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Static Synchronous Series Compensator
(SSSC): An approach for reactive power
compensation for the transmission system.

Chintan R Patel, Sanjay N Patel and Dr. Axay J ldleht

Abstract— A transmission line needs controllable
compensation for power flow control and voltage rtéation.

supplied by a DC storage capacitor. With no extebt link,
the injected voltage has two parts: the main partin
guadrature with the line current and emulates dndtive or

This can be achieved by FACTS controllers. Staticcapacitive reactance in series with the transmiskie, and a
Synchronous Series Compensator (SSSC) is a sefi@fnall part of the injected voltage is in phase e line

connected FACTS controller, which is capable of prding
reactive power compensation to a power system. dligput
of an SSSC is series injected voltage, which leaddags
line current by 90°, thus emulating a controllabli@ductive
or capacitive reactance. SSSC can be used to redihee
equivalent line impedance and enhance the activewpr
transfer capability of the line. In this paper, ses
compensation provided by an SSSC is considered.

Index Terms—Compensation, FACTS Controllers, Reaeti
Power, SSSC.

1 INTRODUCTION

The rapid development of power electronics techgplo
provides exciting opportunities to develop new posgstems
equipment for better utilization of existing syster®uring the
last decade a number of control devices under &mn t
Flexible AC Transmission Systems (FACTS) technolbgye
been proposed and implemented. The FACTS devicebea
used for power flow control, loop flow control, aharing
among parallel corridors, voltage regulation, anbdasmcement
of transient stability and mitigation of system itlations.

current to cover the losses of the inverter. WhHenibjected
voltage is leading the line current, it will emat capacitive
reactance in series with the line, causing the tingent as
well as power flow through the line to increase. aihthe
injected voltage is lagging the line current, itlwimulate an
inductive reactance in series with the line, cagyidime line
current as well as power flow through the line ézrease.
SSSC is superior to other FACTS equipment and émefits
of using SSSC are:

» Elimination of bulky passive components -
capacitors and reactors,

» Symmetric capability in both
capacitive operating modes,

» Possibility of connecting an energy source on the
DC side to exchange real power with the AC
network.

inductive and

2 THESSSC
An SSSC comprises a voltage source inverter and a

FACTS have become an essential and integral partoofern  coupling transformer that is used to insert theatput voltage
power systems. Modeling and digital simulation plagn ©Of the inverter in series with the transmissionelinThe

important role in the analysis, design,
commissioning of such controllers.

Static Synchronous Series Compensator (SSSC) ésiess
compensator of FACTS family. It injects an almdsusoidal
voltage with variable amplitude. It is equivaleotan inductive
or a capacitive reactance in series with the tréssaon line.
The heart of SSSC is a VSI (voltage source invettet is
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testing anthagnitude and phase of this inserted ac compegsatitage

can be rapidly adjusted by the SSSC controls.
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Fig.1. Elementary two-machine system with an SSSC and
the associated phasor diagram
The SSSC injects the compensating voltage in seiitbsthe
line irrespective of the line current. Thansmitted poweP,,
therefore becomes a parametric function of the ctej
voltage, and can be expressed as follows:
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The SSSC, therefore can increase the transmitpetvler, and
also decrease it, simply by reversing the polaofythe
injected ac voltage. The reversed (180° phaseeshiftoltage
adds directly to the reactive voltage drop of tine las if the
reactive line impedance was increased. Furthermbrthe
injected voltage is made larger than the voltageréssed
across the uncompensated line by the sending- esglving
end systems, that is if V> |V; - V|, then the power flow can
reverse. Apart from the stable operation of thaesgswith
both positive and negative power flows, it can alse
observed that the SSSC has an excellent (sub-agdepnse
time and that the transition from positive to nagatpower
flow through zero voltage injection is perfectly @oth and
continuous.

o

3

Pe=—38no+—V,Cos| — |.............

Sno+ diCos(
XL

3. IMMUNITY TO RESONANCE

A series capacitor
compensation in power systems so far. However,
impedance of the series capacitor is a functiofreduency
and thus it may cause resonances at various fretsewith
other reactive impedances present in the networke T
resonance of greatest concern is that occurring thi series
reactive impedance of the system at a frequencgwbéhe
fundamental. At this frequency the electrical systenay
reinforce one of the mechanical resonances of ioettigbine
generators, causing the well-understood phenomeh@ub-
Synchronous Resonance (SSR), which may result riouse
damage to the generator. In contrast to a serjg&cdar or to
the combination of a series capacitor and a Thyrist
Controlled Reactor (TCR), the static synchronousiese
compensator is essentially an ac voltage sourcehyhiith
fixed control inputs, would operate only at the estdd
(fundamental) output frequency, and its output idgree at
other frequencies would theoretically be zero. facfice, the
SSSC does have relatively small inductive outpyiedance
provided by the leakage inductance of the seriegriion
transformer. The voltage drop across this impedaisxe
automatically compensated at the fundamental frecyuevhen
the SSSC provides capacitive line compensation.s,Tthe
effective output impedance versus frequency cheriatic of
the SSSC remains that of a smaiductor at all but its
fundamental operating frequency.

Consequently, the SSSC is unable to form a cldssézaes
resonant circuit with the inductive line impedartoeinitiate
subsynchronous system oscillations. On the othed,hthe
SSSC has a very fast (almost instantaneous) res@osthus
it can be very effective in the damping of subsynobus
oscillations (which may be present due to existsegies
capacitors) if the electronic controlsgructured to provide this
function. (In discussing dynamic interactions, staf course
true that the SSSC, like all actively controlleduiggnent,
could under abnormal conditions exhibit instabilityr
oscillatory interaction with the ac system if, fexample, its

t
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is also used to provide series

closed-loop gains, providing automatic power flosntrol or
other regulative functions, are improperly set, ibrthe
electronic control itself malfunctions. However, esle
considerations are generic to all actively contblsystems
and involve other subjects like control robustnessntrol
redundancy, and protection, which are out of scopé¢his
paper.)

4. RATING OF THE SSSC
The SSSC can provide capacitive or inductive corsatimg
voltage independent of the line current. The VAngf the
SSSC (solid-state inverter and coupling transfojrizesimply
the product of the maximum line current (at which
compensation is still desired) and the maximum eseri
compensating voltage: VA 54 max An SSSC of 1 p.u. VA
rating covers a control range corresponding to R. p.
compensating VARS, that is the control range istiooous
from -1 p.u. (inductive) VARs to +1 p.u. (capacf)WARSs.

5. INTERNAL CONTROLS

rom the standpoint of output voltage control, converter
may be categorized as “directly” and “indirectlydrtrolled.

or directly controlled converters both the angytasition
and the magnitude of the output voltage are cdatitd by
appropriate valve (on and off) gating. For indikecontrolled
converters only the angular position of the outypoitage is
controllable by valve gating; the magnitude remains
proportional to the dc terminal voltage. The cohtnethod of
maintaining a quadrature relationship between
instantaneous converter voltage and line currectove, to
provide reactive series compensation and handle 8&Rbe
implemented with an indirectly controlled convertérhe
method of maintaining a single frequency synchrendie.
fundamental) output independent of dc terminal agst
variation requires a directly controlled convertéithough
high power directly controlled converters are mditicult
and costly to implement than indirectly controllednverters
(because their greater control flexibility is usyassociated
with some penalty in terms of increased lossestgrecircuit
complexity, and/or increased harmonic content andhtput),
nevertheless they can be realized to meet practithty
requirements.

6. CONTROL SCHEME OF SSSC

The basic system of SSSC is shown in Fig.2. Traesy
consists of two generating machines along withsimgssion
line and load as shown in figure. The compensat@rovided
with a DC voltage source which helps in feedingbsorbing
the active and reactive power from the system.
The control circuit is shown in Fig. 3 below. Ttieel voltage
and current are sensed and from that measuremdudl ac
active power B and reactive power Qare calculated.
These B and Q¢ work as a feedback for the closed loop
control system. The desired active and reactiveepd®y; and
Q.f are compared with thé,, and Qg respectively to
generate error signals,Eand E. These error signals are
processed in the controller.

E
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Fig.2 Schematic System with SSSC
The control law for active power is given by

The output s of the controllers Vp and Vq are usegenerate Vpm = Vpn-1) + Kol Epy = Bon-n}f + KipEpgny -+ (@)
three-phase reference voltages ga\Woqs ;Vpqe ) injected in
the line through insertion transformer. The threage Where Ky, and K, are proportional and integral gains of the Pl
reference currents b, logn slpqc) are calculated by knowing controller. Similarly, the control law for the reine power is
the impedance of insertion transformeg)(Z These currents also given. From the output of both the controlpsoi.e.
(Ipga lpgb slpqc ) @re compared with the three-phase currentgctive power control loop and reactive power cdritop, the
(Ipqa pqbs pq() measured at the OUtpUt of the inverter. The PWM’]Jected V0|tage M] is Computed as follows:

current controller based on hysteresis control $&duto Vo+ jVa
generate the gate pulses for the inverter switchesording to Vog=——— .. (5)
the switching signals, inverter generates the thiese labe™* o
voltages ( VgaVpanVped at its output terminals and these The magnitude of the injected voltage is given by
voltages are injected in the series with the trassion line. Vg :|qu| ________________ (6)
This injected voltage insures thaiPemains same as.Pand o o
Qactremains same as& Whereas the phase of the injected voltage is diyen
_ Re[qu]
7. MODELING OF THE SYSTEM Opg=tan —r—= | .oooeenen. (7)
|m[qu]

The control scheme of the SSSC is shown in Figlt 3. For the control of the power-flow in the transmissline,
consists of two control loops. One is for reactivewer following inequalities are followed:

controlvand other is for active power control. 0 < Vg < Vpgmax magnitude control
Computation of power: The active and reactive power of the 0 <8pq < 360 phase control
line are calculated with help of,\.and L. measured from the Three-phase reference values of the injected vedtage given
line. by:

act = Re[Vand abc] Qo= IM[Vapd ab(:] ------ )
Where Jy. is the conjugate of line current. * — ‘
The calculated powers,Pand Q. work as feedback signals Vi = \/EquS n(at + o)
and they are compared with the reference valygaud Q Voop* = Jiqug N(at+2[1/3+dpq) ..ceeeeenen. (8)
respectively. The errors are given by . \/—

'-T; Pret — Pact E: Qref - Qact ........... (3) quc - 2qug n(ax -2 I-l /3+ Jpq)

Controller: The good response can be obtained with help of a
fine tuned PI controller.
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Fig.3 Schematic of the Control Scheme for the SSSC
CC-VS: The current-controlled pulse width modulated vadtag The operation of switches in the leg of phaseas ifllows:

source inverter is used to inject ac voltage iiesdn the line.
The three-phase reference currents of the comperesat
calculated as follows:

o =2
e
*
Ly = VPP 9
pap™ = R 9)
e
*
[ pac* = Vo

Where Z= R + jX¢

Switching of the VS: The CC-VSI consists of six IGBT
switches($-Ss) with an anti-parallel diodes. This current-
controlled VSI is based on the hysteresis currentrol. The
schematic arrangement of this type of controlleshiswn in
Fig.4 below.
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Fig.4 Schematic of current controlled PWM
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$isON & S is OFF

If lpga< (lpga - HB)
$is OFF & S4 is ON

If lpga™> (lpga + HB)

Here, HB is the hysteresis bandwidth around thereeice
currents. The similar switching law for other preasan also
be described. The hysteresis current controllatrob
structure is shown in Fig.5 below:

1,® :
! lup

lpef

1ow X

Fig.5 Hysteresis Controller Control Structure
8. CONCLUSION

It has been found that the SSSC is able to cotiieopower
flow in the transmission line. It can also injefast changing
voltage in series with the line irrespective of thagnitude
and phase of the line current. The SSSC can alsp dat the
oscillations of the system.
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