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Abstract

This paper presents the various advantages of ftbyiController Series Capacitor (TCSC), both Beaer
Flow Controller, as well as a Short Circuit limiuring faults. The results have been derived aniied
from the software PSCAD, and the graphs and calouk are included in the paper. The results and
information included in the paper are sufficierdbcurate.
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1. Introduction

Thyristor Controlled Series Capacitor (TCSC) igaes FACTS device which allows rapid band contiraio
changes of the transmission line impedance. Itgneat application potential in accurately regulgtihe
power flow on a transmission line, damping intezaapower oscillations, mitigating sub synchronous
resonance (SSR) and improving transient stability.

The characteristics of a TCSC at steady-state angl lew frequencies can be studied using fundanenta
frequency analytical models [1], [2]. These patacunodels recognize the importance of having difie
approach from SVC modeling (assuming only line entrias a constant) which, although more demanding o
the derivation, gives the most accurate TCSC model.

The fundamental frequency models cannot be usedider frequency range since they only give the
relationship among fundamental components  of  vhab when at  steady-state.
Conventionally, the electromechanical transiggrograms like EMTP or PSCAD/EMTDC are used for
TCSC transient stability analysis. These simulatmols are accurate but they employ trial and etype
studies only, implying use of a large number oftéjwve simulation runs for varying parametershe tase
of complex analysis or design tasks. On the ottardh the application of dynamic systems analysis
techniques or modern control design theories wbulty benefits like shorter design time, optimiaatiof
resources and development of new improved designgarticular, the eigenvalue and frequency domain
analysis are widely recognized tools and they wautize invaluable for system designers and opesator
These techniques however always necessitate dleugtad accurate dynamic system model.
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There have been a number of attempts to derivearate analytical model of a TCSC that can be eysol

in system stability studies and controller desigh-[6]. The model presented in [3] uses a specahfof
discretization, applying Poincare mapping, for tharticular Kayenta TCSC installation. The model
derivation for a different system will be similatigdious and the final model form is not convenfenthe
application of standard stability studies and caltdr design theories especially not for largerteys. A
similar final model form is derived in [4], and theodel derivation is improved since direct disaatiion of
the linear system model is used, however, it ssifegher shortcomings as the model in [3]. The nindel
principle reported in [5] avoids discretization asttksses the need for assuming only line cureahadeal
sine, however, it employs rotating vectors that hilge difficult to use with stability studies, aodly
considers the open loop configuration. The mode[5his also oversimplified because of the use of
equivalent reactance and equivalent capacitantertight be deficient when used in wider frequerayge.
Most of these re- ported models are therefore aoedewith a particular system or particular typestfdy,
use overly simplified approach and do not includatml| elements or phase-locked loops (PLLS). Ia th
study, we attempt to derive a suitable linear cargus TCSC model in state-space form. The modelldho
have reasonable accuracy for the dynamic studidseirsub synchronous range and it should incorporat
common control elements including PLL. To enabdithility of the model use with different ac systgrhe
model structure adopts subsystem units interlinkesdmilar manner as with SVC modeling [6].

We also seek to offer complete closed-loop modsfigation in the time and frequency domains.
1.1 Test System

The test system for the study is a long transmissystem compensated by a TCSC and connectedrto a f
voltage source on each side. Fig. 1 shows a slimgleliagram of the test system where the transamidme

is represented by a lumped resistance and induetiareccordance with the approach for sub-synchusno
resonance studies [7]. Each phase of the TCSC nspased of a fixed capacitor in parallel with a
thyristor-controlled reactor (TCR). The TCSC is totied by varying the phase delay of the thyrigtong
pulses synchronized through a PLL to the line auneveform.
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Fig. 2. TCSC model structure.
Three different test systems are used in ordeetdywthe model accuracy with different system paeter
and different operating points:
» System 1—75% compensation, capacitive mode;
» System 2—40% compensation, capacitive mode;
» System 3—75% compensation, inductive mode.

The test system parameters are practically seleeatecbrding to the recommendations in [8]
(regarding and natural resonance)thadest system data are given in the Appendix.

1.2 Fundamental Frequency Model
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The fundamental frequency model of a TCSC is ddrifiest to enable initialization of the steady-stat
parameters. The voltage across the TCSC capaditoprises an uncontrolled and a controlled component
[8], and it is presumed that the line current isstant over one fundamental cycle in accordande[djt [2],

[5]. The uncontrolled component is a sine wave fi@eted by thyristor switching) and it is also ctarg
over a fundamental cycle since it is directly retato the amplitude of the prevailing line currehihe
controlled component is a nonlinear varialblat tdepends on circuit variables and on the TCRdfir
angle.

In this study, the controlled component is représgtas a nonlinear function of the uncontrolled porrent

and firing angle, as shown in Fig. 2.With this aggoh, captures the nonlinear phenomena caused by
thyristor switching influence and all internal eémactions with capacitor voltage assuming
only that the line current and are linear. Weksin our work to study dynamics of in a widergfrency
range and also to offer a simplified representafumfundamental frequency studies. The fundamental
components of reactor current and the voltages ardselected as state variables and the non- linear
state-space model is presented as
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To derive the corresponding linear model at the inatrfrequency, it is postulated that the model ties
structure:

Where k1 = ki{a)} angh2 = k() are the unknown model parameters dependent ofiritng

angle™ The above model structure is correct for zermdirangle
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Fig 4 : Voltage Phasor Model
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@ = lLa= 'f-', i.e., full conduction with measured from tfedtage crest) and we presume the same
model structure but different parameter valuest € | 0,90)

Considering the two components of the thyristoreniron the right side of (7) we note tr'i‘-1 Vi produces
the current that is driven by a constant volt: ' (over one fundamental cycle) in accordance tetréer

assumption. As a result, the configuration is samtb the shunt connection of TRC in a SVC, and the

. lalp
constan“E‘J can be calculated using the approach of equivadetanc al for the TCR currentin a SVC
(6], [8]

I -
Lgop i
— (9)
®— 200 — gan(x — 2ar)
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In order to determine the conste,‘l,",:' , we represent (6)—(7) as

a transfer function in the following form:

vald) s ks
—.= _rlllc;"}:?!l:_ l“h
vils) §* fwg+ 1
with
l": ||I;'r
ug=\f—, kg=—. (1)
" L& #\'j

Observing (10), it is seen tr*“d is the resonant frequency of an undamped secaet aystem. The

proposed expression for this frequency is givemmweh (12) and it is determined using the experitaken
frequency response of the model for the nonlinga8T segment as presented later in Section 1.3.
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FigSimulation Circuit for TCSC.

TCSC gain at fundamental frequency is derived

ve _ {Jwol/wi+1—ka —
i ciwe [(jwa ) fwi +1] B

TCSC fundamental frequency impedance is

w2 w4 kg =1
Xicee = wmdoendl f — (14)
T two (1 = w2 fw?)
Where
7= 20)[(m = 20) = gin{r =2
I.:-,;={'T ajl(x ﬂ,,J sin{ T = 2a )] (i)
7226302

=

And “d is defined in (12).
Compared with the fundamental frequency TCSC mudil], [2], the derived model (13) is considerably

simpler, yet it will be shown that the accuracyeésy similar.
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The above model is tested against PSCAD in theatig way. The system is operated in open loop,, i
with a fixed reference thyristor firing angle, hretconfiguration of Fig. 1. The value of the referethyristor

a € {0,907}

angle is changed in interv and for each angle the value of the TCSC voltage

is observed. Since all other parameters are canstenTCSC voltage is directly proportional to theéSC
impedance and this is an effective way to obtagueate information on the fundamental TCSC impedanc

Fig. 3 shows the steady-state TCSC voltage agtiastange of firing angle values, where the abowealr
model results are shown as model 2 and also thésé&om researchers [1], [2] as model 1. It iersthat the
proposed model shows good accuracy across the énitiig angle range and especially the results/arg
close to those from [1], [2]. In fact the above ralodiffers negligibly from the model [1], [2], exgkin the

. _ a € (20.30°) _ L _
less used low firing angles in rang, . . : * where the difference is still below 5%. It is also

evident that the two analytical models show smalldonsistent discrepancy against PSCAD/EMTDC, and
despite all simplifications in PSCAD it was not pitde to obtain better matching.
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gR: TCSC Power measurement.

1.3 Small-Signal Dynamic Analytical Model
A. TCSC Model

The transfer function in (10) is accurate only aadamental frequency and it cannot be used forwide
frequency studies. The goal of the dynamic modelm¢o derive a dynamic expression for model of
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satisfactory accuracy in the sub-synchronous frequeange and for small signals around the stetatg-s

operating point

Inductive Modes I Capacitvs Moo

Valtape (V]

Vedtage (V)

0 W 20 30 40 50 10 - B8O 85 90
Firtrvg Anghe (degres) Firing Angle (degrae)

Fig 7: Sted#hate TCSC voltage for different firing angles.

The steady-state for an AC system variable is gierwaveform at fundamental frequency with consta

magnitude and phase.

The frequency response is of TCSC is studied asguthat the input voltage is
vy = Apsin(2r fol) + Ajyy sin(2x finjt) (16)

Where the firssinesignal denotes the steady-state operation withealimeters constant.The second term is
the input in the experimental frequency responskitamas small magnitude. The output  is moeitoand
the first harmonic of the Fourier series is comgarith the input signal to obtain the frequencyp@sse.

If it is assumed that the injected component islisimanagnitude compared to the fundamental compgne
(as it is case in a small-signal study) the thgrigiring pulses will remain synchronized to the@fiamental
component. We can therefore base the study orotlesving assumptions:

« The firing pulses are regularly spaced (i.e. fisméed by the injected oscillations).

» The conduction period is symmetrical and unaéfédiy the injected signal.

* The magnitude of the fundamental frequency dadsffect frequency response at other frequenties (
magnitude of fundamental component will be assumeed in the study and, therefore, does not comkten
fundamental component).

Source generates a sine signal with the above m@fgequencies and for each frequency the mageituni
phase of the first harmonic of the output voltagyebserved.

The pulse generator produces equally spaced cdodustervals that are based on the fundamental
frequency period and which are dependent on thggfangle. Based on the above assumption, thesg fir
instants are unaffected by the injection signal.
21
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Fig. 4. Experimental frequency response sct-up with the SIMULINK model
for the nontinear TCSC scegment.

Test System (500 KV Transmission Line)

Power flow in 500KV line.

TCSC in Capacitive Mode
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TCSC in Inductive Mode:

Power flow with TCSC in Inductive Mode

Uy = = {18)
Ty frerC
$¢ = 0.38cos(a) (19)
x f,10=3 ( - a )
Wn = 1.7 4 V10— (20)
;iu:c I tan™(a)
$n = 0.2¢08(ax). (21)
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The model (17) is next transferred to the state-space domain
s = 'E'H’ <

ks = dyea3ds

813 = Ayear (Q)ry + agezaa)ra + agesa{ s

ST4 = Qpeqt ()21 + Qrega(@)2s + arepa{a)rs + a2y

He T4 (22)
where the parameters are
ey = 1
aesr(0) = Wi aesn(a) = =i aweas() = —wass
1 w3 1 fwq
aen{a) = — (1 - =% ) @ele) = — =1
Iy wh Ty \wi
l (sawa 5 L
tela) = = T l Mcdd = (23)
and the states are defined as
1 Sd
Fi1=t"i. F2=U /(*‘f32+ —5§+1
ﬂl'd wi
1 —v
£y =ar2, =& =1_?- (24)
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¥, - TCSC voliage magnitude t - line current angle
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@, - delayed voltage angle o - actual firing angle

Fig. 8. Controller misdel and fining angle cakeulation.

B. Model Connections
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82, = sk, + Batoy

Woe = Cells + Daltyy (25)
shere 5" labels the overall system. and the model matrices are
[ Ao Beote * Creco  Docac * Cacco
-'"15 = -Bu:-cc- » C'-:.:-u: -‘11-: -B:r:ac » Cactc
_-Bmc- * Cooac  Bacte * Crcac Aac
Fﬂcmm
Ba = Blccul
_-Bnmm
C,= {Ccmul Creour U&mutj
D, = [0]. (26)

1.4 Test Results

Power Fland Line Current under fault without TCSC.

Here tlaglt is applied at 0.2 sec and cleared at 0.4 sec.

PoweoWwland Line current under fault with TCSC
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Here fhelt is applied at 1.5 sec and cleared at 2.5 sec
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Plot: XESC) versus firing angle in Inductive mode.
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Plot: XESC) versus firing angle in Capacitive mode.

1.5 Conclusion

TCSC is placed on a 500kV, long transmission lioémprove power transfer. Without the TCSC the pow
transfer is around 110MW, as seen during the @irss of the simulation when the TCSC is bypassed. T
TCSC is modeled as a voltage source using equivadgedance at fundamental frequency in each phase.
The nominal compensation is 75%, i.e. assuming trmdycapacitors (firing angle of 90deg). The ndtura
oscillatory frequency of the TCSC is 163Hz, whisl2i7 times the fundamental frequency.

The TCSC can operate in capacitive or étiste mode, although the latter is rarely usedriacpice.
Since the resonance for this TCSC is around 58ieg fangle, the operation is prohibited in firiaggle
range 49deg - 69deg. Note that the resonancedantbrall system (when the line impedance is ired)ds
around 67deg. The capacitive mode is achieved fivitiy angles 69-90deg. The impedance is lowest at
90deg, and therefore power transfer increaseseditig angle is reduced. In capacitive mode trege for
impedance values is approximately 120-136 Ohm. fidrige corresponds to approximately 500MW power
transfer range. Comparing with the power transfekl® MW with an uncompensated line, TCSC enables
significant improvement in power transfer level.

TCSC reduces the short circuit curfesrn 350amp to 250amp under three phase shortitcfeaut.
So TCSC significantly reduces the short circuitrent.
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APPENDIX
TABLE 1
TEST SYSTEM DATA
|  System | |  System 2 | System 3

AC system data

R, 6.0852 2 6.0852 42 6.0852 12
Ly 04323 H 04323 H 0.4323 H
€y S30kV 539 kV S30LkV

e 477.8kV 477.8 kV 477.8kV
L 604z 601z 60H:
TCSC data (at nominal point)

Y%comp(a=Y0)|  75% 4% 75%

Xv X, 01343 01632 0]343

o, =11 Jl_c| 163.7H: 14534 H: 163.7 Hz
¢ 21.977 uF 4] pF 21.977 uF
= 0.043 H 0.028 H 0.043 H

V. 128.5 kV 28 kV 4.2 kV
Fir. angl. a 76" 7Y 2
Controller data

k. (0. (0 2redk V - 006 radkV 0.05 radkV
K, -.06rad/(k¥s) | _-0.7radi(kVs) | 20radikVs)
Tif 1/220% 1/220% 17220k

T,p 1713005 1/ 1400 5 1714000

& 0.9 0.9 0.9

o 50 H: S0 Hz 20 Hz
PLLk, 30 3o 30

PLL k; 300 1is 300 /s 300 /s

T 0.03 s 0.0 0.0y

T 0007 s .0s (0
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