371

STATIC SYNCHRONOUS

SERIES COMPENSATOR (SSSC)

Working Group
B4.40

February 2009

Yoo



WORKING GROUP B4.40

Static Synchronous Series Compensator (SSSC)

WG MEMBERS:

Dr. Abdel-Aty Edris - USA (Convener)

Dr. Joe Chow (USA); Dr. Edson Watanabe (Brazil); Mr. Pedro Barbosa (Brazil);
Mr. Per Halvarsson (Sweden); Dr. Lennart Angquist (Sweden); Dr. Bruce
Fardenesh (USA); Dr. Edvina Uzunovic (USA); Dr. Alex Huang (USA); Mr. Heinz
Tyll (Germany), Dr. Subhashish Batacharia (USA), Dr. Johan Enslin (USA), Dr.
Victor lvakin (Russia); Mr. Jan Wiik (Japan).

Copyright © 2009

“Ownership of a CIGRE publication, whether in paper form or on electronic support only
infers right of use for personal purposes. Are prohibited, except if explicitly agreed by
CIGRE, total or partial reproduction of the publication for use other than personal and
transfer to a third party; hence circulation on any intranet or other company network is
forbidden”.

Disclaimer notice

“CIGRE gives no warranty or assurance about the contents of this publication, nor does it
accept any responsibility, as to the accuracy or exhaustiveness of the information. All
implied warranties and conditions are excluded to the maximum extent permitted by law”.

ISBN :978-2 85873-058-2



CIGRE B4-40/Table of Contents

TABLE OF CONTENT

TABLE OF CONTENT I
PART I INTRODUCTION 1
CHAPTER 1. UNDERSTANDING STATIC SYNCHRONOUS SERIES COMPENSATOR (SSSC)
CONCEPT 2
1.1 OPERATING PRINCIPLES .....uuvvviiiiiiiiiitieieeeeeeiiaeeeeeeeetareeeeeeeeiataeeeeeeesssssseeeeeeesasassesesesasseesseeeessseseeessnsees 2
1.2 BASIC CHARACTERISTICS .o ieitteeiieeeeeeeteeeeeeeeeetaeeeeeeseesaaeeeeeeseesaaeeseessesssasseeeseestaaseeesesssrseeeessssnnrsseeeenan 3
1.3 APPLICATIONS ...vvveieeeiettteeeeeeeeetteeeeeeeeesaaaeeeeeeeaesareeeeeeeesaeseeeeeeassaeeseeeeeassaseseeeaessaaasseeseanssreeeesesesrreeeeeaans 5
CHAPTER 2. COMPARISON OF SSSC WITH OTHER TECHNOLOGIES 7
2.1 FIXED SERIES CAPACITOR ......cooeiutvirieeeeieitreeeeeeeeiitsreeeeeeeeissseeeeeeesssssesesesessssseessesesssssssessessssssssssssessssseees 7
2.2 FIXED SERIES REACTOR ...uvoiiiiiiitiiieie ettt e ettt e e e ettt e e e e e eaaate e e e e e e eeaaaaeeeeessensaaeeeessesnesneeeessenreneeas 7
2.3 PHASE ANGLE REGULATOR (PAR) ....uiiiiiieieciieie ettt ettt sttt 8
2.4 THYRISTOR-CONTROLLED SERIES CAPACITOR (TCSC) .cutiiiiiiiiieiieeiit ettt 9
2.5 GATE-CONTROLLED SERIES CAPACITOR (GCSC) ...ttt ettt 11
2.6 MAGNETIC ENERGY RECOVERY SWITCH (MERS) ....oiiiiiiiiiiiiiit ettt 13
2.7 DYNAMIC FLOW CONTROLLER (DYNAFLOW)....coiiiiiiiiieeieeeit ettt et eeaesenee s 16
2 (=] (=] (=) (oL 17
PART II TOPOLOGIES, HARMONICS, AND MODELING 18
CHAPTER 3. VOLTAGE SOURCE CONVERTER (VSC) TOPOLOGIES 19
3.1 MULTILEVEL VOLTAGE SOURCE CONVERTER TOPOLOGIES ......cvvviiiiieiiirreeeeeeieiireeeeeeeiinreeeeeeeeinnneneeens 19
3.2 DIODE-CLAMPED MULTILEVEL CONVERTER.......cciiitiiitteieeeeeeiitteeeeeeeeeiteeeeeeeeessnreesesseenssnseeseseensnnereeeas 19
3.3 FLYING-CAPACITOR MULTILEVEL CONVERTER .......cceetuvttteeeeiiitreeeeeeeeitrreeeeeeeeinreeeeeeesstsneeeesesesnnnreeens 20
3.4 CASCADED-MULTILEVEL CONVERTERS ......ccuvttieitteeeiureeeeireeeeeiseeeeitreeseisseeseiseseesssesesssseesesseesenisesessseens 21
3.5 SSSCBASED ONCMUOC ..ot ettt eta e e ea e ettt e e et eeeaae e e eeaae e e eaeeeeeteeeenaeeeeeaeeas 23
3.6 SINUSOIDAL OUTPUT GENERATION IN CIMC ...ttt e 25
=] (=] (= (oL 25
CHAPTER 4. BASIC VSC STRUCTURES FOR SSSC AND HARMONIC GENERATION .......... 28
7 N I LN 0] D160 (0) N SRRt 28
4.2 FORCED-COMMUTATED DC-AC STATIC CONVERTERS .....uvvviiiiiiiiiireeeeeeeiiirereeeeeeeisrereeeeeessnreeeeesnnssens 30
4.3 BASIC VSC TOPOLOGY ..uuvvvvieeeeeeitreeeeeeeeeitreeeeeeesiiaseeeeeeeeisaaeeesesssssssseseesesssseseseessessreseessesessrsssessesssees 30
4.4 BASIC VSC SWITCHING STRATEGIES .....uuuvveiieeieiiiureeeeeeeeiiueeeeeeeiiisreeesesesiisssessessesssssssessssssssssesssnsssens 34
4.4.1 Pulse Width Modulation VSC (VSC-PWM) ........cccoiiiiieiiieer sttt 34
Y [ 10 S0 [0 F= Y I LY 34
4.5 VSC-3¢ WITH SINUSOIDAL PWM .....oiiiiiiiiiiiieiiieieeteste ettt sttt ettt ettt st enbe e aesneenne s 36
4.5.1 Three-phase VSC transformers CONNECLION ...........ccceiiiiiiiesese e e 41
4.5.2 Three single-phase VSC connection tranSfOrMersS..........oocovrvireereiseiserse e 43
4.5.3 PWM with selective harmonic elimiNation ..........cocciviiiiiieis et 46
4.5.4 Considerations about PWM SSSC SYNENESIS.........ccveverieieiiinieeseeesesese e see e e saeseens 48
4.5.5 Square Wave VSCS (6-PUISE VSC)....c.oieiieieiiieirieinie sttt 50
4.5.6 Square-wave operation Of SINGIE-Phase VSCS .........ccvevviieiiiirirecese e 52
4.5.7 Considerations about SSSC synthesis with 6-pulse VSC ..., 54
4.6 MULTILEVEL VSC...uoiiiittiiiitiee ettt ettt e etee e ettt e ettt e e ettt e e etae e e eataeeeetaeeeeateeeesaseeeeetseeeenteeeenteeeennteeas 55
47T IMULTIPULSE VSC ..ottt ettt ettt e e e e e e e tttae e e e e e eettaaeeeeeeeeaaaaaeeeeeeettsreeeeeeenssrsseeeeeenrees 55
A.7.1 24-DUISE VSC ..ottt ettt bbb e e bt e e s ae et e e ae et e e n b e s beenaesaa e be e e e nreere s 56
4.7.2 QUASE 24-PUISE VSC ...ttt ettt sttt ettt se et nte st sbesaestesbe e s ee e naesaeneeneans 60
4.7.3 QUASTH 48-PUISE VSC.....oiiiiiet ettt 65
4.8 MULTI-LEVEL SINUSOIDAL PWIM VSC ..ottt e et e e s ennaees 67
4.8.1 Single phase PWM-VSC with multilevel output VOItage ............oceveiniiinenncceceeces 67
4.8.2 Three-phase PWM-VSC with multi-level output VOItage .........cccevvveveiieie i 71



CIGRE B4-40/Table of Contents

4.9 MULTIPULSE VSC WITH SELECTIVE HARMONIC ELIMINATION ....cuvvviiiiiiiiiiieeeeeeeeitneeeeeeeesiseneeeeesseennenns 72

2 (=] (=] (=) (oL 75
CHAPTER 5. SSSC LOADFLOW AND DYNAMIC SIMULATION STUDIES 76
5.1 VSC CONTROLLER LOADFLOW MODELS ......ccoovvviiiieiiiirireeeeeiiiireeeeeeeeisreeeeeeeeisseeseesesssrsesssesssssssseeens 76
5.2 BALANCED POSITIVE-SEQUENCE VOLTAGE SOURCE MODEL......cccciiiiitiiiieeeiiiiieieeeeeeeitieeeeeeeeeinnaeeeeens 76
5.3 SSSC OPERATING MODES .......uuvviiiiiiiiitreeeeeeeeieitreeeeeeeeeireeeeeeeeeisseseeeeeeisrresssesessrrssessessisrseessseesssrereees 77
5.4 NEWTON-RAPHSON LOADFLOW SOLUTION ......ccoiiutieeiurieeereeeeereeeeitreeesisseeeeiseeeesssesesssressssseesenisesesssnens 77
5.5 OPERATING LIMITS.....uuttiiiiiiiiiieieiee e e ettt eeeeteee e e e eeee e e e e e e eetaeeeeeeeeeaaaeeeeeeeeaareeeeeeeenssreeeeeesensarnreeeas 78
5.6 COUPLING SERIES VSC TO ENERGY STORAGE DEVICES AND OTHER VSCS ....cooviiiiiiieeciieeeeeeeee 78
5.7 SSSC DISPATCH EXAMPLE......uuuiiiiiiiiitiiiieeeeeeeteee e eeeeee e e e ettt e e e e e eeatt et e e e e seaaaaeeeseeeaaraeeeessenrrareeeas 79
BRI OF D)6 NN Y 1 (051 (6] 5] 21 DRSO 81
5.9 SSSC DYNAMIC SIMULATION .....eiiiiiiitieeeeeeeeiiseeeeeseeeiseeeseessssissessessessssseessssssssesssessssssssssssesssmsssseess 83
APPENDIX 5.1 4-BUS RADIAL SYSTEM PARAMETERS ......cciititutiiieieiiitieeeeeeeeeteeeeeeeeeesaaeeeeeeeeeesneeesesseennnes 85
ey (] (= (oL TSRS 86
CHAPTER 6. EMTP SIMULATIONS OF SSSC 87
6.1 INTRODUGCTION ......uviiietreeeeteeeeeteeeeereeeeiseeeeeaeeeestseeeeeaseesesseeeessseeestseeeeesseeeenseeeensssseentseeeeaseeeenseeeeseens 87
6.2 MULTILEVEL PWIME=SSSC ..ottt ettt ee e e e e et e e e e eataae e e e e e e naraeeeee s 87
6.3 PWM SSSC CONTROL ALGORITHM .....cccuvviieeureeeeitreeeeireeeeeteeeeeiseeeessseeesesseeeesessensseessssessssssesenssesesssnes 88
6.4 DIGITAL SIMULATION RESULTS....ceeiiiietteieeeeeeiesteeeeeeeseiaeeeeeessssisasesessssssssesssesssssnssessssssssssssssssssssssseess 90
Y (] =] 0oLt R 94
CHAPTER 7. SUBSYCHRONOUS RESONANCE 95
7.1 SUBSYNCHRONOUS RESONANCE (SSR) PHENOMENON ......cccuteiiniieiiirrenieesesseeseseesseensesssensesssesseensenes 95
7.2 DAMPING CONTRIBUTIONS .....uvtvviiiieeietreeeeeeeeiiseeeeeeeeesseeseeeeeasssssssseeeeassssssessesessrsesessesssrssssessenssnseees 95
7.3 FIXED SERIES CAPACITORS (SC) c.utetiiieeiieieeiiesiteiesite st ete st etesttesteesaesaeetesseenteensesaaensesnsensesnsenseensenes 96
7.4 THYRISTOR CONTROLLED SERIES CAPACITORS (TCSC) ...ooiiiieiieiiiieiieeieeciie ettt svee e 98
7.5 STATIC SYNCHRONOUS SERIES COMPENSATOR (SSSC) ....eiiiiiiiiiiieeiieeie ettt 99
7.6 ASSESSING SSR CONDITIONS USING THE FREQUENCY SCANNING METHOD..........ccocvveeeiuveeeereeeennnenn 102

R e (=] (= (oL 105
PART III SSSC INSTALLATIONS 106
CHAPTER 8. EXISTING INSTALLATIONS 107
8.1 COMPONENTS OF AN SSSC ..ottt e ettt e e e e e e e e e eetaaaeeeeeeeeaaareeeeeeesrreeeeeeennes 107
LR 00 R O0 111 o] TR 109
LR = 0] (<Y [ o 111

8.2 DESCRIPTION OF EXISTING INSTALLATIONS .....eeeiiiiiitirreeeeeeiirreeeeeeeinrereeesesesrreseseesssssseeseeessssssseseessnnns 112
8.2.1 UPFC INEZ, AEP, USA ...ttt s ba e st b e e s abbe s sabbe s 112
LR N O Y1 Y T 112
8.2.1.2 CommisSioning and teSt FESUILS .......c.cviieieiiice e ene 114
8.2.2 UPFC Kangjin, KEPCO, KOFEa........cccviiiriireieriesesiesese s estesee et stete e e e e e aesaenesnansannens 117
LA R O 1Y =1 V. 1.1 R 117
8.2.2.2 CommisSioning and teSt FESUILS .......c.cviieieiiiice et 119
8.2.3 CSC MaArCY, NYPA, USA ...ttt sttt ettt s e ne st ebesnesaesreanens 125
L T R O 1V =Y V7T BRI 125
8.2.3.2 Commissioning and tESt FESUILS ........cveeiieiieii e ereene s 127
8.2.3.3 Operational EXPEIIEINCE ......cciciiiiieeie et cee sttt te et e b e s teetesbeesbesreereenteeneas 137
e (=] = (oL 140
PART IV FUTURE OUTLOOK 142
CHAPTER 9. TRANSFORMERLESS SSSC 143
9.1 MERITS JUSTIFYING DEVELOPMENT OF TRANSFORMER-LESS SSSC ...ovvviiiiiiiiieeeee et 143
Figure 9.1 Basic transformer-less SSSC scheme using ““H-bridge” converters..........cccccceevevveriennnn, 144

9.2 NEW CONVERTER PLATFORM ......ccciiiiiitiiiiiiieiiiieeee e e eeeeee e e e ee ettt e e e e eeeaaaaeeeeessinssaeeeessessaasseeesssesrnseeeeas 144

il



CIGRE B4-40/Table of Contents

9.2.1 Carrier Neutralized PWM
9.2.2 SSSC Platform Structure
9.3 POWER SEMICONDUCTOR TECHNOLOGY DEVELOPMENTS
9.4 EMERGING POWER SEMICONDUCTOR SWITCHES
9.5 STATE OF THE ART OF POWER SEMICONDUCTOR SWITCHES
9.5.1 Voltage and current rating
9.5.2 Recent developments of thyristor devices
REFEIENCES ...vviiiiiiii e

BIBLIOGRAPHIES

il



CIGRE B4-40/

PART I
INTRODUCTION



CIGRE B4-40/Introduction

CHAPTER 1. UNDERSTANDING STATIC SYNCHRONOUS SERIES
COMPENSATOR (SSSC) CONCEPT

1.1 OPERATING PRINCIPLES

The SSSC is a reactive power series compensator employing a Voltage-Sourced
Converter (VSC) in series with the transmission line, as shown in Figure 1.1. This operating
mode emulates a controlled series reactive compensation (such as obtained with the Thyristor-
Controlled Series Capacitor (TCSC)), but provides wider control range as it can operate equally
at capacitive or inductive operating domains as well as it can operate just as voltage source.
Thyristor based FACTS controllers, like TCSC, are based on impedande control, so they are
dependent on the line current. The SSSC can operate as a voltage source, which garantees series
compensation independent of the line current.

Ve

Static Synchronous
Series Compensator
-SSSC -

Figure 1.1 Schematic diagram of SSSC

The VSC within the SSSC is operated in synchronism with the transmission line current.
The voltage generated by the VSC is kept in quadrature with the line current, lagging or leading it
by 90 degrees. The injection of a lagging voltage with respect to the line current emulates a series
capacitor, whereas a leading voltage emulates a reactor in series with the line. Thus, the SSSC
can provide either series capacitive or series inductive compensation, without any rating increase
or additional reactive components, by its inherent capability to reverse the polarity of the output
voltage it generates. The quadrature relationship between the output voltage of the SSSC and the
line current ensures substantially zero real power exchange between the SSSC and the ac system,
except for the small amount (about 1% at full output) required to replenish the internal losses of
the converter. This power is drawn from line by the converter, by a small (typically less than one
degree) deviation from the ideal 90°, to keep the dc capacitor charged without an external dc
power supply.

The capacitive compensation in effect injects a voltage in series with the line that is in
phase opposition to the voltage produced by the line current across the series line reactance. As a
result, the voltage across the series line reactance is forced to increase, as if its inductance was
reduced, causing a proportional increase in the line current and the corresponding transmitted
power, as illustrated in Figure 1.2. Similarly, inductive compensation (when the SSSC’s output
voltage leads the line current) injects a voltage in phase with the voltage across the line reactance.
As a result, the voltage across the line reactance decreases, as if its inductance was increased,
causing the line current and the corresponding transmitted power to proportionally decrease. The
line current and the corresponding power increase or decrease is proportional to the magnitude of
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the series compensating voltage relative to the voltage across the series line reactance.
Traditionally, this is expressed by the degree of series compensation, which is defined as the
impedance ratio of the series line reactance to the effective series capacitor, or, equivalently, the
amplitude ratio of the voltage across the series line reactor to the series compensating voltage.
The adjustment of the converter voltage amplitude can be accomplished by the control of the dc
voltage through the momentary charge or discharge of the dc capacitor. Alternatively, the voltage
amplitude can be adjusted internally in the converter by pulse-width-modulation, or other
techniques, from a fixed (regulated) dc voltage.

Sending-end Receiving-end
g I Ve X, g
T H— 300808050 —)
I, lood \
: WOL v V,
Generator "_OBQ‘_G' L
T I\ I 1
Vi = V- Ve
oo ]
| ST > > :
sssc Ve= ki / 4
Ve VitV Vi
XL XL Xi-Xe |
Ve
Xc: l

& = const (assumed)

Figure 1.2 Vector diagram illustration for capacitive and inductive operation modes of the
SSSC

The SSSC can control the effective transmission line impedance by injecting a
controllable compensating voltage in quadrature with the line current to emulate a series capacitor
or reactor. Emulated capacitive compensation will decrease the effective series line impedance,
whereas emulated inductive compensation will decrease it. Thus the SSSC can increase or
decrease steady-state power flow or change it dynamically to counteract dynamic disturbances in
order to increase transient stability and damp power oscillation.

1.2 BAsIC CHARACTERISTICS

Due to the almost ideal voltage source characteristic of the VSC, the SSSC can provide
capacitive or inductive compensating voltage independent of the line current, up to its specified
voltage rating. Thus the SSSC can maintain the rated maximum capacitive or inductive
compensating voltage in the face of changing line current, theoretically in the total operating
range of zero to I, as illustrated in Figure 1.3. (The practical minimum is the line current value
at which the SSSC is still able to absorb enough power to replenish its operating losses.)
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Vi
VLmax
Operating area for series
inductive compensation to
decrease transmitted power
|
P max
|
Operating area for series
capacitive compensation to
increase transmitted power
Vemax
Ve

Figure 1.3 Operating range Characteristics of SSSC

The transmitted power versus transmission angle, i.e., the P-4 characteristic of the SSSC
at various per unit values of the compensating voltage, V4, (which may be capacitive or
inductive) is shown in Figure 1.4. This figure illustrates that the unique capability of the SSSC in
maintaining the maximum compensating voltage independent of line current, results in a wide
control range for the transmitted power at a given transmission angle, and provide the means to
force the desired power flow under the condition of insufficient or changing transmission angle.
(The reader should recall that the compensating voltage produced by a conventional series
capacitor changes in proportion with the line current and, consequently, with the transmission
angle.) It is observable in Figure 1.4 that the SSSC is also able to decrease the transmitted power;
in fact, with suitable rating, it can actually reverse the direction of power flow.

Since the SSSC emulates the line compensation of the series capacitor by the direct
injection of the required compensating voltage at the fundamental system frequency, without
reproducing the impedance versus frequency characteristic of a physical capacitor, it is, in
contrast to the series capacitor, unable to form a classical series resonant circuit with the inductive
line impedance to initiate sub-synchronous oscillations. In other words, independent of whether
the SSSC is operated in the capacitive or inductive compensating domain, it is seen by the system
as a (zero-impedance) voltage source in series with a small inductive impedance (the leakage
impedance of the coupling transformer). Because of its fast response, the SSSC could
theoretically provide effective damping of sub-synchronous oscillation by suitable control, should
the condition for sub-synchronous oscillation be established by (existing) series capacitors.
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Vs 1L Vg K
— -—
Generator Ve
sssc
P
ok V, =0,673
1.5 4—————— —
Vq =0
1.0 / a
osl/ /"‘: ---::: > Yo 0073
/ /Ran’ge of “'-»::
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T
6] P 502 YT 3
L/ /’
—0.5-/’ P, =sind + V,cos(8/2)

Figure 1.4 P;-6 characteristic with SSSC

A comparison of the basic operating characteristic of the SSSC to that of the STATCOM
reveals their duality: In a given operating range, determined by the rating of the VSC employed,
the series-connected SSSC can maintain reactive compensating voltage independent of the line
current, whereas the shunt-connected STATCOM can maintain reactive compensating current
independent on the transmission line voltage.

1.3 APPLICATIONS

The SSSC is one of the most powerful FACTS controllers for power flow control. Although
it can provide transmission line voltage regulation by the control of the effective line impedance,
particularly for the end-voltage of a radial line, the primary purpose of the SSSC is usually the
direct, and dynamic, control of the transmitted power in a given line. The main applications
within the broad area of adjustable or dynamic power flow control are as follows:

o Compensation of long transmission lines. Because of the relatively large series
inductance of long transmission lines and the correspondingly large transmission angle
required, the voltage profile substantially droops towards the mid-point with increasing
line current, causing heavy flow of reactive power and an uneconomically low limit on
the transmittable real power. Series capacitive compensation is the most effective
means to increase the transmittable power by reducing the overall transmission
impedance and angle. To handle changing load conditions and line contingencies, the
series compensation may need to be variable. In addition, concerns of sub-synchronous
resonance may limit the safe degree of series compensation by conventional capacitors.
The SSSC can provide an economical solution in combination with conventional series
capacitor banks to provide a vernier control by adding to, or subtracting from, the fixed
compensation provided by the capacitors, and also to increase the immunity against
sub-synchronous oscillation

e Equalization of power flow in lines and prevention of loop-flows of real power. The
inherent capability of the SSSC to decrease as well as to increase (real) power flow in
the line makes it eminently suitable to equalize line power flows and prevent loop-flows
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of power. Both of these allow higher power transmission, and thus higher utilization of
the power system, without thermal limit problems.

e Receiving end voltage regulation of a radial line. The receiving end-voltage of a radial
line varies with the load and, in particular, with the power factor of the load due to the
reactive line impedance. The SSSC can be used to regulate the end-voltage of a radial
line by controlling the degree of series compensation so as to keep the end-voltage
constant in face of changing load and load power factor. (Note that, although the end-
voltage can be regulated, the load power factor cannot be corrected by series
compensation.)

e Improvement of transient stability and dynamic stability (power oscillation damping).
Transient stability improvement and power oscillation damping by the shunt-connected
STATCOM is achieved through the increase and subsequent decrease of the
transmission line (mid-point) voltage during the accelerating and decelerating swings of
the disturbed machine(s). The powerful capability of the series-connected SSSC to
control the transmitted power can be utilized more effectively to increase the transient
stability limit and to provide power oscillation damping. In these applications the SSSC
is controlled to force the line current and power flow to increase, by rapid injection of
the necessary compensating voltage, when the relevant machines in the system
accelerate, and, conversely, force the line current and transmitted power to decrease
when the machines decelerate. The function of rotational stability improvement can be,
of course, combined with other power flow objectives relevant to the dynamically
stable power system (e.g., power flow optimization, line current equalization, etc.).
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CHAPTER 2. COMPARISON OF SSSC WITH OTHER TECHNOLOGIES

This chapter presents a brief comparison of SSSC and other technologies like Fixed
Series Capacitor, Fixed Series Reactor, Phase-Angle Regulator (PAR), Thyristor-Controlled
Series Capacitor (TCSC) and Gate-Controlled Series Capacitor (GCSC) and the Magnetic Energy
Restorer Switch (MERS). The comparison shown below is for the case of conventional long
transmission lines, however with equivalent length smaller than " of wavelength (1250 km and
1500 km, respectively, for 60 Hz and 50 Hz system).

2.1 FIXED SERIES CAPACITOR

Figure 2.1 shows a transmission system with fixed series capacitive compensation, which
naturally has no controllability and, therefore, has no flexibility. Figure 2.2 shows the
compensation characteristics for three different level of fixed capacitive compensation. The
operating area of an SSSC is a rectangle in the V-I plane as shown in Figure 2.2 and for the fixed
capacitive compensation we have only a fixed line for each value of the compensation
capacitance. In this compensation, the larger the capacitive reactance the larger will be the
transmitted power.

Sending-endI Xe X, Receiving-end
e || IR |
FH A —)
Generator Ve Vi

Figure 2.1 Fixed capacitor compensation

Ve SSSC operating area

VCmax
g
‘§ Capacitive
S compensation
= characteristics

P _ I\ Imax
/ |

g
% Xc3
S
] Xcz
O

Vemax xcl

Xcl > Xc2 > XC3

Figure 2.2 Fixed capacitive compensation characteristics
2.2 FIXED SERIES REACTOR

Figure 2.3 shows a transmission line with fixed inductive compensation, which is not
very common as it works in a way to decrease the transmitted power as shown in Figure 2.4. As
in the case of fixed capacitive compensation the power transmission characteristics is given just
by a line for each compensation level and the larger the reactance the smaller the transmitted
power.
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Sending-endI XL comp X, Receiving-end
—_—

SO — T ——)

Generator Ve Vi

Figure 2.3 Transmission system with fixed inductive compensation

SSSC operating area

VC
VCmax XLcompl
(]
= X
g Lcomp2
E XLcompS
P ‘ Imax
. |
g Inductive
5 compensation
g characteristics
©
(8]
VCmax
XLcompl > XLcompZ > XLcomp3

Figure 2.4 Fixed inductive compensation characteristics

2.3 PHASE ANGLE REGULATOR (PAR)

Figure 2.5 shows a transmission system with a Thyristor Controlled Phase Angle
Regulator (TCPAR). The TCPAR shown in this figure is composed of a transformer with
primary winding connected in shunt between two phases and three secondary winding connected
in series with the other phase. The voltage injected in series with the line is the sum of the
voltages in the three secondary windings controlled by thyristors valves. The winding that is
fully connected adds a sinusoidal voltage in series with the line. The winding that is partially
connected has its voltage controlled by the firing angle of the thyristors.

Sending-end | Ve X, Receiving-end
e ——

FOH— T ——-O)

Generator Vi

Figure 2.5 Transmission line with phase angle regulator

Figure 2.6 shows the phasor diagram of the sending-end voltage Vs and the compensating
voltage V. This compensation voltage can have +90° or -90° phase difference with respect to
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the sending-end voltage Vs. Different from the SCCC, the phase angle of the compensating
voltage of a TCPAR can lead the current phasor or lag it by an angle that does not need to be in
quadrature. Therefore, depending on this phase difference, the series transformer may have to
inject or absorb active power, which is supplied or absorbed by the shunt winding.

If we compare the operating area of the TCPAR considering voltage and current
magnitudes with the case of SSSC we will find that they are basically equal. That is, the voltage
can vary from zero to its maximum value and the same happens with the current. Therefore, the
operating area in the VxI plane is a rectangle like in the case of SSSC. The difference is that in
the case of SSSC the compensation voltage is always in quadrature with the line current while in
the TCPAR this angle between compensation voltage and current can have any value. However,
this phase difference is not controllable. It appears as a function of the current phase with respect
to the sending-end voltage. Depending on the number of secondary windings and the switching
control of the thyristor, the TCPAR may present higher level of low-order harmonic components
injected in series with the line. However, the number of secondary windings are chosen in a way
that harmonics are kept in an acceptable range.

Locus of
compensation
voltage V.

Figure 2.6 Phasor diagram for the phase angle compensation

2.4 THYRISTOR-CONTROLLED SERIES CAPACITOR (TCSC)

The SSSC, as presented previously, is a device based on voltage-sourced converters
(VSC) and, therefore, can operate in a rectangular area in the VxI plane, that is, it has a wide
controllability range as seen in the previous section. The TCSC, on the other hand as explained
by Hingorani and Gyugyi [2.1], is a device based on the concept of impedance control as
explained in [2.1]. The control device is the thyristor which is a semiconductor switch, at least,
one generation older than the switch used in the SSSC. However, due to its relatively low cost,
there are various examples of actual applications around the world for power oscillation damping
or power flow control. Gama, Angqiist, and Ingestrdm [2.2] presented a paper on the
commissioning of a TCSC for power oscillation damping in the Brazilian North-South
transmission line.

Figure 2.7 shows a transmission system with a TCSC in series. This figure shows that
this series device is composed of a fixed series capacitor in parallel with a Thyristor Controlled
Reactor (TCR). If the thyristors are not conducting only the capacitor is in series with the line. If
the thyristors are switched on with a given firing angle the current and voltage waveforms can be
as shown in Figure 2.8. The reactor current, in Figure 2.8(a), has a pulse like waveform. This
current flows through the capacitor producing a current waveform as shown in Figure 2.8(b).
Figure 2.8(c) shows the capacitor voltage waveform where we can see that some harmonic
content is present in the voltage that is in series with the line. However; in general, harmonic
generated by the thyristor switching is not a serious problem if the reactor and capacitor size, as
well as firing angle, are correctly chosen.



CIGRE B4-40/Introduction

TCSC
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Figure 2.7 Transmission line with Thyristor-Controlled Series Capacitor (TCSC)

Figure 2.8 Current and voltage waveforms in a TCSC

The equivalent impedance of the fixed capacitor in parallel with the thyristor controlled
reactor may produce equivalent impedance that may be capacitive or inductive as shown in
Figure 2.9. This figure shows the equivalent impedance of a TCSC for firing angle varying from
90° to 180°. For firing angle close to 90° the equivalent impedance is inductive and for firing
angle close to 180° it is capacitive. At about the middle of the range of 90° to 180°, the fixed
capacitor and the controlled reactor present a resonance and the device can not be operated in this
region because too large current may flow in the LC circuit. When the TCSC operates with
capacitive characteristics, normally the firing angle has a minimum limit that produces the
maximum compensating capacitive impedance Zy,x. In Figure 2.9 this limit is slightly below
150°. This device has minimum compensating impedance Z.;, that is given by the capacitor
alone when the firing angle of the thyristors is equal to 180°, that is, the thyristors are off. Then,
the capacitive continuous impedance control range goes from Z i, t0 Zpax.

TCSC equivalent Impedance
resonance

inductive operation /
oint capacitive
operation range
\

Zax
90 100 110 120 130 140 150 160 170 180
Firing angle o (degrees)

T Zmin

Figure 2.9 TCSC equivalent impedance characteristics as function of the thyristor firing
angle
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In some cases, when it is necessary to decrease the transmitted power in the line, the
TCSC can be operated with firing angle equal to 90° and it will present inductive characteristic.
In this operating condition the firing angle is not varied, therefore, there is no continuous control
in the inductive side.

The TCSC operating area in the VxI plane is shown in Figure 2.10. In the capacitive
region it can be controlled continuously from Z.;, to Zu.x, Which is represented by the area
defined between the lines for Z ., and Z,.«. If the TCSC is designed for power flow control it can
operate in any point of this area continuously without problem of overheating the capacitor,
reactor, or the thyristors. On the other hand, if the TCSC is designed only to damp power
oscillations it may operate continuously on the line defined by Z,;, and operate for short time
(few seconds) in the area between Z, and Z,,. In this last case, a capacitor with smaller VA
rating may be used as compared with the case of power flow control.

Comparing the TCSC with SSSC with the information given above allows us to conclude

that:
(1) the operating area of the TCSC is much smaller than the SSSC in the capacitive
region;
(i1) in the inductive region the TCSC operating characteristics is reduced to a line only as

compared to a rectangle in the case of SSSC;
(iii) TCSC may present problem of internal resonance that has to be avoided.

SSSC operating area

<
o

<
o
3
&

TCSC inductive
operation line 7
\ ind

Inductive

Capacitive

TCSC capacitive
operation area Zinax

<
o)
3
8

Figure 2.10 TCSC operating area

Despite the advantages of the SSSC as compared with the TCSC, this thyristor based
device is still used as a practical option when wide range of controllability of the SSSC is not
necessary. When low cost is an objective the TCSC is also a good option.

2.5 GATE-CONTROLLED SERIES CAPACITOR (GCSC)

Figure 2.11 shows a transmission line with a Gate-Controlled Series Capacitor connected
in series. This is a device also based in the concept of variable impedance and it was originally
presented by Karady et al. [2.3] and they called it as “continuously regulated series capacitor”.
Later, Souza et al. [2.4] introduced the name “GTO-Controlled Series Capacitor” which was
adopted by Hingorani and Gyugyi [2.1]. However, due to the fact that different switching device
can be used, provided it can be turned off, recently Edris [2.5] has changed “GTO-Controlled” to
“Gate-Controlled”. In all cases the acronym GCSC was kept to make a contrast with TCSC.

11
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The diagram in Figure 2.11 shows that the GCSC has a very simple structure with
basically one capacitor and parallel switches. These switches, in facts, operate as a dual
thyristors. These dual thyristors and the capacitor in parallel is exactly the dual circuit of a
thyristor controlled reactor (TCR), where a reactor is in series with a thyristor valve. In the case
of TCR the control is done by the firing angle. However, in the case of GCSC the switches are
turned on automatically always its voltages crosses zero and they have to be turned off to insert
the capacitor in series with the line. Therefore, instead of firing angle, in the GCSC the turn-off
angle is used.

GCsC
Sending-endI i KT X, Receiving-end
: C :
FHH——— 0 ——(~
Generator i 5 Vi
Ve

Figure 2.11 Transmission line with a Gate-Controlled Series Capacitor (GCSC)

One interesting point here is that the TCR is a device theoretically well-matched for shunt
connection whereas the GCSC is well-matched for series connection. One advantage of the
GCSC over the TCSC is the fact that it does not need reactor and, therefore, it may be a more
compact device. Souza et al. [2.6] presented a detailed comparison between GCSC and TCSC. If
a perfect dual circuit of the TCSC is to be produced, then a reactor has to be connected in series
with the capacitor in parallel with the switches. However, this option may not be necessary as the
line is normally inductive and putting more series inductance has no meaning except to increase
the cost of the compensation device.

Figure 2.12 shows the current and voltage waveforms in the transmission line and in the
capacitor of the GCSC. The line current is assumed sinusoidal. As explained above, when the
voltage on the capacitor crosses zero the switches are turned on and this voltage is kept null until
the switch is turned off at a given turn-off angle. If voltage and current waveforms are compared
in a GCSC and in a TCR it is possible to see that they are dual waveforms. That is, the current
waveform in a shunt connected TCR has the same shape as the voltage waveform in the series
connected GCSC and the voltage waveform (line voltage) on the TCR has the same shape as the
current in the GCSC (line current).

(Line Current, i

ANV

7
ANA

VAV N

Capacitor
Voltage, V.

Figure 2.12 Current and voltage waveform in the GCSC
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Figure 2.13 shows the equivalent capacitive reactance of the GCSC as a function of the
turn-off angle. This figure shows that this reactance is nonlinear and varies smoothly from its
maximum value to zero. No resonance problem is present.

Figure 2.14(a) shows the GCSC operating area in the V-I plane for the case where the
maximum capacitor voltage occurs for the maximum line current. In this case, the operating area
of the GCSC is similar to that of the TCSC with two differences: (i) the minimum capacitive
reactance is zero and (ii) there is no inductive reactance (because no reactor was inserted in
series). This device has a smaller control range when compared with the SSSC, although it is
wider than in the case of the TCSC. The GCSC has fewer components than the TCSC and is
much less complex than the SSSC. Figure 2.14(b) shows the GCSC operating characteristics for
the case where the capacitor maximum voltage occurs for a line current smaller than its maximum
value. In this case the capacitor voltage has to be controlled by the turn-off angle to avoid steady-
state overvoltage, except if a high compensation voltage is necessary for a short time, for power
oscillation damping, for example.

The SSSC is more flexible and operates in a wider range than the GCSC. The GCSC
may be a good option in situation where there is no need of inductive compensation and the
compensation can be done by a controlled impedance instead of controlled voltage source as in
SSSC.

0
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O
x
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90 135 180

Turn - off angle, y (degrees)
Figure 2.13 Equivalent reactance of the GCSC
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Figure 2.14 GCSC operating area

2.6 MAGNETIC ENERGY RECOVERY SWITCH (MERS)
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The Magnetic Energy Recovery Switch (MERS) is a new configuration that has been
recently suggested for use in power system transmission application for controlling power flow
[2.7, 2.8]. The configuration of the MERS is shown in Figure 2.15. It consists of 4 forced
commutated switches and a dc-capacitor in each phase. The configuration is similar to a single
phase full bridge, but the operation differs and the size of the capacitor is several times smaller.

MERS
Sending-end :iﬁ ! Receiving-end
| | '
| |
O™+
|
Generator :_ ________ :

Figure 2.15 Configuration of the Magnetic Energy Recover Switch

By controlling the current path through the device (Figure 2.16) can the device behave
like a controllable capacitive voltage source. This is performed by using line frequency switching;
meaning one switch is turned on and off only once during and electrical 50 or 60 Hz cycle.

Voc=Q, e V=0

Figure 2.16 Switching pattern

The timing of the gate signals is performed such that the size of the by-pass area and the
size of the minimum dc-voltage are controlled (Figure 2.17). As a result, the basic device
characteristic becomes like a series connection of a variable capacitor and a voltage source. This
is due to the size of the by-pass area directly translates to an equivalent reactance and the
minimum dc-voltage translates to a series injected voltage [2.7]. With the dc-voltage reference set
to zero, the device behaves like a GCSC at the fundamental frequency. But in contrast to the
GCSC, even with low currents, the rated voltage can be injected by increasing the dc-voltage
reference.
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Figure 2.17 Basic control and resulting equivalent circuit of MERS

By optimizing the combination of reactance and series injected voltage can the distortion
in the injected voltage be decreased. The resulting harmonic distortion in the whole voltage-
current operating range of the MERS is shown in Figure 2.18. The distortion is given in per unit
related to the rated series compensation voltage and is shown as a contour plot. The worst
distortion occurs for low line currents and high series voltage injection. The distortion for the
GCSC will be the same as for the MERS in the lower right triangle part of the MERS operating
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Figure 2.18 Harmonic distortion in per unit related to rated voltage

The sub-harmonic characteristics of the MERS have been investigated with simulations
by studying the resulting voltages with current injection at various sub-harmonic frequencies
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added on top of a S0Hz frequency component [2.8]. The resulting impedance characteristics can,
for a given set-point, be seen in the left part of Figure 2.19. The device has a mainly resistive
characteristic in most of the frequency range, indicating good immunity regarding sub-
synchronous resonance. The difference to the reactance of a fixed series capacitor is also
indicated. The reason it is possible for the MERS to have a resistive component in the sub-
harmonic frequency domain without any energy storage is due to the corresponding phase shift
for the 50 Hz component. With a dc-offset in the current during a 50Hz cycle will the phase of the
injected series voltage be slightly changed, resulting in a small negative 50Hz resistance
component. This supplies sufficient energy to be able to inject a resistive voltage in the sub-
harmonic frequency domain. The current and series voltage curves for a 10 Hz current component
case is shown in the right part of Figure 2.19. The 10 Hz component has been extracted and it can
be seen that the current and voltage components are almost in phase, meaning a highly resistive
characteristic.
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characteristics

' 1

T
RN

[N
T

A

MERS resistance

Current (pu)
o

=

e

0]

o

c

o

S Op !

o Sesecal < 1t .

S ot e

] YT g

3] MERS reactance y £

g -1t - S

© e o 0

0 e 2

3 =

@ - Capacitor reactance ,// 3 v U U U U

\\\A// (7] 1t A
/ o
2 ! ! ! ! /o ! ! ! | w 1 1 1
0 25 50 = 0.1 0.2 0.3

Frequency (Hz) time (s)

Figure 2.19 Sub-harmonic characteristics of the MERS

The following observations can be made when comparing the SSSC and the MERS:

- The operating range of the MERS is equal the operating range of the SSSC in the
capacitive range, meaning half of the total SSSC operating range.

- Both the MERS and the SSSC have good sub-harmonic characteristics

- The MERS has a simpler and more compact configuration than the SSSC, with no series
injecting transformer and small capacitor.

- The injected harmonics are potentially lower for the SSSC than for the MERS
- The basic control of the MERS is equivalent to a capacitor and a reactive voltage source
in series, while the SSSC is equivalent to a pure reactive voltage source.

2.7 DYNAMIC FLOW CONTROLLER (DYNAFLOW)

By combining the thyristor controlled series capacitor/reactor or the thyristor switched
series capacitor/reactor and a phase-shifting transformer, PST, a new FACTS system is
suggested. The main advantages of this system are that:
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Controllability even at low transfer levels

Dynamically controllable

Rating is split between several modules and future upgrades, changes, are possible
The weight of each of the building blocks is limited

Power oscillation damping and transient control

The Dynaflow concept so far is presented in several conference papers and it is believed

more optimization of networks and interconnections increases the market for controllable devises
such as Dynaflow.
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CHAPTER 3. VOLTAGE SOURCE CONVERTER (VSC) TOPOLOGIES

The key component of a SSSC is a three phase VSC. There are several different types of
VSCs that could be used in SSSC. This chapter will give a brief summary of the types of VSC’s.

Traditionally, VA rating increase is accomplished by selecting the most powerful
semiconductor devices and use device series connection to increase the voltage. More recently,
series connection of converter is becoming more popular than series connecting devices because
of the inherent advantage of reduced voltage harmonics. This type of VSC is called multilevel
VSC and will be the focus of this chapter.

3.1 MULTILEVEL VOLTAGE SOURCE CONVERTER TOPOLOGIES

The behavior of multilevel converters can be summarized by examining the behavior of
how the output voltage is synthesized from a constant capacitor voltage (DC bus). The first type
of capacitor-voltage synthesized-based multilevel converter is called a diode-clamped multilevel
converter. The second type of capacitor-voltage synthesized-based multilevel converter is called a
flying-capacitor multilevel converter. Finally, the last major type of capacitor-voltage
synthesized-based multilevel converter is a cascaded converter with separate DC sources.

3.2 DIODE-CLAMPED MULTILEVEL CONVERTER

The diode-clamped multilevel converter (DCMC) makes use of capacitors in series to
divide the DC bus voltage into a distinct set of voltage levels. For example, in order to produce a
m-level phase voltage, a diode-clamped inverter needs m-1 capacitors on the DC bus. A three-
phase, five-level diode-clamped inverter is shown in Figure 3.1. The DC bus consists of four
capacitors: Cy, C,, Cs, and C4. For a DC bus voltage V., the voltage across each capacitor is
divided by the number of DC bus capacitors. The device voltage stress will be limited to one
capacitor voltage level or Vy/4, through clamping diodes [3.1-3.4].

RS

Figure 3.1 A three-phase, five-level diode-clamped converter
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In order to explain how the staircase-shaped converter output voltage is synthesized, the
neutral point N is used as the reference point for the converter output phase voltage. Using the
five-level converter shown in Figure 3.1, there are five possible switch combinations that can be
used to generate a five level voltage from point A to point N. Table 3.1 is used to illustrate the
five possible switching states of the converter as well as their corresponding output phase voltage
[3.1-3.4].

From Table 3.1, a 1 is used to represent a condition when the converter switch is on, and
a 0 represents a condition when the converter switch is off. For each phase leg, a set of four
adjacent switches is on at any given time. There are four complementary switch pairs in each
phase, i.e., Sy1-Sa1, Sa2-San, . and S-Sy [3.1-3.4].

Table 3.1
Diode-clamped five-level converter voltage levels and their switch states

Output Switch State

Vao Sui Sw Sauni | Sum Se1 S Semi | Sem
V=V 1 1 1 1 0 0 0 0
V,;=3Vy/4 0 1 1 1 1 0 0 0
V3=V 42 0 0 1 1 1 1 0 0
V,=Vy/4 0 0 0 1 1 1 1 1
V=0 0 0 0 0 1 1 1 1

3.3 FLYING-CAPACITOR MULTILEVEL CONVERTER

A flying-capacitor multilevel converter (FCMC), as shown in Figure 3.2, makes use of a
ladder type structure of DC capacitors. The voltage across each capacitor differs from the voltage
on the next capacitor. In order to generate an m-level staircase output voltage, m-1 capacitors in
the DC bus are needed. The structure of each phase leg is the same. The size of the voltage
increments between two capacitors is used to determine the number of levels of the converter’s
output voltage [3.5-3.8].

+

e
I

Figure 3.2 A three-phase, five-level flying-capacitor converter topology
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Figure 3.2 shows three inner capacitors (C,;, C,; and C,3) in phase A that are used for voltage
balancing purposes. It must be noted that the capacitors used for voltage balancing purposes are
different from phase to phase whereas all three phases of the flying-capacitor topology share the
same DC link capacitors. Table 3.2 shows one possible combination for the switching states of
the flying-capacitor topology. It must be noted that there is more than one possible set of switch
combinations that can generate the desired converter output voltage. Due to this fact, the FCMC
has more flexibility than the DCMC [3.5-3.8].

Table 3.2
A possible switch combination of the voltage levels and their corresponding switch states
(flying capacitor)

Output Switch State

Vao Sai Sa Suni | San _ |Ser | Se2 [ Semi | Sem
V=V 1 1 1 1 0 0 0 0
V,=3V,y/4 1 1 1 0 1 0 0 0
V;3=V4/2 1 1 0 0 1 1 0 0
V,=V4/4 1 0 0 0 1 1 1 1
V=0 0 0 0 0 1 1 1 1

3.4 CASCADED-MULTILEVEL CONVERTERS

Finally, the last major type of capacitor-voltage synthesized-based converters discussed is
the cascaded multilevel converter (CMC). The CMC consists of several cascaded identical
converters with separate DC sources. The primary function of the CMC is to synthesize a desired
output voltage from the separate DC voltage sources. There are several different types of DC
sources that can be used in the CMC, such as batteries, fuel cells, and solar cells. For SSSC
application, only a capacitor is needed since no real power exchange is expected with the line.
One of the most popular applications of the CMC is the high-power AC power supplies and
adjustable-speed motor drives. One of the benefits of this converter topology is that the multilevel
topology eliminates the use for any additional clamping diodes or voltage balancing capacitors.
Figure 3.3 shows a diagram of a single-phase CMC [3.9-3.35].

Each single-phase CMC is associated with a number of identical H-Bridge converters.
The converter output voltages of each H-Bridge converter are connected in series with one
another in the same phase. If the switch combinations of switches S-S, are varied, it is possible
to generate three different converter output voltage levels (+Vy, -Vgc and 0). For the CMC
topology, the number of output phase-voltage levels is defined as m = 2N+1, where N is the
number of separate DC sources [3.9-3.35].
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Figure 3.3 Single-phase structure of the cascaded-multilevel converter

For a three-phase system, the output voltage of the three cascaded inverters can be connected in
either wye or delta configurations. A wye-configured m-level converter using a CMC with

separated capacitors is shown in Figure 3.4.
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+
Von

Figure 3.4 A general three-phase wye-configuration CMC

3.5 SSSC BASED ON CMC

Multi-level VSCs were developed to overcome the inadequacy in power semiconductor
voltage ratings so that they can be applied to high-voltage electrical systems such as FACTS and
custom power system applications [3.12] and [3.36]. Figure 3.5 shows again the three well-
known multi-level voltage source converter topologies discussed above. According to [3.37] and
[3.38], for reactive power compensation or in the case of the SSSC, reactive voltage support, the
CMC with separate dc capacitors is the most favorable topology. The CMC topology does not
need clamping diodes and the balancing capacitors that the diode clamped converter and the
flying capacitor converter need. For this reason, the CMC requires fewer primary components.
The CMC is constructed by identical converter modules. For example, for a three-phase, three-
level SSSC, there would be three identical converters needed for each phase. Thus, the desirable
amount of reactive voltage support for the SSSC can be adjusted by simply connecting different
numbers of the identical hardware modules together. The primary disadvantage of the diode-
clamped topology and the flying-capacitor topology is that the same layout cannot be used to
expand the converter to higher power levels. Extra clamping diodes and balancing capacitors are
needed for these topologies.

Figure 3.6 shows a diagram of a seven-level CMC connected in series with the power
grid to illustrate what a CMC-based SSSC might look like. Three H-bridge converters are used in
each phase, hence a total of nine H-bridge converters are used. In Figure 3.6, a three-phase
coupling transformer is used. Two purposes are served by the transformer: provide voltage
isolation between the power grid and the power converter, and provide voltage and current
scaling. A practical system will also include a by-pass switch across the transformer to allow
operation of the line when the SSSC is not used or taken out for service.
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3.6 SINUSOIDAL OUTPUT GENERATION IN CMC

There are three ways that the CMC can generate good sinusoidal output waveforms with
low harmonics. First, the switching frequency is kept low (e.g., 60 Hz) and is constant for all H-
bridge converters, but more H-bridge converters are used to decrease the total harmonic distortion
(THD) in the output waveforms. This accomplishes two objectives: first, the switching loss of the
power switch is minimized and second, the output voltage THD is also minimized. This method
also results in increased output voltage. Hence, the total VA rating increases linearly with the
number of H-bridge converter. Second, the number of converter levels is kept constant and the
switching frequency is increased to reduce the output voltage harmonics. For this approach, the
limiting factor is the increased switching loss in the power semiconductor devices that are
ultimately limited by the maximum thermal handling capability of the cooling system. Third, the
number of converter levels is increased as well as the switching frequency [3.39-3.43]. For
practical purposes the first approach is more suitable for high-voltage applications such as SSSC.
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CHAPTER 4. BASIC VSC STRUCTURES FOR SSSC AND HARMONIC
GENERATION

4.1 INTRODUCTION

This chapter presents some discussion on Voltage-Sourced Converters (VSCs) [4.1] for SSSC
applications. It is not a complete review, but tries to present the basic characteristics, issues, and
possibilities.

Figure 4.1 (a) shows an ideal static synchronous series compensator (SSSC) modeled as a
controllable voltage source V, connected in series with a lossless ac transmission line. In this figure, Vs
and Vp are the sending-end and receiving-end transmission line voltages, respectively, | is the line current
and X, is the ac line equivalent reactance (€2). The by-pass switch Sw provides an alternative path to the
load current when the SSSC is out of operation.

Ideal

T SSSC v,

—= v -
o N + - e "*
| ] © | !
: | R |
I 1 -~ I I
v |0 S RV
| 1 I I
| I | I
I 1 I I
| 1 | 1
[ __‘_J [T .J
Sending-end Receiving-end

Figure 4.1 Single-line diagram of lossless transmission ac line with an ideal SSSC

In Figure 4.2(a) the ideal SSSC was replaced by a Static Power Converter (SPC). The SPC has
its AC terminals connected with the transmission line by a series transformer and its DC terminals
connected to a DC source. Ideally the SSSC can synthesize any series compensation voltage if the
maximum converter output voltage and current is not exceeded. The type of the DC source, showed in
Figure 4.2(a), will be used to classify the static converter. This classification will be discussed in the next
section. Figure 4.2 (b) and (c) show two operating conditions where the series voltages generated by the
SSSC are + m/2 rad phase-shifted with respect to the line current, respectively. In the Figure 4.2 (b) the
voltage Vg lags the line current I by n/2 rad. In this case the SSSC can be viewed as a series capacitor
bank, compensating the transmission line reactance voltage drop, consequently increasing the transmitted
power. In the other case, Figure 4.2 (c), the voltage V, leads the line current | by n/2 rad. Thus, the SSSC
operates as a reactor bank in series with the ac line, decreasing the transmitted power.
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Figure 4.2 (a) Equivalent single-line diagram of the SSSC; (b) phasor diagram for
capacitive compensation characteristic and (c) for inductive compensation characteristic

In Figure 4.2, the SSSC does not absorb or supply real power in series with the ac transmission
line. However, the series compensating voltage might have its phase continuously varied to force the
SSSC to absorb or to supply small amount of real power in series with the ac line. This characteristic is
necessary to control the energy stored in the DC link of the SPC to vary the magnitude of series voltage
Vg, considering that the DC energy source shown in Figure 4.2 is a capacitor or a reactor. Figure 2 shows
four possible phasor diagrams for the SSSC series voltage and the line current. In the first and fourth
quadrants the SSSC is absorbing while in the second and third quadrants it is supplying real power to the
power system. Because the reactive power can be controlled independently of the SSSC real power, in
the first and second quadrants the SSSC operates with an inductive characteristic (V leads I) and in the
third and fourth quadrants it has a capacitive compensation characteristic (V4 lags I).

Osssc

[ Psssc

Figure 2.3 SSSC operating characteristics: quadrants (I) and (IV) SSSC absorbing real
power; quadrants (IT) and (IIT) SSSC supplying real power; quadrants (I) and (IT) SSSC
with inductive reactive power; and quadrants (IIT) and (IV) SSSC with capacitive reactive
power
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4.2 FORCED-COMMUTATED DC-AC STATIC CONVERTERS

Forced-commutated DC-AC static converters are power electronic devices that use in their
structure self-commutated semiconductor switches. These semiconductor switches can be turned on and
turned off through electrical signals applied to their gate terminals. They are also called inverters in the
literature and they can be classified as voltage-sourced or current-sourced type converters.

The Voltage-Sourced Converter (VSC) has a unidirectional voltage source connected to its DC
terminals while the Current-Sourced Converter (CSC) has its DC terminals fed by a unidirectional current
source. Since the forced-commutated switches turn-on and turn-off times are electrically controlled, the
VSC and CSC can be viewed as an equivalent independent voltage or current source, respectively,
working with bidirectional real and reactive powers flow on their AC terminals.

As mention above, the DC link source of the VSC imposes a unidirectional voltage across the
converter semiconductor switches. Thus, reverse biased diodes should be connected in parallel with each
converter forced-commutated switch making all of them bidirectional for current flow. Figure 4.4 shows
an example of a switch consisting of a GTO Thyristor anti-parallel to a diode. However, others types of
switches could be based on IGBT or IGCT. This characteristic assures that the real and the reactive
powers could flow from/to the converter terminals to/from the power system. On the other hand, in the
CSC, if the forced-commutated switches have no reverse voltage blocking capabilities, diodes should be
connected in series with them to guarantee bidirectional voltage characteristic for the switches, because
the DC current source at the DC link is unidirectional.

STATIC POWER CONVERTER

. DC Source Type
S \ S5 \ Sy L +
[o] o
] Id Vd
AC / (CSC)  (vSC)
S S, S5\ -
Terminals 4 \ 6 \ \)\Zjl' /

/
Semiconductor configuration

§ B

(CSC) (VSC)

Figure 4.4 Basic structure of a three-phase dc-ac static forced-commutated converter

Ideally, both VSC and CSC converter types could be used in high power applications. However,
the CSC has a lower efficiency because of the losses due to the flow of DC current through the converter
semiconductor switches. These losses are higher in view of the fact that the DC link current should have
its maximum value even when the converter output load is low. Thus from this point on, only VSC will
be considered to synthesize the SSSC. This tendency is also observed in the design of other high-power
FACTS devices reported in the literature and actually in operation Erreur! Source du renvoi
introuvable..

4.3 BASIC VSC TOPOLOGY
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Figure 4.5 shows the basic topology of a three-phase VSC (VSC-3¢). The VSC-3¢ has six
forced-commutated switches (e.g., GTOs, but could be IGBT or IGCT). In high power applications, each
forced-commutated switch with its reverse biased diode, shown in this figure, is formed by the connection
of many lower capacity semiconductor devices in series and in parallel. The DC energy source shown in
Figure 4.2 is replaced by a charged DC capacitor. This changing is possible because the converter will
generate or absorb only reactive power in its AC terminals.

1=
G1 G3 G5
T T
Lo DI D3 - D5
— 7
v, o - a Cd |+
— 7
v, o - b -
—3— 7, ¢
v, © —
G4 Gs G2
; D4 D6 D2
GATE SIGNAL
GENERATOR

Figure 4.5 Basic topology of a three-phase VSC (VSC-3¢)

If the converter has to absorb a large amount of real power in its AC terminals, an energy
dissipation scheme should be connected at the converter DC terminals in such a way as to maintain the
DC link voltage constant or within the limits that would not affect the semiconductor switches.
Otherwise, if the real power absorbed in a given time interval is to be returned to the AC system during
the next cycles, the VSC ought to be designed with an energy storage system which could be, for
example, a large DC capacitor bank or batteries.

Ideally, the semiconductor switches of the same VSC branch are controlled in complementary
manner. Thus, when the switch in the upper side of the branch is turned on the switch in the lower side is
turned off and vice-versa. However, in practical applications, there is a small transition period during that
both semiconductor switches are blocked. That is, one switch will not conduct until the other goes to off-
state. This procedure assures that the DC capacitor will not be short circuited damaging the VSC
semiconductors.

Figure 4.6 and 4.7 show two connection schemes for a VSC-3¢. The secondary side terminals of
the transformers could be connected in wye (Y) or delta (A) while the primary coils have their terminals
series connected with the AC transmission line. The signals Py and Qe are the real and reactive power
references that the SSSC should control in series with the AC line. It is also possible to operate the SSSC
to inject a constant voltage V, or to emulate a constant reactance X, in series with the compensated AC
line.

In these figures the by-pass switches could be formed by the connection of two thyristor valves in
anti-parallel. They provide a path to the currents to flow in the secondary coils of the transformers when
the gate signals of the semiconductor switches of the VSC are blocked. However, if the SSSC is to stay
out of operation for a long period of time, mechanical switches connected in parallel with primary
terminals of the transformers should be design to by-pass the SSSC. Surge arresters and metal oxide
varistor (MOV) should also be designed to be connected in parallel with the SSSC to protect the
semiconductor against power system over voltages.
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Figure 4.6 Wye (Y) transformer configuration for the connection of the SSSC
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An alternative to the SSSC synthesis is the utilization of three single-phase converters (VSC-1¢),
with their DC terminals connected in parallel to the same DC capacitor Cd, as shown in Figure 4.8.
However, it has the ability of an independent control of each series compensating voltage. It also does
not need any by-pass switch when the SSSC is out of operation. An alternative path for the current could
be obtained, for example, by turning on both upper and blocking both lower semiconductor switches of

each VSC-1¢ as shown in Figure 4.9 for phase “a”.
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Figure 4.8 SSSC configuration based on the connection of three single-phase VSC
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Figure 4.9 Phase “a” scheme for the SSSC out of service
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4.4 BASIC VSC SWITCHING STRATEGIES

Considering the switching frequency strategy used to control the output voltages of the VSC
topologies, presented in the previous section, they can be classified as in Table 4.1.

Table 4.1 VSC switching frequency classification

1. Pulse Width Modulation VSC (VSC - PWM);
2. Square wave VSC (or 6-pulse VSC).

4.4.1 Pulse Width Modulation VSC (VSC-PWM)

In the pulse width modulation (PWM) technique, the VSC semiconductor switches are turned on
and off many times per cycle of the fundamental voltages generated by the VSC. The continuous control
of the on and off periods of the VSC semiconductor switches makes it able to generate ac output voltages,
with controllable magnitude, phase, and frequency, from a DC voltage

Anticipating that semiconductor forced-commutated switches will be used to design high-power
and high-frequency PWM converters, many researchers have proposed FACTS devices models, based on
VSCs that switch with frequencies around 1 kHz [4.5-4.7]. These high-frequency PWM strategies
generate high-order harmonics that are easily filtered with small passive filters. Table 4.2 classifies the
PWM control strategies according to their basic characteristics.

Table 4.2 Classification of PWM strategies.

1. Fixed (or constant);
2. Programmable;
3. Real time.

In the fixed PWM scheme the VSC works with a fixed number of commutations per cycle. The
switching frequency of the semiconductor devices is normally generated by a voltage oscillator.

The programmable PWM scheme groups the methods that use selective harmonic elimination
(SHE) or harmonic minimization techniques. In this scheme the switching angles are calculated to cancel
one or more harmonics or to reduce the total harmonic distortion at the VSC output terminals. These
angles are stored in non-volatile memory.

In the real-time PWM scheme, the turn-on and turn-off times of the semiconductor switches are
determined “on-line” through the comparison of a reference voltage with a carrier wave. This scheme
groups the Sinusoidal PWM (SPWM), the digital sampled PWM, and the Space Vector PWM (SVPWM),
among others. In contrast with the fixed and programmable modulation schemes, that have good results
in steady state, the real-time PWM scheme presents better results in transient situations while it may have
more switching losses in steady state.

4.4.2 Sinusoidal PWM

Figure 4.10(a) shows an example of this method where a triangular carrier wave (Vy), with peak
value equal to Vi and angular frequency ws (rad/s), is compared with a reference sinusoidal voltage (V*),
with peak value equal to V¢ and angular frequency o (rad/s), that is the output voltage that the SSSC has
to generate in series with the AC line. Figure 4.10 shows the synthesized output VSC voltage considering
for Vier =1 pu, Vi = 1 pu, Vg =1 pu, and os = 9 (rad/s).
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Considering the configuration for the DC capacitor as shown in Fig. 4.10, the output phase “a” of
the VSC could be written as

ifv' >v,.,
Vv
V, =+, (4.1)
2
and, if V' <V,
V
v, =——2. (4.2)
2

Vref
m, = 43
Vtri ( )
and the frequency modulation index (my) as
o, f
m;=—=-—*%, 4.4
T f (4.4)

the fundamental frequency output voltage within the VSC output switched voltage shown in
Figure 4.10(b) is given by

Ve =M, \%sin(oat + 6), (4.5)

where fg is the triangular carrier frequency (Hz) and f is the reference voltage fundamental frequency
(Hz).

The voltages at phases “b” and “c” are similar to that shown in Figure 4.10(b) as given by (4.5)
but phase-shifted by -2n/3 and -4n/3 rad, respectively.

In the simulation result presented in this and the following sections, it is assumed that the DC
capacitor is large enough to keep a DC voltage free of ripple. The DC voltage without ripples is
important to guarantee non-characteristic harmonic content in the VSC output voltages. Also series
inductances, connected to each converter phase, are used to diminish the transients due to the switches
commutations. These inductances were not drawn in the circuits of the VSCs presented in previous
figures for simplicity. In practical applications these inductances can be the leakage inductances of the
series connection transformers.
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Figure 4.10 Triangular carrier wave (Vi) and sinusoidal reference voltage (v*); (b) output voltage
(Vqpo) for mg=1.0 and m§=9.0
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Figure 4.11 Phase "a" of three-phase VSC branch
4.5 VSC-3¢WITH SINUSOIDAL PWM

Figure 4.12 shows three-phase sinusoidal reference voltage (V; ,V; , and V: ) with angular

frequency o (rad/s). The set of reference voltage is compared with only one triangular carrier wave. This
procedure helps to cancel some harmonics in the VSC output voltages.

1

[pu]
o

0 0002 0004 0006 0.08 0.1
Time [s]
Figure 4.12 Reference voltages and triangular carrier wave (Mg = 0.8 and mf = 21)
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In Figure 4.13(a), (b) and (c), the line-to-line output voltages of the VSC-3¢ are obtained from the
difference of the terminals voltages of phases “a” and “b”, “b” and “c”, “c” and “a”, respectively. These
results were obtained for: ® = 120r rad/s (f = 60 Hz), mg = 0.8, and mf = 21.
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Figure 4.13 VSC line-to-line output voltages: (a) Vg, (b) Vi, (€) Vea

From (4.5) the fundamental line-to-line output voltages of the VSC-3¢ can be written as
vV, .
v, =(v, =V, )= ma\@?"sm(wt +0+7/6)
V, .
Vo, = (Vyy =V, )=m,/3 7" sin(ot +0-1/2) | (4.6)

v, =V, -V, )= ma\/g\%dsin(cot +0+571/6)

where 0 is a generic phase angle of the synthesize voltages (rad).

Despite of the continuous magnitude control of the output voltages with amplitude modulation
index m,, the line-to-line VSC voltages have harmonics due to the semiconductor switching. Figure 4.14
shows the harmonic spectrum of the VSC output voltage. In this figure there is a fundamental frequency
component for m;=1 (or 60 Hz). Above this frequency, the harmonics arise as side-bands of the
multiples of the switching frequency, that is, Kms + p® where k and p are positive integers and when K is
odd, p is even and vice-versa.
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Figure 4.14 Line-to-line voltage harmonic spectrum (mg = 0.8 and m¢ = 21)
Figure 4.15(a), (b) and (c) plots the phase-to-neutral output voltages of the VSC-3¢. These
voltages are obtained with the VSC connected to an ungrounded wye transformer, as shown in Figure 4.6,
or by supplying a wye connected load and assuming o = 120x rad/s (f = 60 Hz), mgz = 0.8, and m¢ = 21.
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Figure 4.15 VSC phase output voltages: (a) Va, (b) Vp, (¢) V.
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From (4.6) the fundamental phase voltages of the VSC-3¢ can be written as

V, =—==m V—dsin(cot+6)

an \/g 62

=m V—dsin(oat +0-2m/3). (4.7)

C_ﬁ a2

V, =—==m V;“‘sin(oot+6+2n/3)

As in the previous case the harmonics of the output voltages arise in side-bands of the multiples
of the switching frequency, i.e, kmixp(k=1,2,3...andp=1,2,3...), see Figure 4.16. However, in

this case the fundamental and harmonics components have their magnitudes reduced by a factor of \/g .

Figure 4.17 shows how the lowest order significant harmonics presented in the VSC output voltages
varies as function of the modulation index m,. Note that the magnitudes of the lowest harmonics have a
non-linear behavior.
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Figure 4.16 Phase voltage harmonic spectrum (my = 0.8 and mf = 21)
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Figure 4.17 Behaviors of the lowest order harmonics in the VSC output phase-to-neutral voltage

for the case of sinusoidal PWM

The utilization of a three-phase VSC to synthesize the SSSC has the advantage of needing less
semiconductor switches than the single-phase topology shown in Figure 4.8. However, the three-phase
topology can have non-characteristic harmonic in their output voltages if the set of reference voltages are

unbalanced.
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4.5.1 Three-phase VSC transformers connection

The SSSC transformers connect the power system and the VSC, and inject the compensating
voltage synthesized by the VSC in series with the transmission line as shown in Figure 4.2(a). Figures
4.18 and 4.19 show two possible configurations where three single-phase transformers, with normalized
turn's ratio 1:N, have the converter side coils connected in A and Y, respectively. Considering the voltages
and currents as indicated in Figures 4.18 and 4.19 for steady-state fundamental frequency components, it
is possible to conclude that the current through the semiconductor switches for the delta connected

transformer is \/g times higher than the currents through the transformer coils. In the other case, for the

wye connected transformer, the compensating voltage is divided by \/g . Therefore, the apparent powers

at the converter terminals, assuming 0 < m, < 1, are given by

1 (3 | V.
S, =3 XmV, W3-Lt=1837m 4L,
A \/_\/5[2 ad]\/_N a N

and

R

I, Hg
::% I VSC-3¢
=
—
—
Iy j}% — —| -|- "

@ (b)

X

Figure 4.18 (a) Delta connected VSC-3¢ transformer; (b) simplified diagram

(4.8)

(4.9)
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Figure 4.19 (a) Wye connected VSC-3¢ transformer; (b) simplified diagram

Expressions (4.8) and (4.9) show that, considering the same DC voltage converter Vg, the delta
connected VSC-3¢ injects (\/5 -1) (approximately 73%) more power in series with the AC line than the
wye connected VSC-3¢. However its semiconductor switches should be designed to support a current
that is /3 higher. The delta connected VSC-3¢ has another interesting characteristic. The delta
connected windings provide a natural path for zero sequence current flow as indicated in Figure 4.18, thus
blocking it from flowing to the transmission line. This characteristic is important for the case of
unbalanced line current operation. If the same characteristic is desired for the wye connected VSC-3¢,
the neutral node of the transformers should be connected to the midpoint between the VSC DC capacitor.
However in this case the zero sequence currents will flow through the DC capacitor and may unbalance
the DC voltage in the two capacitors.

The 3xVSC-1¢ with bipolar output voltage

If each single-phase VSC of Figure 4.8 has its semiconductor branches controlled in a
symmetrical way, the output voltages will be switched between +Vy and —Vy and the output voltage
waveform is of the bipolar type. Figure 4.20 show the phase “a” VSC output voltage. In this figure v, =
—V,2 and the following values were considered: ® = 120x rad/s (f = 60 Hz), mg = 0.8, and m¢ =21.
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Figure 4.20 Phase “a” output voltage of 3xVSC-1¢ with bipolar switching scheme
(mg =0.8 and my =21)
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From (4.5) the phase “a” output voltage of 3xVSC-1¢ is given by
v, =(v,, —V,,)=m,V, sin(at + 6 ) (4.10)

As in the three-phase configuration the modulation index m, can be used to control the VSC output
voltages. The harmonics become non nulls for frequencies (k ms £ p), where k and p are positive integers
and when K is odd, p is even, and vice-versa. Figure 4.21 shows the harmonic spectrum obtained for the
voltage shown in Figure 4.20. The magnitudes of the harmonics are normalized in relation to V4. Figure
4.22 shows how the modulation index m, affects the most significant harmonics amplitudes for a bipolar
switching scheme. The harmonic at the frequency wg (rad/s) has the largest magnitude for all my between

Oand 1.

0.5 1

Magnitude [pu]

L A.MA. 1T Y T T
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Frequency modulation index (my)

Figure 4.21 Harmonic spectrum of the 3xVSC-1¢ with a bipolar output voltage
(mg =0.8 and my =21)

This topology has two times more semiconductor switches and high-amplitude harmonics than
the three-phase VSC. The harmonics of each 3xVSC-1¢ output phase, however, is independent of the
switching pattern of the other two converter phases. The reference voltages used to switch the VSC do
not need to be balanced and symmetrical.

4.5.2 Three single-phase VSC connection transformers

Figure 4.23 shows the three single-phase transformers used to connect 3xVSC-1¢ in series with
the transmission line. The secondary-side coils of the transformers are connected directly to each single-
phase converter. In this figure it is also shown the steady-state relationships of the voltage and current in
the primary and secondary sides of the connection transformer considering a 1:N turns-ratio. In this case
the apparent power at the converter terminals, assuming 0 < m, < 1, is given by

1 I V,
Ssavsc-tp = 3ﬁ(mavd )WL =2.12m, —4.
From (4.11) it is possible to conclude that the power at the 3xVSC-1¢ output terminals is 15% higher than
the output power, given by (4.8), for the delta connected three-phase VSC.

(4.11)

The 3xVSC-1¢ with unipolar output voltage

In this case the converter branch has their semiconductor switches controlled independently of the
state of the others. Two triangular carrier waves, with magnitude Vi, and angular frequency s (rad/s),
but phase-shifted by = (rad), are used to modulate the reference voltage with magnitude V¢ and angular
frequency o (rad/s). Figure 4.24 shows the plots of the two triangular carrier waves and the reference
sinusoidal voltage that the converter should synthesize in its terminals. Each triangular carrier wave is
used to determine the switching pattern of each VSC-1¢ branch.
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Figure 4.22 Harmonic magnitude behavior of output voltage of 3xVSC-1¢ with bipolar switching
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Figure 4.23 Transformer configuration for the connection of 3xVSC-1¢
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Figure 4.24 Phase “a” reference voltage and triangular carrier waves (Mg = 0.8 and m¢ = 21)

Figure 4.25 shows the phase “a” output of a 3xVSC-1¢ considering ® = 1207 rad/s (f = 60 Hz),
my = 0.8, and mf = 21. Note that the output voltage is switched between 0 and +Vy for the positive

semicycle of the reference voltage and between 0 and —V; for the negative semicycle of the reference
voltage. This voltage waveform is of unipolar type.
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Figure 4.25 Phase “a” output voltage of the 3xVSC-1¢ for a unipolar switching scheme
(mg = 0.8 and m¢ = 21)
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The mathematical expression of the fundamental frequency component presented in switched
voltage shown in Figure 4.25 can be written as

v, =(v,, —V,,)=m\V,sin(wt +0 ) (4.12)

Figure 4.26 shows the harmonic spectrum of the unipolar voltage shown in Figure 4.25. The comparison
of the spectra in Figure 4.21 and 4.26 shows that the (k m; £ p) harmonics, for k = 1, 3, 5,..., in the
unipolar voltage waveform have been canceled. Only the harmonics around the frequency k my, for k = 2,
4, 6,..., have nonzero magnitude.

The lower harmonics in the unipolar voltage waveform are around the frequency 2ws. It means
that the 3xVSC-1¢ can be viewed as a converter switched with an “equivalent” frequency two times
higher. Figure 4.27 shows the plots of the harmonic magnitude as a function of the amplitude modulation
index m,.
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Figure 4.26 Harmonic spectrum of unipolar voltage waveform of phase “a” 3xVSC-1¢
(mg =0.8 and mf =21)
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Figure 4.27 Harmonic magnitude behavior for the 3xVSC-1¢ with unipolar voltage waveform
4.5.3 PWM with selective harmonic elimination
The PWM with selective harmonic eliminations (SHEPWM) is a useful technique to reduce the

commutation frequency of VSC semiconductor switches. The turn on and off instants of the
semiconductor switches are previously determined as shown in Figure 4.28 to eliminate some specific
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harmonics at the VSC the output voltages. These turn on and off angles are calculated off-line and stored
in non volatile memories.

Expanding the voltage waveform shown in Figure 4.28 where there are M chops (or notches) per
half-cycle, the following expression is obtained for the n-th harmonic for the VSC output voltage

v, :(:n)v {1+2§;(— 1) cos(nock)}, @13

where n is the order of the harmonic to be eliminated; M is the number of notches per half-cycle of the

output voltage; and oy (rad), k=1, 2, 3, ..., are the turn on and off angles of the selective harmonic
technique.
O O (@) (o]
=g =3 5 =3
5 S = S
A" -
- i
b b}
i

+v,/2 —— — i

[ 1 1 [
20 O=Ll 023 a2M—; OLZM:—I

(05} Oy Oom-2 Gom

-V,/2

Figure 4.28 Example of pole voltage for selective harmonic elimination

Considering, for example, that the 5™ and the 7™ order harmonics are to be eliminated and the
fundamental component should be controlled at the value V, the following simultaneous equations can be
written from (4.13)

V,= (i)\/d [1 —2cos(a,) + 2cos(a,) — 2cos(oc3)] =V
T

4
V= [gj\/d [1 —2cos(5a,)+ 2cos(5a,) — 2005(5a3)] =0 - (4.14)

V, = [%)\/d [l —2cos(7a,) +2cos(7a,) — 2008(7(13)] =0

Since the equations in (4.14) are nonlinear the angles o, o, and as which eliminate 5™ and 7™
harmonics for a desired fundamental component could be determined using, for example, the Newton-
Raphson method to solve those equations. To avoid delays and the loss of performance these angles are
computed off-line and stored in tables. The great advantage of the SHEPWM is that low frequency
harmonics can be eliminated using the lowest switching frequency, therefore with minimum losses.
However, as the calculation is done off-line its dynamic response would not be as fast as in on-line PWM.
Figure 4.29 shows the angles obtained with the numerical solution of (4.14).
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Figure 4.29 Angles to control the fundamental component and to cancel the 5™ and 7™ harmonics

4.5.4 Considerations about PWM SSSC synthesis

The fundamental component of the output voltages of the VSCs with a sinusoidal PWM
modulation scheme is proportional to the modulation index m, as shown in (4.6), (4.7), (4.10) and (4.12).
However this characteristic is linear only for 0 <m, < 1. For m, > 1, the VSC output voltage presents a

nonlinear behavior. In fact, if the m, index is continuously increased over the nonlinear limit, the VSC
operates as a square wave converter for my >> 1.

Figure 4.30 shows the behavior of the output voltage of the 3xVSC-1¢ as a function of the
amplitude modulation factor (m,). The output voltage is normalized by the DC capacitor voltage V. The
value of m, that defines the boundaries between the nonlinear and square-wave operation depends on the
triangular carrier wave frequency and is given by

1
m, =

sin 3n (4.15)
2m;
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Figure 4.30 Relationship between fundamental output voltage magnitude and modulation index my

Another important point is that the PWM switching frequency, for high power VSC applications,
cannot be high as the switching frequency used in industrial applications. Thus, the choice of the
maximum frequency modulation index (m;) depends on the voltage and current ratings of the power
semiconductors devices.

The analysis of the harmonic spectra of the VSC-3¢ (Figure 4.16) and of the 3xVSC-1¢ with
bipolar switching scheme (Figure 4.21) shows that if (0.—2®) > ®, it is possible to keep the low-order
harmonic from getting close to the fundamental component. The solution of the previous inequality
results in the frequency modulation index having to comply with

m, =253, (4.16)
®
This choice also avoids the superposition of the harmonics centered in ®ws and 2ws. In this case,
to satisfy (wst20) < (2wso), ms should be 3. This practical constraint assures that the lower order
harmonics at the SSSC terminals are independent of the output fundamental frequency voltages. The
choice of an odd value for m; has an extra advantage because the generated voltage will have odd

symmetry, and consequently without any even or non-characteristic harmonics.

The quality of the compensating voltages of the three and single-phase PWM VSCs are not
sinusoidal and can be numerically evaluated by

0

ZV”Z 4.17)
THD = -">——x100 '
Vl
where THD is the voltage Total Harmonic Distortion index (%), V; is the fundamental frequency
component of the output voltage, V, is the n-th harmonic frequency of the output voltage and n is the
harmonic order.
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Figure 4.31 shows the total harmonic distortion as a function of the m, factor, measured at the
VSC terminals for three different configurations. Here again the 3xVSC-1¢ with unipolar voltage
waveform has a better behavior. It presents a lower harmonic distortion for 0<m, < 1.
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Figure 4.31 Total harmonic distortion of the output voltages of three-phase PWM VSCs

Based on the presented discussions, the 3xVSC-1¢ with unipolar voltage wave form, shown in
Figure 4.25, has a better performance because it can be viewed as a converter with twice the switching
frequency and it has a high output voltage at its terminals. In this way, if the 3xVSC-1¢ with unipolar
voltage operates with m;=3 the low harmonics will appear around m; =2x3 =6. They have lower
amplitude and they are farther from the fundamental component. This characteristic makes it easier to
filter these harmonic using passive elements.

Another point is that the delta connected VSC-3¢ can have the same output voltage of the
3xVSC-1¢ if the compensating voltages are balanced and a third harmonic is summed to the reference
signals. However, in this case the semiconductor currents are 73 % higher and the converter losses are
increased by almost 200 %.

4.5.5 Square wave VSCs (6-pulse VSC)

If the objective is to have a VSC with minimum switching losses in the semiconductor devices,
the switching frequency of the converters should be reduced to values near or equal to the fundamental
frequency, to increase the utilization ratio of the semiconductor devices and consequently to increase to
converter efficiency [4.2,4.8].

In the square-wave VSC strategy the GTOs are turned on and off only one time per cycle of the
fundamental frequency voltage waveform. Figure 4.32(a), (b) and (c) shows the terminal voltages of the
VSC. These voltages are normalized with respect to Vg4 and the symbol #n (n = 1,...,6) indicates which
VSC switch (GTO + Diode) is conducting. These voltages are plotted considering the fictitious point “o0”
in the middle of the DC link capacitor (which is split in two) shown in Figure 4.11 as the reference.
Observe that six firing pulses are sent to the converter semiconductor devices per cycle (T). This
characteristic permits to call these converters as six-pulse converters or 6-pulse VSC.
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Figure 4.32 Pole voltages of the 6-pulse VSC: (a) Vag, (b) Vbo and (¢) Vo
From Figure 4.32, the line-to-line voltages of the 6-pulse VSC can be calculated by
Vab = Vao ~ Vo
Ve = Vo ~ Voo (4.18)
Vea = Voo ~Vao

Figure 4.33(a), (b) and (c) show the line-to-line voltages at the 6-pulse VSC terminals obtained
from (4.18). Note that the line voltages are leading the VSC pole voltages by n/6 rad in Figure 4.32. The
Fourier analysis of Figure 4.33 shows that the harmonics at the output voltages appear in frequencies
6k+1fork=1,2,3, ..., as shown below
by

T

o cos(ot +38,) - % cos[5(wt +8, )]+ %cos[7(mt +5,)]-

ab

—ﬁcos[l (ot +3,) +}

Vpe = &vd {cos(o)t +9, - 2n/3)—%cos[5(mt +8, —2m/3)]+
T (4.19)
+%cos[7(0)t +9, —27‘5/3)]—%COS[1 (ot + 3, —2m/3) +}

Ve, = &Vd [cos(mt +8, +2m/3)- %cos[S(mt +8, +2m/3)]+
T

+%cos[7(o)t +8, +2m/3)]- ll—lcos[l 1wt +8, +21/3)]+.. }
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where o is the output voltage angular fundamental frequency (rad/s), §; is a generic phase angle (rad), and
Vy is the average DC voltage (V).
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Figure 4.33 Line-to-line VSC voltage (for d; = 00): (a) Vap, (b) Ve, and (€) Veq

From (4.19), the magnitude of each harmonic is inversely proportional to its order. Figure 4.34
shows the harmonic spectrum of the output voltage of the 6-pulse VSC. This switching scheme also
reduces the harmonics in the dc converter side which appears in frequencies (6K)f (k = 1,2,3,...) for the
DC current.

In this type of converter, the control of the magnitude of the output voltage is achieved through
the charge or discharge the DC link capacitor Cq. This strategy, where the magnitudes of the ac voltages

are controlled by the variation of the DC link converter voltage, is commonly called PAM (Pulse
Amplitude Modulation).
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Figure 4.34 Harmonic spectrum of 6-pulse VSC line voltage

4.5.6 Square-wave operation of single-phase VSCs

Figure 4.35 shows the voltage waveforms of the 3xVSC-1¢ topology of Figure 4.8 for the square
wave operation. It has its output voltage magnitudes controlled by the modulation angle y. In this
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example v is 27/3 rad (= 5.56 ms for fundamental frequency of 60 Hz). Despite the square waveform
shown in Figure 4.35, this scheme is also called a single-pulse PWM because the VSC output voltages
can be controlled without charging or discharging the DC capacitor.

The Fourier analysis of the voltages shown in Figure 4.35 yields

v, = iVd [sin(yj cos(oat + (p)— l sin(wj cos[3(0)t + (p)] +
b 2 3 2
+ 1 sin(syj cos[S((x)t + (p)] 1 sin(”) cos[7(mt + (p)] FR
5 2 7 2
v, = iVd [Sin(;) cos(oat +0— 21t/3)— % sin(zyj cos[3(cot +0— 21t/3)]+ ,
i (4.20)
+ % Sin(szyj cos[S(oot +0— 21t/3)]— % sin(72y) cos[7(mt +0— 21t/3)]+ . }

Vv, = in [sin(;j cos(ot + ¢ +2m/3) - % sin(éyj cos[3(ot + @ +27/3)]+
T

+;sin(52yj cos[5(wt + ¢ + 27t/3)]—;sin(72y] cos[7(ot + @ +27/3)]+ -- }

where © is the angular fundamental frequency of output voltage (rad/s), ¢ is a generic phase angle VSC
(rad), v is the angle equivalent to pulse width (rad), and Vq is the average DC capacitor voltage (V).
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Figure 4.35 Output voltages of square wave operation of 3xVSC-1¢: (a) V,, (b) v, and (c) V.

From (4.20), the rms value of the n-th harmonic of the VSC output voltage is given by

V, = &Vd sin{n(yj} 421)
i 2

where n is the odd harmonic order.
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Figure 4.36 shows the rms voltage component behavior for different values of the modulation
angle. These curves are normalized to the fundamental component value Vimax. Observe that the
fundamental component of the output voltage can be continuously controlled by the pulse width angle .
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Figure 4.36 Behavior of the harmonics of the output voltages of the 3xVSC-1¢.

The total harmonic distortion of the 3xVSC-1¢ varies with the angle y and is given by

= 2
V;Vﬂ ) (4.22)
THD=1"2 %100

V()

Figure 4.37 shows the behavior of the THD as function of the angle y. Note that the THD value increases
with the reduction of the angle y. This behavior is due to the reduction of the fundamental component of
the output voltage in (4.22) for smaller angle y and still larger harmonic content.
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150 - 1

100 - 1
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Figure 4.37 Behavior of the THD versus of the modulation angle y.
4.5.7 Considerations about SSSC synthesis with 6-pulse VSC

Despite the square-wave VSC is more suitable for high power applications due to a lower number
of commutations per cycle, this converter generates low-order harmonics that are more difficult to filter
out because they are near the fundamental component of the output voltage.

A phase control of the output voltages should be designed to control the amount of real power
absorbed or supplied by the converter in such a way as to control the DC link capacitor voltage. This
control could be neglected if a single pulse PWM, similar to that shown in Figure 4.35, is used. However
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the total harmonic distortion of this kind of converter increases drastically for low values of modulation
angle y as shown in Figure 4.37.

4.6 MULTILEVEL VSC

The advantages of the utilization of SSSC, based on VSC, to control dynamically the power flow
in the transmission lines may be very important for a power system. However, the static process to
generate the AC compensating voltages from a DC source is normally followed by harmonic generation
as discussed in the preceding sections. These voltages and currents harmonics, with a few exceptions,
should have their magnitudes minimized before the connection of the converters in the power system.

On the other hand, there are many utility agencies and technical associations in the world working
to create indices to limit harmonic current injection and voltage distortion in electrical power systems.
Table 4.3 reproduces the indices for voltage distortion suggested by ANSI/IEEE-519/1992 for different
voltage levels. These indexes are measured at the point of common coupling (PCC) of the load or new
device in the power system.

Table 4.3 Maximum voltage distortion indexes [Vh/V1 (%)]

2.3~69 kV 69~138 kV >138 kV
Individual harmonic amplitude 3.0 1.5 1.0
Total harmonic distortion 5.0 2.5 1.5

The comparison of the PWM-VSC and the square-wave VSC shows that the 6-pulse VSCs have
low commutation losses due to the low number of commutations per cycle. They also have better
utilization of the semiconductor switches because their output voltages have a high magnitude.
Unfortunately 6-pulse VSCs have a high harmonic content near the fundamental component of the output
voltage. In this way, to achieve the requirement suggested in Table 4.3, passive filters should be used to
cut off the undesired harmonics. On the other side, these passive filters increase the size and the final cost
of the VSC installation. In addition, these filters may cause resonance problems in power systems.
Therefore, another way to overcome the harmonic constrains without the utilization of passive filters is
the utilization of multilevel output voltage converters.

4.7 MULTIPULSE VSC

Many 6-pulse VSC can have their output voltages combined through an appropriate magnetic
structure to form a multipulse VSC. This scheme requires the utilization of many transformers with their
series and shunt terminals connected in such a way that the harmonics generated by one 6-pulse VSC are
cancelled by the other converters. In this case the harmonics of a P-pulse VSC will be (P k + 1)f for the
AC output voltages and (P k)f for the DC current of the VSC, where P = 6m; m is the number of 6-pulse
VSCs, f is the fundamental switching frequency of the converters, and k=1, 2, 3, .....

Figure 4.38 shows the block diagram of a multipulse VSC based on the connection of n six-pulse
VSCs. Table 4.4 shows the characteristic harmonics of four multipulse VSC topologies. Note that the
total harmonic distortion (THD) of the multipulse VSCs decrease with the increment of the number of
VSC pulses. Thus, only 24 or high-pulse VSCs are indicated for high power system applications.
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Figure 4.38 Basic arrangement of P-pulse VSC based on 6-pulse VSCs (P = 6n)

Table 4.4 Harmonics in multipulse VSCs

Harmonic Harmonic component |V,/V[x100%

order (n) 6-pulse VSC 12-pulse VSC 24-pulse VSC 48-pulse VSC
5 20.000 - - -
7 14.286 - - -
11 9.091 9.091 - -
13 7.692 7.692 - -
17 5.882 - - -
19 5.263 - - -
23 4.348 4.348 4.348 -
25 4.000 4.000 4.000 -
29 3.448 - - -
31 3.226 - - -
35 2.857 2.857 - -
37 2.703 2.703 - -
41 2.439 - - -
43 2.326 - - -
47 2.127 2.1027 2.127 2.127
49 2.083 2.083 2.083 2.083

THD [%)] 30.015 14.173 6.603 2.948

A multipulse VSC has the additional advantage of reducing the harmonics in the AC and DC
converter terminals. This characteristic makes possible the optimized design of the DC capacitor because
the VSC DC link current has a lower harmonic content.

4.7.1 24-pulse VSC
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Figure 4.39 shows a 24-pulse VSC based on the series connection of four 6-pulse VSCs through four
zigzag transformers. In this figure the fundamental voltage generated by each VSC is leading or lagging

by an equivalent angle 0y, (rad) as

en:{(Zn—l)—m}(nj, (4.23)

2m 3
where n is the number that defines the position of the 6-pulse VSC in the multipulse converter and m is
the total number of converters in the multipulse configuration.

Figure 4.40 shows the voltage waveforms of each of the four 6-pulse VSCs of Figure 4.39 that
form phase “a” output voltage. These voltages are normalized to Vy and they are plotted considering the
fictitious midpoint between the DC capacitor as the reference. The phase delays of each converter
voltage are —n/8 rad, —n/24 rad, +n/24 rad, and +n/8 rad (-22.50, —7.50, +7.50, and +22.50 degrees),
respectively.

Because the primary side of the transformers is series connected, each 6-pulse VSC have to be
designed to generate 1/m of the total output voltage and each unit power should be designed to be 1/m of
the multipulse VSC total power.

The zigzag transformers are special purpose transformers built to lead or to lag the output
voltages of the VSC. Then, the secondary windings are connected in such a way as to guarantee that the
fundamental component of the voltages of each 6-pulse VSCs will be in phase in the transformer primary
windings as illustrated in Figure 4.41. Therefore the transformer turns ratio are calculated considering a
linear frequency response for the fundamental component and the proper relations are given by

_ sin(n/6)

n0 (4.24)

nl
and

N = sin(m/6)
nz—m’ (4.25)

where n is the number that defines the position of the VSC in the multipulse configuration and 6y, is the
lead or lag angle of the n™ vsc.
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Figure 4.40 Phase “a” output voltages of each unit of 24-pulse VSC
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Figure 4.41 Phasor diagram for phase “a” at fundamental frequency for the output voltage
construction (scale: 2Vy/mt = 0.65 pu =3 cm)

Figure 4.42 presents the voltages waveforms on the primary side of the zigzag transformers.
Figure 4.43 shows the three-phase 24-pulse VSC voltages and Figure 4.44 shows the phase “a” harmonic
spectrum. Observe that the 11th, 13”’, 17‘h, and 19" harmonics and their multiples are cancelled.
Figure 4.41 shows how the fundamental component of the 24-pulse VSC output voltage is composed.
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Inspite of the voltage waveform obtained with multipulse converter, the complexity of zigzag
transformers increases with the number of pulses of the converter. That is, for a large number of pulses,
VSC requires many zigzag transformers with fractional turns-ratio to adjust the phase of all fundamental
voltage components. Consequently, the costs, the size, and the weight of the equipment increase. In
addition, an increase of the operational problems with the transformers is observed due to voltage
equalization, magnetizing currents, and core saturation.

Figure 4.45 shows a quasi-24 pulse VSC topology based on the series connection of two 12-pulse
VSC. In this arrangement the firing pulses of the GTOs of VSC#1 and VSC#2 are electronically phase
shifted from the pulses of the GTOs of VSC#3 and VSC#4.

The 12-pulse VSC is the simplest multipulse topology of VSC. It is built by the connection of
two 6-pulse VSC with their phase voltages shifted by 7/3 rad (60 degrees). To synthesize the 12 pulse
output voltage two transformers with their windings connected in Y-Y and A-Y are used. In this scheme
the 5th and the 7th harmonics are canceled.

The output voltage of each 12-pulse VSC is given respectively by

Vaia() = 2(72[] \I\/Td [cos(u)t +8,)- % cos[l (ot +8, )]+ %cos[l 3ot +3,)]-

P ) (4.26)

- 2i3cos[23((nt +9, )]+ 2i5 cos[25(oat +9, )] —.. }
and,
2V, 1 1
Vaiaa) = 2(] N [cos(oot +8,)— ﬁcos[l (ot +3, )]+ 3 cos[l 3ot +8, )] -

n p
’ (4.27)

1 1
BT cos[23(wt + 8, )|+ 55 cos[25(wt +8, )] - }

where Vg is the average DC voltage of the VSC (V), o is the fundamental angular frequency (rad/s), Np is
the primary to secondary normalized transformer turn ratio, and &; and d; are generic phase angles of the
output voltages of the 12-pulse VSC #1 and #2 (rad), respectively.

Because the output voltages of the two 12-pulse VSCs are connected in series, if (81 + 82)/2=0
and (8; — &) =7/11 rad in (4.26) and (4.27), the 110 voltage harmonic will be canceled. On the other
hand, if (81 — 82) = /13 rad, the 130 output voltage harmonic is canceled. Observe that the behavior
described above is valid for “b” and “c” phases, if lagged by —21/3 rad and —4n/3 rad respectively for the

positive sequence harmonics and by —4n/3 rad and —2n/3 rad respectively for the negative sequence
harmonics.

The described mechanism cannot cancel the 11" and 13™ harmonics simultaneously. However,
both harmonics can have their amplitudes minimized if (6; — &) = /12 rad and (81 + 82)/2 =0. In this
case the amplitudes of the 11"™ and 13™ harmonics will be 1.19% and 1.01% of the fundamental
component, respectively. The rms value of the fundamental component output voltage is given by:

V= Qﬂvd cos(nj (4.28)
© N, 24
where Vg is the average DC capacitor voltage CC (V), m =4 is the number of 6-pulse VSC connected in
series, and Np is the normalized transformer turns ratio.

In Figure 4-46(a), (b), (c), and (d) it is drawn the mechanism by which the fundamental and
harmonic voltage components are summed and minimized in the quasi 24-pulse VSC, respectively. In
this figure the following values were assumed: (81 — 62) = n/12 rad, (81 + 82)/2 =0, Vg =1 pu, and Np = 1.
The first subscripts of each voltage represent the harmonic order and the second subscript defines the
group of the 12-pulse VSC.
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Figure 4-46 Phasor composition of three phase output voltage of quasi 24-pulse VSC:
(a) fundamental; (b) 11™; (c) 13™; (d) 23"™; (e) 25™

Figure 4.47 plots the three-phase output voltages of the quasi 24-pulse VSC and Figure 4.48
shows the phase “a” harmonic spectrum. As explained before the 11"™ and 13™ harmonics have their
magnitudes minimized.

Table 4.5 shows the theoretical values of the harmonics of the output voltages of a 24-pulse VSC
and a quasi 24-pulse VSC. From the point of view of the total harmonic distortion (THD), the last row of
Table 4.5, the two topologies of 24-pulse VSC have a very close behavior. However, comparing
Figure 4.39 and Figure 4.45, the quasi 24-pulse VSC has the advantage of not needing complicated
transformers with multiple windings per phase and with fractionary turn ratio.
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Figure 4.48 Harmonic spectrum of quasi 24-pulse VSC output voltage

Table 4.5: Characteristic harmonics of the output voltage of 24-pulse
VSC topologies [Vh/V1)100%]

Harmonic Harmonic component

order (n) 24-pulse VSC | Quasi 24-pulse VSC
11 - 1.197
13 - 1.013
23 4.348 4.348
25 4.000 4.000
35 - 0.376
37 - 0.356
47 2.127 2.127
49 2.083 2.041

THD [%] 6.603 6.806
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4.7.3 Quasi 48-pulse VSC

Figure 4.49 shows the block diagram of a quasi 48-pulse VSC obtained with the series connection
of four 12-pulse VSC or two quasi 24-pulse VSC. In this case, the two quasi 24-pulse VSCs should have
their output voltages electronically phase shifted by ©/24 rad between them.

In the transformer primary side windings, the output voltage of each 12-pulse VSC of Figure 4.49
can be written as

Vai() = 2(ij\’\/ld[cos(®t +9, )—%cos[l ot +3,)]+ % cos[13(wt +8,)]-
P (4.29)
- % cos[23(wt + 3, )]+ 21—5005[25(0)t +8,)]-.. }

Vain(2) = 2(2J Vo {cos(wt +8,)— 1 cos[l 1(ot +3, )]+ icos[13(03t +9, )]—
N, 11 13 (430)
L cos[23(0)t +98 )] + Lcos[25(o)’[ +98 )] —-.. } |
23 P25 :

Vaias) = 2(2] \[\/ld[cos(cot + 63)— % cos[l 1(ot + 8, )]+ %cos[l 3ot + 8, )]—
p
4.31)
L cos[23((ot +9 )]+ Lcos[25(o)t +9 )]— .. }
23 V2s ’

Vaisa) = (2) \N/—d [cos(mt +8,)- % cos[11(wt +38, )]+ %cos[l 3(ot+3, )] -
p
(4.32)
- Lcos[23(m‘[ +38,)]+ icos[ZS(oot +9d )]— .. }
23 YRS !

where Vy is the average DC capacitor voltage (V), o is the fundamental angular frequency (rad/s), Np is
the normalized transformer turns ratio, 81, 32, 83, and &4 are the phase angles of output voltage of each of
the 12-pulse VSCs.

Considering the converter configuration shown in Figure 4.45, if the first quasi 24-pulse VSC has
its output voltage leading by /48 rad while the second quasi 24-pulse VSC has its output voltage lagging
by n/48 rad, the 11™ 13" 23" | and 25™ harmonics will have their amplitudes minimized. The
mechanism by which the harmonics are minimized is similar to that shown in Figure 4-46 for the quasi
24-pulse VSC. In this case, the rms value of the fundamental component output voltage can be calculated

by
|2 m n n
V= {anVd cos(mﬂ COS(&J (4.33)

where Vq is the DC capacitor voltage CC (V), m = 8 is the number of 6-pulse VSC connected in series.

Figure 4.50 shows the three-phase voltages waveform of the quasi 48-pulse VSC and Figure 4.51
shows the phase “a” harmonic spectrum.

Table 4.6 shows the magnitude of the harmonics for two 48-pulse VSC topologies. As for the 24-
pulse VSC, the comparison between the 48-pulse VSC and the quasi 48-pulse VSC shows a very close
behavior.
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Figure 4.50 Three-phase output voltages of quasi 48-pulse VSC
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Table 4.6 Characteristic harmonics of the output voltage of
48-pulse VSC topologies [(Vy/V1)100%]

Harmonic Harmonic component
order 48-pulse VSC | quasi 48-pulse VSC

11 - 0.902
13 - 0.669
23 - 0.285
25 - 0.262
35 - 0.249
37 - 0.268
47 2.127 2.127
49 2.083 2.041

THD [%] 2.948 3.199

4.8 MULTI-LEVEL SINUSOIDAL PWM VSC

Many sinusoidal PWM VSCs can have their output voltages combined to form a multi-level
PWM VSC. As in the multi-pulse scheme, the multi-level PWM VSC requires the utilization of many
transformers with their series terminals connected in such a way that the harmonics generated by one
VSC are compensated by the others. This scheme has the advantage of reducing the total harmonic
distortion of the VSC output voltages.

4.8.1 Single phase PWM-VSC with multilevel output voltage

In Section 4.5.2 (Figure 4.26) it was shown that a single-phase VSC could be viewed as a converter
switching at an equivalent double frequency (2fs) even when its semiconductor devices are turned on and
off with a switching frequency fs. The converter switching frequency multiplication effect is obtained by
the use of triangular carrier waves phase shifted by « rad between them. This procedure can be expanded
for n converters connected in series and modulated by n carrier triangular carrier waves phase-shifted by
(2mt/n) rad between them Erreur ! Source du renvoi introuvable..

Figure 4 shows the basic configuration of the multilevel output voltage based on single-phase VSCs
(VSC-1¢). In this multilevel converter n VSC-1¢ has its output voltages summed through n identical
single-phase transformers.
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Figure 4.52 Basic configuration of multilevel VSC-1¢

Figure 4.53 and Figure 4.54 show the output voltage waveform and the harmonic spectrum
considering the series connection of one, two, and three single-phase VSCs, respectively. In these
figures, each VSC-1¢ generates a bipolar output voltage similar to that discussed in Section 4.5.2. Each
VSC-1¢ is switched with 1 kHz. The harmonics appear around the frequency nws, where n is the number
of PWM VSC-1¢. The triangular carrier waves were phase-shifted by 0 in Figure 4.53(a), by « rad in
Figure 4.53(b), and 2n/3 rad in Figure 4.53(c). The use of multicarrier wave introduces intermediary
levels in the VSC output voltages and increases the equivalent commutation frequency of the converter.

In Figure 4.55(a), (b), and (c), it is plotted the voltage waveforms for the multilevel VSC-1¢
when a unipolar switching scheme is used. Figure 4.56 shows the harmonic spectra for one, two, and
three unipolar VSC-1¢ connections, respectively. The harmonics will appear around the frequency
(2nws), where n is the number of PWM VSC-1¢. In this figure each VSC-1¢ generates a unipolar output
voltage as discussed in Section 4.5.2. Now, each VSC-1¢ uses two triangular carrier waves phase shifted
by m rad. The carrier wave frequencies are equal to 1 kHz and their phase angles are 0 and = rad for
Figure 4.55(a), 0, n/2, =, and 3m/2 rad for Figure 4.55(b), and 0, n/3, 2n/3, &, 47/3, and 57/3 rad for
Figure 4.55(c). From the comparison of the simulated results, it is possible to conclude that the multilevel
VSC-1¢, with unipolar voltage waveform (Figure 4.55), presents a better performance than the multilevel
VSC-1¢ that uses a unipolar voltage waveform (Figure 4.53).
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Figure 4.56 Harmonic spectra for multi-level unipolar VSC-1¢: (a) one, (b) two and (c)

three VSCs
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4.8.2 Three-phase PWM-VSC with multi-level output voltage

It is also possible to use multi-carrier waves to modulate three-phase converters. However, the
transformers can have their converter side windings connected in Y or A. Figure 4.57(a) and (b) shows an
example of the transformer connection for multi-level three-phase PWM-VSC. In this example we use
four PWM-VSC-36¢.

K@E VSC#1 /EA:E VSC#1

Q\E VSC#2 B cals @E VSC#2 ] cils

Voo |

o | I — wo | I_ -

] Q\E VSC#3 B S @E VSC#3 B

\@E vsc#4 | \@E vscHs |
(a) (b)

Figure 4.57 Three-phase multilevel PWM-VSC: transformers secondary connection in (a)
Y and (b) A

Figure 4.58 and Figure 4.59 show the plots of the phase voltages and their harmonic spectra for
the topologies of multi-level three-phase VSC shown in Figure 4.57. These figures are obtained for fg = 1
kHz. It uses four triangular carrier waves phase-shifted by n/2 rad between them. Despite the better
shape of the voltage in Figure 4.59(a) over the voltage in

Figure 4.58(a), the two voltages waveforms have the same harmonic content as can be viewed in
Figure 4.58(b) and 4.59(b).
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Figure 4.58 Multi-level output voltage for phase “a” of three-phase PWM VSC for Y
connected transformer
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Figure 4.59 Multi-level output voltage for phase “a” of three-phase PWM VSC for A
connected transformer

The comparison of the harmonic spectra in Figure 4.56(b) and Figure 4.59(b) shows that the
single-phase PWM-VSC is equivalent to the three-phase PWM VSC. However, the three-phase PWM-
VSC spectrum requires two times less semiconductor switches (4 x 3 = 12) than the 3x single-phase
PWM-VSC (4 x 2 x 3 = 24). On the other hand the harmonic spectrum of the three-phase PWM-VSC
deteriorates if the reference voltages of the VSC control are unbalanced. The same behavior is not
observed in the converter configuration of Figure 4 because the synthesized voltages are independent
from the others.

4.9 MULTIPULSE VSC WITH SELECTIVE HARMONIC ELIMINATION

This type of converter combines the multi-pulse technique, presented in Section 4.7, and the
selective harmonic elimination (SHE), discussed in Section 4.5.3. Notches are introduced in the output
voltage of the multipulse VSC to cancel some characteristic harmonics of the 6-pulse converters. Despite
the fact that the switching frequency is increased, it is not expected to have a great change in the
performance of the VSC.

Figure 4.60 shows a 12-pulse VSC controlled with a selective harmonic elimination technique.
Thus, if each VSC of the multi-pulse converter has 3 notches per half cycle, it is possible to eliminate
three harmonics of the 12-pulse VSC. In this case each VSC is switched with a frequency 7 times higher
than the 6-pulse VSC (7 x 60 Hz =420 Hz). Thus, making M =3 and n=11, 13, and 23 in (4.13), the
following nonlinear system is obtained

Vv, = (lfnjvd [1-2cos(l1a,)+2cos(l1a,) — 2 cos(l laty)]

4

Vv, = (m)v“ [1-2cos(13a,) + 2 cos(13a,) — 2 cos(13a,)] (434)

4
V,, = (237:)\/‘1 [1 —2cos(23a,)+2cos(23a,) -2 cos(23a3)]

Therefore, the angles o, ap, and a3 that cancel the 11th, 13th, and 23™ harmonics are obtained solving
(4.34) for Vi1 = V13 =Vy3 =0, respectively.
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Figure 4.61(a) shows the phase “a” output voltage of the 12-pulse VSC with selective harmonic
elimination. In this figure the angles are o; =4.14°, a, =11.95°, and a3 = 13.59°. The total harmonic
distortion in this case is lower than 6%. Figure 4.61(b) shows the harmonic spectrum of the phase
voltage. Note that, neglecting the residues of the 25" and 47" harmonics, the 12-pulse VSC with SHE
harmonic spectrum has a behavior close to the 36-pulse VSC, formed by six 6-pulse VSC connected in
series.
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Figure 4.60 12-pulse VSC with 11", 13", and 23" harmonics elimination
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Figure 4.61 (a) Phase voltage of 12-pulse VSC with SHE; (b) harmonic spectrum
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CHAPTER 5. SSSC LOADFLOW AND DYNAMIC SIMULATION STUDIES

5.1 VSC CONTROLLER LOADFLOW MODELS

In loadflow and system stability studies, series VSC controllers introduce additional complexities,
because the traditional loadflow model consists of only shunt injections and shunt voltage sources. As a
result, to accommodate a series VSC controller installed on a transmission line, the decoupled FACTS
controller loadflow model [5.1,5.2] uses a generator and a load to represent the series VSC controller, and
the power injection model (PIM) [5.3,5.4] adds additional equivalent power injections at the from-bus and
the to-bus of the series VSC controller in the conventional loadflow. However, both of these two bus
injection models require additional computation effort in the regulation mode, and are not applicable to
the fixed voltage injection mode or the rated capacity operation mode of the series VSCs.

On the other hand, the voltage source model (VSM) [5.5-5.7], where the VSCs are modeled
directly as voltage sources, is intuitive and efficient. Directly using the voltage sources, the Newton-
Raphson algorithm shows good convergence properties by simultaneously adjusting all voltage variables,
without needing an outer loop for changing the equivalent injected bus power or current. Another
advantage is that the line current and power are readily computed, allowing direct enforcement of device
limits. The VSM is capable of modeling different operating modes of various VSC Controllers. Details of
the voltage source model of the SSSC will be presented in this section.

5.2 BALANCED POSITIVE-SEQUENCE VOLTAGE SOURCE MODEL

The balanced positive-sequence steady-state operation of a SSSC can be modeled as an injected
voltage source in series with the series transformer reactance, as shown in Figure 5.1. In addition to the
notations used in Figure 1.2, the from-bus and to-bus of the SSSC are introduced.

Sending-end Receiving-end
Y . Y, ~ v Y
|S A Vi _ Sto lto 2 |r
O i © e el @)
From-bus S To-bus

Figure 5.1 Injected voltage source model of the SSSC

The line current flowing through the series VSC is given by

2\75_(\7m +\7m) 5.1
X,

such that the power injected by the series VSC is

(5.2)

and the power injected into the to-bus is
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:\7 |N* :\7 VS* _(Vr: +Vt:) =Vto(\/5* _Vr:)_vls
to to to H i
- th - th

(5.3)

5.3 SSSC OPERATING MODES

As shown in Figure 1.4, the SSSC affects the active power transfer on the transmission line. It can be
controlled in two different ways:

Sel.  The SSSC controls the line active power flow P, to a desired value P,

P, =V, sin(@, —a)-V,sin(d, —6,))/ X, =P, (5.4)

where V, 6,, V

angles, respectively, V, and « are the series voltage injection magnitude and angle,

and 6, are the series branch from-bus and to-bus voltage magnitudes and

to ?

respectively, and X, is the equivalent series transformer winding reactance.

Se2.  The injected voltage is kept at a fixed voltage magnitude, in either the quadrature leading or
lagging direction with respect to the transmission line current

Vi, =Vies (5.5)
In both control modes, the active power injected into the transmission line by the SSSC is zero
P.=0 (5.6)
which can also be expressed as
V,sin(6, —a)-V, sin(d, —a)=0 (5.7)

In (5.6) the VSC losses are neglected. Active power can be injected into the transmission line if the series
VSC has an energy storage system connected to the DC capacitor or it is connected to the DC bus of
another VSC.

5.4 NEWTON-RAPHSON LOADFLOW SOLUTION

In an N-bus power network with Ny generators and without any VSCs, the loadflow equations can be
formulated as N-1 equations for the active power bus injections/loads P and N- Ng equations of reactive
power bus injections/loads Q

fo(v)=P

(5.8)
fo(v)=Q

where
v=[N, VvV, .V, 6 6, .. 6] (5.9)

is @ 2N-Ng-1 vector variable of bus voltage magnitudes and angles, with Ny generator bus voltages
removed and the angle of the swing bus set to 0°. The Jacobian used in the Newton-Raphson solution is

[ofp/ov  ofp /00 (5.10)
| ofg oV ofg /06 '

When the N-bus power network also includes M VSCs, then the loadflow equation (5.8) will expand by
2M equations, resulting in
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fo(v)=P
fo(M)=Q (5.11)
fue (@) =R
where
V=[V, .. Vy 6 .. 6y V., .. Vou @ .. ayl (5.12)

is a 2(N+M)-Ng-1 vector variable of bus voltage magnitudes and angles, and the third and last equation in
(5.11) is determined by the VSC operating modes, where R is a vector of the FACTS Controller setpoints
or reference values. In this approach, the P and Q expressions in (5.11) will remain unchanged for all
operating modes.

To apply the Newton-Raphson algorithm to the augmented system (5.11), the Jacobian matrix J
(5.10) is expanded to

of,Jov  of, o6  of, Jov,  of, Joa
J=| of,Jov  of,je0  of,fov,  of,joa G.13)
Hyse /5V Hyse /69 Hyse /avm Hyse /60!

Note that the first 2x2 blocks of J (namely, the (1,1), (1,2), (2,1), and (2,2) entries) are identical
to the Jacobian J in (5.10), except for the additional terms due to the shunt and series VSC transformer
reactances and injection terms. Thus an attractive feature of this Newton-Raphson algorithm for solving
loadflow is that the formulation (5.11) to (5.13) can be readily built into a conventional Newton-Raphson
algorithm. For large data sets, sparse factorization techniques can be used to achieve an efficient solution.

5.5 OPERATING LIMITS

The operating limits are imposed on the loadflow computation to ensure that the VSCs are not
overloaded, and that the voltages of the adjacent buses are within an acceptable range. For the SSSC, the
operating limits include:

e the maximum series injected voltage,

e the maximum series line current,

e the series VSC MVA rating,

e the maximum and minimum voltage magnitudes at adjacent buses, and

e the maximum power transfer between the converter and the energy storage system, if the series
VSC is coupled with an energy storage system.

If any of these limits are violated, the voltage or flow setpoints of the SSSC can no longer be enforced.

5.6 COUPLING SERIES VSC TO ENERGY STORAGE DEVICES AND OTHER VSCs

An important feature of a VSC is its ability to exchange active power with other controllers such
as energy storage devices and VSCs by linking its DC bus to these controllers. For example, if the DC bus
of the SSSC is linked to an energy storage system, such as a battery park, then the active power injected
into the line, instead of (5.6), will become

P= P (5.14)
A similar effect can be achieved by coupling the series VSC to a shunt VSC. When the DC capacitors of

the series and shunt VSCs are connected, forming a Unified Power Flow Controller (UPFC), active power
can be absorbed by the shunt VSC and circulate to the series VSC as

Psh+Pse=O (515)
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With this additional dispatch flexibility, the line active and reactive power flow can be
independently controlled by the series VSC. Furthermore, the power circulation can be a useful parameter
in maximum power transfer dispatch. As in the series VSC, equations (5.14)-(5.15) can be readily
incorporated into the Newton-Raphson loadflow solution algorithm.

5.7 SSSC DISPATCH EXAMPLE

Consider the four-bus radial system in Figure 5.2, where a 100 MVA series VSC is located
between Buses 2 and 4 to enhance the power transfer capability from the generator on Bus 1 to the load
on Bus 3. The maximum series line current and injected voltage of the series VSC are 10 pu and 0.1 pu on
the system base, respectively. The maximum and minimum voltage magnitudes at adjacent buses are 1.5
pu and 0.5 pu, respectively. The maximum power transfer between the converter and the energy storage
system is 10 MW. All the other system parameters are included in Table 5.2 in the Appendix 5.1.

Note that by closing Switch B the SSSC is bypassed, which is referred to as the uncompensated
system (base case). The SSSC is in service if Switch B is open. By also closing Switches S1 and S2, the
SSSC is coupled with an energy storage system.

2 3

generator

) I 24 ?7

Energy
Storage

.
[

Figure 5.2 Four-bus system with a series VSC

Because the VSC is a reactive power source, the objective is to show the impact of the VSC on
the system voltage stability as the power transfer on the transmission lines is increased. As a base case,
Switch B is closed so that the VSC is not deplored. Figure 5.3 shows the variation of the voltage V; at
Bus 3 when the load L; on Bus 3 is increased from the base value of 400 MW. In particular, V5 drops to
0.95 pu when L; reaches about 565 MW.

Next, Switch B is opened with Switches S1 and S2 open and the SSSC is inserted to carry 62% of
L;. As shown in Figure 5.3, V; drops to 0.95 pu when L; reaches about 615 MW, showing a 50 MW
increase in the power transfer. Figure 5.4 shows the magnitude of the injected voltage as a function of the
power dispatch. Note that the injected voltage V, reaches the maximum value of 0.1 pu (on the system
base) at 510 MW and remains at the maximum value for higher values of power transfer.

Then Swtiches S1 and S2 are closed to form a SSSC with energy storage system. The load L; on
Bus 3 is again increased from the base load of 400 MW, with 62% carried on the series VSC. The
dispatch results are shown in Figures 5.3. Without any power circulation, that is, the active power flowing
out of the energy storage system into the series VSC is zero, the dispatching is exactly the same as the
SSSC without energy storage system, showing a 50 MW increase in power transfer when V; drops to 0.95
pu compared with the base case. Furthermore, by circulating 10 MW from the energy storage system to
the series VSC, the power transfer is improved by another 30 MW. On the other hand, if active power
circulates from the series VSC to recharge the energy storage system, the power transfer is decreased. The
magnitude of the injected series voltage source for the three cases of power circulation is shown in Figure
5.4, depicting the saturation of the inserted voltage magnitude.

79



CIGRE B4-40/Topologies, Harmonics, and Modeling

SSSC
— SSSC ES Pc=-10 MW

—+—No FACTS

0 MW

SSSC ES Pc
—HB—SSSCES Pc

10 MW

400

450

(MW)

load

P

Figure 5.3 PV characteristic of the SSSC without and with energy storage
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Figure 5.4 Series VSC injected voltage magnitude
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5.8 SSSC DYNAMIC MODEL
Figure 5.5 shows the schematic diagram of the SSSC, where y, is the conversion ratio signal to

control the series converter voltage magnitude, and ¢, is the phase angle of the series VSC. Note that

o, is measured with respect to the angle of the from-bus voltage phasor V.

_ Froin-bus To-bus
g

[\e]
—>§
wn
%

dc
-

T

Vdc

167

2
R

€ C

Figure 5.5 Series voltage-sourced converters showing DC capacitor

In the time scale of transient stability analysis, in which the VSC switching dynamics are
neglected, the voltage insertion model of the series VSC can be represented as

Vi =kv, el =y gl (5.16)
where K is a factor which relates the inverter DC-side voltage to its AC-side terminal voltage, and 6, is

the angle of V1. Note that K is dependent on the ratio y, .

The dynamic balanced positive-sequence model of the SSSC is shown in Figure 5.6.

_ Froin-bus Tof)us _
Vs Z, Vi X, . Vi B §2 V, Z, Vy
| NN | N ~ —> | _nmm |
| TR |

ISC; S¢€

Figure 5.6 SSSC balanced positive-sequence model

The series VSC is modeled as a controllable injected voltage source V m behind an equivalent transformer

reactance X, . The line current | , the power Si. injected by the series VSC, and the power S» injected

into the to-bus (Bus 2) are the same as given in (5.1-5.3) for the steady-state series VSC model,
respectively.

81



CIGRE B4-40/Topologies, Harmonics, and Modeling

During transient stability studies, the DC link capacitor of the SSSC will exchange energy with
the AC system and consequently its voltage varies. The variation of the DC capacitor voltage is
dependent on its current inflow, which can be modeled as

Ve _ | (5.17)

C =
dt de

where |, is the current flowing into the DC capacitor from the VSC and C is the capacitance of the DC
capacitor. In steady-state operation the power transfer is balanced, and hence, |1, =0 and dV,, /dt=0.

The SSSC dynamic model will be interfaced with the other dynamic components in a power
system, such as synchronous machines and excitation systems, through the power network. In using
injected voltage source for the VSC in the loadflow formulation, this transition to dynamic model will be

seamless, because V n is a variable in the loadflow model.

The AC instantaneous active power injected into the power system for the SSSC is given by (5.6)
and (5.14) for a SSSC and a SSSC linked with an energy storage system, respectively. Assuming that the
VSC model is ideal, the AC instantaneous active power in the AC-side is equal to the DC-side active
power, that is

Pe =Vl (5.18)
From (5.17) and (5.18), we have
% = _ (5.19)
dt CV,.P,

Equation (5.19) is in general not per-unitized.
The block diagram of the DC link dynamics is shown in Figure 5.7.

1 1
- > =V
CVgc s de

PSe o—p

Figure 5.7 DC link dynamics

The SSSC can be either in the line active power control mode or the inverter voltage magnitude
control mode. The block diagrams for these two modes are shown in Figures 5.8 (a) and (b), respectively.

The magnitude V,, and the angle & of the inverter voltage are generated by the control systems.

Vde >|k I > Vim

mrefl Aa,
+ Ki 1 °e Angle

_ KP+ S i 1+Ts Calculator ’
kvdc‘ b b

Sign(vmref) 9|

(a) Inverter voltage magnitude control mode
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Figure 5.8 SSSC setpoint control diagrams

The SSSC is operated with a constant conversion factor K between its AC-side voltage V,, and
DC-side voltage V., and hence the changes in the magnitude of the inverter output voltage are achieved
by charging or discharging the DC bus capacitor to a different voltage.

A Pl controller K, + K; /s and aLP filter 1/(1+T -S) are applied in the angle control loop of

the SSSC. The input signal for the line active power control mode is the difference of the line active
power setpoint P and its measured value P, while the input signal for the inverter voltage magnitude

and KV, . In each

control mode is the difference of the inverter voltage magnitude setpoint [\/mref

operating mode, the output signal from the LP filter is the angle deviation A« . In steady state, A, is

zero, implying that the inverter output voltage is kept essentially in quadrature with the current of the
compensated line. Small transient positive or negative deviations in the phase angle of the inverter voltage
will cause nonzero active power to go through the DC capacitor and thus result in changing the DC bus
voltage.

5.9 SSSC DYNAMIC SIMULATION

The dynamic model of the SSSC is simulated in a 22-bus test system as shown in Figure 5.9,
which has 6 equivalent generators and 3 equivalent loads. The loads of the test system are concentrated in
the Southeast part of the system, while the generations are mainly in the Northwest area. The arrows
indicate the directions of the active power flow. A 100 MVA SSSC can be inserted into Line 4-11, which
is a major path between the generators and the loads. Note that the system base is 100 MVA. In the
dynamic simulation, the generators are modeled as the voltage behind sub-transient reactance model with
a simple voltage regulator control. The loads are modeled as constant impedance.

In order to evaluate the maximum power transfer capability of the critical paths in the 22-bus
system, we stress the system by increasing the active power consumption of Load L2 on Bus 17, to be
supplied by Generators G1, G2, and G3. The initial value of Load L2 is 2500 MW. Line 3-13, which is a
line paralleled with Line 4-11, is tripped at time t=0.1 s. The maximum load on Bus 17 that the system
can withstand for this disturbance and the corresponding power transfers on Line 4-11 and Line 4-12 for
the system configurations without and with the SSSC are displayed in Table 5.1. The setpoint for the
SSSC is simply specified based on its rated capacity.
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Figure 5.9 22-bus test system
Table 5.1
Comparison of transient transfer capability with and without a SSSC
Configuration Setpoint Maximum Load | Line Power Transfer (MW)

on Bus 17 (MW)

Line 4-11 Line 4-12

No SSSC - 3236.5 1383.8 903.2
SSSC 100 MVA, L4-11 | Vs =-0.055 pu 3278.5 1454.3 896.6
Inverter V,, Control

As shown in Table 5.1, a SSSC with 100 MVA rating can support over 40 MW more load on Bus
17 than the configuration without the SSSC. The corresponding power flow on Line 4-11 increases about
70 MW while that on Line 4-12 decreases about 7 MW.
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If the SSSC is operated in the line active power control mode, when the load on Bus 17 is
sufficiently high, the dynamic simulation will terminate due to the non-convergence of the network
solutions, because of the lack of reactive power support. So the SSSC should be operated in the inverter
V, control mode.

Figure 5.10 shows the dynamic simulations of configurations without and with the SSSC in the
same loading conditions where the active power of Load L2 on Bus 17 is 3236.5 MW. The SSSC is
operated in the inverter Vi, control mode and its setpoint is given in Table 5.1. The SSSC reduces
transient oscillations in the voltages on Bus 3 and Bus 4 and the power flows on the critical paths Line 4-
11 and Line 4-12 during the tripping Line 3-13, which allows it to increase the transfer capability of the
system.

To summarize, a SSSC can substantially improve the transient power transfer capability of a
transmission system during a system change.
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Figure 5.10 Comparison of time responses without and with a SSSC in the V, control mode when P ,=3236.5
MW
APPENDIX 5.1 4-BUs RADIAL SYSTEM PARAMETERS
All network parameters in Table 5.2 are given on a base of 100 MVA.
TABLE 5.2
Transmission line data
Line Resistance Reactance Charging
(pu) (pu) (pu)
1-2 0.00163 0.03877 0.78800
2-3 0 0.08154 0.39400
3-4 0 0.07954 0.39400

The SSSC transformer leakage reactance is X; = 0.002 pu.
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CHAPTER 6. EMTP SIMULATIONS OF SSSC

6.1 INTRODUCTION

In the past, electromagnetic transient studies in power system were traditionally performed using
transient network analyzers (TNA). Nowadays, due to the development of high-capacity, high-speed
digital computers, these studies are normally carried out using digital simulation packages. The
applications of electromagnetic transient methods have being frequently reported in many international
journals and conference proceedings. They are normally classified as frequency-domain and time-domain
based techniques [6.1].

At the present time there are a large variety of commercial and academic simulation packages to
solve electromagnetic transient problems in power system. Electromagnetic Transients Program (EMTP),
Electromagnetic Transients Program for DC (PSCAD/EMTDC), MicroTran, Alternative Transients
Program (ATP) among others are examples of these programs. Most of them have graphical interfaces to
simplify the simulation task [6.2].

The aim of this chapter is to present some results of a time-domain model of a multi-level PWM
Static Synchronous Series Compensator (PWM-SSSC) obtained in ATP (Alternative Transients
Program). ATP is a variant of the EMTP package and its choice was based on the fact that it is a
royalty-free program.

There are a number of available built-in circuits in the ATP such as sources, linear and non-linear
elements, transformers, transmission lines, and electric machines, etc. Devices such as diodes and forced-
commutated semiconductor devices like GTOs (Gate Turn-off Thyristors) and IGBTs (Insulated Gate
Bipolar Transistors) can only be represented by their idealized characteristics. However, this model
limitation cannot be viewed as a problem at the system level. The control systems can be easily
represented in terms of their transfer functions and FORTRAN-like statements in the TACS (Transients
Analysis of Control Systems) environment. The control algorithms can be also represented in MODELS
environment where the instructions are written as a computer program.

The ATP uses the “trapezoidal rule” as its numerical integration method and as a consequence it
is susceptible to numerical oscillations. Thus, a user should be aware of these potential oscillations when
simulating power electronics circuits and systems such as SSSC and other FACTS devices. One option to
eliminate these oscillations is to use of numerical snubbers connected in parallel with the switching
elements. These snubbers remove or reduce numerical oscillations because they provide an alternate
current path for the inductive current, resulting in a damped RLC circuit.

Recently the ATP had incorporated a graphic interface named ATPDraw. In the graphical
environment the components are dragged and dropped to the work area and they can be easily connected
to each other to build the system. The ATPDraw produces the source code of a circuit for ATP
simulation. Figure 6.1 shows some of the components available in the ATPDraw.

6.2 MULTILEVEL PWM-SSSC

Figure 6.2 shows the single-line diagram of the double-line circuit modeled in the
ATP/ATPDRAW simulation package [6.3]-[6.5]. A multilevel PWM-SSSC is connected to the sending-
end side of a 200 km AC transmission line whose parameters are given in Table 5.1. The PWM-SSSC
can be controlled to inject or absorb reactive power (Qc), to synthesize a positive or negative controllable
magnitude and phase voltage (V¢), or to emulate a positive or negative reactance (jX¢) in series with the
AC line. In this figure the source and the load are modeled by two ideal three-phase voltage sources in
series with a series reactance and phase-shifted by m/3 rad.
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Figure 6.1 Some components available in ATPDraw environment

Table 6.1 Transmission line parameters

Component R L ¢

P (Q/km) (mH/km) (WF/km)
Zero sequence 0.03167 3.2220 0.00787
Positive sequence 0.01430 0.9238 0.01260

The multilevel PWM-SSSC of Figure 6.2 is composed of four single-phase VSC per phase, with
unipolar voltage outputs. The GTOs were modeled by TACS controlled switches with anti-parallel
diodes and numerical snubbers. All transformers have a unitary turns-ratio. Four triangular carrier waves
are used to obtain the frequency multiplication effect explained in the multilevel PWM section. These
triangular carrier waves are phase-shifted by n/2 rad between them.

6.3 PWM SSSC CONTROL ALGORITHM

The active power flowing through the compensated transmission line of Figure 6.2, considering
Ve=0, Vs=|V[e7®? and Vg=|V |e?®? and neglecting the harmonics generated by the multi-level

PWM-SSSC and the losses of transmission line, is given by
2

V-
P=— sm(6) (6.1)
X L
Because the SSSC can be continuously controlled to inject an AC voltage (V) leading or lagging
by m/2 rad with respect to the line current, the transmitted active power Pq through the compensated line

can be rewritten as
2

P, = \;Tsin & lec cos(8/2) (6.2)

q
L L
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Figure 6.2 Single line diagram of the modeled system with the multilevel PWM-SSSC

Normalizing (6.2) with respect to the active power flowing through the AC line for V¢ = 0 results

in
P Y
S =1-—F (6.3)
P Ve +V,

where V| is the voltage drop across the line reactance. Multiplying both sides of (6.3) by the line current
yields

R__Q

P Q.+Q, ’
where Q| is the reactive power absorbed or generated by the AC line (var) and Q¢ is the reactive power
(var) injected in series by the SSSC. Thus, if Q_ > 0, the active power flowing through the compensated
AC line increases if Qc < 0. Otherwise, if Q¢ > 0, the active power Pq flowing over the ac line decreases.

Figure 6.3 shows the block diagram of the controller of the PWM-SSSC. The control algorithm

is implemented in the TACS (Transient Analysis of Control System) environment. A transformation is
applied to the three-phase line currents before they, and the reference active (p*) and reactive (g*)
powers, feed the SSSC Reference Voltages block. The generated reference voltages are transformed to
three-phase quantities and they are sent to the PWM controller and Gate Signal Generator block. The
PWM Controller is also fed by four triangular waves displaced by ©/2 rad between them.

(6.4)

The DC Voltage Regulator adds an extra control signal to the reference active power signal (p*)
to assure that the SSSC will absorb or supply some active power from the power system in such a way as
to control the DC voltage of the multi-level VSC.
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Figure 6.3 Block diagram of the multilevel PWM-SSSC

The PWM Controller and Gate Signal Generator are implemented for one branch of the PWM-
SSSC as shown in Figure 6.4. The Sample-and-Hold block is used to decouple the gate signals of the
semiconductor switches. Because each single-phase VSC uses two PWM Controllers, twenty-four
(4x3x2 = 24) blocks, similar to that shown in Figure 6.4, are used to control the multi-level PWM-SSSC.

Vg o—={+ Sample
.GE. & ° GTO_11

Vf/’/ o—T— Hold
Nv Comparator NOT — GTO_14

. Enable

Figure 6.4 PWM Controller and Gate Signal Generator
6.4 DIGITAL SIMULATION RESULTS

Each branch of single-phase VSC of the multi-level PWM-SSSC is switched with 1 kHz. The
VSC DC link capacitance was chosen equal to 2000 uF. The average DC voltage of the multi-level
PWM-VSC is set to 9.4 kV. Despite the better voltage waveform of the multi-level SSSC, passive filters,
similar to that shown in Figure 6.5, are connected between the multi-level VSC output terminals and each
series transformer to cut off high-order harmonics due to the switching of the converters. These filters
were designed with a 3162 rad/s of cut-off frequency.
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Figure 6.5 Second order passive filter

Figure 6.6(a) and (b) shows the active and reactive powers at the PWM-SSSC terminals. Initially
the PWM-SSSC has a null compensation characteristic. At t = 100 ms the reference reactive power
signal is step-changed from 0 to —50 Mvar (capacitive characteristic). At t=200 ms the reference
reactive power is changed from —50 Mvar to +50 Mvar. Then the SSSC operates with an inductive
characteristic. Finally, at t =300 ms the reactive reference power is reduced to zero again and the
compensator return to null compensation characteristic. All curves are normalized to 100 MVA and
1000 A.

Figure 6.7(a), (b), and (c) present the line currents through the compensated ac line, where it is
possible to see that these currents increase for 100 ms <t < 200 ms during capacitive compensation. For
200 ms < t <300 ms the line currents decrease due to the inductive compensation and for t > 300 ms they
return to the uncompensated level. Figure 6.8(a), (b), and (c) show the compensating voltages of the
PWM-SSSC. The ripples on these voltages are due to the switching for the PWM modulation. Figure
6.9(a) and (b) show the active and reactive power flowing in the compensated transmission line. Because
no feedback control is used there is a small oscillation in these responses due to the transmission line
characteristics when step-like capacitive or inductive compensation is introduced. Figure 6.10 shows the
reference voltage, compensating voltage, and line current for a capacitive compensation. The difference
between the reference voltage and the synthesized voltage is basically the switching ripple. It is clear
from this figure that the line current is leading the compensation voltage by 90°. Figure 6.11 presents the
total harmonic distortion (THD) at the SSSC terminals voltage considering its fundamental voltage as
reference. This fact makes this THD reach almost 3.5% which is not too high, but, generally, cannot be
neglected. However, if the transmission line voltage is considered, this THD falls to a very small value
and, from the point of view of the transmission system it can be neglected without problem. Finally,
Figure 6.12 shows the behavior of the SSSC DC link voltage. During the time the SSSC is operating, its
control system is able to keep the DC voltage controlled, although a small amount of ripples appears on it.
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Figure 6.6 (a) Active power (W); (b) reactive power (var) at the PWM-SSSC terminals
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Figure 6.8 Series voltage of multi-level PWM-SSSC: (a) V¢, (b) Vey, and (c) Ve
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Figure 6.12 DC voltage of the PWM-SSSC
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CHAPTER 7. SUBSYCHRONOUS RESONANCE
7.1 SUBSYNCHRONOUS RESONANCE (SSR) PHENOMENON

Any transient in the electric network, like a switching operation or a fault, will affect all
generators connected to the system by causing a disturbance in the electrical torque in the machine. The
generator is linked with several turbines stages through its shaft arrangement and the torque disturbance
creates a vibration in the generator-turbine shaft system due to the resonances that exist in the mechanical
system.

ATy, Ang, Abg, network
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ATel
: |
ATy, Turbines I Ang, Generator | AT
& Shaft > »& el transm D>
system I system
|
| AT
1
|
I
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Figure 7.1 Interaction between electrical and mechanical systems

Figure 7.1 illustrates the interaction between the mechanical and electrical systems as described
above. For those mechanical oscillation modes where the generator participates considerably, the
vibration will modulate the speed of the generator shaft. The phase of the generator voltage then becomes
modulated relative to the rest of the electrical network and accordingly the active power output, i.e., the
electrical torque (AT, in Figure 7.1), also will be modulated. As the electrical torque also impacts on the
generator rotor speed a closed loop will be established as shown in the Figure 7.1.

The mechanical resonance frequencies in a turbo-generator shaft system typically occur in the
subsynchronous frequency range between 10 Hz and 40/50 Hz at network frequencies of 50/60 Hz. The
interaction in the closed-loop system illustrated in Figure 7.1 occurs mainly between mechanical
frequency fmech in the mechanical system and frequency fe in the electrical system with the following
relation

freen + o = Ty (7.1)

where fy is the network frequency (50 or 60 Hz). Thus, as an example, a mechanical frequency 12 Hz
corresponds to the electrical frequency 38 Hz in a 50 Hz network.

7.2 DAMPING CONTRIBUTIONS

Both electrical and mechanical damping effects act on the vibrations in the shaft system. It is well
known amongst the turbine manufacturers and sufficient margins are included in the design. These
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margins are based on experience, measurements, and statistics, and it is assumed that a certain amount of
damping is provided.

The mechanical damping is always positive but quite small. It depends strongly on the loading of
the turbine. Normally it is difficult to calculate the damping at the design stage and often definitive values
can only be obtained by measurements after commissioning. However, estimates of the minimum
mechanical damping are known from experience.

The electrical damping depends on the characteristics of the network to which the generator is
connected. For an uncompensated network the electrical damping in the subsynchronous frequency range
is very small. Any system, passive or electronically controlled, connected to the network may impact on
the electrical damping causing more or less damping of the mechanical resonance vibrations in the shaft
system.

7.3 FIXED SERIES CAPACITORS (SC)

A passive fixed series capacitor (SC) is an extremly powerful and cost effective means to increase
the transfer capability of electrical power through a power line. The inserted capacitive reactance
compensates a portion of the natural inductive reactance of the line. The SC virtually shortens the length
of the transmission line and thereby improves both angular and voltage stability. The transfer capability
often is increased by 50-100 %. This becomes obvious from the well-known power transfer formula

UU,sind
xL - ><c

where U; and U, are the voltages in the line terminals, ¢ is the phase deviation between the line terminal
voltages, X, is the line inductive reactance, and X is the SC capacitive reactance.

P= (7.2)

Typically the degree of compensation, defined as X¢/ X, is kept in the range 30-70%. In system
configurations where large turbogenerators are connected directly into a series compensated line with a
degree of compensation exceeding approximately 30%, the electrical damping needs to be examined in
the frequency range where the resonance frequencies of the machine are located. Any possible interaction
should be identified and assessed. Such a study is referred to as a SSR study and it is performed either
before the project is executed or during the project execution stage.

In principle a SSR study aims for calculating the change in electrical torque, AT in Figure 7.1,
which is caused by a small sinusoidal speed variation of the generator shaft, Ang, in Figure 7.1. The
frequency of the speed variation is varied and for each such frequency one evaluates the ratio between the
amplitude of the torque variation and the amplitude of the exciting shaft speed variation. The resulting
quotient is the electrical damping, D,

Del ( fmech ) =

1y >
—
—
3
@
o
=
~—

(7.3)

often expressed in (per unit torque)/(per unit speed). A typical result from such a calculation for a
generator connected to a strong power system through a radial transmission corridor which comprises
lines with fixed series capacitors is depicted in Figure 7.2.
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Figure 7.2 Typical electrical damping curve versus mechanical frequency

Two critical mechanical resonance frequencies for the turbine-generator shaft system also have
been indicated in Figure 7.2. In order to avoid a SSR condition to occur, the negative peak of the
electrical damping curve must not coincide with any of these critical frequencies. Preferably the negative
peak of the electrical damping should be located to the right of all mechanical resonance frequencies in
the shaft system, because then any further weakening of the power system will push the negative peak

towards the right thereby moving it even farther away from the critical mechanical frequencies.

It is an interesting exercise to see what impact on the conditions described above that are caused
by the insertion of any additional impedance in series with the compensated line. Figure 7.3 depicts the

general effect of adding an additional series reactance or resistance.
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Figure 7.3 Effect of inserting additional impedance in series with the line
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In the upper diagram in Figure 7.3, the effect of adding inductive reactance in series with the line
is shown. The negative peak of the electrical damping then is moved towards the right towards a lower
electrical frequency or equivalently towards a higher mechanical frequency. In general this will lessen the
risk of SSR.

The lower diagram in Figure 7.3 shows the result of inserting additional resistance in the line. The
magnitude of the negative peak in the electrical damping curve is decreased but at the same time its width
is expanded. As shown this may worsen the risk of SSR for some critical mechanical frequencies.

7.4 THYRISTOR CONTROLLED SERIES CAPACITORS (TCSC)

The Thyristor Controlled Series Capacitor (TCSC) is a further development of the fixed series capacitor,
which incorporates a thyristor controlled inductive path in parallel with the series capacitor bank. The
main circuit and the generic waveforms are shown in Figure 7.4.

R u

L iL
> A — [\
i cll —
+ - :
—_— y |
Uc

Figure 7.4 TCSC main circuit and generic waveforms

Each thyristor is fired when it is forward biased and at a certain angle before the capacitor voltage
reaches zero. This causes a circulating current pulse through the series capacitor bank and the parallel
inductor. The current through the capacitor thereby is increased and the fundamental frequency
component of the capacitor voltage is “boosted” to a higher level than what would be obtained by the line
current only. The controllable inserted voltage typically is used to provide damping to electromechanical
power oscillations (0.1-2 Hz).

The topology of the TCSC radically changes the response of the series capacitor to small current
components with frequencies in the subsynchronous range, i.e., in the range from 10 Hz to 40/50 Hz in a
50/60 Hz system system. When a subsynchronous current component with frequency fe, Ai_(fel), is
injected into the TCSC an additional voltage component with the same frequency, Auc(fe), will appear
across the TCSC. The quotient between these components constitutes the “virtual” or “apparent”
impedance of the TCSC.

At high boost levels, where the apparent reactance of the TCSC at fundamental frequency is at
least two times the physical reactance of the capacitor bank, the virtual impedance of the TCSC
approaches an inductive reactance in the subsynchronous range. Accordingly the electrical damping curve
changes as in the upper diagram (“added X”) in Figure 7.3, when part of a certain fixed series capacitor is
converted into a TCSC.

At low boost levels, where the capacitor voltage is increased by thyristor control only with a
portion of the voltage caused by the line current, the apparent impedance of the TCSC depends strongly
on the control system. It is possible to make a control system that preserves the inductive character of the
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virtual impedance even at low boost levels. This means that series compensation can be provided at a
higher degree of compensation than what would otherwise have been possible due to risk of SSR.

If only TCSC with adequately designed controls is utilized, no electrical resonance that could
adversely affect turbo generators will be created and such a series compensator is “SSR free”.

7.5 STATIC SYNCHRONOUS SERIES COMPENSATOR (SSSC)

The SSSC based on a power electronic Voltage-Sourced Converter (VSC) connected through a
series power transformer already has been implemented in some test installations as part of a Unified
Power Flow Controller (UPFC). The main circuit arrangement is depicted in Figure 7.5. The transformer
provides the insulation between the converter and the high-voltage line and the converter can be
composed of a number of three-phase units working on a common DC capacitor. The converters utilize
fundamental frequency switching and several three-phase modules are combined through a magnetic
interface in order to obtain a multi-pulse voltage waveform that satisfies the requirements on harmonic
voltage generation. The converters may be of two-level or three-level type. The amplitude of the injected
compensating voltage mainly is determined by the DC voltage, but, at least in the three-level converters,
the amplitude can also be modified by controlling the converter voltage waveform. The leakage
inductance of the series transformer and the magnetic interface will be added to the line inductance.

series
trafo
transm. line 3 Yo\ 3 transm. line
|3
magn. interface
3 3
vSel ZSRSa | K 5= | vsc
L |

L

DC cap.

Figure 7.5 Outline of a multi-pulse SSSC using series transformer

The voltage that is inserted by the SSSC is strictly determined by the waveform command and the
instantaneous DC voltage. Thus the inserted voltage at subsynchronous frequencies is independent of the
line current, if the DC capacitor is sufficiently large and the bandwidth of the VSC control system is
limited. Therefore, the SSSC ideally has zero virtual impedance in the subsynchronous frequency range
and the SSSC can, in principle, be used to provide series compensation without causing SSR. The
situation when a high degree of fixed series compensation is replaced by a lower degree of fixed series
compensation plus an SSSC generating the remaining compensation voltage would appear as in the upper
diagram (“added X”) in Figure 7.3.
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However, in reality the size of the DC link capacitor will be limited and the control system is not
totally insensitive to subsynchronous components in the line current. The characteristic virtual impedance
of the SSSC due to these effects must be studied in detail in order to determine the behaviour of the SSSC
with respect to SSR in any specific case. It seems reasonable to believe that it is possible to design a
control system, where the generation of resonance conditions in the subsynchronous frequency range can
be avoided. Some results have been published already and it is expected that further results from
calculations and simulator testing will be presented in the future at technical conferences.

In another type of SSSC a power electronic converter using high frequency switching is used.
Figure 7.6 outlines such a converter. The switching is controlled by Pulse Width Modulation (PWM). An
AC filter is inserted in series with the VSC terminals in order to suppress the high-frequency frequency
harmonics caused by the switching.

series
trafo
transm. line 3 N\ 3 transm. line
VSC
3
o |i| N Ac ilter
DC cap. » ——

Figure 7.6 Outline of a SSSC using PWM modulation and series transformer

The bandwidth of the controlled inserted voltage can be quite high if the switching frequency is
kept sufficiently high and this makes it probable that the control system can be designed to mitigate
resonances in the subsynchronous frequency range. Analysis of the behaviour with respect to SSR can
only be made if details about the control system and the filter arrangement are available.
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Figure 7.7 Outline of SSSC using VSC modules in each phase

Alternatively a concept using power electronic converters connected directly in series with the
transmission line according to Figure 7.7 can be envisaged. In principle one single-phase converter is
inserted in each line phase. It is assumed that only fundamental frequency switching can be utilized in this
case due to the need for harmonic voltage suppression. Each converter should be located on a separate
platform, which should provide the insulation with respect to ground and the mutual insulation between
the different phases. Therefore each converter needs its on DC link capacitor. The same considerations
with respect to its SSR behavior as in the multi-pulse SSSC apply.

It is interesting to discuss this type of SSSC from the cost and from the footprint point of view.
However, a converter of this kind needs to be extremely robust since it must conduct the full short-circuit
current through the semiconductors. This restricts the types of components for this application. In the
author’s opinion the available semiconductor devices of today are not suitable for this application. Some
materials developed in long-term research and development, like silicon carbide (SiC), seem to be
interesting candidates for such converters located “in the power line”. Unless a breakthrough is achieved
in the research and unless a strong market pull for such SSSC installations is noticed, this development
will take a considerable time.

Finally it should be mentioned that some studies have been performed on a concept that utilizes
the PWM modulated SSSC as a means to mitigate SSR caused by, for example, fixed series
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compensation. In this case the SSSC, inserted close to the generator that shall be protected, is used
exclusively to produce voltage at the subsynchronous electrical frequencies that are relevant for the
protected generator. The rating of the SSSC becomes very small (< 5% of the generator rating) because it
does not produce any voltage at the network fundamental frequency.

7.6 ASSESSING SSR CONDITIONS USING THE FREQUENCY SCANNING METHOD

In order to assess the risk of SSR for a certain power system one must know the contingencies
under which the power system is supposed to operate, which generators that are at risk, the resonance
frequencies of the generator-turbine shaft system and the electrical damping curve for these generators. A
first evaluation can be made using “frequency scanning”. This concept means that an approximative
electrical damping curve is being calculated for each generator in every contingency case. The result is
then compared with the resonance frequencies for the critical generators. Typically the most severe
conditions occur in contingency cases that leave one generator or a group of generators radially connected
via a series compensated line to the power system.

The approximative electrical damping traditionally is calculated by evaluating the impedance
seen from the generator rotor in the frequency range from 0 to 2xfy, where fy is the network frequency.
The network should be configured in the contingency case under study. Other generators in the system
can be represented by their subtransient reactances. Under the assumption that the rotor flux is constant

AT,
the following formula for the electrical damping coefficient ( D, = Af'—M) can be derived as
nsh pU
f f
Del (fmech,k ) = l N +1|Re ! — N__ 1|{Re 1 +
2 fmech,k Z(fN + fmech,k ) fmech,k Z fN - fmech,k

(7.4)
where

fmechk 18 the frequency of mechanical resonance at mode k

N is the network frequency
Z(f) is the impedance seen from the generator at electrical frequency f

The formula shows that the conductance at supersynchronous frequencies provides a positive
contribution to damping while the conductance at subsynchronous frequencies provides a negative
contribution. The corresponding change of the exponential damping coefficient (constant o in the

exponential expression for the oscillation amplitude € ' for mode k) is given by

Del (fmech,k )

H, (7.5)

AGk (fmech,k ):

where Hy is the modal inertia constant for mechanical resonance at mode K.

The critical frequencies for the generator-turbine shaft system are then compared with the
calculated electrical damping in order to evaluate the risk of SSR. If the electrical damping in the vicinity
(some Hz) of the critical frequencies is negative with a magnitude that exceeds the mechanical damping
in the shaft system SSR is a problem. An example of a result obtained in such investigation is shown in
Figure 7.8. In the example the system is operated in an entirely radial configuration, which causes
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substantial electrical undamping in a large part of the subsynchronous frequency range. Figure 7.8 shows
that the electrical damping at the critical frequency 2 is negative with high magnitude and that some
modification must be made in order to make the system operable.

critical critical
freq 1 freq 2
0 | |
— —1 |
=}
a | |
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e I \ | /
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£ I \/\I /
= |
£ 3
g \ |
© -4 ! i
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mechanical torsional oscillation frequency [Hz]

Figure 7.8 Example of Frequency Scanning Result

A problem arises in the method described above when power electronic devices are involved in
the SSR study. They might be suspected to cause SSR problems or they are supposed to mitigate SSR
conditions produced by other equipment. The problem is that it may be difficult or impossible to describe
the response to an injected subsynchronous current component as a simple frequency-dependent
impedance. In this case a time-domain digital simulation program may be used to extract the electrical
damping curve.

To this end the generators and the electrical system with the contingencies that are applicable to
the studied case are modelled in the simuation program. At least the network surrounding the critical
generator and the series-compensated transmission lines should be carefully represented. A forced
sinusoidal speed variation with a subsynchronous frequency is applied on the generator shaft in the
model. The program calculates the responding electrical torque, which also is sinusoidal and has the same
frequency as the exciting speed modulation signal. The electrical torque signal is resolved into its
components in phase with and in quadrature with the speed variation. The quotient between the amplitude
of the oscillation component in phase with the speed variation and the amplitude of the speed variation
itself is the desired electrical damping. The frequency of the shaft speed modulation signal can be slowly
swept through the interesting subsynchronous frequency range with, for example, frequency slope 0.25
Hz/s. The electrical damping curve can then be extracted from the result of the time-domain simulation.
Figure 7.9 depicts the principle for this method to extract the electrical damping curve.
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Figure 7.9 Program structure using time-domains simulation to extract electrical damping

An example of an electrical damping curve where this method has been applied is depicted in Figure 7.10.
In this study the same system as in Figure 7.8 has been studied. TCSC has been included for the purpose
of SSR mitigation and active damping.

critical critical
freq 1 freq 2
07‘\.7“\ /H\ F
— I‘ /_
=}
sy NN
. sk AN/
o -2
= | [TCSC I \ .V
a | | SVR | actjve
% -3 I I damping
o | | added
— | [
o -4 I !
E L |
8 |
o | |
- !
10 15 20 25 30 35 40

45

mechanical torsional oscillation frequency [Hz]

Figure 7.10 Electrical damping extracted from a time domain simulation program
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An important advantage of the method based on time-domain simulation is that it may easily be
adapted to study the torques in the shaft system at transient events, for example, caused by short-circuits
in the transmission system. In this case the program control module in Figure 7.9 should be replaced by a
simulation model of the generator-turbine shaft system as shown in Figure 7.11.

time-domain simulation program

————— e — — — — —

network
model

shaft system mode/\

Figure 7.10 Transient torque study program structure

If the generator shaft system has critical resonance frequencies close to frequencies where the
electrical damping is negative such studies should be performed for possible short-circuit scenarios. The
reason is that very high stresses may occur in the shafts in the interconnecteing shafts between the
generator and turbine stages due to “torque amplification”. This phenomenon may cause an untolerable
loss of life expectancy of the shafts if it is not being alleviated.
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CHAPTER 8. EXISTING INSTALLATIONS

The first section of this chapter gives a brief overview about the components which are used in a
SSSC. 1t is followed by a description of existing high power electronic plants where an SSSC part is
included. Finally commissioning tests and field test results for the described installations are reported.

8.1 COMPONENTS OF AN SSSC

Figure 8.1 gives an overview of the SSSC main components, which are hightlighted in boxes.
These components will be explained below in alphabetical order.

High voltage

B UAMN
(YYYY)

Low voltage
C
F

Openloop | ¢ ™ 1 ™™ 1 m—m | —}—
PegoP I
Closed 100D | H D H
Control  frd rTrT
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| H  Auxpower |_| G Valve cooling plant

Figure 8.1 Overview of an SSSC single-line diagram

A Converters

The converters of the existing stations are made up by GTO devices and are based on 3 level
arrangements. Generally converters can be made up by thyristors (forced commutated configurations),
GTOs, IGCTs and IGBTs. The principal arrangement can vary from 2-level configurations using PWM
modulation up to multilevel configurations using fundamental switching technology. Details are
described in the VSC Topologies chapter.

B Series Transformer

SSSC is connected in series with the line. To couple the voltages which are generated in the
converter circuits at lower voltage levels towards the system a transformer is connected in series with the
line at high voltage side.

C Electronic By-Pass Switch

In case of system short circuits where the system short-circuit current can also flow through the
SSSC system-side transformer winding, the respective current will also arise on the low-voltage side
transformed by the transformer ratio. This current will also flow through the converter power electronic
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devices. Therefore electronic by-pass switches which can react immediately are typically installed in
parallel to the converter terminals. They are designed to take over the short circuit for a short time and are
released from these stresses by the operation of a primary conventional by-pass breaker.

D DC Capacitor

At the “DC” terminals of the converters the DC capacitor is connected. This DC capacitor is the
energy storage component of the VSC. The size of the DC capacitors is determined from the allowable
DC ripple contents and how fast voltage changes are required on the DC side. The DC capacitors can be
connected directly at the common DC terminals or to various levels of the converter (refer to the VSC
Topologies chapter).

E Harmonic intermediate transformer/Series Reactor

Harmonic intermediate transformers are used in existing SSSC installations based on GTO
semiconductors. The topology is built up such that the suppression of harmonics is achieved by specific
interconnections of separate converters by magnetic circuits. The converters are controlled by
fundamental switching technology to combine several converters such that the harmonics in the output
voltage are magnetically suppressed.

If several VSCs are operating in parallel they have to be decoupled by reactors. Each of the
parallel VSC is equipped with its own series reactor. The series reactor is designed to limit the di/dt
stresses of the converter components. Paralleling is used in newer installations based on IGBT devices.

F Harmonic Elimination Requirements

Future installations based on IGBT technology have several converters operating in parallel using
PWM control resulting in suppression of major harmonics. Typically they will use common filtering of
higher frequency harmonics at the bus where they are connected in parallel (refer to the chapter on Basic
VSC Structure and Harmonic Generation).

G Valve cooling plant

A cooling system for the semiconductor devices is necessary to limit the thermal stresses of the
individual devices. The size of the cooling system depends on the continuous and transient operation of
the SSSC and must also consider internal and system fault conditions. Typically ionized water cooling
technology can be used, configured as a single-circuit or double-circuit cooling system depending on the
environmental conditions. The cooling system purification is located inside the building with the pump
skids. Water to air heat exchangers are located outside. The cooling system is the major load for the
auxiliary power supply.

H Auxiliary Power

The major auxiliary load for the operation of a SSSC is the cooling system. DC power is provided
also to the converter poles for GTO/IGBT gating power and local pole control power. Station service
power is typically backed up by battery equipment (lead acid batteries and charging equipment).

I Control and Protection Equipment

The control includes the open-loop (sequence control) and closed-loop control (CLC). The
sequence control acts on start-up and shutdown, and communicates with all major components collecting
status information of the equipment. The CLC controls the SSSC according to its requirements from the
system. Depending on the converter configuration a different kind of control is used (refer to the chapter
on Basic VSC Switching Strategies). Each converter pole is typically made up by submodules which
include associated gate drive controls for each semiconductor level. Each pole has additional electronics
which are associated with the particular switching of the pole. The control signals from the CLC are sent
to the converter pole controls where the device firing and blocking are coordinated with the other series
connected devices. Communication is provided by fibre-optic cables. The control is connected by serial
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communication to all relevant parts of the SSSC including the cooling system. The control monitors
continuously the operation of all subsystems, collecting and analyzing the relevant status information.

Because of the importance of the SSSC controllability the features of the SSSC control is
described in more detail below.

8.1.1 Control

Vo, Vi, Vl
I, Transmission
i line
Vi  ~v
_—
A A AT P_> X ine
% y Q
- VSC SSSC
| Control
X line * line \ inj X line * line \ inj X line * line

line

(b) V.. =capacitive () V,; =inductive

inj

Figure 8.2 SSSC inserted voltage with respect to the line current
(a) neutral, (b) capacitive, (c) inductive

The SSSC controller injects the voltage Vi, in quadrature (i.e., at £90 degrees) with respect to the
transmission line current as illustrated in Figure 8.2. Therefore, the SSSC exchanges only reactive power
with the transmission line. The SSSC has the effect of changing the equivalent line impedance and
therefore, only the magnitude of the line current. As shown in Figure 8.2 (a), with Vj,; = 0, the magnitude
of the line current is unchanged; with capacitive Vj,; the line current magnitude is increased (as shown in
Figure 8.2 (b)); and with inductive Vi, the line current magnitude is decreased (as shown in Figure 8.2
(c)). The control of the magnitude of the line current enables control of real power flow P (MW) in the
transmission line. The real power flow can be increased or decreased from the nominal (uncompensated)
line power flow. In fact, the real power flow in the line can be reversed based on the change in the line
current magnitude (or the rating of the SSSC) and the nominal (uncompensated) line power flow value.

As mentioned in previous chapters, the SSSC is implemented with a Voltage-Source Converter
(VSC) connected in series with the transmission line. The basic operation of the Voltage-Source
Converter (VSC) is essentially to convert the dc voltage at their dc terminals into an ac voltage output, in
accordance with a vector reference that determines:

. the ratio between the DC-side and AC-side fundamental voltage, and

o the phase angle of the AC output voltage.
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The basic controller structure for the SSSC is shown in Figure 8.3. For SSSC control, as for
STATCOM, the VSC or the inverter can be operated with a constant ratio between the DC voltage and
the AC output voltage, as one control option. In this control method, the phase angle of the inverter
output voltage is thus the only control input. Changes in the magnitude of the output (series injected)
voltage are made by linearly charging and discharging the DC bus capacitors or changing Vg4c voltage.
The inverter voltage Vi is kept substantially in quadrature with the line current Iline. This can be done
with leading or lagging polarity so that the injected voltage Vi, appears in the line as inductive or
capacitive respectively. Charging of the DC bus capacitors (or V4. voltage) is controlled by allowing the
injected voltage to deviate slightly from a quadrature relationship with the line current, thereby
exchanging real power between the inverter (i.e., the DC capacitors) and the line. Clearly this mechanism
will only work when there is a sufficient level of line current to allow power exchange — typically 0.05-
0.1 pu line current. The control scheme thus has a singular region around zero line current which must be
avoided. In addition, the DC voltage control loop gain varies with the DC voltage and line current.
Adaptively changing the loop gains can compensate for this problem as shown in Figure 8.3.
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v A
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Adaptive
Gain
Calculator

el T

Figure 8.3 SSSC controller structure

As a second control option, the VSC can also be vector-controlled where the magnitude and
phase angle of the inverter output voltage are both independently controlled. In this case, the DC bus
voltage V. is regulated to a constant value, as compared to the SSSC controller in Figure 8.3, where the
DC bus voltage is linearly proportional to the magnitude of the output voltage.

The SSSC injected voltage (Viyj) control method shown in Figure 8.3 is an open-loop control —
that is, the operator “dials” in an injected voltage reference (as a percentage of the system bus voltage)
and depending on the line impedance, the magnitude of the line current changes. As it will shown by
commissioning results, because the injected voltage range is small (typically 5% to maximum of 10% of
the line/bus voltage), the line current magnitude change is linear. This is an important result because the
operator can apriori predict the voltage injection required for a given line current magnitude change. This
even allows the calibration of the real power changes to required voltage injection Vi, for a given
transmission line in p.u. This “linear” control aspect of SSSC is attractive to the operator for real power
dispatch, even with open-loop voltage injection Viy;.
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Figure 8.4 SSSC control structure for vector control and closed loop power flow

Figure 8.4 shows the SSSC control structure for vector control and closed-loop power flow
controller — in this case, the line real power Pjine (MW) can be regulated to a desired Prr. The real power
on the line is calculated based on the line/bus voltage and current at the point of SSSC voltage injection
bus. The power error is used to generate an injected voltage reference Vipject ref, Which is required to
increase or decrease the line current magnitude. Note that in this case, the line real power flow can be
increased or decreased from the nominal or uncompensated line power flow value, and can even be
reversed.

For the SSSC, the reactive voltage injection is chosen to influence the power flow on the line.
Capacitive injection tends to increase the magnitude of the line current and inductive insertion tends to
decrease it. With the SSSC, real and reactive power on the line cannot be independently influenced. In
principle, the choice of the reactive voltage reference for a particular change in line power can be made
automatically by a control loop. This automatic power flow control mode is as shown in Figure 8.4.

It is important to note that the reactive power flow Qjine (MVAR) on the transmission line with
the SSSC operation is uncontrolled — i.e., the reactive power flow on the line can increase or decrease
depending on the line impedance and voltage injection. This will be validated by field test results in
Section 8.2.2.2.

8.1.2 Protection

The protection includes conventional protection devices for the conventional equipment and fast
action protection functions in the control for the electronic devices of the VSC. The protection must
ensure that all components are operated within their design limits. Conventional over-current and over-
voltage protection is used for the conventional equipment. Special control-embedded over-current and
over-voltage protections limit the voltage and current stresses of the semiconductors.

The protective action for the SSSC is to bypass the series insertion transformer as shown in
Figure 8.5. This can be done mechanically by means of the bypass breaker, and/or electronically by
means of the secondary side fast-acting thyristor bypass switches (TBS). Protective bypass can be
initiated at any time and will also be initiated by the SSSC under irrecoverable internal failures and line
fault conditions. Because the SSSC inverter carries the line current but does not dictate its value, the
principal reason for bypass is inverter overcurrent protection. The method by which the SSSC comes out
of bypass after an overcurrent needs to be defined. Also the possibility of initiating only an electronic
bypass and not closing the mechanical bypass breaker can also be investigated. Several options exist —
including re-insertion of the SSSC after the system line fault condition. Consider the case of a 6-cycle
line fault. Due to the line fault, the overcurrent limit of the VSC is reached and the VSC is bypassed by
the fast acting thyristor bypass circuit. The low-voltage breaker (LVB) and the high-side breaker (HSB)
are both not closed and after the fault, the SSSC is re-inserted into the line with the same voltage injection
as the pre-fault condition. If the system line fault recurs within a certain pre-determined period or
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persists, both the TBS and the LVB can be closed to isolate the SSSC from the line, forcing a re-start of
the SSSC after the fault condition.
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Figure 8.5 Thyristor Bypass System (TBS) for protection of
series connected VSC based SSSC

8.2 DESCRIPTION OF EXISTING INSTALLATIONS

There are three SSSC installed on transmission grids, SSSC portions included in the Convertible
Static Compensator (CSC) installed on NYPA transmission system, SSSC included in the UPFCs
installed at at Inez, substation of AEP transmission system and the UPFC installed on the Korean
transmission system at Kanglin. The following sections describe the background of these installations,
summarize the technical data, and give an overview about the commissioning of the plants.

8.2.1 UPFC Inez, AEP, USA
8.2.1.1 Overview

Purpose

This installation developed from a collaboration between AEP, EPRI, and Westinghouse Electric
Corporation in 1996. The Inez area was selected due to requirements for an increase in power transfer
capability and for voltage support. The UPFC installation was part of a reinforcement project which also
included building of a high capacity line, a system transformer, and additional series reactors to limit
loads on existing lines.

Modes of operation
The UPFC Inez can be used as 2 x STATCOM, 1 UPFC, or 1 SSSC.

Single line - layout
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The single line of the UPFC Ines is shown in Figure 8.6 below. Figure 8.7 shows the arrangement of the
UPFC components in the Inez station.
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Figure 8.6 Single line of the UPFC Inez and connection to the 138 KV system

Series

Cooling
System
Heat
Exchangers

Shunt & Series UPFC Building
Intermediate Xfmers (Inverters & Controls)

Figure 8.7 Aerial view of the UPFC installation
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Basic data

HV system voltage 138 kV

LV system voltage 8.317kV

DC bus voltage +10.46 kV
Converter rating 2x+ 160 MVA
Type of semiconductor GTO4.5kV/4kA
Type of converter 3 level

Number of converter sections 4

Pulse number 48

Number of series connected GTOs 6/7

Cooling 50/50% EG/Water
Ambient temperature -37/40 °C

Commissioning schedule

The project was started in 1996. The commissioning started in1997. The dedication ceremony for the full
UPFC installation was on June 26, 1998.

The commissioning was carried out in various steps to cover the five main operating conditions:
UPFC changing real power (P)
UPFC changing reactive power (Q)
UPFC changing local bus voltage
UPFC keeping unity power factor
Series converter operating in SSSC mode

8.2.1.2 Commissioning and test results
Inverter #2 Test Plan for Operation in Series with Big Sandy Transmission Line

1. Background

The Inez UPFC installation comprises two £160 MVA voltage-sourced GTO-based inverters
arranged in a versatile power circuit configuration. The two inverters can be connected through the DC
bus or operated separately with no DC bus interconnection. Inverter #1 is dedicated as a shunt-connected
STATCOM, using either TR2 or the spare TR3 as the main coupling transformer. Inverter #2 can be
operated as a second shunt-connected STATCOM using TR3, or else connected in series with the Big
Sandy transmission line through the TR4 insertion transformer. When Inverter #2 is connected in series
with the line and joined to inverter #1 through the DC bus, then the two inverters constitute a full UPFC.
Alternatively Inverter #2 can be disconnected from Inverter #1 and connected in series with the line to
operate as an SSSC.

1. Introduction

Inverter #1 has been commissioned previously. Inverter #2 has already been commissioned to
operate as a second shunt-connected STATCOM in conjunction with the spare shunt transformer, TR3.
All of the preliminary checkout that would normally be specified for a newly installed inverter has thus
already been completed. This includes visual and functional checkout of the pole structures and all
auxiliary equipment such as cooling system and auxiliary power supplies.

This test plan specifies a sequence of tests to verify the capability of Inverter #2 to operate in
series with the line. In particular the tests are directed at the case where Inverter #2 is part of a UPFC,
although the functions checked also cover the requirements for SSSC operation and it should not be
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necessary to do further testing before proceeding to SSSC commissioning. The test sequence leads up to
and includes insertion of Inverter #2 into the line and basic checkout of operating modes, but does not
include a more formal array of commissioning tests that will be specified by AEP to verify the
performance of the equipment. Through all of the following tests it is assumed that the Big Sandy line
will be available for service. However, as a precaution, the Big Sandy line will be switched out during
the early steps of the tests to insure that the no disturbances introduced to the AEP system when the
UPFC equipment is switched in. It is also assumed that Inverter #1 will not be in service continuously,
and that it will be possible to start or stop it as needed for the various tests.

I11. Commissioning Test Results for Series Converter Operating in SSSC mode

For this test, the shunt inverter is disconnected from the DC terminals of the series inverter and is
completely out of service. Consequently the Inez bus voltage is not regulated. The series inverter injects
voltage into the line essentially in quadrature with the prevailing line current. The injection angle
deviates from true quadrature to draw real power from the line for inverter losses and to charge and
discharge the DC bus capacitor banks. By means of the quadrature voltage injection, the SSSC is able to
raise or lower the line current, but cannot independently alter P and Q. In principle, the SSSC can reverse
the direction of power flow on a line, but the control becomes difficult as the line current is reduced
through zero, at which point real power cannot be drawn from the line. SSSC operation is an important
subset of full UPFC operation, because it can be used when the shunt inverter is not available. A single
series-connected inverter installation may be the most cost effective solution for applications where a
simpler form of power flow control is sufficient.

The objective of the test is simply to show the SSSC raising and lowering the power on the Big
Sandy line. The SSSC is operated to control the magnitude and the polarity of the injected voltage (i.e.,
the line power is not automatically controlled). Voltage injections are selected to give a sequence of
approximately 100 MW, 180 MW, 250 MW, and finally 200 MW on the line (Figure 8.8). Note the
corresponding changes in Q. From the phasor diagrams (Figure 8.9) it can be clearly seen how ljine
maintains a constant phase relationship to Vi and is always in quadrature with V21 . The natural flow on
the line is between 100 MW and 180 MW. Consequently the polarity of Vs is reversed from lagging ljinc
to leading in this transition. The polarity reversal is accomplished by taking the DC bus voltage first to
zero, then raising it again with 180 degree phase shift in the inverter output voltage.
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Figure. 8.8 Case 5: Series inverter operating in SSSC mode
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Fig. 8.9 Case 5. Series inverter operating in stand-alone SSSC Mode
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8.2.2 UPFC Kangjin, Kepco, Korea

8.2.2.1 Overview

Purpose

The purpose for the UPFC Kangjin is the control of electrical power flow on transmission lines

and dynamic voltage regulation of the Kangjin substation bus. Further intentions include testing of

FACTS devices within KEPCO’s transmission system.

Modes of operation

The UPFC Kanjin can be used as a STATCOM, a UPFC or a SSSC.

Single line

The single line of the UPFC Kanjin is shown in Figure 8.10 below.

Basic data

HYV system voltage 154 kV

LV system voltage 4.285 kV

DC bus voltage +4.801 kV
Converter rating 2 x+£40 MVA
Type of semiconductor GTO 4.5kV /4 kA
Type of converter 3 level

Number of converter sections 4

Pulse number 24

Number of series connected GTOs 4/4

Cooling 50/50% EG/Water
Ambient temperature -37/40 °C

Commissioning schedule
Commissioning took place from July to November 2002.
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Figure 8.10 Single line of the UPFC Kanjin.
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8.2.2.2 Commissioning and test results

1. Background
The purpose for the Unified Power Flow Controller (UPFC) at Kangjin is the control of electrical
power flow on transmission lines and dynamic voltage regulation of the Kangjin substation bus.

The UPFC employs two identical voltage-sourced, GTO thyristor based inverters, each with a
nominal steady-state rating of +40 MV A, and each capable of full 4-quadrant operation. Each +40 MVA
inverter is structured to generate a three-phase, 24-pulse sinusoidal voltage waveform. Both converters
are connected to the 154 kV Kangjin substation through a 40 MVA shunt coupling transformer and a 40
MVA series transformer.

The simplified single-line diagram in Figure 8.10 shows the configurable connection of the
equipment in shunt and/or in series with the transmission lines. This allows the following three power
circuit configurations:

STATCOM (DC bus switch open) Configuration # 1: Inverter #1 connected to the shunt transformer
secondary and in shunt with the substation bus. Inverter #2 not used.

SSSC (DC bus switch open) Configuration # 2: Inverter #2 connected to the series transformer secondary
and in series with the transmission line. Inverter #1 not used.

UPFC (DC bus switch closed) Configuration # 3: Inverter #1 connected to the shunt transformer
secondary and in shunt with the substation bus. Inverter #2 connected to the series transformer secondary
and in series with the transmission line.

These power circuit configurations are summarized in Table 8.1. Please note that the circuit
breakers and disconnect switches shown are only the primary devices and the grounding switches and
other disconnects and breakers are not shown to simplify the table. These inverters can be reconfigured to
provide different modes of operation. For example, within a SSSC configuration, the series inverter may
be run in either voltage injection mode or the more sophisticated power flow control mode. This is also
true for the UPFC configuration, in which case also the series inverter may be run in either open loop
voltage injection mode or closed loop power flow control mode.

Table 8.1 UPFC Configurations with Switch States

Switch States

Inverter Connection (O=open, C=closed)

DC 6173 16200 (6472 |6471
Config  |Type Inv #1 to Inv #2 to Bus CB CB DS DS
1 STATCOM  |Sh Transf. not used O C C O (0]
2 SSSC not used Ser Transf. |O (0] (@) C C
3 UPFC Sh Transf. Ser Transf. |C C (0] C C

For safety, power circuit configuration changes are only permitted when the equipment is de-
energized and isolated from the line. Operating control mode changes, however, are permitted while the
inverters are running.

The KEPCO SSSC was tested in both the “open-loop” voltage injection control mode and
“closed-loop” automatic power flow control mode on the 154kV transmission line as indicated in Figure
8.11. The +1.0 pu injected voltage changes the power flow on the 154kV transmission line up to +43
MW as shown in the Table 8.2.
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Table 8.2 Test of SSSC Operating Range

Ref. V (p.u) Xi’ffon 89k V) zgllfzon 2200 A) E&%&efz 1(3411\36,:11
0.000 0.002 0.092 55 5
0.030 0.002 0.094 56 5
0.100 0.006 0.100 60 5
0.200 0.012 0.108 65 6
0.300 0.019 0.116 69 8
0.400 0.025 0.123 73 9
0.500 0.032 0.131 78 11
0.600 0.038 0.139 82 13
0.700 0.045 0.147 89 14
0.800 0.051 0.155 90 16
0.900 0.058 0.162 95 18
1.000 0.064 0.169 98 21
20.020 0.003 0.087 51 9

(a) Voltage injection control mode

The SSSC was first operated in open-loop voltage injection control mode to verify its operation
by measuring the line current magnitude (and power flow change). With the inverter #2 gating and the
bypass CB 6200 open, the injected voltage was slowly varied from 0 to +1 pu (capacitive) in gradual
steps and the effect on system parameters was noted as given in Table 8.2. The line power flow changed
from 55MW (at zero voltage injection or uncompensated line) to 98MW, an increase of 43MW on the
154kV transmission line. The line current magnitude increased linearly from 0.09pu to 0.17pu.

The SSSC voltage injection was not tried in the inductive region because the line current was too
low for predictable operation.

Note that as explained in Section 8.1.1, with the SSSC the change in line reactive power flow is
uncontrolled. With the given 154kV transmission line parameters, the line reactive power changes by
approximately +15SMVAR.

(b) SSSC dynamic characteristics

The dynamic characteristics of the SSSC were tested in “open-loop” voltage injection control
mode. All tests were performed under normal system conditions with the nominal (uncompensated) line
current of about 0.1 pu. The SSSC was energized into the transmission line at zero voltage reference. The
injected voltage reference was initially changed in small steps and then larger steps as the controller was
shown to be stable. The SSSC dynamic characteristics are shown with increased injected voltage
reference steps and ramp rates.

Table 8.3 shows the SSSC step response to voltage injection of +0.1pu and +0.2pu. The change in
the line current magnitude and the line power is shown before and after the step voltage injection. The
quantities tabulated for all the tables below are:

Transmission line current (‘ljine2” on the operator screen), per unit on 2200 Amps

Injected voltage (‘Vinj2” on the operator screen), per unit on 88.9 kV

Transmission line active power (“Piipez” on the operator screen), MW

Transmission line reactive power (“Qiine2” on the operator screen), MVAR
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Table 8.3 SSSC step response

SSSC Voltage BEFORE AFTER

Injection line2 Vini2 Pinc2  [Qiinc2 line2  Vini2 Piinez  [Qiinc2
VRef Change  |pu)  |(pu)  |(MW) |MVAR) |pw |puw)  |oMw) |MVAR)
0.3 To (0.4 0.113 0.019 67 -7 0.121 10.025 72 -8

04 To |0.3 0.121 0.025 72 -8 0.113 [0.019 68 -3

0.3 To [0.5 0.112 0.019 68 -3 0.128 [0.032 77 -5

Figure 8.11 shows the SSSC injected voltage step response from 0.3 pu to 0.6 pu. The injected
voltage increase and the DC bus voltage change are shown to change in 600 ms. The injected voltage
reference ramp rate is 0.94 pu/sec.

Tek 10.0kS/s 3 AcCqs

-

Chi s00mv  ChH3 To0mv W 100ms Ch3 #  200mv

NMath1 S00my 100ms

Figure 8.11 SSSC step response with injected voltage reference
(+0.3pu to +0.6pu)
Channel 1 = Phase A Bus voltage (VB1A), scaling: 0.5V peak = Ipu
Channel 2 = Phase A line current (ISEP1A), scaling: 0.5V peak = 1pu
Channel M1 = Total DC voltage (VDC2P — VDC2N), scaling 1V = 1pu

Table 4 shows the SSSC step response to voltage injection of +0.4 pu and +0.5 pu with a higher
controller gain. The change in the line current magnitude and the line power is shown before and after the

step voltage injection.

Table 8.4 SSSC step response

SSSC Voltage BEFORE AFTER

Injection line2 Vini2 Pine2  |Qline2 line2  Vin2 Pline2  |Qline2

V Ref. Change (pw) (pw) MW) [(MVAR) [(pw) |(pw) MW) |[(MVAR)
0.2 To 0.6 0.106 0.013 64 2 0.138 10.039 82 -2

0.6 To |0.2 0.138 0.039 82 -2 0.106 10.013 64 2

0.2 To (0.7 0.106 0.013 64 2 0.145 10.045 86 -3

Figure 8.12 shows the SSSC injected voltage step response from 0.3 pu to 0.6 pu. The injected
voltage increase and the DC bus voltage change are shown to change in 300-400 ms. This result shows
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the impact of the higher controller gain resulting in a faster response. Figure 8.13 shows the SSSC
injected voltage step response from 0.2 pu to 0.7 pu. The injected voltage increase and the DC bus voltage
change are shown to change in 600-800 ms. This verifies that response time is proportional to the step of
the injected voltage. The injected voltage reference ramp rate is 0.94 pu/sec for both cases.

Tek 10.0KkS-s

i

M1

TH1  Soomv = To TRT Tooms Ch3 o TFomvY
mlath 1 400 myw 100MmMs

Figure 8.12 SSSC step response with injected voltage reference (+0.3 pu to +0.6 pu)
Channel 1 = Phase A Bus voltage (VB1A), scaling: 0.5V peak = 1pu
Channel 2 = Phase A line current (ISEP1A), scaling: 0.5V peak = 1pu
Channel M1 = Total DC voltage (VDC2P — VDC2N), scaling 1V = 1pu

Tek EIEIsH 10.0KSCs 1 ~Acqs

L 3 :
L 1 i
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nMathl 2 O00Mmy T00MmMs

Figure 8.13 SSSC step response with injected voltage reference (+0.2 pu to +0.7 pu)
Channel 1 = Phase A Bus voltage (VB1A), scaling: 0.5V peak = 1pu
Channel 2 = Phase A line current (ISEP1A), scaling: 0.5V peak = 1pu
Channel M1 = Total DC voltage (VDC2P — VDC2N), scaling 1V = 1pu

Table 8.5 below shows the SSSC step response to voltage injection of +0.5 pu with an increased
injected voltage reference ramp rate from 0.94 pu/sec to 2.8 pu/sec (three times increase). The change in
the line current magnitude and the line power is shown before and after the step voltage injection.

Figure 8.14 shows the SSSC injected voltage step response from 0.2 pu to 0.7 pu. The injected
voltage increase and the DC bus voltage change are shown to change in 300-400 ms. This result show the
impact of the higher injected voltage reference ramp rate resulting in a faster response. The response also
shows a slight overshoot in the dc bus voltage.
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Table 8.5 SSSC step response

SSSC Voltage BEFORE AFTER

Injection line2 Vini2 Pline2  |Qline2 line2  |Vini2 Pline2  |Qline2

V Ref. Change (pw) (pw) MW) |(MVAR) |(pw) |(pw) MW) |((MVAR)
0.2 to (0.7 0.106 0.013 64 2 0.146 10.045 88 3

0.7 to (0.2 0.146 0.045 88 3 0.106 10.013 64 2

Tek SR 10.0k5f§ 1 Acqs

=
]

M {4

Chi 500mv — Ch2 T00mv M T00ms Ch3 F  160mV
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Figure 8.14 SSSC step response with injected voltage reference = 0.2 pu to 0.7 pu
Channel 1 = Phase A Bus voltage (VB1A), scaling: 0.5 V peak =1 pu
Channel 2 = Phase A line current (ISEP1A), scaling: 0.5 V peak = 1 pu
Channel M1 = Total DC voltage (VDC2P — VDC2N), scaling 1 V =1 pu

Table 8.6 shows the SSSC step response to voltage injection with an increased injected voltage
reference ramp rate from 2.8 pu/sec to 5.6 pu/sec, and reduced integral controller gain to reduce the
overshoot observed in the DC bus voltage in Figure 8.14. The change in the line current magnitude and
the line power is shown before and after the step voltage injection.

Table 8.6 SSSC step response

SSSC Voltage BEFORE AFTER

Injection line2 Vini2 Pline2  [Qiine2 lin2  [Vini2 Plinez  |Qline2

V Ref. Change (pw) (pw) MW) [(MVAR) [(pw) |(pw) MW) |[(MVAR)
0.2 to 0.8 0.106 0.013 64 2 0.152 [0.052 91 2

0.8 to 0.2 0.152  [0.052 |91
0.2 to |0.9 0.105 [0.013 |63
0.9 to (0.2 0.160 [0.058 |96
0.2 to |1.0 0.105 [0.013 |63

0.105 |0.013 |63 6
0.160 0.058 [96 1
0.105 |0.013 |63 6
0.167 (0.065 {101 0

(o) Ll Ko)Y I NS

Figures 8.15 and 8.16 show the SSSC injected voltage step response from 0.2 pu to 1.0 pu and
from 1.0 pu to 0.2 pu, with the voltage injection ramp rate of 5.6 pu/sec. This means that the injected
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voltage reference is ramped from 0 to 1.0 pu in approximately 180 ms which is approximately 11 cycles.
The injected voltage increase and the DC bus voltage change are shown to change in 350 ms. This result
shows the impact of the higher injected voltage reference ramp rate resulting in a faster response. The
response shows slightly less overshoot in the DC bus voltage due to lower integral controller gain.

In this SSSC tests, it was not possible to inject inductive voltage due to limits imposed by the
network, i.e., the line current was too low.

Tek EIEEH 10.0kS/s . 1 Acqs

-
T

Chi S00mv  Ch2 Toomv W 100ms CRA3 5 180mVv

lath 1l 1.00 v 100ms

Figure 8.15 SSSC step response with injected voltage reference = 0.2 pu to 1.0 pu
Channel 1 = Phase A Bus voltage (VB1A), scaling: 0.5 V peak = 1 pu
Channel 2 = Phase A line current (ISEP1A), scaling: 0.5 V peak =1 pu
Channel M1 = Total DC voltage (VDC2P — VDC2N), scaling 1 V=1 pu
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Figure 8.16 SSSC step response with injected voltage reference = 1.0 pu to 0.2 pu
Channel 1 = Phase A Bus voltage (VB1A), scaling: 0.5 V peak = 1 pu
Channel 2 = Phase A line current (ISEP1A), scaling: 0.5 V peak = 1 pu
Channel M1 = Total DC voltage (VDC2P — VDC2N), scaling 1 V=1 pu
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8.2.3 CSC Marcy, NYPA, USA
8.2.3.1 Overview

Purpose

The project Convertible Static Compensator (CSC) was developed by New York Power Athority
(NYPA) and Electric Power Research Institute (EPRI) to establish further control concepts for all the
inverter-based FACTS Controllers on one side and also to provide benefits to the New York Transmission
system that would allow additional system flow for a variety of loading patterns and contingencies.
Transmission planning studies have shown that for many conditions the CSC could allow increases of 120
MW and 240 MW across the Central-East and Total-East interfaces, respectively. In addition, the CSC
has potential to improve system dynamic damping and operating flexibility.

Modes of operation
The CSC can be used in eleven configurations:

STATCOM 1
STATCOM 2
both STATCOM
SSSC 1
SSSC 2
Both SSSC
STATCOM 1 + SSSC 2
STATCOM 2 +SSSC 1
UPFC 1
UPFC 2
IPFC

Basic data

HYV system voltage 345 kV

LV system voltage 5.357kV

DC bus voltage +6.014 kV
Converter rating 2 x+£100 MVA
Type of semiconductor GTO 4.5 kV/4 kA
Type of converter 3 level

Number of converter sections 4

Pulse number 48

Number of series connected GTOs 5/5

Cooling

50/50% EG/Water

Ambient temperature

—34/38°C

Commissioning schedule

The project was finally commissioned in October 2003

Single line

The single-line diagram of the CSC Marcy is shown in Figure 8.17.
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Fig. 8.17 Single-line diagram of the CSC Marcy Substation

The CSC installed at the Marcy 345 kV substation as shown in Figure 8.17, consists of two 100
MVA voltage source inverters, two 100 MVA series transformers, and a single 200 MV A shunt
transformer with two identical secondary windings. The low-voltage disconnect switches allow utilization
of the two inverters in various shunt and series configurations. The CSC provides four basic
functionalities, namely, STATCOM, SSSC, UPFC, and IPFC, resulting in a total of 11 different
configurations on both the 345 kV lines, as shown in Figure 8.17. Each series configuration also has a
Thyristor Bypass Switch (TBS1 and TBS2), a low-side and high-side circuit breaker (LVCB and HSB)
for fault protection as shown in Figure 8.18.
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8.2.3.2 Commissioning and test results

NYPA CSC System Description

A simplified one-line diagram of the general CSC configuration is shown in Figure 8.18. The

circuit configuration selection display is shown in Figure 8.19.

Volney AT1 AT2
A A
Marcy 345 kV
North Bus W \
4 7
New
Scotland
(UNS)
Series
N N ~
7 4 TR2
Marcy 345 kV l
South Bus To
INV2
v Coopers
i Corners
1 Edic
Shunt | co— i (ucc)
TR |~y Series
l l' TR1
To To To
INV1 INV2 INV1

Fig. 8.18 Simplified one-line diagram of Marcy 345 kV substation with the CSC connections
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Figure 8.19 Eleven possible configuration selections of CSC
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NYPA CSC System SSSC Test Result

The NYPA CSC system SSSC was tested in both the “open-loop” voltage injection control mode
and “closed-loop” automatic power flow control mode on both the UCC and UNS lines (as indicated in
Figure 8.18). The 1.0 pu injected voltage changes the power flow on the UCC line up to +60 MW
(Figure 8.20) and on the UNS line up to +100 MW (Figure 8.21).
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Figure 8.20 SSSC 1 Operating Characteristics

SSSC Inverter 2 (UNS-18) in voltage injection mode
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Figure 8.21 SSSC 2 Operating Characteristics
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(a) Voltage injection control mode

To understand the SSSC operation and its influence in line current magnitude change and real
power flow change on the UCC and UNS lines, the SSSC was started in the “open-loop” voltage injection
mode. The voltage injection was slowly increased in steps of +0.1 pu to +1.0 pu on one end and then
decreased to —1.0 pu. At each step, system parameters such as line current magnitude, real and reactive
line power flows, and voltage across the SSSC were recorded. The SSSC voltage injection is in
quadrature with the line current which was essentially in phase with the Marcy bus voltage. The
quadrature (q) axis voltage injection has more influence on the real power flow in the transmission line.
This is because this direction of voltage injection changes the phase of the transmission line voltage
which mainly affects the real power flow in the line. The SSSC voltage injection does change the
transmission line voltage magnitude enough to influence the reactive power flow but the main influence is
on the real power. As mentioned above (in Section 8.1.1), the change in line reactive power flow is
uncontrolled.

Tables 8.7 and 8.8 summarize the system parameters recorded at various voltage injection
reference values from +1.0 pu to —1.0 pu on the Coopers Corner (UCC) and New Scotland (UNS) lines
respectively. The maximum change in power flow on the Coopers Corners (UCC) line from zero to +1.0
pu voltage injection is an increase of 58 MW and from zero to —1.0 pu is a decrease of 64 MW. The
maximum change in power flow on the New Scotland (UNS) line from zero to +1.0 pu voltage injection
is an increase of 101 MW and from zero to —1.0 pu is a decrease of 110 MW. From the test results it
could be seen that the SSSC on the New Scotland line has more influence on the real power flow than the
SSSC on the Coopers Corner line. The DC bus measurements show how the SSSC controls the injected
voltage by controlling the DC bus voltage Vq.. In the voltage source converter (VSC) circuit topology
used in the CSC, the DC bus voltage is linearly proportional to the injected voltage. If the VSC was
“vector controlled”, meaning that the magnitude and phase of the converter voltage can be independently
controlled, then the DC bus voltage would be regulated to a constant value. In this case, the SSSC
injected voltage would be controlled by varying the pulse-width of the converter voltage.

Table 8.7 SSSC 1 voltage injection affect on UCC2-41 line power flow

Plinel | Qlinel el | fmel || whag || ool | B Neg.
(MW) (MVAR) | (pu) o) ) Inj Volts | DC Bus | DC Bus
Ref. (kV) (kV)
605 31 0.326 1.031 | 0.904 1.0 5.95 6.05
589 24 0.316 1.033 | 0.706 0.8 4.92 4.77
575 19 0.310 1.032 | 0510 0.6 3.59 3.58
563 14 0.303 1.032 | 0313 0.4 2.33 2.37
555 11 0.298 1.031 | 0.116 0.2 1.22 1.16
547 9 0.296 1.030 | 0.033 0.05 0.28 0.31
487 14 0.263 1.026 | 1.065 1.0 6.02 6.03
503 9 0.273 1.026 | 0.869 0.8 4.81 4.84
517 5 0.278 1.027 | 0.671 0.6 3.58 3.55
528 2 0.285 1.028 | 0.474 0.4 235 2.39
541 3 0.291 1.028 | 0278 0.2 1.18 1.21
551 6 0.298 1.029 | 0.079 0.0 0.02 0.02
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Table 8.8 SSSC 2 voltage injection affect on UNS-18 line power flow

Pline2 | Qline2 |Tline2 | Vline2 | Vinj2 Isris\fozhs g‘l’lss' bC gsf' bC

Mw) | MVAR) [ few en | YO R | e
767 37 0409 | 1.040 | 0.104 | 00 001 | 002
784 23 0419 | 1.041 | 0089 | 02 120 | 1.08
806 51 0431 | 1042 | 0285 | 04 253 | 241
829 58 0442 | 1042 | 0479 | 06 364 | 355
849 65 0450 | 1.043 | 0675 | 08 475 | 473
868 73 0463 | 1044 | 0872 | 10 596 | 588
666 8 0360 | 1.033 | 1089 | -1.0 | 59 | 612
695 1 0372 | 1034 | 0893 | -08 | 498 | 481
713 20 0383 | 1035 | 0697 | -06 | 355 | 361
736 27 0393 | 1036 | 0502 | -04 | 239 | 242
751 32 0402 | 1038 | 0302 | -02 121 122
776 20 0416 | 1.038 | 0.105 | 00 001 | 001

Figure 8.20 shows the SSSC1 (SSSC in UCC line) operating points in “open-loop” voltage
injection control mode. The change in real and reactive power flow at +1.0 pu voltage injection points
are indicated. A plot of the Coopers Corners (UCC) line current versus injected voltage indicates a linear
relationship. The change in real and reactive power flow at various voltage injection points is also
indicated in Figure 8.20. The nominal (uncompensated) operating line power flows are 547 MW and 9
MVAR. It can be seen that the reactive power flow in the line is uncontrolled and equal to +22 MVAR.
The plot of line P and Q is also shown in Figure 8.20.

Figure 8.21 shows the SSSC2 (SSSC in UNS line) operating points in voltage injection control
mode. The change in real and reactive power flow at +1.0 pu voltage injection points are indicated. A plot
of the New Scotland (UNS) line current versus injected voltage indicates a linear relationship. The change
in real and reactive power flow at various voltage injection points is also indicated in Figure 8.21. The
nominal (uncompensated) operating line power flows are 767 MW and 37 MVAR. It can be seen that the
reactive power flow in the line is uncontrolled and equal to —32 MVAR and +36 MVAR. The plot of line
P and Q is also shown in Figure 8.21.

Figure 8.22 shows the Marcy Bus voltage, line voltage, line current, and injected voltage on the
Coopers Corners (UCC) line for a voltage injection reference of negative 0.8 pu. The line current is in
phase with the bus voltage and the injected voltage is in quadrature with the line current. The phase angle
convention is such that for inductive compensation the injected voltage leads the line current by 90
degrees. In this case the injected voltage is calculated from the difference between the Marcy bus voltage
and the line voltage (Vbus—Vline). The waveform shows the line voltage slightly lagging the bus voltage
which will tend to reduce real power flow in the line.

Note that with the SSSC, reactive power flow on the lines is uncontrolled, as indicated in Figures
8.20 and 8.21. The slight angular deviation of voltage injection from the g-axis (as shown in Figures 8.20
and 8.21) is due to the requirement of real power for inverter losses. Since the voltage injection is
measured on the line side, the transformer leakage voltage drop is shown as subtracting/ adding on the
positive/negative g-axis, respectively. This explains the small difference in the net real power flow
change for +1.0 pu voltage injection, as shown in Figures 8.20 and 8.21.
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Figure 8.22 SSSC 1 voltage injection at V_ref=-0.8 pu

The Figure 8.23 shows the Marcy Bus voltage, line voltage, line current, and injected voltage on
the New Scotland (UNS) line for a voltage injection reference of positive 0.5 pu. The line current is in
phase with the bus voltage and the injected voltage is in quadrature with the line current. The phase angle
convention is such that for capacitive compensation the injected voltage lags the line current by 90
degrees. The injected voltage was measured across the series transformer secondary winding.
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L

—
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W5.00ms Tine 7 4.8V 18 sep 2003
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Ch3 = N.S. Line current Ph-C (5V = 1pu), Ch4 = Marcy Bus voltage Ph-C (5V = 1pu)
Math = TBS C1 voltage - TBS C2 voltage (injected voltage scale 1V =2000V)

Figure 8.23 SSSC 2 voltage injection at V_ref=+0.5 pu
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(b) Power Flow control mode:

The SSSC at NYPA was also tested in “closed-loop” power flow control mode. The real power
flow reference was slowly increased in steps of 5 MW until +1.0 pu voltage injection was reached. The
real power flow reference was then reduced in steps of 5 MW until -1.0 pu voltage injection was reached.
At each step it was verified that the control was stable and regulated the real power flow in the line
properly.

The range of controllable real power flow on the Coopers Corners (UCC) line during the test was
458 MW and up to 554 MW. The range of controllable real power flow on the New Scotland (UNS) line
during the test was 670 MW and up to about 910 MW. These controllable power flow ranges are as
expected, and exactly the same as the results obtained by “open-loop” voltage injection control mode case
as given in Figures 8.20 and 8.21.

Figure 8.24 illustrates the ability of SSSC to control real power flow on the UCC line (i.e.
Coopers Corners) in the automatic power flow control mode. The real power reference in the line is 480
MW. In this case, the SSSC was used to reduce the real power flow to 480 MW from the uncompensated
real power flow of 502 MW. At the end of the test the SSSC was shutdown and the line power returned
to 502 MW. The regulation of the real power flow in the line is achieved by the SSSC by constantly
adjusting its voltage injection magnitude as shown in Figure 8.24. This implies that due to system
condition changes the line current magnitude is regulated by the SSSC to keep the real power flow
constant on the line. The horizontal axis on the figure is time. This result validates the automatic power
flow control mode for the SSSC.
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Figure 8.24 SSSC 1 in power flow control (set at 480 MW)

Figure 8.25 illustrates the ability of SSSC to control real power flow on the UNS line (i.e., the
New Scotland line) in the automatic power flow control mode. In this case, the SSSC was used to boost
and regulate power flow by as much as 100 MW to 840 MW. The uncompensated real power flow in the
line was 740 MW. At the end of the test the SSSC was shutdown and the line power returned to 740 MW.
The horizontal axis is time. The regulation of the real power flow in the line is achieved by the SSSC by
constantly adjusting its voltage injection magnitude as shown in Figure 8.25. This implies that due to
system condition changes the line current magnitude is regulated by the SSSC to keep the real power flow
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constant on the line. The horizontal axis on the figure is time. This result validates the automatic power
flow control mode for the SSSC.

Power Flow MW (reference set at 840 MW)
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Figure 8.25 SSSC 2 in power flow control (set at 840 MW)

(¢) SSSC - Dynamic System Testing

The dynamic characteristics of the SSSC were tested in both “open-loop” voltage injection mode
and “closed-loop” power flow control modes. All tests were performed under normal system conditions.
The effect of the step changes on the Coopers Corners (UCC) line are summarized in Table 8.9. The
effect of the step changes on the New Scotland (UNS) line are summarized in Table 8.10. The ramp rate
refers to maximum allowed rate of change of the injected voltage Vi, as a ramp. The ramp rate is
important since a fast change of injected voltage may saturate the series transformer. Tables 8.9 and 8.10
show the step change in injected voltage and the resulting change in real and reactive power in the line.
Note that with the SSSC voltage injection, the reactive power in the line is uncontrolled.

Table 8.9 SSSC 1 step response, voltage injection mode

Ramp Rate V(q Reference Change AMW | A MVAR
1 1.00 pu to 0.50 pu =31 —-10
1 0.00 pu to -0.50 pu =30 —-10
1 —-1.00 pu to -0.50 pu +36 +12
1 —0.50 pu to -1.00 pu —33 —11
1 —-0.50 pu to 0.50 pu +62 +20
1 0.75 pu to —0.75 pu —86 —24
1 -1.00 pu to 1.00 pu +126 +38
1 1.00 pu to -1.00 pu —123 —38
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Table 8.10 SSSC 2 step response, voltage injection mode

Ramp Rate Vq Reference Change A MW A MVAR
1 0.00 pu to 050 pu +66 16
1 050 pu to 1.00 pu +54 14
1 1.00 pu to 0.50 pu -55 —15
1 050 pu to 0.00 pu -52 —12
1 0.00 pu to -0.50 pu —58 —11
1 —-0.50 pu to -1.00 pu —58 —11
1 —-1.00 pu to -0.50 pu +58 +10
1 —0.50 pu to 0.00 pu +54 +12

Figure 8.26 shows the dynamic response of SSSC 1 on the Coopers Corners (UCC) line for a
voltage injection control mode reference of 0.5 pu to 1.0 pu (left graph) and 1.0 pu to 0.5 pu (right graph).
The increase and decrease in the Phase A injected voltage is shown. Here the voltage injection ramp rate
was set to 1. At this ramp rate a 0.5 pu injected voltage step change resulting in 30 MW of real power

flow change takes around 500-600 ms.
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Figure 8.26 SSSC 1 voltage step change from 0.5 pu to 1.0 pu and from 1.0pu to 0.5pu

Figure 8.27 illustrates the SSSC step response of 100 MW in power flow control mode on the
New Scotland (UNS) line. Here the DC bus voltage is displayed and is proportional to the injected
voltage. For this step change the injected voltage transitions from negative to positive so the SSSC must
control the DC bus voltage down to zero, then ramp it back up. A similar result is shown in the Figure

8.28 for a decrease in the power flow reference.

134



CIGRE B4-40/SSSC Installation

Tek Single S(raq 25.0 5/s
T
-

"""" Chizoom: 20.0Xvert 0.5XHorz ' = |A:isimv
@: 958mv
Vdc_reference
Vdcﬁpositive
. . . . . . P,meiNS
; : ST 670 MW
X X line- NS
3 bbb S b b b b e b b e P“"GJ“S”O’"‘"a'
) : : : 610 MW
[ Pine s : :
57OMW ....... ......... ............
N dcﬁneggative
50.0mV M 4.00s hY 3.96V 10 Oct 2003
Ch3 1.00v

BSSC2570to 670 MW ] 17:50:50
Chl : Pline MW (35 MW/div), Ch2: Reference change (trigger), Ch3 : Neg DC bus, Ch4: Pos DC bus
(5V=1pu=6kV)
Figure 8.27 SSSC 2 step change in power flow control from 570 MW to 670 MW

Tek Single Streq 25.05/s
T.
[ I

k|
1

"~ Ch1zoom: 20.0Xvert O0.5XHorz °©  Ar15Imv

- {@; 958mv
.”V'dc'_re'fe'réncé""""""””""""':"""”'
Vdc_positive
: ; P\me NS nominal
3 H i i T
e Plinens. ]
- - : | Pine ns

: : { 570 MW

dc_negative

1+
ch3

BSSC2Z670To S70MW 1 17:58:02
Chl : Pline MW (35 MW/div), Ch2: Reference change (trigger),
Ch3 : Neg DC bus, Ch4: Pos DC bus (5V =1 pu=6kV)

1.00¥

Figure 8.28 SSSC 2 step change in power flow control from 670 MW to 570 MW

(d) Dual SSSC (SSSC1 on UCC and SSSC2 on UNS line) Testing

This test demonstrated the capability of the dual SSSC (configuration 6 as shown in Figure 8.19),
i.e., SSSCI on the UCC line and SSSC2 on UNS line simultaneously. Although each SSSC operates
independently, there is an interaction between the Coopers Corners (UCC) line and New Scotland (UNS)
line. An increase in real power flow in one line results in a slight decrease in real power flow on the other
line. The dual SSSC allows one line to operate at full positive voltage injection with the other line at full
negative voltage injection. Table 8.11 shows the change in real power flow for each line at different SSSC
operating points.
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Table 8.11 Dual SSSC operating points - SSSC1 on UCC & SSSC2 on UNS lines

Time Pline 1[SSSC 1 Inj|Pline 2 |SSSC 2 Inj
(MW) V Ref (MW) V Ref
18:27:31 | 460 1.0 718 1.0
18:28:13 | 398 0.0 726 1.0
18:28:52 | 338 -1.0 739 1.0
18:29:36 | 356 -1.0 642 0.0
18:30:09 | 366 -1.0 530 -1.0
18:31:10 | 428 0.0 519 -1.0
18:31:47 | 413 0.0 622 0.0
18:36:38 | 499 1.0 530 -1.0
18:37:20 | 424 0.0 640 0.0

In the dual SSSC configuration, both SSSCs were operated in voltage injection control mode and
power flow mode. It was verified that there is no control interactions between SSSC1 and SSSC2 in both
voltage injection control mode and power flow control mode.
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8.2.3.3 Operational experience
CSC Description

The New York Power Authority (NYPS) is a generation and transmission utility and is the largest
state-owned power organization in the United States. It provides about 25% of the total New York State
load, operating 18 generating facilities and more than 1,400 circuit-miles of transmission lines. Recently,
NYPA has installed a £200 MV A Convertible Static Compensator (CSC) at the Marcy 345 kV substation.
The CSC installation has been done in two phases; Phase I was commissioned in February 2001 and
placed 345 kV £200 MVAr STATCOM in service. The STATCOM regulates voltage at the Marcy bus.
The second and final phase was finished in July 2004 and commissioned the so-called series and
combined modes of the CSC, namely, SSSC, UPFC and IPFC. With the second phase included, the CSC
has capability to regulate bus voltage and control real and reactive power flows on two transmission lines
leading from Marcy substation to New Scotland (UNS-18 line) and Coopers Corners (UCC-41 line)
substations.

A simplified one-line diagram of the New York transmission system is shown in Figure 8.29. It
should be noted that low-cost hydro-generation is located in the northern and western parts of the NY
State whereas major loads and high-cost generation are in the south east, in and around New York City.
The Total East and particularly Central East interface, made of seven transmission lines ranging in
voltage from 115 kV to 345 kV, are voltage-constrained to any further increase in power transfer over
6150 MW and 2880 MW, respectively . Prior to the CSC installation, two major studies were performed
by NYPA to identify the NY state power system constraints and investigate benefits of using a FACTS
Controller to alleviate those constraints.

Figure 8.29 One-Line Diagram of New York State Power System

A simplified representation of the CSC scheme is shown in Fig. 8.30. The CSC employs two
identical voltage-sourced GTO-based converters that can be, through disconnect switches, connected in a
number of different configurations. The converters are three-level voltage-sourced converters structured
to generate a three phase 48-pulse sinusoidal voltage waveform at the output terminals. The arrangement
is flexible such that the converters can be connected either in shunt with the Marcy bus or in series with
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the UCC-41 and UNS-18 transmission lines, respectively. The DC buses of the two converters may also
be joined allowing the converters to exchange real power.

By selecting the appropriate switch positions the following configurations of the equipment are
possible:

STATCOM (£100 MVAr or £200 MV Ar)

SSSC (=100 MV Ar on one or £200 MV Ar both lines)
Independent STATCOM and SSSC (£100 MVA each)
UPFC (£200 MVA; switch between DC capacitors closed)
IPFC (=200 MVA; switch between DC capacitors closed)

Marcy 345 kV New Scotland

Coopers
Corner
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Figure 8.30 A Simplified Representation of the CSC Scheme

CSC Two-SSSC Operation

Once a year, the CSC equipment is exercised in all configurations and control modes to check the
operability of the equipment and to allow the system operators time in front of the control console to
refresh their skills in operating the device. In addition to this exercise, there is the CSC Operator Training
Simulator (OTS) customized for NYPA to facilitate the training of power system operators and planning
engineers on the functions of the device. The OTS is envisioned as a learning tool to test “what if
scenarios” for advanced transmission technologies, as well as for every day use of the operators, and
realistically simulates the CSC controller configurations, control modes, control setpoints, and dispatch
variables.

Out of the possible eleven CSC configurations, most of the time the CSC is operated as a =200
MVAr STATCOM in VAR reserve control mode. The STATCOM’s output, when in this mode, is limited
to the operating points within the pre-set inductive and capacitive boundaries. This control allows
STATCOM to respond to the system voltage changes within the boundaries and still have enough VAR
reserve to respond to a possible system contingency.
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The two £100 MV Ar SSSC configuration, in addition to the described £200 MVAr STATCOM
configuration, was recognized as one of the preferred configurations in which to operate the CSC. There
are two possible control modes for the SSSC: constant voltage insertion and automatic real power flow
control mode. In the constant voltage insertion mode, the desired voltage is inserted in series with the
transmission line to increase or decrease real power flow depending on the polarity of the inserted
voltage. In the automatic power flow mode, the real power flow on the transmission line is adjusted to
match the desired real power flow. It should be noted though, that the automatic power flow mode is not a
preferred operating mode. It is used only to obtain the desired real power flow on the line, and the SSSC
is switched back to the constant inserted voltage that matches the desired real power flow.

A good example of the dual £100 MV Ar SSSC operation was the system condition that occurred
on August 30, 2004. Real power flows of 1437 MW and 957 MW were observed on Roseton to East Fish
Kill (RFK) and Rock Tavern to Roseton (RT-R) transmission lines, respectively (see Figure 8.31). The
power flow studies indicated that a loss of the RT-R line would cause 53% of real power to shift to the
RFK line. This shift increases in post-contingency the real power flow on the RFK line to 1944 MW, 32
MW over the thermal line limit. To avoid a possibility of reaching the line thermal limit, the CSC was
switched to dual +200 MVAr SSSC configuration to control the real power flow on Marcy-Coopers
Corner and Marcy-New Scotland transmission lines, and consequently on the two transmission lines
under consideration. The real power flow on UNS-18 line was boosted by 110 MW, while the real power
flow on the UCC-41 line was decreased by 65 MW. This had, in turn, reduced the real power flow in the
RFK and RT-R lines by 35 MW and 32 MW, respectively. The power flow on the RFK line was 1405
MW, while the real power flow on the RT-R line was 935 MW. The power flow studies showed that in
the new potential post-contingency (loss of the RT-R line), the real power flow on the RFK line would be
1900 MW, 12 MW below the 1912 MW of thermal limit.

The real power flows on the affected transmission lines is shown in Figure 8.32, as captured by
NYPA’s EMS.
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Figure 8.31 A Simplified Schematic of a portion of the NY State Power System
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Marcy FACTS Performance — Agusut 30, 2004
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Figure 8.32 Plot of the Real Power Flows on the Affected Lines

Summary

In this section the application of the CSC Two-SSSC mode of operation to alleviate a potential

Isystem emergency is described. Although the CSC normally operates in the STATCOM mode to
provide voltage support due to system needs, the series mode can be effective in the control of power on
two lines exiting Marcy substation. In this example, even though the lines facing the potential emergency
were further away from the immediate vicinity of the CSC, the two-SSSC mode in conjunction with
various other actions taken by the system operator successfully helped to avoid a potential line overload

scenario.
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CHAPTER 9. TRANSFORMERLESS SSSC

Future trends in developing Static Series Synchronous Compensator (SSSC) are driven by the
following characteristic objectives for the design of the power converter system to provide the necessary
platform for high operating performance, maximum application flexibility and low cost:

(1) Sinusoidal output (no or minimum filtering requirement)

(2) Single coupling transformer with established (“standard”) winding arrangements and the
minimum use of auxiliary magnetic components.

(3) DC bus structure suitable to interconnect compatible converters in a back-to-back configuration.
(Preferred arrangement is a single +/— DC bus to accommodate any supplies or energy storage
devices with compatible voltage level.)

(4) Modular system using basic building block converters of appropriate ratings with a structural
infrastructure to provide partial availability, and expandability both in rating and functional
flexibility.

(5) Reasonable operating losses.

9.1 MERITS JUSTIFYING DEVELOPMENT OF TRANSFORMER-LESS SSSC

The operating and performance benefits of SSSC are well recognized and documented in the
previous section of this report. Indeed, their unique operating characteristics and functional flexibility are
not attainable by other type of transmission controllers. However, it appears that their cost and some of
the operating problems, apparently related to the current converter designs based on the then available
power semiconductor switching devices with gate turn off capability, e.g. GTOs, IGBTs, IGCT, etc. and
the needed magnetic interface components, hinders their wider application. The future trends is, therefore,
to develop a new, simplified converter structure using new, evolving advanced power semiconductor
switches, which can be directly connected in series with the line without a coupling transformer. The
converter structure envisioned would, of course, be suitable for use with a coupling transformer of
standard design, if the application, or user preference, would call for it. Apart from eliminating the need
for a series coupling transformer, the development should also aim for higher reliability, and the full
MVA utilization of the converter, through simplified converter structure and rigorous protection
algorithms afforded by the greatly improved characteristics of emerging power semiconductor switching
devices, e.g. Emitter Turn Off (ETO) thyristor, to meet cost and availability requirements of utility
applications.

An elementary converter arrangement connected directly in series with the line to operate as a
transformer-less SSSC is shown is Figure 9.1. There is a single-phase “H-bridge”, operating self-
sufficiently with its own DC storage capacitor, for each line phase. This scheme is inherently suitable to
compensate lines even with large phase-current unbalance, a condition that frequently exists in practical
transmission systems. The controlled semiconductor valves, represented by a single GTO type device in
Figure 9.1, would in practice be comprised of suitable gate turn-off power semiconductors (IGCT or
IGBT or ETO, etc.) in series connection to match the maximum voltage requirement of the compensation.
Two or more such valves could also be operated in an effective parallel connection to provide the
necessary current rating and, with the use appropriate harmonic cancellation techniques, also to reduce
harmonic distortion.

The transmission controller configurations outlined above in their conceptual forms not only
provide much greater versatility and operating performance than the presently used configurations, but,
with the elimination of the series coupling transformer, they also would eliminate the root cause for the
most severe control and the consequent operation problems, and, at the same time, would reduce
significantly the equipment cost.
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Figure 9.1 Basic transformer-less SSSC scheme using “H-bridge” converters

The transformer-less converter structure would probably have an even greater cost benefit for
distribution system applications, where the voltage levels would not require any special insulation
arrangement for directly connected converters. Cost-effective, directly-connected distribution Static
Synchronous Compensators (STATCOMs) and Dynamic Voltage Restorers (DVRs), with much increased
speed of response and greatly reduced operating problems, which could be employed in demanding power
quality applications to solve voltage sag, flicker, and harmonic problems in addition to providing voltage
support, voltage regulation, and power flow control.

It is realized that the degree of success the above converter structures potentially offer will
depend on innovative power circuit configurations and, in particular, in the waveform synthesis
techniques applied for the operation of the valves. However, the recent and ongoing innovations in power
semiconductor technology, resulting in greatly improved switching characteristics at high power ratings,
provide a creditable basis for the optimism that the technical means to meet the challenges are becoming
available.

9.2 NEw CONVERTER PLATFORM

Historical trends in the preceding development of converter technology for low power
applications, and the recent impressive progress of power semiconductor technology, suggest that the new
generation of power converter technology should employ the technique of pulse-width-modulation (PWM)
as the basic method for output waveform synthesis together with the use of modular circuit structures to
neutralize the resulting high frequency carrier component in the output and thereby eliminate or
significantly reduce filtering requirements. Therefore, a carrier-neutralized PWM converter platform
could be adopted for future generation of converter-based transmission Controller.

Figure 9.2 shows a possible converter platform for transformer-less SSSC, where each phase is
structured using four building blocks, modules, using Carrier-Neutralized PWM switching.
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Figure 9.2 Three-phase Transformerless SSSC

9.2.1 Carrier Neutralized PWM

The implementation of carrier-neutralization inherently requires a modular converter structure that is
necessary to achieve the desired flexibility, expandability, and application tailored partial availability,
together with minimum production cost.

Carrier-neutralization, based on the summation of the successive phase-shifted carrier components and in-
phase fundamentals, eliminates or reduces filtering requirements and allows full rating utilization of the
converter. Figure 9.3 illustrates the principle of Carrier-Neutralized PWM, where four modules are using
coordinated PWM in such a way that the sum of the output voltage has a high-pulse sinusoidal wave form
with no filtering requirement. A loss of one module could be compensated through a change in the
switching frequencies of the remaining modules. Similarly, adding another module to increase the
capacity of the SSSC could be accommodated by adjusting the switching frequency.
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Figure 9.3 Building a high-pulse sinusoidal output voltage from four modues

9.2.2 SSSC Platform Structure

The transformerless SSSC requires the power electronic converters to be placed on high potential. In
order to reduce cost and increase robustness and reliability a similar platform arrangement as for
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transmission thyristor controlled series capacitors (TCSC) is suggested. The platform, isolated to ground,
provides a new potential surface that provides for corona protection and electrical field shielding. In the
TCSC system already solutions for transferring cooling media between high potential and ground and
systems for providing auxiliary power on the platform are developed and proven. Figure 9.4 shows a
TCSC installation and it is suggested a SSSC use the same type of platform arrangement.

Figure 9.4 A TCSC Platform

The advantages of using similar, field proven, solutions are that the development costs and time to market
is reduced. Further, the risk of initial problems due to failures of auxiliary systems is reduced. Systems
already developed and proven are:

e Cooling media distribution between low and high potential

e Environmental control of converter housing

e Isolated auxiliary power supply systems

e Fault bypass systems

9.3 POWER SEMICONDUCTOR TECHNOLOGY DEVELOPMENTS

Power semiconductors are the most critical elements influencing the cost, reliability and
performance of converter-based transmission controllers. The key parameters of power semiconductors
and their main effects on converter design are listed below.

Steady-state parameters:

e Blocking voltage and R.M.S /average current basically determine the number of devices the
converter will need for a given MVA rating. The number of devices largely determine the cost
because the number of all converter auxiliary components (heat sink, gating circuit, snubber,
communication fiber optics, mechanical hardware) and assembly labor change in proportion with
the number of power semiconductors.

e Forward voltage drop is an important parameter that determines largely the operating losses,
cooling requirements, and influences the physical size of the device as well as that of the whole
equipment.

e Surge current capability may be important to implement low cost protection schemes, particularly
for converters operated in series with the line.

Switching characteristics:

e Peak current turn-off is the maximum instantaneous current the device can turn off without
failure. This parameter largely determines the de-rating required to accommodate harmonic ripple
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current and the safety margins needed for over current protection; thereby, it is a critical factor for
the high utilization of the converter MV A rating.

e Turn-off time delay is the maximum delay time from the application of the turn-off signal to the
completion of turn-off process. This parameter is crucial for reliable over current protection
without large safety margins and, thereby, another significant factor to achieve high converter
utilization (and low equipment cost).

e Switching speed and losses are the maximum time required for the device to transit from ON state
to OFF state, and vice versa, and the corresponding internal losses in the device. These determine
the applicable range of switching frequency and the corresponding operating losses and cooling
requirements. The capability to operate the devices at relatively high switching frequencies is
important for the implementation of pulse-width-modulation techniques for output waveform
synthesis that requires small output filters (inductance and capacitance), and thereby allows the
high utilization of converter MVA. It is also important for providing relatively wide operating
frequency band for the converter necessary to sustain reliable operation, with rigorous current
limitation, under abnormal operating condition causing transformer saturation.

9.4 EMERGING POWER SEMICONDUCTOR SWITCHES

There has been important progress made in power semiconductor technology with focus on the
improvement of switching speed and characteristics. The following is recently introduced and expected
future power semiconductor switches, which have considerable potential for improved converter designs
of lower cost and higher reliability:

Integrated Gate Commutated Thyristor (IGCT or GCT). The Integrated Gate Commutated Thyristor
(IGCT) is a press-pack device. The IGCT is pressed with a relatively high force onto heat-sinks which
also serve as electrical contacts to the power terminals. The IGCT's turn-on/off control unit is an integral
element of the component. It only requires an external power supply and its control functions are
conveniently accessed through optical fiber connections. It is a recent derivative of the Gate Turn-Off
(GTO) thyristor. It offers significant improvements over the latter in the important areas of:

- Turn-off time delay: reduced from about 22 ps to about 1 ps

- Reduced forward voltage drop
- Increased peak turn-off current
- Increased switching speed

The device's control power consumption typically ranges from 10 - 100 W. The IGCT is optimized for
low conduction losses. Its typical turn-on/off switching frequency is in the range of 500 Hz. However, in
contrast to the GTO, the upper switching frequency is only limited by operating thermal losses and the
system's ability to remove this heat. This feature, in conjunction with the device's fast transition between
on and off state, enables short on-off pulse bursts with switching frequencies of up to 40 kHz. IGCTs
require a turn-on protective network (in essence an inductor) to limit the rate of current rise. However, in
contrast to the GTO, the turn-off protection network is optional. It can be omitted at the price of a
somewhat reduced turn-off current capability.

Emitter Turn-off (ETO) Thyristor. The ETO is another new derivative of the GTO, focusing on
drastically reduced gate drive requirements and, also, increased switching speed.

- Optical control interface

- Turn-off time delay: reduced from about 22 s to about 1 ps
- Forward voltage drop: 2 V

- Increased switching speed and capable of > 1 kHz operation
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Super-GTO (S-GTO). The S-GTO is also a GTO type device with dramatically finer cell structure
(160,000 vs. 50 cells/cm®) than the conventional GTO. This is expected to result in considerable
improvements over the conventional GTO in:

- Turn-off time delay (1 us vs. 22 ps)

Switching speed (3 times)

Current density and turn-off current density (2 times and 10 times)
- Forward voltage drop (0.7 times)

Insulated Gate Bipolar Transistor (IGBT). The Insulated Gate Bipolar Transistor (IGBT) is the youngest
member of the high voltage switch family. Current flow through the device is conveniently controlled
through a 15V high-impedance voltage source, thus enabling control of high currents with very low
control power. IGBTs are available both as press-packs and modules. The high power IGBT press-packs
and diodes are placed in an advanced modular housing which guarantees uniform chip pressure even in
multiple-device stacks. Although the most common package for IGBTs is the isolated module, for
applications requiring series connection, non-isolated, pressure-assembled devices (press-packs) are
preferred for many reasons, not least of which is their ability to fail short as opposed to open circuit.
Higher voltages are in development.

IGBT is, in contrast to the previous devices, a hon-latching transistor rather than a thyristor. In
the last few years it has been breaking all previously believed limits in voltage rating and power handling
capability. Its development has been fueled by many industrial and traction applications as well as the
potential of converter-based technology for dc transmission. Although high power IGBTs have been
proven in transmission applications (shunt compensation and DC transmission), there are still on-going
intense development efforts to increase the switching speed and to reduce the forward voltage drop of the
presently available devices. Except for forward voltage drop and corresponding losses, the capabilities of
present IGBTs are generally comparable to those of advanced GTO type devices, and superior to most of
them in the area of gate drive requirements. Moreover, IGBTSs have a major, inherent advantage over the
GTO type devices in that they have a transistor like characteristic of not latching into a conducting state,
and thus their internal turn off process is fully controllable from the gate. The transistor-like characteristic
can be utilized effectively to minimize the snubber requirements and the physical size of high voltage
valves, as well as to provide sustained converter operation and tight protection under abnormal
transmission system conditions.

Injection Enhanced Gate Transistor (IEGT). This is substantially an IGBT which was subjected to carrier
injection enhancement to improve some of the operating characteristics, particularly the forward voltage
drop.

Silicon Carbide Devices. It has been recognized for a long time that the characteristics of semiconductor
devices are heavily dependent on the material used for their fabrication. All of the present power
semiconductors use silicon. However, on-going research has concluded that silicon carbide is a superior
material for semiconductors with a potential to drastically improve (several times increase or decrease)
presently attainable

Switching speed

Current density

Operating junction temperature
- Forward voltage drop

The forecasted device improvements would have a dramatic impact on the design of converter-based
controllers, resulting in significant size and cost reduction and reliability improvement. The silicon
carbide devices are equally advantageous for other than utility application (i.e., defense and industrial)
and therefore intense development is going on.

Primarily due to their improved switching characteristics, the recently introduced new power
semiconductor switches, can already facilitate new power circuit approaches, control and protection
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algorithms to improve reliability and reduce cost of converter based transmission controllers. Historical
technology trend clearly indicates that continuous future improvements can be expected, ultimately with
the appearance of revolutionary new devices based on silicon carbide and other new materials. The recent
power semiconductor technology developments strongly suggest that the new converter platform for
transmission applications should fully exploit the considerable improvements in switching speed and
current turn-off capability of new switches in the design of simpler power circuit structures, higher
utilization of power semiconductors, and more rigorously executed protection strategies in order to
achieve increased equipment reliability and availability, and lower cost.

9.5 STATE OF THE ART OF POWER SEMICONDUCTOR SWITCHES

Standard thyristors are still the most important controllable switch for very high power
applications. Recently manufacturers have increased the ratings and performance of high power thyristor
switches with bi-direction thyristor wafers and optically laser triggered thyristors. Manufacturers
concluded that the thyristor is still the workhorse switch for high power electronics [9.0,9.0].

Thyristors however cannot be used for modern voltage sourced converter topologies since the
device can only be turned on by means of the gate and not turned off under current carrying conditions.
For medium to high power applications fully controlled switches include the Gate Turn-off Thyristor
(GTO), High-Voltage Insulated Gate Bipolar Transistor (HVIGBT), and Integrated Gate Commutated
Thyristor (IGCT). The IGCT brings together a versatile new power handling switch, the GCT, (Gate
Commutated Thyristor) and the switch control circuitry in an integrated package. Research is still
conducted on a high power MOS controlled thyristor technology (MTO and MCT). The semiconductor
technology of modern power semiconductors is studied extensively in several textbooks [9.3].

9.5.1 Voltage and current rating

Device cells for high power are usually single crystal silicon wafers, 75-125 mm in diameter, and
pushing toward 150 mm in diameter. The same diameter device can be made for higher voltage with
lower current and vice versa. Potentially, silicon crystal has a very high voltage breakdown strength of
200 kV/cm and a resistivity somewhere in-between that of metals and insulators.

A larger diameter naturally means higher current carrying capability. A 125 mm device may have
a current-carrying capability of 3000-4000 amperes and a voltage-withstand capability in the range of
6000-10,000 Volts.

With higher device ratings, the total number of devices as well as the cost of all the surrounding
components decreases. The highest blocking capability along with other desirable characteristics is
somewhere in the range of 8-10 kV for thyristors and 5-8 kV for IGBTs. In a circuit, after making various
allowances for over voltages and redundancy, the useable device voltage will be about half the blocking
voltage capability. Often, it will be necessary to connect devices in series for high-voltage valves.
Ensuring equal sharing of voltage during turn-on, turn-off, and dynamic voltage transients, becomes a
major exercise for a valve designer in considering trade-offs. One of the techniques used is matching of
devices, especially the switching characteristics of a specific match of devices.

Apart from the voltage withstand and the current-carrying capabilities, there are many characteristics
that are important to the devices. The most important among these are:

e forward-drop and consequent losses during full conducting state
e production costs and yield of semiconductor devices

e speed of switching

e switching losses

e gate-driver power.

Apart from the trade-off between voltage and current capability, other trade-off parameters include:
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power requirement for the gate

di/dt capability

dv/dt capability

turn-on time and turn-off time

turn-on time and turn-off capability (so-called Safe Operating Area (SOA))
uniformity of characteristics

quality of starting silicon wafers

e class of clean environment for manufacturing of devices

Types and ratings of power semiconductor switches

The state of the art of the power semiconductors essentially influenced the rating and topologies of high
power converters. The thyristor technology has achieved ratings of 9 kV, 4000 A (36 MW peak switching
power per device). The gate turn-off technology GTO has achieved 4.5 kV, 4000 A (18 MW peak
switching per device). Similar parameters are achieved with the IGCT and ETO thyristors. The IGBT
technology is approaching the power level of the GTOs with the 6.2 kV and 2000 A. Figure 9.5
schematically compares the controllable power of a single power device from different types.

TSWT  IThyristor

100 MW+

GTO/NGCT
10 MW -

1 MW

100 kW4 BT

10 kW
11 \ MOSFET

100 W ! } !

L
10 Hz 1 kHz 100 kHz 10 MHz

Figure 9.5 Comparison of controllable power of different power electronic devices

These different devices are depicted in Figures 9.6 to 9.11, and described below.
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Figure 9.8: Laser Triggered Thyristor (LTT)
from Siemens

Figure 9.10: Press-pack High Voltage IGBT Figure 9.11: IGCT Device from ABB

Table 9.1 Comparison of rating of most high power semi-conductor switches.
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5 Vi I tofr On-State .
Device max max © fnax (Hz Gate Drive Gate and Snubber
VM @ @ ™™ W
Thyristor 9000 4000 50 50 4 Current Low
LTT 7500 3500 35 50 4 Light Very low
GTO 4500 4000 10 500 4,5 Current Very high
IGCT 4500 4000 5 1000 2,5 Voltage Low (Integrated)
IGBT 5200 2000 2 1-5 4,5 Voltage Very low
MOSFET 1000 100 0,3 20 -200 0,5-5V Voltage Very low

9.5.2 Recent developments of thyristor devices

As discussed above, thyristors are still the most important controllable device for high power
applications. In addition, in the high power thyristor technology, several breakthroughs have been
achieved. The most relevant for this study was the development of a commercial available high power
back-to-back thyristor pair for SVC and TCSC applications by ABB and the laser light triggered
thyristors now standard for nearly all Siemens SVCs and HVDCs.

The bi-directional thyristor (BCT) technology of ABB is based on an integrated waver with two
thyristor structures. The electrical behaviour of a BCT corresponds to that of two anti-parallel thyristors
(e.g. of approximately 27 cm” area each for the 96mm wafer diameter) integrated onto one silicon slice, as
shown in Figure 9.6. Each thyristor-half performs like the corresponding full-wafer thyristor in respect to
its static and dynamic properties. The advantage of such a device is less packaging and a compact valve
design for phase-controlled applications, i.e. SVCs and TCSCs.

Siemens has its own development on thyristors. They commercialised a standard 7,5 kV, 3500 A
rms thyristor fully triggered by laser light (LTT) as shown in Figure 9.6. This implies major savings on
insulated drive, protection and status measuring electronics. A 40 mW laser pulse is used to trigger the
LTT with an equivalent of 50 A peak gate current. This high gate pulse results in better di/dt capabilities
and gives a better margin for dynamic phenomena.
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