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ABSTRACT

The sub synchronous resonance (SSR) phenomenowcoay when a steam turbine-generator is conneoted t
long transmission line with series compensatione Thain purpose of this work is to verify the capigbiof the
gate-controlled series capacitor (GCSC) to mitigas&R. For this study the GCSC was tested in cotipmwith the IEEE
First Benchmark Model. The actual possibility ohtrolling SSR was verified by digital simulationing the Alternative
Transients Program/Electromagnetic Transients BrogAs a result it was shown that GCSC can damp &&R without
a specific control. It was also shown that, usingimple controller, SSR as well as electromechémiseillation can be

damped.
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INTRODUCTION

Series capacitive compensation is a useful andogoimal technique to improve the power transfer bjha of
transmission lines. However, when this techniquapplied together with a steam turbine-generatomay lead to sub
synchronous resonance (SSR) phenomenon. SSR pobésuit from the interaction between an electnnabe of the
series compensated network and a mechanical sl of a turbine-generator group that this may geeeoscillating

torsional torques.

In general, if series flexible ac transmission eys{FACTS) devices be used, it would be possibkaiothat the
advantages of the series compensation can be dgeadawithout risks of SSR phenomenon. The gaterolbed series
capacitor (GCSC) is a new series FACTS device mepanitially for series compensation of transneisdine to control
power flow [1], [2]. In [3], it was shown that tH@CSC, when compared to the TCSC, presents a sdrigdvantages.
Naturally, when it is compared to the more soptédéd and expensive SSSC, the GCSC has less lilgxiBin the other
hand, it has the key advantage of being a much lsimgevice[4]. Turn-off angle control of the GCSGr fthe
SSR damping was given in [4]-[6]. In these refeemét was shown that if a proper controller beigitesd for the GCSC,
this device can effectively mitigate the SSR and maperly stabilize the system.

The oscillation cover a wide frequency range apipnaxely from 0.001 Hz to 50 MHz. Due to transient

disturbance, generator speeds up causing rotore ataglincrease resulting in the development of varytorque.
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This varying torque develops the varying stressethe T-G shaft, which leads to damage of the siraftmay reduce life
of T-G set. Some techniques to mitigate SSR witlCFA& devices can be found in the literature. Thesbrtiques can

provide controllable series compensation and redueven eliminate the effects of the SSR [5].

There has been considerable interest in predithiagffects of electrical system disturbances erstiaft stresses
of large turbine-generator sets. As a result of lirge electrical disturbances and switching ineide the shafts of
T-G sets are subjected to severe transient tolssbresses. Fatigue phenomenon is a cumulativeepsoand in each cycle

of torsional stress shaft loses some of its lifetim

The level of induced fatigue depends upon the aog#i of the imposed mechanical stress and its time.
When these stresses exceed the endurance lingits46x13 N/m2 [12], [13], the shaft may get damaged duewer
stresses at the couplings. Hingorani [6] proposeera effective device for SSR mitigation called NGSR. This device
is basically a thyristor-controlled discharge remighat is operated synchronously with the powestean frequency.
This resistor is inserted in the circuit closehe &nd of each half cycle on the series capacitbage. The NGH-SSR was

installed at Southern California Edison’s Lugo dabisn to mitigate SSR phenomenon in 1993.

On the other hand the thyristor-controlled seriapacitor (TCSC) is one FACTS device that has beestm
analyzed to mitigate SSR [7]. Kakimoto and Phongphanee have also demonstrated that TCSC can d8RpfSts
firing angle is modulated with the rotor angle a#ion [8]. Jowder and Ooi have shown that the s&thchronous series
capacitor (SSSC) can also damp SSR [9]. The SS8foris flexible device than the TCSC and GCSC.

However, its cost and complexity is much higherother FACTS device that can mitigate SSR is thdiathi
power flow controller (UPFC) [10]. However, it hasseries and shunt converter, it is more experaiecomplex than
the SSSC. It will be shown that this controller che improved to damp electromechanical oscillati&everal

time-domain simulations were evaluated to investighe performance of the GCSC.
SYSTEM MODELING

Turbine
Exe Gen [PB LPA IP HP

Synchronous Generator  Transmission line with |deal Bus
series compensation

Figure 1: IEEE First Benchmark Model for SSR Dampirg Studies

Figure 1 shows the "IEEE System First Benchmark"uged in the analysis of the sub synchronous arsmmn
(SSR) phenomenon. The circuit is composed of atspmous generator connected to an infinite busavimmpensated
500 kV transmission line. This transmission lingapresented by a resistance, an inductance (XLp@Q9 and a series
compensation capacitor, Xc (its value will depemdtbe compensation level). Table 1 shows the toasionodes of

oscillations of this system with the correspondireguencies and shows also the value of the seapacitive reactance
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that, if used, would excite the SSR. The mecharsgatem consists of four-stage steam turbine, e tor and a

rotating exciter. The transformer was considergtiauit magnetic saturation.

Table 1: Oscillation Modes and Capacitive Reactanciat Excite SSR

Mode Frequency (HZ) | X.(p-u)
Torsional mode 4 32.285 0.164
Torsional mode 3 25.545 0.285
Torsional mode 2 20.214 0.378
Torsional mode 1 15.746 0.472

Self-excitation 9.733 0.609
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Figure 2: SSR Mode Shapes of First Benchmark Moddbr 60% Compensation
GATE CONTROLLED SERIES CAPACITOR

The GCSC is composed of two anti-parallel gatetodied switches and a capacitor bank in series With
transmission line as shown by the single line diagm Figure 5. The principle of operation of th€®C [1]-[3] is based
on the variation of the turn-off angle) (of the gate-controlled switches. By controllifg tturn-off angley(), the voltage

on the capacitor is controlled; as a result, tmeseompensation level of transmission line cacdigrolled.
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Figure 3: Basic Configuration of the GCSC
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Figure 3 shows typical current and voltage wavefofar the GCSC of Figure 5, for a given turn-offjen(y).
The turn-off angley) is measured from the zero crossing of the lingerit and the compensation level of the GCSC is
determined by the fundamental component of theagelC v on the GCSC. The relationship between equivalgraaéve

reactance and turn-off angtg {s given by [6]:
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Figure 4. GCSC Voltage, Current and Switch Control
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Figure 5: Equivalent Reactance of GCSC as a Functioof Turn off Angle

X () =% 2y - 2m — sin (27)) (1)

whereXC is the reactance of the GCSC capacitor, in Figuféidure 7 shows the nonlinear relationship between
the equivalent capacitive reactarX@)) and turn-off angleyj. At the fundamental frequency, the GCSC is edaivato a
continuously variable series capacitor, whereggetance varies from its maximum value (1p.u)fer90deg to minimum
value (0 p.u) fory =180 deg. This continuous reactance control of G&Sone of the advantages of this device over the
TCSC [3].

SERIES COMPENSATION WITH GCSC

As explained before, the GCSC was originally pregb®r power flow control. In this case, its reack has to
be chosen in such a way as to guarantee a wideer@apon range. Figure 5 shows two examples of eosgiions.
In this figure it is shown the power flowing in thnsmission line as a function of the turn-of§lery for two values for
the GCSC capacitors: Cgscsl =1{Hand Cgscs2 = 25-. To obtain this figure, it was assumed that theegator was an
ideal voltage source. These capacitors correspmidaind 0.47 p.u. of series compensation at turasgfle equal to 900.
The first case allows a wider compensation rangés figure shows that the variation of power ascfion of the turn-off
angle AP/Ay) may be smaller or larger proposed control for plizuign power oscillations. Depending on the operagiaot
and the size of the GCSC capacitor. When a GC$8ed for power flow control it should have a widentrol capability.

However, when it is used for power oscillation damggt can be smaller as it will be shown later.
* Power Flow Control Characteristics

As explained before, the GCSC was originally pregb®r power flow control. In this case, its reack has to

Index Copernicus Value: 3.0 - Articles can be sernb editor@impactjournals.us |




| Mitigation of Torsional Oscillations in Turbine Generator Set Using Gate Controlled Series Capacitor 155 |

be chosen in such a way as to guarantee a wideeawmafon range. Figure 5 shows two examples of eosations.
In this figure it is shown the power flowing in th@nsmission line as a function of the turn-ofl@ny for two values for
the GCSC capacitors: Cgscsl =1 and Cgscs2 = 2pF. To obtain this figure, it was assumed that thaegator in
Figure 4 was an ideal voltage source. These capadabrrespond to 1 and 0.47 p.u. of series conapiensat turn-off
angle equal to 900. The first case allows a widenmensation range. This figure shows that the tiariaof power as
function of the turn-off angleAPP/Ay) may be smaller or larger depending on the opegaibint and the size of the GCSC
capacitor. When a GCSC is used for power flow adritishould have a wider control capability. Howewvhen it is used

for power oscillation damping it can be smalleitagill be shown later.
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Figure 6: Turn-off Angle Generator Based on Line Curent Frequency Detector
» Simulation Results and Discussions

The simulation of the system in Figure 1 with theC and the aforementioned control method wasestavith

an ideal voltage source, the ideal voltage soum® substituted by the synchronous generator dhyehe turbine.

Table 2: Comparison of Cases of GCSC

Case | Xfc(p.uw) | X(y)(p.u)
1G2C 0.318 0.152
1G1C 0.236 0.236
2G1C 0.152 0.318

Some simulation studies were done to verify thégperance of the GCSC to mitigate SSR in the systhown
in Figure 4. The single fixed capacitor in Figuravds substituted by the GCSC shown in Figure 1ciatsn with a fixed
capacitor. The sum of the fixed capacitor reactaix@@ fixed) plus the equivalent GCSC reactance dogiven fixed
turn-off angle (XGCSC) was made equal to the valfigeactance that excites SSR at torsional modeesepted in
Table 2. The idea was exactly to excite the SSRisnmode 1. With the objective to show that theS&0ds able to damp

power oscillation even without specific controltbe following simulation was done.

A GCSC and a fixed capacitor were used as seriepensation of the line shown in Figure 4. The GG&G
operated with turn-off angleequal to 113.50 (in steady state) producing aatipa compensation reactance of 0.152 p.u.
The fixed capacitor was adjusted to provide 0.31B pf series compensation. Therefore, the totaéseompensation
was made equal to 0.47 pu of capacitive reactambih should make the system highly oscillatoryaasional mode 1

(oscillation frequency =15.746 Hz). Figure 6 shalaes electric torque of the generator for this aafsgmulation.

The simulation is started with an ideal voltagerselat the generator side. t50.5 s a three phase fault is created
at infinite bus terminal for 0.3s duration. Thisu# was shown in [5] and demonstrates that the GE€&n mitigate

SSR even without control system when mode 1 igedci
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Figure 7 Shows the speed variations of turbine gaoeset due to fault which has excited the moad $SR.
Figure 8 show s that due to proper control of secgpacitor voltage through GCSC has controlleceffert of SSR and
quickly returned the speed to rated value. Figuam® Figure 10 show s the speed deviation of tter mithout and with
GCSC connection. Figure 11 shows the power odoitlatin Electric power due to SSR without GCSC &iglre 12
depicts that the SSR has been efficiently dampéavith GCSC and the power oscillations are decrease

Figure 13 and Figure 14 shows the variations oftrarical stresses on Gen-LPB section without and GESC.
Figure 15 and Figure 16 shows the variations of haeical stresses on LPB-LPA section without anchvtCSC.
Figure 17 and Figure 18 shows the variations oftraeical stresses on LPA-IP section without and Wi€@SC. Figure 19
and Figure 20 show the mechanical stresses on IPdéBtion without and with GCSC respectively.
From Figure 13 to Figure 20 it is quite evidenttthlae mechanical stresses on the turbine couplexgeed the
maximum stress limit of 45xION/n? under SSR. Whereas, the operation of GCSC hasssfolly damped out the

torsional oscillations.
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Figure 7: Speed Deviation witholdCSC Figure 8: Speed Detitan with GCSC
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Figure 9: Load Angle (Deg) without GSC Figure 10: Load Ang(®eg) with GCSC
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Figure 11: Electric Power without GGC Figure 12: Electricawver with GCSC
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Figure 13: Stress in Gen-LPB Section withalGCSC Figure 14: Stress in Gen-LPB Section witGCSC
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Figure 15: Stress in LPB-LPA Section withet GCSC  Figure 16: Stress in LPB-LPA Section wh GCSC
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Figure 17: Stress in LPB-IP Section wibut GCSC  Figure 18: Stress in LPB-IP Section ith GCSC
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Figure 19: Stress in IP-HP Section thiout GCSC Figure 20: Stress in IP-HP Sectiowith GCSC

CONCLUSIONS

In this paper, it is shown that by using GCSC withntrolled capacitor the stresses due to torsicuodl
synchronous oscillations can be damped. If streasesabove endurance limit of 45x107 N/m2, thenftsheay get

damaged. Table 3 shows the comparison betweenrdsseas, at different coupling sections of the $haft without and
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with GCSC. Due to the application of GCSC systermobges stable and stresses are reduced up to &¥pvehich are

below the endurance limit.

Table 3: Comparison of Stresses with and without GEC

Sections Stress in N/nf Stress in N/nf
without GCSC | with GCSC
HP and IP 150x10 4.0x10
IP and LPA 200x10 7.5x10
LPA and LPB 700x10 6.0x1d
LPB and GEN 1000x10 8.5x10
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