ABSTRACT

Xl, ZHENGPING. Control Strategies of STATCOM durirfgystem Faults. (Under the
direction of Dr. Subhashish Bhattacharya.)

The possibility of generating or absorbing conttblé reactive power with various
power electronic switching converters has long beecognized. Alternating Current
Transmission Systems (FACTS) controller is the &kyment for flexible, controllable, and
secure transforming transmission and distributidi&¥) system. Advances in power
electronics technologies, such as the gate-turtikgfistors (GTOs), modular voltage source
converter (VSC) technology and digital control teslogy, promote the implementation of

these new electronic concepts in transmission syste

This dissertation is dedicated to a comprehendivéysof multilevel voltage source
converter based STATCOM and its application, eshkats operation during system fault.
To solve STATCOM operation problem during systemlts “Emergency PWM” is
proposed. When a system fault is detected, “Emesg8WM” (EPWM) is implemented
with angle control until the fault is removed. By way, the switches are working in the
60Hz during normal time; there is no extra systess! EPWM can prevent over-current and
trips in the VSC during and after system fault, am$ures that the STATCOM supplies

required reactive power.

Based on normal three-phase PLL, “Instantaneous” RIRLL) is proposed. By
using the voltage vector angle as the output of ,PIELL considers not only positive
sequence, but also negative sequence, which isageddy system faults. System with IPLL

has the same performance as system with normal Bbd, the system performance is



improved by IPLL during system faults. It meansyatesm can implement normal PLL for

normal operation, and switch to IPLL at the fault.

Ice accumulated on power transmission lines in @vign cause severe damage to
power system. VSC based STATCOM provides good agseation during the majority of
the time when ice-melting is not required. By chiagdq reference undelg regulation,
fiving fixed angle for angle control to keep chaigiDC capacitors and changing DC voltage
according the demanded DC current through transonissonductors, the STATCOM can
perform the ice melting function when it is needétie incremental cost for ice-melting
capability is relatively small. The changeover mauare is simple and can be accomplished

by remote control.

The integration and control of energy storage systéESSSs), such as Supercapacitor
(Ultracapacitor - UCAP) into a D-STATCOM (Distribah system STATCOM) is
developed to enhance power quality and improveridigton system reliability. This
dissertation develops the control concepts to didigcharge the UCAP by the D-
STATCOM, and validate the performance of an integtd-STATCOM/UCAP system for

improving distribution system performance undetyes of system related disturbances.
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CHAPTER 1 INTRODUCTION

1.1 Overview

The possibility of generating or absorbing contaiblé reactive power with various power
electronic switching converters has long been reizegl [1]-[8]. However the practical

implementation of these concepts for transmissioa dpplications was not possible without
suitable high-power electronic switches, havingitterent capability to turn off in response
to a gating command. Flexible Alternating Currentaismission Systems (FACTS)
controller, an AC transmission system incorporatiogver electronic-based or other static
controllers which provide better power flow contrahd enhanced dynamic stability by
control of one or more AC transmission system patars (voltage, phase angle and
impedance), is the key element for flexible, colide, and secure transforming

transmission and distribution (T&D) system.

Advances in power electronics technologies, suclthasgate-turn-off thyristors (GTOSs),
modular voltage source converter (VSC) technolagy digital control technology, promote
the implementation of these new electronic conceptstransmission systems. The
development of such an advanced power electromisseebtransmission controller to solve
typical and challenging system issues, such asmee-problem, would improve the

implement of this controller [11].
1.2 Shunt-connected Controllers and STATCOM

In general, FACTS controllers can be divided iftiieé categories [2]



e In series with the power system (series compensatio
e In shunt with the power system (shunt compensation)
e Both in series and in shunt with the power system.

Among FACTS controllers, the shunt-connected cdlet®have shown feasibility in term of
cost effectiveness in a wide range of problem-sghfrom transmission to distribution levels.
Moreover, the shunt controller can improve transistability and can damp power
oscillation during a post-fault event. Using a hgpeed power converter, the shunt controller

can further alleviate or even cancel the flickexigpem [10].

In principle, all shunt controllers inject curranto the system at the point of connection. A
variable shunt impedance connected to the lineageltcauses a variable current flow and
hence represents injection of current into the. I&k&long as the injected current is in phase
guadrature with the line voltage, the shunt cotdgrobnly supplies or consumes variable

reactive power [2].

The shunt controller basically consists of threzugs:

e Static var compensator (SVC)

e Static synchronous compensator (STATCOM)

e Static synchronous generator (SSG) or STATCOM weitargy-storage system (ESS)

Switching power converters have been able to opetihigh switching frequencies and to
provide a faster response by employing turn-offataigy semiconductor devices. This

makes the voltage source converter (VSC) an impogart in the FACTS controller [3].



STATCOM is the first power-converter-based shumtrmxted controller, which has broad
applications in electric utility industry. The STEDM is the solid-state-based power
converter version of the Static Var CompensatorGsMhe concept of the STATCOM was
proposed by Gyugyi in 1976 [2]. STATCOM has plagedimportant role in power industry
since 1980 [12]. Operating as a shunt-connected, 3WCreal and reactive power exchange
between the STATCOM and the transmission netwaork il produced by a controllable AC
voltage source generated by a voltage source camvédihe first high-power STATCOM in
the United State was installed at the TennesseeyAuthority (TVA) Sullivan Substation
in 1995. The $00MVA STATCOM is used to regulate the 161kV budtage during the
daily load buildup, with a 48-pulse power convertemsists of eight two-level VSCs,

controlled in a 60Hz staircase [13]-[14].

Compared with conventional FACTS, SVC, STATCOM haany advantages with its

natures [2][15][16]:

e V-l and V-Q characteristics: STATCOM can be opetatever its full output current
range even at very low system voltage levels. eiotvords, the maximum capacitive or
inductive output current of the STATCOM can be nimed independently of the AC
system voltage, and the maximum Var generatiorbsoption changes linearly with the
AC system voltage. Reversely, the maximum attasmaoimpensating current of SVC
decreases linearly with ac system voltage, andrthgimum var output decreases with
the square of this voltage. The STATCOM is supetiothe SVC in providing voltage

support under large system disturbances duringwthie voltage excursions would be



well outside of the linear operating range of thempensator. The capability of
providing maximum compensating current at reducgstesn voltage enables the
STATCOM to perform in a variety of applications theme dynamic compensation as an

SVC of considerably higher rating.

Transient stability: The ability of the STATCOM tmaintain full capacitive output
current at low system voltage makes it more effecthan the SVC in improving the
transient stability. The transmittable power cannmeeased if the shunt compensation is

provided by a STATCOM rather than by an SVC.

Response time: SVC includes TCR (thyristor congbleactor), which per-phase can be
controlled per half cycle through changing thenfiriangle, and TSC (thyristor switched
capacitor), which needs a full cycle to upgradeddransient-free switching. With the
semiconductor device having turn-off capability an8C technology, STATCOM can

update its control at least within half-cycle witte switching frequency.

Capability to exchange real power: STATCOM, in cast to SVC, has the unique
capability to interface with an energy storage eystexchange real power with the
power network in bi-directions, and independentintcol both reactive power and real

power.

Harmonics: With the innovation of VSC topologiesdaiast switching semiconductor
devices and modulation methods, the harmonics enisgd STATCOM is very low and

a filter is not required.



Loss vs. Var output characteristic: Both STATCOMI&VC have relatively low loss
nearby zero Var output. The loss contribution ofvpo semiconductors and related
components to the total compensator losses areethigh the STATCOM than for the
SVC. However, the rapid semiconductor developmeritseduce the device losses, and
the technological advances probably will have helpeduce the overall losses of the

STATCOM more than those of the SVC.

Physical size and installation: With high power signof semiconductor devices and
VSC capability to circulate reactive power, STATCQldes not need large capacitor
and reactor banks, which are used in conventiondCsS Thus, overall size is

significantly reduced (about 3040%) for STATCOM.

Lifetime: Compared to a typical life of thousandpemation times for mechanical
breakers or switches, a semiconductor device masstlinfinite switching cycles. With
less passive components, STATCOM has an even |difigiame than SVC. With fast
development and improvement of semiconductor dsyite lifetime of STATCOM is

expected to be improved further.

1.3 Multilevel Converter Topology

Due to MVA level of STATCOM implement, high poweoltage source converter is needed

in most cases where conventional two-level convertgthout device series connection

cannot handle. Multilevel converters are currentysidered as one of the industrial solution

for high dynamic performance and power-quality dediag applications. The multilevel



converters typically synthesize the staircase geltaave from several levels of dc capacitor

voltages, covering a power range from 1 to 30MW.[17

Over the years, many different multilevel convettgrologies have been reported. The most
known and established topologies are the diode pdanineutral point clamped) multilevel
converter; the capacitor clamped (flying capacitatitilevel converter, and the cascaded H-

bridge multilevel converter.

Vde

(@) (b)

Figure 1-1  Diode clamped multilevel convettgologies (a) Three-level (b) Five-level

The phase A of a three-level diode clamped convestghown in  Figure 1-1 (a) in which
the dc bus consists of two capacitors. The negdiae of the upper converter and the
positive bar of the lower one are joined togetlefarm the new phase output, while the
original phase outputs are connected via two clagpiiodes to form the neutral poiN{

dividing the DC-link voltage in two. Each device ltage stress will be limited to one



capacitor voltage level through clamping diodesadiition, the neutral point enables the

generation of a zero voltage level, obtaining altof three different voltage levels.
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Figure 1-2  Three-level diode clamped convesteitching states and corresponding output voltage
level

The switching state of a converter is a set ofagunsed to control each switching device of
power circuit. They can modify its conduction statel the way the load is connected to the
different nodes of the DC side circuit. Hence atipalar switching state generates a
corresponding output voltage level. Figure 1-2 shole three different switching states for
the phase A of a three-level diode clamped conwertd their corresponding output voltage
levels. For voltage levelz Vg, turn onS, &; for voltage level0 Vg, turn onS, S; for

voltage level-2 Vg, turn onSs, Si. The obtained equivalent circuit is highlightedstwow



how the output node A is linked to the positiveutnal, and negative nodes of the DC side

circuit. The same switching states can be appbeghases B and C.

The diode clamped converter topology can be extkridehigher power rates and more
output voltage levels by adding additional poweitswes and clamping diodes to be able to
block higher voltages. Figure 1-1 (b) shows phasH A five-level diode clamped converter.
The number of clamping diodes needed to sharedhiage increases dramatically. This fact,
together with the increasing difficulty to conttble DC-link capacitor unbalance, has kept
the industrial acceptance of the diode clamped exartopology up to three levels only.

The advantages and disadvantages of a diode clacopedrter are [18]:
Advantages:

e When the number of levels is high enough, harmaoistent will be low enough to

avoid the need for filters.
e Efficiency is high because all devices are switchethe fundamental frequency.
e Reactive power flow can be controlled.
Disadvantages:
e Excessive clamping diodes are required when thebeuwf levels is high.

e ltis difficult to do real power flow control fohe individual converter.
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Figure 1-3  Capacitor clamped multilevel corteeitopologies (a) Three-level (b) Five-level

The phase A of a three-level capacitor clamped edaw is shown in Figure 1-3 (a). The
voltage level defined in the capacitor clamped eoter is similar to that of the diode clamp
type converter. The zero level is obtained by coting the load to the positive or negative
bar through the flying capacitor with opposite pityarespect the DC-link. For voltage level
Y% Vg, turn onS., S; for voltage leveD V., turn onS, S; for voltage levety2 Vg, turn onSs,
. Figure 1-4 shows the switching states and thewivadent power circuits with

corresponding output voltage levels.

The capacitor clamped converter topology can beneldd to higher power rates and more
output voltage levels by adding additional poweitswes and clamping diodes to be able to
block higher voltages. Figure 1-3 (b) shows thespha of a five-level capacitor clamped

converter.
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Figure 1-4  Three-level capacitor clamped comeeswitching states and corresponding output
voltage level

The advantages and disadvantages of a flying dapa&cnverter are [18]:
Advantages:

e Large amount of storage capacitors provides eidethrough capabilities during power

outage.
e Provides switch combination redundancy for balagdiifferent voltage levels.

e When the number of levels is high enough, harmaoistent will be low enough to

avoid the need for filters.

e Both real and reactive power flow can be contrgliméking a possible voltage source

converter candidate for high voltage DC transmissio
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Disadvantages:

e An excessive number of storage capacitors is requivhen the number of converter
levels is high. High-level systems are more difti¢a package and more expensive with

the required bulky capacitors.

e The inverter control will be very complicated, amlkde switching frequency and

switching losses will be high for real power tramssion.
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Figure 1-5 Cascaded H-bridge multilevel corteetopologies (a) Three-level (b) Five-level

S4

T | [T LT
wb;rmn;r

The Figure 1-5 (a) shows the phase A of a threelleascaded H-bridge converter. Cascaded
multilevel converter is formed by the series corioecof two or more H-bridge converters.
Each H-bridge corresponds to two voltage sourceelegs, where the line-line voltage is

the converter output.
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Three-level cascaded H-bridge cotereswitching states and corresponding output

Figure 1-6 shows the three different output volteeyels and their corresponding equivalent

circuits. For voltage levély, turn onSi, S; for voltage leveD Vg, turn onSi, &; for voltage

level -Vq, turn onS, S Figure 1-5 (b) shows phase A of a five-level cdecaH-bridge

converter.

The advantages and disadvantages of a cascadettwveliltonverter are [18]:

Advantages:

e Requires the least number of components amongutilevel converters to achieve the

same number of voltage levels.

e Modularized circuit layout and packaging is possibecause each level has the same

structure, and there are no extra clamping diodesltage balancing capacitors.

e Soft-switching can be used in this structure toiéiulky and lossy resistor-capacitor-

diode snubbers.

Disadvantages:
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e Needs separate DC sources for real power conversamd thus its applications are

somewhat limited.

Without semiconductor devices connected in setiesmultilevel converters show feasible
capability of clamping the voltage across individdavices below their limitations. This
allows the recent semiconductor devices to bezatllin higher-voltage applications without
incurring voltage sharing problems. Another sigraht advantage of the multilevel
configuration is the harmonic reduction in the amtpvaveform with low switching
frequency. The quality of the output voltage is royed as the number of voltage levels
increases, so the quantity of output filters candeereased. The transformers can be

eliminated due to the reduced voltage that thecéwgtistains.
1.4 Control Technology

The main function of the STATCOM control is to ogter the converter power switches so as
to produce a synchronous output voltage wavefoiah ftirces the reactive power exchange
required for compensation by generating a set afrdinated timing waveforms, which

determines the on and off periods of each switchihan converter corresponding to the
wanted output voltage. These timing waveforms havefined phase relationship between
them, determined by the converter pulse numbennisdod used for constructing the output

voltage waveform, and the required angular phds@iarship between the three outputs.

The magnitude and angle of the output voltage deter the reactive current the converter
draws from, and thereby the reactive power it ergea with the AC system. There are two

typical STATCOM control schemes: 1) Direct controkthod is to keep the DC voltage
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constant and control the reactive output currergatly by controlling the converter output
voltage through voltage control mechanism; 2) lecticontrol method derives the necessary
magnitude and angle for the converter output veltagestablish the required DC voltage on
the DC capacitor since the magnitude of the AC aiwpltage is directly proportional to the
DC capacitor voltage. Because of this proportidpalihe reactive output current can be
controlled indirectly via controlling the DC captmi voltage, which is controlled by the

angle of the output voltage.

Space vector control is widely implemented in matioives and Uninterruptible Power
Supply (UPS) control. In those applications, duehi real power input to the system, DC
bus voltage and current need to be regulated btyraiting real power. With space vector
control methodology, real currery &nd reactive current, lare controlled separately. A'1

order transfer function including decoupling cohtitems and neglecting the DC-side
dynamics is proposed by Dr. F. Z. Peng and utilimdthe STATCOM internal current

control design [18]. A generalizeadddrder transfer function of a CMC-based STATCOM
including the cross-coupling effects but neglectib@-side dynamics is derived for the

internal current loop control design by Dr. SiriRijisukprasert [19][20].

In STATCOM application, the bus voltage is regullaiey exchanging reactive power
between STATCOM and power system. In another wirele is no real power exchange
during the voltage regulation procedure. As a tesylis equal to0. In [21], angle control
method is proposed. Compared with space vectorralonvhich controlsly and I, by

regulating the magnitude and phase of inverter ugpltage, angle control methodology
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keeps the bus voltage and inverter output voltag¢he same phase in steady state and
controlsly by regulating magnitude of inverter output voltagich is determined by DC

bus voltage.

For STATCOM with space vector control, differentgné@udes of converter output voltages
are controlled by adding notches to the convert¢pwd, which can be achieved by changing
modulation index of Pulse-Width Modulation (PWMhd& PWM application has a negative
impact on the multi-pulse waveform quality, resudtiin high THD. For STATCOM with
angle control, the control angle has some valuactuevel, change and keeps @sn the
steady state. Comparing these two control methguedo the angel control is presently

considered practical for transmission line appiora.
1.5 STATCOM Operation Problems

Of all the possible contingencies that the convdntes to be protected against, four events

have been identified [22]:

e Device failure

e Inrush current and startup stresses
e Disturbance in AC system

e Severe DC bus unbalance

In case of device failure, the primary system ptd@ has to be built into the in converter
design. The author of [22] gives detailed proteactior device short circuit event and open

circuit event. There are many discussions on STAVIGEperation with unbalance DC bus
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voltage. In this dissertation, the primary proteton disturbance in AC system case through

a suitable control scheme will be introduced.
1.6 Phase-Locked Loop

The control systems of modern FACTS are becominghistcated and the good
performance of the utility connected systems depemdthe quality and precision in which
the utility voltage information is obtained. Thelaoof Phase-locked loop (PLL)
structure/dynamics in meeting these requirementee®ming an important research topic
[23]. A reference phase signal synchronized with AC system is provided by PLL. This
reference signal is used as a basic carrier wavelddving valve-firing pulses in control
circuits. The actual valve-firing instants are cddted using the PLL output as the base
signal and adding the desired valve firings. Tylycdhe desired firings are calculated in the
main control circuit achieving regulation of som&pmut system variables. The dynamically
changing reference from a PLL therefore influenaetsial firings and it plays an important

role in the system dynamic performance.

Under distorted utility conditions, the PLL struatushould not interfere on the AC power
conversion systems performance and must be abieatotain the phase lock. Besides, the
PLL system should be able to lock-in as fast asiptesand to provide the reference signals

without distortions [24].

When faults occur in power system, grid voltageuralance. The negative sequence
component will make double grid frequency fluctaatiin synchronous reference frame,

which will badly deteriorate the PLL function. Theero crossing detection method is
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presented in [25]. It tracks the grid phase angl@ld&tecting the zero crossing points of the
line voltage instantly, but it is sensitive to tlistortion the singles and the variation of each
phase is not considered in angle detection pro@é&smost commonly used PLL technology
is the so-called synchronous reference frame glyateRF) to detect the phase angle in the
d-g axes [26]-[29]. The traditional SRF-PLL systesrcomposed of phase detector part and
the loop filter part. The phase detection is olgdiby the transformation from the natural
reference frame to the synchronous reference fraimeloop filter determines the dynamics
of the PLL system. The performance of conventid@®RF-PLL is not good when the utility
voltage presents voltage unbalances and/or vohagaonic components. In [30], a double
decoupled SRFPLL (DDSRF-PLL) is reported. The mpant of the DDSRF-PLL is its
positive and negative sequence decoupling compuatatiunit which is used for solve the
unbalanced problem. The DDSRF-PLL includes two dpting computational units and
other four low pass filter for filtering the harmordistortion. In [32], a sinusoidal signal
integrator (SSI) based PLL used for real poweelfiipplication was reported. The SSI-PLL
combines a harmonics filtering and positive seqaesdraction in the stationary rotational
reference frame condition. The dynamic responsefidadng performance is a trade-off for
this method. In [33], an enhanced PLL (EPLL) iseyivThe EPLL structure is not simple
enough, since it composed of four EPLL componentsapositive sequence extraction unit
for the whole PLL system. Its dynamic responseoiselr because of the low pass filters
applications for a higher filtering performance.[B#], a multi-block adaptive notch filter

(ANF) integrated into a conventional three-phasechyonous reference frame phase-locked
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loop (SRFPLL). To remove frequency ripple casedirput signal unbalance and remove

harmonic errors.
1.7 Ice-melter Technology

The transmission system within the temperate amtham climes must contend with the
vagaries of ice storms. Ice accumulated on thestnggsion line can cause extensive damage
to the power system, causing towers to collaps¢ {289]. There have been some viable
methods to solve this problem. The Electro-Impulseicing (EIDI) mentioned in [25],
involves discharge of a capacitor through an dlectil. This coil, when energized produces
a strong magnetic field to produce a large ampditindpulsive force to De-ice an operating
power line. The use of specially strengthened limey require rebuilding the line, which
could be uneconomic. The application of high-fregryecurrent to melting ice on power
transmission lines in [36]-[37] is also not a gamdution because a large amount of reactive
support would be required. The voltage to genettadenecessary current through the line
would be too large and the current cannot be cbetreasily. Ice on power transmission
lines can be melted effectively by passing DC auge¢hrough the transmission conductors.
The use of short circuit AC current, in [38], magtrsupply enough current to melt ice
buildup. Large line-commutated thyristor converteen be built to provide a controlled
source of DC power for these applications. Thiglgasquipment would not be useable for
any other purpose and would only provide valuehenvery rare occasions when ice buildup
occurs. The STATCOM can provide a novel, cost-¢ifecsolution, by connecting via its

DC terminals to a source and used as an interéatteetAC power system [39].
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In a conventional application, STATCOM can be usegrovide fast reactive power for
voltage support and power oscillation damping. $ame equipment, with a simple control

reconfiguration, can perform ice melting functiohem it is needed.

1.8 Motivation and Dissertation Outline

The goal of this report is to achieve high-perfonce and reliable controller for the

STATCOM. Major contributions are addressed as Wi
e Emergency PWM

e Instantaneous Phase-locked Loop

e STATCOM de-icer implementation

e Supercapacitor as energy storage for distributystesn

Based on the sequence of the contributions abdne,dissertation is divided into seven

chapters.

Chapter 1 introduces the motivation and backgroohdhis dissertation. High power
converter topologies and applications are briettgatibed. STATCOM control topologies

and operation problem are presented.

Chapter 2 presents the principals of STATCOM opemaand control. Vector control and
angle control methods are derived from the equntatércuit. The STATCOM operation

problem is explained by a real system example.

Chapter 3 begins with discussion of system perfogeavith STATCOM. Vector control

and angle control are compared to define the pnoble
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Chapter 4 proposes “Emergency PWM” and “Instantaad®hase-locked Loop” as practical

operation strategies for STATCOM under faults ia fower system.

Chapter 5 presents the modeling and control desig@iTATCOM for De-Icer application.

Three control reconfiguration are introduced.

Chapter 6 presents the design and control of iatedrSTATCOM and Supercapacitor for
distribution system performance improvement. Thetesy performance under faults is

discussed through current spectra analysis.

Chapter 7 draws conclusion for this report and pseg the future work. The possible future
work, such as control and model of STATCOM combimgith non-linear transformer,
saturable transformer flux control, control of gtated STATCOM and Supercapacitor, etc,

could be further studied.

20



CHAPTER 2 STATCOM SYSTEM OPERATION AND CONTROL
2.1 STATCOM

Basically, the STATCOM system is comprised of threain parts: a Voltage Source
Converter (VSC), a set of coupling reactors orep-stp transformer, and a controller. The
STATCOM is connected to the power networks at anPof Common Coupling (PCC),
where the voltage-quality problem is a concern. Figure 2-1 shows the schematic
configuration of STATCOM. The charged capacit@4, provides a DC voltage to the
converter, which produces a set of controllableglphase output voltages. The exchange of
real power and reactive power between the STATCQOM the power system can be
controlled by adjusting the amplitude and phasthefconverter output voltage, ¥hrough

the turn-on/turn-off of VSC switches, so that th8&/output currenl; which is equal to the
sum of the VSC output voltagé minus the voltage at PC, divided by the impedance

of coupling reactok, can be controlled.
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Figure 2-1  Schematic configuration of STATCOM

In the case of an ideal lossless power convevteris controlled to be in phase with. In
this case, there is no real power circulated inSRATCOM,; therefore, a real power source
is not needed. When STATCOM operates in standbyemdg and V.. have the same
magnitude and phase. There is no reactive powereleet STATCOM and system, as shown
in Figure 2-2 (a). WheN, is greater thal,., leading reactive current is drawn from the line
and the STATCOM operates in capacitive mode, assho the Figure 2-2 (b). Whéew, is
smaller tharVy, lagging reactive current is drawn and the STATCOpérates in inductive
mode, as shown in the Figure 2-2 (c). In practisenall amount of real power is also drawn

from the line to supply the losses of the converter

22



Performance without current between STATCOM and system

0.55 0.555 0.56 0.565 0.57 0.575 0.58 0.585 0.59 0.595 0.6

Performance under capacitive mode

0.55 0.565 0.56 0.565 0.57 0.575 0.58 0.585 0.59 0.595 0.6

Performance under inductive mode

0.55 0.555 0.56 0.565 0.57 0.575 0.58 0.585 0.59 0.595 0.6
Time (s)

Figure 2-2  Inverter output voltage (Voa), Budtage (Vpcca) and Inverter current (1a) when
STATCOM operates in (a) no reactive power betwd&l€OM and system (b) capacitive mode, (c)
inductive mode

2.2 48-pulse Voltage Source Converter

Figure 2-3 (a) and (b) show the output line-to-limaveforms of a two-level VSC and a

three-level voltage source converter, respectivebth converters operate at the same line-
to-line voltage of 500 V, operated with PWM. Theduency spectra of Figure 2-3 (a) and (b)
are shown in Figure 2-3 (c) and (d), respectivélye results show that the total harmonic
distortion (THD) of the three-level converter outpoltage is 23.69%, whereas it is 38.68%

for that of the two-level VSC. As a result, theeinlevel converter can operate at a lower
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switching frequency to achieve the same THD. Mealewlat the same THD, the output

filter circuit for the three-level converter candoneich smaller.

Line-to-line voltage of two-level VSC Line-to-line voltage of three-level VSC
600 800 T

200

200

-600

D,-‘(T 0175 o0.18 0.185 019 0.195 047 01475 018 0.185 049 0.195
Time (s) Time (s)

(@) (b)

Fundamental (60Hz) = 3439 , THD= 38 68% Fundamental (60Hz) = 343.3 , THD=23.69%
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Figure 2-3  Simulation results for (a) the tvea¢l VSC line-to-line voltage, (b) the three-lev8IC
line-to-line voltage, (c) the frequency spectrunfadf (d) the frequency spectrum of (b)

To avoid additional filter circuit, a greater numlaé voltage pulses are required. The THD

of the multilevel converter voltages is relatividy. Figure 2-4 shows the phase voltage of a
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3-level VSC. The phase voltayen with respect to the hypothetical midpoint N of th€

voltage is given by

X
2Va~C (D (2k—-1)o
Von = w2 T —1 sin 5 sin(2k — D wt, k=1,23...

Equation 2-1

=
(=]

h

1/2Vde

v

Figure 2-4  The phase voltage of 3-level VSC

The phase-to-phase voltagg, is given by

o
4V, 1 2k—1)m 2k —1)o T
Vap = ndckZ;Zk — 1sin( 3 ) sin( 5 ) sin(2k — 1) (wt +g), k=1.23..

Equation 2-2
The phase-to-neutral voltajg, with respect to the AC neutral point n is given by

o d
8Vae O (D Rk—-Dn . (2k—1)o
" 3w L2k -1 S 7 sinT————sin(Zk—Dwt, k=123 ..

Equation 2-3

Figure 2-5 shows the configuration of three-lev&lpilse VSC. The phase-to-phase voltage

Vap Of one converter is connected to a delta-connes¢edndary of a transformer, wif3
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times the turns compared to the wye-connected slacgnwhich is connected to phase-to-
natural voltagé/,,, of the other converter, and the pulse train of themtonverter is shifted

by 30°. These two output voltages are then addgd/éo

AVl & 1 116 1 136 1 2368

T smismwt — Hsstmllwt + Esstml?)wt — gsmTSLnZSwt
+ Lon20 25wt +
2SSln > sin25w
Equation 2-4

§ is set to 7.5° to eliminate the™.and 18" harmonics, then Equation 2-4 is

Uy = Vac 00 sinot — - sin 250 sin23wt + me sin 20 sin250t +
24 = - Sl‘l’lel‘I’l(J) 235l7’l > Sin w 2SSL‘I’I. ) Sin w

Equation 2-5

The output voltage has normal harmonics 24r + 1, wherer = 0, 1, 2...i.e; 2%, 25", 47",
49"... with typical magnitudes (1/23, 1/25, 1/47, 1/49.raspectively, with respect to the

fundamental.

Inv 1

|||

Inv 2

| N |

Figure 2-5 The 24-pulse voltage source comvretircuit
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Figure 2-6  The 48-pulse voltage source convaiteuit and waveform construction for STATCOM
application
Figure 2-6 shows the 3-level 48 pulse VSC topolegyl the output voltage waveform
construction for STATCOM application. The VSC catsiof four (Inv 1 — Inv4) 3-level
Neutral Point Clamped (NPC) converters which areneated in series by four (T1-T4)
transformer coupling. The primary side of the tfanser is connected in series. Due to the
strict loss penalty for STATCOM application, eact5% is operated at fundamental

frequency switching or in square-wave mode. Theagal waveform for each VSC output
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and the waveform construction (summation) on tla@asformer primary side is shown in

Figure 2-6.

Two 24-pulse VSCs, phase-shifted by 7.5° from eattler, can provide the full 48-pulse
converter operation. Using a symmetrical shiftecidn, the 7.5° are proved in the following
way: phase-shift winding with -3.75° on the two pling transformers of on 24-pulse
converter and +3.75° on the other two transfornoérhe second 24-pulse converter. The
firing pulses need a phase shift of +3.75°. Th@uiwoltage has normal harmonits= 48r
+1, wherer = 0, 1, 2...i.e; 4%, 49", 95" 98"... with typical magnitudes (1/47, 1/49, 1/95,
1/97...), respectively, with respect to the fundarakntVith a sufficiently high number of
voltage levels, the 48-pulse converter can caneembnics synthesize clean sinusoidal
output voltage using a relatively small filter airc Figure 2-7 shows the frequency spectrum

of 48 pulse VSC, the THD is reduced to 0.86%.

Fundamental (60Hz) = 1.001 , THD= 0.86%

100 ¢
g0
60

40+

Mag (% of Fundamental)

20t

0 10 20 30 40 A0 60
Harmonic order

Figure 2-7  The frequency spectrum of 48 puSEV
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2.3 STATCOM Control Methods

2.3.1 Equivalent circuit and equations®!

Figure 2-8 shows the STATCOM equivalent circuitcliding a DC-side capacitor, an
converter and series inductance in the three loesecting to the transmission line, where
Ls accounts for the leakage of the actual power foam®rs,R,, in shunt with the capacitor,
represents the switching losses in the inveRegrjn series with the AC line, represents the

inverter and transformer conduction losses.

ide " Rs Ls
oi ia Va
Vdd Rrp eab Vab
Cdc ebT ib Rs Ls t Vb
J— I:l VSC
ec_l: Rs Ls VCbl
Lec ic — Y'Y Y Vc

Figure 2-8  Equivalent circuit of VSC with hamio bus voltages

The ac-side circuit a phase has the following eqoat

R5|a+ Lspia= ea_ VE

Equation 2-6

Where p=d/ dt.

The AC-side circuit three phase equations in maiaix be written as:
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_R'g,

- 0 0
i, L R i, e,-Vv,'
P iib: = 0 _deb 0 iibl' +ﬁ zb.l_\\//b.l
[ 0 0 _ RS a)b Cc C C
i L'
Equation 2-7
Where a per-unit system has been adopted accaalthg following definitions:
R
L':—%LS,C':—l ,&':ipr':_p
zbase %Czbase Zbase Zbase
i '= ix Vv '= VX ex'—i Zb _Vb_ase
" ibase T Vbase ’ Vbase ’ e .base
Equation 2-8
With applying Park’s transformation matrix shownEquation 2-9,
cos@) cose—z?ﬂ ) cosé(+2—;7 )
2 , : 2T . 2T
T==|-sin@) -sin@—-—) —-sinf+—
3 @) (< 3 ) ¢ 3 )
1 1 1
J2 J2 J2oo ]
Equation 2-9

Equation 2-7 can be transformed to the synchrogyawusghting reference frame as Equation

2-10, wherev=d@/ dt:
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Equation 2-10

Neglecting the voltage harmonics produced by therter, we can write a pair of equations

for e,'and e, as:
e,'= kv, 'cos@)
&, = kv, 'sin(@)

Equation 2-11

Wherek is a factor for the inverter which relates the Bi@e voltage to the amplitude of the
phase-to-neutral voltage at the inverter AC sideiteals, andux is the angle by which the

inverter voltage vector leads the line voltage oect

2.3.2 Vector control

To obtain a decoupled control pf' and, ', Equation 2-11 can be rewritten as:

Equation 2-12

Substituting of Equation 2-12 into Equation 2-1@ e@an get
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Equation 2-13

Through a simple first-order transfer function, wan get the feedback loops and

proportional-plus-integral (Pl) compensation as:

i )
i R

Equation 2-14
Wherek, andk, are parameters of Pl controller.

Space vector control is shown in the Figure 2-%e Tconverter output currentiy, is
decomposed into reactive currelgtand real currentqlcomponentsEg* is obtained by
comparingq and the external reactive current referelgtedetermined from the STATCOM
outer-loop voltage control systergg* is obtained by comparing and the internal real
current referencdq*, derived from the DC voltage regulation loogs* and Es* are
converted into the magnitude and angle of the whotsverter output voltage, from which
the appropriate gate drive signals, in proper ieiahip with the phase-locked loop provided

phase reference, are derived.
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Figure 2-9  Block diagram of space vector cohtr

Observe that in the space vector, the DC bus wlimgegulated to be constant. In order to
control I, the converter output voltage is controlled toitbéhe same phase with AC bus
voltage by adding notches, i.e. implementing theluhation index of PWM, as this has a
direct effect on the VSC voltage magnitude, whertas phase angle, which basically
determines the real power P flowing into the cdtdroand hence the charging and
discharging on the capacitor, is used to directntmol the DC voltage magnitude. The
Figure 2-10 shows a 2-level VSC output voltageno tases with different AC bus voltage.
In both cases, the DC bus voltage is regulatecet@d®V. The carrier frequency is 1200Hz.
The AC bus voltage magnitude is 606V and 381V sechand 2, separately. Compared with
case 1 with higher AC bus voltage, to get the sinthere are more and wider notches in
inverter output voltage in case 2 with lower AC ba#tage. The modular index of case 1 is

equal to 0.89. The modular index of case 2 is etu@l58.
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Figure 2-10  Control AC bus voltage magnitudetiyh modulation index of PWM
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2.3.3 Angle Control

In Figure 2-8, the instantaneous powers at the A€ @C side of the inverter are equal,

giving the following power balance equation:

Vldc I Idc = %(eld iId +elq I IQ)

Equation 2-15

And the DC side circuit equation is

Rlp

— 1| Vldc
pvdc - _%C (I dc+ ]
Equation 2-16

Combining Equation 2-10, Equation 2-11 and Equafel6, the following state equations

can be obtained:

_Lf% w ﬁjcos@)
iy L ' kLa) iy \a
pl i, |= -w —&T lesin(a) Iy | —TE’ 0
V' _ _ . V' 0
i _;kC'a)ocos@) ;kcq singr ) —%{ | i

Equation 2-17

To show the features af ig andig, a 2-bus 500kV power system with a 48-pulse VS§eta

+100MVAR STATCOM is shown in Figure 2-11 as the erdion system.
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The steady-state solution of STATCOM circuit ustggical system parameters is plotted in

Figure 2-12 as a function ap with parameters in the evaluation system listabl€ 2-1, the

“0” notations correspond to steady state values.

Table 2-1 Parameters of evaluation system

Power rating 100 MVA
Line-line voltage / inverter| 15kV

Phase current 1.67kA
Transmission line voltage 500kV

Each Transformer 125kV/15kV
DC capacitor voltage 18.7kV

DC capacitor 3mF
Interface inductor 1.19mH, 13n
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According to Equation 2-8’ = 0.05, C' = 0.049 k = 0.46 Ry = 0.0017, Ry’ = o, v¢' = 1.0,

wo= wp = 377in the system.

Steady-state operating points
3 T T T

— ido
—iq0
vdc0

3 I | I I | I | I I
-0.25 -0.2 015 0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

degrees

Figure 2-12  Steady State Characteristics ofuation STATCOM system, where L'=0.05, C'=0.049,
k=0.46, R=0.0017, R'=«, \'=1.0, w¢=wp,=377

The figure has the following features:

® igois very small compared wiilgo, which means there is almost no real power exahang
between STATCOM and the power system, when therelig.u. reactive power

exchange between them.

e The range ofx for one per-unit swing iy is very small, which mearigo control has

small effect on DC bus voltage.
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e iy varies almost linearly with respectdg in the range shown in the figure. A positive
oo means that STATCOM supplies reactive power tosistem while a negative value

implies absorbing reactive power from the system.

Equation 2-17 is nonlinear i is regards as an input variable. The linearizapoocess

yields the following equation:

Aiy' Ay’ AV
p i, =[A]| 8 +{e]| o)
Av, ' Av,.'
Equation 2-18
Where,
. P
(Al -a RE B, ,
= -3, . _@C'
_7 kC'a, cos@, ) > kC w, sing, ) —Rp "
—% ——k%LVId‘” | sin(a,) ]
[B,]=| © %cos@o)
3 ., o .
0 EkC aJD(ldo sin(a,) =i cos{a'o))J

In STATCOM application, the bus voltage is regulaey exchanging reactive power
between STATCOM and power system. In another wtrelre is no real power exchange

during the voltage regulation procedure. As a tesyls equal to 0. Compared with space
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vector control, which controlg; andiq by regulating the magnitude and phase of inverter
output voltage, in angle control methodology, clemg the magnitude of the converter
output voltage are brought about indirectly by aagighe DC bus capacitor to charge or
discharge to a different voltage level. The coreredutput voltage is kept substantially in
phase with the AC bus voltage. Raising or lowetimg magnitude of the converter voltage
causes the reactive current delivered to the ACtduise or fall, respectively. Small positive
or negative deviations in the phase of the invertdéiage cause an increase or decrease of the

dc bus voltage.

linv Instantaneous Ig
» Reactive Current
V bus Calculator
Voltage
Magnitude
Galculator
i IE|
% - | Inverter
* & -
v hu’@_b K lq _@_» Kzs+Ka e Voltage
s + N s Command

V bus Phase Locked
—_ I
Loop

Figure 2-13  STATCOM angle controller blockgfiam

Figure 2-13 shows the implemented STATCOM angletrotiar. Refer to Figure 2-12, to
control bus voltagevh,s by adjusting reactive curremy, i.e. reactive power exchanging
between the power system and STATCOM, the inputheoouter loop controller and,,s

and reference valué,,&, the deference between which generates reactiuermt reference
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ig* responsible for the system voltage control. Anenfeedback loop is used to regulate the
STATCOM instantaneous reactive current. The mageitofiy is compared toy*. The error
thus obtained provides angke which defines the necessary phase shift betweemutput
voltage of the converter and the AC system voltageded for charging (or discharging) the
storage capacitor to the DC voltage level requi®@. system voltage operates a phase-
locked loop that provides the basic synchronizigmal, angled. Angle 6+« operates the
gate pattern logic that provides the individualegditive logic signals to operate the converter

power switches.

2.3.4 Angle Control vs. Vector Control

In practice, for transmission line applicationsnalti-pulse sinusoidal voltage is required to
achieve adequate waveform quality. To compare tiggeacontrol and vector control, a 24-
pulse STATCOM consists of two 3-level VSCs and tplmase-shifting transformers as
shown in Figure 2-5 Figure 2-5 is considered. Thegufe 2-14 (a) and (b) show the
STATCOM output voltage with angle control and veatontrol, separately. In Figure 2-14
(a), a clear 24-pulse voltage waveform with a phdisplacement of 15° is obtained after
adding electromagnetically the output voltageswad converters. In Figure 2-14(b), DC
voltage reference is set refer to one operatingtptr other operating points, vector control
is realized by changing modulation index of PWM, high-frequency switching. As a result,
adding the output voltages of two converters deggaitie number of voltage pulse. The
voltage quality will deteriorate because of redueettage levels and THD will increase

substantially. Comparing these two control methog@s, angle control is more difficult to
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be implemented, but STATCOM with angle control cgenerate higher-number-pulse
sinusoidal voltage. Consequently, the angel consopresently considered practical for
transmission line applications. And also, sincetdwas are operated in fundamental

frequency, angle control results in lower lossethefsystem.

x 10

— Inv1 voltage
= — Inv2 voltage =

STATVCOM voltage
n |

=

A W N P O P N W A~ O
T

6.5415 0.‘42 0.11125 0.‘43 0.435
Time (s)
100 I - Inv1 voltage
— Inv2 voltage
—— STATCOM voltage
500 I ] | I I .
Illl{i U ;lJJ!I
i it il |
i | |
il T —
| r I i Jli I |
-500- H’m ' b ”1 4
-10%.315 0.I32 0.I325 0{33 0.335
Time (s)

Figure 2-14 STATCOM output voltages with (aylarcontrol, (b) vector control.
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2.4 STATCOM Operation Problems

Figure 2-15 shows the performance of VSC circuitclthas been commercially used at two
installations in the US, each for a 150MVAR STATCQidnnected to a 138kV bus. The
STATCOM performance is very good for voltage regjaola However, the performance of
the STATCOM under system faults (such as single-tjround faults) results in converter
over-currents and STATCOM trips. Figure 2-15 shdkes Phase B bus voltage dips for 4
cycles due to a single-line to ground fault in 138&ystem. It is seen that the primary
STATCOM currents are large and the STATCOM tripsaf&ining further, it is seen that the
VSCs “stop-gating” during the fault due to over+eunt strategy and enable the STATCOM
to remain online, but cannot prevent the STATCOM tecovering from the fault. It is

realized that the VAR support functionality of tB#ATCOM is required the most during

and after a system fault.
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CHAPTER 3 STATCOM OPERATION UNDER SYSTEM FAULTS -

MOTIVATION AND PROBLEM STATEMENT

3.1 STATCOM Operation

3.1.1 STATCOM Operation under Normal Condition

Figure 3-1 and Figure 3-2 show the power systenh SITATCOM operation (shown in
Figure 2-11) in Var regulation mode, witfireference is equal to 1, under normal system
conditions. The STATCOM 48-pulse voltage wavefosmwerified in Figure 3-1. The VSC

phase currents in Figure 3-2 are within 1550A (3 puithout any system disturbances.

Performance of STATCOM
T T I T

T
Inverter voltage
Vpee
Inverter current

| | I I
0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 04
Time (s)

Performance of STATCOM (Zoom in)

I
Inverter voltage H
Vpee
...................... InVerter Current H

;Eﬁf‘ i

0.26 0.265 0.27 0.275 0.28 0.285 0.29 0.295 0.3
Time (s)
STATCOM reactive power Q in MVAR

100 / —_ reactive power }
50+ : : —
0 i i i I I
0.1 0.15 0.2 0.25 0.3 0.35 04

Time (s)
Figure 3-1 STATCOM operation in Var regulatimode under normal system condition (a) Bus

voltage, STATCOM primary 48-pulse voltage, STATG@Mary injected current, (b) STATCOM
reactive power Q in MVAR
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Inverter phase current (A}

==
B ey

Figure 3-2  Four VSC phase currents under norgyatem operations

3.1.2 STATCOM Operation under Single-line to Ground Fault

Figure 3-3 and Figure 3-4 show the STATCOM operatio Var regulation mode under 6-
cycle single-line to ground fault at bus 2. Thersag on AC bus voltage and accordingly, at
the output voltage of converter due to the faulgufFe 3-4 shows that the VSC currents
exceed 3000A (twice that of nominal 1550A peak iguFe 3-2), and will result in over-

current and trip to protect the VSC devices inacpcal system.
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Performance of STATCOM
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Figure 3-3 STATCOM operation in Var regulatimode under single-line to ground fault condition
(a) Bus voltage, STATCOM primary 48-pulse volt&BATCOM primary injected current, (b)
STATCOM reactive power Q in MVAR
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Figure 3-4  Four VSC phase currents under sidigle to ground fault condition
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3.1.3 STATCOM Operation under line-line fault

Figure 3-5 and Figure 3-6 show the ATATCOM opematio Var regulation mode under 6-
cycle line-line fault at bus 2. Figure 3-6 showattthe VSC current, the peak value of which

IS 4 pu., is much higher than that under normatidem.

Performance of STATCOM
4 \ \ T

I
Inverter voltage
Vpece
3 ! : Inverter current ||

N
1ia i i
HH|

L
T

4 1 | 1 1 I | |
0.35 04 0.45 0.5 0.55 0.6 0.65 0.7 0.75
Time (s)

Figure 3-5 STATCOM operation in Var regulatimode under line-line fault: Bus voltage,
STATCOM primary 48-pulse voltage, STATCOM primajgdted current

47



Inverter phase current (A)

Phase a ||
58 —— Phase b
Phase c ||

0.35 04 0.45 0.5 0.55 0.6 0.65 0.7 0.75

0.35 04 045 0.5 0.55 06 0.65 0.7 0.75

T
——Phase a ||
Phase b
Phase ¢ ||

I
0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

I
——Phase a [|
QY —— Phase b §
Phase ¢ ||

0.35 04 045 0.5 0.55 0.6 0.65 0.7 0.75
Time (s)

Figure 3-6  Four VSC phase currents under lime-fault

3.2 DC Capacity Design

3.2.1 DC Capacity Design

Neglecting losses (i.&s= 0, R,= ) and assume the steady-state condiion,0, the state

equation for the VSC in per-unit as:
k
iy 0 , Ta.)" iy
p iy =] -~ 0O O
0O O

' -3
Vdc —kC'
> w,

Equation 3-1
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wherep = d/dt, k is a factor between DC voltage and the amplitymaK) of the phase-to-
neutral voltage at the inverter AC-side, ani$ the angle by which the inverter voltay&.)

vector leads the line/bus voltagé,() vector.
The magnitude of negative-sequence currgntan be calculated from Equation 3-1:

2 1
vh‘[l— k8|_C' }

|i-ll|= 2 1
e

2L

Equation 3-2

The simulation result of the power system with STAOM shown in Figure 2-11 shows the
impact of negative sequence and harmonic currentsnder single-line to fault (SLG). In
this simulation, the system is undg(Var or current) regulation in fully capacitive o {*
=1.0 pu). There is 6-cycle SLG fault on bus 2. Figure 8adws the RMS values of negative-
sequence and®3 5", and 7' harmonics of the inverter (Inv1l) phase currenirduthe SLG
fault period, corresponding to different DC capaciCy. (pu) design values. This result is

same for Inv2, Inv3, Inv4 and STATCOM primary cuntreexcept for different scaling.
Notice that from Equation 3-2, fa¥ = 2L’/kz, i’ becomes infinite, and f&' = 8L’/k2, i1’

is zero — i.e. the VSC draws no negative-sequengert from the line, even under negative
sequence bus voltage disturbance. The losslesmptsns used to derive Equation 3-1 are
not valid for real STATCOM - thus the currents aot exactly zero. In this simulation, with
Cyc = 925uF (0.78 pupt point A, negative-sequence current is minim@é3 A rm¥. Note

that1.0 pupositive sequence rms currentl36.5 Aand the nominal DC bus voltage?8.6
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kV. This Cy. design method can be used to eliminate negatigaesee and/or harmonic
currents drawn from the bus under different busaga disturbances. Figure 3-8 shows the
DC voltage spectrum of the system with = 925uFunder SLG fault. We can see that the
negative sequence current caused by SLG is caddejylethe 2nd harmonics on DC bus
voltage. As a result, the control is based on pasgequence voltage. The results with only

negative sequence bus voltages are similar as giMeigure 3-7.

RMS value of Inv1 phase current components (A)

— - Negative sequence
: : ===~ 3rd harmonics

........... feveln b =0 Bthhamonics ..
; : --0-- 7th harmonics

15 2 25
DC capacitor (pu)

Figure 3-7 VSC phase current vs DC capacitatamSLG fault in the system
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FFT Analysis of DC voltage
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80 M |-

60 4| fr--m e

40 A o

Mag (% of DC component)

20 4

3 4 5 6 7 8 9 10 11 12 13 14 15 16

Harmonic order

Figure 3-8 . spectrum of the system with.€ 925uF under SLG fault

The UCC (Unit Capacitance Constant) as definedhfertwo STATCOM designs - point A

and point B are given below. This is similar to theertia constant” H of the synchronous

generator.
2
H @254F) = %C\; ~ 0.000%= 0.1ms
2
H (300QuF) = %C\; ~0003%= 3.1ms

The design method is based on per unit and is ldealae.g. for a 25MVA STATCOM
connected to 69kV, the optimum value Gf. = 12mF (0.78 py minimizes negative

sequence current under negative sequence bus edlistgrtion.
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3.2.2 STATCOM Operation with Different Cg

The Figure 3-9 shows thg reference for Vari§ or current) regulation. At = 0.2s theiq
command step changes from fully capacitive magie=(1) to fully inductive modeig*=-1),

and att = 0.4s it steps back to fully capacitive mode.

Iq reference (pu)

, Q000 ©0oo0o
L~ BRMNOND DR
T T T

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Figure 3-9 g reference command to the “angle controller”

The Figure 3-10 shows simulation results of theesyswith Cq. = 925uF (0.78 p.u) as
shown by point A in Figure 3-7 under normal sysmandition. Note that the designed point
A (in Figure 3-7) withCyc = 925uF (0.78 p.u) is optimum for this STATCOM. The Figure
3-10 (a) shows good dynamic responseqafurrent regulator to be within % cycle by the
STATCOM. The Figure 3-10 (b) shows the control an@l) generated by the “angle
controller”. Note that under normal steady stateditions the control angle is very small and
the control angle changes during transient conmitie such as step changesjireference as
shown in Figure 3-10 (a). In steady state, theetlplgase inverter currents are balanced and
changes phase when thegeference changes from capacitive to inductivehasvn in Figure
3-10 (c). Note that the inverter currents are witthie VSC over-current limits during the

reference step changes. The other inverter (Inv2)lourrents are similar.
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Simulation results,G 925uF (0.78 p.u.), (a)ireactive current of the STATCOM (b)

Figure 3-10
Control anglea from “angle controller” (c) inverter 1 phase cumé

System simulation was repeated with a non-optimesighed point B (in Figure 3-7) with
Cyc = 30001 F(0.24 p.u) for the STATCOM under normal system conditioflis is mainly

to compare the impact of thg,; design on the inverter currents and STATCOM reacti

currentiq response.
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Figure 3-11  Simulation results Cdc = 3000uR2@p.u.), (a) iq reactive current of the STATCQM (
Control anglea from “angle controller” (c) inverter 1 phase cumé
The Figure 3-11 (a) shows good dynamic responsg ofirrent regulator to be within %
cycle by the STATCOM. The, step change response is almost same as in Figloe(3)
with optimum value ofCy. = 925uF (0.78 p.u). This result shows importantly th@g. does

not affect the current response of the STATCOM umdemal condition. The Figure 3-11 (b)
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shows the control anglex) generated by the “angle controller”. The perttidoes in the
control angle ¢) are similar to that in Figure 3-10 (b), and aladndependent of th€y
design point A or point B. In steady state, the¢hphase inverter currents are balanced and
changes phase when thegeference changes from capacitive to inductivehasvn in Figure
3-11 (c). Note that the inverter currents are al#hin the VSC over-current limits during
the iq reference step changes, as in Figure 3-10 (c) @jth= 925uF (0.78 py. The other
inverter (Inv2-Inv4) currents are similar. Theuks in Figure 3-10 (c) and Figure 3-11 (c)
show that the inverter currents are independe@yetinder normal system conditions — i.e.

When there is only positive sequence bus voltage.

The Figure 3-12 and Figure 3-13 show the STATCONhwdifferent Cy. response to the
same 6-cycle SLG at bus 2. The Figure 3-12 showsyhtem bus voltagg,and Invl phase
currents of the STATCOM witlq. = 925uF (0.78 p.u) as shown by point A in Figure 3-7.
The Figure 3-13 shows the system bus voltagand Invl phase currents of the STATCOM
with Cyc. =3000uF(0.24 p.u) as shown by point B in Figure 3-7. The SLG fasilon phase
A, so as shown in Figure 3-12(a) and Figure 3-)3tfe bus voltag¥, sags, buv, andV,
are not affected. Comparing Figure 3-12(c) and ile@d+13 (c), the Invl peak current with
Cyc = 3000uF during SLG fault is almost twice that of the VS@eaation under normal
system conditions (i.e. without fault or with orpgsitive sequence bus voltage). This will
result in over-current in the VSC and trip of thEAICOM to protect the semiconductor
devices. However, the peak current of the VSC wdgh = 925uF does not increase that
much (as shown in Figure 3-12). This simulatioruttegerifies the VSC current component

analysis shown in Figure 3-7.
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CHAPTER 4 STATCOM OPERATION UNDER SYSTEM FAULTS

— PROPOSED SOLUTIONS

The Cyc design method poses another problem. The Figdrelbw the RMS values of Invl
phase current in system with three-phase faultliaedine fault on bus 2. The STATCOM is
operating undery (Var) regulation in fully capacitive mode (= 1). In Figure 3-7 withCqc

= 925uF (0.78 py —at point A, the negative-sequence current hasrtimimum value, equal
to 36.3A However, as shown in Figure 4-1, with the samkievaf C4, the negative-
sequence currents aBd4.2Aand202.7Arespectively, under three-phase fault and line-lin
fault. Comparing Figure 3-7 and Figure 4-1, itees that the designé&gjc value to eliminate
the negative-sequence current in system with Su@tshe optimunCy. value for minimum
negative sequence (and other harmonic currens)stem with other types of fault, and vice
versa. In other words, the optimum designGf depends on the type of bus voltage
distortion. The VSC current control strategy depeld in the next section can reduce the
harmonic currents practically with any value @f; design, under all types of bus voltage

distortions.
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Figure 4-1 VSC Inv1 phase current vs dc capacihder (a) three phase fault (b) line-line fault
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4.1 Current Control (“Emergency PWM”)

In the current control, the VSCs individually ddtand self-implement PWM switching to
control their phase (VSC pole and device) currentisin predetermined limits, as illustrated
in the Figure 4-2. Each VSC will ensure that itemegurrent limit is not reached during and
after the system fault, and under any bus voltagelition (including negative sequence and
harmonics). This control strategy enables the STAMCto remain online during and
recovering from a system fault, when its VAR suppsrrequired the most. Further, this
control strategy is independent of the valueGgf design for the VSC. Th€y. can be
designed to minimize impact of negative sequenceMoltage, whereas current control can
be used to minimize negative sequence and harnoomients under all other types of bus

disturbances (such as harmonic bus voltages).

|linvial +
>R W
T A
PWM
|l invib] | Signals
For
Inv1

l

[ith]

Figure 4-2  Controller to generate PWM triggégrsal for Invl
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Figure 4-3 VSC phase voltage and current wittaaurent control during fault
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Figure 4-4  VSC phase voltage and current wittrent control during fault

The introduction of the proposed method to suppttes€urrents up to the converter limits is
investigated in the followingThe Figure 4-3 shows the VSC phase output voltage a
current without current control implementation dgria system fault. As the switching
frequency is fixed to the line frequency the coltdrois unable to respond satisfactory and
reject this perturbation. The phase (GTO device)ert rapidly increases at the onset of the
fault and over-current of the VSC devices happ&hs. current control concept is illustrated
in the Figure 4-4. By introducing the emergency M\Wve allow the converter to switch
faster within the fault to suppress the currene asnd keep the converter alive with in safe
operating area. It is seen that the VSC phase muisecontrolled such that the STATCOM

still delivers required reactive power (or curreditiring the fault. The extra switching in the
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VSC will result in higher losses during this periddowever, the priority is to keep the

STATCOM online to support bus voltage during antbkering from a system fault.

The Figure 4-5, Figure 4-6 and Figure 4-7 showsygem under different faults and with

the proposed current control, the STATCOM contrafjenerates both positiv¥ig, pod and

negative sequence voltagén( neg in response to dynamically changing system veltag

control negative sequence bus currént feg andliny.
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Figure 4-6  System under three phase fault aitid proposed current control

63



Line 1

L1=186.7mH l
- C=1.27uF
C=1.27uF I I AC
500 kV System 2
Bus 2 B
Line 2 Line 3
500 kv Y Y Y
S00Kv— Bus1 l L2=70.0mH l l L3=168.0mH 500 KV
8500 MVA = = 9000 MVA
C=048uF  C=048uF C=1.15uF C=1.15,F
t0oh u n 500 kV/ X=11%
Bus 3
500 kV § — I
100 MVA 2 Line - line
X=15% fault
Base=140MVA 1
09 E
08 i
07 p
06 g
Vbus-pos 55 : : ]
03 j
02 i
01 p
? LAl 02 03 04 05
09
08
07
Vbus-neg 06
05
04
03
02
01
1 AN
0.1 02 03 0.4 05
1.8F ]
16F : { ]
1.af i ; ]
12F : : il
linv-pos o 1F : : ]
a6l ]
0.4r : { il
0.2 B
o o7 0.2 03 04 05
3
. ab ; 1
linv-neg 25 : : ]
2+ : ; 1
L»\)\)J 151 g
1k : 1
ost .
o o7 0z 03 04 05
1.
L |
LEIS 4
v Vinv-pos  og| B
0.4f H ; 4
0.2f : : 4
? o7 02 03 04 05
osf
ot
@ Vinv-neg 061
s
a4
o3[
X1 S /f ]
0 o7 0z L) LK) 05

Figure 4-7  System under line-line fault andwitoposed current control

The Figure 4-8, Figure 4-9 and Figure 4-10 show W& Invl phase current negative-
sequence component of the system under SLG faudie{phase fault and line-line fault with
and without the current control strategy. In eaghre, the “*” represents the RMS value of
Invl current without current control, and the “€presents RMS value of Inv1 current with
the current control strategy. In all three casesmyesponding to mosCqy., the current

controller reduces the negative sequence curreplitae.
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Figure 4-8 VSC Inv1 phase current negative-seaega component vs DC capacitor with and without
current control strategy under SLG fault
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Figure 4-10 VSC Inv1l phase current negativaisage component vs DC capacitor with and without
current control strategy under line-line fault
In this current control strategy, since the totabG/ phase current is kept within a
predetermined limit, therefore individually the aége sequence current and harmonic
currents are not totally eliminated. For certain Dépacitor values, the VSC over-currents
generated by the system are lower than the predeted limit, and hence the current

controller does not trigger the PWM signals.
4.2 Instantaneous PLLH®?!

The basic configuration of the PLL system is showirigure 4-11. The phase voltagés
Vb, V., are obtained from sampled line to line voltagks.shown in Figure 4-12, these

stationary reference frame voltages are transformedvoltagesV,, Vs by Clark
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transformation (Equation 4-1) and then voltaggsV, (a frame of reference synchronized to

the utility frequency) by Park transformation (Etjoa 4-2).

\* l

. . Vo vd - 0
Vb lark Park =] > 1/s

Ve Trans R » Trans va =

—>
» F 1
Sin/Cos
Generator

Figure 4-11  The basic three-phase PLL structure

b Blh d

Y

[

Figure 4-12  Transformation from three-phase-pitase

Hl P2 N |
W lo -3

Equation 4-1
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Vg | | cosd  sing ||V,
A —-sind cod ||V,
Equation 4-2
The angled used in these transformations is obtained by mategy a frequency commairagl
in other words, by synchronizing the PLL rotatirgference frame and the utility voltage

vector. If the frequency commandis identical to the utility frequency, the voltagé;, and

Vq appear as DC values depending on the ahgle

System voltage (pu)

055 056 057 058 059 06 061 062 063
Time (s)
Phase angle of system voltage (rad)

phase angle [

055 056 057 058 059 06 061 062 0.63
Time (s)

Figure 4-13  Phase angle of the system voltema PLL

In the given method, a PI regulator is used to iokitze value o) (or w) which drives the

feedback voltagd/y to a commanded valués*. In other words, the regulator results in a
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rotating frame of reference with respect to whicé transformed voltagé;, has the desired
DC valueVy*. The frequency of rotation of this reference fram@&entical to the frequency
of the utility voltage. Figure 4-13 shows the thpFase system voltage and the phase angle

of system voltage from PLL.

4.2.1 Instantaneous PLL

In Figure 4-14, the effect of negative sequencealtage phase is investigatéd. andV; are
in phase with and orthogonal ¥, Under normal condition, the voltage only involves
positive sequence. The voltage and phépare shown in Figure 4-14 (a), ¥nd \§ can be
presented as follows:

v, = vPcosOP

vg = vPsing?

Equation 4-3

A Vv VF’DJ

_gd

c c ﬁ.ﬂw

(a) (b)
Figure 4-14  Voltage and phase under (a) noromaddition, (b) system fault

69



When there is system fault or voltage disturbarbe, phase is determined by positive
sequence and negative sequence voltages, as sBoiigure 4-14 (b)V, andV; can be
presented as follows:

v, = vPcosO? + v'cosO™

vg = vPsinf? — v"sinf"

Equation 4-4

In the second step of normal PLL, the transfornmati@trix is decided by three-phase phase
order. As a result, the PLL, based on the posigegdence bus voltage, cannot response to

dynamical changing in negative-sequence bus vollageo system faults.

The “Instantaneous PLL” is shown in Figure 4-15reiphase bus voltag®y( Vi, Vo),
including positive-sequence and negative-sequermdtage, is transformed to two-phase
voltage V., Vp) in of stationary coordinate (as Equation 4-1). The prasgle ¢') is
obtained from inverse tangent gf/ V,. The angeb from the low pass filter, which is the
angle of voltage vector imf coordinate, is regard as phase angle of the sysiém
“Instantaneous PLL” does not depend on three-plpdsese order, so negative-sequence
voltage is considered in this method. Over-curckrd to negative sequence generated during

system faults can be prevented.
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Figure 4-15 Instantaneous PLL structure

4.2.2 Simulation results

Figure 4-17 and Figure 4-18 show the STATCOM openan voltage regulation mode with
the voltage reference shown in Figure 4-16. Theesysn Figure 4-17 implements normal
PLL and the system in Figure 4-18 implements “Int&taeous PLL". The STATCOM 48-
pulse voltage waveforms of both systems are sansh@sn in Figure 4-17 (a) and Figure

4-18 (a).

Table 4-1 RMS values of bus voltage of systéimBRiL

Period Normal PLL (p.u)] Instantaneous PLL (pju)
0.2-0.25 second 0.7835 0.7861
0.3-0.35 second 0.7747 0.7766
0.4-0.45 second 0.7659 0.7707
0.5-0.55 second 0.6001 0.6008
0.6-0.65 second 0.7645 0.7644
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Figure 4-16  The bus voltage regulation refeeesignal for voltage regulation mode
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Figure 4-17  System with normal PLL, operatingoltage regulation. Phase A bus voltage,
STATCOM primary 48-pulse voltage in (a) time doméeS stationary coordinate
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Vbusa, Vinva, lprima (pu)

Figure 4-18  System with Instantaneous PLL, afpeg in voltage regulation. Phase A bus voltage,
STATCOM primary 48-pulse voltage in (a) time doméep stationary coordinate

In Figure 4-17 (b) and Figure 4-18 (b),d)i stationary coordinate, inverter voltages in both
systems follow voltage reference to regulate butage. Table 4-1 lists the RMS values of
bus voltage of both systems. The performance df Bal in normal operation of the power

system can be hardly distinguished.
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Figure 4-19  The reference signal for theii VAR regulation mode

Vbusa, Vinva, Iprima (pu)
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Figure 4-20  System with normal PLL, operatingegulation. Phase A bus voltage, STATCOM
primary 48-pulse voltage (pu) in (a) time domaih¢p stationary coordinate
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Figure 4-20 and Figure 4-21 show the STATCOM openah iy regulation mode with thig
reference shown in Figure 4-19. The system in Ei@420 implements normal PLL and the
system in Figure 4-21 implements “Instantaneous Pl Figure 4-20 (a) and Figure 4-21
(@), duringT = 0.3sto 0.355 the STATCOM operates in fully capacitive moded ahe
inverter current is leading the bus voltage. Dufirrg 0.4sto 0.45s the STATCOM operates
in fully inductive mode, the inverter current igytang the bus voltage. The bus voltages of
both systems are same. In Figure 4-20 (b) and €igt21 (b), inafS stationary coordinate,

inverter voltages in both systems follow iq referemo regulate bus voltage.

Vbusa, Vinva, Iprima (pu)

Time (s)

Bus voltage & Inverter voltage (pu)

Figure 4-21  System with Instantaneous PLL, afeg i, regulation. Phase A bus voltage, STATCOM
primary 48-pulse voltage (pu) in (a) time domaih¢p stationary coordinate
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By comparing the simulation of the system implermmegnnormal PLL and “Instantaneous
PLL” with voltage regulation mode (Figure 4-17 aRure 4-18) andq regulation mode
(Figure 4-20 and Figure 4-21) under normal condjtwe can see that, “Instantaneous PLL”"
does not change the system performance under naondition, which means normal PLL
and “Instantaneous PLL” can switch to each othar dostable system under normal

condition.

Vbusa Vinva, Iorlma (pu)

'_‘ .

0.5

o

-0.5

'
|_\

-1.51

-2.5

Figure 4-22  System with normal PLL, under Sa@tf Phase A bus voltage and STATCOM primary
48-pulse voltage in (a) time domain, ¢#) stationary coordinate

Figure 4-22 and Figure 4-23 show the STATCOM openatn iy regulation mode with
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normal PLL and IPLL under 6-cycle SLG fault at s
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Figure 4-23  System with Instantaneous PLL, uisdés faul. Phase A bus voltage and STATCOM
primary 48-pulse voltage in (a) time domain, {{f)stationary coordinate

Figure 4-22 (a) shows that the VSC currents excegdu., which is higher than that of

system with nominal PLL in Figure 4-21 (a), andlw#sult in over-current and trip to

protect the VSC devices in a practical system. #utage and inverter voltage during the

period from one cycle before the SLG fault happensne cycle after the SLG fault happens

in af stationary coordinate is destroyed because ofahke Figure 4-23 (a) shows that the

VSC current is limited withirl.5 p.u.and will allow the STATCOM to be online during and
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recovering from SLG fault. Compared with Figure 419, the voltage i stationary
coordinate is not distorted that much becauseefRhL implementation. In Figure 4-24, the
voltage phases of system with normal PLL and IPk& shown. During SLG, we can see
IPLL tracks the real phase correctly and the cstoilh on the phase signal is the signal that

the controller needs to regulate the system voltage

FPLL angla (rad)

o I i i |
0.28 0.265 0.26 0,265 o0.27 0.275 o0.28 0.285 0.29 0.2985
Time(s)

Figure 4-24  Voltage phase of system with (ajnabd PLL, (b) IPLL, under SLG fault

4.3 Verification on Real Time Digital Simulator (RTDS)

RTDS (Real Time Digital Simulator) provides powgstems simulation technology for fast,
reliable, accurate and cost-effective study of possstems with complex High Voltage
Alternating Current (HVAC) and High Voltage DireCurrent (HVDC) networks. RTDS is a
fully digital electromagnetic transient power systsimulation platform for precise modeling
and analysis of transient phenomena, utilizing &mn time close to the time frame of
actual events. The power system algorithms areuledéd quickly enough to continuously
produce output conditions that realistically représ conditions in a real network.

Additionally, RTDS can be connected directly to powsystem control and protection

78



equipment. It is a safe way to test designed ctaetron RTDS before implementation in the

real system.

To verify the proposed methods, RTDS platform isdusvith sampling time of 5Q@sec.
Figure 4-25to Figure 4-28present the operation performance of the angleraibed

STATCOM under normal condition.
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Figure 4-29 and Figure 4-30 show the STATCOM openatn Iq regulation mode with
normal PLL and IPLL under 6-cycle single-line taognd (SLG) fault near STATCOM. As
it can be seen, IPLL functions similar to normalLRinder normal conditions. Due to this
severe fault, the PCC voltage drops to around 20%he nominal voltage. The presented
voltages are at secondary of the STATCOM (convesige). Figure 4-29 shows that the
VSC currents exceed 2 pu under this nearby faults Bmount of current will result in

overcurrent and trip to protect the VSC devicea practical system. On the other hand, with
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IPLL as presented in Figure 4-30, VSC currents aamcrease significantly which allow the
STATCOM to be online during and after SLG faulteTRLL signals with these two methods
have been also presented in Figure 4-31. In fdu§ tesult suggests the required

synchronizing signal which is needed for the cdigraeference frame.
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Figure 4-29  System with normal PLL under 6-eysihgle-line to ground (SLG) fault near STATCOM
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CHAPTER 5 STATCOM FOR DE-ICER APPLICATION 4

The transmission line de-icer is required to previgrge DC current (typically in the range
of 5kA to 10kA) into a shorted transmission linerépidly melt ice accumulation on the line.
Due to the seldom nature of the de-icing requirdgiers imperative that the de-icer operate

regularly as some other useful device in the trassion system.

The STATCOM is considered a suitable solution t&-inelt issue, which is one of the most
common power system issue irritating customers donventional application, STATCOM
can be used to provide fast reactive power foragatsupport and power oscillation damping.
The same equipment, with a simple control recoméiion, can perform ice melting function

when it is needed. However, how to realize theiappbn is not concluded yet.

l!Il.ll'
—
X
AC power e, I~ o Resistive DC
system T " load
B
Voltage Source
Inverter

Figure 5-1  lllustration of STATCOM for ice nieg application

Figure 5-1 shows the STATCOM for ice melting apation. A large (approximately 1 p.u.)
three phase as reactor, X, is connected in seiibstiae output of the STATCOM on the
secondary side of the coupling transformer to kéep DC bus voltage during de-icing

implementation. A bypass switch is provided to sleocuit the reactor. On the DC side,
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switches are provided so that the (iced) transums$ines can be connected to the DC
terminals of the invertef~or normal STATCOM duty, the reactor is bypassed the DC-
side switches are open. For ice-melting, the reabimass is opened and the DC-side

switches are closed.

In a conventional STATCOM application, the inver&®C terminal voltage changes very
little over the range of reactive operation. In g, the inverter DC terminal voltage always
has a minimum value determined by the sine-wav& péthe existing inverter AC terminal
voltage. The DC voltage may be higher than thisimim value but can never be lower. If a
resistive load is connected to the DC terminalg/atild not generally be possible to regulate
the DC voltage down to zero for the ice melting leggpion, however, a regulated DC
voltage must be provided from zero to the maximyecgied value. This is done by means
of a simple reconfiguration of the STATCOM powaerccit when it is needed for ice melting.
In this chapter, three different circuit topologiet single and dual STATCOM and the
control reconfigurations required for de-icer mobg,changing reactive currehtreference
underlq regulation; fixed angle reference for angle cdntiocontrol DC capacitor voltage;
and by changing DC voltage according to a referddCe current through transmission
conductors, are described. Simulation results ezeemted for a 48-pulse VSC based +150
MVA STATCOM connected to a 2-bus power system. Bgrging the control configuration,
STATCOM can perform ice melting function when iniseded. The incremental cost for ice-
melting capability is relatively small. The changep procedure is simple and can be

accomplished by remote control.
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5.1 Control Configuration

ldc* (from Vdc*) * — Alde* —— Avde* - _Control angle
- A + 7
€
Vdc measured Control angle’

vde

Figure 5-2  De-icertl 4 controller block diagram

The Figure 5-2 shows de-icdiqyc controller, where *” means value of steady sthéfore
increase iNVy.. According to the type, amount and shape of icumwulated on lines, the
amount oflyg. needed to guarantee ice melting within a specifieck is determined. To
achieve this value ofy, DC capacitors of the STATCOM need to be charged higher
voltage. Based on the angle generated by STATCOMraiter, another angle to increase

the DC voltage is generated by de-idéy. controller. The sum of these two angles is used to

achieve the increaseg. needed for ice melting.

5.2 Simulation results

5.2.1 Simulation system

Figure 5-3 shows the 2-bus 345kV power system sitimd with a 48-pulse VSC based
+150MVA STATCOM. In a conventional application, STEOM can be used to provide

fast reactive power for voltage support and povesiliation damping. Figure 5-4 shows the
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de-icer mode system simulation. By connecting tgac terminals to a load, STATCOM can

perform the ice melting function when it is needed.

Line 1

AC aYaYaYe\ AC

System 1 L=0.197H System 2

O3 —SE0
J_ L=0.212H

I C=2.61yF C=2.61|,1FI

L
M

STATCOM

+100 MVA

3-level NPC I
VvSsC

Switching
Signals

le——— V bus

STATCOM
Controller

[——— linv

Figure 5-3  System simulation with a 48-puls€W&sed + 150 MVA STATCOM in a 2-bus power

system
Line1
AC Y Y Y AC
Systemt L=0.197H Systen?
@_% % Line2 %
l L=0.212H
l C=261F C=2.61uFl
L_MMJ Line / l L=0.35mH  R=0.00920)
M — I C=0.146:F C=0.146F I
STATCOM —
=+ 100 MVA T —=
— Lead Cable per 1000 feet
3- level NPC =
VSC |
—_—
Switching Line
Signals
[ Vbus
STATCOM
Reconfiguratefl
Controller
[« linv

Figure 5-4  De-icer system simulation with aplise VSC based + 150 MVA STATCOM in a 2-bus
power system
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In some cases, ice melting needs more active pdwgre 5-5 show the de-icer system with
two series-connected converters and two parallehected converter on the DC side, which

are used as dual STATCOM and connected to the aameltage bus.

Line1
AC AC
System

L=0.197H Systene
B I -
—\ Ic=2.e1pF c=2.61uFI W
C=0.146uF C=0.146uF
WN / J oo 1

MM

| === Swiching
= sgus
STATCOM E [ Vbus
+ 100MVA a STATCOM
—— Reconfigurated
3- level NPC ES Controller
vsC < linv
Load
STATCOM 1 [ Vbus
+ 100MVA T STATCOM
— Reconfigurated
3- level NPC ES Controller
vsc — [ tinv
E_ Switching
T Signals

Line1
AC
Systent

Y Y YN AC
L=0.197H Systen?2
@% % Line2 %
ﬁm\_i—

*\ lc:z.smF C=2.61uF;[ W
Ic:on@r 0=o,14w=;|’
LlJ

(MM
l 4 Switching
Signals
STATCOM 1 f—— Vbus
* 100MVA %ﬁk STATCOM
Load
3- level NPC = Controller
vse —_— « linv
=
STATCOM 1 < V bus
sA0oMvA L T STATCOM
Controller
3- level NPC =
vsc [« - linv
Switching
T Signals

Figure 5-5 De-icer system with two (a) seriesgarallel connected converters on DC side
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5.2.21q regulation

To verify that STATCOM inlq regulation mode can supply high dc voltage, Figbt&
shows thdq*. To avoid GTO over-current condition due to highirent during the transient
period, in the firsD.1s all GTOs are open, and the current goes throagkparallel diodes.
At T = 0.1s STATCOM operation changes Ipregulation mode and* = 0 pu. FromT =
0.3-0.9s Ig* ramp is increased tb py and is held al pufor 0.3s FromT = 0.9-1.5s I4*
ramp is decreased @opuand held a® pufor 0.3 s FromT = 1.5-2.1s14* ramp is decreased

to-1 puand held atl pufor 0.3s

1 Iq reference (pu)

0.8f \ :
06 4
04k 1L ]
0.2 4
0 -
0.2 A 4
0.4 0 B
0.6 pu -lpu |
-0.8+ -
8 /
0 05 1 15 2

Time (s)

Figure 5-6  }* reference in § regulation mode

The Figure 5-7 shows the single converter STATCO&ed de-icer system undgy
regulation withlq* changing as shown in Figure 5-6. It is seen that@C current and DC
voltage are changing with the changddf causing active power flow. Increasihgy results
in larger DC current and DC voltage. The conveiseconstrained to supply +100MVAR

reactive power. Wheh, = 1, the STATCOM also suppli€t.2MWto the DC load.
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Figure 5-7  De-icer system with single conveB&ATCOM underlregulation.

The Figure 5-8 and Figure 5-9 show two series-cageconverters based dual STATCOM
de-icer system and two parallel-connected conwetiased dual STATCOM de-icer system
underlq regulation withlg* changing as shown in Figure 5-6. It is seen thatRC current
and DC voltage are changing with the changeqbf Increasinglq* results in larger DC

current and DC voltage.
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Figure 5-8 Dual STATCOM based de-icer systeth tio series-connected converters on DC side
under |, regulation.
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5.2.3 Fixed angle

The STATCOM control is achieved by varying the ghasgle,a, of the inverter output
voltage relative to the transmission line volta@e. achieve a higher DC voltage, a fixed

angle can be applied to charge the DC capacita83&fTCOM.

4000 Idc (A)

3335 A

0.8 1

16.7 kv

0 0.2 0.4 g 06 0.8 1

55.7 MW

o =~ N W h OO N
LS B e E—

5000
4000
3000
2000
10001 I
O

-1000
-20001
-3000[
-4000[
-5000

Figure 5-10  De-icer system with single conveliessed STATCOM under fixed angle control.
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The Figure 5-10 shows single converter based desiggtem under fixed angle control. In
the first0.05s all GTOs of the STATCOM are open and the curgods through the anti-
parallel diodes. FronT = 0.05-0.3sthe STATCOM is operated ily regulation mode, as
shown in Figure 5-6, witlhy* = 0 pu. At T = 0.3s a fixed angle of 7 degrees is applied as
the controller signal to operate the STATCOM. Iséen that the fixed angle results in higher

DC voltage of the STATCOM.

The Figure 5-11 and Figure 5-12 show dual STATCO#&édu de-icer system with two

series-connected converters on DC side and dualfTSOM based de-icer system with two

parallel-connected converters on DC side respdgtiuader fixed angle control. At = 0.3s

a fixed angle of 4.8 degrees and 1 degree respigctare applied as the controller signals to
operate the dual STATCOM for the series connectetl @arallel connected system on the

DC side.
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In the first0.05s all GTOs are open and the current goes througparallel diodes. From
T = 0.05-0.2sthe STATCOM operates iy regulation mode, as shown in Figure 5-6, with
Il = 0. AtT = 0.2s the controller switches tadlq4. controller, as shown in Figure 5-2 and
Algc* is ramped up t625A and kept ab25AafterT = 0.6s It is seen that undefl 4. control
the DC current required for de-icing can be gemerdty the STATCOM. These results in
Figure 5-13, Figure 5-14 and Figure 5-15 validéiely. controller concept and show the

maximum DC current that can be generated with iengsystem parameters.

The Figure 5-14 and Figure 5-15 show Dual STATCOA&du de-icer system with two
series-connected converters on the dc side udtigrcontrol. In Figure 5-14, the two

converters are connected in series on the DC sidamaFigure 5-15 the two converters are
connected in parallel on the DC side. At 0.3s the controller switches tdl4. controller

and4lqc* is increased t625A and kept ab25AafterT = 0.7s
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5.3 Conclusion

Ice accumulation on power transmission lines int@rircan cause severe damage to power
system. The STATCOM provides good asset utilizabgrproviding reactive power for bus

voltage support, during majority of the time whea-melting is not required.
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CHAPTER 6 IMPROVING DISTRIBUTION SYSTEM
PERFORMANCE WITH INTEGRATED STATCOM AND
SUPERCAPACITOR ¥

In this chapter, the integration and control of rggestorage systems (ESSs), such as
Supercapacitor (Ultracapacitor - UCAP) into a D-STXOM (Distribution system
STATCOM) is developed to enhance power quality amgbrove distribution system
reliability. This paper develops the control cortsep charge/discharge the UCAP by the D-
STATCOM, and validate the performance of an integtd-STATCOM/UCAP system for
improving distribution system performance undertgfies of system related disturbances
and system faults — such as single-line to grouwdt f(SLG), line-line fault and 3-phase

faults.
6.1 D-STATCOM Application for Distribution System

The Figure 6-1 shows a typical 12kV distributiorsteyn. A 125kVA 2-level VSC based D-
STATCOM is connected to the system through a slonpling transformer at 480V to
regulate the system bus voltage at the point ofraomcoupling (PCC). The D-STATCOM
VSC DC nominal bus voltage is 600V. A UCAP is imeggd with DC capacitor, with its

experimentally verified equivalent circuit charact@cs.

The UCAP is rated 600V to match the DC bus voltesgpiirement for the D-STATCOM.

The UCAP capacitance is determined by applyingrstamt-current discharge with
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dt
dv

Equation 6-1

Since dv/di is almost constant, UCAP capacitance loea modeled as a constant. The
equivalent series resistance (ESR) is calculatechégsuring the output voltage drop from
no load to steady-state load and then diving bylttael current. Since the open-circuit
voltage has no significant effect on the ESR, tls&REcan be modeled as a constant. The

UCAP is modeled with.0F capacitance ang20m?2 ESR

PCC Bus 2
Line 1

I A A A ) WE—
L1=29.8mH

@_NYV\_ Load
L=3.82mH Line 2
lr Y YY1

12 kv
i System Fault

L2=11.9mH

12 kY

480 V Cde=20mF

—I- Cucap=1F

2-level NPC L
VsC goov Rucap=320mQ

Switching
Signals

e—— V bus

Controller f«——— Vdc

f——— linv

Figure 6-1  Distribution system with D-STATCQO#egrated with UCAP and controller.

If there is a system fault in the distribution gyat the D-STATCOM can not regula¥c

and the VSC DC bus voltag¥). As a result, the D-STATCOM delivets component of

104



current (corresponding to the real power compondu) to this DC bus voltage disturban
This then limits the CBTATCOM reactive power rating and limits the reaetcurrentl
componentTo reduce the effect of fault V. bus voltage disturbance on th-STATCOM
system operation, a larger value of DC capacitoy beautilized, but it still can not keep LC

voltage constant during the fault (as shown by &tion results in the next <tion).

The Figure 6-2 shows the-BTATCOM controller integrated with UCAP. In thisrdooller,
of the two DSTATCOM current componently and Iy, the real cuent componeniy
regulatesVy.. The voltage control loop regulatiVy voltage magnitude by generati
reference currenty* for current control loop. Inside the voltage cohtlmop, the inne

current control loop regulates-STATCOM reactive currert, component.

Vhusa

Voust 372 ™ Mean value
Vhusc y» calculation

Vbusd_mean'+ | Vbus Ig” -
Vbusg_mean” 4

L A 4

md

Figure 62 Integrated D-STATCOM and UCAP controller.

6.2 Simulation Results of the [-STATCOM Application for Distribution

System

The system simulation diagram is shown in Figure 6-1 with a 2us 125kV distributiol

system. A general faugjenerator is implemented at bus 2, which resulis woltage dip &
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Figure 6-4 D-STATCOM operation under SLG fauith Cdc=0.2mF and without UCAP. (a) Bus
voltage at the PCC, (b) DC voltage, (c) D-STATCQJdl current, (d) D-STATCOM reactive current

The Figure 6-3 shows results of D-STATCOM operatimaer bus voltage regulation and
normal system conditions. In this case, the VIgQurrent component is low as the D-

STATCOM is required to provide only the VSC opeargtconverter losses. It is seen that the

0.3

0.25
Time (s)
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Vpec Voltage,lq and |y current components are regulated, afyglis kept constant. The D-

STATCOM delivers constary = 60Areactive current to regulate the bus voltage.

The Figure 6-4 shows results of D-STATCOM operatimler SLG fault conditions, where
Cdc = 0.2mF. TheV, voltage dips due to a 6 cyclEBQOmsSLG fault on phase A as shown
in Figure 6-4. The D-STATCOM is commanded to deligo regulatevpe, andlq increases
to around100A During the SLG fault, the DC bus voltage is negulated and has large
voltage ripple. This requires the D-STATCOM to slypky current component, which limits
D-STATCOM reactive power/current rating during faat system disturbances, when it is

required the most.

The Figure 6-5 shows results of D-STATCOM operatioder SLG fault conditions with 10
times the DC side capacitance@f. = 2mF, compared to the results in Figure 6-4. In this
case also the DC bus voltage is not regulated b@dtSTATCOM is required to supply
largelq current component. The larger size of the DC démaceduces the high frequency
DC bus voltage ripple, but cannot eliminate/reddice low frequency dc bus voltage

variation.
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Figure 6-5 D-STATCOM operation under SLG fauith C;=2mF and without UCAP. (a) Bus
voltage at the PCC, (b) DC voltage, (c) D-STATCQdl current, (d) D-STATCOM reactive current.

The Figure 6-6 shows results of the integrated B*BIJOM with UCAP system operation
under SLG fault conditions — the SLG fault is oe tbhad bus as shown in Figure 6-1. The

Vpec VOltage (or D-STATCOM bus voltage) dips during fhalt and D-STATCOM delivers
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The Figure 6-7 shows thg. (total DC current)|ycap (UCAP current) andcqc (DC capacitor
current) of integrated D-STATCOM and UCAP operatiorder single-line to ground (SLG)
fault conditions. It is seen that thgap follows thelq. current on the low frequency basis.
This is confirmed by current spectra in Figure @&t high frequency componentsigfare
supplied by thelcq, and low frequency components are supplied bylthg The D-
STATCOM reactive power rating is therefore not bedi by UCAP, and the integrated D-
STATCOM and UCAP system is tolerant to SLG systamltfor voltage dip in terms of

rating.

lde, lucap, lede (A)
40 . :

-13
0.2 0.2005 0.201 0.2015 0.202 0.2025 0.203 0.2035 0.204 0.2045

Time (5}

Figure 6-7 Total DC current, UCAP current an€@apacitor current of integrated D-STATCOM
and UCAP operation under SLG fault conditions.
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Figure 6-8 Current spectra of D-STATCOM intagchwith UCAP operation under SLG fault
conditions — shows that low frequency dc currembponents are supplied by UCAP and high frequency
by DC capacitor (G)
The Figure 6-9 shows results of the integrated B*BIJOM with UCAP system operation
under SLG fault conditions, with 0.1 times the Di@escapacitance of4. = 0.02mFE D-
STATCOM delivers |y current component to regulaté,.c during the fault. The D-
STATCOM DC bus voltage is well regulated by the DASCOM controller, andly is

almost zero with UCAP connected to the dc bus. WI@AP, C4. can even be reduced and

the system size can be kept smaller. UCAP is afsacical solution in terms of the size.
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Figure 6-9 STATCOM operation under SLG fauthv@y=0.02mF and without UCAP. (a) DC
voltage, (b) D-STATCOM real current, (c) D-STATC@¥ctive current.

The Figure 6-10 and Figure 6-11 respectively shosv@C bus voltage, D-STATCOM real

current and reactive current total DC current, UC&Rrent and DC capacitor current of
integrated D-STATCOM and UCAP system operation uralé cycle 100ms of 3-phase
fault and line-line fault conditions on the loadsbas shown in Figure 6-1. It is shown that
with the UCAP, the DC bus voltages are well regdaand the D-STATCOM can supply

reactive power/current rating during 3-phase and-line fault conditionsl,cap follows the

l4c current on the low frequency basis.
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Figure 6-10 Integrated D-STATCOM and UCAP D@age under 3-phase fault on load bus (a) DC
voltage, (b) D-STATCOM real current, (c) D-STATC@a¥ctive current. (d)Total DC current, UCAP
current and DC capacitor current
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Figure 6-11  Integrated D-STATCOM and UCAP D@age under line-line fault on load bus (a) DC
voltage, (b) D-STATCOM real current, (c) D-STATC@¥ctive current. (d)Total DC current, UCAP
current and DC capacitor current
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The current spectra of thg, lucapandlcqc for both these cases are shown in the Figure 6-12.
The UCAP supplies the low frequency DC currentatasn and therefore reduces the DC
voltage variation. The VSC DC capacitor then swggplonly the high frequency current
components, and therefore the size of the VSC Dgaator can be reduced. In both these
conditions, thely current component of the D-STATCOM is almost zércept for that
required to supply converter operating losses).réfbee, the UCAP integration with D-
STATCOM reduces/eliminates the low frequency DCtag variation of the VSC under

any type of system disturbance and fault.
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Figure 6-12 Integrated D-STATCOM and UCAP D@age under 3-phase fault on load bus (a) DC

voltage (b) Total DC current, UCAP current and D&pacitor current

116




CHAPTER 7 CONCLUSIONS AND FUTURE WORKS

7.1 Conclusion

STATCOM as a shunt flexible AC transmission syst@fPACTS) controller has shown
extensive feasibility in terms of cost-effectivepesm a wide range of problem-solving
abilities from transmission to distribution levelBlew inverter circuit topologies and
advanced control technique promote the applicatonSTATCOM. However, how to

control STATCOM during system faults poses the lelngles to researchers.

This dissertation is dedicated to a comprehensivelysof multilevel voltage source
converter based STATCOM and its application, eshkats operation during system fault.
Firstly, the work of VSC based STATCOM modeling armhtrol by previous researchers is
reviewed. To further understand and analyze théralbed STATCOM, vector control and
angle control are compared. The simulation resslisv the difference between these two

control methods.

To solve STATCOM operation problem during systenultls “Emergency PWM” is

proposed. Under normal condition, STATCOM is wotkiwith angle control. When a
system fault is detected, “Emergency PWM” is impéerted with angle control until the fault
is removed. By this way, the switches are workimghe 60Hz during normal time; there is
no extra system loss. “Emergency PWM” can prevesr-gurrent and trips in the VSC
during and after system fault, and ensures thatSIRRTCOM supplies required reactive

power.
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Based on normal three-phase PLL, “Instantaneous’ FdL_proposed. By using the voltage
vector angle as the output of PLL, “Instantaneoluls’onsiders not only positive sequence,
but also negative sequence, which is generatedybstera faults. Simulation shows that
system with “Instantaneous PLL" has the same perdoice as system with normal PLL, and
the system performance is improved by “InstantasdlLL” during system faults. It means a
system can implement normal PLL for normal opergtend switch to “Instantaneous PLL”

at the fault.

Ice accumulated on power transmission lines in @vitan cause severe damage to power
system. VSC based STATCOM provides good assetatiitin during the majority of the
time when ice-melting is not required. By changiqgeference undelg regulation, fiving
fixed angle for angle control to keep charging D&pacitors and changing DC voltage
according the demanded DC current through transonissonductors, the STATCOM can
perform the ice melting function when it is needétie incremental cost for ice-melting
capability is relatively small. The changeover mauare is simple and can be accomplished

by remote control.

7.2 Future works

In this dissertation, the control of STATCOM is &ed from the equivalent of VSC, where
transformer is regarded as impedance. Due to tipéementation of complicated non-linear
transformer in the real system, a new model whicihnlanes STATCOM and non-linear

transformer needs to be derived, and the contrtllishew model is an important challenge.
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The current control can prevent over-current dusggtem fault; also can control flux of
saturable transformer. The study of B-H curve duisdble transformer and magniting

saturation are posing challenges.

The idea of Supercapacitor as an energy storaggrated with STATCOM is presented in
the dissertation. To develop a good model of Sgmeciotor and control system is one of

the possible future works.

The performance of system with single STATCOM isganted in the report. The study of

system with two STATCOM, such as power distributieoltage drop, ect is a good topic.
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