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Subsynchronous Resonance Damping Control of
Thyristor-Controlled Series Capacitor

Naoto Kakimoto Member, IEEEand Anan Phongphanphanee

Abstract—A thyristor-controlled series capacitor (TCSC) to excite a torsional oscillation mode, rotor speed signals were
substantially improves transmission capacity. It also mitigates used to modulate the firing angle of TCSC. Itis hence clear that
subsynchronous resonance (SSR) accompanying conventionakhe modulation of the firing angle has some influence on SSR.

series capacitors. With an appropriate angle of thyristor firing, . . . :
electrical damping becomes almost zero, which is called SSR;Z%:Z?Q angle was fixed constant, however, in the preceding

neutral. This quality comes from TCSC itself. However, negative > ) )
damping still remains, and is large for firing angle 170~180° In this paper, we present a method of analytically calculating
where little current flows through thyristors. This paper deals electrical damping of TCSC with a firing control. It is an expan-
vvjth control of firing angle. First, we oscillate the firing angle ata sjon of techniques proposed in [10] and [11]. Rotor angle oscil-
g:‘é‘z:‘rig:lqggr?%i”nS”ﬁlg’;fsxgts‘?:(‘)z”ﬁ;’:'?ﬁé rg::;‘gﬂ;?;g'&‘i’:g”ﬁ lation is used as an input signal. It is transmitted to the firing
all frequencies if the firiné angle oscillation is in phase with that of angle through a gain and a p_hase. we examine their influence.
rotor angle. Synchronizing torque decreases, however, so a limit [t S€€ms natural to use deviation of rotor speed instead of angle.
must be put on the control gain. Lastly, we execute numerical The phase is 90in this case. However, it becomes clear that
simulations to verify our analytical results. electrical damping improves in one frequency range, but it de-
Index Terms—Damping control, SSR, TCSC. teriorates in another range at the same time. On the other hand,
if the phase is 9, the firing angle oscillates in phase with the
rotor angle. Now, the damping improves in all frequency range.
|. INTRODUCTION Itis also possible to turn the damping to positive. The synchro-
THYRISTOR-CONTROLLED series capacitor (Tcsc)nizing torque deteriorates, however, so some limit must be put
compensates transmission line reactance, and increase®bthe gain.
controls power transfer. It is also effective in mitigating sub- First, we briefly describe a TCSC and a transmission system
synchronous resonance (SSR) [1]. It was shown with an anaifg>ection Il. We observe current components of a thyristor-con-
simulator that electrical damping of a system with a TCSC t6olled reactor (TCR) brought by firing angle oscillation, and de-
almost the same as one with no series compensation, that is [t analytical equations for them in Sections lll and IV. In Sec-
TCSC is SSR neutral [2]. This is one of the most important &ions V and VI, we present an algebraic equation for the TCSC
tributes of the TCSC. and solve it to obtain electrical damping and to examine the ef-
Several theoretical analyses and field tests of the TCSC wé@ét the control has on damping. Lastly, we execute numerical
made in relation to SSR. It was shown with EMTP that a TCSg&mulations to verify our analytical results in Section VIL.
in vernier mode behaves as a lossy capacitor [3]. Field tests at
the Slatt substation demonstrated that the TCSC does not partic- [I. BASIC EQUATIONS
ipa_te in SSR [4]_. Some dynamic models were derived based N Transmission System With TCSC
Poincare mapping and others [5]-[8]. These models are useful o )
in eigenvalue analyses of SSR. With Fourier analysis, some alfig.- 1 shows a transmission system compensated with
gebraic equations were derived for voltage and current comggb-TCSC. Transmission line resistaneg is 0.02 p.u., and
nents of a TCSC [9], [10]. By solving one algebraic equation, i¢actance is,, L, = 0.9 p.u., wherew, = 1207. The base of
is possible to calculate electrical damping of a system compdigr-unit system is 500 kV and 1000 MVA. The transmission
sated with a TCSC [11]. line reactance is large, so it is compensated with TCSC. The
If the conduction angle of thyristors is appropriately wide, theapacitor isl /w,C = 0.3 p.u., and the reactor is, L = 0.0512
electrical damping is nearly equal to zero. The TCSC is therieu. The reactor has a resistamoef 0.002 p.u. The compensa-
fore almost SSR neutral. If a generator has moderate dampitign is adjusted with the thyristors.
SSR does not occur. However, in a case where the firing angle iSime variations of transmission line current capacitor
close to 180, and the conduction angle is narrow, action of theoltagewv, and thyristor-controlled reactor (TCR) curreptre
TCSC is close to that of a series capacitor. It accordingly shodsscribed by the following equations:
large negative damping. In order to operate in such cases, or

in a case where damping of a generator is insufficient, the firing di_e—uvp—v o 1)
angle of the TCSC must be modulated [1]. In the field test of [4], dt Lo
dv _ 7 — le (2)
Manuscript received September 12, 2001; revised April 18, 2002. dt c
N. Kakimoto is with Kyoto University, Kyoto 606-8501, Japan. r S ;
A. Phongphanphanee is with Fujikura Ltd., Chiba 285-8550, Japan. ﬂ — (v “l)/L (thyrlstor on) (3)
Digital Object Identifier 10.1109/TPWRD.2003.813627 dt 0 (thyristor off)

0885-8977/03$17.00 © 2003 IEEE



1052 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 18, NO. 3, JULY 2003

v HP IP LP LP Gen Exc

7>

1 2 3 4 5 6

Fig. 3. Generator-turbine shaft system.

TABLE |
PARAMETERS OF GENERATOR TURBINE SHAFT (per unit)
Fig. 1. Transmission system with TCSC.

H; D; kij
. H1=0.0929 | D;=0.012 | k12=19.303
3 ' ' ' H=0.1556 | D3=0.001 | ky3=34.929
H3=0.8587 | D3=0.085 | k34="52.038
H4=0.8842 | D4=0.080 | k45=70.858
of Voltage v x5 A H5=0.8685 | D5=0.200 | kse=2.8220
. Reactor | H=0.0342 | Dg=0.018
. Current i current 1;
3 \
o L |
> | / TABLE I
[@)) EIGENVALUES OF GENERATOR-TURBINE SHAFT
8 1 /t2
© 0 N Mode Eigenvalue
> 1 -0.011%;47.456
= 2 -0.0314532.285
) 3 -0.0314525.547
E ar ] 4 -0.120+520.211
=2 ‘. 5 -0.043%515.712
&) Firing angle ¢ 6 | -0.068+j 0.000
(The imaginary part is in Hz)
_2 B 7
d?65
. : : ' : M5 —5- = —Pe — ka5054 — k56056 — d5ws (8)
30 10 Ty 20 dt
Time (ms) 25
6
meg —— = —ksglgs — dew 9
Fig. 2. Voltage and current of TCSC. 6 dt? 56765 66 ( )

] ) ) where for each mass m; is inertia constanty; is rotor angle,
wheree is the internal voltage of the generator. Its amplitude Fmi is mechanical power inpuk; ; is torsional spring constant

1 p.u. The subtransient reactance is included in the transmissiai v een mass andj, d; is damping torque coefficient;; =
line reactancey, is the infinite bus voltage (1 p.u.). Fig. 2 showsé, A o

) Ao i . — 0;, w; = db;/dt, is rotor speedp, is electrical power
time variations of th_e vo_ltag& and the rea}ctqr curre@t for a output. The rotor anglé; in (8) corresponds to the phasef the
case where TCSC is driven by the curréntith amplitude 1

. ‘ - _internal voltage:. Table | shows constants of the shaft system,
p.u., and frequency 60 Hz. The thyristors are triggered at firiQgare,,. — H;/60r, d; = D;/120x. The fraction of the total

angle¢ from zero-crossing points of the voltage . mechanical power effected by each of the mapsasto pyn4 is
The reactor currenf; contains some odd harmonics bESId% 20, 30, 30%, respectively.

a fundamental wave. The voltageis multiplied by 5 for the 1here are six natural modes in the shaft system of Fig. 3.

sake of comparison. Small odd harmonics are superimposeti@e |1 shows eigenvalues for the modes. The modes dor-

a fundamental wave, as observed from the figure. respond with torsional oscillation modes. The mode 6 is a rigid

body mode in which all masses move together. This mode be-

comes a swing mode when the generator is connected to the
Fig. 3 shows a model of the generator-turbine shaft systamransmission system.

[12]. It consists of six masses. The motion of each mass is de-

B. Generator-Turbine Shaft System

scribed by the following equations: ll. CONTROL OF FIRING ANGLE
d?6; Assume the rotor angle of the generator oscillates at a fre-
i ) quencyf, then two voltage components appear besides a fun-
426, damental component. Their frequencies Are f, + f, where
ma T2 =pm2 — k12021 — ka3bo3 — daws (5) f,=60Hz.Due to these voltage components, current compo-
25 nents of frequency = mf, = f appear in the TCR current,
ms % — Do — kioaB3s — kaabas — daws (6) wherem is an even number. Substitutirnfginto this equation
gives
oy _ k34043 — kasbas — d 7 7
m4w—ﬁm4— 34043 — K45045 — Q4Wwy (7) f=mxDfoxf=nf,Lf. (10)
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Fig. 4. Firing angle control. . . : . .
Then is clearly an odd number. For example fit= 20 Hz, f
becomesl0, 80, 160, 200, 280, .... The most important com-  0.001 -
ponents are 40 and 80 Hz.
Fig. 4 shows variation of the reactor current for changes ¢ Simulati
the firing angle. If the firing angle changes frapp to ¢, — ¢, - Imulation .
then the reactor current increases. Conversely, if it changes =
¢ + ¢, the current decreases. In this paper, to suppress SSR, £ 0
oscillate the firing angle at the same frequerfcgs the rotor  § J(JE/ J( X % X XX X
angle :tj
@)
¢ = ¢o +esin(2rft +0) = ¢, + Ad (11) - Analysis i
wheree and# are, respectively, the amplitude and phase of th
oscillation. -0.001 -
The TCSC voltagev contains odd harmonics, and is ex-
pressed as follows:
o(t) = a;sin 2mif,t (12) 0 200 400 600
Frequency (Hz)

wherea; is an amplitude, andis an odd number. Fig. 5 shows ®)
variations of the TCR current due to the oscillation of the firing
angle, where the voltage is assumed to contain only fundamerft@ 5. Variation of TCR current. (a) In-phase components. (b) Quadrature
.. components.
component, and; = 1 p.u. The parameters of the firing angle
areg, = 160°,e = 1°, f = 20 Hz,0 = 0. From the figure, itis
seen that the current components have frequencies 40, 80, Fal, simplicity, we assumed = 0. Thet; is a time when the
200, 280. .. Hz. These frequencies are represented fiy+ f  current begins to flow, and, = 2xf,. The components of
Hz, wheren is odd number. These frequencies prove to be thieequency(n f, + f) Hz are obtained by
same as those produced by oscillating the rotor angfeté,
as shown in (10).
o2t
IV. ANALYTICAL EQUATION Us =7 /0 usin(nw, +w)tdt (14)
In this section, we derive analytical equations for the variation 9 T

of the TCR current caused by the firing angle oscillation. First, e =7 / i cos(nw, + w)t dt. (15)
from (3) and (12), the reactor currefptis given by 70

. a; ) . T is an interval of the integration, and= 27 f. The integrals in
= Z iw, L (cosiwoly — cos iwot)- (13) (14) and (15) are obtained by calculating for each current pulse
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(k=0,1, 2,...),and then by summing all of them. Hence wéEquations (22) and (23) represent the variation of the TCR cur-

first calculate rent for the oscillation of the firing angle. Fig. 5 shows analytical
ta values obtained by the above equations. The values agree very
lsk = / 1 sin(nw, + w)t dt (16) well with the simulation results.
t1

. tz D. Generalization

ek = /t1 i cos(nwo + w)t dt (7) Next, we se¥) = 7 /2 in (11), theng changes as
where thet, is the time when the current stops flowing. ¢ = bo + € coswt. (24)
A. Variations in Times, andz, In this case, the current components are given by

Setad) = 0in (11), then
Aijs = ec, Ay, = ed (25)
¢ = ¢, + esinwt. (18)
where

The timet; when the current begins to flow satisfies
c=—b, d=a.
woty = km + ¢ (29)
The components of frequen¢x f, — f) Hz, as is clear from

wherek =0, 1, 2, ... Lett; = ¢]+At (where the superscript the definition in (14) and (15), are given by replacing as follows:

0" denotes the steady-state value for 0), then

Aty ~ — sinh(kr + ¢,) (20) e ammd e e (26)
Wo .
. . in (22), (23), and (25).
is obtained, where In a general case where the firing changes according to (11),
h=w/w,. ¢ varies as
The timet, varies due ta\t;, and we set ag, = 1§ + Als. ¢ = ¢o + ecostsinwt + e sin b coswt.
B. In-Phase Components In this case, the current components are given by
Substitutet; = t§ + Aty andt, = t§ + Ats into (16), and ) AV
arrange it up to the first order ef then Adyp = < i > =¢ep (27)
. 0 sini¢ cos hg sin(n + h)d herep is a vector
Usk ™ g, + € Z a; 2L(n+ h) (21) wnherépisayv
: . S a ¢ cosd
is obtained, wheré,, is a constant, and p= ( ) ( ) .
_ b d sin @
p=m— ¢
For the derivation of (21), refer to the Appendix. The current V. NETWORK EQUATION

componeni; in (14) is obtained by summing thig,, for all k. A. Representation of TCSC

Its variation is given by
As observed in Sections Il and IV, if the firing angle oscil-

Aijs = ea (22) lates at a frequency, small current components of frequencies
fi = nf, = f (n: odd number) flow through the TCR. ff = 20
where Hz, thenf; = 40, 80, 160, 200, 280 Hz, ... (i = 1, 2, 3, ...).
_ 20 - . — These components flow through the capacitor and the transmis-
a=————cosh¢sin(n+ h)p S .
woLm(n + h) sion line, and corresponding voltage components appear on the
L TCSC. Now |etAi1, Aig, Aig, .. .,A’Ul7 AUQ, A’Ug7 ... de-
*= Z a; Sin ig. note these small current and voltage components from low to
high frequencies in sequence,
C. Quadrature Components where
Substitutet; = t§ + Aty andty = t§ + Aty into (17), and ) Aig; Avg;
arrange it again, then Ai; = <Aici> ’ Av; = (Avm) :
Aije = b (23)  The subscript¥, ¢’ meansin andcos components, respectively.
is obtained, where Erlrz)?.se current and voltage components are related as follows

20

b = —m Sinhgbsin(n—l—h)d). AI: YAV“FEP (28)
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whereAT = (Adl, Adb, .. )t AV = (Avt, Avl, .. )% Y is  From (28) and (31), we obtain
an admittance matrix
(1+YZ,)AI =YAE +¢P, (32)
Y=Y +Y..

Y changes with method of firing thyristors. In this paper, we VI. DAMPING TORQUE
choose zero-crossing points of the fundamental voltage as

e . ., ..
reference of firingY; is an admittance matrix of the TCR. It ism Definition of Torque

composed of 2 2 matricesy;; Interaction between the shaft system and the transmission
system occurs through the generator ougput= ei. Now, let
i = +9i;  Fbij the rotor angle of the generator oscillate at a frequeihasound
Y bij  gij an operating poing, as follows:
where fori, j =1, 2, 3, ... §=26,+ ¢ sinwt =6, + AS (33)
gij = 2 sinhigsinh;¢ wheree’ is an amplitude, and = 2 f. Numerically integrate
wo Lrh h; (1)~(3) to obtain time variation of., and extract a component
9 sinhipcosh;  sinmg of f_requencyf with the fast Fourier transformation (FFT), then
bi; = — . pe IS expressed as follows:
woLwh]- hi m
hi, hj, m (even number) are related as follows: Pe ™ Peo + &'kie sinwt + &'dew cos wt. (34)
hi = fi/fo =m % hj, hi = fi]fs. The first term is a steady state value, the second term is a syn-
chronizing torque, and the third term is a damping tordue.
Y, is an admittance matrix of the capacitor andd. represent a synchronizing and a damping torque coeffi-
) cient, respectively.
Yo = diag{yec1, ye2, - - -} (29)

) . . B. Analytical Equations fok. andd,
wherey.; (i =1, 2, 3, ...) isa2x 2 matrix o
Set the generator and the infinite bus voltages, as fol-
i = < 0 —27rf710> lows:
“\2nfiC 0 )
mf e = e, sin(wot + ), Vp = Upo Sin(wot)
P is avector which represents small current components caused
by the oscillation of the firing angle wheree, anduy, are their amplitudes. Substitute (33) into the

above equation, thenis transformed as

P =(p1, p3, .- )" (30) ,
~ ey sin(Wol + 85) — <2 sin{(w, — w)t + 8}
p; denotes a vectqr of (27) corresponding to the frequengy e = €osin(wo ° 2 ° °
wheref;/fo = n + h. e'e,

+ sin{(wo + w)t + 8,}. (35)

B. Installation Into Transmission System _
The two componentae;, Ae, of Section V-B thus appear. Due

If the rotor of the generator oscillates at a frequerfichen (4 these voltages and the firing angle oscillations, the cuirent
two voltage components of frequencigs+ f appear. Let a changes as follows:

vectorAE denote these components
AE = (Aer, Ao, ) i~ i,s8in(wyt + 6, + 1/)0)/~.|— Efil sin{(w, —w)t+ 6, + 1}

+eligsin{(w, + W)t + 6o + 12}  (36)
e; corresponds withy;, 7;. Inarangd) < f < 60 Hz, only Aey
and Aes; are nonzero, and otheke;s are zero. On the other
hand, the infinite bus voltage does not change. HeAdé and
AT of the TCSC are related as follows:

wherei,, i1, i3 andi,, ¥1, 1o are amplitudes and phases, re-
spectivelyiy, i, 1, 19 are determined by solving (32). From
(35) and (36), we obtain

~Lleo,
AE = AV = Z,Al (31)  Pe ™73 ColoCOSTo
_ _ _ - +é& % €0 (i Sin 1, + 11 sin 1Py — ia sin 1h2) sin wt
7, is an impedance matrix of the transmission line 1 % eo(i1CO8 Y1 + 2 COS ) COS W

Zo = diag{zo1, Zo2, ...} Comparison with (34) gives

wherez,; is a 2x 2 matrix . . ..
o k. = % €o(iosinth, + 11 Sinthy — ig sin1hs)

To _27rf’iL 1
=\ onpir, | de = 5 eoliy oS 1 + 12 005 2). (37)

To
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Fig. 6. Selection of phase @
2 . . . ; r
C. Damping Control k k=0 __Analysis .
From comparison of (11) and (33), it is seen that E’-; 1
= _
0
A = k/OAS (38) % ]
(@]
is satisfied, wheré: = ¢/¢’. We will control the firing angle o Qb ey e ]
according to this equatiot. andf become a gain and a phase §-
of the control. In this subsection, we select appropriate valu 2 | Simulation i
of these parameters. _8
1) Selection of Phase First, we set: = 1. Further, we set N | |
AE = 0in (32) to see the effect of the control. Fig. 6 show ©
frequency responses of the damping torque coefficierfor G
four values offl, where¢, = 165°. The coefficient consider- c%‘ i |
ably changes witld. If we choosd to ber /2, —n/2, orr, the
damping coefficient takes negative values in some frequen -2 0 : 2'0 ' 4'0 ' 60

ranges. However, if we choogeto be 0, then the coefficient
takes positive values at all frequencies. This means that the cuii-
trol is effective for all torsional modes. Thus, we seleet 0. ()
2) Limitation of Gain: Fig. 7(a) shows relation between therig. 7. - Limitation of gairk. (a) Damping torque coefficient. (b) Synchronizing
gaink and the damping torque coefficiefit, whereg, = 165°  torque coefficient.
andd = 0. Without the control (i.ek = 0), the damping torque
coefficient is negative at all frequencies. Next, we increase theThe symbole in the figure shows the results obtained by nu-
gain k to 1 or 2, then the damping torque coefficient movesierical simulations. Phase-locked loop (PLL) is used to extract
upwards. If we increask to 3 or 4, it comes to have positivethe fundamental voltage whose zero-crossing points are referred
values in some frequency range. to trigger the thyristors [10]. Good agreement is seen between
Fig. 7(b) shows the synchronizing torque coefficiépt If the simulation results and the analytical results.
we increase the gain, then the coefficient decreases in a low fre3) Influence of Firing Angle:Fig. 8 shows the damping
guency range. The synchronizing torque is closely related wiibrque coefficient for cases where the firing angld 79° or
the stability of the mode 6 whose frequency is2lHz. Hence, 160°. In both cases, the damping torque improves by raising
it is not desirable that the synchronizing torque becomes negfae control gain. However, the required gain differs much as is
tive in this frequency range. Therefore, we must set some linciear from Figs. 7(a), 8(a), and 8(b). This means that we must
on the gain. adjust the gain according to the firing angle.

Frequency (Hz)



KAKIMOTO AND PHONGPHANPHANEE: RESONANCE DAMPING CONTROL OF THYRISTOR-CONTROLLED CAPACITOR 1057

0.01 . . . T

Damping torque coefficient (sec/rad)

(&)
(o]

Rotor angle (rad) ©

0.48

Time (sec) 200
(@)

0.56
_ k=1.5
el
o
o
i k=0 ) 2
©
5
-0.03 : - - =
0 20 40 60 . | | |
Frequency (Hz) o 100 . 200
@ Time (sec)
0.01 )

Damping torque coefficient (sec/rad)

Fig.9. Simulation of SSR{; = 0.002).(a)k =0 — 2.5.(b)k = 0 — 1.5.

TABLE I
RELATION BETWEEN CONTROL GAIN k& AND SSR
Firing angle Gain k Unstable
o (°) Stable Unstable mode
170 6.5 5.5 3
165 1.5 0.5 5
160 0.4 0.2 6

—0.002 are drawn. If the control gainis 1.5,d. always stays
above the line of-0.005. This means that all of the modes are

stable if the mechanical dampirfy is 0.005. Similarly, if the
gain isk = 2.5, then the modes are stable evedfis 0.002.

Fig. 9 shows numerical simulation results. The firing angle is
¢, = 165°, and the mechanical damping is 0.002. We initially
set the control gain &s = 0, then the mode 5 of frequency 15.6

(b) Hz grows. Next, we switch the gain at an instant. In Fig. 9(a),
Fig. 8. Influence of firing angle. (a) Firing angle 17qb) Firing angle 160.  We switched the gain to 2.5. In this case, the oscillation of the
rotor angle decays after the switching. In Fig. 9(b), we switched
the gain to 1.5, however, then the mode 5 continues growing and
diverges.

We execute numerical simulations of SSR to verify the inves- The mode 6 of frequency 1.2 Hz also grows in this case. Sim-
tigation in the preceding sections. For simplicity, we assume thar results are observed for the caselgf= 0.005.
mechanical damping coefficiends, ds, ds, da, dg are zeroin  Table |1l shows results for cases where the generator mechan-
(4)~(9). Only d5 is not zero. As a result, the stability of eachcal damping is?; = 0.005, and the firing angle is set at 170,
mode is determined by the damping torque of the generator. 165, and 160. In any cases, the results agree well with those

predicted from Figs. 7 and 8.
From the results shown before, it is confirmed that the SSR
(39) analysis based on the analytical damping torque coefficient is
valid. It is also shown that the firing angle control is effective
is satisfied at the frequency of a mode, then the mode is stahiesuppressing SSR. However, we considered a single generator
otherwise, it is unstable. In Fig. 7(a), two lines-60.005 and on a single line as shown in Fig. 1. It is necessary to extend the

20 40 60
Frequency (Hz)

-0.02 .
0

VII. ANALYSIS OF SSR

de +ds >0=d. > —ds
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presented technique for practical systems where several gel®ibstitutingAt; = ¢ + Atq, Aty = t§ + Aty into (41), we
ators are connected on the line. It may be useful to modify (38)range its terms as follows:
as follows:
m The 1stterm
Ap— Z TN (40) _ Ccosiw,t{(cos W] — coswt3)

Pt twewL

Aty siniw,tf(coswt] — coswtj)

wherem is the number of generators. It is not clear yet whether

we can find appropriate values of the g@inand phasé;, to ) u.}L )
suppress SSR of all generators. We need further investigation to _ cosiwot(Aty sinwt] — Alysinwts) _ (43)
show the effectiveness of (40). This remains as a future work. iwo L
The 2nd term
VIIl. CONCLUSIONS  CoS(W + 1w, 1] — cos(w + 1w, )13
In this paper, we made some basic consideration on the firing 2iwo (@ + 1w, ) L
angle control of the thyristor-controlled series capacitor. The Aty sin(@ 4w, )] — Aty sin(w + iw,)t§ (44)
following conclusions apply for a single generator connected 21w, L )
to an infinite bus by a single series compensated line. The 3rd term
1) If the firing angle of the thyristors oscillates at a frequency cos(@ — 1wy )19 — cos(@ — iw,)ts
f, then the current components of frequencigls + f flow = Diwo (@ — iwy) L
through the reactor. The analytical equations for the components
were derived. Aty sin(@ — dw, )t] — Atp sin(@ — iw, )5 (45)
2) The current components of frequencieg, + f flow 2iw, L '

through the capacitor and the transmission line. The netwark )
equation for the voltage and current components of the TCS@€ first terms of (43).(45) are steady state values, which cor-

was derived. respond to the first term of (21). The third term of (43) cancels
3) The method of analytically calculating the damping torquit'® second terms of (44) and (45). Lastly
of the TCSC was derived. By oscillating the firing angle in phase

with the rotor angle, the damping torque is improved while some 1 1€ 2nd term of (43)

limit is imposed on the gain. = —_i Aty sin iw,t$ sinw il PP St
4) Lastly, the numerical simulations were executed to show wL 2
that it is possible to suppress the SSR by controlling the firing 2 . o
. . = sin(hk S k
angle in the proposed manner. The results agree well with the wWw, L in(hkm + ) sini(km + ¢)

analytically predicted results. . . —
It is thus shown that the proposed firing angle control of the X sin(n +h)(k + ) sin(n + h)¢

TCSC is effective in suppressing SSR. _ esini¢ sin(n + h)p
ww, L
APPENDIX x [cos hp — cos h{(2k + 1)7 + ¢}] (46)

The function in (16) is transformed as follows:
wheren is even number. The term containiigof (46) is pe-

L . [ cosiw,ty sinw riodic, and its sum converges to zero. Thus, the second term of
i sin(nw, +w)t = Z i iwo L (21) is obtained.
Sin(@W + iw, )t + sin(@w — iw, )t
+ Yiw, L (41) ACKNOWLEDGMENT
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w = nw, + w.
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