the currents can be also transformeduling the same
transform matrix. Three instantaneous powers:ie&antaneous zero sequence power

P,. the instantaneous active povwerand the instantaneous reactive poweiare

defined from the instantaneous phase voltagesiaaalirrents on thegfOaxes as

| [% O o
pl=]0 v, v i (2.33)
q| [0 v, —v,|i,
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The relation between the conventional concepts afigps and the new powers

defined in thepq theory is better visualized if the powgxsg and p,are separated in

their average valueg, G, p,and their oscillating part®, q, p,.

Active power: Pp= P + p
Reactive power: ( = { + q
Zero sequence powgy,= P, + Bo (2.34)
Average Oscillating
powers powers

There are no zero sequence current componenksda-phase, three-

wire systems, that i, = 0. In this case, only the instantaneous powers dédfon the

aff axes exist, because the produgitis always zero. Hence, (2.33) can be rewritten

as

m :Rﬂ —ﬂm (2.35)

These two powers have constant values and a sugigopo of oscillating

components. Therefore, it is interesting to sepgraindq into two parts:

Active power: p= P + P

(2.36)

Il
o

+
o)

Reactive power: q
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Average Oscillating
powers powers

The idea is to compensate all undesirable powepoments generated
by nonlinear loads that can damage or make the psystem overloaded or stressed
by harmonic pollution. In this way, it would be dable for a three-phase balanced

power generating system to supply only the aveeatjge powerp of the load. Thus,
all other power components required by the nonfinead, that isp, g, g, p,and
B, should be compensated by a D-STATCOM connectedioas as possible to this

load. This algorithm is called constant instantarsepower control strategy (Akagi et
al., 2007). If there is no zero sequence curremitet@ompensated, the zero sequence

power p,is always zero. In this case, a D-STATCOM should doatrolled to

compensate the oscillating active powgand the whole reactive power=4+(.

—»| abc /|~ Low-Pass
i Filter

Iy
i—> Iﬁ
L/ ap Instantaneous

v, Power q —q [-p+D
T» abc /1Y« .| Calculation ’ iy’ [-)I*OSS i
A I fa
y te [ o >
v, ap - Qeomp . |a —Currents . 4y | 1oy,
—> _| Calculation Nry i
> abc| iy,

Figure 2.19 Algorithm of constant instantaneous power corgtmtegy

Figure 2.19 shows the algorithm of a controllerdahree-phase three-
wire D-STATCOM that compensates the oscillatingiv&cipower and the reactive

power for the load. This guarantees constant itet@ous powelp drawn from the
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source with reduced losses in the distributionesystsince the reactive power of the
load is also being compensated. This is done BcgeY the powerpand q of the

load to be compensated. The compensating curraerieaalculated as

a1 [Ve Yy [-P+Pos 2.37)
i, VatvilVe Ve —q '
Ita 1 0 1.
|
i, =\/§ ~12 J3/2 {“’} (2.38)
IC
i Y2 —J3/2-"

Additionally, the DC voltage regulator determinesextra amount of

active power, represented b in Figure 2.19 that causes an additional flow of

energy to (from) the DC capacitor in order to késpvoltage around a fixed reference

value. In order to control the compensation curii¢nto extract the reference current

signal i} the PWM or hysteresis current control can be used.

Park’s Reverse Park’s
i Transformation Transformation
la i i it | lta
. ™ abc “pl af dlTPF dg /ol ap .
Iy — ] f i
i apf Pe q T LPF Y @» abc -
Clark’s [} [ + Reverse Clark’s fe
Transformation sine o) Transformation
PLL
V% v

Figure 2.20 Algorithm of the synchronous reference frame ofegating reference

currents
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The applications of the instantaneops theory with the hysteresis
current control are investigated and presentedSimgh et al.,, 2006; Singh and
Jitendra, 2006). The performances of the threegqtaar-wire D-STATCOM (Singh
et al., 2006) and three-phase, three-wire D-STATC@®N&hra et al., 2006) for load
compensation are proposed. In addition, a comparatudy of control algorithms
between the instantaneopg theory and synchronous reference frame to generate
reference currents of D-STATCOM for load compergatare presented in (Singh
and Jitendra, 2006). The algorithm of synchronceference frame of generating
reference currents is shown in Figure 2.20. Asrésellts, the dynamic performances
of both the instantaneoys theory and synchronous reference frame are similar
However, these performances have a delay time beaafuthe effect of the low pass
filters and PLL (in case of synchronous referemaeng).

Another method for generating the reference otsrethat are
instantaneous symmetrical components is proposdGimsh and Ledwich, 2002).
This compensation scheme can be applied to eitllerea-phase, three-wire system
or a three-phase, four-wire system. The loads @either connected in wye or in
delta. The objective in either three or four wisgstem compensation is to provide

balance supply current such that its zero-sequenitgonent is zero.

i +ig +ig =0 (2.39)

In the method discussed in above, there is necticontrol over the

power factor angle from the source and the algaritbrces the source current to be

unity power factor. In the method under considergtithis angle can be set to have
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desired value. The current references of compergsatye and delta connected loads
by using the instantaneous symmetrical componéwsry are shown in (2.40) and

(2.41), respectively (Ghosh and Joshi, 2000).

Via t (th _Vtc)ﬂ

i’;a = iIa -7 5 2 > Pav
Vta +th +Vtc
. Vi + (Vi —Via) S
I’;b =l — . 2 tcz ta2 Biay (240)
Via +Vip + Vic
i =i - Vic + (Vta _th)ﬂ
fc 7 'lc 2 2 2 av
Vta +th +Vtc
e = iab Vg 5 P
2 2 2 Mlav
(Vta _th) + (th _Vtc) + (Vtc _Vta)
. V. — 3BV
Hoe = ipc — I 5 3 Pav (2.41)
(Vta _th) + (th _Vtc) + (Vtc _Vta)
i =i - Vica _3ﬂvtb
fca = 'lca 2 plav

2 2
(Vta_vtb) +(th_vtc) +(Vtc_vta)

where g = tan¢/\/_3, ¢ is the desired phase angle between system vaitadjsource
current. p,, is the average power drawn by the load. Bor 0, the source currents
are to be in-phase of PCC voltages. It implies thatreactive power demand of the
load is supplied by the D-STATCOM. For non-zero Bf the system supplies or
absorbs the reactive power corresponding tofthe

Applications of the instantaneous symmetrical ponents to generate
the reference currents for D-STATCOM are well répdrin many references.
Hasanzadeh et al. (2005) have proposed the instzmia symmetrical components to

generate the reference currents of a D-STATCOM€Herload balancing and power
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factor correction. Two topologies such as H-bridged three-phase, four-wire
capacitor mid-point VSC have been investigated. PNeM and hysteresis current
control schemes are used to control the compemsatioent to extract the reference
current signal. The performance of the D-STATCOMdiogy for compensating AC
loads in the three-phase, four-wire system as asebupplying DC load from its DC
link is presented in (Mishra and Karthikeyan, 2008)this paper, the instantaneous
symmetrical components method to generate theemedercurrents and the hysteresis
current control are applied. The DC load is sumplieom the DC link of the D-
STATCOM. Due to the transients on the load side,RIE bus voltage is significantly
affected. To regulate this voltage, the DC voltagmtrol is proposed. Which
consideration the DC voltage control, the curregiemrence in (2.40) is modified as

(2.42).

. V., +(Vi, — V,

I’]x:a :Ila_ ta2 ( tb2 tcz)ﬂ(plav+ p|o$)
Vta+vtb+vtc

. Vy + (Vie =V, ) S

I’;b :Ilb_ tbz tcz ta2 (plav+ ploss) (2-42)
Via T Vip T Vic

: Vi + (Ma —Vin) B

I>fkc =lhe— : < (plav+ ploss)

2 2 2
Vta + th +Vtc

where p,is the power supplied to the DC load and lossethé
converter. To generate, ., two controllers such as conventional and fashgddC

voltage controller are used and compared. Pl cbeitris used in both conventional
and fast acting DC voltage control. However, cdntatgorithm especially PI

parameter tuning is not discussed in detail inpduger.
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Mishra and Karthikeyan (2008) present four legSCVbased D-
STATCOM with modified instantaneous symmetrical gament theory based on the
control algorithm for load compensation. The perfance of D-STATCOM is
studied for the compensation of reactive powennuaunic currents and load balancing
along with power factor correction in three-phasarfwire distribution system. To
regulate the DC and PCC voltages the PI contraBeused. However, the PI
parameter tuning is not presented. In addition, SAhand Ledwich (2003) have
discussed the three H-bridge VSCs that are conmeictea common DC storage
capacitor with instantaneous symmetrical componéheory control of a D-
STATCOM for load compensation at a weak AC bus. Tperation of a D-
STATCOM for weak AC buses will result in distort®nn the line current or the
voltage at the point of common coupling. The linerrent distortion has been
eliminated using the fundamental voltage of the P8@ the distortion in voltage
cannot be eliminated without adding a filter capaciin parallel with the D-
STATCOM. However, the addition of the filter cagacigenerates control issues and
complicates the tracking problem, as standard otmare not appropriate to be used
in this situation. A switching control scheme whsrt proposed that depends on the
extraction of the reference signals to solve tlaeking problem. To implement the
switching control the references for compensatorecu are computed using modified

instantaneous symmetrical components theory asrsho{2.43).
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Via —Vo

2 ( Bav + ploss)

- .
le, =1, —
fa la 2 2 2

(Vta +Vip t+ Vtc) —Vo

Vib —Vo

> (Pray + Ploss) (2.43)

o
i =l —
fo = lib > 2 2

(Vta +th +VIC)_V0

Vie Vo

2 ( Pav + ploss)

. .
le. =1 —
fc Ic 2 2 2

(Vta +Vio +Vtc)_V0

1 ,
Where v0:§(vta+vtb+vtc) andp,,. IS the power loss due to the converter. The

correction p,,, must be generated through a suitable feedbackatanich that the

DC voltage across the storage capacitor is maiedainn the simplest form of
feedback, The PI controller is used to correcti@zvoltage. However, the design of
Pl controller parameters is not proposed.

Furthermore, many literatures have been discgssnious topologies
of a D-STATCOM for the load compensation. The perfances of D-STATCOM
connected to feeding four—wire linear and nonlinead for power factor correction
and load balancing are presented in (Singh et2@06; Mishra and Karthikeyan,
2008; Vechiu et al., 2010). In these papers, a fegr voltage source converter
configuration is chosen as D-STATCOM. Meanwhileg tA-STATCOM of three-
phase, three-wire distribution system for unbaldniload compensation is proposed
in (Shukai Xu et al., 2005). As D-STATCOM has aherent characteristic of real
power exchange with a support of the proper enstgrage system such as a battery.
If a battery is connected to the DC capacitor, plosver regulation ability of a
common D-STATCOM can be expanded to both reactimel active power

compensation. The D-STATCOM with battery energyrage system for load
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compensation such as the harmonic elimination, ldncing and load leveling are

investigated in (Singh et al., 2007; Bhatia et2004).

2.3.2 Application of D-STATCOM for Voltage Regulation
For voltage regulation, the D-STATCOM can be alppli@d to the
voltage regulation, mitigate voltage sag / swelbltage flicker and voltage
fluctuations when connected to a distribution birs.steady state analysis, the

schematic diagram of a D-STATCOM for voltage regolais shown in Figure 2.21.

In this diagram, the D-STATCOM injected curredT; regulates the voltage by

adjusting the voltage drop across the system impeiz,, . The injected currenff

can be written as

or, |f4y:|,4—9—vth4(“_ﬂ)+vtl_ﬂ (2.44)
Zth Zth

VinZa' 20 P+iQ

_ V,
ZIh = Zthéﬂ | PCC =>

* R+jQ ﬁ
P + Qs

¢

D-STATCOM

LOAD

Figure 2.21 Schematic diagram of a D-STATCOM for voltage regjoin
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It may be mentioned here that the effectivenesh@D-STATCOM in

regulating voltage depends on the valuegfor fault level of the PCC bus. When the

injected currentl_f is kept in quadrature witW,, the desired voltage regulation can

again be achieved without injecting any active point the system. In this case, the

entire load active poweR must be provided by the system. The active powew fl

through the Thevenin impedance of Figure 2.21dad Iside) can be written as
2
P = Vit cos(f -« )—\Zi cosB (2.45)
From (2.45), the angle can be expressed as

a=[-cos [V cosmthﬂ (2.46)
Vin ViVt

For a feasible value af, the condition in (2.47) must be satisfied.

icosﬂ+ ZnRl g (2.47)
\/th thVt

The above constraint can be rewritten as

Vy, > (V, cosp + L th R ) (2.48)
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Thus, when the system voltage magnitude satisBe@48), the D-STATCOM can
regulate the voltage without injecting any actiwever into the system. However, the
D-STATCOM can regulate the voltage with minimum aggnt power injection into

the system. The apparent power injection of theTB-BCOM can be expressed as

|
1

S =V,I; (2.49)
Thus the condition of minimum apparent power ing@cis

al

—1 =0 (2.50)

ox

An analytical expression of ¢ can readily be obtained from (2.44), and

solution of (2.50) provides the following

o = tan | 2w SN —0) (2.51)
V, +Zyl, cos(@-0)

Thus for a given load, the value afcan easily be found from (2.51). Once the value
of ais known, the complex current and apparent powgeciion of the D-
STATCOM can again be obtained from (2.44) and (R.A&Spectively (Haque, 2001).
In actuality, the current source is implementesing the VSC
connected to the network through the transformedrtha interfacing inductors which

the DC voltage source on the input side of VSC thaenerally achieved by a DC
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capacitor. Therefore, the magnitude and phase avfgtbe injected curreml_f in

Figure 2.21 can be determined by the magnitudepdrade angle of the AC output

voltage of VSC ¥ ando). In this case, the D-STATCOM can regulate thenteal

voltage by injecting only reactive power into thgstem which consuming some
active power from the system to control DC capaaitiitage.

Power flows of the voltage regulation with the DAIITCOM can be
illustrated in Figure 2.22. At the normal operatipaint (t = 0 — 0.05s), the load
voltage is as the desired magnitude, the D-STATC@dds not inject the reactive
power into the system to regulate load voltage.iAshis point, the load powers are
supplied by the source through feeder. When thecsouoltage sags (t = 0.05 —
0.25s), this results in the decrease of the lodthge that can be seen in Figure
2.22(a). However, the load voltage can be regulbatedhjecting the reactive power of
the D-STATCOM into the system. When the sourceag@tswells (t = 0.25 — 0.35s),
the load voltage is above the desired magnitudeeréfbore, the D-STATCOM
regulates the load voltage by absorbing the reagbewer resulting in being the
negative of D-STATCOM reactive power. The reactpavers for the load voltage
regulation are show in Figure 2.22(b).

In practice, the semiconductor switches of the eoer are not
lossless, so the energy stored in the DC capasi@wrentually used to  meet
the internal losses of the convertor, and the D@ac#or voltage diminishes.
However, when the D-STATCOM is used to generatalmorb reactive power, the
converter itself can keep the capacitor chargeatieéaequired voltage level. This task
is accomplished by making the output voltages ef ¢bnverter lag behind the AC

system voltages by a small angle. In this wayctheverter absorbs a small amount of



60

active power from the AC system to meet its intefoases and keep the capacitor
voltage at the desired level. The same mechanisnbeaised to increase or decrease
the capacitor voltage. The active power and DC c#mavoltage for the load voltage

regulation are show in Figure 2.22(c) and Figug2@l), respectively.
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Figure 2.22 Power flow of the voltage regulation with the DAITCOM
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Many literatures have been proposed applicatdnise D-STATCOM
for AC voltage control. Anaya-Lara and Acha (2002And Somsai and
Kulworawanichpong (2008) have presented a methaoptyate D-STATCOM as a
voltage regulator to maintain the voltage of arthstion bus. A three-phase, three-
wire distribution system has been assumed in thvestigation. D-STATCOM is
realized by a three-phase bridge VSC circuit tatsupplied by a DC storage
capacitor. Since the AC output voltage of VSC igpgartional the DC voltage, the AC
terminal voltage can be controlled through the @tage. However, the DC voltage
can be controlled by adjusting the phase arglef the AC output voltage of VSC.

Thus the AC output voltage references can be wirdte

Vgaret = Vim SIN(@t —9)
Vgere = Vim SiN(@t —6 + 120 )

whereV,, is the amplitude of the reference AC terminal agé at PCC. The phase

angle s of the AC output voltage of VSC is derived as omtpf the Pl controller for

maintaining AC terminal voltage constant and caeXgessed as:

6 = Kpac Vimgret —Vims) + Klac_[(vrrrsre‘ Vi)t (2.53)

This algorithm is called the phase shift control RISTATCOM for AC voltage

regulation.
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Mishra et al. (2002) have proposed the D-STATCOMhwnodified
phase shift control to maintain the voltage of stréhution system. A three-phase,
four-wire distribution system has been assumedisinvestigation. D-STATCOM is
realized by a three-phase bridge VSC circuit teaupplied by two neutral-clamped
DC storage capacitors. Three filter capacitors, éme each phase; have been
connected in parallel with the D-STATCOM to elimi@ehigh-frequency switching
components. The control scheme realized by a deatldontroller for the VSC has
been used to control the voltage across the figgracitor to maintain the AC bus
voltage. The control scheme consists of an outercBgacitor voltage control loop
and an inner phase angle control loop. The P cltertris applied to the outer DC
capacitor voltage control loop whereas the inneasphangle control loop the PI
controller is used. Block diagram of closed looptage control is shown in Figure
2.23. The load bus voltage magnitude is choseroasnal value, i.e., 1.0 p.u., while
its phase angle is attained through a feedback tbapregulates the voltage across
the DC storage capacitors. It has been shown thradefailed simulation and
experimental results, that the D-STATCOM is capaifleegulating the PCC voltage
against any unbalance and distortion in eithethernaad or supply side. However, the
employed dead-beat control scheme for the VSC tmtaia the AC bus voltage is
very sensitive to system parameters and it musiabefully used even if it has a very

fast convergence property.
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Vae = Vet + Vae2

Figure 2.23 Modified phase shift control to maintain the vgkeof

a distribution system

The control algorithm based on the developed emattical model in
the dg synchronously rotating reference frame of the DASTOM for voltage
regulation has been proposed in (Jain et al., 2008his paper, a modeling strategy
similar to that used for the field oriented contoblthree phase AC machines is used.
This gives a clearer representation of instantasiéoad bus voltage magnitude and
D-STATCOM reactive current without any restriction the dynamics. The control
problem of load voltage regulation using reactiverent as the control input was
shown to be the non-minimum phase for certain dpgyaondition, thereby limiting
dynamic response using linear output feedback. mkeali controller with output
feedback and a nonlinear controller with state lhee# for load voltage control were
designed and compared. Results show that the mamlinontroller has a better
transient response for load changes and leadstter beitigation of flicker arising
from time varying loads. However, the system coaigd in this paper is a simplified
model of an only real resistance load supplied distibution system.

Freitas et al. (2005) have presented a dynamicystlubut the
simultaneous usage of AC generators and D-STATC@Micds on the dynamic

behavior of distribution networks. The performamfea D-STATCOM as a power



64

factor controller or a voltage controller has besaralyzed. D-STATCOM voltage
controller is shown in Figure 2.24. The controllermpact on the stability
performance and protection system of distributioatworks with distributed
generators has been determined. Simulation relsaits shown that a D-STATCOM
voltage controller can improve the stability penfiance of induction generators
significantly. Whereas, a D-STATCOM power factontoller may adversely affect
the stability performance of synchronous generatbtsreover, simulation results
show that although load bus is maintained at constalue but the D - STATCOM
response to stabilize load voltage is poor andakt35 cycles to attain steady-state

value. This shows that D-STATCOM controller perfamae needs to be improved.

Figure2.24 D-STATCOM Voltage Controller

Blazic and Papic (2006) have proposed a new D-ST@WICcontrol
algorithm that enables separate control of positased negative-sequence currents

and decoupled control dfj axes current components. The proposed controfitiigo
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is based on the developed mathematical model indtheynchronously rotating

reference frame for a D-STATCOM operating under alabced conditions. The
problem of DC-side voltage ripple and AC side hamme generation due to
unbalanced voltages / currents is solved with gra@piate modulation of switching

function so that a DC capacitor does not have tovmrated. The proposed control
scheme is also suitable for high-power applicatiassig multi-pulse VSCs. The
algorithm has been tested by carrying out detas@dulation using PSCAD.

Simulation results have shown good dynamic perfocaeaespecially in the case of
unbalanced load compensation. However, asithgynchronously rotating reference
frame method is used for sag detection in the obraigorithm, it provides good

results for balanced voltage sag.

In addition, the fast response of the D-STATCOM psmkt the
efficient solution for improving voltage flicker phomena in distribution systems that
are presented in (Chong et al., 2007; Sun et @02R The performances of the D-
STATCOM used for mitigating voltage sag and swedl mvestigated and compared
with the series compensator as presented in (Ahaya-and Acha, 2002; Gupta et
al., 2011; Ravi Kumar and Siva Nagaraju, 2007). hati level D-STATCOM for
voltage sag and swell reduction is proposed in rf8bala et al., 2005). Isolated
distribution systems are comparatively not as stifgrid systems; so large starting
currents and objectionable voltage drop duringisigof an induction motor could be
critical to the entire system. The application ofSDATCOM to industrial systems
for mitigation of the voltage dip problem duringetitarting of an induction motor is

presented in (Singh et al., 2006).
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2.3.3 Application of D-STATCOM with Distributed Generator

Furthermore, current power distribution systems arperiencing
increased installation of distributed generatorsl application of custom power
devices. The most common type of distributed gdimraemploys AC rotating
machines. The D-STATCOM has been adopted for thipgse of improving power
quality and reliability of the power distributiogstems with installation of distributed
generators. The dynamic study about the influené¢esC generators (induction and
synchronous machines) and D-STATCOM device on tlgeachic behavior of
distribution networks is presented in (FreitasletZz005). The performance of the D-
STATCOM as a voltage controller or a power factontcoller is analyzed. Induction
generators (IG) have received more attention, wheoke been employed in thermal,
small-hydro and wind generation plants. Inducti@neyators have some technical
advantages when compared with synchronous gengrdtmr example: increased
robustness reduced size, decreased cost, greatetrostechanical damping.
However, it is well known that induction generatdraw very large reactive currents
during the fault occurrence, depressing the netwalkage further and leading the
system to voltage instability. An alternative fahsng this problem is to adopt local
dynamic reactive power compensation. Freitas gf2802) investigate the use of the
D-STATCOM to improve the voltage stability perfornt@ of distribution systems
with induction generators based on three-phasdinear dynamic simulations.

In addition, self excited induction generators (S§)l have regained
importance in supplying electricity to the remot&gated communities (where grid
supply is not applicable) using available renewadergy sources like wind, hydro

and bio-mass. It is well known that for maintainicgnstant voltage at the terminals
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of IG under the condition of varying loads and sphea continuous demand of
reactive power is needed. In case of the consfaetds prime mover like bio-gas,
diesel, gasoline engines, the speed of the isolatdatction generator (lIG) remains
constant while voltage at the generator terminalegaunder varying consumer loads
because of increased reactive power requiremené dpplications of the D-

STATCOM for regulating terminal voltage of the ist#d induction generators have

been proposed in (Kansal and Singh, 2008; SingtKandal, 2008).

2.3.4 Statusof Installationsof D-STATCOM Device

Status of the installations of the D-STATCOM devisaot very well
documented. It is thus rather difficult to get therent installation status. The status
given below is reported in (IEEE P1409, 1999) andno means presents the
complete picture.

American Electric Power (AEP) has installed a distion static shunt
voltage compensator at a rock crushing facilityisTiacility has two existing rocks
crushing operations with a third going into servitbe rating of the device installed
at the facility to control the voltage flicker iMVA at 12.4KV. It was placed online
in January 1998 and commissioned on February 198.1%he unit utilizes two
1IMVAr capacitor banks that allow operation with outpatrf O to MVAr capacitive.

The D-STATCOM device has successfully completed dhe-year
demonstration project at the Adams Lake Lumber Gamgpin Chase, British
Columbia where it provided voltage regulation amitage flicker mitigation caused
by a large whole log chipping operation. This devie capable of adjusting the line
voltage +/- 4.2%. Field experience has shown thetall flicker was reduced from 5-

8% to 2.5-4%. The H#@VA inverter-based trailer unit is now being readigdBC
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Hydro for relocation to another site where voltdlgeker is creating major problems
for customers on the 25kV distribution system.

In October 1990 the 2VAr GTO inverter D-STATCOM device was
implemented for arc furnace flicker compensationaoXV feeder. The successful
operation and experience of this first installatemtouraged the steel manufacturer to
further increase arc furnace operation, and wadswvield by another D-STATCOM
device installation using a RIMAr GTO inverter for the same purpose in May 1995.
The GTO inverter cubicles of the second D-STATCOBVide were specifically
designed to be more compact in size in order tovipeo benefits for industrial
application use.

A static var compensator of 3//Ar capacities using a bipolar
transistor inverter for arc furnace flicker compatinen was installed on the Mitsubishi
Steel Co. 3BV feeder on December 1989. This installation waslempnted in
conjunction with an existing 8VAr SVC that had been installed in April 1984. The
additional 3.8MVAr D-STATCOM enabled an increase in steel produgtigitthe arc
furnace without any increase in the previous flidesel.

Oglethorpe Power Corporation and Oconee Electricmblrship
Corporation, a member system of Oglethorpe Powes, l@ost utilities to an
installation of D-STATCOM installed on a 12147 feeder serving a building
products plant in Dudley, Georgia. The plant usemynarge induction motors that
cause flicker when starting and operating. In aoldito flicker, a low power factor is
present when the motors are idling, which is oftencase. This installation continues

to mitigate flicker as designed.
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The installation of a MVA, 4.1&V D-STATCOM was completed in
July, 1999 at the Seattle Iron & Metals Corpordsamew steel recycling facility in
Seattle, Washington. The D-STATCOM was selectedhas preferred option for
voltage flicker compensation of a 4,0@®shredder motor, which is being operated at
the new facility. The D-STATCOM has a rated outmapacity of +/-BAVAr
(continuous rating) and +MVAr (overload rating for 1 minute). In this applicatjo
the D-STATCOM is operating at 4.8 and provides reliable power quality for both
the new steel recycling facility and the intercoctivgg utility, Seattle City Light,
which provides power to the plant at 26/4Final field testing and commissioning of

the D-STATCOM was completed in February, 2000.

24 Summary

This chapter proposes a review of the D-STATCOM #s application. The
working principle and several configurations of d&STATCOM are presented. The
principle of D-STATCOM based on ideal current seuand voltage source converter
are discussed in detail. For power quality improgetrthe voltage source converter
(VSC) bridge structure is generally used for thgetigpment of the D-STATCOM.
Several configurations of VSC-based D-STATCOM sashsingle-phase H-bridge,
three-phase three-wire, three-phase four-wire aaMiilavel VSC are proposed. The
performance of the D-STATCOM depends on the cordigbrithm. Many control
strategies of the D-STATCOM have been reported @nelsented in various
literatures. However, a brief review of the D-STADM control strategies is
presented in this chapter. In addition, the geraraif proper triggering pulses for the

switches of the VSC is very crucial. It has beesarbed that all the schemes broadly
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fall into three categories such as phase shiftrogntarrier-nased PWM control and
carrier less hysteresis control. Furthermore, themples of the applications and
installations of the D-STATCOM for compensation time distribution system are
proposed. Applications of the D-STATCOM in distriloun level to improve power
guality are well reported in many references. Thorategories of applications such as
load compensation, voltage regulation and appbeatvith distributed generators are
also presented. For load compensations, the methfagisnerating reference currents
of the D-STATCOM i.e. instantaneows| theory, synchronous reference frame and
instantaneous symmetrical components and their icgbipins are presented.
Meanwhile, the phase shift and ttlg synchronous rotating reference frame control
algorithm are discussed in the applications of MSTATCOM for voltage
regulation. In terms of the applications with thestobuted generator, the D-
STATCOM has applied for reactive compensation amhtaining constant voltage
at the terminals of distributed generator. Regaydihe applications of the D-
STATCOM, the performances depend on the contraralgn. Of all the mentioned
applications, the most common type of controlleraplys the Pl controller.
However, the details of the strategy to tune thedpltroller parameters have not been
widely presented and discussed by various reseaichepecially in terms of the

applications for voltage regulation which is sigraint and interesting.



CHAPTER |11

MODELING AND STEADY STATE ANALYSISOF THE

DISTRIBUTION SYSTEM WITH D-STATCOM

This chapter presents the mathematical modelinthefdistribution system
with an ideal D-STATCOM. The D-STATCOM modeled as iaeal controllable
current source. For control design and dynamicyaisglthe mathematical modeling
of the distribution system was derived by transfognthe equivalent system
impedance to aq frame that is presented in Section 3.1. In Sec3@) a modeling
strategy similar to that used in the field orientexhtrol of three phase AC machines
is used. However, the steady state characteriatiche obtained from state equation
of the distribution system with an ideal D-STATCORh&t leads to analysis of the
steady state performance in Section 3.3. In tlii@s® the maximum load power and
the minimum source voltage that the D-STATCOM ocagutate the load voltage with
injecting only the reactive power into the systeme abtained and discussed.
Furthermore, the effects of system parameters pa of the D-STATCOM for
voltage regulation when the source voltage sags laad power variations are

investigated. A summary of this chapter is presgimeSection 3.4.
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3.1 Modeling of the Distribution System

The system considered here is a simplified mode& dbad served by an
electric power distribution system. It assumes th&-STATCOM is connected in
parallel with the load to perform power compengatim a medium-voltage
distribution feeder. The distribution system witie tD-STATCOM is shown in Figure
3.1. For simplification, a model of an ideal cutreource is employed. The system
consists of the source modeled as an infinite btls mductive source impedance, the
load modeled by a series of resistance and indoetdhe D-STATCOM modeled as
a controllable current source, and coupling capaciThe coupling capacitor is
included for two reasons: (i) a real compensatoy have an L-C filter at its output or
have fixed compensation capacitors connected iallpgrand (ii) if the capacitor is
not included, then the line current and the D-STAN output current are not
independent and thdq transformation is not well defined. Per-phase eaent
circuit of the model is shown in Figure 3.2. It @s®s that the source, the load and

the D-STATCOM are balanced. Hence, the system digsacan be described as:

S}
e z'fT ‘1

Ideal
Compensator

Figure 3.1 Distribution system with the D-STATCOM
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Figure 3.2 Per-phase equivalent circuits

di

Ls %bc = _Rsis,abc ~Vi.ane T Vs.anc (31)
dv, ) . .
f :j’,:bc ==l anc Tlsapc 11 anc (3.2)
di .
L %z_a'l,abﬁrvt,abc (3.3)

Here, ig .oc it apcr V andy, .. are vectors consisting of individual phase

s,abc
quantities denoted in Figure 3.R,is a load resistance, is a load inductancd, is
a source inductanceR;is a source resistance, agg is a coupling capacitor. Under

the assumption that zero sequence components amgresent, (3.1) — (3.3) can be
transformed into an equivalent two-phase systemgplying the following three-to-

two phase transformation:
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V.

_y el j2r I3 j4r /3
sxy = Vaa€ Vg€ +V.e (3.4)

where the complex numbev,, [ vy + jvy,. This is followed by the following

rotational transformation:

Vg U Vag + JVeg = € 1%V, (3.5)

Applying the transformations, (3.1) — (3.3) canvirédten as:

di . .
Ls—ds»tdq =—(Ro+ joly)igaq = Vegq + Veq (3.6)
f —Ct&dq = —( JCOCf )Vt,dq + ls,dq +|f,dq -1 dq (37)
di . .
' (Ij’tdq =—(R + job )i gg + Vi 4q (3.8)

where o[ %is to be designed and also be a function of tinle &quivalent

circuit corresponding to the real-axis) and imaginarygfaxis) components of the

equation are shown in Figure 3.3.
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L, ¢ d
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e R0 c O "9 —OCu® c
2 n _ - 7=
O\)L[i[q r
d-axis q-axis

Figure 3.3 d-axis andg-axis equivalent circuit

3.2 Choice of Reference Frame

We choose thelq reference frame which is similar to that used fietd-

oriented control of three phase AC machines. Thius,angled used in (3.5) is

defined by6 =tan™ (v, /v, ). This implies,

dv,
v, =0 _9_90 (3.9)

. dt

Defining o = 6 -l where w,is the angular speed of the infinite bus phaseageit,

we getv, ,, =V.e %, whereV,is the magnitude of the supply voltage. The retativ

s,dg

orientation of the vectors, 4, v, 4,and the reference frame are shown in Figure 3.4.

s,dq

The system equations can now be rewritten as:
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Figure 3.4 Orientation of reference frames

d(ij—stdz—T—lsisd+a)isq—Llsvtd+V’ZCOSa (3.10)
di?so':—_I_—:I;isq—a)isd —\ésina (3.11)
%:_C_];ild+ifisd+;;ifd (3.12)
%:_%ild + i +flthd (3.13)
Qo Tl, vy (3.14)
da

(3.15)
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—iyy Fig +1
w=—01_0 (3.16)
Ci Vi

WhereTis the time constant of the source and fee?ﬂseﬁi

T, is the time constant of the load, = %

The (3.16) is derived using (3.9). This should beed thatwo varies with time

and is different fromw,. Sincey,, =0, v, represents the instantaneous magnitude of
the phase voltages .., while i, denotes the instantaneous reactive current supplied

by the D-STATCOM. In addition, in the absence ofatéve sequence components,
all the state variables in (3.10) — (3.15) are tamis in steady states. Thus, a balanced
three-phase system is effectively transformed aricequivalent DC system and its
control problem is therefore simplified. From thgstem equations odg-axis in

(3.10) — (3.16), the block diagram can be derivedteown in Figure 3.5.
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Figure 3.5 System equations aiy-axis

The block diagram in Figure 3.5 represents the modlehe distribution

system with D-STATCOM on the synchronously rotatmeference framed(y-axis).

This system has three inputs that are the magnibiidee source voltage\(), the

active and reactive current supplied by the D-STAMC (i, and i, ). The source
active current i(, ), source reactive curreni(), load voltage ¥, ), load active
current (4 ), load reactive currenti() and source voltage angle:) are the state

variable while the load voltage ) is chosen as the output of this system.
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3.3 Steady State Analysis of the Distribution System with the
D-STATCOM

The equations in the previous section are dynamia&ons. However, the
equation for the steady state operation of theesystan be obtained from (3.11) —
(3.16) by giving all derivative terms of (3.11) 3.15) as zero. After transformation
into synchronously rotating reference frame, vatagand currents become DC

quantities, i.e.ig=lg, iy =1Iyg, a=Va, ha=las i The steady state

q=lg-

eguations can now be as follows:

Oz—ilsd+a)lsq—ivtd+£005a (3.17)
TS S LS
1 V. .

O=——I_-wl,——=sina 3.18
Ts Sq sd Ls ( )
1 1 il

O=———lg+—lgy+—1I 3.19
C, Id C, sd C, fd ( )
1 1

0= _flld + (0||q +rlvtd (320)
T q

O=w-o, (3.22)
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Where

g+ lg ]
w=—> S0 (3.23)
Cf\/td

The load voltage regulation by using the D-STATC©&h be done by either
injecting only reactive power or injecting both iget and reactive power into the
system. However, the injecting only reactive powehe focal point in this thesis. In
this section, the size of D-STATCOMS{_grarcom ) for load voltage regulation by
injecting only reactive power is investigated. Fgu.2 shows the load voltage
regulation with injecting only the reactive poweta the system. Thus, the entire load

active power B) must be provided by the source. TRecan be written as:
R =Vialia =Vl s (3.24)
Since the D-STATCOM injects only the reactive poweo the system, a load active

and a source active currents are equgl,# 1 ). The source active current shown in

(3.25) can be obtained by solving (3.17) — (3.18).

R, N .
lg =———5-5(Vg —VsCOS ) ————=-V, Sinx 3.25
= Rs+a)2L2( s )- R2+ w22 ° (3.29)

Substituting (3.24) with (3.25), the can be written as:
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R thVs Rs Wy Ls

= COSy — ——— Six
JRE+022 | JRZ+ w22 NCEE (3.2
_VaR
R +alLe
If L=Cosﬂ andwsil'szsinﬂwhere pis an angle of source
VR + gL VR + gl
impedance,
V4V, 1, ViR,
R=—W"_(cosp com— siff sim)-—93—
R valtl R valll

3.27
ViaVs ViaRe =20
“Ran VDo

From (3.27),x is an angle of the source voltage and can be esguiess:

2 212
a=p-cost|Va R RVRrarls (3.28)
Vs \/ RSZ +6z)s2 Lg ViaVs .

For a feasible value at, the condition (3.29) must be satisfied.

2 22
Va R VR ek (3.29)

Vs \/ Rsz + 0)52 Lg thVs -
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In (3.29), if the load voltage magnitude is regethtat a desired value

(Vi gesired ) With D-STATCOM, the load active power at the dediload voltage

magnitude @ 4) and the source voltage can be expressed as (8m80)3.31),

,desirel

respectively.

Vs Rsz + mszl_g —Vid desired Rs V. (3.30)

td desired
RS +olLe

R desired <

R, N R,d@red\/Rsz+wszL§ (3.31)
JRE+ w22 Vd desired

Vs 2 Vi desired

Thus, when theR ., satisfies (3.30), the D-STATCOM can regulate the

load voltage at a desired value without injectimy active power into the system.
Similarly, when the source voltage satisfies (3.81¢ D-STATCOM can regulate the
load voltage at a desired value without injecting active power into the system as
well.

As seen in (3.30) and (3.31), the ., and Vgare a function of the

resistanceR; and inductanck,when thev ... IS kept constant. To investigate the

effect of system parameters on the maximum valuthefload active power at the

desired load voltage magnitud®,,.,(max), and minimum value of the source

voltage,V (min), the parameters of the system as shown in Tablar8.employed.
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Table 3.1 Parameters of the distribution power system

Parameters Value
Nominal magnitude source voltag¥y) 12.10kv
Desired load voltage magnitud¥,{ yeqieq) 11.00kVv
Nominal source resistance and inductanieg gndL,) 1Q and 10mH
Nominal load power B andQ} ) 12.0MW and OMVar
System frequency {;) 50Hz
Coupling capacitorC; ) 50 uF

Plots of theR .., (max)as a function of the resistanégand inductanckg
for different values of the/,are shown in Figure 3.6 and 3.7. In Figure 3.6, the
inductanceis varied from 5 to 1®H while theV,are 3.63, 6.05, 9.08 and 12.K\.
The time constanfl;and theV,, .4 are kept constant as 3.14 and 11K30Q
respectively. It is seen that the, ., (max)increases as the inductargelecreases.
The effect of the time constarit is shown in Figure 3.7. In this case, the

inductanceis kept constant as {1 whilst the time constailt is varied from 3.14

to 31.42 with 2 step increments. It can be obsefr@d Figure 3.7 that increasing of

the time constarit, results in increasing of the, ., (max).

Trends of theR .. (max)as a function of the inductancgand V are
shown in Figure 3.8 while trends of the . (max)as a function of the time
constanT;and V can be seen from Figure 3.9. In these Figures,Rhg, 4 (max)
surface is a linearly increasing graph with respet¢heV,, e.g. AB in Figure 3.8 and

3.9 corresponding to plot\dt=12.1V in Figure 3.6 and 3.7, respectively.
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The effect of the time constaiit and the inductancé, with different values
of the load active power on th&(min)are shown in Figure 3.10 and 3.11. In Figure
3.10, the inductance.is varied from 5 to 1%H while the load active powers are
1.20, 6.00, 12.00, 18.00 and 24\0@. The time constaft and V, ... are kept
constant as 3.14 and 110 respectivelyAs seen from this Figure, thé (min)is

decreasing with respect to the inductaince

R desired (MW)
60.0

50.0 ,/

40.0 A

V, =121\ v
Rinax = 29.2MW /

30.0 >/ A

20.0

V, = 605V i

10.0 —

V, = 3163V
0=
150 140 13.0 12.0 110 100 90 80 7.0 6.0 5.0

Ls(mH)

Figure 3.6 Maximum load active powers with source inductarceariation while

fixedT,
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Figure 3.7 Maximum load active powers with, variation while fixed source

inductante

Fl),des‘red(MW)'_'____,..--— ---- [ ol P
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500447
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Figure 3.8 Effect of L and source voltage on the maximum load active power
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Figure 3.9 Effect of T,and source voltage on the maximum load active power

The effect of time constanilis shown in Figure 3.11. The inductarhces
kept constant as bhfH while the time constant, is varied from 3.14 to 31.42 with 2
step increments in this case. It can be obsenad ffigure 3.11 that decreasing of
the time constanT results in increasing of th€,(min). Trends of thev,(min)as a
function of the inductande,and load active power are shown as Figure 3.12swhil
trends of thev (min)as a function of the time constafitand load active power can

be seen from 3.13. It is seen that the minimum c®wpltage surface is a linearly
increasing graph with respect to the load activerggp e.g. AB in Figure 3.12 and

3.13 corresponding to plot Bt=12.00MW in Figure 3.10 and 3.11, respectively.
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Figure 3.10 Minimum source voltages with source inductamgcgariation

while fixedT,
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Figure 3.11 Minimum source voltages withT variation while fixed source

inductanck,
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Figure 3.12 Effect of L and load active power on the maximum source voltage

““““

<
o
—

Figure 3.13 Effect of T,and load active power on the maximum source voltage
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To determine the maximum value of the load actioegr at the desired load
voltage magnitude? ..., (max)and minimum value of the source voltaggmin)

for nominal operating condition, the nominal parséene of the system as shown in

Table 3.1 are used. The ., (Max)at nominal operating condition is 29.BAN as

shown in Figure 3.8 and 3.9 while tMe(min)is 6.933KkV indicating in Figure 3.12

and 3.13.
In addition, comparing between the maximum loadvaghower and PV curve
are demonstrated in Figure 3.14. In this Figure distribution power system with the

loads containing unity power factoR(=12.0MW and Q =0MVar ), 0.9 lag power
factor (R =12.0MW and Q =5.8MVar ) and 0.8 lag power factoiR(=12.0MW and
Q =9.0MVar ) are presented. However, the coupling capacir)(is included with

the system, so the load voltage at no IoRo=(OMW ) is above the nominal source

voltage.

The collapse power of unity, 0.9 lag and 0.8 lagvgofactors are 17.KW,
12.36MW and 10.24MW, respectively. Meanwhile, the maximum load acpesvers
of three load power factor are the same value€pe24MW. Although the load power
factor dose isn't affecting the maximum value afdactive power, it affects the load
voltage of the system. The maximum load active popant of unity and 0.9 lag

power factors areR =29.24MW with V,=85KkV and R =29.24MW with
Vg =7.1%KV, that correspond to the load power at 1M/ and 12.34MW on the

PV curve, respectively. These points are abovedtapsing point of the PV curves.

For the maximum load active power point of 0.8 lpgwer factors, it is
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R =29.24MW with V4 =6.5KV corresponding to the load power at 10M8V on

the PV curve which is under the collapsing pointtleé PV curve. Although the
maximum load active power point is not the samexatly the collapse point in PV

curve, it is around the collapsing point.
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Figure 3.14 Relation between the maximum load active powerR¥ic¢turve

Regarding theS,_garcom  fOr the load voltage regulation, loads in power
distribution systems are commonly used in the powerdel. To simplify this
calculation, linearized load impedance derived frtdm load power and its bus
corresponding voltage so thig and L, can be obtained by solving (3.32) — (3.33).

Since losses in the D-STATCOM are ignored, the INBCOM active current is

zero (14 =0). Subsequently, the reactive curremt,() can be obtained by solving
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(3.17) — (3.23) when the giveWly IS Vg yegreq - THUS, theS, gratcom IS the reactive

power of D-STATCOM as (3.34).

2

th,desired m— Ff,desired =0 (3.32)
2 osly

th,desired W_Q,desired =0 (3.33)

Sp_statcom = Via! fq = Qb-sratcom (3-34)

When‘/td =th,d&eired :

Sp-sratcom (MVar) e

7009 T

Figure 315 Sy gratcom With Ly and V,variation for unity power factor

B =12.0MWand Q =O0MVar)
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The Sy_gratcom 1S @ function of the system parametersv.g. R,, L and load
power. To study the effect of system parametersSgng ..oy When the source
voltage sags, the system parameterd.i.@nd T, are varied. When the load power is
unity power factor aR =12.0MW and Q = OMVar , the surface ofS; ¢arcom @S @
function of the inductance and time constanT, for different values of the source

voltage are shown in Figure 3.15 and 3.16 while lda&l power is 0.9 lag power

factor at R =12.0MW and Q =5.8WVar , the surface ofSy ooy @re shown in
Figure 3.17 and 3.18.

In Figure 3.15, the inductance,is varied from 5 to 2@H while the source
voltage is varied from 3.63 to 12.K¥. The time constanT;and theV, j..q are
kept constant as 3.14 and 1XkUprespectively.At the nominal operation point (
L, =10mH and V, =12.1kV ) that correspond¥,, =11.0kV , the load voltage is at

the desired load voltage magnitude, the D-STATCQidsdnot inject any power into
the system to regulate load voltage.
The minimum source voltage that can regulate tlal leoltage magnitude

only injecting reactive power into the systewi(min), can be obtained from (3.31).
From (3.31), theV, (min)=6.9%kV causes theV,, =6.30kV . From the nominal
operation point to (min), V decreases from 12.80 to 6.9XV, this results in the
decrease of the/,from 11.0&kV to 6.3kV. However, the load voltage can be
regulated by injecting only the reactive powerle D-STATCOM until thev,is less
than 6.98V. The Sy g Arcom fOr load voltage regulation in this case is a dash as

shown in Figure 3.15.
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When the inductandegis higher, i.elLiis 20mH, the V (min)=10.5%V
causes th&,, =8.2KV . In this casey,decreases from 12.10 to 1083 this results
in the decrease of thé, from 9.46 to 8.2BV. The load voltage can be regulated by
injecting only the reactive power of the D-STATCOWhtil the V. is less than
10.5KV. The Sy garcom IN this case is a dash line b. On the other hanenwthe
inductance is lower, i.elL is SmH, the V (min)=5.14&V that corresponds the
Vg =4.95%V . If V decreases from 12.10 to 5KI4 this results in the decrease of the
V4 from 11.66 to 4.98V. The load voltage can be regulated by absorbirigjecting
only the reactive power of the D-STATCOM until thigis less than 5.1V with the
So_sratcom 1S shown as a dash line c. At the nominal sourdeage (/, =12.1KkV ),
the V.4 is above the desired load voltage magnitude. Bghint, the load voltage can

be regulated by absorbing only the reactive powkerthe D-STATCOM that

corresponds th8,_q.rcoy IS @ Negative value.
The effect of time constank; on the Sy grarconm 1S Shown in Figure 3.16. In
this case, the inductandg and thev,, ., are kept constant as bl and 11.0QV,

respectively. The time constafitis varied from 3.14 to 31.42 with 2 step increments

while the source voltage is varied from 3.63 tol1D2kV. At the time constant

T, =3.14, when the source voltage decreases from the nbrapexrating point to
V (min), V decreases from 12.80 to 6.9V, this results in the decrease of g

from 11.0kV to 6.3&V. The load voltage can be regulated by injectingy dhe
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reactive power of the D-STATCOM until theis less than 6.%/. The S;_grarcom

for this case (seen as dash line a) is the same aal dash line a in Figure 3.15.

Whereas the time constaifitis higher, i.eTis 31.42, thev,(min) = 3.7&V
causes th&,, is 3.74V. In this casey decreases from 12.10 to 3K¥8 this results in
the decrease of th€, from 11.98 to 3.7KV. The load voltage can be regulated by
absorbing or injecting only the reactive powerled D-STATCOM until thev,is less
than 3.78V. The S, _garcom fOr this case is a dash line b as shown in Figuié.3
However, at the nominal source voltagg £12.1V ), the V.4 is above the desired

load voltage magnitude. In this point, the loadtagé can be regulated by absorbing

only the reactive power that correspondsshe; rcoy iS @ negative value.

=eomv i
|So_srarcou =31.14MVar

400} V=123 _
30.0 -} [So-starcom :OMVar i

Figure 3.16 Sy gratcom With T and  Vvariation for wunity power factor

R =12.0MW and Q =0MVar )
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Sp_statcom (MVE_“_')_ i :
0

Figure 3.17 Sy_gratcom With Ly and V variation for 0.9 lagging power factor

R =12.0MWand Q =5.8MVar )

SD-STATCOM(MVEI_T)

_M.=6.9&v :
Sp_srarcom =36.94MVar |

Figure 3.18 Sy_gatcom With T, and Vg variation for 0.9 lagging power factor

@ =12.0MWand Q =5.8MVar )
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When the load power is 0.9 lag power factor, thdase of Sy g arcom @S @
function of the inductance and time constanT for different values of the source

voltage are shown in Figure 3.17 and 3.18. As demm these Figures, the load

power factor does not affe¢t(min). However, the load power factor dose affects the

load voltage, this results in the decreasing ofldlad voltage than case of unity power
factor. For example, the source voltage at 1R&/1@he load voltage in case of unity
power factor is 11.0&/ while in case of 0.9 lag power factor is K82Since for the

same variation of the source voltage, Medecreases from 12.80 to 6.9%V, the
So_statcom TOr load voltage regulation in case of 0.9 lag pofeetor is more than as
the same value of the load reactive pow@r)(

The Sy garcom fOr the load voltage regulation in case of the Iqumiver
variation are shown in Figure 3.19 — 3.22. In ttese, theR, R and L are varied

while the source voltage is kept constant as K/1To study the effect of system

parameters or8,_garcom When the load power variation, the system paramseter
the inductancel, and time constanT, are varied. When the load power is unity
power factor, the surface &, ¢.;coq @s @ function of the inductandg and time
constantT, for different values of the load active power anewn in Figure 3.19 and
3.20 while the load power is 0.9 lag power factive surface ofS; arcom @re
shown in Figure 3.21 and 3.22.

As seen from Figure 3.19, the inductaricgs varied from 5 to 20H while
the load active power is varied from 10.0 to 5BI@/. The time constant, and the

Vi desired @€ kept constant as 3.14 and 1k\Q0espectivelyAt the nominal operation
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point (L, =10mH andR =12.00MW ) that corresponds, =11.0kV , the load voltage

is at the desired load voltage magnitude, the D-BIT@M does not inject any power
into the system to regulate load voltage.
The maximum load active power that can regulatddhd voltage magnitude

only injecting reactive power into the system, ., (max), can be obtained from
(3.30). From (3.30), the® ;. eq (Max)= 29.2MMW causes th&/,, =8.51kV . From the
nominal operation point ® .. (max), RBincreases from 12.00W to 29.2MW,
this results in the decrease of tjgfrom 11.0&V to 8.5KV. The load voltage can be
regulated by injecting only the reactive power loé tD-STATCOM until theR is

more than 29.24W. However, at the active load power lower thanrtbminal active
load power, the load voltage is over than the ddsiralue. In this point, the load
voltage can be regulated by absorbing only thetireapower of the D-STATCOM

that corresponds tI8 < ,rcom IS @ Negative value.

When the inductandgis higher, i.elgis 20mH, the PR g (max)=
12.78MW causes th&/,, = 9.2V . In this caseR increases from 12.00 to 12M8V,
this results in the decrease of thig from 9.46 to 9.2RV. The load voltage can be
regulated by injecting only the reactive power loé tD-STATCOM until theR is
more than 12.78W. On the other hand when the inductahge lower, i.eLis
SMH, the B 4.4 (Max)= 51.134W that corresponds thé, =8.87kV . If Rincreases
from 12.00 to 51.18W, this results in the decrease of ¥gfrom 11.66 to 8.8kV.

The load voltage can be regulated by absorbingjeciing only the reactive power of

the D-STATCOM until theR is more than 51.18W. However, at the nominal active
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load power @ =12.00MW ), the V4 is above the desired load voltage magnitude. In

this point, the load voltage can be regulated ksodking only the reactive power of

the D-STATCOM that corresponds 8¢ ¢ ,rcom IS @ Negative value.

The effect of the time constant on Be g arcom IS Shown in Figure 1.30. In
this case, the inductandg and the load voltage magnitude are kept constahOrasl
and 11.0@V, respectively. The time constamfis varied from 3.14 to 31.42 with 2

step increments while the source voltage is vafieth 3.63 to 12.1kV. At the

T, =3.14, when the active load power increases from theinanoperating point to

R gesired (Max), B increases from 12.00Wto 29.2MW, this results in the decrease of
the V4, from 11.0&V to 8.5kV. The load voltage can be regulated by injectiny on
the reactive power of the D-STATCOM until tRes more than 29.2W. The
So_statcom TOr this case is the same value in Figure 1.29.

When the time constanfly) is higher, i.€lgis 31.42, theR ., (Mmax)=

37.2MW causes theV,, about 8.7KV. In this casep increases from 12.00 to
37.2MW, this results in the decrease of thig from 11.98 to 8.7kV. The load

voltage can be regulated by absorbing or injectinty the reactive power of the D-

STATCOM until the Ris more than 37.2MW. However, at the nominal source
voltage (R =12.00MW ), the V,, is above the desired load voltage magnitude. & thi

point, the load voltage can be regulated by abagrbinly the reactive power of the

D-STATCOM that corresponds t8g <arcov 1S @ NEgative value.
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Figure3.21 Sy_grarcom With Ly and R variation for 0.9 lagging power factor

When the load power is 0.9 lag power factor, théase of Sy g arcom @S @
function of theL and T for different values of the active load powey Y are shown

in Figure 3.21 and 3.22. As seen from these Figuhesload power factor does not

affect B s (Max). However, the load power factor dose affects iz Ivoltage,

this results in the decreasing of the load voltdga case of unity power factor. For
example, the active load power at 1200, the load voltage in case of unity power
factor is 11.0RV while in case of 0.9 lag power factor is k82 Whereas for the

same variation of the active load power, iEincreases from 12.00W to 29.2MW,
the Sy grarcom fOr load voltage regulation in case of 0.9 lag pofaetor is more than

with the same value of the load reactive pow@r)(
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Figure3.22 Sy_grarcom With T, and R variation for 0.9 lagging power factor

34 Summary

In this chapter, the modeling of the distributioystem with an ideal D-
STATCOM is proposed. The D-STATCOM modeled as aaldontrollable current
source. The small signal model of the distributisgstem was derived by
transforming the equivalent system impedance dg &ame. The modeling strategy
similar to that used for the field oriented contoblthree phase AC machines is used
in this chapter. Than, the steady state charatitedan be obtained from the state
eqguation of the distribution system with an ideaBDATCOM.

As this characteristic, the maximum load power &mel minimum source
voltage that the D-STATCOM can regulate the loattage with injecting only the

active power into the system are obtained and dgsml It is seen that the maximum

load power @ ;.60 (Max)) increases as the source inductancg) @decreases while
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the increasing of the source time constant) (results in increasing of the maximum
load poweR ... (max). For the effect of the source time constafit)(and the
source inductancel() on the minimum source voltaggmin), the increasing of the
source inductancel() results in linearly increasing the minimum sourc#tage
V,(min)while the increasing of the source time constdg) ¢esults in decreasing the

minimum source voltagé (min).

In addition, the comparison between the maximoad lactive power and PV
curve is demonstrated in this chapter. The collgguseer of the system with the unity
and 0.9 lagging load power factors are above thap=ing point of the PV curve
while the collapse power of the system with thetyugind 0.8 lagging under the
collapsing point of the PV curve. Although the nmanim load active power point is
not the same as exactly the collapsing point in Bhé curve, it is around the
collapsing point.

Furthermore, the effects of system parameters @sitte of the D-STATCOM

(So_sratcom ) for the voltage regulation when the source vataggs and the load
power vary are investigated. The size of the D-STAM (S;_grarcom ) IS @ function

of the system parameters e.g. source resistaRge gource inductanceL().



CHAPTER IV
DYNAMIC ANALYSISOF THE DISTRIBUTION

SYSTEM WITH D-STATCOM

This chapter proposes a small signal model andlysieeof the distribution
system with an ideal D-STATCOM. The proposed noedir model in Chapter 3 can
be linearized around some initial state conditiomkerefore, the state-transition
matrix representing the linearized model can baiobtl. By applying with stability
criteria, dynamic stability or small signal statyiliof the linearized systems can be
evaluated by means of eigenvalues. In this chaptesimplified 11-kV, 2-bus test
power system that described in Chapter 3 is empléyethe simulation. Variation of
some parameters, e.g. location of an installed BISJOM, the time constant of
feeder section, initial state conditions, etc.ingestigated to exhibit the dynamic

system stability.

4.1 Linearization of the Power System with D-STATCOM

In this section, an illustration of the basic metbof the linearization of non-
linear state equations representing the dynamiegeatric power distribution systems
is presented. This concerns basic problems of matieal models dealing with the
linearization of the non-linear dynamic systemse Pinoblems presented here can be

also used in control theory. In many consideratiomscerning system dynamics, the
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physical systems are treated as a linearized sysiéms follows from assuming
simplified statements that say that the charat¢tesi®f system elements are linear in
character, or that the equation linearized by Tiayleeries expansion occurs for some
small deviations of state variables around the lggiwm point. However, in many
cases, it is impossible to accept such assumptidhs. first part of this section
introduces the basic concepts concerning the lir&tgon of dynamic systems. In the
later section, linearization of the electric powdestribution system equipped with D-

STATCOM is derived.

4.1.1 Linearization of Non-linear Dynamic Systems
For this analysis, it assumes the following systemnon-linear

equations.

x=f(xu,t); x(0)=x, (4.1)

Where f(X,u,t) is the vector of non-linear functiong(t) € R"and u(t) € R"are the
vector of the state variables and the input vectspectively.x, represents the set of

initial conditions. Assume that under usual workiogcumstances this system

operates along the initial statg while it is driven by the system inpug =u(0). It

further assumes that the motion of the nonlineatesy driven by a small change,

Au(t), in the system input is in the neighborhood of the initial statg, that is

X(t) = X + AX(t) (4.2)
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u(t) = uy + Au(t) (4.3)
Where AX(t) represents a small change of the state variable

X(t) + AX(t) = (X + AX(t), Uy + Au(t),t, + At) (4.4)
For the system variables in close proximity to itnéal state, (4.4) can be expanded

into a Taylor's series around the initial statgand the initial inputu,, which

produces

KO+ 50 = £ 06,00) | 2000 ax() +{ - (o9 )

+ high—order terms

(4.5)

By cancelling higher-order terms which contain verpall quantities, the

linear differential equation can be obtained ato¥as.

AX(t) :{%;(%,uo)}Ax(tH{%(xo,uo)}Au(t) (4.6)

The partial derivatives in the linearization aralerated at the initial points.
The coefficientsAyandB,can be solved and expressed as (4.7) — (4.8). fbnerihe

linearized system of the dynamic system can bessgited as (4.9).
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of

A :&(xo,uo) (4.7)
B, :%(xo,uo) (4.8)
AX(t) = AAX(t) + BoAu(t) (4.9)

4.1.2 Linearized System of the Distribution System with the Ideal

D-STATCOM

The dynamic equations of the distribution systenthwhe ideal D-
STATCOM are described in chapter 3 as shown in0j3-1(3.16) that are non-linear
differential equations. To investigate the dynamecformance of this system, linear
approximation is applied as described previousigearization of this system around
a specific operating point gives a set of lineatizguations as shown in (4.9). The
state variables and the input variables of the BBJOM are defined as given in
(4.10) and (4.11), respectively. With the currenfsthe D-STATCOM and thus

applying (4.7) — (4.8), the coefficient,and B,can be calculated as described in

(4.12) and (4.13).

Aig
Al
AVy
AX=| (4.10)
Aly
AiIq
Aa
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(4.11)
_ kisq _ kvs'n
Cf Ls
ki_sd _ kvcos
Cf Ls
0 0
Cf
_i_{_ﬂ 0
L
K 0
o
(4.12)
(4.13)
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4.2 Stability Criteriaviathe State-Transition Matrix

There is an analytical method of solving a settiaie-invariant linear

equations in which the state matri®y,, is constant. The analytical solution can be

obtained by the following expression.

t
AX(t) = Axe™ ) 4 [eIB (r)dzst 2t (4.14)

fo
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(4.14) has two terms on the right-hand side. Tirst ferm depends upon the
initial condition. This term is called the initiaésponse of the system. The second
term, the integral term, is independent of theahitonditions but depends upon the
state input. This integral form exhibits a so-adllsteady-state response. The
combination of all the system responses to stagetifunctions is called the dynamic
response of the system. As can be seen, the nwdpixnential,e%(t‘”, performs a
linear transformation and it is also known as tteestransition matrix. Thus, using
this state-transition matrix, the state at any tinean be predicted if the state at the

previous timet,(t > t,) is known. The state-transition matrix enablegdwaination of
the stability criteria of the dynamic system. Thiengents of e’ are linear

combinations ofe’*"") where A =y + | p, are distinct eigenvalues of the system
fork=1, 2, ...,n. The following criteria can apply to judge whetlaesystem is stable
or not.

(1) A system is said to basymptotically stable if all eigenvaluesi, of the
state-transition matrix have negative real partss s the first stability criterion.

(2) A system is said to henstable if any eigenvalue, of the state-transition
matrix has a positive real part. This is the secstadiility criterion.

(3) A system is said to henstable if any eigenvalue, of the state-transition

matrix has zero real part. This is the third stabdriterion.

4.3 Analysisof the Power System with D-STATCOM

To investigate the dynamic stability analysis loé D-STATCOM in electric

power distribution system, the parameters of a Kiieg test power system in
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Chapter 3 that shown in Table 3.1 are used. Indage, the nominal reactive load

power is assumed to be zer@Q & OMVar ). These state equations can be reduced as
fourth order. The state variablégand ij,can be neglected. This test power system

produces four characteristic roots, the base-cgsmealues, comprising of two pairs
of complex conjugate roots, which a£041.93 j 1369.2 and—1041.93 | 740.9
. All the base-case eigenvalues of the test poyates are negative real part.

The work described in this section can be divided four sub-sections. The
first part is to study the effect of D-STATCOM'sciation and feeder’s time constant
on the dynamic system stability (small signal dighi The second describes the
effect of filter capacitance. The third part illcegtes the stability limit with respect to
the initial state conditions. The last part presehe frequency responses of the D-

STATCOM'’s transfer functions.

4.3.1 Location of the D-STATCOM and Feeder Line Time Constant
The D-STATCOM can be installed in any positiontle feeder line.
To evaluate the effect of its location, variatiasfs L while fixed T is considered.
The location of the D-STATCOM in Table 3.1 is at &fa away from the power
substation. This implies the resistance and indwetgperkm) of the feeder line are
0.1 Q/km and 1mH/km, respectively. Wheis fixed, the variation ofL is from
20% to 200% of its base-case value, which corredpion the D-STATCOM's

location varied from 2 km to 20 km, respectively.
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Figure 4.2 Root locus with the variation df_ while fixed T, (12.00+ j 5.81VA)

The effect of inductancé on the system performance is shown by the

root locus diagram in Figure 4.1.is varied from 20% to 200% with 20% increment

per steps while the time constdgand capacitanceC; are kept constant. The
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inductancel,causes two pairs of the complex roots to reduce tfmaginary values

with constant real values-at041.9:.

When the load power is changed frd&00+ | 0.08MVA to
12.00+ j 5.8/VA, the state variable,and ij,are considered. This system produces

six characteristic roots that the root locus diagia shown in Figure 4.2. As can be
seen from this figure, the increasing inductanagesea two pairs of the complex roots
move away from the imaginary axis with reducingithenaginary values while

another pair of the complex root moves towardsirtieginary axis and its imaginary

values remains constant.
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Figure 4.3 Root locus with the variatiofiy while fixedL,(12.00+ j 0.004VA)
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The effect of time constai{ on the transient performance is shown in
Figure 4.3. In this figureT, is varied from 20% to 200% with 20% increment geps
while L, and C; are kept constant. When time constant increases pairs of the

complex roots move towards the imaginary axis wétlucing its imaginary values.
When the load power is changed frdkd.00+ j 0.00MVA t012.00+ j 5.8/VA, the

increasing time constant causes all the completsrowmves towards the imaginary
axis with constant imaginary values as describethbyroot locus diagram in Figure
4.4,

4.3.2 Effect of Filter Capacitance

When the source inductance,and the feeder time constdptre
fixed, the filter capacitanc€; is varied from 10% to 200%. The root loci are shown

in Figure 4.5 and Figure 4.6. In Figure 4.5, thadiés given &2.00+ j 0.00AVA. As

can be seen in this figure, there are two paimsoaiplex conjugate roots. These pairs
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start atA in Figure 4.5 wheft; =10%. As the capacitanc€; increases, one of these

pairs moves towards the imaginary axis with the stamt imaginary values at

+)314.15%hilst the other pair of the complex roots movesyfrom the imaginary
axis and imaginary values remains constantjaf4.15¢. However, when the
capacitanceC; further increases to some specific value more #ia8% (see in
Figure 4.5), the two pairs of the complex conjugatets tend to move towards the
imaginary axis, after they reahwhenC; = 200%.

When the load i2.00+ ] 5.8/VA, the effect of filter capacitanc€;
on the system dynamic performance is shown in Eigu6. The increasing filter
capacitanceC; causes two pair complex roots move slightly towatds imaginary

axis with reducing imaginary values. However, apotpair of the complex roots

moves away from the imaginary axis while imaginaglues remain constant at

+j314.15¢.
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4.3.3 Effect of theInitial Conditions
The initial state conditions can be varied by vasioneans. Firstly, the
variation of load active power is studied under tspecified power factors, 1.0 and

0.9, respectively. When all parameters of the ithstion system (i.e. the source
inductancd.,, source resistané@and the filter capacitanc€; ) are fixed, the load
active powerR is varied from 20% to 200%. The root loci with doactive poweR

variation for the two load power factor as 1.0 & are shown in Figure 4.7 and
Figure 4.8, respectively. As can be seen in Figure there are two pairs of complex

conjugate roots. These two pairs starfavhenR = 20%. As the load active power
R increases, they move away from the imaginary axiB veducing their imaginary
values. However, when the load active po®éurther increases to the value greater

than 147.6% (seB in Figure 4.7), one of two pairs moves towardsithaginary axis



116

and its imaginary values remains constant j34.15¢. Whilst, the other moves

away from the imaginary axis with the constant imagy values att314.15¢,
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Figure 4.7 Root locus with the variation of active power logd(PF = 1.0)
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When the load power factor is 0.9, the increasoayllactive poweR

causes two pairs of complex roots move away from itmaginary axis with
increasing their imaginary values. The other pdirtte complex root, however,
moves towards the imaginary axis and its imaginaajues remains constant at

+)314.15¢ as shown in Figure 4.8.

In Figure 4.9, the root locus with the variationtioé load power factor
is presented. In this figure, PF is varied from 1000.55 lagging which 0.05
decrement per step. As can be seen in this fighexe are three pairs of complex
conjugate roots which one pair of the complex cgaja roots does not appear when
PF=1.0. However, the decreasing load power factorcB&ses all complex roots

moving towards the imaginary axis.

Secondly, the effects of the compensating curréngg,is,e) on the

dynamic system performances are investigated. Vdhgrarameters of the test power
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system are fixed and the D-STATCOM's active ancttiga currents iz andisy )

are varied. The root loci with the variation bfipand iy, for two difference load
conditions are shown in Figure 4.10 — Figure 41t 3igure 4.10, the load is given at
12.00+ j 0.00MVA (PF= 1.0) and4, is varied from +1,008 to -1,00& while the
ifqois kept constant atA) From the calculation, there are two pairs of claxp

conjugate roots as can be seen in Figure 4.10. fihee illustrates the behavior of

the two pairs of the complex conjugate roots. Téiyt at poinfA in the figure when

Itg0 =+1,000Aand reach the poirB when i, =—1,000A. However, one pair of
the complex conjugate roots becomes redl gtabout —443.6A and then it reaches
pointB wheni gy, =—1,000A.

When the load power i82.00+ j 5.8/VA (PF= 0.9), there are three
pairs of the complex conjugate roots which one parts on the RHP when
ltgo =+1,000A. As iy, decreases, this complex conjugate pair moves tenduel
imaginary axis and cross to the LHP whiep, is about+307A. When i ¢, further

decreases continually, the complex conjugate pawes deeply into the LHP.

Meanwhile, the other two pairs of the complex cgape roots start on the LHP when

Itq0 = +1,000A. One of them moves slightly towards the imaginaxjs when the
I 140 decreases while the other moves elliptically wigg is varied. The behavior of

these pairs of complex conjugate roots when thd mawver is12.00+ j 5.8/VAare

illustrated in Figure 4.11.
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The root loci with the variation dify,, for the load at2.00] 0.00VA
(PF= 1.0) are shown in Figure 4.12. In this Figurg,is varied from +1,008 to -

1,007 while theiy,is kept constant at’0 There are two pairs of complex conjugate
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roots. Asi,decreases, one of the two pairs move towards whéeother moves

away from the imaginary axis.

When the load power i$2.00+ | 5.8AVA (PF= 0.9), there exist three
pairs of the complex conjugate roots. One pairthef complex conjugate roots starts
on the RHP wheni,=+1,000A. As iyodecreases, this complex pair moves
towards the imaginary axis and cross to the LHPmifig =+354A. When thei

further decreases continually, this pair moves adayn the imaginary axis and

deeply into the LHP. Meanwhile two pairs of the gdex conjugate roots start on the

LHP when i, =+1,000A. One of them moves towards the imaginary axis when
I 140 decreases. Whereas the imaginary values of anptierleft reduces slightly
when ifqo decreases. The behavior of these three pairsmaplex conjugate roots

when the load power i£2.00+ | 5.8AVAare illustrated in Figure 4.13.
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4.3.4 Frequency Responses of the System with D-STATCOM
The D-STATCOM reactive current affect not only tblearacteristic
roots, but also the Zeros of the system. The eftdécthe D-STATCOM reactive
current can be described by the frequency respohsige bode diagram. The bode
plot in Figure 4.14 and Figure 4.15 illustrate tinequency responses of the D-

STATCOM’s active current, reactive current and mh@gnitude of the source voltage

of the magnitude and phase of load voltage wheiotd powers aré2.0+ j 0.0MVA
andl2.0+ | 5.8MVA, respectively. The D-STATCOM’s reactive current varied
from +1,00@ to -1,00\ with 200-A decrement per step. The Zeros in each step are
calculated and shown in Table 4.1 and Table 4.2nwtle load powers are
12.0+ j 0.0MVAand12.0+ j 5.8VA, respectively

When the D-STATCOM reactive current is varied fretO00A to 0A

with
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200A per step, the transfer function of the load vatagth respect to the active
compensating current is shown in Figure 4.14-a ederFigure 4.14-d shows the
transfer function when the D-STATCOM reactive cutrés varied from 8 to -
1,007 with 200A per step. This transfer function consists of ceed Zero and one
complex conjugate pair Zeros. All Zeros are locatedhe LHP and they do not move
even the D-STATCOM reactive current is changeddbrg

The transfer function of the load voltage with mspto the reactive
current are shown in Figure 4.14-b and Figure £ ivhen the D-STATCOM reactive
current is varied from +1,0@0to OA and from @ to -1,00& with 200A per step,
respectively. The Zeros of the transfer functioe ane complex conjugate pair
located on the LHP when the D-STATCOM reactive entris varied from +1,000
to OA. Real parts of the Zeros do not change during vhaigation of the reactive
current. The Zeros become two real Zeros whendhetive current is in a range of
+200A to -1,00\. One of these locates on the RHP whereas the d#res are on
the LHP. In this consideration, the transfer fumetis a non-minimum phase system
in a larger phase and a longer time delay thanahtite minimum-phase system with

the identical magnitude of frequency responses.
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Figure 4.14 Bode plots of the system with D-STATCONIZ.0+ j 0.0MVA)

The bode plot of the transfer function of thedaltage with respect
to the magnitude of the source voltage are showfigore 4.14-c and Figure 4.14-f

when the D-STATCOM's reactive current is variednfra-1,00R to 0A and from @&
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to -1,00A with 200A per step, respectively. This transfer functionsists of one
pair of complex conjugates Zeros that is locatedtlon LHP. These zeros move
slightly away from the imaginary axis and become tmeal Zeros when the D-
STATCOM’s reactive current varies in a range of6A&®@o -1,000\.

When the load power 2.0+ j 5.84VA, transfer function of the load

voltage with respect to the active compensatingetiirare shown in Figure 4.15-a
and Figure 4.15-d. This transfer function considtene real Zero and two complex
conjugate pairs of Zeros. All the Zeros are locaitedhe LHP and do not move even
the D-STATCOM reactive current is changed largely.

The transfer function of the load voltage withpest to the reactive
current are shown in Figure 4.15-b and Figure £ 1#ien the D-STATCOM reactive
current is varied from +1,0@0to QA and from @ to -1,00& with 200A per step,
respectively. The Zeros of the transfer functioa o complex conjugate pairs in
which one pair of these located on the LHP and nsbghtly towards the imaginary
axis when the D-STATCOM reactive current is changddanwhile, the other pair
located on the LHP and then moves away the imagiagis when the D-STATCOM
reactive current is varied in a range of +1 800 +200A. However, these Zeros
become two real Zeros when the D-STATCOM reactwegent varies in a range of
+200A to -1,00&\. One of these is located on the RHP while therafleeo is on the

LHP. In this consideration, the transfer functisralso a non-minimum phase system.



125

60

200 |fq0_+400/11 a0 = i1y = +400A
40 lqu =+ A\A 8 iqu 44008 i 200 fq0
& p 'fq% I LEE L ltgo =% A\‘4
% 0 / : \ ,ifHQ«:%>‘ LnE i
E 2 |fqo:+1000A N )‘K
g i1q0 = +200A—* SN
§ -40 i : i 90 =+1000AT\{
-60 :
580 —
: ifq0=0A—»
180 it0.=01t0+ 200A ] fa0 .
~ 190 % 1 = +200A itq0 = 00+ 200A
& 0 ] .
Z e \
2180 J ] i1q0 = +1000A ‘ EEEI
= N
= X
-360 o 11 —ﬁe‘j
i =+400A
i g0 =+400t0+ 100A lfgo =+
-540 5 ~ - - - J L - - " L | |f99—+40020+ 1000\ . _
10 10 10 10 10 100 10 10 10 10 10 10 10 10 10 10_, 10 10
Frequency (rad/sec)
)Ath b) AV o AV
Aigg Aig, AV,
40 :
'fqo=°A\-V ifqo:—looa\ B
20 / \ -\
N e el
g 0T i =510008 v
—“g; 220 g0 =—1000A AR
-60
3t - T O0A
_ i1q0 = ~1000A \
on
3 ifgo 7 0A
H e /
<
£ e L
360 0 ‘I ‘2 "i ‘4 5 0 ‘l ‘2 5 ‘4 5 0 ‘I ‘2 “i ‘4 5
10 10 10 10 10 10" 10 10 10 10 10 10" 10 10 10 10 10 10
Frequency (rad/sec)
Avy AVig AV
dy— e)—— H— -
Aigy Algg AV

Figure 4.15 Bode plots of the system with D-STATCONIZ.0+ j 5.81VA)

The bode plot of the transfer function of the laaitage with respect
to the magnitude of the source voltage are showkigare 4.15-c and Figure 4.16-f
when the D-STATCOM reactive current is varied frey00CA to 0A and from @ to

-1,000A with 200A per step, respectively. This transfer function sists of two
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complex conjugate pairs Zeros that all the Zered@rated on the LHP. One of them

moves away from the imaginary axis while the otlpair moves towards the

imaginary axis when the D-STATCOM reactive currenvaried from +1,008 to -

1,00A.

Table 4.1 Zeros of the test power system when the load pasvE2.0+ j 0.0MVA

: Avy (9) Aviy (S) Avig (8)

Iqu(A) Zeros of A . 9 Zer os of Al . ) Zer os of AVS(S)

+1000 —993.68t j 1062.0 —100+ j 634.9( ~913.84r j 1439.8
~196.51

+800 ~993.68t j 1062.0  —100+ j 724.6¢ ~938.29+ j 1366.1
~196.51

+600 —993.68+ j 1062.0 -100+ j 871.1¢ ~974.53¢ j 1288.3
~196.51

+400 —993.68t ] 1062.0 ~ —100+j1179.6 ~1020.93 j 120
~196.51

4200 —993.68- j 1062.0 100+ j 3087.2; ~1076.31 j 1110.2
~196.51

0 —993.68t j 1062.0 -1479.0: ~1139.86+ j 1002.4
~196.51 1279.0:

200 -993.68t j 1062.0 -1022 ~1211.04+ j 873.4
~196.51 822

400 -993.68t j 1062.0 -835.3 ~1289.53 j 708.9
~196.51 635.¢

600 —993.68t j 1062.0 -726.37 ~1375.17% j 468.7
~196.51 526.37

800 -993.68t j 1062.0 -652.3¢ ~1768.5¢
~196.51 452,35 ~1167.4:

1000 -993.68t j 1062.0 -597.4¢ ~2226.07
~196.51 397.4¢ -910.21
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Table 4.2 Zeros of the test power system when the load pasvE2.0+ j 5.3MVA

A
iqu (A) Zeros of A_L(S) Zeros of M Zeros of Avyg (5
Aiy(s) Aigy(S) AV (s)
-171.08+j 1891.1 —571.22+j 511.0 ~54.54+ j 2048.7
+1000 —464.78t j 222.2  -177.44+ 580.3 -552.19+ j 316.1
—225.€
—171.08+j 1891.1 -507.17+ j 541.3 —69.72+ j 1995.8
+800 —464.78 | 222.2  —241.4% | 670.4 -547.2+ j 318.6
—225.€
—171.08+j 1891.1 -430.39+ j 498.5 —98.32+ j 1949.4
+600 —464.78 | 222.2  -318.27+j 903.6 -542.00t j 321.0
—225.€
—171.08+j 1891.1 -413.04t j 452.3 ~138.32+ j 1908.2
+400 —464.78 | 222.2  -335.62+ j 1329.2 -536.57+ j 323.4
—225.€
—171.081_1 1891.1 _406.80: | 422.2 —188.254_-1_ 1871.0
+200 —42624;.76& 2222 44180 | 3130.1 -530.81 j 325.7
~171.08+j 1891.1 -2268.4¢ —247.04+ | 1836.6
0 —464.78t j 222.2  1578.3¢ ~524.68t j 327.9
_295.€ ~403.59* j 399.6
~171.08+ ) 1891.1 -1650.6( ~313.94t j 1804.0
-200 —464.78 j 222.2  956.6C -518.11 j 329.9
995 ¢ ~401.66+ j 381.4
~171.08+ j 1891.1 -1420.0¢ -388.41 ) 1772.1
-400 —464.78 j 222.2  723.5¢ -511.05+ j 331.7
_295.¢ —400.40x j 366.0
~171.08+j 1891.1 -1291.2: ~470.09¢ j 1739.8
-600 -464.78t j 222.2  593.02 ~503.47+ j 333.0
_295.¢ —399.56+ j 352.6
~171.08+j 1891.1 -1206.0: —558.75+ j 1706.2
-800 —464.78- j 222.2  506.6¢€ —495.34+ j 333.8
_295¢ —398.98t j 340.6
~171.08+j 1891.1 -1144.1: —654.29¢ | 1670.2
-1000 —464.78t j 222.2  443.9¢ ~486.66+ | 334.0
~398.59+ j 329.7

—225.€
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44 Summary

This chapter describes the analysis of the didiohusystem with ideal D-
STATCOM. A simplified model of D-STATCOM in powerigtribution systems in
thedq frame of reference is used to investigate. The paiveuit of D-STATCOM is
modeled by a controlled current source. The comgterg current from the D-
STATCOM is assumed to be purely sinusoidal. Theeefa set of equations in the
transformed domain can be collected and therefeesl o develop the state-space
dynamic system equations. The proposed non-lineateincan be linearized around
some initial state conditions. Thus, the stateditoon matrix representing the
linearized model can be obtained. Dynamic systexhilgly of the linearized systems
can be evaluated by means of eigenvalues. In tapter, a simplified 11-kV, 2-bus
test power system is employed for the simulatioaridtion of some parameters, e.g.
location of an installed D-STATCOM, the time comdtaf feeder section, initial state
conditions, etc., is investigated to exhibit th@amic system stability.

As a result shows that the variations of the laratof an installed D-

STATCOM (L), time constant of feeder sectiof}, filter capacitance@; ) and the
variation of the initial state condition e.g. loadtive power g), load power factor
and currents of the D-STATCOMigand iy) have effect on the dynamic

performance especially in the system with the Rddldn addition, all variations not
to involve the instability of the system with R tbaHowever, some of positive active
and reactive currents of the D-STATCOM involved thstability of the system with

RL loads.
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Furthermore, the frequency responses of the trarfafection of the load
voltage with respect to the reactive current shtves the negative reactive currents
cause some of Zeros locates on the RHP. In thisideration, the transfer function is
a non-minimum phase system in a larger phase dadger time delay than that of

the minimum-phase system with the identical magi@taf frequency responses.



CHAPTER YV
DESIGN OF COMPONENT RATING AND MODELING

OF D-STATCOM

This chapter presents the design of componemtgati the D-STATCOM for
the load voltage regulation. From the required treacpower for the load voltage
regulation and the load voltage rating, the compobmating of the D-STATCOM
such as the compensation current, DC voltage aedygriransfer of the capacitor are
obtained. Then, the D-STATCOM parameters in eacke caf the load voltage
regulation e.g. the AC inductor and DC capacitag designed. In addition, the
dynamic equations of the D-STATCOM based on synobusly rotating reference
frame are proposed. The steady state characteostihe D-STATCOM can be
derived from these dynamic equations. To analyeesthady state performance, the
effect of the control signal (, , u,;) and parameters of an AC inductdr(, R ) on
the active current, reactive current and DC voltafjethe D-STATCOM are

investigated. To investigate the dynamic perforneant the D-STATCOM, linear

approximation is applied.
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5.1 Design of Component Rating of D-STATCOM

The D-STATCOM consists of switching devices, alelgtic capacitor at DC
and filtering AC inductors. Normally insulated gabgolar transistors (IGBT) or
metal-oxide-semiconductor field effect transistVKOSFETS) are used as switching
devices in D-STATCOM. Reactive power to be supphbgadhe D-STATCOM to the
system for load voltage regulations when the souatige sag and load power vary
is the deciding factor designing component ratihthe D-STATCOM. To calculate
the component rating, a design example is preseftedhe parameters of the
distribution power system in Table 3.1.

As can be seen in Chapter 3, Figure 3.16 andr&igu8 shows the variation
of required reactive power for load voltage regalatwhen the source voltage sags
with the load as unity and 0.9 lag power factospesetively. The required reactive
power for different source voltage is given in T@bl1l. Meanwhile, Figure 3.19 and
Figure 3.21 shows the variation of required reacpewer for load voltage regulation
when the load power varies with the load as unitg #.9 lag power factor,
respectively. The required reactive power for dédfeé load power is given in Table

5.2.

Table 5.1 Required reactive power for different source wgdta

T Load asPF= 1.0 Load as PF=0.9 lag
Requir ed reactive power (MVar) Requir ed reactive power (MVar)
12.10 (1.0 p.u.) 0.00 5.80
10.89 (0.9 p.u.) 5.05 10.85
9.68 (0.8 p.u.) 10.53 16.33

8.47 (0.7 p.u.) 16.83 22.63
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Table 5.2 Required reactive power for different load power

L oad active power Load asPF=1.0 L oad as PF= 0.9 lag
(MW) Required reactive power (MVar)  Required reactive power (MVar)
12.00 (L0 p.u.) 0.00 5.80
14.40 (1.2 p.u.) 1.80 8.77
16.80 (1.4 p.u.) 3.92 12.05
19.20 (1.6 p.u.) 6.43 15.72

If the converter losses are neglected, the cumatitig of the D-STATCOM
corresponds to reactive power required for loadaga regulation is calculated from

this equation
Qp_sratcom (MVar) = fa/tl f (5.1)

wherev, is the desired load line voltage anhgis the D-STATCOM line current. For

example, the required reactive power for load gdtaegulation when the source
voltage sags as 8.4kV with the load power factor as 0.9 lag is used.eAft

substituting the value of reactive powey( <;arcom ) @ndV, (11.00kV), the current
rating of the D-STATCOM sl ; =1187.7A. When the desired load line voltage is

rated voltage of 11.0RV, the DC bus voltage must be more than the peak lioa

voltage for satisfactory PWM control, as (Singlalet 2004)

2 "

V
‘ m,

c —
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where m, is the modulation index normally with maximum valokel. However, the

modulation index should be varied from 0.2 to OPwe choose the nominal

modulation indexm, as 0.55, the nominal DC bus voltage obtained fro1®)(is:
Vie.nominal = 32,659.8% ~ 33,000 (selected).

If current ripple {;, ) through the AC inductor is allowed to be 10%, the
inductance can be calculated as (Singh et al.,)2004

L\/ZEJ mavdc

- 5.3
6a.fd (-3)

f
cr(p-p)

where f is the switching frequency which is taken akH2f in this case. During

transients, the current rating is likely to vargrfr 120% to 180% of the steady state
value. In inductance calculation current rating1df0% @ = 1.7) of steady state

current is taken during transients. After substiyithe value ofv, , f, and current

ripple ig(p,_p in (5.3), the inductance value Is; = @3 . The voltage drop across

the AC inductor is calculated by

V=27l =485.0% ~ 4.4% of 11.0kV. (5.4)



134

The rating of the DC bus capacitor of D-STATCOMaivery important factor as it
should provide the instantaneous energy at sudderce voltage sag or loading of
the system. It also provides energy instantaneoushé system under transient

operation. The response time of D-STATCOM is aro@00 to 350 us(Hingorani

and Gyugyi, 2000). If the DC voltage dip duringdoaoltage regulation is considered
during transients then energy transfer from theacapr to the system to provide

reactive power is calculated as

1
Energy transfer 5 Cac (dec —dec,min)ﬂ = (Vi ml ¢ )t (5.5)
whereV .i,is chosen minimum value of the DC voltagés hold-up time in seconds

and ris the energy efficiency of the D-STATCOM. It issasned the dip in DC bus
voltage to 8% means that it varies from 33,0000@80/ (V. ). After substituting
the value ofV,., Vi mins Vi pns 11, 1 (3504 sec) andy (=~80%) into (5.5), the value of
the DC bus capacitance @5, =118.38F . The nearest commercially available value

of 150uF is selected in place df18.38:F (calculated value). It should be noted that

for a given capacitance, the capacitor volume ighdy proportional to the voltage
rating, and the maximum energy storage capabsifgroportional to the square of the

voltage rating.
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Table 5.3 Rating D-STATCOM parameters for different souroffage sag

Load as PF = 1.0 L oad as PF= 0.9 lag
Sou
DC bus
rce DC bus :
DC bus Current AC ; DC bus Current AC Capacitanc
volt ) Capacitance )
age Voltage Rating Inductance Voltage Rating Inductance e
(kV) (kV) Q)] (mH) (M F ) (kv) Q)] (mH) 7 F )
1%.1 - - - - 33.00 304.42 5.07 33
198 33.00 265.06 5.82 33 33.00 569.48 2.71 68
9.68 33.00 552.68 2.79 68 33.00 857.10 1.80 100
8.47 33.00 883.35 1.75 100 33.00 1187.77 1.30 150
Table5.4 Rating D-STATCOM parameters for different load gow
Load as PF= 1.0 L oad as PF= 0.9 lag
DC bus
Load DC bus Capacit
active DC bus Current AC Capacitance DC bus Current AC ance
power Voltage Rating Inductance Voltage Rating Inductance (
Mw) (kv) (A) (mH) (U F ) (kV) (A) (mH) U F
)
12.00 - - - - 33.00 304.42 5.07 33
14.40 33.00 94.48 16.33 10 33.00 460.31 3.35 50
16.80 33.00 205.75 7.50 22 33.00 632.46 2.44 68
19.20 33.00 337.49 4.57 33 33.00 825.09 1.87 100

All selected values (DC bus voltage, D-STATCOM eumtr rating, AC
inductance, and DC bus capacitance) are given lneTa3 and 5.4, corresponding to
source voltage sag and load power variations, otisedy.

Voltage and current ratings of the solid-state desi(IGBTs or MOSFETS)
are decided based on the maximum voltage acrostethees and current through the
devices. Under dynamic conditions, change in thmiteal load voltage of the system

to be 10%. The maximum ac voltage is calculated as

The maximum ac voltage (2 +V,; +V, ) (5.6)

whereV; is the voltage drop across the AC inductor &pis 10% ofy, for dynamic

conditions. After substituting the value 9f, the voltage drop across inductor from
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(5.4) and 10% ofv, (1100V) in (5.6), the maximum voltage is17.8kV. The rated
current through the D-STATCOM is 1187A.7The peak value of the D-STATCOM

current is (/2x1187.77A) = 1679.7@.. Considering the safety factor, the maximum

line current can be calculated as

The maximum line currentzl.QBCr(p_p) +1 f(peak)) (5.7)

After substituting the value of the peak-to-pegbple in (5.7), the D-STATCOM

maximum instantaneous line current is 2248.17

5.2 Modeling of D-STATCOM

The basic circuit diagram and control of the D-ST?OM system are shown
in Figure 5.1. It consists of a three phase voltsmace converter (VSC), interfacing
inductors, DC link capacitor, and control systenhs. this Figure each switch
represents a power semiconductor device and argiipladiode combination. The
VSC is connected to the network through the tramséos and the interfacing
inductors which are used to filter high-frequencymponents of compensating
currents. The inductanck; in this Figure represents the leakage inductaridbeo
transformer and the interfacing inductors. The ewpposs of the connecting
transformer and loss of the interfacing inductoreipresented by a resistanBg. In
this thesis, the D-STATCOM is used for the loadtagé regulation by injecting the

reactive power. Therefore, the control systemshaf D-STATCOM consist of a

current control, DC voltage control, and AC voltagentrol. The primary control
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objective is to rapidly regulate the D-STATCOM ants to the reference values that
are generated by the voltage controllers. A seagndantrol objective is to keep the

DC voltage around a desired value.

u,u - VPR
d
P ""ﬁ M i [)L(;]X:(lﬁlﬁe Ve ref
Dl N -
— l_/(li ac ref
Current [®-="""" « |AC Voltage 4"'} """
Controller b Controller | ..%..
< i

Figure 5.1 Basic circuit diagram and control of the D-STATCGlystem

As can be seen in Figure 5.1, the D-STATCOM outp@ voltage is

represented byy ... This voltage is generated by the converter armdssimed to be

guasi-sinusoidal voltage waveform. Therefore, thkkage equation of AC system can

be written as

dl f ,abc

f dt = _Rf I f.abc — Vt,abc T Vet abe (58)

Consider the DC system in Figure 5.1, the DC cur(ep) consists of capacitor

current () and resistor currenti{, ). The resistorr, represents losses in the
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converter. The power flow into the converters egual the instantaneous power of

the DC capacitor which can be described as

. . . T .
Pac = Vaclae = Ve (Ic + IRd) = Pac = Va,abcl f ,anc (59)

Here, v, is the D-STATCOM DC voltagei,; is the D-STATCOM output curreny,

is the load voltage, while the subscripbt” implies vectors consisting of individual

phase quantities. From Figure 5.1, the DC curranthe expressed as

M , Vo (5.10)
d R,

loe = Cdc

where C,. is the DC link capacitance. From Figure 5.1, thiatien between DC

power and AC power can be expressed as

Vdc [Cdc dt Rj
c

After applying the three-phase to two-phase tramséion given by (3.4) followed
by the rotational transformation of (3.5) with tlshosendq reference frame in

Chapter 3, the D-STATCOM dynamics in (5.8) and 1 dan be rewritten as:

1
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difq_ 1 .

. 1
—— =~ +—K.U.V 5.13
dt Tf fq fd Lf p-qYdc ( )

WNoe . Voo 3 1 5 31y

5.14
2Cdc p¥d’ fd 2Cdc q fq ( )

: : o L
whereT; is the time constant of the transformer and inténfginductor, T, :R—f

f

T,.is the time constant of the DC systeTy, = C 4. Ry,
Here, k,ugvg.and k,u,vy represent the D-STATCOM output AC voltage diaxis
and g-axis (vq4 and vy ), respectively. Meanwhile, the has been previously
defined in (3.16),v,., isgand iy represent the state variables of the D-STATCOM,

kpis a constant value depending on the type of ceeveand transformer ratio

(Marian et al., 2002). The D-STATCOM output AC \agje can be generated by

controlling the converter. Therefore, AC voltagentnand ordg-axis (uy andu, ) are

the control inputs of the D-STATCOM.

Block diagram of the D-STATCOM can be modifiedrfraghe equation (5.12)
to (5.13) as shown in Figure 5.2. This block diagr@presents the model of the AC
system and the converter of the D-STATCOM on thachkyonously rotating
reference framed(-axis). This system has two inputs that are the Vltage

command ondg-axis (uy and u,). The active current, reactive current and DC

capacitor voltage are the state variables of yasesn. Therefore, the state equation of

the D-STATCOM can be derived from equation (5.1203.14) as shown in (5.15).
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Ug

Figure 5.2 Block diagram of the D-STATCOM system

T; L, . -
4 I'tg 4 > I'td Ly
fq -0 o Kplg || irq [+] O |[Va]
\Y/ V
de 31 31 1 de
S ks okl -
2Cdc 2Cdc Tdc - -

(5.15)

5.3 Steady State Analysisof the D-STATCOM

The equation in (5.15) is a set of dynamic equatidiowever, the equation
for the steady state operation of the system cavbbsned from (5.15) by setting all
derivative terms to zero. After transformation irsgnchronously rotating reference

frame, voltages and currents become DC quantit®@sy,y =V, , Vg =Vyer 11g =g

iq =l The steady state equations can now be as follows:
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-R; X kpud l g Vg

0
—3kpUy  —3K,U, —R% Ve
C |

Where X is ogL¢ . Solving forl, 14 andv,, the solution are

s kzu 2R
lfg =— 3 Vid (5.17)
R + X ? +§ka2f Rdc(ud +uq2)

3
X, 5 K2UgUq Ry
RZ+ X2 +§k|§Rf R (ug+ug)

|

2ka{jC(ude ~UgXy)

Ve = 3 Vi (5.19)
R?+ X2 + kaRe R (ug +ug)

As considered in (5.17) to (5.19), the expression dctive current Iy ),

reactive current I(;;) and DC capacitor voltage/( ) do not include DC capacitor.

Therefore, the size of DC capacitor does not affteady state performance of the

system. Especially, the reactive curremt,} does not depend on the size of DC
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capacitor. Although the DC capacitor does not affee steady state performance, it
is used for maintaining the DC voltage on the DG.lAdditionally, the DC capacitor
value has no relation to the produced reactive polewever, the DC capacitor acts
as a DC voltage source which can exchange regobtwer between the power system
and the converter.

According to (5.17) to (5.19) the steady state gmenbinces are calculated with

parameters in Table 1.8. The active currept reactive current,, and DC voltage
V4as a function of the AC voltage commandapaxis u, for different values of the
AC voltage command omwl-axis u, are plotted as shown in Figure 5.3. The AC
voltage command og-axis u,, is varied from-0.1x 10° to +0.1x 10° while the AC

voltage commands airaxis u, are three steps as 0.4, 0.6 and 0.8.

Table5.5 D-STATCOM parameters

The D-STATCOM parameters

Interfacing resistance and inductand @andL; ) 0.01Q and 5.07mH

Constant value of converteK( ) 1 ~0.5
U,

DC link capacitanceC,. ) 150uF

Capacitor leakage resistance (. ) 61.273kQ

Switching frequency €., ) 5kHz

At steady state, the reactive curreht J is a linear function of the AC voltage
command org-axis (U,) within this operating range of1x 102 to +1x10°3. The

reactive currentl(s,) flows into the converter when the AC voltage coamah ong-
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axis (Uy) is negative and flows out to the AC system whHenAC voltage command

ong-axis (U, ) is positive.

Ve (KV) g (A) 14 (A)
60 1 60001 120

50 | 5000

40| 4000

30| 3000

20| 2000

10] 1000

-10]-1000| -

-201-2000" -

Ug (< 10%)

Figure 5.3 Steady state performance of the D-STATCOM conmkcte the

distribution system

The DC voltage \{,.) decreases linearly with the AC voltage command-on
axis (uy) when the AC voltage command grexis varies from negative to positive.
The active currentl(y) is very small and is a quadratic function of & voltage
command org-axis (Uy). This is because it only furnishes the powerdssi the

converter.
It can be seen from Figure 5.3 that increasindnefAC voltage command on

d-axis u, results in decreasing of the active currelni X and increasing of the slop of

reactive current I(;). The AC voltage command odraxis u, has significantly
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changed with the of DC voltage. The DC voltage dases when the AC voltage
commands ou-axis u, increase and vise versa.

Trends of the active current,{), reactive currentl(,) and DC voltage\(,.)
as a function of the AC voltage commanddopaxis (u, and u,) are shown in Figure
5.4 to 5.6, respectively. At high AC voltage commsrond-axis u,, the active
current (), reactive currentl(,;) and DC voltage \(,.) surfaces are very small
changed while very high changed at low AC voltagsmmands ord-axis u, , with

respect to the AC voltage commandgpaxis u, varies from negative to positive.

Figure 5.4 Effect of u; and u, on the active currenti ()
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Figure 5.5 Effect of u, and u, on the Reactive Current ()

Ve (KV)

Figure 5.6 Effect of u; and u, on the DC voltage\(, )

The effect of the inductancg; on the active currentl(,), reactive current

(l4) and DC voltage\(,.) are shown in Figure 5.7 to 5.9. In this case;itlectance

L; is varied from 1 to 1®H. The time constafit and the AC voltage commands on
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d-axis u, are kept constant as 15.93 and 0.6, respectivedycah be observed from
Figure 5.7 and Figure 5.8, the active curreng X and reactive current ;) are very
small changed at high inductant¢g while very high changed when the inductance

L¢is lower, with respect to the AC voltage command cpaxis u,varies from
negative to positive. However, the DC voltagg. | is changed very closely for each

inductance; as shown in Figure 5.9.

Figure 5.7 Effect of the inductancé; on the active currenti(;)

The effect of time constant; on the active currentl(,), reactive current
() and DC voltage\(,.) are shown in Figure 5.10 to Figure 5.12. The atance
L;is kept constant at 5.6H while the time constani; is varied from 15.71 to

314.16 with 15.71 step increment in this casealit be observed from these figures

that the active currentl (), reactive currentl,) and DC voltage \(,.) are very
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small changed at low time constahtwhile they are highly changed when the time

constantT; is higher, with respect to the AC voltage commandgeaxis u, varies

from negative to positive.

Figure 5.8 Effect of the inductancé; on the reactive current ()

Figure5.9 Effect of the inductancé; on the DC voltage\(,.)
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Figure 5.10 Effect of the time constarif; on the active currenti(;)

Figure 5.11 Effect of the time constani; on the reactive current ;)
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Figure5.12 Effect of the time constant; on the DC voltage\(,.)

54 Dynamic Analysisof the D-STATCOM

The state equations in (5.15) are a set of nonlidégerential equations. To
investigate the dynamic performance of this systi@mear approximation is applied.
Linearization of these systems around the operagiomt, i.e. the AC voltage

command ordg-axis (uy, and u,,) and terminal voltagev(;,), gives a set of linear

equations as shown in (5.20).
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[ 1 ki) 1.
- +— —k.u
T, [ 0 CJ L, P
) ifd .
| Aj. | = -, - =+—| —k.u Al
ot fq 0 (Tf C, ] L, p~q0 fq
AVee 31 31 g |V
i 2Cdc 2 dc Tdc | (5_20)
- . . _
(a)oklfq L ] L kdecO 0
f f
AV
1
+ WoKitg 0 ' KoVaco || AUg
f Au,
3 . 3
C IC

The characteristic equation of the D-STATCOM dédsaxi by (5.20) is

: k;
s+ £+i+kﬂ s%+ —12+—2 K(Ud0+uq0)+a)0+k1i —+— + 9 0, | s+
Ty T G Tf TiTge Ci\ Ty Tge) G4

2
{ 1 +£(u§0+u2)+ +KuZ, klfd+K douqok' k'fd 1 +k'fq a)0]

0
Tf2 Tdc Tf a Tdc C Cf Cf Tdec Cf Tdc

(5.21)

k2
whereK:E P
Ldec
k. _ifio
=
T Vo
I tdo
Kg =——

Vido
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Wy = C
tVido

However, thew in (5.15) is a function of the load reactive cutrg, ), source
reactive currenti(,), D-STATCOM reactive currentif,) and the terminal voltage
(Vg) as described by (3.16) in the Chapter 3. Theingrgf D-STATCOM's reactive
current (¢,) causes the load reactive curreig)( source reactive currenty() and
the terminal voltage\{, ) in the distribution system vary. These resulthia variation
of @ which will be constant in steady statevat If it is assumed that the in (5.15)

iswg, the linearization of the systems around the dpeygoint gives a set of linear

eqguations as shown in (5.22) and then the charstitezquation of the D-STATCOM

can be rewritten as (5.23).

1 1
—? (0N kpudo
. Al y . 1f Al
AVee 31 31 1 |V
e ETH  ATI—— (5.22)
2 Cdc 2 Cdc dc
a L _
-—  —kV 0
Lf Lf pVdcO
1 AVyy
+ 0 0 L_kpvdco Auy
f Au,
3 . 3 .
0 —Kyito Kyit0
L 2Cdc P dc P i
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As can be seen in (5.23), the characteristic iaretion of the AC voltage

command ordg-axis (us,and Uy). The stability of D-STATCOM can be tested by

Routh-Hurwitz criterion. By assigning, q andr to represent the coefficients ef,

st and s, respectively, the (5.23) becon® + ps®+qs+r =0, and the Routh’s

array is
s® 9
s p r
r
sa-— O
0 p
ST r 0

Substitutep, q andr to determine the element in tiserow

r 4 2 21

—— =t

pTe Ty sz

C+K (u§ +u§)TOIC +K (ud2+uqz)Tf +20T, >0

Examination of all elements in the first columnRduth’s array reveals that

all elements are positive, and the D-STATCOM instlease is a stable system.

Therefore, the values of resistorg;(), inductors ;) and capacitors@,.) have no

effect on stability. To investigate the effect of SYATCOM parameters on dynamic

behavior, the parameters of the D-STATCOM as showmhable 5.5 withu, = 0.6
and u, =0.0 are used. The D-STATCOM parameters in Table 5t wj =0.6 and
U, =0.0 produce three characteristic roots comprising ezl moot and a pair of
complex conjugate roots, which aré&.3land -1.37+ j 525.5¢.

The Root Loci diagram in Figure 5.13 presentsetfect of inductancd.; on

the transient performance. In this case, the iraheel; is varied from 20% to 200%
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of the value in Table 5.5 with 10% steps while taéio of inductance over the

resistancerl; is kept constant. In this figure, it is seen thag increasing inductance

causes the complex roots to move away from the imaag axis with reducing
imaginary values. Meanwhile, the single real rooves towards the origin when the
inductance increases.

Figure 5.14 shows the effect of inductance oveistasceT; on the transient
performance. In this case, the inductarigas kept constant while the time constant

T; is varied from 20% to 200% with 10% steps incremé&s can be seen in this

figure, the complex roots move towards the imagiratis which constant imaginary

values when the time constamf increases. While the real root moves towards the

origin when the time constailt increases.

2000

1500+ ; H 0 : 0 B 0 4

1000~

Imaginary
v o
< g

&

S

k=1
T

-1000f

Figure 5.13 Effect of the inductancé;
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Figure 5.14 Effect of the time constari;
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Figure5.15 Effect of the DC capacitandg,,

When the inductancé; and time constant; are fixed, the DC capacitance

Cg. is varied from 20% to 200% with 10% steps. Thet toous is shown in Figure

5.15. It is seen that all roots move towards thegmary axis when the DC
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capacitanceCy increases from 20% to 40%. However, when the D@citgnceCy,

further increases, the complex roots move away fittv imaginary axis with

reducing imaginary values while the real root mowagards the origin.

1000

800 : 0 : H : : : H i

600 -

Imaginary
<

1)
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- | | | L | | I I |
lOO(‘—Z -1.8 -1.6 -1.4 -12 -1 -0.8 -0.6 -0.4 -0.2

Figure 5.16 Effect of the AC voltage command on fth@xis u,

The effect of the AC voltage command @+axis u, on characteristic roots is
shown in Figure 5.16. The AC voltage commanddeaxis u, is varied from 0.4 to

0.8 with 0.05 increments. The complex roots mowearals the imaginary axis and
imaginary values increase while the real root mawsay from the origin when AC

voltage command od-axis u, increases.
As described in above, small change of the AC gelteommand og-axis u,,
causes high change of the active currdpt)( reactive currentl(,) and DC voltage

(V4. ) in steady state as can be seen in Figure 5.3 eMenvsmall changes of the AC
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voltage command om-axis u,does not affect characteristic roots. Although, the
small change of the AC voltage commandgpaxis u, does not affect characteristic

roots, it affects the Zeros of the system. Thectftd the AC voltage command @p

axis u, is represented by bode diagram. The bode plotgorgi5.17 to Figure 5.19
present frequency responses of the AC voltage cordroadg-axis (u, andu,) on
the magnitude and phase of active currept)( reactive currentig,) and DC voltage
(vg )» respectively. In this case, the AC voltage comdhang-axis u, is varied from

-0.002 to +0.002 with 0.001 per step. The Zerasaoh step are calculated and shown

in Table 5.6 to Table 5.8.

150 : :
‘ 1«:‘/:—0-0)2 ~ L7—0.0 )2
100 AN e NS
o :_/ JiNS \\\ o - — I \%\\
S ===/ ST E — - = A NS
3 e A B B T R R o =T
:quﬂ Ug = +0.002 Uy = +0.001 Uy = 0.000 U, = —0.001 u, = +0.002 Ug £ +0.001 u, = 0.000 Uy =-0.001
0
70
180
’bB N \
2 % U, £+0.002
(]
£ o / i
A Uy = —0.002 to +0.00 W
% 526 rad/sec / -
/ Uy =-0.002 tor 0.001
1801 4 L S
10 Frequency (rad/sec) 10° 10 Frequency (rad/sec) 10°
@ Aigy(s) b) Aigy(9)
Auy(s) Auy(s)

Figure 5.17 Bode plots of transfer function of the active emtrwith respect to the

AC voltage command on thl@endg-axis
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Table 5.6 Zeros of transfer functions of the active currenth respect to the AC

voltage command on tdeandg-axis

Aig (s Aig (S
U, Zeros of fd( ) Zeros of fd( )
Aud (S) Auq (S)
-0.002 -1.40+ j 0.9¢ -1.60
-0.001 -1.71, —0.65 -1.15
0.000 -1.97, -0.22 0.00
+0.001 -1.28+ j 0.5¢ +9.62
+0.002 —2.22+ | 2.0¢ +7.18
150 s
; Lq=—00(2 Lq:—OOCZ
100
S B A e Bt e Ge/ N T =
_q'; 50;':';_'“.“;'. A — ; \/.'E-_‘~ Tfé’\!{ S iy
2 |y, £+0.002 u, £+0.001 u, <0.000 U, = £0.001 / // |
=0 ARy /
47 b, 240,001
U, =+0.002
-50
360
270 ]
% 180 Ug-=-+0.002
e / Uy =-0.002~_,
£ . U, =-0.002 t0 +0.00 Uy =—0-001\\L, !
26 rad/sec Ug = 9000 \j\LJ H e
90 T rad/sec
-180L 11 Uy = +0.00J/
107 Frequency (rad/sec) 10° 10 Frequency (rad/sec) 10°
Ai fq (S) Ai fq (S)
@ Auy () (b) Auq(s)

Figure 5.18 Bode plots of transfer function of the reactivereat with respect to the

AC voltage command on thendg-axis
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Table 5.7 Zeros of transfer functions of the reactive curneith respect to the AC

voltage command on tdeandg-axis

- 0.002 +1.05 —0.73+ j 345.7(
-0.001 +0.55 ~0.95+ j 380.2:
0.000 -0.22 —1.04+ | 427.7:
+0.001 ~1.54 ~0.85+ j 499.0¢
+0.002 -4.36 —0.09+ | 624.5¢
150 L}q:—OO 2 %q:_oocz
%/ _/j_-r_\nn’).. 2 10.001 =0.000 =-20.00 “J-
£ 30 fuy=+0.002 uy=-+0.001 q = VPYY Ny /'
] U =+0.00
= U, =+0.001
-50
270 T
180 U, =+0.002—{
E / ) v
< ” u, =—0.002 to +0.00 L H
£ 0 ~
= 26 tadl i Uy =+0.001
90 ok , ==0.002 100,00+ £
-180L 11 526 rad/sec—__
107 Frequency (rad/sec) 10° 10 Frequency (rad/sec) 10°
AVge AVe
@ Auy () Auy

Figure 5.19 Bode plots of transfer function of the DC voltagih respect to the AC

voltage command on tdendg-axis
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Table 5.8 Zeros of transfer functions of the DC voltage wittsspect to the AC

voltage command on tdeandg-axis

Uq Zexos of i\;d—c((:; Zeros of i\;d_c((;)

d q
-0.002 -2.62, +245080.1" —-454.52, +447.37
-0.001 -2.33, +625966.1° -661.65, +654.8€
0.000 -1.91, +1630575.41 -1.97+ j1820.6°
+0.001 -1.18, +363338.5( —2.62+ j 586.0¢
+0.002 +0.39, +75087.6¢ —2.41+ j 425.5¢

It is seen from the bode plots in Figure 5.17 tguFe 5.19 that the resonant
frequency in all figures occurs at 526 rad/sec. Témonant frequency is constant

because the AC voltage command @axis u, plays no role on the characteristic
roots of the system. The transfer function of tbiva current () with respect to the

AC voltage command od-axis u, is shown in Figure 5.17(a). This transfer function

consists of two zeros and locates on the Left Rédine (LHP). They are complex

conjugate zeros when,are -0.002, +0.001 and +0.002 whereas they areréab
zeros wheru, are -0.001 and 0.000.

The transfer function of the active curreny; § with respect to the AC voltage
command org-axis U, is shown in Figure 5.17(b). This transfer functfeas one real
zero which locates on the Left Half Plane (LHP) whg are -0.002 and -0.001 while
locates on the Right Half Plane (RHP) whepare +0.002 and +0.001. In addition,
this transfer function has one zero that locatékeabrigin when they, is 0.000.

The transfer function of the reactive curreéptwith respect to the AC voltage

command ord-axis u, to is shown in Figure 5.18(a). This transfer fumethas one
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real zero located on the Right Half Plane (RHP) @udes to the origin when, is in

range of -0.002 to -0.001. However, the zero |lccate the Right Half Plane (RHP)

and moves away from the origin whepis varied from 0.000 to +0.002. Meanwhile,
zeros of the transfer function of the reactive enti, with respect to the AC voltage
command ong-axis u,is a pair of complex conjugate zeros located on LtH®.

Imaginary parts of the zeros increase whignaries from -0.002 to +0.002 while real
part moves farther away from the origin when thevaries from -0.002 to 0.000 and

it turn back to the origin when the, vary from +0.001 to +0.002. The bode plot of

this transfer function is shown in Figure 5.18(b).

The bode plots of the transfer function of the Diltage ,.) with respect to
the AC voltage command ahaxis uy and the AC voltage command graxis u, are

shown in Figure 5.19(a) and 5.19(b), respectivélye transfer function of the DC

voltage {,.) with respect to the AC voltage command daxis u, consists of two
real zeros which one of those locates far from dhgin on the Right Half Plane
(RHP). The other zero locates on the Left Half BIGtHP) and moves forward to the
origin when u, varies from -0.002 and +0.001. However, this zercates on the
Right Half Plane (RHP) whemi,is +0.002. It is seen that this transfer functien i
always a non-minimum phase system. Meanwhile, ¢iheszof the transfer function of

the DC voltage \,,) with respect to the AC voltage command gaxis u, are two

real zeros which one of those locates on the Rilgiit Plane (RHP) whereas the other

zero locates on the Left Half Plane (LHP) wheyvaries from -0.002 and -0.001.
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When the uqvaries from 0.000 to +0.002, the zeros of this gfan function are

complex conjugates located on the Left Half PldrtéR). The imaginary parts of the

zeros decrease when thgincreases from 0.000 to +0.002 while real part maway
from the origin when they,increases from 0.000 to +0.002. It can also be $egn
this transfer function is non-minimum phase systenen theu, is in the range of -

0.002 to -0.001.

5.5 Summary

This chapter proposes the design of componenigand the D-STATCOM
parameters for the load voltage regulation. In taoidi the dynamic equations of D-
STATCOM based on synchronously rotating referemaeé are presented. And the
steady state characteristic of the D-STATCOM iswbetl. To analyze the steady state

performance, the effect of the control signali(, u,) and parameters of the AC

inductor (L;, R;) on the active current, reactive current and D@age of the D-

STATCOM are investigated. To investigate the dyrmamperformance of the D-
STATCOM, linear approximation is applied.

For the steady state performance, the result stiostghe DC capacitor dose
not have any relation with the active and reactugent of the D-STATCOM. The

reactive currentl(s,) is a linear function of the AC voltage commandapaxis (U, ).
The DC voltage ) decreases linearly with the AC voltage command-amis (U,

) when the AC voltage command a@paxis varies from negative to positive. The

active current () is very small and is a quadratic function of tA€ voltage
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command org-axis (Uy). This is because it only furnishes the powerdssi the
converter. Meanwhile, the increasing of the AC agé command od-axis u, results

in decreasing of the active current,() and increasing of the slop of reactive current
(l4). The AC voltage command ahaxis uy has significantly changed with the of

DC voltage. The DC voltage decreases when the Atag® commands od-axis u,

increase and vise versa.

In addition, the active current ) and reactive currentl {,) are very small
changed at high inductancé&;() while very high changed when the inductante)(
is lower, with respect to the AC voltage commandyeaxis u, varies from negative
to positive. However, the DC voltagev,() is changed very closely for each
inductance (). Meanwhile, the active current (), reactive currentl(;,) and DC
voltage {/,.) are very small changed at low time constant)(while they are highly
changed when the time constari; | is higher, with respect to the AC voltage
command ormg-axis (U,) varies from negative to positive.

For the dynamic performance, the result showsvtiees of resistorsK; ),
inductors () and capacitors@,.) have no effect on stability. Although, the small
change of the AC voltage command gaxis (u,) causes high change of the active
current (), reactive currentl(;;) and DC voltage\(,.) in steady state, it does not

affect characteristic roots. However, the smallngeaof the AC voltage command on

g-axis (u,) affects the Zeros of the system.



CHAPTER VI
DESIGN OF D-STATCOM CURRENT AND DC

VOLTAGE CONTROL

The control system is the heart of state-of-tHd2aBETATCOM controller for
dynamic control of reactive power in the electrisgbtem. Based on the operational
requirements, type of applications, system conéian and its parameters, essential
control parameters are controlled to obtain therdégerformance. In this thesis, the
control system for the D-STATCOM operated with PWihbde employs control of
phase angley, and modulation indexin, (that correspond to control of the AC

voltage command omig-axis U, and u,) to change the converter AC voltages

keepingV4 constant. For voltage regulation, two control laoguits namely inner

current control loop and external / outer voltagetool loop are employed in the D-
STATCOM power circuit. The current control loopsdctive and active current
controls) produce the desired magnitude and phagke difference of the converter
voltage relative to the system voltage and in tgamerates the gating pulses, whereas
the voltage control loops (AC and DC voltage coljitgenerate the reference reactive
and active currents for the current controllerghaf inner control loops. This control
philosophy is implemented with proportional intdgead derivative control (PID
control) algorithm or with a combination of proportal (P), integral (I) and

derivative (D) control algorithm in theg synchronous rotating frame.
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This chapter presents the current and DC voltaggralodesign of the D-
STATCOM. The decoupling current control based oa dly reference frame is
presented. Although, the DC voltage can be comioly active current of the D-
STATCOM, reactive current still affects the DC \agle. To eliminate this effect, the
control strategy with the elimination effect of theactive current is proposed. For
obtaining the proportional and integral gains a# fl controllers, the symmetrical
optimum and genetic algorithms are applied. Thbil#tg margins of these methods
are obtained and discussed in detail. In additioa,performances of the DC voltage
control based on symmetrical optimum and genetgorghms are compared.
Effectiveness of the controllers designed was wstithrough computer simulation

performed by using SIMULINK/MATLAB.

6.1 Current Control Strategy

It is seen from the Section 5.2 in Chapter 5, th6& TATCOM dynamic
equations are expressed in (5.12) to (5.14). Thatems in (5.12) and (5.13) are
used for designing the D-STATCOM current controllEnese equations clearly show
that the D-STATCOM output currents are induced teyoutput voltage modulation.
However, the current control of the converter om $fgnchronously rotating reference
frame (g-axis) is a two-input two-output system with crassupling between the

active and reactive currents. To obtain a decoapferol for thei g andi¢g, (5.12)

and (5.13) can be modified as:

digy g
S __'fd 6.1
dt T; i ©1)
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—:—iﬂ+xq (6.2)

Where the cross coupling ternas, and wi are collected by the actiong and x;,
respectively.
1

. 1
Xy =0l g —L—vtol +L—k
f f

pud Vdc (6-3)

: 1
Xqg=—Wig+ H KpUgVac (6.4)

Equation (6.1) shows that the active current isdasingly induced following
the transient inXy . This is also true for the reactive current irRf6Based on these
principles, a proportional-integral-derivative catier (PID controller) is considered

to adjust the control signat; and X,. The PID controller is a generic control loop

feedback controller widely used in industrial cohtsystems. The PID controller
calculates an error value as the difference betweeeasured process variable and a
desired setpoint. The controller attempts to mimanthe error by adjusting the
process control inputs. The control signal is tausim of three terms: a proportional
term (P) that is proportional to the error, an gnéé term (1) that is proportional to the
integral of the error, and a derivative term (Dattts proportional to the derivative of
the error. However, the D controller is the deli@ataction that causes high

overshoots in the control signal. This may causemate to electrical devices,
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especially in high power system. Therefore, thedtitroller are used to control the

D-STATCOM currents in the present work. The contaglions X, and x,can be

expressed as:

Xy = Kpig (1-;?1-”(1 ](i:d _ifd) (6.5)
lid
1+ T, .
Xq = KPiq [?iqlqj(”q _Ifq) (66)

Once the control actiongy and Xq are determined by (6.5) and (6.6), the D-

STATCOM output voltage commanaté and u; in (6.3) and (6.4) can be rearranged
as:
+  —olfigg+tMdthiXg  Ved

Uq = (67)
k deC k deC

. *
* a)Lf|fd+Lqu Vgt q
U~ = =
q

kadC kadC

(6.8)

Here,v;,d and v;’q represent the D-STATCOM output AC voltagedaxis

andg-axis , respectively. The current control structimethe D-STATCOM and the
D-STATCOM output current are detailed in Figure .6Since the D-STATCOM
control is based on the VSC scheme, the D-STATCQIgwt voltage commands can

be adjusted by using (6.7) and (6.8). In addittbe,D-STATCOM output AC voltage
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Vg is generated by the VSC with pulse width moduta@WM) and theuj and u(’;

kv
are the inputs. The VSC with PWM can be modeles@_l_ad—agc—l, where T, represents a
g+

dead time.

1

! ST +1
i T
! —
fd (meas) Vid (meas) Vig T, b
i;d +- 1+sTiig X +, +V< i 1 u; 1 Ve g, 1 i
Kpig| — % |- L = B > K ~ . = _
P [ STiig e Ky C ° ST, +1 L [
Vae(mess) Vae o from (3.16)
o from PLL L —_ s
— > Current
. Current decoupling | coupling
i T+ST, | % + T u T ]V 1 I
fq - lig L] L + . = :'l 2 K, - st.q _ o ,f q
= STiig (7 STy +1 f
1
i = b
fq(meas) T Current Controller Current of D-STATCOM T
S

Figure 6.1 Control structure for the D-STATCOM and the D-ST@&DM output

current

As can be seen from Figure 6.1, the D-STATCOM augavith considering

the dead time]y, can be written as

diy 1. . 1 1
— ==y + Ol ;, —— Vg +—V, 6.9
dt Tf fd fq Lf td Lf std (6.9)

. 1
— e, — @l sy +—V, 6.10
dt Tf fq fd Lf stq ( )



dvgy 1 1
=——V,, +—K_ V., U
dt Td std | p¥dcH+d
Vgq 1 1
=——V, . +—Kk Vv, U
a T, 9T, P
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(6.11)

(6.12)

Where uy and u,are the outputs of current control with decoupligt can be

derived from the current controller as

When

1 .
Uy = k—[th(meas) = @pp | L1 tg(meas) T Xa Lt ]
dec(meas)
Uy = K [+a)PLLLfifd(meas) + XL ¢ ]
pvdc(meas)

I td(meas) AN 1q(meas) @r€ the measured D-STATCOM currents
Via(meas) 1S the measured load voltage

Vae(meas) 1S the measured DC voltage

wp,, 1S the speed angular velocity from the PLL

All inputs of the decoupling current control (i.Bymeas) »

(6.13)

(6.14)

| fq(meas) » Vid (meas)

Vae(measy @Nd @py; ) €an be measured at the point of common coupR@Q). It is

assumed that the inputs measure at behind filtews,Tthe inputs can be derived as

follows
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di fd (meas) :ii_ ifd(meas)

(6.15)
dt Ty Ty
difgmeas) _ Trq T q(meas (6.16)
dt T Ty
Voo meas) _ Ve Vde(mess) (6.17)
dt Tie  Trac
Ma(meas) _ Veg  Vid(meas) (6.18)

Therefore, equation (6.9) to (6.18) form a stajeation of the D-STATCOM

currents with the decoupling current control aswainm (6.19)

L ow e 0 0 0 0
T L
o, -+ 0o L 0 0 0 0
— —_ Tf Lf — —_
A! fd 0 o L o 0 _ Vaco®@e L K, Vco AI. h
Algg Ty Vico(meas) Td Veico(meas) T Algg
AV, Van@®o | L AV,
A sd 0 0 0 _ 1 Vaco®eu b 0 K, 0 A sd
d Vg _ Ty Vaco(mess)ld Vg
dt | Altg(meas) 1 0 0 0 1 0 0 0 Al tg (meas)
Al fq(meas) Tfi Tfi Ai fa(meas)
AVck:(meas) 0 i 0 0 0 _ i 0 0 AVdc(rr‘neas)
| AVid(mees) | T T | AV (meas) |
0 0 -1 0 0 0 L 0
dec
1
0 0 0 -1 0 0 0 -—
L Tfac
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0 0 0 —i
Ly
0 0 0 0
Vool
deo-t 0 K, 0
Vch(meas)Td
AXy
Vacol 1
+ 0 — K, 0 || Ax, (6.19)
Vch(meas)Td A
Vdc
0 0 0 0
AVy
0 0 0 0
0 0 i 0
dec
0 0 0 i
L Tfac
WhereK, = —— Jdco___(y, — @y Ll +X, L
1 > tdo(meas) ~ @pLL L1 fqomeas) T Xd ob-f
dVdco(meas)
K,=——00 (| +x L
2 2 @p | Lt fgo(meas) T Xg L
T4 Vaco(meas)
1 .
Ks= T (thO(meas) — @y Ll tqo(meas) T Xa Lt )
dVdco(meas)
1 .
K3:T (a’PLLLf'de(rreas)+Xqu)
d Vdco(meas)

Where T;, T;. and T, are filter time delay of the measured current, DC

voltage and load voltage, respectively. To simplifg design, the effect of the filter
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time delays can be replaced by an equivalent tielaydof the feedback filterTg, ).
Consequently, the measured valuesii@neq » 1 1q(meas) » Vid(meas) » Ve(meas) @Nd @py;
can be replaced by, i¢,, Vig, V4 and @, respectively. Then it is assumed that the
power converter dead timd), the equivalent time delay of the feedback fi({€ ),

and the digital signal processing deldy, () are combined as
To=Tg+Tu+T,, (6.20)

However, with the switching frequency,, , the statistical delay of the PWM

converter |520f—5 the feedback delay (average)—z(ajsf'i and the delay of the discrete-

Sw Sw

time signal processing I’Sf— The sum of the small time constaRy, is in the range
SW

of £to 1 (Mariancet al., 2002). Since the current contr@¢hvadecoupling is

2f,, .
applied, the D-STATCOM currents with cross couplibgtween the active and

reactive currents can be separately representdeb@is andg-axis as

di 4 1.
— =i+ 6.21
ot T, fd T X4 ( )
di, 1

T Ly 6.22
a T, % (6.22)
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Therefore, the simplified open-loop transfer fuagtiof the current control

with decoupling as shown in Figure 6.1 is given as

Giopen(9) = T ( 1 J (6.23)

sT; +1){ sl +

where, is the sum of the small time constant.
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Figure 6.2 and 6.3 show bode plots of an open toagsfer function (OPL) of
active and reactive current, respectively. In thiggeres, the bode plots of the open
loop transfer function with and without decoupliegntrol are demonstrated. In
addition, the bode plots of full and simplified opéoop transfer functions are
compared. The full open loop transfer function t@nderived from (6.19) whereas

the equivalent open loop transfer function is shawr(6.23). The D-STATCOM
parameters as shown in Table 5.5 in Chapter 5Tard.000] are applied to these
calculations bode plots. As can be seen in thgseds, the bode plots of both full and

simplified open loop transfer functions are verysd to each other at lower frequency

than 10 rad/sec. However, at higher frequency, the bodts gibthose are apart.

6.2 Pl Controller of the Current Control Based on Symmetrical

Optimum Method
The PI controllers’ parameters depend on the paemef the open loop

transfer function (i.e., natural frequencw), damping coefficient {'), and pole

value (p)). In generaly, and ¢ characterize the desired system behavior and tieey a

arbitrarily constant, while the location of poleancbe chosen. The specific pole
locations can be imposed by using supplementaryitons. The conditions for
choosing the pole locations refer to the symmadtriggimum method (SO), which
simplifies the expressions of the Pl parameterg Jdal of this scheme is to find the

pole locations of the closed-loop transfer functiarhich satisfy the assumptions

given by the SO design aroudag, for the transfer function of the open - loop syst
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Figure 6.4 Classical control system

The SO method is suitable for an open-loop transfiection of a third-order
polynomial in the denominator. Consider the cladswontrol loop, as shown in
Figure 6.4. The controller is of Pl type as desadlilin (6.24). If the plant includes a
delay whose time constant is more than four timdéaege as the sum of the time

constants of the remaining delay$ ¢ 4T,) as described in (6.25), then the large

delay acts, as a first approximation, like an irasoy.

B 1+ T,
G,(s) = Kp[ ¥ j (6.24)
_ Ky
G(s)= (ST, +1)(sT, +1) (6.25)

The proportional gain and integral time constanth&f Pl controller can be

calculated in the following forms (Frohr and Ortbeinger, 1992):

— Tl
"2T,

(6.26)
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(6.27)

Since the open-loop transfer function of the aufrreontrol is described in

(6.23), the proportional gaiKpq = Kpjy, and integral time constaity =T,, of PI

iq
controllers can be obtained by the SO method iB6j6and (6.27), respectively. For
example, the parameters of the D-STATCOM in Tabede used. Given that sum

of the small time constamt =0.000], the PI controller's parameters of the current

control can be obtained as

T
f L _s000

K . = =
P9 oT T, 0.0002

=K

pid

T,y =T, = 4T, = 0.000

iq
It is to clarify the concept of SO. Figure 6.5 slsowhe frequency

characteristics (bode plot) of the individual systelements in the compensating

current control loop. Solid line trace for the mbduof the open-loop transfer

. . .1
function of the current control which shows symmaeif the corner pomtsﬁ and
e

Ti with respect to the gain crossover freque%(_lyry on the 0 dB line. If the control
e

e

loop is adjusted in accordance with the SO, theabieh is dependent on the sum of

the time constants of the small delays in the abihdop.
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6.3 Pl Controller of the Current Control Based on Genetic

Algorithms

There exist many different approaches to tuneoRtroller’'s parameters. The
genetic algorithms (GAs) is well-known and thereisexa hundred of works
employing the GAs technique to design the contratievarious forms. The GAs is a
stochastic search technique that leads a set aflgtgm in solution space evolved
using the principles of genetic evolution and naltgelection, called genetic operators
e.g. crossover, mutation, etc. With successive tupglanew generation, a set of
updated solutions gradually converges to the relaltisn. Because the GAs is very
popular and widely used in most research areas h{Raset al., 2003,
Kulworawanichpong et al., 2005; Wang et al., 20@0@)ere an intelligent search
technique is applied, it can be summarized briaflyshown in the flowchart of Figure

6.6 (Kulworawanichpong et al., 2005).
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[ Specify the parameters for GA J

[ Generate initial population }
|

4’[ Time-domain simulation }

[ Find the fitness of each individual }

In the current population

Apply GA operators:
Selection, crossover and mutation

Figure 6.6 Flowchart of the GAs procedures

In this section, the GAs is selected to build u@byorithm to tunex, andK,

parameters of the current control. The procedurpetdorm the proposed parameter
tuning is described as follows. First, time-domiasults of magnitude and frequency
swing obtained by simulating the current contrateyn in SIMULINK are obtained.
Second, the Genetic Algorithms (GADS TOOLBOX) ispdoyed to generate a set of
initial random parameters. With the searching psecéhe parameters are adjusted to
give response of best fitting close to the desresponse. To perform the searching
properly, its objective function is the key. Indhsection, the objective function is

defined in (6.28).

T\Ai o (1) + A g (D)l (6.28)
0
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where Aity = Yyesired(d-axis) — Ysimulated (d—axis)
Aty = Yeesired(q-axis) — Ysimulated (q-axis)
Yesred(d-axis) @0 Yeesred(q-axisy @'€ the desired response dnand g axis,

respectively.

Ysimulated (d—axis) 2NdYsmuated (q-axis) r€ the simulated response érand q axis,

respectively.

By using MATLAB/SIMULINK, the control block diagranof each test case
can be formed graphically. In this section, a cantnodel is presented in Figure 6.1
for the current control with the decoupling. Partenduning of its Pl control was

performed by using the GAs. Far, and K, parameters of the current control tuning
based on the GAs, the reference D-STATCOM currargsstep changed, i.g&, and

i, from OA'to -200A, -200A to 0A and OA to 200A. With 30 computational trials in

each test case of the parameter tuning based dBAkethe best parameters obtained

for each test case are put in Table 6.1.

Table 6.1 Best Pl parameters for each test case

Case Kpig Tiig Kpig Tiiq Fitness
5,000 0.0004
(Fixed)  (Fixed)
20,970.36 1.85 16,675.11

1. d-axis current is step changed 20,972.62 1.99 16,669.60

5,000 0.0004

(Fixed)  (Fixed)
3.dandg-axis current are step 4 g5 95 2.01 20,878.70 1.77 16,022.40
changed

4.d andg-axis current are step 5,000 0.0004 5,000 0.0004
changed (SO method) (Fixed) (Fixed) (Fixed) (Fixed)

2. g-axis current is step changed

52,635.62
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6.4 Result and Comparison of the Current Control

Effectiveness of the D-STATCOM model and the cur@mtrollers designed
above were verified through computer simulation fgrened by using
SIMULINK/MATLAB. The current controllers with the etoupling based on the
symmetrical optimum method (CC-SO) and based ongteetic algorithms (CC-
GAs) are compared. To study the current contraf roted that the DC voltage and

the AC voltage are kept constant. Figure 6.7 coegtre response of the CC-SO and

CC-GAs to step changes in the referedais current,iz,, from OA to -200A, -200

Ato OA, 0A to 200A and 200A to OA. As can be seen in this figure, the CC-GAs

gives the best dynamic response. It also givesthaler settling time with the same

overshoot in thel andq axis currentsi; and i, ) as shown in Figure 6.7(a) — 6.7(d).

1
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Figure 6.7 Respond of thdg-axis currents when theaxis current is step changed
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Figure 6.8 Respond of theg-axis currents when thepaxis current is step changed

Althouth, the CC-GAs gives the best dynamic responit gives high
overshoot of control signal as shown in Figure &.9This signal is higher than the
limited reference signal#l) in transient. This may results in the instabildfy the
current control. However, this problem can be sty adding the limiter in the
current control system. The control signal and oesp of the CC-GAs with the
limiter are shown in Figure 6.9(a) and 6.9(b), extjwely. As can be seen in this
figure, this control signal is not higher than timited reference signal and it has a

good performance.
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D-STATCOM Currents (A)
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In addition, the bode plots of the CC-SO and CCs@#e compared as shown
in Figure 6.10. From this figure, gain and phasdbisty margin of the CC-SO and
CC-GAs can be obtained and compared. It is seamgy#na crossover frequency of the
CC-SO is 5,000 rad/sec while that of the CC-GA%3$H60 rad/sec. However, both
the CC-SO and CC-GAs have the same gain and phlatsgtg margin which arexo

(dB) and 37 (deg), respectively.

6.5 DC Voltage Control Strategy

The secondary control objective is to keep the Dé&tage around its
reference. This objective cannot be achieved dyrdmt Uy through (5.14) as there
might be possibility ofi;; going to zero during a transient. However, the \RGage
can be regulated indirectly by controlling,. For designing the DC voltage

controller, (5.14) is used. Although, the DC votiazan be controlled bl , i, still

q

affects the DC voltage as there exists the ternu,of in (5.14). To eliminate this

effect, the strategy like those of the current oans also applied. To obtain the DC

voltage control, (5.14) can be modified as:

+Vaec = ~Xae (6-26)

where the termui,is included inXy. as
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31 . .
dc

Equation (6.26) shows that the DC voltage is ineedafollowing the transient

with negativeXx,. . Based on this principle, the control actigg can be expressed as:

1+ sT, .
= Ivee j(vdc Ve (6.28)

Ivdc

X4 = _vadc{

Similar to the current control, the proportionaliplintegral regulators are
used to control the DC voltage in the present w&ikce the control actiorxy;is
determined by (6.28), the D-STATCOM active curreotnmandit, in (6.27) can be

rearranged as:
. 1 g1
- 3%+uq|fq (—jzlfd (6.29)

The DC voltage control structure and the D-STATCONDC voltage are

demonstrated in Figure 6.11. The active currentroandiy, , accounting for the DC

voltage regulation, can be generated by the DGageltontroller with the DC voltage

deviation as the input. The active current commaids used as the input of the
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current control loop,Gy ;(s), then, the controlled active current results ia C

voltage which enables the DC voltage control.

v

\

— |
Tdc
Vi Tt ST | X 21 i ig 31 A
2+ STivae _ ¢ - G _ ° K
G kmc[ STw_ll—» 1 —>3kp dc—i?—ﬂ_ I i (9) ., 1 —»2% » |
T Ug uui'q

L 1 - Ug(meas) i fa(meas) ud(rnws)
Vas(mess) | STy, +1] DC Voltage Controller DC Voltage of D-STATCOM

Figure6.11 DC voltage control structure and the D-STATCOM {dltage

As seen from Figure 6.11, the control loop is acade control in which the
DC voltage control is a main control loop and therent control is an auxiliary
control loop. The main control loop is superimposedthe auxiliary control loop.
This means that the current control is substagtfater than the DC voltage control.

From the decoupling current control loop shown iiguFe 6.1, the control actions,

and x, can be derived by the PI controller. For this ctbkmp current control with Pl

controller, the control actiong,; and x;in (6.5) and (6.6) can be modified as

Kpi o
Xg =% T + Kpig (Ifd _Ifd(meas)) (6.30)
lid

K

P £y + Keig (i i grens ) (6.31)
lig
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where the control actions of the I controlfgiand f,can be expressed as

df,

ot =ity — g (meas) (6.32)
af, . .
S (6.33)

Meanwhile, it, and i, are thed andq axis current commands that they are

generated by the DC voltage and AC voltage comtrollespectively. It is seen in

Figure 6.11, the-axis current command, can be written as

o 21 4 1
It :_[gk_cdcxdc_'_uq(meas)lfq(meas) o (6.34)
p

d (meas)

When Uy mess) @8N Uy nens) @re the measured outputs of the current contedl th

can be measured at the PCC. It is assumed thatatteeyneasured at behind filter,

these can be expressed as

du u
dmeas) _ Uy _ “d(meas) (6.35)
dt Tg Tg

Qg(mens) _ Yg _ Ygqmeas) (6.36)

dt Tuq Tyq
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WhereT,and T, are filter time delay of the measured output &f tirrent

control. Thus, full open loop transfer functiontbe DC voltage with including the
decoupling current control loop can be obtainedubing (6.9) — (6.18), (6.26) —
(6.27) and (6.30) — (6.36). By linearization of ¢heequations around the operating

point, i.e. output of the PI controller of DC calt( x,,), theg-axis current command
(i*fqo) and terminal voltage\,,), the transfer function of the DC voltagg, with

respect to the output of the PI controller of D@itcol x,. can be obtained. However,

if the current control is adjusted in conformitytivihe SO method, then its action is a
third-order delay. To simplify the overall behavairthe controlled system relevant to
the superimposed loop, the current control looplmameplaced by a first-order delay
(Frohr and Orttenburger, 1992). Therefore, thedfer function of the current control

loop can be simplified as:

Gy, (9) = (6.37)

sl +1

e

Where T4 is an equivalent time constant of the current adrivop. However, the

equivalent time constant for the symmetrical optimeontrol loop can be defined by

Ta =4Te (Frohr and Orttenburger, 1992) whelgs defined in (6.20). To simplify

this design, the effect of the filter time delayande neglected. Consequently, the

measured values i@l eaq) s Ugmeasy 8N Iqmeas) 1N (6.34) can be replaced hy,,
U, andi,, respectively. Then it is assumed that the timaydef the feedback filter

and the equivalent time constant of the currentrobfoop (T, ) are combined as
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T, =T + T (6.38)

Hence, the simplified open loop transfer functidrthe DC voltagev,, with

respect to the output of Pl controller of DC cohtxg, is given as

T 1
dc
Gidoopen(S) = (6.39)
P ST, +1){ ST, +1
50 T T T T

_of Full OPL with |
g CC-GAs
5 -50| .
= ~
§100p Simplified OPL / ° 1
=

-150F Full OPL with /"

200 L L L CC_$O I

o ‘ ! ‘ T Full OPL with
W 180)
Z Simplified OPL /
Q
§ 0 Full OPL with
= I CC-SO g

-180 L L . . I L L

102 107! 10 10! 102 103 10 105 106
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Figure 6.12 Bode plots of the full open loop transfer functiith the CC-SO and

CC-GAs

To confirm the proposed simplified open loop transfunction of the DC
voltage, the frequency responds of the simplifiad &ull open loop transfer function
are obtained and compared as shown in Figure tXtdition, bode plots of the full

open loop transfer function with the CC-SO and C&sGre demonstrated. The full
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open loop transfer function can be obtained byalirzation of (6.9) — (6.18), (6.26) —
(6.27) and (6.30) — (6.36), whereas the simplifaggen loop transfer function is

shown in (6.39). For these calculation bode plibis,parameters of the D-STATCOM
as shown in Table 5.5 ankj =0.000< are applied. As can be seen in these figure, the
bode plots of both full and simplified open looprisfer functions are very close to

each other at lower frequency thd@Prad/sec. However, at higher frequency, the

bode plots of those are apart.

6.6 DC Voltage Pl Controller Design

Similar to the current control, the Pl controllelessign based on SO and GAs
methods are applied in this case. Since the opgm-tansfer function of the DC
voltage is described in (6.39) angl! 4T, , the proportional gaiKp,., and integral
time constant], .. of Pl controllers can be obtained by the SO m#ihq6.26) and
(6.27), respectively. For example, the parametérthe D-STATCOM in Table 5.5
are used. Given that sum of the small time con3{an0.0004, the PI controller’s

parameters of the DC voltage control can be obtbase

_ Tdc _ 1 —
Pede ™ T, T, 0.0008

C'V

1250

T, = 4T, = 0.001€

In case of tuning PI controller’'s parameters of fit& voltage control based on

GAs, the objective function is defined in (6.40).



189

gjm |Av, (1)t (6.40)
0

where AVye = Yiesired(vy) — Yaimulated (vg)

Yeesired(vg,) 1S the desired response of the DC voltage.

Ysmulated(vy) 1S the simulated response of the DC voltage.

By using MATLAB/SIMULINK, the DC voltage control bkck diagram of
this section can be formed graphically as presemtdeéigure 6.11. Meanwhile, the
current control is an auxiliary control loop thhaetblock diagram is shown in Figure
6.1. In this section, two cases of the DC voltagatioller i.e. the DC voltage

controller with non-elimination and elimination terof u,i, are used. Furthermore,

the CC-SO and CC-GAs are applied in each caseoRiatler's parameter tuning of

the DC voltage control was performed by using tihes G-or K, and K, parameters
of the DC voltage control tuning based on the Giéhg reference D-STATCOM

reactive current is step changed, i.’{g.from OA to -400A, -400A to OA and OA to

400A. With 30 computational trials in each test casthefparameter tuning based on

the GAs, the best parameters obtained for eacleasstare put in Table 6.2.

Table 6.2 Best Pl parameters of the DC voltage control &arhetest case

DC voltage control : non-elimination term of qu fq

Current controller : Kpvdc e Fitness
1. CC-SO 4138.382 0.00160 15,533.29
2. CC-GAs 8412.702 0.000169 2,394.04

DC voltage control : elimination term of uqi fq

Current controller : Kpvdc Tiiq Fitness

1. CC-SO 4341.241 0.01003 14,017.91
2. CC-GAs 8264.893 0.000167 2,436.14
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6.7 Result and Comparison of the DC Voltage Control

The performance of the DC voltage control desigalealve is verified through

computer simulation performed by using SIMULINK/MAAB and it is studied in
step changes the referergexis current,iy, , from OA to -400A and -400A to OA.

At t = 0.05 sec, the referengeaxis current is changed fromAto -400A and att =
0.1 sec it is changed from -4@0to O A. In this section, the responses of the DC
voltage control with and without the eliminationrrte of u,i;, based on the
symmetrical optimum method (DCVC-SO) and based loa genetic algorithm
method (DCVC-GAs) are compared. The performancet@fDCVC-SO with and

without elimination term ofu,i;,are shown in Figure 6.13. In this figure, the

responses of the DCVC-SO with the CC-SO and CC-&Aslso compared.
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o3
= .
.
£ and CC- s se.
S » /% % ——
S o g o 15 . 5
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Figure 6.13 Performance of the DC voltage control based on spmmetrical

optimum method (DCVC-SO)
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As can be seen in this figure, the DC voltage adntith the elimination term

of uyitqgives the best dynamic response. This control givealler settling time and

smaller overshoot. Furthermore, the DC voltage robnbcluding with the CC-GAs

also gives smaller settling time and also smalkgrshoot than with the CC-SO.

However, it is not significant.

Meanwhile, the performances of the DCVC-GAs witll anthout elimination

term of uyi,are illustrated in Figure 6.14. In this figure, tiesponses of the DCVC-

GAs with the CC-SO and CC-GAs are also compared.
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Figure 6.14 Performance of the DC voltage
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In this figure, it is seen that the responses ef@ICVC-GAs with and without
the elimination term ofuji,are almost the same. Meanwhile, the DCVC-GAs

including with the CC-GAs gives the best dynamispanse. This control also gives

smaller settling time and also smaller overshoanhtthe DCVC-GAs including with

the CC-SO.
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Figure 6.15 Comparison performance of DCVC-SO and DCVC-GAs
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In addition, the response of the DC voltage whenDICVC-SO and DCVC-
GAs are presented and compared as shown in Figlbe 6 is seen that the DCVC-
GAs with the CC-GAs gives the best dynamic resporiges control also gives
smaller settling time and also smaller overshodtth@dugh this control gives the best
dynamic response, the gain and phase stabilityimarg not as so. Additionally, this
control has higher overshoot of control signal thiam DCVC-SO as can be seen in
Figure 6.16.

The bode plots of the DCVC-SO and DCVC-GAs with @€&-SO and CC-
GAs are compared as shown in Figure 6.17. Fronfitjuse, gain and phase stability
margin can be obtained and compared. The gainares$requency, phase crossover
frequency, gain stability margin and phase stabihiargin are shown in Table 6.3. It
is seen that the DCVC-SO with the CC-GAs giveslihst gain stability margin at
21.3 dB and the DCVC-SO with the CC-SO gives thst phase stability margin at
64 deg. Meanwhile, the DCVC-GAs with the CC-GAsagithe worst gain stability
margin at 2.93 dB and the DCVC-GAs with the CC-3e&g the worst phase stability

margin at 24.2 deg.
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Figure 6.17 Bode plots of the DC voltage control based on sgtnical optimum

(DCVC-SO) and based on genetic algoritiDSVC-GAS)
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Table 6.3 Stability margin of the DC voltage control

Gain crossover Phase cross over Gain Phase
Control frequency frequency mar gin mar gin
(red/sec) (red/sec) (dB) (deg)
1. DCVC-SO with CC-SO 1,580 7,140 15.5 64
2. DCVC-SO with CC-GAs 1,380 19,700 21.3 62.6
3. DCVC-GAs with CC-SO 5,410 7,610 5.9 24.2
4. DCVC-GAs with CC-GAs 11,800 17,500 2.93 28.5

6.8 Summary

This chapter presents the current and DC voltageral design of the D-
STATCOM. The decoupling current control based oa dq reference frame is
presented. Although, the DC voltage can be comftioby active current of the D-
STATCOM, reactive current still affects the DC \agle. To eliminate this effect, the
control strategy with the elimination effect of theactive current is proposed. For
obtaining the proportional and integral gains o Pl controllers, the symmetrical
optimum and genetic algorithms are applied. Theil#tg margins of these methods
are obtained and discussed in detail. In additibe,performance of the DC voltage
control based on symmetrical optimum and genetgordhms are compared.
Effectiveness of the controllers designed was mgtithrough computer simulation
performed by using SIMULINK/MATLAB.

For the current control design, the decoupling enirrcontrol based on the
genetic algorithm (CC-GAs) gives the best dynaneisppnse. However, both the
current control based on symmetrical optimum andege algorithms (CC-SO and
CC-GAs) have the same gain and phase stabilityimarg

For the DC voltage control design, the DC voltagatml based on the

genetic algorithm (DCVC-GAs) with the CC-GAs givile best dynamic response.
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Although this control gives the best dynamic reg@prthe gain and phase stability
margin are not. It is seen that the DC voltage rbritased on the symmetrical
optimum method (DCVC-SO) with the CC-GAs gives best gain stability margin
and the DCVC-SO with the CC-SO gives the best pbtsality margin. Meanwhile,
the DCVC-GAs with the CC-GAs gives the worst gatabdity margin and the

DCVC-GAs with the CC-SO gives the worst phase stglmhargin.



CHAPTER VII

DESIGN OF AC VOLTAGE CONTROL

This chapter presents the AC voltage control dedanthe load voltage
regulation by using the D-STATCOM. The modelingagtgy similar to that used for
the field oriented control of three phase AC maehkins employed. The D-
STATCOM model and its control were integrated wiie power distribution systems
that are used for the load voltage controller desihis derived model is exact and
can be used for the load voltage controller desiging linear techniques. The
classical loop shaping method is applied to thel lgaltage controller design. By
using the software in MATLAB for adjusting the opéwop transfer function to
satisfy the loop shaping specifications, the cdl@roparameters and the stability
margins for the R and RL load with various opemgtonditions can be obtained. The
performance of the proposed model and the controésign were verified using

computer simulation performed in SIMULINK/MATLAB.

7.1 TheDistribution System with Detailed D-STATCOM

Based on the distribution system model descrilvedhe Section 3.1, this
section proceeds to design the load voltage cdetralhe D-STATCOM model and
its control were integrated with the power disttibo system for designing the load

voltage controller. From the current control witkcdupling shown in Figure 6.1, the
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control inputs, Uy and u, of the D-STATCOM current control can be expressed i

(6.13) and (6.14), respectively. While the sign&jsaand x, can be derived from the

P1 current controller and expressed in (6.30) &8l(), respectively. Meanwhile, the

DC voltage control of the D-STATCOM is shown in &ig 6.11. The active current

commandi’;d can be derived from the DC voltage control and esped in (6.34).

Where the signaky.is derived from the P1 DC voltage controller as

K Pvdc

Xde = fdc + Kpye (V;c _Vdc(meas)) (7.1)

Ivdc

Where the control actions of the I controlfgr can be expressed as

df, .
dtc = Ve ~ Vde(meas)

(7.2)

Therefore, the equations of the D-STATCOM andcastrol were integrated
with the power distribution system can be formedusing the distribution system
model described in Chapter 3, the D-STATCOM dynandescribed in Chapter 5
and the dynamic equations of current and DC volag#rol of the D-STATCOM

described in Chapter 6 that can be written as\ialo

1. . 1 V,
—:—?lsd+a)|sq—rvtd +r5005a (7.3)



di
- isq—a)|sd—£sina
dt S LS

(o V¥ 1. 1. 1.
— T~ et Tl T
dt C; C; C;
dt |
— ===, -

dt | Iq Id
Ao _

dt N

di

dt T, L,
Ao _ L5 Ly
T
dvgy 1 1
— = — v, +—k V.U
ot Td std Td pYdc“d
Vyq 1

=——YV, +ikv u
¢t T, 4T, P
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(7.4)

(7.5)

(7.6)

(7.7)

(7.8)

(7.9)

(7.10)

(7.11)

(7.12)
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\V} V. .
Mo _ Ve 3 1 pUal fa > KpUgi 1q (7.13)
at Tdc 2 Cdc dc
d, . .
ot =1td — 'td (meas) (7.14)
dfy, . .
di 4 (meas) :iﬂ_ |t (meas) (7.16)
dt Ty Ty
di fq(meas) _ Iﬁ _ i fg(meas) (7.17)
dt Ty T
WVeie(meas) _ Vo Vaic(meas) (7.18)
dt Tioe T
WMia(meas) _ Vea_ Ved(mees) (7.19)
dt Tfac Tfac
du u
d(meas) _ Ug _ “d(meas) (7.20)
dt Tud Tud
Qgimeas) _ Yy Ygomeas) (7.21)
dt T T

ug ug
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df .
ddc = Ve ~ Vdc(meas) (7'22)
t
Where
K .
Xic = Pde fd(: + KPvdc (Vdc _Vdc(meas)) (7.23)
Ivdc
* 21 . 1
g = _{gk_cdcxdc + Ug(meas)! fq(meas) (7.24)
p l"Id(meas)
K. “H
Xg =% fy + Kpig (Ifd _Ifd(meas)) (7.25)
lid
Kpi w/ [ |
X, = TI_'q fq+Keig (1T =i tq(mens)) (7.26)
iq
1 .
dec(meas)
p Ydc(meas)

However, these equations are a set of nonlinederdiftial equations. To

investigate the dynamic performance of these systdimear approximation is



201

applied. Linearization of the systems around theraiing that described in (D’Azzo

and Houpis, 1995), gives a set of linear equatamshown in (7.29).

AX(t) = {%(xo,uo)}Ax(t)+{%(xo,uo)}Au(t) (7.29)

The partial derivatives in the linearization arelerated at the initial points.
The coefficientsAyandB,can be solved and expressed as (7.30) — (7.31)efthe

the linearized system of the dynamic system carepeesented as (7.32).

Ay ZZ_;(XWUO) (7.30)
B, :Z—L(xo,uo) (7.31)
AX(t) = AAX(t) + BAu(t) (7.32)

For designing the load voltage control, the loadtage Vyis chosen as the

output of the system with the reactive current ccaamchi’;q as the control input. To

illustrate the control technique, the parametershefdistribution power system and
the D-STATCOM as shown in Table 3.1 and Table 5&5used. The current control

parameters based on genetic algorithm and DC wlktagtrol parameters based on
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Vig (S)

symmetrical optimum are applied. The bode plottheftransfer functlonT

the linearization systems with the R and RL loagl sinown in Figure 7.1 and 7.2,

respectively.
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Figure 7.1 Bode plots of the transfer functleAH— of the systems with

the Rload
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Figure 7.2 Bode plots of the transfer functioR="— of the systems with the RL
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load

In these figures, the bode plots of the transfection for various operating

conditions, each corresponding to a different vaitig,, , are presentedy, is varied

from +120CA to -120\ with 200A step in these cases. For the R load, the frequency
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responses fof, varied from +1208 to 0A are shown in Figure 7.1(a) and foy,
varied from @& to -120\ are shown in Figure 7.1(b). Meanwhile, the freaquen
responses for the RL load whegvaried from +1208 to 0A and i, varied from G\

to -120QA are shown in Figure 7.2(a) and Figure 7.2(b), @etpely.In addition, the
frequency responses of the distribution system vdéal and detailed D-STATCOM

are compared as shown in Figure 7.3.
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Figure 7.3 Comparing the frequency responses of the distabugystem with ideal

and detailed D-STATCOM for The RL load

As can be seen in these figures, this system iphtoated, especially for RL

load. Thus, this system cannot be approximatedles arder system. Moreover, this

transfer function is non-minimum phase system wheare varied between +200

and -120@. Therefore, the simple method particularly symioatroptimum method

(SO) is not suitable to apply to this system.
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7.2 TheController Designwith the Classical L oop Shaping Method

The load voltage control is the Single Input Sin@atput (SISO) control
system with the load voltagé,chosen as the output of the system and the reactive
current commanci’;q as the control input. For SISO systems, the aatdbop

shaping concepts are the basis for designing theé \wltage controller. The unity

feedback SISO system depicted in Figure 7.4 wirgr® represents the plant transfer
function andC(s) represents the controller transfer function. Thymaisr(t), di(t),
d,(t), and n(t) represent the reference input, input disturbanagut disturbance,
and sensor noise, respectively. The sigy@) is the outpute(t) is the tracking error,

and u(t) is the control input. The definitions of the opeop transfer functiorL (s),

the sensitivity functionS(s) and the complementary sensitivity functioigs) are

d; (t)
(0 on S ugo(%vm

Figure 7.4 Block diagram of unity feedback SISO system

L(s) = P(s)C(s) (7.33)
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S(s) =[1+L(s)]" (7.34)

T(s)=L(9[L+L(s)] (7.35)

The classical loop shaping is a graphical procedoredesign a proper

controller C(s) satisfying the requirements on stability and penfance. The basic
idea of the method is to construct the open loapgtfer functionL (s) to satisfy the

requirements performance and stability criteriopragimately, and then to obtain the
controller. The classical loop shaping design isellaon two important observations
(Barratt and Boyd, 1992):

1. The open loop transfer functidn(s) has a very simple dependence on the
controller transfer functio@(s), especially in a logarithmic (gain and phase)

representation.
2. Many important requirements for the closed lospgstem can be

approximately reflected as requirements on the bpapL(s) .
Loop shaping specifications constrain the magnitm possibly the phase of

the loop transfer function at each frequency. # diven @, and @, are frequencies
separating three frequency range i.e. Low frequé@c @, ), Medium or Crossover

frequency @, ,@,) and High frequencyd,, « ), there are three basic types of loop

shaping specifications, which are imposed in déferfrequency.

Figure 7.5 illustrates the requirement magnitudeshe sensitivity and the
complementary sensitivity functiod,S(ja))| and |T(ja))|, in each frequency that

corresponds to the bode plot of the open loop tearisnction as shown in Figure 7.6.
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As can be seen in these figures, the loop shappegifications can be described as

follows:
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1. Low frequency specifications. At these frequesaive requiréL(ja))| to be

large, so thatS(ja))| is small and (jw) ~1. This ensures good command tracking,
and low sensitivity to plant variations, two of thst important benefits of feedback.

2. High frequency specifications. At these frequesave require|L(ja))| to

be small, so tha|tT(ja))| is small. This ensures that the outpt) will be relatively

insensitive to the sensor noiag), and that the system will remain closed loop stabl

in the face of plant variations at these frequesncie

3. Crossover frequency (margin) specifications. Cressoor transition

frequency specifications are imposed between theadrequency (Wheréal_(ja))| is
large) and high frequency (Whe|r|e(ja))| is small). At these frequencies, the slope of

IL(jw)| should be close to -20 dB/decade.|lf jw)| drops off too quickly through
crossover, internal instability will result, so argle slope is crucial. In addition, since

|S(ja))| is inverted with the distance between the Nyquist pf L(jw)and critical

point =1+ j0O, so the peak o115(ja))| should not be more than 6 dB in these

frequencies.

Based on the distribution system with detailed DPASTOM model described
in Section 7.1, the specifications for the loadtagé control performance are as
follows:

1. Zero steady-state tracking error.

2. At least 40 dB of disturbance rejection at loeglency.
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3. The outputy(t) must be relatively insensitive to the sensor noigg at
high frequency.

4. The gain margin should be greater than 5 dBthaghase margin should
be greater than 50

Satisfying the specifications 1 and 2 requires pheportional-plus-integral
regulators in the controller. To adjust the frequeresponse of the system to satisfy
the specifications 3 and 4, lead or lag compensataaly be used. The designed
controller for the load voltage control is showrFigure 5.7. By using the software in

MATLAB for adjusting the open loop transfer funatid_(jw) to satisfy the loop

shaping specifications described above, the cdetrgplarameters and the stability

margins for R and RL load with various operatingditions, each corresponding to a

different value ofifq are obtained and presented in Tables 7.1 and &spgectively.

As can be seen in these Tables, the controllempeteas are selected when the gain

and phase margin more than 5 dB and 50 deg, resggct

O, (15Tl (riags ) u(t)
e (STIvac) (TLagS+1)

Figure 7.7 Designed controller for the load voltage control
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Table 7.1 Controller parameters and the stability marginglie R load

Operating

conditions Controller parameters Stability margins
Vs(KV) (A Kovac Tivac Tl ead Tiag GM (dB) PM (deg)

15.50 +1200 -0.2700 0.001 0.0000 0.00001 5.17 67.97
14.92 +1000 -0.3400 0.001 0.0000 0.00001 5.10 66.59
14.34 +800 -0.4400 0.001 0.0000 0.00001 5.14 66.05
13.76 +600 -0.6200 0.001 0.0000 0.00001 5.01 65.24
13.20 +400 -0.0220 0.0001 0.0000 0.00001 20.57 150.7

12.64 +200 -0.0160 0.0001 0.0000 0.00001 9.61 50.98
12.10 0 -0.0130 0.0001 0.0000 0.00001 6.11 50.85
11.56 -200 -0.0102 0.0001 0.0000 0.00001 5.04 54.38
11.04 -400 -0.0079 0.0001 0.0000 0.00001 5.03 59.31
10.54 -600 -0.0065 0.0001 0.0000 0.00001 5.02 62.08
10.05 -800 -0.0055 0.0001 0.0000 0.00001 511 63.95
9.58 -1000 -0.0049 0.0001 0.0000 0.00001 5.03 64.35
9.14 -1200 -0.0044 0.0001 0.0000 0.00001 5.02 64.60

Table 7.2 Controller parameters and the stability margingdlie RL load

V(KY) g Kepmw  The  Tieg g GM(@B)  PM(deg)

17.08 +1200 -0.20000  0.00100 0.0000 0.00001 7.52 1451
16.48 +1000 -0.30000  0.00100 0.0000 0.00001 5.92 .0150
15.88 +800 -0.35000 0.00100 0.0000 0.00001 6.85 1350.
15.29 +600 -0.40000 0.00100 0.0000 0.00001 8.52 8750.
14.71 +400 -0.50000 0.00100 0.0000 0.00001 10.48 4254
14.13 +200 -0.01000  0.00010 0.0000 0.00300 18.25 1752
13.56 0 -0.00950 0.00010 0.0000 0.00300 16.57 51.01
13.00 -200 -0.00900 0.00010 0.0000 0.00300 12.84 .0360
12.44 -400 -0.00800 0.00010 0.0000 0.00300 11.12 9360
11.90 -600 -0.00750 0.00010 0.0000 0.00300 9.61 4450.
11.37 -800 -0.00700  0.00010 0.0000 0.00300 8.52 1660.
10.86 -1000 -0.00650 0.00010 0.0000 0.00300 7.71 1360
10.36 -1200 -0.00600  0.00010 0.0000 0.00300 7.12 4060

To illustrate the classical loop shaping technighe, bode plots of the open

loop transfer function(s), the sensitivity functionS(s) and the complementary
sensitivity functionT (s) of the system with RL load when the reactive aquiseare

+1200A and -120@\ are demonstrated in Figure 7.8 and 7.9, respégtides seen in
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these figures, the Low frequency, Medium or Crossofrequency and High
frequency are selected between 0 — 1 red/sec,2k 10 red/sec, and2x10*- o

red/sec, respectively. At Low frequend$¥( jo)|is less than -40 dB whilf (jw)|~1
dB, so that|L(ja))| is more than +40 dB in this frequency. For the Higdguency,

|S(ja))| is about 1dB WhiIdT(ja))| is attenuated rapidly, so th}sl.t(ja))| is attenuated
rapidly in this frequency as well. At the Medium@rossover frequency, the slope of

|L(ja))| near the gain crossover frequency is about -20 et2ide that corresponds to

the phase margin is about 50 deg whereas the qn‘e&ja))| and |T(ja))|in this

frequency are about +5 dB and O dB, respectivelgaivhile, the Nyquits plots of
the open loop transfer function are demonstratdelgare 7.10. As can be seen in this
figure, the dash line presents the Nyquits plaihefopen loop transfer function when
the reactive current is +1280Since this transfer function has two poles inrigét-
half s plane, in this case, the system is stable bedheseumber of counterclockwise
encirclements of thel+ jO point is the same as the number of poles of tkes dgop
transfer function in the right-ha#f plane. Whilst, the solid line in this figure prate
the Nyquits plot of the open loop transfer functiwhen the reactive current is -
1200A. This is no pole of the open loop transfer functio the right-halfs plane and

no encirclement of thel+ jO point. This implies that the system is stable.
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Figure 7.10 Nyquits plots of the open loop transfer function

In addition, the designed controller applied toltteed voltage regulation when

the load varied is investigated. The stability nmaggfor the R and RL load with
various operating conditions, each correspondinga talifferent value ofi,are
obtained and presented in Tables 7.3 and 7.4, ¢cegply. For the R load, the load
resistance is varied from 31.258 to 5.088@hat correspond to the reactive current
ifq for regulation the load voltage at a desired vdlLieOkV) that are varied from
+400 to -1208 as shown in Table 7.3. As can be seen in thietable desired
controller in the case of source voltage variatima®m be used in that of load
variations. All gain margins in this case are mihian 5 dB while most phase margins
are more than 50 deg accepted when the load nestsist 31.25802 . However, all of
operating conditions with each designed contraler stable. Meanwhile, for the RL

load, the load resistance and inductance are vamed 57.9890 to 5.5742 and

from 89.3990 to 8.5936H, respectively. These correspond to the reactiveentii
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for regulation the load voltage at the desired &glLl.0&V) that are varied from
+400 to -1208 as shown in Table 7.4. Similar to the R loadgallh margins in this
case are more than 5 dB while most phase margesnare than 50 deg accepted
when the load resistance and inductance are 14@64d8d 22.9163nH and they are
11.14842 and 17.1872nH. However, all of operating conditions with eaclsigaed
controller are stable.

The step responses of both cases of source vdataty¢he load variation with
the designed controller for R and RL load are camgbas shown in Figure 7.11 and
7.12, respectively. In these figures, the respomnglesn the reactive currents are
+400A and -120@ are compared. It can be seen in Figure 7.11,abponse in case
of load variations when the reactive current isGAl@as a high frequency oscillation
than the source voltage variations. Whilst, when dactive current is -1280 the
response in case of source voltage variations réecteady state faster than a case
of load variations. Meanwhile, for RL load, the peases of both cases are close as

shown in Figure 7.12.

Table 7.3 Stability margins in case of the R load when leadations

R LMH) oA Komw T fiew 7w GM(@B) PM (deg)

31.2580 0.0000 +400 -0.0220 0.0001 0.0000 0.00001 3.103 39.80
14.2170 0.0000 +200 -0.0160 0.0001 0.0000 0.00001 .57 8 54.34
10.0833 0.0000 0 -0.0130 0.0001 0.0000 0.00001 6.11 50.85
8.1272 0.0000 -200 -0.0102 0.0001 0.0000 0.00001 62 6. 54.59
6.9978 0.0000 -400 -0.0079 0.0001 0.0000 0.00001 87 7. 60.17
6.2517 0.0000 -600 -0.0065 0.0001 0.0000 0.00001 87 8. 64.01
5.7273 0.0000 -800 -0.0055 0.0001 0.0000 0.00001 77 9. 67.09
5.3381 0.0000 -1000 -0.0049 0.0001 0.0000 0.00001 0.311 68.93

5.0386 0.0000 -1200 -0.0044 0.0001 0.0000 0.00001 0.831 70.59
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Table 7.4 Stability margins in case of the RL load when loadations

57.9890 89.3990 +400 -0.5000 0.00100 0.0000 0.00001 10.53 53.85
23.1140 35.6336 +200 -0.0100 0.00010 0.0000 0.00300 11.08 50.22
14.8649 22.9163 0 -0.0095 0.00010 0.0000 0.00300 .4112 48.69
11.1486 17.1872 -200 -0.0090 0.00010 0.0000 0.00300 10.99 48.06
9.0823 14.0016 -400 -0.0080 0.00010 0.0000 0.00300 10.50 50.07
7.7346 11.9240 -600 -0.0075 0.00010 0.0000 0.00300 9.94 51.00
6.7954 10.4760 -800 -0.0070 0.00010 0.0000 0.00300 9.64 52.41
6.1028 9.4083 -1000 -0.0065 0.00010 0.0000 0.00300 9.53 54.21
5.5743 8.5936 -1200 -0.0060 0.00010 0.0000 0.00300 9.39 56.56

e— source voltage varied

®eee |oad varied

06 I L I L I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Time (sec)

Figure 7.11 Comparison step responses in cases of source godad the load

variations for the R load
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Figure 7.12 Comparison step responses in cases of sourcegeoliad the load

variations for the RL load

7.3 Tuning Controller Parameters

In previous Section, the controller parametersanoh operating conditions are
selected when the gain and phase margin of opep toansfer function are
considered. However, the response of the load g®l@ontrol is unconsidered for
obtaining the controller parameters. In this Sextithe controller parameters are
obtained by considering the gain margin, phase mamd the load voltage control
response. There exist many different approacheturie controller's parameters.

However, in this section, the GAs is selected tddobup an algorithm to tune

parameters (i.&Kpgc: Tivacs ZLead @Nd 7 ,4) Of the load voltage control. Le®(s)in

: . Avy (s : "
Figure 7.13 represents the transfer functlorze?)/;]‘M each operating condition that

correspond to a different value of, and C(s) be the controllers with each operating
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condition. For each of the controllers we assurserdrol structure with the dynamic

model consisting of the PI controller and lead-$sé@ge as can be seen in Figure 7.7.

The main consideration is that the set of the foamrameter&p .., Tiacr 7Leaq @Nd
7 oo €ach operating condition to be searched by the GAghis load voltage control

of the distribution system with D-STATCOM, the pealtire to perform the proposed
parameter tuning is described as follows. Firghetidomain step response results of
magnitude and frequency swing obtained by using ste@ response of the load
voltage control in MATLAB. Second, the Genetic Algbms (GADS TOOLBOX) is
employed to generate a set of initial random patarseWith the searching process,
the parameters are adjusted to give response offitieg) close to the desired step
response. Furthermore, the gain and phase margensansidered as operating
constraints on this proposed parameter tuning. &réopm the searching properly, its
objective function with the operating constrainthge key. The objective function is
defined to be the sum of square error between ¢lseatl step response and the step
response of the load voltage control. The congtiseh comprises the gain and phase

margin requirement for the control system has ehatigbility margins.

r(t) e(t) u(t)

C(s) |——»| P(9 y(t)>

Figure 7.13 Closed loop of unity feedback SISO system setup
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Therefore, the tuning problem each operating canditan be formulated as

the following optimization problem:

N

Minimize Z(Avac(k))2 (7.36)
k=1

Subject to

Gm>5dB and Pm>50

Where AV, =V desred — Vac,siep

V,

acdesred 1S the desired step response.

V,

c.sep 1S the step response of the load voltage control.

Gm and Pm are gain and phase margin requirement, respegtivel

Table 7.5 Controller parameters, stability margins and Sgér the R load

15.50 +1200 -0.22413  0.00145  0.00006 0.00000 5.62 8.849 28.83
14.92 +1000 -0.15162  0.00097  0.00088 0.00037 509 1888 26.16
14.34 +800 -0.20890 0.00135  0.00016 0.00000 5.06 .0195 24.09
13.76 +600 -0.22183  0.00132  0.00021 0.00000 5.34 4590 20.89
13.20 +400 -0.19587  0.00107  0.00060 0.00010 5.58 .3785 16.25
12.64 +200 -0.19603  0.00095  0.00068 0.00001 6.39 .5376 11.49
12.10 0 -0.11694  0.00078  0.00044 0.00000 5.66 66.92 16.17
11.56 -200 -0.24673  0.00226  0.00070 0.00273 5.26 .8857 26.83
11.04 -400 -0.00790 0.00010  0.00196 0.00222 5.68 5557 44.43
10.54 -600 -0.00650 0.00009  0.00140 0.00180 5.10 .2455 56.37
10.05 -800 -0.00573  0.00009  0.00178 0.00238 5.30 .2455 70.19
9.58 -1000 -0.00490 0.00009  0.00006 0.00087 5.05 .2365 113.58

9.14 -1200 -0.28493  0.00560  0.00001 0.00651 5.01 .0957 158.97
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Table 7.6 Controller parameters, stability margins and sséor the RL load

17.08 +1200 -0.27819 0.00131 0.00470  0.00481 511 5.185 23.17
16.48 +1000 -0.32224  0.00034  0.00003  0.00000 5.28 0.275 19.95
15.88 +800 -0.44963 0.00043  0.00002  0.00000 5.03 .0550 15.98
15.29 +600 -0.61318 0.00036  0.00003  0.00000 5.02 .0650 9.38

14.71 +400 -0.88247 0.00029  0.00004  0.00000 5.28 .5150 3.15

14.13 +200 -0.00592 0.00006 -0.00020 0.00112 10.03 63.49 53.63
13.56 0 -0.02354 0.00019 -0.00040 0.00124 7.62 453.5 53.12

13.00 -200 -0.03836 0.00036 -0.00022 0.00180 7.42 3.515 67.43
12.44 -400 -0.00836 0.00010 -0.00030 0.00137 6.14 7.215 61.88
11.90 -600 -0.00750 0.00010 -0.00050 0.00141 5.39 5.68% 72.27
11.37 -800 -0.00700 0.00010 -0.00003 0.00183 5.60 6.9% 84.55
10.86 -1000 -0.00650 0.00010 -0.00008  0.00190 511 55.72 96.70
10.36 -1200 -0.00600 0.00010 0.00000  0.00209 5.01 5.215 114.85

With 30 computational trials in each test casthefparameter tuning based on
the GAs, the best parameters are obtained. Thedo@stoller parameters, fitness
value and the stability margins in each operatiogdaion for R and RL load are
shown in Table 7.5 and Table 7.6, respectivelycas be seen in these Tables, gain
margins and phase margins in these operating ¢onsliare more than 5 dB and 50
deg, respectively.

The step responds of the parameter tuning baseleoclassical loop shaping
and GAs methods are compared as shown in Figuteahd Figure 7.16. In Figure
7.15, the step responds of the system with thead &re presented whereas the step
responds of the system with the RL load are indit@ Figure 7.16. In these figures,
the D-STATCOM reactive currents as +1,200 and 1,20are presented. The
comparisons show that the responds of both theickdoop shaping and the genetic
algorithms methods are close. However, the gemadgiarithms methods tuning gives

smaller settling time and also smaller overshoottis not significant.
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Figure 7.14 Comparison step responses in cases of loop shagmag genetic
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74 Summary

This chapter presents the AC voltage control giesor the load voltage
regulation by using the D-STATCOM. The D-STATCOM dab and its control were
integrated with the power distribution systems the¢ used for the load voltage
controller design. This derived model is exact aad be used for the load voltage
controller design using linear techniques. The sitad loop shaping method is
applied to the load voltage controller design. Tlassical loop shaping is a graphical
procedure to design a proper controller satisfyimg requirements on stability and
performance. The basic idea of the method is tcstcoct the open loop transfer
function to satisfy the requirements performanag stability criterion approximately,
and then to obtain the controller.

In this chapter, the specifications for the loadtage control performance are
1) zero steady-state tracking error, 2) at leastlBOof disturbance rejection at low
frequency, 3) the output must be relatively insévesito the sensor noise at high
frequency and 4) the gain margin should be grehtar 5 dB and the phase margin
should be greater than 50T o satisfy the specifications the proportionalsgintegral
regulators with the lag compensator is used. Bpgusie software in MATLAB for
adjusting the open loop transfer function to sgtibe loop shaping specifications, the

controller parameters with various operating caod#, each corresponding to a

different value ofi rq@re obtained. In addition, the tuning controllergmaeters based

on the genetic algorithms is proposed in this atrapThe step responds of the
parameter tuning based on the classical loop sgamd GAs methods are compared.
From the comparison, the responds of both theickdsop shaping and the genetic

algorithms methods are close.



CHAPTER VIII
APPLICATION OF D-STATCOM FOR LOAD VOLTAGE

REGULATION

This chapter presents the application of the D-STATCOM with the proposed
design control technique for load voltage regulation. The D-STATCOM systems
usually consists of a voltage source converter (VSC) which dynamically injects a
current of desired amplitude, frequency and phase into the grid line in order to
mitigate sags at the point of common coupling (PCC). The decoupling current control
of the D-STATCOM with the parameters tuning based on the genetic algorithm (CC-

GA) and the DC voltage control with an elimination term of u,i, based on the

symmetrical optimum method (DCVC-SO) are used. Meanwhile, the AC voltage
control based on the classical |oop shaping is applied to many cases in this chapter. In
this chapter a simplified 22-kV, 2-bus test power system is employed for the
simulation. The remainder of this chapter is organized as follows. The next section
presents a brief review of the D-STATCOM system. The applications of D-
STATCOM for load voltage regulation of the distribution system with the R and RL
loads are discussed in Section 8.2. In Section 8.3, the applications of the D-
STATCOM in the distribution system with the distributed generators are presented. A

summary of this chapter is presented in Section 8.4.
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8.1 Brief Review of the D-STATCOM for Voltage Regulation

Recently, the distribution static synchronous compensator (D-STATCOM) has
been introduced to distribution systems to manage the system reactive power and
regulate the voltage at the point of common coupling. A D-STATCOM usually
consists of a shunt connected voltage source converter (VSC). The benefits of using a
VSC are sinusoida currents, high current bandwidth, and controllable reactive power
to regulate the bus voltage level. A system with these characteristics can be used to
inject a controllable current into the system. By injecting a popper current into the
system, a shunt connected VSC can boost the voltages at that point during a voltage
sags. The configuration of the D-STATCOM with the proposed control that connected
to the distribution system for regulating the load voltage is illustrated in Figure 8.1.

The D-STATCOM consists of a three-phase voltage source converter (VSC), a DC-
side capacitor C, with paralel resistanceR,.. The resistance R, represents losses in
the converter. Two kinds of losses are of interest in such the converter configurations
which are conduction losses and switching losses. The losses are both in the diodes
and in the switches such as IGBT and MOSFET (Blaabjerg et a., 1996). An

inductanceL ; and the resistance R; represent the inductance and resistance of the
AC-side of the converter. A shunt filter capacitor with capacitance C; is added to the

AC-side of the voltage source converter that forms a LC filter. This filter helps in
effectively filtering out the switching ripple in the output voltage waveform. The
distribution system is represented by using an ideal voltage source and impedance.

This impedance consists of an inductance L and a resistance R which characterizes

the transformer and power line respectively. The analysis and design of the D-
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STATCOM controller are conducted in the rotating reference frame which is
synchronized to the voltage vector at the PCC. As explained earlier in previous, the
D-STATCOM mitigates the voltage sags by dynamically injecting a current of desired
amplitude and phase angle into the system. A schematic diagram of the D-STATCOM

with the proposed control is presented in Figure 6.1. The current control in Figure 6.1

force the converter currents i and i, to follow the command currents ifyand i,
respectively. The command it to the d-axis current loop is obtained by the DC

voltage controller while the command i’;q is obtained from the AC voltage controller.

The purpose of the outer loop DC voltage controller is to regulate the DC voltage to a
required level. The current controller and DC voltage controller design for this D-
STATCOM are similar to the controller design presented in the Chapter 6, since they
have the same structure and serve the same purpose. Meanwhile, the AC voltage

controller design and parameters are explained in the Chapter 7.
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Figure 8.2 Modified PLL block diagram

In addition, the basic PLL block diagram in Figure 2.14 is modified in this

chapter that can be seen in Figure 8.2. Since using the modified PLL, v, =0 for any

times and v, represents the instantaneous magnitude of the phase voltages, while i,

denotes the instantaneous reactive current supplied by the D-STATCOM and is the

control input to the system for the load voltage regulation.

8.2 Maodeling and Smulation Results of the D-STATCOM for

L oad Voltage Regulation

In this section, the simulation results for the D-STATCOM with the proposed
controller design will be presented. The configuration of the D-STATCOM system
with the proposed controller designed for load voltage regulation that shown in Figure
8.1 ismodeled using the MATLAB/SIMULINK software package. The model utilizes
SIMULINK control and SimPower Blocks areillustrated in Figure 8.3 and Figure 8.4.
In Figure 8.3, the D-STATCOM s connected with the system though the 22/2.2 kV

(Y/Y) transformer. Figure 8.4 presents the model of the D-STATCOM controller. The
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system data used are taken from the simplification network of a 166 buses

Nakhonrachasima, Thailand at bus 99. The system parameters are

V (L-L rms) =22KkV L,  =38.666mH

R =1.45640 o, =100z rads*

R = 116.68Q L,  =0.00mH (for R load)
And R =89.346Q L,  =157.35mH (for RL load)

According to the steady state anaysis of the distribution system with D-
STATCOM that discussed in the Chapter 3, the maximum load active power,

R desirea (Max) , and minimum source voltage, V (min)of the system with the given

parameters in the above are 34.85 MW and 4.93 kV, respectively. These correspond to
the reactive power of regulating the load voltage as 22 kV is about 37.50 MVar for R
load while 40.00 and 57.00 MVar for RL load with minimum source voltage and
maximum load active power, respectively. However, a +15MVA D-STATCOM is
selected for load voltage regulation in this system. This D-STATCOM can regulate
the load voltage as 22 kV when the source voltage is more than 15.40 kV (or 0.7 pu.).
In addition, it can be used to regulate the load voltage as 22 kV when the load active
power is less than 16.59 MW (or 4.0 pu.). The required reactive power for different
source voltage is given in Table 8.1. Meanwhile, the required reactive power for
different load power is given in Table 8.2. The parameters of the D-STATCOM that
corresponding to source voltage sags and load power variations are shown in Table
8.3 and Table 8.4, respectively. However, the parameters of the D-STATCOM at the

maximum required reactive power (13.82 MVar) are used in the section.



227

- = =
— e == |
=+  22kv (rms) Vs Rsand Ls Vt-->1 [ Vt--> [
o il
2222kV | u
A ﬂ Load

©

c

m- -i (é{)

1] l Load %J L_E

Cf Rfand Lf
—l_ < o

7 A
I S +‘*‘°LF
<--Ist VSC

[ije]

@
+

o

Figure 83 MATLAB/SIMULINK model of the distribution system with the

D-STATCOM

5|
g

y

o

%
E
L0

vtd(m)

ifd*

W
wa(m > U greas) _>E|
I—| sincos
vae(m) Uabo
uisel

vire Time Pus 9
ac* WL PN
i e
o [ ifg®
sl
Time
m — i E
N Time Vae T Decoulping
Controller Current Controller PQIOAD ~ "QLOAD

3Phase PLL » Vabe
PO
o S
PQDSTATCOM PQDSTATCOM

Tstdq

Figure 8.4 MATLAB/SIMULINK model of the D-STATCOM controller



228

Table 8.1 Required reactive power for different source voltage

28.60 (1.3 pu.) 12.90 10.61
26.40 (1.2 pu.) 8.88 6.59

24.20 (1.1 pu.) 4.85 255

22.00 (1.0 pu.) 0.80 -1.50
19.80 (0.9 pu.) -3.27 557
17.60 (0.8 pu.) -7.37 -9.67
15.40 (0.7 pu.) -11.52 -13.82

Table 8.2 Required reactive power for different load power

0.415 (0.1 pu.) 1.47 1.24
2.074 (0.5 pu.) 1.22 0.07
4.148 (1.0 pu.) 0.80 -1.50
6.221 (1.5 pu.) 0.26 -3.18
8.295 (2.0 pu.) -0.40 -4.99
10.369 (2.5 pu.) -1.18 -6.92
12.442 (3.0 pu.) 211 -9.00
14.520 (3.5 pu.) -3.18 -11.22
16.590 (4.0 pu.) -4.42 -13.60

Table 8.3 D-STATCOM parameters for different source voltage

2% 652 +58.644 0.1474 2084 6532 +48.214 0.1793 2453
2 6.532 +40.366 0.2141 2054 6.532 +29.935 0.2887 1523
2 65 +22,032 0.3923 1121 6532 +11.602 0.7450 500
2 652 +3.6260 23837 184 6532 -6.805 1.2700 346
D esa -14.879 0.5808 757 6532 -25310 0.3415 1268
i esa 33522 0.2578 1706 6532 43953 0.1966 2236
15 653 52368 0.1650 2664 6532 62799 0.1376 3195
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Table8.4 D-STATCOM parameters for different load power

15346
2,074 6.532 +5527 15636 281 6.532 +0312 27.7170 16
4.148 6.532 +3626 2.3837 184 6.532 -6.805 1.2700 46
6.221 6.532 +1190 7.2634 061 6.532 14,456 0.5078 735
8.295 6.532 -1.803 47931 092 6.532 22664 0.3813 1153
10536 6.532 5,383 1.6054 274 6.532 -31.460 0.2747 1600
1244 6.532 -0.5%0 0.9012 488 6.532 -40.882 0.2114 2080
14652 6.532 14473 0.5972 736 6.532 -50.980 0.1695 2504
1659 6.532 20008 0.4300 1023 6.532 61820 0.1398 3145

o

In this section, the ssmulation results of the D-STATCOM with the proposed
controller design were presented in two cases:. (i) voltage regulation when the
distribution system with the R loads and (ii) voltage regulation when the distribution

system with the RL loads.

8.2.1 Voltage Regulation when the Distribution System with the R L oad

According to the current control and DC voltage control strategy
described in Chapter 6, the decoupling current control based on GAs and the DC
voltage control based on SO are used in this section. The parameters of the current
and DC voltage control are shown in Table 8.5. Meanwhile, the AC voltage control
with the classical loop shaping method that described in Chapter 7 is used for the R
load. The AC voltage controller parameters and the stability margins for the R load
with various operating conditions, each corresponding to a different value of source

voltage (that means corresponding to adifferent i, ) are presented in Table 8.6.
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Table 8.5 Current and DC voltage controller parameters

Kpigand Kpiq 26,709.6
T,qand Tiiq 3.7

K ovee 1,250
e 0.0016

Table 8.6 AC voltage controller for the distribution system with the R load

28.82

27.59

26.40

25.19

23.98

22,77

21.56

20.35

19.14

17.93

16.81

15.62

14.41

0.0014s+1
0.0014s

0.0014s+1
0.0014s

0.0014s+1
0.0014s

|
|
|
0.063 0.0014s+ l]
|
=%

0.042(

0.049(

0.056

0.0014s
0.0014s+1

0.0014s
0.0001s+1

0.070

0.002

0.00001s )

0.00001s + 1
( 0.00001s ]
0.00001s+1
( 0.00001s j
0.00001s+1
( 0.00001s j
0.00001s+1
( 0.00001s j
0.00001s+1
( 0.00001s j

1

0.00001s+1

1

0.00001s+1

1

0.00001s+1

1

0.00001s+1

1

0.00001s+1

1

0.0013s+1
1

0.0013s+1
1

0.0016s+1
1

0.0020s+1
1

0.0024s+1
1

0.0027s+1
1

0.0027s+1
1

0.0027s+1

10.92

11.46

12.35

14.17

17.00

13.16

7.56

6.16

5.84

6.13

6.44

5.02

5.16

51.10

51.18

51.78

53.94

61.57

64.19

60.41

57.90

55.76

55.24

56.44

54.00

58.04

The controllers that are designed in each source voltage operation

points i.e. 28.82, 26.40 and 23.93 kV (i, =+600, +400 and +200A) for the load

voltage regulation in case of the source voltage variations between 28.82 and 23.98
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kV are demonstrated and compared as shown in Figure 8.5. As can be seen in this
Figure, the controller that is designed in case of the source voltage as 23.93 kV (i, =
+200A) cannot be used for the source voltage as 28.82 kV (i, =+600A) and the
controller that is designed in case of the source voltage as 26.40 kV (i, =+400A)

gives the high overshoot and oscillation response in some case. Whilst, the controller

that is designed in case of the source voltage as 28.82 kV (i, =+600A) can be used

for al cases and gives a good dynamic response.
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Figure 8.5 Comparison the controller in case of the source voltage variations between

28.82 and 23.98 kV
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Similarly, the controllers that are designed in each source voltage

operation pointsi.e. 21.56, 19.14, 16.18 and 14.41 kV (i, =0, -200, -400 and -600A)

for the load voltage regulation in case of the source voltage variations between 21.56
and 14.41 kV are demonstrated and compared as shown in Figure 8.6. As can be seen
in this Figure, the controller that is designed in case of the source voltage as 14.41 kV

(iq =-600A) can be used for all cases and gives a good dynamic response.
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Figure 8.6 Comparison the controller in case of the source voltage variations between

21.56 and 14.41 kV

Therefore, the parameters of Pl controller and the compensator when

the source voltage of 28.82 kV are used in case of the source voltage variations
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between 28.82 and 23.98 kV (i.e. iy, varies between +600 and +200 A). Whilst, the

parameters of Pl controller and the compensator when the source voltage of 14.41 kv

are used in case of the source voltage variations between 22.77 and 14.41 kV (i.e. iy,

varies between +100 and -600 A).

In this case, the system is simulated for time varying source voltage
conditions. The dash lines of figure 8.7(a) shows the load voltage of the system
without D-STATCOM when the source voltage is varied. As may be seen, the load
voltage corresponds to five different source voltage conditions: source voltage of
23.98 kV from t = 0.00 to 0.05 second; source voltage of 27.59 kV from t = 0.05 to
0.15 second; source voltage at 25.19 kV from t = 0.15 to 0.25 second; source voltage
of 28.82 kV from t = 0.25 to 0.35 second; and source voltage of 23.98 kV from t =
0.35 to 0.40 second. Meanwhile, the solid line of figure 8.7(a) shows the load voltage
of the system with D-STATCOM when the source voltage is varied. It can be
observed from this figure that the D-STATCOM with proposed control design can be
regulated the load voltage at the desired value. The load voltage took approximately
0.01 seconds to settle in each source voltage. It can be seen in figure 8.7(b) that the
load voltage waveform reaches the desired value within a haft cycle.

Figure 8.8 presents the currents, DC voltage and power of the D-
STATCOM for the system with R load when the source voltage is varied between

28.82 and 23.98 kV. As may be seen in figure 8.8(a), that the reactive currents (i, )

are +200, +500, +300, +600 and +200 A to compensate the load voltage swell when
the source voltages are 23.98, 27.59, 25.19, 28.82 and 23.98 kV, respectively. Whilst,

the active current (i) very smal change when the D-STATCOM compensate the
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load voltage. These correspond to the reactive and active powers of the D-STATCOM
as shown in Figure 8.8(b). The reactive powers are -4.4, -10.1, -6.6, -13.2 and -4.4
MVar to compensate the load voltage swell when the source voltages are 23.98,
27.59, 25.19, 28.82 and 23.98 kV, respectively. Meanwhile, the active power very
small change in positive when the D-STATCOM compensation the load voltage. This
means that the D-STATCOM consumes active power to regulate the DC voltage at
the constant value as can be seen in figure 8.8(c). As seen in this figure, the DC

voltage is always regulated at 6.6 KV for all of source voltages.
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Figure 8.7 Load voltage of the system with the R load which the source voltage

varying between 28.82 and 23.98 kV
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the R load which the source voltage varying between 28.82 and 23.98 kV

In case of the source voltage varying between 22.77 and 14.41 kV, the
load voltage of the system with the R load is shown in Figure 8.9. The dashes line of
Figure 8.9(a) shows the load voltage of the system without D-STATCOM when the

source voltage is varied. As seen in this Figure, the load voltage corresponds to five
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different source voltage conditions. source voltage of 21.56 kV from t = 0.00 to 0.05
second; source voltage of 17.93 kV from t = 0.05 to 0.15 second; source voltage at
22.77 kV from t = 0.15 to 0.25 second; source voltage of 14.41 kV from t = 0.25 to
0.35 second; and source voltage of 21.56 kV from t = 0.35 to 0.40 second. Whilst, the
solid line of Figure 8.9(a) shows the load voltage of the system with D-STATCOM.
As can be observed from this Figure that the D-STATCOM with proposed control
design can be regulated the load voltage at the desired value. The load voltage took
approximately 0.02 seconds to settle in each source voltage. As can be seen in Figure

8.9(b), the load voltage reaches the desired value within one cycle.
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14.41 kV

Figure 8.10 presents the currents, DC voltage and power of the D-
STATCOM for the system with the R load when the source voltage is varied between

22.77 and 14.41 kV. As may be seen in Figure 8.10(a), that the reactive currents (i, )
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are about 0, -300, +100, -600 and 0 A to compensate the load voltage swell when the
source voltages are 21.56, 17.93, 22.77, 14.41 and 21.56 kV, respectively. Whilst, the

active current (i) very small changes when the D-STATCOM compensate the load

voltage. These correspond to the reactive and active powers of the D-STATCOM as
shown in Figure 8.10(b). The reactive powers are of 0.0, +6.6, +2.2, +13.2 and 0.0
MVar to compensate the load voltage when the source voltages are 21.56, 17.93,
22.77, 14.41 and 21.56 kV, respectively. Meanwhile, the active power very small
changes in positive when the D-STATCOM compensating the load voltage. So, the
D-STATCOM consumes active power to regulate the DC voltage at the constant
value. Furthermore, the D-STATCOM aways consumes active power no matter how
much it absorbs or generates reactive power. As can be seen in figure 8.10(c), the DC
voltage is always regulated at 6.6 KV for all of source voltages.

In addition, the application of the D-STATCOM for load voltage
regulation when varying the load is demonstrated in this section. The load powers are
shown in Figure 8.11. As seen in this Figure, the active powers are 0. 415 MW (0.1
pu.) from t = 0.00 to 0.05 second, 4.15 MW (1.0 pu.) from t = 0.05 to 0.15 second,
8.30 MW (2.0 pu.) from t = 0.15 to 0.25 second, 12.45 MW (3.0 pu.) fromt = 0.25 to
0.35 second, 16.60 MW (4.0 pu.) from t = 0.35 to 0.45 second and come back to 4.15
MW (1.0 pu.) from t = 0.45 to 0.50 second, while the reactive power is not changed in
this case. The load voltage of the system without the D-STATCOM is shown as the
dash line in Figure 8.12. Meanwhile, the solid line presents the load voltage of system
with D-STATCOM. As seen in this Figure, the D-STATCOM with the proposed
control in case of source voltage variations can be used in case of load varied as well.

The powers of the D-STATCOM to compensate the load voltage are shown in Figure
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8.13. In this Figure, the reactive powers are -1.47, -0.80, +0.40, +2.11, +4.42 and -
0.80 MVar when the load powers are 0.415, 4.15, 8.30, 12.45, 16.60 and 4.15 MW,

respectively, while the active power very small changein this case.
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8.2.2 Voltage Regulation when the Distribution System with the RL Load

In this case, the current control and DC voltage control with the

parameters similar to case i as shown in Table 8.5 are used. Meanwhile, the AC
voltage control with the classical loop shaping method that described in chapter 7 is
used. The AC voltage controller parameters and the stability margins for RL load with
various operating conditions, each corresponding to a different value of source

voltage (that means corresponding to adifferent i, ) are presented in Table 8.7.

In Figure 8.14, the controllers that are designed in each source voltage

operation pointsi.e. 30.14, 27.72 and 25.30 kV (i, =+600, +400 and +200A) for the

load voltage regulation in case of the source voltage variations between 30.14 and
25.30 kV are demonstrated and compared. As can be seen in this Figure, the

controllers that are designed in case of the source voltage as 25.30 kV (i, =+200A)

and 27.72 kV (i, =+400A) give the high overshoot and oscillation response in some
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case. Whilst, the controller that is designed in case of the source voltage as 30.14 kV

(iq =+600A) can be used for all cases and gives a good dynamic response.
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Figure 8.14 Comparison the controller in case of the source voltage variations

between 30.14 and 25.30 kV

Similarly, the controllers that are designed in each source voltage

operation pointsi.e. 22.77, 20.35, 18.04 and 15.71 kV (i, =0, -200, -400 and -600A)

for the load voltage regulation in case of the source voltage variations between 22.77
and 15.71 kV are demonstrated and compared as shown in Figure 8.15. As can be seen
in this Figure, the controllers that are designed in case of the source voltage as 15.71

KV (i, =-600A) and 18.04 kV (i, =-400A) can be used for al cases and give a good

dynamic response.
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However, the parameters of Pl controller and the compensator when
the source voltage of 30.14 kV are selected in case of the source voltage variations

between 30.14 and 25.30 kV (i.e. i, varies between +600 and +200 A). Whilst, the

parameters of Pl controller and the compensator when the source voltage of 15.71 kV
are selected in case of the source voltage variations between 24.09 and 15.71 kV (i.e.

iqvaries between +100 and -600 A). In addition, the notch compensator (i.e.

2 2
0.0009%°s” +0.00014s+1) 5 ysed in the case of the source voltage variations between
0.00096°s? +0.00192s +1

24.09 and 15.71 kV. This compensator is applied in order to mitigate the effect of

resonance of the system.



Table 8.7 AC voltage controller for the distribution system with the RL load
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55.63

5451

51.43

50.39

51.87

63.28

60.88

60.00

58.45

59.48

57.33

59.71

56.62

In this case, the system is simulated for time varying source voltage

conditions. The dashes line of Figure 8.16(a) shows the load voltage of the system

without D-STATCOM when the source voltage is varied. It can be seen that the load

voltage corresponds to five different source voltage conditions: source voltage of

25.30 kV from t = 0.00 to 0.05 second; source voltage of 28.82 kV from t = 0.05 to

0.15 second; source voltage at 26.47 kV from t = 0.15 to 0.25 second; source voltage

of 30.14 kV from t = 0.25 to 0.35 second; and source voltage of 25.30 kV from t =

0.35 to 0.40 second. Meanwhile, the solid line of Figure 8.16(a) presents the load
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voltage of the system with D-STATCOM when the source voltage is varied. It can be
observed from this Figure, the D-STATCOM with proposed control design can be
regulated the load voltage at the desired value. The load voltage took approximately
0.01 seconds to settle in each source voltage. It can be seen in Figure 8.16(b) that the

load voltage waveform reaches the desired value within a haft cycle.
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Figure 8.16 Load voltage of the system with the RL load which the source voltage

varying between 28.82 and 23.98 kV
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Figure 8.17 Currents, DC voltage and power of the D-STATCOM for the system
with the RL load which the source voltage varying between 28.82 and

23.98 kV

Figure 8.17 presents the currents, DC voltage and power of the D-
STATCOM for the system with the RL load when the source voltage is varied

between 28.82 and 23.98 kV. As may be seen in Figure 8.17(a), that the reactive
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currents (i, ) are +200, +500, +300, +600 and +200 A to compensate the load voltage

when the source voltages are 25.30, 28.82, 26.47, 30.14 and 25.30 kV, respectively.

Whilst, the active current (i) very small change when the D-STATCOM

compensate the load voltage. These correspond to the reactive and active powers of
the D-STATCOM as shown in Figure 8.17(b). The reactive powers are -4.4, -10.1, -
6.6, -13.2 and -4.4 MVar to compensate the load voltage when the source voltages are
25.30, 28.82, 26.47, 30.14 and 25.30 kV, respectively. Meanwhile, the active power is
very small changed in positive when the D-STATCOM compensates the |oad voltage.
This means that the D-STATCOM consumes active power to regulate the DC voltage
at the constant value as can be seen in Figure 8.17(c). As seen in this Figure, the DC
voltage is always regulated at 6.6 KV for all of source voltages.

In case of the source voltage variations between 24.09 and 15.71 kV,
the load voltage of the system with the RL load is shown in Figure 8.18. The dash line
of Figure 8.18(a) presents the load voltage of the system without D-STATCOM when
the source voltage is varied. As seen in this Figure, the load voltage corresponds to
five different source voltage conditions: source voltage of 22.77 kV from t = 0.00 to
0.05 second; source voltage of 15.71 kV from t = 0.05 to 0.15 second; source voltage
at 20.35 kV from t = 0.15 to 0.25 second; source voltage of 24.09 kV from t = 0.25 to
0.35 second; and source voltage of 22.77 KV from t = 0.35 to 0.40 second. Whilgt, the
solid line of Figure 8.18(a) shows the load voltage of the system with D-STATCOM.
As can be observed from this Figure that the D-STATCOM with proposed control
design can be regulated the load voltage at the desired value. The load voltage took
approximately 0.02 seconds to settle in each source voltage. As can be seen in Figure

8.18(b), the load voltage reaches the desired value within one cycle.
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Figure 8.18 Load voltage of the system with the RL load which the source voltage

varying between 22.77 and 14.41 kV

Figure 8.19 presents the currents, DC voltage and power of the D-
STATCOM for the system with the RL load when the source voltage is varied
between 24.09 and 15.71 kV. As may be seen in Figure 8.19(a), that the reactive

currents (i, ) are about 0, -600, -200, +100 and O A to compensate the load voltage

swell when the source voltages are 22.77, 15.71, 20.35, 24.09 and 22.77 kV,

respectively. Whilst, the active current (i) very small changes when the D-

STATCOM compensate the load voltage. These correspond to the reactive and active
powers of the D-STATCOM as shown in Figure 8.19(b). The reactive powers are of
0.0, +13.2, +4.4, -2.2 and 0.0 MVar to compensate the load voltage when the source

voltages are 22.77, 15.71, 20.35, 24.09 and 22.77 KV, respectively. Meanwhile, the
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active power is very small changed in positive when the D-STATCOM compensates
the load voltage. So, the D-STATCOM consumes active power to regulate the DC
voltage at the constant value. Furthermore, the D-STATCOM aways consumes
active power no matter how much it absorbs or generates reactive power. As can be
seen in Figure 8.19(c), the DC voltage is always regulated at 6.6 kV for all of source

voltages.
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Figure 8.19 Currents, DC voltage and power of the D-STATCOM for the system
with the RL load which the source voltage varying between 22.77 and

14.41 kv
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In addition, the application of the D-STATCOM for load voltage
regulation which loads varying is demonstrated in this section. The load powers are
shown in Figure 8.20. As seen in this figure, the active powers are 0. 415 MW (0.1
pu.) from t = 0.00 to 0.05 second, 4.15 MW (1.0 pu.) from t = 0.05 to 0.15 second,
8.30 MW (2.0 pu.) from t = 0.15 to 0.25 second, 12.45 MW (3.0 pu.) fromt = 0.25 to
0.35 second, 16.60 MW (4.0 pu.) from t = 0.35 to 0.45 second and come back to 4.15
MW (1.0 pu.) from t = 0.45 to 0.50 second which the constant load power factor at
0.875 in this case. The load voltage of the system without the D-STATCOM is shown
as the dash line in Figure 8.21. Meanwhile, the solid line presents the load voltage of
the system with D-STATCOM. As seen in this Figure, the D-STATCOM with the
proposed control in case of source voltage variations can be used in case of load
variations as well. The powers of the D-STATCOM to compensate the load voltage
are shown in Figure 8.22. In this Figure, the reactive powers are -1.24, +1.50, +4.99,
+9.00, +13.60 and +1.50 MVar when the load powers are 0.415, 4.15, 8.30, 12.45,
16.60 and 4.15 MW, respectively, while the active power very small change in this

case.
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Figure 8.20 Load varying when the system with the RL load
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8.3 Application of the D-STATCOM for the System with the

Distributed Generator

In this section, the D-STATCOM with the proposed control has been tested
for the performance in regulating of the load voltage in case of the system including
the distributed generator (DG). The configuration of the system including the DG and
D-STATCOM is modeled using the MATLAB/SIMULINK software package as
shown in Figure 8.23. The parameters of the system and D-STATCOM in section 8.2
are used in this section. The modeling and simulations of the D-STATCOM have
been carried out in two different cases. the system with a synchronous generator (SG)

and the system with an induction generator (1G).

=] | |
L M f
|
T
R
L ||

Figure 8.23 MATLAB/SIMULINK model for the system with the DG and

D-STATCOM



252

8.3.1 Distribution System with the Synchronous Generator (SG)

In this section, the standard per unit salient-pole synchronous machine
model 12 (400 V, 50 Hz, 2,000 kVA and 1500 rpm) with an excitation system in
MATLAB/SIMULINK is used. The parameters of the synchronous generator are
shown in Table 8.8. Meanwhile, an IEEE type 1 synchronous machine voltage
regulator combined to an exciter is used as the excitation system in this case. The
excitation system configuration modeled in MATLAB/SIMULINK is shown in

Figure 8.24 while the parameters of excitation system are shown in Table 8.9.

Table 8.8 Parameters of the synchronous generator

d-axis synchronous reactance ( X ), transient reactance ( X& ) and
2.11,0.17 and 0.13 pu

subtransient reactance ( Xy )

g-axis synchronous reactance ( Xq ), subtransient reactance
) 1.56, 0.23 and 0.05 pu
(Xg) and leakage reactance ( X )

d axis transient and subtransient short-circuit time constant
(Tyq and T§') and g-axis subtransient short-circuit time constant ( 0.33,0.03 and 0.03 pu

n
Tq )
stator resistance (R;) 0.03 pu
- S . . 0.3072 (sec.),
coefficient of inertia (H), friction factor (F) and pole pairs (p) 0 00987( (pug and 2 pairs
Vfré@
Vio L
v e Ka E'#
d H
< =7 1 > Ts+1 Ka
Vo - | TS > Tps+1 Tos+l o B T 1K nO)
Posit{}/elSequence L(;:vy] Pass > CLvsad Lag RMa{n ff/ St Re Vi
t 1 t t i
v, a@ oltage ilter ompensator egulator g Exciter
Ks
Tes+1 |
Damping

Figure 8.24 Excitation system configurations
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Table 8.9 Parameters of the excitation system

Low-pass filter time constant (T, ) 20e-3 (sec.)
Regulator gain and time constant ( K, and T,) 400 and 0.001 (sec.)
Exciter gain and time constant (K and T) 1 and 0.0 (sec.)
Transient gain reduction time constants (T, and T) 1and 1 (sec.)
Damping filter gain and time constant (K ; and T; ) 0.003 and 1 (sec.)

Regulator output gain Limitsand gain (E¢ iy, B p and Kj) - -6.0, 6.0 (pu) and 0

To investigate the performance of D-STATCOM with the proposed
control in regulating of the load voltage in case of the system including the
synchronous generator, the source voltage sag at 15.71 KV is applied to the system
with the RL load at t = 0.05 second. The AC voltage controller and compensator for
RL load in section 8.2 are used in this case. The load voltages when the system with
and without D-STATCOM are presented in Figure 8.25. Without the D-STATCOM
for dynamic reactive compensation, the source voltage sag results in the load voltage
sag. Then the generator generates high reactive power to the system while the active
power of the generator cannot reach the set value during the source voltage sag as can
be seen in Figure 8.26. As a result, the synchronous generator may be disconnected
from the power grid. However, when using the D-STATCOM with the proposed
control, the load voltage can be regulated at the desired value. The load voltage took
approximately 0.02 seconds to settle. In this case, the generator generates small
increased reactive power to the system while the active power of the generator can

reach the set value during the source voltage sag.
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Figure 8.27 Rotor speed of the synchronous generator when source voltage sag

Figure 8.27 presents the rotor speed of synchronous generator when the
source voltage sags. As can be seen in this figure, the rotor speed of the system with
the D-STATCOM has a high frequency oscillation. However, the system with the D-
STATCOM results faster settles in rotor speed variation. Meanwhile, Figure 8.28

shows the active and reactive powers of the D-STATCOM in order to compensate the

load voltage in this case.
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Figure 8.28 Active and reactive powers of the D-STATCOM for the load voltage

regulation in case of the system with the synchronous generator
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8.3.2 Distribution System with the Induction Generator (wind IG)

In this case, the D-STATCOM applies to the load voltage regulation of
the system including the induction generator with fixed-speed wind turbines (FSWTS)
is investigated. The squirrel-cage induction generator (SCIG) is used in this section
and its parameters are shown in Table 8.10. Meanwhile, the characteristics of the
fixed-speed wind turbines are shown in Figure 8.29. To investigate the performance
of D-STATCOM with the proposed control in regulating of the load voltage in case of
the system including the induction generator with fixed-speed wind turbines, the
source voltage sag at 15.71 kV is applied to the system with the RL load at t = 0.05
second. Whilst, the wind speed assume to be constant at 10 m / second during the
entire test. The AC voltage controller and compensator for RL load in section 8.2 are
used in this case. The load voltages when the system with and without D-STATCOM
are presented in Figure 8.30. Without the D-STATCOM for dynamic reactive
compensation, the source voltage sag results in the load voltage sag. The active and
reactive powers of the generator oscillate in a transient state as can be seen in Figure
8.31. However, they can be settled within 0.15 seconds. In addition, the generator can
be generated the active power nearly the set value which absorbing the small
decreased reactive power. As a result, the induction generator with fixed-speed wind
turbines can be connected to the power grid during the source voltage sag when the
system without the D-STATCOM. However, the rotor speed of the generator is
increased in this case as can be seen in Figure 8.32.

When using the D-STATCOM with the proposed control, the load
voltage can be regulated at the desired value. The load voltage took approximately

0.02 seconds to settle. The powers of the D-STATCOM in order to compensate the
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load voltage are shown in Figure 8.33. Similar to the case of without the D-
STATCOM, the active and reactive powers of the generator oscillate in a transient
state and they can be settled within 0.15 seconds. However, in this case, the generator
can be generated the active power at the set value which absorbing the same reactive
power. Furthermore, the rotor speed of the generator can be regulated at the same
value in this case. As aresult, the induction generator with fixed-speed wind turbines

can be connected to the power grid during the source voltage sag as well.

Table 8.10 Parameters of the induction generator

Stator resistance and leakage inductance (R;and L) 0.016 and 0.06 (pu)

Rotor resistance and leakage inductance (R and L, ) 0.015 and 0.06 (pu)
Magnetizing inductance ( L) 3.5 (pu)

Coefficient of inertia (H), friction factor (F) and pole pairs (p) 2 (sec.), 0 (pu) and 2 (pairs)

Wind turbine characteristics
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o
0

g
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Figure 8.29 Characteristics of the fixed-speed wind turbines
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84 Summary

This chapter presents the application of the D-STATCOM with the proposed
design control technique for load voltage regulation. The decoupling current control

of the D-STATCOM with the parameters tuning based on the genetic algorithm
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(CC-GA) and the DC voltage control with an elimination term of u,i,, based on the

symmetrical optimum method (DCVC-SO) are used. Meanwhile, the AC voltage
control based on the classical loop shaping is applied to many cases. In this chapter a
simplified 22 kV, 2 bus test power system is employed for the simulation. The
application of D-STATCOM for load voltage regulation of the distribution system
with the R and RL loads is discussed. In addition, the D-STATCOM is applied to the
system including with the distribution generator are presented.

For the load voltage regulation when the distribution system with the R loads,
the load voltage regulations in case of the source voltage variations between 28.82

and 23.98 kV (i ¢, varies between +600 and +200 A) and the source voltage variations
between 14.41 and 22.77 kV (i, varies between +100 and -600 A) are illustrated. In

addition, the load voltage regulation when the loads vary is demonstrated. The load
power is varied between 0.415 MW (0.1 pu.) to 16.60 MW (4.0 pu.) while the reactive
power is not changed in this case.

For the load voltage regulation when the distribution system with the RL
loads, the load voltage regulations in case of the source voltage variations between

30.14 and 25.30 kV (i, varies between +600 and +200 A) and the source voltage
variations between 15.71 and 24.09 kV (i, varies between +100 and -600 A) are

illustrated. In addition, the load voltage regulation when the loads vary is
demonstrated. The load power is varied between 0.415 MW (0.1 pu.) to 16.60 MW
(4.0 pu.) which the constant load power factor at 0.875.

As the results, the D-STATCOM with proposed control design can be

regulated the load voltage at the desired value. Furthermore, the D-STATCOM with
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the proposed control in case of source voltage variations can be used in case of load

varied as well. However, the controller designed in case of i, varies between +600
and +200 A cannot usein case of i, varies between +100 and -600 A, and vice versa.

In the application of the D-STATCOM for the system including the distributed
generator, the simulations of the D-STATCOM with two different cases: the system
with a synchronous generator (SG) and the system with an induction generator (1G)
are presented. From the results, the D-STATCOM with the proposed control can be
regulated the load voltage at the desired value. The load voltage took approximately
0.02 seconds to settle. Furthermore, the generator can be connected to the power grid
and the active power of the generator can reach the set value during the source voltage

sag in both cases.



CHAPTER VIII
APPLICATION OF D-STATCOM FOR LOAD VOLTAGE

REGULATION

This chapter presents the application of the D-STATCOM with the proposed
design control technique for load voltage regulation. The D-STATCOM systems
usually consists of a voltage source converter (VSC) which dynamically injects a
current of desired amplitude, frequency and phase into the grid line in order to
mitigate sags at the point of common coupling (PCC). The decoupling current control
of the D-STATCOM with the parameters tuning based on the genetic algorithm (CC-

GA) and the DC voltage control with an elimination term of u,i, based on the

symmetrical optimum method (DCVC-SO) are used. Meanwhile, the AC voltage
control based on the classical |oop shaping is applied to many cases in this chapter. In
this chapter a simplified 22-kV, 2-bus test power system is employed for the
simulation. The remainder of this chapter is organized as follows. The next section
presents a brief review of the D-STATCOM system. The applications of D-
STATCOM for load voltage regulation of the distribution system with the R and RL
loads are discussed in Section 8.2. In Section 8.3, the applications of the D-
STATCOM in the distribution system with the distributed generators are presented. A

summary of this chapter is presented in Section 8.4.
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8.1 Brief Review of the D-STATCOM for Voltage Regulation

Recently, the distribution static synchronous compensator (D-STATCOM) has
been introduced to distribution systems to manage the system reactive power and
regulate the voltage at the point of common coupling. A D-STATCOM usually
consists of a shunt connected voltage source converter (VSC). The benefits of using a
VSC are sinusoida currents, high current bandwidth, and controllable reactive power
to regulate the bus voltage level. A system with these characteristics can be used to
inject a controllable current into the system. By injecting a popper current into the
system, a shunt connected VSC can boost the voltages at that point during a voltage
sags. The configuration of the D-STATCOM with the proposed control that connected
to the distribution system for regulating the load voltage is illustrated in Figure 8.1.

The D-STATCOM consists of a three-phase voltage source converter (VSC), a DC-
side capacitor C, with paralel resistanceR,.. The resistance R, represents losses in
the converter. Two kinds of losses are of interest in such the converter configurations
which are conduction losses and switching losses. The losses are both in the diodes
and in the switches such as IGBT and MOSFET (Blaabjerg et a., 1996). An

inductanceL ; and the resistance R; represent the inductance and resistance of the
AC-side of the converter. A shunt filter capacitor with capacitance C; is added to the

AC-side of the voltage source converter that forms a LC filter. This filter helps in
effectively filtering out the switching ripple in the output voltage waveform. The
distribution system is represented by using an ideal voltage source and impedance.

This impedance consists of an inductance L and a resistance R which characterizes

the transformer and power line respectively. The analysis and design of the D-
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STATCOM controller are conducted in the rotating reference frame which is
synchronized to the voltage vector at the PCC. As explained earlier in previous, the
D-STATCOM mitigates the voltage sags by dynamically injecting a current of desired
amplitude and phase angle into the system. A schematic diagram of the D-STATCOM

with the proposed control is presented in Figure 6.1. The current control in Figure 6.1

force the converter currents i and i, to follow the command currents ifyand i,
respectively. The command it to the d-axis current loop is obtained by the DC

voltage controller while the command i’;q is obtained from the AC voltage controller.

The purpose of the outer loop DC voltage controller is to regulate the DC voltage to a
required level. The current controller and DC voltage controller design for this D-
STATCOM are similar to the controller design presented in the Chapter 6, since they
have the same structure and serve the same purpose. Meanwhile, the AC voltage

controller design and parameters are explained in the Chapter 7.
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Figure 8.2 Modified PLL block diagram

In addition, the basic PLL block diagram in Figure 2.14 is modified in this

chapter that can be seen in Figure 8.2. Since using the modified PLL, v, =0 for any

times and v, represents the instantaneous magnitude of the phase voltages, while i,

denotes the instantaneous reactive current supplied by the D-STATCOM and is the

control input to the system for the load voltage regulation.

8.2 Maodeling and Smulation Results of the D-STATCOM for

L oad Voltage Regulation

In this section, the simulation results for the D-STATCOM with the proposed
controller design will be presented. The configuration of the D-STATCOM system
with the proposed controller designed for load voltage regulation that shown in Figure
8.1 ismodeled using the MATLAB/SIMULINK software package. The model utilizes
SIMULINK control and SimPower Blocks areillustrated in Figure 8.3 and Figure 8.4.
In Figure 8.3, the D-STATCOM s connected with the system though the 22/2.2 kV

(Y/Y) transformer. Figure 8.4 presents the model of the D-STATCOM controller. The
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system data used are taken from the simplification network of a 166 buses

Nakhonrachasima, Thailand at bus 99. The system parameters are

V (L-L rms) =22KkV L,  =38.666mH

R =1.45640 o, =100z rads*

R = 116.68Q L,  =0.00mH (for R load)
And R =89.346Q L,  =157.35mH (for RL load)

According to the steady state anaysis of the distribution system with D-
STATCOM that discussed in the Chapter 3, the maximum load active power,

R desirea (Max) , and minimum source voltage, V (min)of the system with the given

parameters in the above are 34.85 MW and 4.93 kV, respectively. These correspond to
the reactive power of regulating the load voltage as 22 kV is about 37.50 MVar for R
load while 40.00 and 57.00 MVar for RL load with minimum source voltage and
maximum load active power, respectively. However, a +15MVA D-STATCOM is
selected for load voltage regulation in this system. This D-STATCOM can regulate
the load voltage as 22 kV when the source voltage is more than 15.40 kV (or 0.7 pu.).
In addition, it can be used to regulate the load voltage as 22 kV when the load active
power is less than 16.59 MW (or 4.0 pu.). The required reactive power for different
source voltage is given in Table 8.1. Meanwhile, the required reactive power for
different load power is given in Table 8.2. The parameters of the D-STATCOM that
corresponding to source voltage sags and load power variations are shown in Table
8.3 and Table 8.4, respectively. However, the parameters of the D-STATCOM at the

maximum required reactive power (13.82 MVar) are used in the section.
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Table 8.1 Required reactive power for different source voltage

28.60 (1.3 pu.) 12.90 10.61
26.40 (1.2 pu.) 8.88 6.59

24.20 (1.1 pu.) 4.85 255

22.00 (1.0 pu.) 0.80 -1.50
19.80 (0.9 pu.) -3.27 557
17.60 (0.8 pu.) -7.37 -9.67
15.40 (0.7 pu.) -11.52 -13.82

Table 8.2 Required reactive power for different load power

0.415 (0.1 pu.) 1.47 1.24
2.074 (0.5 pu.) 1.22 0.07
4.148 (1.0 pu.) 0.80 -1.50
6.221 (1.5 pu.) 0.26 -3.18
8.295 (2.0 pu.) -0.40 -4.99
10.369 (2.5 pu.) -1.18 -6.92
12.442 (3.0 pu.) 211 -9.00
14.520 (3.5 pu.) -3.18 -11.22
16.590 (4.0 pu.) -4.42 -13.60

Table 8.3 D-STATCOM parameters for different source voltage

2% 652 +58.644 0.1474 2084 6532 +48.214 0.1793 2453
2 6.532 +40.366 0.2141 2054 6.532 +29.935 0.2887 1523
2 65 +22,032 0.3923 1121 6532 +11.602 0.7450 500
2 652 +3.6260 23837 184 6532 -6.805 1.2700 346
D esa -14.879 0.5808 757 6532 -25310 0.3415 1268
i esa 33522 0.2578 1706 6532 43953 0.1966 2236
15 653 52368 0.1650 2664 6532 62799 0.1376 3195
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Table8.4 D-STATCOM parameters for different load power

15346
2,074 6.532 +5527 15636 281 6.532 +0312 27.7170 16
4.148 6.532 +3626 2.3837 184 6.532 -6.805 1.2700 46
6.221 6.532 +1190 7.2634 061 6.532 14,456 0.5078 735
8.295 6.532 -1.803 47931 092 6.532 22664 0.3813 1153
10536 6.532 5,383 1.6054 274 6.532 -31.460 0.2747 1600
1244 6.532 -0.5%0 0.9012 488 6.532 -40.882 0.2114 2080
14652 6.532 14473 0.5972 736 6.532 -50.980 0.1695 2504
1659 6.532 20008 0.4300 1023 6.532 61820 0.1398 3145

o

In this section, the ssmulation results of the D-STATCOM with the proposed
controller design were presented in two cases:. (i) voltage regulation when the
distribution system with the R loads and (ii) voltage regulation when the distribution

system with the RL loads.

8.2.1 Voltage Regulation when the Distribution System with the R L oad

According to the current control and DC voltage control strategy
described in Chapter 6, the decoupling current control based on GAs and the DC
voltage control based on SO are used in this section. The parameters of the current
and DC voltage control are shown in Table 8.5. Meanwhile, the AC voltage control
with the classical loop shaping method that described in Chapter 7 is used for the R
load. The AC voltage controller parameters and the stability margins for the R load
with various operating conditions, each corresponding to a different value of source

voltage (that means corresponding to adifferent i, ) are presented in Table 8.6.
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Table 8.5 Current and DC voltage controller parameters

Kpigand Kpiq 26,709.6
T,qand Tiiq 3.7

K ovee 1,250
e 0.0016

Table 8.6 AC voltage controller for the distribution system with the R load

28.82

27.59

26.40

25.19

23.98

22,77

21.56

20.35

19.14

17.93

16.81

15.62

14.41

0.0014s+1
0.0014s

0.0014s+1
0.0014s

0.0014s+1
0.0014s

|
|
|
0.063 0.0014s+ l]
|
=%

0.042(

0.049(

0.056

0.0014s
0.0014s+1

0.0014s
0.0001s+1

0.070

0.002

0.00001s )

0.00001s + 1
( 0.00001s ]
0.00001s+1
( 0.00001s j
0.00001s+1
( 0.00001s j
0.00001s+1
( 0.00001s j
0.00001s+1
( 0.00001s j

1

0.00001s+1

1

0.00001s+1

1

0.00001s+1

1

0.00001s+1

1

0.00001s+1

1

0.0013s+1
1

0.0013s+1
1

0.0016s+1
1

0.0020s+1
1

0.0024s+1
1

0.0027s+1
1

0.0027s+1
1

0.0027s+1

10.92

11.46

12.35

14.17

17.00

13.16

7.56

6.16

5.84

6.13

6.44

5.02

5.16

51.10

51.18

51.78

53.94

61.57

64.19

60.41

57.90

55.76

55.24

56.44

54.00

58.04

The controllers that are designed in each source voltage operation

points i.e. 28.82, 26.40 and 23.93 kV (i, =+600, +400 and +200A) for the load

voltage regulation in case of the source voltage variations between 28.82 and 23.98
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kV are demonstrated and compared as shown in Figure 8.5. As can be seen in this
Figure, the controller that is designed in case of the source voltage as 23.93 kV (i, =
+200A) cannot be used for the source voltage as 28.82 kV (i, =+600A) and the
controller that is designed in case of the source voltage as 26.40 kV (i, =+400A)

gives the high overshoot and oscillation response in some case. Whilst, the controller

that is designed in case of the source voltage as 28.82 kV (i, =+600A) can be used

for al cases and gives a good dynamic response.
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Figure 8.5 Comparison the controller in case of the source voltage variations between

28.82 and 23.98 kV
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Similarly, the controllers that are designed in each source voltage

operation pointsi.e. 21.56, 19.14, 16.18 and 14.41 kV (i, =0, -200, -400 and -600A)

for the load voltage regulation in case of the source voltage variations between 21.56
and 14.41 kV are demonstrated and compared as shown in Figure 8.6. As can be seen
in this Figure, the controller that is designed in case of the source voltage as 14.41 kV

(iq =-600A) can be used for all cases and gives a good dynamic response.
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Figure 8.6 Comparison the controller in case of the source voltage variations between

21.56 and 14.41 kV

Therefore, the parameters of Pl controller and the compensator when

the source voltage of 28.82 kV are used in case of the source voltage variations



233

between 28.82 and 23.98 kV (i.e. iy, varies between +600 and +200 A). Whilst, the

parameters of Pl controller and the compensator when the source voltage of 14.41 kv

are used in case of the source voltage variations between 22.77 and 14.41 kV (i.e. iy,

varies between +100 and -600 A).

In this case, the system is simulated for time varying source voltage
conditions. The dash lines of figure 8.7(a) shows the load voltage of the system
without D-STATCOM when the source voltage is varied. As may be seen, the load
voltage corresponds to five different source voltage conditions: source voltage of
23.98 kV from t = 0.00 to 0.05 second; source voltage of 27.59 kV from t = 0.05 to
0.15 second; source voltage at 25.19 kV from t = 0.15 to 0.25 second; source voltage
of 28.82 kV from t = 0.25 to 0.35 second; and source voltage of 23.98 kV from t =
0.35 to 0.40 second. Meanwhile, the solid line of figure 8.7(a) shows the load voltage
of the system with D-STATCOM when the source voltage is varied. It can be
observed from this figure that the D-STATCOM with proposed control design can be
regulated the load voltage at the desired value. The load voltage took approximately
0.01 seconds to settle in each source voltage. It can be seen in figure 8.7(b) that the
load voltage waveform reaches the desired value within a haft cycle.

Figure 8.8 presents the currents, DC voltage and power of the D-
STATCOM for the system with R load when the source voltage is varied between

28.82 and 23.98 kV. As may be seen in figure 8.8(a), that the reactive currents (i, )

are +200, +500, +300, +600 and +200 A to compensate the load voltage swell when
the source voltages are 23.98, 27.59, 25.19, 28.82 and 23.98 kV, respectively. Whilst,

the active current (i) very smal change when the D-STATCOM compensate the
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load voltage. These correspond to the reactive and active powers of the D-STATCOM
as shown in Figure 8.8(b). The reactive powers are -4.4, -10.1, -6.6, -13.2 and -4.4
MVar to compensate the load voltage swell when the source voltages are 23.98,
27.59, 25.19, 28.82 and 23.98 kV, respectively. Meanwhile, the active power very
small change in positive when the D-STATCOM compensation the load voltage. This
means that the D-STATCOM consumes active power to regulate the DC voltage at
the constant value as can be seen in figure 8.8(c). As seen in this figure, the DC

voltage is always regulated at 6.6 KV for all of source voltages.
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Figure 8.7 Load voltage of the system with the R load which the source voltage

varying between 28.82 and 23.98 kV
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Figure 8.8 Currents, DC voltage and power of the D-STATCOM for the system with

the R load which the source voltage varying between 28.82 and 23.98 kV

In case of the source voltage varying between 22.77 and 14.41 kV, the
load voltage of the system with the R load is shown in Figure 8.9. The dashes line of
Figure 8.9(a) shows the load voltage of the system without D-STATCOM when the

source voltage is varied. As seen in this Figure, the load voltage corresponds to five
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different source voltage conditions. source voltage of 21.56 kV from t = 0.00 to 0.05
second; source voltage of 17.93 kV from t = 0.05 to 0.15 second; source voltage at
22.77 kV from t = 0.15 to 0.25 second; source voltage of 14.41 kV from t = 0.25 to
0.35 second; and source voltage of 21.56 kV from t = 0.35 to 0.40 second. Whilst, the
solid line of Figure 8.9(a) shows the load voltage of the system with D-STATCOM.
As can be observed from this Figure that the D-STATCOM with proposed control
design can be regulated the load voltage at the desired value. The load voltage took
approximately 0.02 seconds to settle in each source voltage. As can be seen in Figure

8.9(b), the load voltage reaches the desired value within one cycle.
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Figure 8.10 Currents, DC voltage and power of the D-STATCOM for the system
with the R load which the source voltage varying between 22.77 and

14.41 kV

Figure 8.10 presents the currents, DC voltage and power of the D-
STATCOM for the system with the R load when the source voltage is varied between

22.77 and 14.41 kV. As may be seen in Figure 8.10(a), that the reactive currents (i, )
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are about 0, -300, +100, -600 and 0 A to compensate the load voltage swell when the
source voltages are 21.56, 17.93, 22.77, 14.41 and 21.56 kV, respectively. Whilst, the

active current (i) very small changes when the D-STATCOM compensate the load

voltage. These correspond to the reactive and active powers of the D-STATCOM as
shown in Figure 8.10(b). The reactive powers are of 0.0, +6.6, +2.2, +13.2 and 0.0
MVar to compensate the load voltage when the source voltages are 21.56, 17.93,
22.77, 14.41 and 21.56 kV, respectively. Meanwhile, the active power very small
changes in positive when the D-STATCOM compensating the load voltage. So, the
D-STATCOM consumes active power to regulate the DC voltage at the constant
value. Furthermore, the D-STATCOM aways consumes active power no matter how
much it absorbs or generates reactive power. As can be seen in figure 8.10(c), the DC
voltage is always regulated at 6.6 KV for all of source voltages.

In addition, the application of the D-STATCOM for load voltage
regulation when varying the load is demonstrated in this section. The load powers are
shown in Figure 8.11. As seen in this Figure, the active powers are 0. 415 MW (0.1
pu.) from t = 0.00 to 0.05 second, 4.15 MW (1.0 pu.) from t = 0.05 to 0.15 second,
8.30 MW (2.0 pu.) from t = 0.15 to 0.25 second, 12.45 MW (3.0 pu.) fromt = 0.25 to
0.35 second, 16.60 MW (4.0 pu.) from t = 0.35 to 0.45 second and come back to 4.15
MW (1.0 pu.) from t = 0.45 to 0.50 second, while the reactive power is not changed in
this case. The load voltage of the system without the D-STATCOM is shown as the
dash line in Figure 8.12. Meanwhile, the solid line presents the load voltage of system
with D-STATCOM. As seen in this Figure, the D-STATCOM with the proposed
control in case of source voltage variations can be used in case of load varied as well.

The powers of the D-STATCOM to compensate the load voltage are shown in Figure
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8.13. In this Figure, the reactive powers are -1.47, -0.80, +0.40, +2.11, +4.42 and -
0.80 MVar when the load powers are 0.415, 4.15, 8.30, 12.45, 16.60 and 4.15 MW,

respectively, while the active power very small changein this case.
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8.2.2 Voltage Regulation when the Distribution System with the RL Load

In this case, the current control and DC voltage control with the

parameters similar to case i as shown in Table 8.5 are used. Meanwhile, the AC
voltage control with the classical loop shaping method that described in chapter 7 is
used. The AC voltage controller parameters and the stability margins for RL load with
various operating conditions, each corresponding to a different value of source

voltage (that means corresponding to adifferent i, ) are presented in Table 8.7.

In Figure 8.14, the controllers that are designed in each source voltage

operation pointsi.e. 30.14, 27.72 and 25.30 kV (i, =+600, +400 and +200A) for the

load voltage regulation in case of the source voltage variations between 30.14 and
25.30 kV are demonstrated and compared. As can be seen in this Figure, the

controllers that are designed in case of the source voltage as 25.30 kV (i, =+200A)

and 27.72 kV (i, =+400A) give the high overshoot and oscillation response in some
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case. Whilst, the controller that is designed in case of the source voltage as 30.14 kV

(iq =+600A) can be used for all cases and gives a good dynamic response.
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Figure 8.14 Comparison the controller in case of the source voltage variations

between 30.14 and 25.30 kV

Similarly, the controllers that are designed in each source voltage

operation pointsi.e. 22.77, 20.35, 18.04 and 15.71 kV (i, =0, -200, -400 and -600A)

for the load voltage regulation in case of the source voltage variations between 22.77
and 15.71 kV are demonstrated and compared as shown in Figure 8.15. As can be seen
in this Figure, the controllers that are designed in case of the source voltage as 15.71

KV (i, =-600A) and 18.04 kV (i, =-400A) can be used for al cases and give a good

dynamic response.
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However, the parameters of Pl controller and the compensator when
the source voltage of 30.14 kV are selected in case of the source voltage variations

between 30.14 and 25.30 kV (i.e. i, varies between +600 and +200 A). Whilst, the

parameters of Pl controller and the compensator when the source voltage of 15.71 kV
are selected in case of the source voltage variations between 24.09 and 15.71 kV (i.e.

iqvaries between +100 and -600 A). In addition, the notch compensator (i.e.

2 2
0.0009%°s” +0.00014s+1) 5 ysed in the case of the source voltage variations between
0.00096°s? +0.00192s +1

24.09 and 15.71 kV. This compensator is applied in order to mitigate the effect of

resonance of the system.



Table 8.7 AC voltage controller for the distribution system with the RL load
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55.63

5451

51.43
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51.87

63.28

60.88

60.00

58.45

59.48

57.33

59.71

56.62

In this case, the system is simulated for time varying source voltage

conditions. The dashes line of Figure 8.16(a) shows the load voltage of the system

without D-STATCOM when the source voltage is varied. It can be seen that the load

voltage corresponds to five different source voltage conditions: source voltage of

25.30 kV from t = 0.00 to 0.05 second; source voltage of 28.82 kV from t = 0.05 to

0.15 second; source voltage at 26.47 kV from t = 0.15 to 0.25 second; source voltage

of 30.14 kV from t = 0.25 to 0.35 second; and source voltage of 25.30 kV from t =

0.35 to 0.40 second. Meanwhile, the solid line of Figure 8.16(a) presents the load
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voltage of the system with D-STATCOM when the source voltage is varied. It can be
observed from this Figure, the D-STATCOM with proposed control design can be
regulated the load voltage at the desired value. The load voltage took approximately
0.01 seconds to settle in each source voltage. It can be seen in Figure 8.16(b) that the

load voltage waveform reaches the desired value within a haft cycle.
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Figure 8.16 Load voltage of the system with the RL load which the source voltage

varying between 28.82 and 23.98 kV
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Figure 8.17 Currents, DC voltage and power of the D-STATCOM for the system
with the RL load which the source voltage varying between 28.82 and

23.98 kV

Figure 8.17 presents the currents, DC voltage and power of the D-
STATCOM for the system with the RL load when the source voltage is varied

between 28.82 and 23.98 kV. As may be seen in Figure 8.17(a), that the reactive
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currents (i, ) are +200, +500, +300, +600 and +200 A to compensate the load voltage

when the source voltages are 25.30, 28.82, 26.47, 30.14 and 25.30 kV, respectively.

Whilst, the active current (i) very small change when the D-STATCOM

compensate the load voltage. These correspond to the reactive and active powers of
the D-STATCOM as shown in Figure 8.17(b). The reactive powers are -4.4, -10.1, -
6.6, -13.2 and -4.4 MVar to compensate the load voltage when the source voltages are
25.30, 28.82, 26.47, 30.14 and 25.30 kV, respectively. Meanwhile, the active power is
very small changed in positive when the D-STATCOM compensates the |oad voltage.
This means that the D-STATCOM consumes active power to regulate the DC voltage
at the constant value as can be seen in Figure 8.17(c). As seen in this Figure, the DC
voltage is always regulated at 6.6 KV for all of source voltages.

In case of the source voltage variations between 24.09 and 15.71 kV,
the load voltage of the system with the RL load is shown in Figure 8.18. The dash line
of Figure 8.18(a) presents the load voltage of the system without D-STATCOM when
the source voltage is varied. As seen in this Figure, the load voltage corresponds to
five different source voltage conditions: source voltage of 22.77 kV from t = 0.00 to
0.05 second; source voltage of 15.71 kV from t = 0.05 to 0.15 second; source voltage
at 20.35 kV from t = 0.15 to 0.25 second; source voltage of 24.09 kV from t = 0.25 to
0.35 second; and source voltage of 22.77 KV from t = 0.35 to 0.40 second. Whilgt, the
solid line of Figure 8.18(a) shows the load voltage of the system with D-STATCOM.
As can be observed from this Figure that the D-STATCOM with proposed control
design can be regulated the load voltage at the desired value. The load voltage took
approximately 0.02 seconds to settle in each source voltage. As can be seen in Figure

8.18(b), the load voltage reaches the desired value within one cycle.



247

30 T T T T T T T
281 -
26| I : |
With D-:STATCOM
~
< 24 a |
= nipireraiemaacaaaa;
wn 22 AR A ™ {3 o,
E ¥y ) VV
€ 20 o T g : =
o Nt "
18| »t i
E—1 ]
S 16 Woes +- Without D-STATCOM: .
P LTI R DR R
141 ril] |
12+ -
10 I I I I I I I
(@)
30, T T T T T T T
20f A
10] {‘
<
X
g 0
i)
g
-10H]
20 -
30 I | | | | I I
0 0.05 0.1 0.15 02 0.25 03 0.35 04
Time (s)
(®)

Figure 8.18 Load voltage of the system with the RL load which the source voltage

varying between 22.77 and 14.41 kV

Figure 8.19 presents the currents, DC voltage and power of the D-
STATCOM for the system with the RL load when the source voltage is varied
between 24.09 and 15.71 kV. As may be seen in Figure 8.19(a), that the reactive

currents (i, ) are about 0, -600, -200, +100 and O A to compensate the load voltage

swell when the source voltages are 22.77, 15.71, 20.35, 24.09 and 22.77 kV,

respectively. Whilst, the active current (i) very small changes when the D-

STATCOM compensate the load voltage. These correspond to the reactive and active
powers of the D-STATCOM as shown in Figure 8.19(b). The reactive powers are of
0.0, +13.2, +4.4, -2.2 and 0.0 MVar to compensate the load voltage when the source

voltages are 22.77, 15.71, 20.35, 24.09 and 22.77 KV, respectively. Meanwhile, the
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active power is very small changed in positive when the D-STATCOM compensates
the load voltage. So, the D-STATCOM consumes active power to regulate the DC
voltage at the constant value. Furthermore, the D-STATCOM aways consumes
active power no matter how much it absorbs or generates reactive power. As can be
seen in Figure 8.19(c), the DC voltage is always regulated at 6.6 kV for all of source

voltages.
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Figure 8.19 Currents, DC voltage and power of the D-STATCOM for the system
with the RL load which the source voltage varying between 22.77 and

14.41 kv
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In addition, the application of the D-STATCOM for load voltage
regulation which loads varying is demonstrated in this section. The load powers are
shown in Figure 8.20. As seen in this figure, the active powers are 0. 415 MW (0.1
pu.) from t = 0.00 to 0.05 second, 4.15 MW (1.0 pu.) from t = 0.05 to 0.15 second,
8.30 MW (2.0 pu.) from t = 0.15 to 0.25 second, 12.45 MW (3.0 pu.) fromt = 0.25 to
0.35 second, 16.60 MW (4.0 pu.) from t = 0.35 to 0.45 second and come back to 4.15
MW (1.0 pu.) from t = 0.45 to 0.50 second which the constant load power factor at
0.875 in this case. The load voltage of the system without the D-STATCOM is shown
as the dash line in Figure 8.21. Meanwhile, the solid line presents the load voltage of
the system with D-STATCOM. As seen in this Figure, the D-STATCOM with the
proposed control in case of source voltage variations can be used in case of load
variations as well. The powers of the D-STATCOM to compensate the load voltage
are shown in Figure 8.22. In this Figure, the reactive powers are -1.24, +1.50, +4.99,
+9.00, +13.60 and +1.50 MVar when the load powers are 0.415, 4.15, 8.30, 12.45,
16.60 and 4.15 MW, respectively, while the active power very small change in this

case.
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Figure 8.20 Load varying when the system with the RL load
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8.3 Application of the D-STATCOM for the System with the

Distributed Generator

In this section, the D-STATCOM with the proposed control has been tested
for the performance in regulating of the load voltage in case of the system including
the distributed generator (DG). The configuration of the system including the DG and
D-STATCOM is modeled using the MATLAB/SIMULINK software package as
shown in Figure 8.23. The parameters of the system and D-STATCOM in section 8.2
are used in this section. The modeling and simulations of the D-STATCOM have
been carried out in two different cases. the system with a synchronous generator (SG)

and the system with an induction generator (1G).

=] | |
L M f
|
T
R
L ||

Figure 8.23 MATLAB/SIMULINK model for the system with the DG and

D-STATCOM
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8.3.1 Distribution System with the Synchronous Generator (SG)

In this section, the standard per unit salient-pole synchronous machine
model 12 (400 V, 50 Hz, 2,000 kVA and 1500 rpm) with an excitation system in
MATLAB/SIMULINK is used. The parameters of the synchronous generator are
shown in Table 8.8. Meanwhile, an IEEE type 1 synchronous machine voltage
regulator combined to an exciter is used as the excitation system in this case. The
excitation system configuration modeled in MATLAB/SIMULINK is shown in

Figure 8.24 while the parameters of excitation system are shown in Table 8.9.

Table 8.8 Parameters of the synchronous generator

d-axis synchronous reactance ( X ), transient reactance ( X& ) and
2.11,0.17 and 0.13 pu

subtransient reactance ( Xy )

g-axis synchronous reactance ( Xq ), subtransient reactance
) 1.56, 0.23 and 0.05 pu
(Xg) and leakage reactance ( X )

d axis transient and subtransient short-circuit time constant
(Tyq and T§') and g-axis subtransient short-circuit time constant ( 0.33,0.03 and 0.03 pu

n
Tq )
stator resistance (R;) 0.03 pu
- S . . 0.3072 (sec.),
coefficient of inertia (H), friction factor (F) and pole pairs (p) 0 00987( (pug and 2 pairs
Vfré@
Vio L
v e Ka E'#
d H
< =7 1 > Ts+1 Ka
Vo - | TS > Tps+1 Tos+l o B T 1K nO)
Posit{}/elSequence L(;:vy] Pass > CLvsad Lag RMa{n ff/ St Re Vi
t 1 t t i
v, a@ oltage ilter ompensator egulator g Exciter
Ks
Tes+1 |
Damping

Figure 8.24 Excitation system configurations
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Table 8.9 Parameters of the excitation system

Low-pass filter time constant (T, ) 20e-3 (sec.)
Regulator gain and time constant ( K, and T,) 400 and 0.001 (sec.)
Exciter gain and time constant (K and T) 1 and 0.0 (sec.)
Transient gain reduction time constants (T, and T) 1and 1 (sec.)
Damping filter gain and time constant (K ; and T; ) 0.003 and 1 (sec.)

Regulator output gain Limitsand gain (E¢ iy, B p and Kj) - -6.0, 6.0 (pu) and 0

To investigate the performance of D-STATCOM with the proposed
control in regulating of the load voltage in case of the system including the
synchronous generator, the source voltage sag at 15.71 KV is applied to the system
with the RL load at t = 0.05 second. The AC voltage controller and compensator for
RL load in section 8.2 are used in this case. The load voltages when the system with
and without D-STATCOM are presented in Figure 8.25. Without the D-STATCOM
for dynamic reactive compensation, the source voltage sag results in the load voltage
sag. Then the generator generates high reactive power to the system while the active
power of the generator cannot reach the set value during the source voltage sag as can
be seen in Figure 8.26. As a result, the synchronous generator may be disconnected
from the power grid. However, when using the D-STATCOM with the proposed
control, the load voltage can be regulated at the desired value. The load voltage took
approximately 0.02 seconds to settle. In this case, the generator generates small
increased reactive power to the system while the active power of the generator can

reach the set value during the source voltage sag.
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Figure 8.27 Rotor speed of the synchronous generator when source voltage sag

Figure 8.27 presents the rotor speed of synchronous generator when the
source voltage sags. As can be seen in this figure, the rotor speed of the system with
the D-STATCOM has a high frequency oscillation. However, the system with the D-
STATCOM results faster settles in rotor speed variation. Meanwhile, Figure 8.28

shows the active and reactive powers of the D-STATCOM in order to compensate the

load voltage in this case.
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Figure 8.28 Active and reactive powers of the D-STATCOM for the load voltage

regulation in case of the system with the synchronous generator
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8.3.2 Distribution System with the Induction Generator (wind IG)

In this case, the D-STATCOM applies to the load voltage regulation of
the system including the induction generator with fixed-speed wind turbines (FSWTS)
is investigated. The squirrel-cage induction generator (SCIG) is used in this section
and its parameters are shown in Table 8.10. Meanwhile, the characteristics of the
fixed-speed wind turbines are shown in Figure 8.29. To investigate the performance
of D-STATCOM with the proposed control in regulating of the load voltage in case of
the system including the induction generator with fixed-speed wind turbines, the
source voltage sag at 15.71 kV is applied to the system with the RL load at t = 0.05
second. Whilst, the wind speed assume to be constant at 10 m / second during the
entire test. The AC voltage controller and compensator for RL load in section 8.2 are
used in this case. The load voltages when the system with and without D-STATCOM
are presented in Figure 8.30. Without the D-STATCOM for dynamic reactive
compensation, the source voltage sag results in the load voltage sag. The active and
reactive powers of the generator oscillate in a transient state as can be seen in Figure
8.31. However, they can be settled within 0.15 seconds. In addition, the generator can
be generated the active power nearly the set value which absorbing the small
decreased reactive power. As a result, the induction generator with fixed-speed wind
turbines can be connected to the power grid during the source voltage sag when the
system without the D-STATCOM. However, the rotor speed of the generator is
increased in this case as can be seen in Figure 8.32.

When using the D-STATCOM with the proposed control, the load
voltage can be regulated at the desired value. The load voltage took approximately

0.02 seconds to settle. The powers of the D-STATCOM in order to compensate the
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load voltage are shown in Figure 8.33. Similar to the case of without the D-
STATCOM, the active and reactive powers of the generator oscillate in a transient
state and they can be settled within 0.15 seconds. However, in this case, the generator
can be generated the active power at the set value which absorbing the same reactive
power. Furthermore, the rotor speed of the generator can be regulated at the same
value in this case. As aresult, the induction generator with fixed-speed wind turbines

can be connected to the power grid during the source voltage sag as well.

Table 8.10 Parameters of the induction generator

Stator resistance and leakage inductance (R;and L) 0.016 and 0.06 (pu)

Rotor resistance and leakage inductance (R and L, ) 0.015 and 0.06 (pu)
Magnetizing inductance ( L) 3.5 (pu)

Coefficient of inertia (H), friction factor (F) and pole pairs (p) 2 (sec.), 0 (pu) and 2 (pairs)

Wind turbine characteristics

12 /s

Range of turbine " #~
operating speeds

o
0

g
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Power (pu/275 kW)
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¥}
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Turbine speed referred to generator side (rpm)

Figure 8.29 Characteristics of the fixed-speed wind turbines
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Figure 8.31 Powers of the induction generator and D-STATCOM when the source

voltage sag
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Figure 8.32 Rotor speed of the induction generator when the source voltage sag

20

Reactive Power

=
T

Active:Power

(MW and MVar)
(=)

Active and Reactive Power of D-STATCOM
=
1}

20 I I I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Time (s)

Figure 8.33 Active and reactive powers of the D-STATCOM for the load voltage

regulation in case of the system with the induction generator

84 Summary

This chapter presents the application of the D-STATCOM with the proposed
design control technique for load voltage regulation. The decoupling current control

of the D-STATCOM with the parameters tuning based on the genetic algorithm
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(CC-GA) and the DC voltage control with an elimination term of u,i,, based on the

symmetrical optimum method (DCVC-SO) are used. Meanwhile, the AC voltage
control based on the classical loop shaping is applied to many cases. In this chapter a
simplified 22 kV, 2 bus test power system is employed for the simulation. The
application of D-STATCOM for load voltage regulation of the distribution system
with the R and RL loads is discussed. In addition, the D-STATCOM is applied to the
system including with the distribution generator are presented.

For the load voltage regulation when the distribution system with the R loads,
the load voltage regulations in case of the source voltage variations between 28.82

and 23.98 kV (i ¢, varies between +600 and +200 A) and the source voltage variations
between 14.41 and 22.77 kV (i, varies between +100 and -600 A) are illustrated. In

addition, the load voltage regulation when the loads vary is demonstrated. The load
power is varied between 0.415 MW (0.1 pu.) to 16.60 MW (4.0 pu.) while the reactive
power is not changed in this case.

For the load voltage regulation when the distribution system with the RL
loads, the load voltage regulations in case of the source voltage variations between

30.14 and 25.30 kV (i, varies between +600 and +200 A) and the source voltage
variations between 15.71 and 24.09 kV (i, varies between +100 and -600 A) are

illustrated. In addition, the load voltage regulation when the loads vary is
demonstrated. The load power is varied between 0.415 MW (0.1 pu.) to 16.60 MW
(4.0 pu.) which the constant load power factor at 0.875.

As the results, the D-STATCOM with proposed control design can be

regulated the load voltage at the desired value. Furthermore, the D-STATCOM with
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the proposed control in case of source voltage variations can be used in case of load

varied as well. However, the controller designed in case of i, varies between +600
and +200 A cannot usein case of i, varies between +100 and -600 A, and vice versa.

In the application of the D-STATCOM for the system including the distributed
generator, the simulations of the D-STATCOM with two different cases: the system
with a synchronous generator (SG) and the system with an induction generator (1G)
are presented. From the results, the D-STATCOM with the proposed control can be
regulated the load voltage at the desired value. The load voltage took approximately
0.02 seconds to settle. Furthermore, the generator can be connected to the power grid
and the active power of the generator can reach the set value during the source voltage

sag in both cases.



CHAPTER IX

COST ESTIMATION FOR REACTIVE POWER

COMPENSATION USING D-STATCOM

Although in the past most electricity-consuming ides could “ride through”
voltage sags (e.g., a light bulb might dim momelylarmany of the electricity-
consuming devices associated with today’s digitabnemy (e.g., equipment
controlled by programmable logic chips) cannotratie a partial drop in voltage for
even a fraction of a second. Voltage sags may dhisequipment to shutdown and
remain off even after service is restored to norleatls. Voltage sags are rapid and
not easily detectable by an untrained observer,sancbnsumers may not realize that
a power quality ‘event’ caused their equipment & 6r stop operating. The D-
STATCOM is most widely used for power factor cotreg, to eliminate current
based distortion and load balancing, when conneatt¢lde load terminals. It can also
perform voltage regulation when connected to aibigion bus. Although significant
improvements in the overall power quality can bkeieeed, the high cost of the D-
STATCOM can limit the benefits resulting from itppication. However, in this
chapter, the voltage regulation and power factoremtion have been chosen as the
main targets for the customer side investigationiemvhe energy loss reduction has

been chosen as the main target for diity side investigation. The investigation
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involves cost estimation for voltage regulationwpo factor correction and energy

loss reduction by the use of the D-STATCOM.

9.1 Benefitsand Costsof Reactive Power Compensation

9.1.1 Lossesdueto Sag and Interruption
Power quality problems can lead to a number ofsctwstndustrial and

commercial facilities. These costs can includevaleie of lost production, increased
labor costs, damage to work-in-process with resgltieduced value or costs of
reworking, value of lost materials, equipment daejagvenue (opportunity) loss due
to failure to perform contracts, transaction pregas losses and the need to ration
services to customers. About two million businestalgdishments in three critical
sectors were evaluated by EPRI in terms of thescokpower quality disturbances.
This evaluation grouped the power quality sensitiwsinesses into three areas as
follows (Darrow and Hedman, 2005):

1) Digital Economy: Firms that rely heavily on datorage and retrieval, data
processing, or research and development. TablsHWws examples of the high costs
of power outages in these sectors.

2) Continuous Process Manufacturing: Manufacturing ilifees that
continuously feed raw materials, often at high temfpures, though an industrial
process. Table 9.2 shows average costs by indpstrdisruption (both voltage sags
and outages).

3) Fabrication and Essential Services: This sectocludes other

manufacturing industries plus utilities and tramsgioon facilities.
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Table 9.1 Example outage costs for sensitive customers

Business Activity Outage costs Baht / hour
Cellular Communications 1,365,850
Telephone ticket sales 2,398,560
Airline Reservations 2,998,200
Credit card operations 85,948,300
Brokerage operations 215,870,000

Table 9.2 Average costs per PQ event for sensitive procelssiries

Industry Baht / kVA per event
Semiconductors 2665.06 — 3997.60
Glass 333.13 -499.70
Automotive 199.88 — 333.13
Plastics 133.25-233.19
Textile 99.94 — 266.51

In addition, to evaluate the costs and benefitsngfgating power quality
problems on must look at the costs for PQ problesitisin industry groups or even at
individual facilities. The costs incurred by a sit® a function of its capacitik) and
unserved energy use#\{h) provide a benchmark for evaluating control styas.
Table 9.3 and Table 9.4 show some average costdntrstrial facilities and

commercial buildings (IEEE Standaed 493-497, 1997).

Table 9.3 Average costs of a single power interruption fatustrial plants

Plants Costs
All plants 214.21Baht) / KW + 303.48Baht) / kWh
Plants > 1,00&W max. demand 118.984ht) / kW + 106.60Baht) / kWh
Plants < 1,00&W max. demand 519.68éht) / kW + 918.45Baht) / kwh

Table 9.4 Average costs of a single power interruption fmmenercial buildings

Buildings Costs
All commercial buildings 725.28@aht) / kWh (not delivered)
Office building only 891.468aht) / kwh (not delivered)

Office building with computer centers 835.168aht) / kwh (not delivered)
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9.1.2 Benefit dueto Voltage Sag Mitigation
Costs will typically vary with the severity (both agnitude and

duration) of the power quality disturbance. Thistienship can often be defined by a
matrix of weighting factors. The weighting fact@e developed using the cost of a
momentary interruption as base. Usually, a momegntaterruption will cause a
disruption to any load or process that is not dmatly protected with some type of
energy storage technology. Voltage sags and otbereip quality variations will
always have an impact that is some portion of tthtisl shutdown. If a voltage sags to
40% causes 80% of the economic impact that a ma@mneitterruption causes, then
the weighting factor for 40% sag would be 0.8. $anty, if sag to 75% only results in
10% of the costs that an interruption causes, thenveighting factor is 0.1. After the
weighting factors are applied to an event, thesos$tthe event are expressed in per
unit of the cost of a momentary interruption. Theighted events can then be
summed, and the total is the total cost of all éllents expressed in the number of
equivalent momentary interruptions. Table 9.5 piesi an example of weighting
factors that were used for one investigation. Theaghting factors can be further
expanded to differentiate between sags that affikthree phases and sags that only
affect one or two phases.

Furthermore, Table 9.6 provides a hypothetical gamof the power quality
disturbances seen by a large commercial or in@dlistustomer on a distribution
system (Darrow and Hedman, 2005). As can be sedhisntable, the sags trip
sensitive equipment off-line resulting in a 50 mesiloss of productivity for the
facility for each occurrence whereas the momenitaigrruptions disrupt the facility

for 1.4 hours each time. Recovery from such a un@gtion outage requires 4 hours.
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Table 9.5 Example of weighting factors for different voltaggg magnitudes

Event Category Weighting for Economic Analysis
(W)
Interruption 1.0
Sag with min. voltage below 50% 0.8
Sag with min. voltage between 50 and 70% 0.4
Sag with min. voltage between 70 and 90% 0.1

Table 9.6 Power quality disruption and facility disruptiorrmoccurrence

Facility disruption per

Power quality disruption Duration per occurrence B
Voltage sags 0 - 2 seconds 50 minutes
Momentary interruptions 0 - 2 seconds 1.4 hours
Long duration interruptions 2 - 60 minutes 4.0 hous

Note that the D-STATCOM cannot completely mitighve all of sags and
interruptions. For example, the D-STATCOM desigfed100% mitigation of sags
with minimum voltage over 65% can mitigate about280% for sag with minimum
voltage below 50%. Thus, benefit due to voltage rsétggation can be calculated as

follows.

(Dsag = ksag X Fing ><(\Nbef _Waft)xcap (9.1)

where

O, is benefit due to voltage sag mitigatidsalt)

K., IS the cost of per unit losseBaft / kWh)

sag

F.: is the facility of momentary interruptioh)(

W, W, are weighting factors before and after mitigation different

voltage sag magnitudes
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Cap is the capacity of customedW))

9.1.3 Benefit dueto Power Factor Correction
In general, installing a reactive power sourcehswas the D-
STATCOM can correct the load power factor as wallraducing the electricity
charge when the loads have low power factor. Threected power factor may be
interpreted as a reduction of the electricity cleargm theutility. Thus, the reduction

of the low power factor charge can be expresséddllasvs.

Dpr = Kpe X Qg (9.2)

where

min

1-PF;, [1-PFZ
=P od min kVar
Qoom L {\/ PFo?d \/ PF 2 ] ( )

PF..in is the acceptable minimum power factor

PF,q4 is the power factor before installation
® - is benefit due to power factor correctidsalit)

Kee IS the cost of low power factor chardgalit / kVar)

9.1.4 Benefit dueto Energy Loss Reduction for the Utility
The power losses of the power distribution system be reduced by
the installing of the reactive power source suchthes D-STATCOM. The saved

power losses may be interpreted as a reductiorh@fcbst of the electric power
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supplying. Thus, the reduction of the electric gyecharge can be expressed (Zhu

and MOmoh, 1998; Baran and Wu, 1989) as follows.

Dg = kg X AB (9.3)

where

AE o = AR — AR (KWh)

0ss

AE2Y, AE™ are the energy losses before and after instailatio
E|0$:IR0$dt
® is benefit due to energy loss reductidalt)

ke is the cost of per unit energy char@alft / kwh)

9.1.5 D-STATCOM Costs
The costs of the reactive power source such as AFEDM can be
divided into two parts: 1) fixed cost, and 2) opierg costs. The fixed costs mainly
consist of the D-STATCOM device cost and the casinstall it including labor
hours, footprint of the device, time and so foffhe operating or variable costs are
those which allow the D-STATCOM device to work. Sheoperating costs consist of
heating losses and maintenance costs etc. In pléndiowever, the operating costs
may differ from year to year. The investment dosthe used D-STATCOM is given

in Table 9.7 (Purewave, 2008).
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Table 9.7 Example cost for the D-STATCOM device

Device Initial cost (Baht / kVar) Annual cost (%)
D-STATCOM 5330 — 6662 5

For simplification, the fixed costs can be consadieas shown in (9.4).

Cfixed = kq XQC (9.4)

where

Ciixeq 1S the fixed costRaht)
Q. is the size of the reactive power of D-STATCOMowinstalled KVar)
ky is the per unit cost of the reactive powgaltt / kVar)

In addition, the operating cost can be describedobsws (Chung and Shaoyun,

1997).

(9.5)

where

C,, is the total operating codBght)

p

C,n Is the annual maintenance cd3alt)
A is the annual percentage increment of the maintanaost (%)

Yiite 1S the lifetime of the D-STATCOM to be installegkgrs)
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Therefore, the cost function of the reactive powempensation for the customer,
utility and both of customer angtility are summarized as (9.6), (9.7) and (9.8),

respectively.

Cfunc,CUS =—Cixeq +((Dsag +Dp _Cop) (9.6)
Cfunc,EA = —Cixed +((DE _Cop) (9.7)
Crunc.cusaea = ~Coived +((Dsag H@pp + D _Cop) (9.8)

where

Cunc.cus IS cost function for the customer
Cruncen IS cost function for the utility

Crunccussea IS cost function for the both of customer artiity

9.2 Cost Analysisand Methodology

Several evaluation methods can be used to co$ysaalt is important to
include account of the different economic valuesmvestments made at different
times during the analysis period. When money i&ted, compound interest is paid
on the capital sum. The interest rate comprisektioh, risk and real costs of
postponing consumption. Thus, money used to investis situation could be invest

elsewhere and earn a dividend. To consider thecefall future costs and benefits are
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discounted to convert them to the net present ggN€V) of costs as shown in (9.9).
NPV is a measure of the economic worth of an invest (Robinson et al., 1998). A
positive NPV indicates that the investment is jiedi economically at a given

discount rate.

n —

N (9.9
i=1
(1+ NOJ

where
n is the analysis period in years

B, is the sum of all benefits in yeiar

C, is the sum of all costs in year

r is the discount rate in percentage
The methodology for cost analysis can be descrdsedllows:

1. Investigate and design the size of the D-STAMCO

2. Estimate the number and severity of eventpldwet is subject to per year.

3. According to Table 9.5, convert the different egertb a per unit
interruption base value and determine the weightiagtors before and after
mitigation.

4. Calculate benefit due to voltage sag mitigapen year (for the customer
side considerations) by using (9.1).

5. Calculate benefit due to power factor correciper year (for the customer

side considerations) by using (9.2).
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6. Calculate benefit due to energy loss redugbenyear (for thautility side
considerations) by using (9.3).

7. Determine the cost of installation such asfitted costs and operation costs
for the D-STATCOM by using (9.4) and (9.5).

8. Determine the cost function for the customeility and both of customer
andutility side considerations by using (9.6), (9.7) and (9.8pestively.

9. Estimate the future costs and benefits by cdimgethem to the net present
values (NPV) of costs as shown in (9.9).

10. Discuss and comment on the results.

9.3 Case Study and Results

The process of costs estimation and comparing different sizes for
improving performance involves determining the pedsent values (NPV) for each
size, including the sum of all benefits and codtsrplementing the D-STATCOM.
For example, the industrial plant supplied by thakhbnrachasima electricity
authority, Thailand with the system parameters sssgnted in Section 8.2 is
investigated. The facility has a total load o%V with power factor = 0.80 must be
protected to avoid production disruptions and ctie®@ the power factor as more than
0.875. The cost of per unit low power factor chaigg@5@aht) / kVar / month. The
voltage sag performance was given in Table 9.80Ating to the average costs of a
single power interruption for industrial plants ihable 9.3, the costs for an
interruption are 118.98@ht) / kW + 106.60Baht) / kWh. The costs for voltage sags
are based on the weighting factors in Table 9.5redsethe momentary interruptions

disrupt the facility for 1.4 hours each time. Theee options given in Table 9.9 are
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analyzed. The net present values (NPV) for each san be summarized in Table

9.10 — Table 9.12 and can be plotted as shownguar€&i9.1. The NPV are calculated

based on a 30-year life and an interest rate of. 10%

Table 9.8 Voltage sag performance

Event Category

Weighting for
Economic Analysis

No. Events per Year

Total Equivalent
Interruptions

Interruption 1.0 4 4
Esl%vvylé%g/r;m voltage 0.8 A s
petween 50 And 700 04 11 44
e b O 2
Total - 50 147

Table 9.9 Costs and effectiveness of the power quality imenoent options

Costs Effectivenessfor a particular example case
\ Sag with Sag with Sag_thh
Sizes Fixed Operapng Interruption min. min. min.
(% of fixed voltage
(MVvar) (Baht) costs) voltage<  voltage 50- 70-90%
50% (%) 70% (%) %)
5 33,313,300 5 0 40 70 85
10 66,626,600 5 0 55 80 95
15 99,939,900 5 0 65 90 100
Table 9.10 NPV for 5MVar of D-STATCOM
Customer side Utility side Customer & Utility
Y ear consideration consideration consideration
(4+5) (Baht) (6) (Baht) (4+5+6) (Baht)
5 15,585,900 -46,875,844 20,923,117
10 95,946,200 -74,306,681 110,493,953
15 172,616,000 -107,415,138 196,543,739
20 233,459,000 -141,340,769 265,484,647
25 276,773,825 -173,389,563 315,239,260
30 304,980,130 -202,235,716 348,320,566




Table9.11 NPV for 10MVar of D-STATCOM

Customer side Utility side Customer & Utility
Y ear consider ation consider ation consider ation
(4+5) (Baht) (6) (Baht) (4+5+6) (Baht)
5 6,223,723 -99,088,911 11,560,947
10 123,891,096 -163,161,081 138,438,848
15 233,383,252 -238,758,286 257,311,262
20 317,217,570 -314,707,313 349,243,378
25 373,746,176 -385,244,562 412,211,645
30 407,371,222 -447,811,903 450,711,692
Table 9.12 NPV for 15MVar of D-STATCOM
Customer side Utility side Customer & Utility
Y ear consideration consideration consider ation
(4+5) (Baht) (6) (Baht) (4+5+6) (Baht)
5 -21,707,112 -151,301,979 -16,369,889
10 101,222,961 -252,015,514 115,770,679
15 210,902,837 -370,101,435 234,830,848
20 289,555,339 -488,073,891 321,581,146
25 336,893,338 -597,099,594 375,358,773
30 358,976,525 -693,388,089 402,316,995
493 i ! Cus. & Uti :
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Figure 9.1 Net present values (NPV) for 50 events per year
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These calculations include the effect of discountash flow to convert all
costs and benefits of each size to present valoesdmparison. As a result, it is
interesting to note that all of the options woulavé a positive net benefit to the
facility with the assumed interest rate and lifegi for the customer and both of
customer andutility side considerations whereas orlye utility side consideration
have a negative net benefit. It is also interestireg the 10MVar D-STATCOM is
the best option in this account.

In addition, the voltage sag performances in TaBlé3 are used to
demonstrate the effect of amount of sag event am lbnefits and costs of
implementing the D-STATCOM. The magnitude of thdtage sag in each category
can be obtained by random. Three different sizgs%.10 and 1®%Var of the D-
STATCOM for improving the performance are also preed. The net present values
in each event range (10-20, 20-30 and 30-40 eErtyear) are calculated based on
average of 10 iterations and can be plotted as showrigure 9.2 to Figure 9.4. As
can be seen in these figures, all of the sizes hawgative net benefit for the amount
of sag event between 10 and 20 events per yeathB@mount of sag event between
20 and 30 events per year, theNMVar rating of the D-STATCOM has a positive net
benefit for the customer and both of customer diltlyuside considerations. And the
10 and 15MVar ratings give the positive net benefits for thetooser and both of
customer and utility side considerations when thgssoccur between 30 and 40

events per year.



Table 9.13 Number of the voltage sag event per year
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Event Category 1020 EVENSPE YO o0 30 Eventsper vear SO H0TVenSPe
Interruption 1-2 2-2 2-3
Sag with min. voltage
below 50% 1-2 2-2 2-3
Sag with min. voltage
between 50 and 70% 2-4 AT -9
Sag with min. voltage
between 70 and 90% 6-12 12-19 19-25
Total 10-20 20-30 30-40
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Figure 9.2 Net present values (NPV) for 10-20 events per year
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Figure 9.4 Net present values (NPV) for 30-40 events per year
9.4 Summary

This chapter demonstrates the cost estimationauitiree power compensation

by using the D-STATCOM in distribution power syswnlhe process of costs
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estimation and the comparison of three differem¢siof the D-STATCOM (5, 10 and
15 MVar) for improving power quality are presented. Thieak of the amount of sag
event on the cost estimation are proposed. Theag®ltregulation, power factor
correction and energy loss reduction has been ohasethe target for the cost
estimation. The net present values (NPV) is appieethe cost estimation. The cost
analysis procedure and the comparison among thdtgesbtained from each option
are proposed. With the assumed cost estimatiomyedeas, the 10AVar rating of the

D-STATCOM gives the most benefit. In addition, #gm@ount of sag event below 20

events per year gives the negative net benefit.



CHAPTER X

CONCLUSIONS

10.1 Summary of the Thesis

In this thesis, a brief description of the chagastics of category power
quality problems and the importance of the powealiguproblems in the distribution
system especially the voltage dips or sag werednited and discussed in Chapter 1.
The custom power devices (CPDs) for improving tbevgr quality were introduced.
The CPDs are basically of two types as networkmégoring type and compensating
type. The distribution STATCOM (D-STATCOM) is onef ¢the compensating
devices. It can be used for harmonics filteringddalancing, power factor correction
and voltage regulation. The answer to the mostoefgr quality problems was found
in the D-STATCOM.

In Chapter 2, the review of D-STATCOM and its apation were proposed.
The principle of D-STATCOM based on ideal currenpure and voltage source
converter were discussed in detail. Several cordiipns of VSC-based D-
STATCOM such as single-phase H-bridge, three-pliase-wire, three-phase four-
wire and multilevel VSC were presented. The brigyiew of the D-STATCOM
control strategies were presented in this chapteaddition, the examples of three
categories of applications such as load compemsatltage regulation and
application with distributed generator were alsesgnted. Regarding the applications

of the D-STATCOM, the performances depend on tharob algorithm. Of all the
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mentioned applications, the most common type oftroiars employs the PI
controller. However, the details of the strategyésign the PI controller parameters
have not been widely presented and discussed bgugaresearchers, especially in

terms of the applications for voltage regulatiorickhis significant and interesting.

In Chapter 3, the modeling and the steady stateractexistic of the
distribution system with an ideal D-STATCOM werevéstigated. Thedq
synchronous rotating reference frame similar td tisad for the field oriented control
of three phase AC machines was applied to modedligtebution system. Following
this, the steady state characteristic has beerinebtdrom the state equations. The
steady state analysis results show that the maxiloath power increases as the
source inductance decreases while the increasitigeafource time constant results in
increasing of the maximum load power. The increasih the source inductance
results in linearly increases the minimum sourckage while the increasing of the
source time constant results in decreasing thenmuim source voltage. In addition,
the comparison between the maximum load active poared PV curve was
demonstrated in this chapter. From the comparig@maximum load active power
point is not the same as exactly the collapsingtpioi the PV curve. However, it is
around the collapsing point. Furthermore, the é¢$fet system parameters on size of
D-STATCOM for voltage regulation when a source &gk sag or load power
variation occur were investigated. It was seen that size of D-STATCOM is a
function of the system parameters e.g. sourcetagsis, source inductance.

The small signal model and dynamic analysis ofdis¢ribution system with

an ideal D-STATCOM were proposed in Chapter 4. pr@posed non-linear model
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in Chapter 3 can be linearized around some irstatie conditions. Following this, the
state-transition matrix representing the linearineodel was obtained. A simplified
model of D-STATCOM in power distribution systems thie dq synchronous rotating
reference frame was used to investigate the sys@rormance. Dynamic system
stability of the linearized systems can be evahllidig means of eigenvalues. The
variation of the location of an installed D-STATCOMne constant of feeder section,
initial state conditions, etc., was investigateceidibit the dynamic system stability.
The result shows that all variations have affectedthe dynamic performance
especially in the system with the RL load. In aiddif all variations not to involve the
instability of the system with the R load. Howeveome initial state conditions such
as high positive active and reactive currents ¢ D-STATCOM caused the
instability of the system with the RL load. Furtimere, the frequency responses of
the transfer function of the load voltage with medpto the reactive current have
indicated that the negative reactive currents caose of Zeros locating on the RHP.
In this consideration, the transfer function iscm/minimum phase system.

In Chapter 5, the design of component rating aatampeters of the D-
STATCOM for the load voltage regulation was presdntn addition, the dynamic
equations and the steady state characteristic ATBTCOM based ondg
synchronously rotating reference frame were derigad investigated. The steady
state performance results show that the DC capadiites not have any relation with
the active and reactive current of the D-STATCOMeTreactive current and DC
voltage are a linear function of the AC voltage caamd on theg-axis whereas the
active current is a quadratic function. The actoegrent, reactive current and DC

voltage are sensitive at the low AC voltage commandhed-axis. In addition, the
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active and reactive currents are sensitive at lmuctance whereas the DC voltage is
slightly changed in each inductance. Meanwhile, abtve current, reactive current
and DC voltage are more sensitive when the timsteon is increased.

The results of dynamic performances show that vhkies of resistors,
inductors and capacitors have not affected to l#iabhlthough, the small change of
the AC voltage command on tlgeaxis causes high change of the active current,
reactive current and DC voltage in steady statelo#s not affect to characteristic
roots whereas, the small change of the AC voltagencand on thej-axis affects to
the Zeros of the system.

In Chapter 6, the current and DC voltage contitohtegies for the D-
STATCOM were described. The decoupling control Hase thedg synchronously
rotating reference frame was adapted in the cuardtDC voltage control schemes.
The symmetrical optimum and genetic algorithms vagplied to obtain the gains of
the Pl controllers. The stability margins of theseethods were obtained and
discussed. The proposed control schemes were dadulaby using
SIMULINK/MATLAB. The simulation results indicate #t the decoupling current
control based on the genetic algorithms gives tést lllynamic response with the
same gain and phase stability margins. Similarh® durrent controller parameter
tuning, the symmetrical optimum and GA-based tummgthods were applied to the
DC voltage control. Four strategies tuning that ixrBC voltage control and inner
current control loop based on the symmetrical optrmmethod, ii) DC voltage
control based on symmetrical optimum method with ittmer current control loop
based on genetic algorithms, iii) DC voltage conb@ased on the genetic algorithms

with the inner current control loop based on thesetrical optimum method and iv)
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DC voltage control and inner current control loggséd on genetic algorithms were
proposed. The DC voltage control based on the geadéjorithms with the inner
current control loop based on genetic algorithmaegithe best dynamic response.
Meanwhile, the DC voltage control based on the sginical optimum method with
the inner current control loop based on genetioritlyms gives the best gain stability
margin and the inner current control loop basedhensymmetrical optimum method
gives the best phase stability margin.

The AC voltage control design of the D-STATCOM ftire load voltage
regulation was presented in Chapter 7. The D-STAMQ@odel and its control were
integrated with the power distribution systems tstd for the load voltage controller
design. The classical loop shaping method was addpt the load voltage controller
design. The controller parameters were obtainedsoygy MATLAB for adjusting the
open loop transfer function to satisfy the loopmhg specifications. In addition, the
tuning controller parameters based on the gendéjmrithms was proposed and the
step responses were compared with those of theicdéhdoop shaping method. The
comparison results indicate that the responses froth classical loop shaping and
GA-based tuning method are similar. However, thessical loop shaping is easier
that was appropriate for practical use.

In Chapter 8, four applications of the D-STATCOMcluding the load
voltage regulation for R load, RL load, RL load lwé synchronous generator and RL
load with an induction generator were simulatededasn the proposed control
strategy as described in Chapter 6 and Chapteh@.simplified 22kV, 2-bus test
power system was employed for verifying of thespliaptions. These applications

were verified by SIMULINK/MATLAB. The simulation maults indicate that the D-
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STATCOM with the proposed control design can regulde load voltage at the
desired value by injecting reactive current witbime cycle. The D-STATCOM with
the proposed control can be used in case of thecsawltage variations and load
changes. However, the controller that is designgdiding an unstable open loop
transfer function cannot be use for a stable ond,véce versa. In the application of
the D-STATCOM for the system including a distribditgenerator, the generator is
remained stable and its active power can reackdahealue during the source voltage
sag in both cases.

In Chapter 9, the cost estimation of reactive poeganpensation by using the
D-STATCOM in distribution power system was demoatgd. The process of costs
estimation and the comparison of the different sizé the D-STATCOM for
improving power quality were presented. In addititime effect of amount of sag
event on the cost estimation was proposed. The estdnation for voltage sag
mitigation, power factor correction and energy losduction were conducted. The
results show that the benefit of implementing af ™xSTATCOM depends on the
size of the D-STATCOM and amount of sag event. Phneper size of the D-
STATCOM for improving the high amount of sag ev@ntes higher positive net
benefit.

The procedure of D-STATCOM and its control systeesign for the load
voltage regulation can be summarized in the floagchm shown in Figure 10.1. In
this procedure, the first step determines the ed@int parameters of the system such
as the source voltage, source impedance and |debeTparameters are involved the
steady state analysis in the second step. The maxitoad power, minimum source

voltage and size of the D-STATCOM for the load agk regulation by injecting only
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the reactive power into the system are obtainedthé next step, the stable and
unstable open loop transfer functions of the corepeng current are determined. The
size of D-STATCOM in the second step is used tagethe component rating of the
D-STATCOM in the fourth step. Then, the current & voltage control system are
designed in the fifth step. In this step, the dyitarasponse and stability margins of
the current and DC voltage control are checkeds&aiently, the stable and unstable
open loop transfer functions in the third stepuwsed to design the AC voltage control
in the sixth step and then the dynamic responsestatility margins of the control
loop are checked in this step. In the finally stibe, cost estimation of reactive power
compensation by using the D-STATCOM in distributigpower system is

demonstrated.
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Determine the equivalent circuit parameters of the system|
- Equivalent source voltage
- Equivalent inductance and resistance
- Equivalent Load

Analysis of the system with the D-STATCOM in the
steady state

- Determine maximum load power

- Determine minimum source voltage

- Design size of the D-STATCOM

!

Dynamic analysis of the system with the D-STATCOM
- Stable and unstable open loop transfer functions|

Y
Design of component rating of the D-STATCOM
- DC voltage
- DC capacitor
- AC inductor
\ 4

Design of control system of the D-STATCOM
- Current control
- DC voltage control

Check the dynamic
response and stability

\

Design of AC voltage control of the D-STATCOM for
the load voltage control in the distribution system

Check the dynamic
response and stability

Cost estimation
- Voltage sag and swell regulation
- Power factor correction
- Loss reduction

Figure 10.1 Flowchart of the design of D-STATCOM and its cahBystem
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10.2 Contributions

The contributions of this research are as follows:

1. The state equation of the distribution systeitih the D-STATCOM was
obtained by modeling based dg synchronous rotating reference frame. Following
this, the steady state characteristics of thisesystere studied. From the steady state
characteristics of the distribution system, thedittons of the maximum load active
power and the minimum source voltage for the v@taggulation by injecting only
the reactive power into the system were found. &h&eady state conditions can
guarantee their dynamic transition behaviors bexdhsy are directly derived from
the dynamic equations. The relation between theimimax load active power and the
PV curve was also demonstrated. It indicates thatmhaximum load active power
point is not the collapsing point in the PV curve.

2. The small signal model and dynamic analysighef distribution system
with the D-STATCOM were proposed in this thesisalysis result shows that some
initial state conditions such as high positive \aetand reactive currents of the D-
STATCOM leads to the instability of the system wiRL loads. The frequency
responses of the transfer function of the loadagdtwith respect to the reactive
current indicated that the negative reactive cusrerause a non-minimum phase
system.

3. The decoupling control based on theesynchronously rotating reference
frame was adapted in the current and DC voltagéraloschemes. Two methods of
the current controller parameter tuning that aeesyimmetrical optimum and genetic
algorithms were proposed. The symmetrical optimuethod is a classical method

that requires very little knowledge of system pagtars, which makes it very
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appropriate for practical use. However, tuning vwgénmetic algorithms gives the best
dynamic response of the same stability margins thighsymmetrical optimum tuning

method. For the DC voltage control, the changehefreactive current affects to the
DC voltage. The control with the elimination of cage current effect was proposed
in this thesis. The proposed control results inrdaiction of the overshoot of the DC
voltage response. In addition, the DC voltage @nbased on the symmetrical
optimum method with the inner current control Idmsed on genetic algorithms was
proposed. This control strategy gives a good dynamsponse with the best gain
stability margin.

4. The D-STATCOM model and its control were intégdawith the power
distribution system. The classical loop shapinghoétwas proposed for the load
voltage controller design. The step responses wemgared with those obtained by
using the controller parameters tuning based ortgealgorithms. The comparisons
results indicate that the responses of the bothsidal loop shaping and genetic
algorithms tuning methods are close. However, tassccal loop shaping is easily

tuning method that was appropriate for practical us

10.3 Suggestionsfor Future Work

1. In this thesis, it assumes that the sourcelaad voltages are balanced.
However, the unbalanced voltage is one of serioowep quality problems in
distribution systems. Although, the unbalanced ag#t mitigation by using D-
STATCOM and other custom power devices have beepgsed in many literatures,

the control design algorithm especially the comgroparameter tuning method of
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unbalanced compensator is less reported. Therdf@eontrol design algorithm with
proper parameter tuning can be extended to thdsalamce conditions.

2. The small signal model is applied to design dbetrollers in this thesis.
The controllers are tuned for the D-STATCOM at sopagticular operating point.
However, the D-STATCOM must be applicable over alevrange of operating
conditions. A nonlinear control strategy, adaptoantrol or robust control can be
applied to this work.

3. Distributed generation has been increasingbgaited in the distribution
system to support customer’s power quality andabdity. The integration of the
distributed generation and custom power devicel asd-STATCOM for enhancing
the power quality and reliability could be furthewestigated. However, it is noted
that this system is very expensive, so its cosid lenefits could be carefully
assessed.

4. In this thesis, the D-STATCOM model and the pmsed control are
implemented on the SIMULINK/MATLAB to verify steadgtate and dynamic
performance. The effect of resolution of digitajyreal processor on the dynamic
performance is not investigated. The experimert&®)-§ TATCOM and the proposed

control with the digital signal processor couldfogher investigated.
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Figure A.1 Validation of the mathematic model of the equati($140) — (3.16)

Figure A.1 compare the responses of the AC butagelof the mathematic
model in equations (3.10) — (3.16) and the modeit tis created on the
SIMULINK/MATLAB as shown in Figure 8.3. The D-STATGM active and reactive
currents are selected as the inputs while the ACvioltage is selected as the output.

As can be seen in Figure A.1, the AC bus voltagparses of both mathematic
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model and SIMULINK/MATLAB model are the same. Mednig, the responses of
the DC voltage and currents of mathematic modet¢qnations (5.15) — (5.14) and
(6.9) — (6.18) are compared with those of the SINNK/MATLAB model in Figure

8.3. The D-STATACOM DC voltage and currents are tleputs with the voltage
commands omlq axis are the inputs. The DC voltage and currezdépanses of these

models are very close to each other.
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(6.9) — (6.18)
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Figure A.3 demonstrate the dynamic responses ofvDitage and current
control of the mathematic model in equations (7.3 (7.28) and
SIMULINK/MATLAB model in Figure 8.3. It is seen thathe responses of both
mathematic and SIMULINK/MATLAB models are very cgo each other. In
addition, the results of D-STATCOM and its contsyistem for the load voltage

control on the mathematic and SIMULINK/MATLAB sinmatlons are illustrated and
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compared in Figure A.4. As can be seen in thisréguhe results show that the

responses of both mathematic and SIMULINK/MATLABnsilations are similar.
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According to the steady state analysis of the distribution system that discussed
in Chapter 3 with the system parameters as shown in Chapter 8, the sizes of D-
STATCOM for the load voltage regulation are obtained and shown in Table 8.1 and
Table 8.2. The maximum size in these cases is 13.82 MVar that it is selected to used
in Chapter 8. The components rating of this D-STATCOM that are calculated on the

secondary side of the coupling transformer (22 / 2.2 kV) as follows:

The compensation current:

Qp_sratcom | 13.82(MVar) = 6281.8A

¢ (A) = = =
i(A) J3v, V3x2.2(kV)
The DC bus voltage:
2aly) a3
V,, = 2/ 3 _e530kv
m, 0.55
The AC inductor:
(\/j’j MV [?)xO.SSx 6.532(kV)
R = = 0.1376mH
6.afdypp 6xL2x5(kHz)x628.18(A)
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Abstract

This paper presents the system modeling and control design for the load voltage regulation
using distribution static compensators (D-STATCOMs). The decoupling control based on the
dg reference frame with the symmetrical optimum method is applied to design the D-
STATCOM current and DC voltage controllers. The modeling strategy similar to that used for
the field-oriented control of three-phase AC machines is employed to model the distribution
system integrating with the D-STATCOM and its control circuit. This derived model is used
for the load voltage controller design based on the linearized technique, called classical loop
shaping method. A simplified 11-kV, 2-bus test power system is employed for simulation.
Satisfactory results obtained by simulating the proposed model are compared with those
obtained by the switching control of D-STATCOM power circuit created in MATLAB’s Power
System Blockset. As a result, the effectiveness of proposed model is verified. This design gave
satisfactory responses to guarantee at least 3 dB of the gain margin and 40° of the phase
margin.

Keywords: D-STATCOM, voltage regulation, decoupling control, symmetrical optimum,
classical loop shaping

1. Introduction

In a power distribution system, voltage sag contributes more than 80% of power
quality (PQ) problems that exist in power systems [1-2]. It is caused by a fault in the
utility system, a fault within the customer’s facility or a large increase of the load
current, like starting a motor or transformer energizing, operation of process controllers;
programmable logic controllers (PLC), adjustable speed drive (ASD) and robotics [1],
and used of high intensity discharge lamps [3].

Controlled reactive power sources are commonly used for load voltage regulation in
presence of disturbances like voltage sag. Due to their high control bandwidth, D-
STATCOMSs, based on three-phase pulse width modulation voltage source converters,
have been proposed for this application [3-7]. For a fast control, the D-STATCOM is
usually modeled using the dg axis theory for balanced three-phase systems, which
allows definition of instantanecous reactive current and instantaneous magnitude of
phase voltages [8]. In addition, the current controller design is developed using a
rotating dq frame of reference that offers higher accuracy than the stationary frame
techniques [9].
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Most literatures on the D-STATCOM and STATCOM control concentrates in control
of the output current and DC voltage regulation for a given reactive current reference.
The current decoupling control based on the dg reference frame received considerable
attention in [10-12]. To alleviate the interaction between the active and reactive
currents, a feed-forward control loop with reactive current deviations as the input was
introduced to compensate for the DC voltage drop [13]. In addition, an alternative
approach using a lincarized state space model in the D-STATCOM and STATCOM
control design was proposed in [14—15]. For control design, a small signal model of the
distribution system was derived by transforming the equivalent system impedance to the
dq frame rotating at the power frequency in steady state, thereby imposing a limitation
on the dynamic response [16].

In this paper, the D-STATCOM current and DC voltage decoupling control based on
the dg reference frame are used and the proportional gain and integral time of PI
controllers are also with its design. This derived model is used for the load voltage
controller design based on some linearized technique, called classical loop shaping
method. By using MATLAB for adjusting the transfer function to satisfy the loop
shaping specifications, the controller’s parameters and the stability margins for an
inductive RL load with various operating conditions can be obtained. Performance of
the proposed model and the controller design were verified using computer simulation
performed in SIMULINK/MATLARB. In addition, the simulation results of the proposed
model and the PSB in SIMULINK/MATLAB are compared in order to verify the
proposed model.

2. Modeling of Power Distribution Systems

The system considered here is a simplified model of a load served by an electric
power distribution system. The D-STATCOM is connected in parallel with the load.
The distribution system with the D-STATCOM and its per-phase equivalent circuit are
shown in Figure 1 and Figure 2, respectively. The system consists of the source
modeled as an infinite bus with inductive source impedance, the load modeled by a
series RL circuit, the D-STATCOM modeled as a controllable current source, and
coupling capacitor. The coupling capacitor is used as a harmonic filter or fixed
compensation capacitors connected in parallel with the load.

(D) (=)
Sz

| = sl
i

Ideal
Compensator

Figure 1. Distribution System with D-STATCOM
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Figure 2. Per-phase Equivalent Circuit

2.1. Modeling with an Inductive RL Load

For an inductive load, RL load, it assumes that the source, the load and the D-
STATCOM are balanced. Hence, the system dynamics can be described as:

disabe _ .

L, o —Relsabe = Viabe T Vsabe M
Aveabe _ _ Ptabe | . )

C— =~ oy T isabe t fabe 2

Here, i apc 5 ifapcs Vsape and Vg gy, are vectors consisting of individual phase quantities
denoted in Figure 2, R, is a load resistance, X; is a load reactance, L, is a source inductance, R,
is a source resistance, and Cy is a coupling capacitor. Under the assumption that zero sequence
components are not presented, (1) — (2) can be transformed to an equivalent two-phase system
by applying the following three-to-two phase transformation:

Vexy = Vael® + vy, /23 1 gy, pitn/3 3

Where the complex number, Vsy, £ Vg + jVsy. This is followed by the following
rotational transformation:

a o, it
Vsdq £ Vsa T fVsg = €705 0y @

Applying the transformations, (1) —(2) can be written as:

CrVrg = —ig + 0CrVq + isq + ipa 5
Cf?}tq = —ig — 0CVg +igg +igg ©)
Lz%zd = =Rijg + wliig + v [€)]
Liyg = =Ryl — wliig + Vg (8

Where o £ % is to be designed and also be a function of time.
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2.2. Choice of the Reference Frame

We choose the dg reference frame which is similar to that used for field-oriented
control of three phase AC machines. Thus, angle 6 used in (4) is defined by 6 =
tan~!(v;,/V;y). This implies that

Vg =0 > 17, =0 ©
A ¥ — axis
— axis
L4 s
“._ d — axis
._.‘ Ty -_‘."‘__ -
'._l 0)S[ vt
"-‘ H x — anxis

Figure 3. Orientation of Reference Frames

Defining @ = 0 — w,t, where w, is the power frequency, we get vgq, = Ve e,
where V, is the magnitude of the supply voltage. The relative orientation of the vectors
Ut qq» Vsaq and the reference frame are shown in Figure 3. The system equations for the
RL load can now be rewritten as:

Lisy = —Riisg +wlilsy — Vg + VoCosar (10)
Lisq = —Riigq — @liiyy —Vosina (11)
Cvg = —ha tisatiga 12
Ll%ld = =Ryl + 0Ljiyy + vy 13)
Liiy, = Ry, — wLiy (14)
@ = w—w (15)
_ —iigtisgtisg
w = F o\ (16)

Where (16) is derived by using (9). This should be note that w varies with time and is
different from w,. Since v, =0, v, represents the instantaneous magnitude of the
phase voltages v; 41, while ir, denotes the instantaneous reactive current supplied by
the D-STATCOM. In addition, in the absence of negative sequence components, all the
state variables in (10) — (15) is constant in steady state. Thus, this balanced three-phase
system is effectively transformed into an equivalent DC system and its control problem
is therefore simplified. (16) defines w for the RL load. Thus, (10) — (16) define the
system which can be used to design a controller.
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3. D-STATCOM Modeling and Control

3.1. D-STATCOM Modeling

The basic circuit diagram and control of the D-STATCOM system are shown in
Figure 4. It consists of a three-phase voltage source converter (VSC), an interfacing
inductor, a DC link capacitor, and its control system. The VSC is connected to the
network through a transformer and the interfacing inductor which are also used to filter
high-frequency components of compensating currents. The inductance Ly in this figure
represents the leakage inductance of the transformer and the interfacing inductor. The
switching losses of the converter and the copper losses of the transformer are
represented by a resistance Ry. In this paper, the D-STATCOM is used for load voltage
regulation by injecting appropriate reactive power. Therefore, the control systems of the
D-STATCOM consist of current control, DC voltage control, and AC voltage control.
The primary control objective is to rapidly regulate the reactive current i, to the
reference value (if,) which is generated by a load voltage controller. A secondary
control objective is to keep the DC voltage at a desired value. It assumes that the
internal dynamics of the D-STATCOM are slower than the switching period of the
converter [16], so the D-STATCOM dynamics can be written as:

dif.ap )

4 Z: = —Ryifabc — Vease T Vstane an
¥ Yd, 4

CyVy = —R—; = vsTt’abch’abC as)

Here, vg. 1s the D-STATCOM’s DC voltage, vy, is the D-STATCOM’s output AC
voltage, i¢ is the D-STATCOM’s output current, v, is the load voltage, while the
subscript “abc” implies three-phase vectors consisting of individual phase quantities.
Parameters in these equations are DC link capacitance, C4., and capacitor leakage
resistance, Ry. After applying the three-phase to two-phase transformation given by (3)
followed by the rotational transformation of (4), the D-STATCOM dynamics can be
rewritten as:

Lfifd = —Ryifg + WLfipg — Vea + KpUaVac (19)

Lylgq = —Rpipq — wlpipg + kptqUac (20)
; 3 ) 3 ;

CadVis = —%—Ekpudlfd —Ekpuqlfq (21)

Where @ has been previously defined in (16), vg., irq and if, represent the state
variables of the D-STATCOM, k, is a constant value depending on the type of
converters and transformer ratio, while u, and 1, are the control inputs.
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Figure 4. Basic Circuit Diagram and Control of the D-STATCOM System

3.2. D-STATCOM Modeling

The equations in (19) and (20) are used for designing the D-STATCOM current
controller. These equations clearly show that the D-STATCOM output currents are
induced by its output voltage modulation. However, the current control of the converter
on the dg reference frame is a two-input two-output system with cross coupling between
active and reactive currents. To climinate the cross coupling effect, a decoupling
control based on the dq reference frame is introduced where the proportional-plus-
integral (PI) regulators are used to control the D-STATCOM currents in this work. The
current control structure for the D-STATCOM and the D-STATCOM output current are
detailed in Figure 5. The D-STATCOM output AC voltage, vy, is generated by the
VSC with pulse width modulation (PWM) and the D-STATCOM output voltage
commands, u; and u;, are the inputs. The VSC with PWM can be simplified as %%

sT,+1

where Ty is the dead time.

A PWM VS
kv
'

Ve

sT,+1

PWM VS!

g | R

ST, +1

Controller

Figure 5. Current Control Structure for the D-STATCOM
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3.3. DC Voltage Control (DC Link Voltage Control)

The secondary control objective is to keep vy around its reference. This objective
cannot be achieved directly by u, through (21) as there might be possibility of iy
going to zero during a transient. However, vy, can be controlled indirectly by adjusting
irq . For designing the DC voltage controller, (21) is used. Although, v, can be
controlled by varying izy, ir, still affects vy, through ugie, of (21). To eliminate this
effect, the controller with decoupling, ugif,, is applied where the proportional-plus-
integral (PI) regulators are used to control the DC voltage. The DC voltage control
structure and the D-STATCOM DC voltage are demonstrated in Fig. 6. The active
current command if4, accounting for the DC voltage regulation, can be generated by the
DC voltage controller with the DC voltage deviation as its input. The if, is used as the
input of the current control, G;(s), then the controlled active current results in the
regulation of the D-STATCOM’s DC link voltage.

s, +1

Figure 6. DC Voltage Control Structure and the D-STATCOM dc Voltage

The PI controller parameters depend on the parameters of the closed-loop transfer
function, natural frequency (wg), damping coefficient (), and pole value (p). In general,
wg and C characterize the desired system behavior and they are fixed, while the pole
value can be chosen. Specific pole values can be imposed by using supplementary
conditions. In this paper, the conditions for choosing the pole value refer to the
symmetrical optimum method that is described in [17] and [18], which simplify
expressions of the PI parameters. The goal is to find the pole value of the closed-loop
transfer function which satisfies the assumptions of the symmetrical optimum method
around w, for the transfer function of the open-loop system.

4. Load Voltage Control using the Loop Shaping Method

Based on the distribution system model described in the previous section, we are now
to design the load voltage controller. In addition, the D-STATCOM model and its
control were integrated with the power distribution system for designing the load
voltage controller. From the current control with decoupling as shown in Figure 5, the
control inputs, ug and 1, of the D-STATCOM dynamics in (19) — (21) can be written
as:

iy = ﬁ[kpd}?f(if‘d — ira) + kigRefy — @Leic, + Vi) (22)

Ug = ﬁ[kPqu(i}q —igg) + kigRr fy + wlsirg] @3
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While the active current command iz, can be derived from the DC voltage control

with decoupling as shown in Figure 6 as:

1 |=kpdc
F
g |kpRa

* kige
(Vie = Vao) Dot

Zy= Ty = Ugirq @9

Where wlyifq, wlsizg and ugis, are the decoupling terms of the current control and
the DC voltage control, respectively. In addition, the dynamic equations of the current
control and the DC voltage control that were integrated with the system can be written

as:

fa = ifa—ifa (25)
Jo = ifq ~irq (26)
Vg = Ve~ Vac @7

Therefore, the distribution system model in (10) — (16), the D-STATCOM dynamics in (19)
— (21) and the dynamic equations of the D-STATCOM controllers in (22) — (27) can be used
to form a set of state equations to design the load voltage controller for the RL load. For
designing the load voltage controller, the load voltage v,, is chosen as the output of the
system with the reactive current command if, as the control input. However, these state
equations are a set of nonlinear differential equations. To investigate the dynamic
performance of these systems, linear approximation is applied. Linearization of these systems
around a specified operating point that described in [19] gives a set of linear equations for the
inductive RL load as shown in (28).

Ay 0 ke 0 kim0 0 0000 w0 T 5
Aty iz Koar Kagr Oy | 0 Pl 0 "0 0 0 kg || ai, 5
b | [ Foeas Kz Fmgs O Hager 0 ke 0 0 0 0 g |lai,| | o
Bigy Foas 0 kisqs Kigaw Kiga Koaca 0 Kpaw Kpge a0 kugs ||Aiy | [Big
big, 0 0 0 ok | D 0.4l &m0 0 0 |t | |
a AAVdC _ ima g :uqﬁ kz{)dﬁ :quﬁ kvgcé g kfo.ia kfoqa k16alﬁ g ];uqs AAvdc + | aiz,
dt| Aa vtd7 isa7 ifq7 itq7 a
Afs 0 0 Kigs Kkiras  Kiggs  Kvas O [ A S kags || 8a bra
Ay 0 0 0 0 ke 0 0 0 0 0 0 o || 4% by
2;& 0 0 0 0 of 2.0 1 o\ R 0 0 ﬁl_fd g
Aim Kotarn . O kisgn 0 Kipgu 0 0 0 0 0 kaan kagn Aim 5
R Kosarz O ki, 0 Ky, 0 0 0 0 0 kyarz Kugizd T

(28)
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Distribution power system parameters

Nominal source voltage (If)

Desired load voltage magnitude (v;y)

Source resistance and inductance (R, and L)

Load resistance and inductance (R; and L;)

System frequency (f;)

12.81 kV

11.00 AV

10 and 10 mH
10 2 and 10 mH
50 Hz

D-STATCOM parameters

Coupling capacitor (Cr)

Interfacing resistance and inductance (R¢ and L¢)

Constant value of converter (kp)

DC link voltage (vy.)
DC link capacitance (Cgz.)

Capacitor leakage resistance (R;)

Switching frequency (f5.,)

50 uF

0.1 Qand 10 mH
0:55

30 kV

200 uF

61.273 kO

10 kHz

Base on the parameters of the distribution system and the D-STATCOM as shown in
Table 1 and the D-STATCOM controllers as described in the previous section, the
operating points of the systems can be obtained as shown in Table 2. Bode plots of the

transfer function Avfi(s) for the linearized system of (28) with the operating point as

Aifq (S)

shown in Table 2 is shown in Figure 7.

Table 2. Operating Points of the System

Vi (kV) 12.81 11463 10.25 8.97
(1.0 pu.) (0.9 pu.) (0.8 pu.) (0.7 pu.)
irq0 (4) 0 -463.22 -860.10 -1516.0
Veao (KV) 11.00 11.00 11.00 11.00
isqo (A) 1002.08 1004.03 1010.46 1022.98
isqo (4) -143.97 321.48 818.35 1374.25
irq0 (4) -0.89 -2.84 -9.27 -21.79
Vaco (KV) 30 30 30 30
a, (red) -0.237 -0.306 -0.400 -0.5637
fao (4) 0 0 0 0
fao (4) 0 0 0 0
Vo (KV) 0 0 0 0
irqe (4) 1001.18 1001.18 1001.19 1001.19
iq0 (4) -314.53 -314.53 -314.53 -314.53
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The bode plots of the transfer function for wvarious operating conditions
corresponding to a different value of i, are also shown in Figure 7. Remarkably, the
system dynamic in (28) gives non-minimum phase.
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Figure 7. Bode Plots of the Transfer Function Avfi((s))
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4.1. Linear Controller Design using the Loop Shaping Method

The load voltage control is a single-input, single-output (SISO) control system with
the load voltage v,y chosen as the output of the system and the reactive current
command iz, as the control input. For SISO systems, the classical loop shaping concept
is a basis for designing the load voltage controller. The unity-feedback SISO system is
depicted in Figure 8 where P(s) represents the plant transfer function and C(s)
represents the controller transfer function. The signals r(t), d;(t), do(t), and n(t) are
reference input, input disturbance, output disturbance, and sensor noise, respectively.
The signal y(t) is the output, e(t) is the tracking error, and u(t) is the control input.
The definitions of the open-loop transfer function L(s), the sensitivity function S(s),
and the complementary sensitivity function T(s) are:

L(s) = P(s)C(s) (29
S(s) =1+ L) (30)
T(s) =L + L™ (3D

The classical loop shaping is a design procedure that explicitly involves the shaping or the
adjustment of the magnitude or loop-gain of the open-loop transfer function, L(s), within a
desired frequency spectrum. There are three basic types of loop shaping specifications, which
are imposed in a different frequency [20]. 1) At low frequencies we require |L(jw)| to be large,
so that |S(jw)| is small and T(jw) ~ 1. This ensures good command tracking, and low
sensitivity to plant variations, two of the most important benefits of the feedback. ii) At high
frequencies we require |[L(jw)| to be small, so that |[T(jw)| is small. This ensures that the
output y(¢) will be relatively insensitive to the sensor noise n(¢), and that the system will
remain closed-loop stable in the appearance of plant variations at these frequencies. iii) L(jw)
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should not drop-off too quickly near the crossover frequency to avoid internal instability. The
specifications for the load voltage control performance in this paper are as follow:

1) Zero steady state tracking error.
2) At least 40 dB of disturbance rejection at low frequency.
3) The output y(¢) must be relatively insensitive to the sensor noise n(t) at high frequency.

4) The gain margin should be greater than 3 dB and the phase margin should be greater
than 40°.

Figure 8. Block Diagram of a Unity Feedback SISO System

e(t & (s + 1 fud

s (z,s+1

Figure 9. Designed Controller for the Load Voltage Control

Table 3. Controller Parameters and the Stability Margins

5.1) Current and DC voltage control without decoupling

v, (kV) 11.53 10.25 8.97
irq (4) -463 -960 -1516
Veq (KV) 11.00 11.00 11.00
ke 110 0 D

7 0.00024 0.00024 0.00024
Ty 0.002 0.002 0.002
GM(dB) 6.75 5.26 4.43
PM(deg) 41.2 42.5 45.0

5.2) Current and DC voltage control with decoupling

v, (kV) 11.53 10 8.97
irq (4) -463 -960 -1516
Vpq (KV) 11.00 11.00 11.00
Ky 110 0 D

Ty 0.00024 0.00024 0.00024
T, 0.002 0.002 0.002
GM(dB) 5.94 4.31 3.68
PM(deg) 42.0 44.9 49.2
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To satisty the specifications 1) and 2) requires an integral action in the controller. In
addition, the load voltage control gives non-minimum phase, so that the lag
compensator is used for satisfying the specifications 3) and 4). The designed controller
for the load voltage control is shown in Figure 9. By using MATLAB for adjusting the
open-loop transfer function, L(jw), to satisfy the loop shaping specifications described
above, the controller parameters and the stability margins for the inductive RL load with
various operating conditions corresponding to a different value of is, are obtained and
presented in Table 3. The bode plots of the plant, desired controller, and the open-loop
system including the plant augmented with the desired controller when the source
voltage is 0.7 per-unit are demonstrated in Figure 10 whereas the root locus of the
closed-loop system are shown in Figure 11.

In Figure 10, the bode plots for the inductive RL load, shows that |L(jw)| is greater
than 40 dB at low frequency while at high frequency, |L(jw)| is small. The gain margin
of the control loop is 3.68 dB at 487 rad/s and the phase margin is 49.2° at 122 rad/s,
therefore specifications 1) — 4) are satisfied. In accordance with the root locus of the
closed-loop system shown in Figure 11, all the closed-loop poles are on the left-half of
the complex plane (LHP). Thus, the closed-loop system of the inductive RL load is
stable.

Bode Diagram
100
it with Controffe
g v | . it =101
% — 51
g 0 ] e
2 o s
5% a s
=900 e | i
-150 i
260 —
B » 4 —
3 STl ~—
3 antwith Controlf . i, Plant,i , =-15164
8 ,un: r \_ \\\_-
g 0
180
107 1d 1d 10 100 10t 16 1

Frequency (radisec)

Figure 10. Open-loop System Including the Plant with the Desired Controller

Root Locus for RL Load

3000 |- & i
B \ &
2000 |- e B i
" Gl -
, 1000 , ", g
= | A | o | o | LU . i i [ttt LTS
< : - ) e
g S~ =7
E
-1000 |- e
2000 i
3000 | f B
-4500 -4000 3500 3000 -2500 -2000 1500 -1000 -500 [} 500
Real Axis

Figure 11. Root Locus of the Closed-loop System

98




323

International Journal of Control and Automation
Yol. B, No. 1, February, 2013

‘
and Load -
S | »
>
f e
> | *
>
u g g Il
—.{1 i
< le
ity )
)

RL Load
B>

D-STATCOM
DC Voltage

Figure 12. Test Power System and its Controllers in MATLAB Simulink

[y} | [ |
e L |
= TRV s RL5=1 Ohm, T0mH ] ] 2 |
. . - — =
PSB Simulation Az ; wL=10onm|
<2 o

LL= 1omH %
o

Figure 13. D-STATCOM System using MATLAB Power System Blockset (PSB)

L —

£Y

5. Simulation Results and Discussion

The proposed D-STATCOM mathematical model, as summarized in (28), and its
control were integrated with the power distribution system and the load voltage
controller. This test system was formulated and therefore simulated in MATLAB

929




324

International Journal of Control and Automation
Yol. B, No. 1, February, 2013

Simulink. The load voltage controller described in Section 4 provides the reactive
current reference signal, if;, to the D-STATCOM controller while the active current
reference signal, ifq, is generated by the DC voltage controller. Other reference input to
the D-STATCOM control is the desired constant DC voltage, vj..

The compensating current and DC voltage control schemes shown in Figures 5 and 6
are applied. The D-STATCOM model is integrated with the power distribution system
and the load are shown in Figure 12 as created in SIMULINK/MATLAB. Simulation
results for this integrated system when the source voltage are dropped to 0.9 pu., 0.8 pu.
and 0.7 pu., are presented for the inductive RL load.

To verify the accuracy of the proposed D-STATCOM simulation, the similar task was also
conducted by using MATLAB power system blockset (PSB) for simulating the D-
STATCOM test system in power-clectronic switching model. This can be summarized as
shown in Figure 13.

With the load voltage controller designed using the classical loop shaping method,
the stability margins (i.e., both gain margin and phase margin) can be simply achieved
to satisfy the specification. The response of the designed controller shows a good
performance and preferable stability margins. Figure 14 shows the responses of the load
voltage to the decreased source voltages down to 0.9 pu., 0.8 pu., and 0.7 pu.,
respectively. When considering the sag of the source voltage at 0.9 pu., we can see that

the load voltage reaches its reference within 0.01 s. whilst the sags at 0.8 pu. and 0.7 pu.

take longer time to recover, within 0.02 s.

Additionally, the responses of the load voltage control with and without the
decoupling are compared. As can be seen, the load voltage controller with the
decoupling gives better dynamic responses. It is because smaller settling time is
experienced when the source voltage is decreased at 0.9 pu., 0.8 pu., and 0.7 pu.,
respective. Clearly, Figure 15 shows that the responses of the DC voltage for the D-
STATCOM controllers with the decoupling also have smaller settling time and
overshoot than that without the decoupling. In comparison, the simulation results show
that the voltage controller with the decoupling is conservative and gives better
performances.

Moreover, Figures 16 — 18 compares the dynamic responses of the load voltage, the
DC voltage, and the D-STATCOM?’s currents of the proposed model and the PSB
simulation. As a result, the responses of both simulations are thereby justifying the
proposed model and the controller design.
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Figure 14. Load Voltage Responses
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6. Conclusion

This paper illustrates the system modeling and control design for the load voltage
regulation using D-STATCOM. The D-STATCOM currents and DC voltage decoupling
control based on the dg reference frame are used with the symmetrical optimum method
to obtain the parameters of the PI controllers. This derived model is used for the load
voltage controller design based on the linearized technique, called the classical loop
shaping method. Performance of the propose model and the controller design are
verified by using computer simulation performed in SIMULINK/MATLAB. The results
show that the load voltage controller including the D-STATCOM controllers with the
decoupling control has a good performance and sufficient stability margins. In addition,
the simulation results obtained by using the proposed model in the frequency domain
are compared with those acquired from MATLAB’s Simulink - Power System Blockset
to confirm the accuracy of this simulation.
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