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Abstract
This paper presents the modelling and simulatibiStatic Synchronous Series Compensator (SSSC)vi area

system for Automatic Generation Control (AGC) underedulated environment. The modelling of Thyri€ontrolled phase
Shifter (TCPS) is also carried out and comparisomade between SSSC and TCPS. A two area hydrotheystam under
deregulated environment has been considered far phirpose. The devices are modeled and attemptheas made to
incorporate these devices in the two area systers tmproving the dynamic response of the system.effieet of these
parameters on the system is demonstrated with the @fe computer simulations. A systematic method &s® been
demonstrated for the modeling of this componerthénsystem. Computer simulations reveal that dubdgresence of SSSC
along with TCPS, the dynamic performance of the systeterms of settling time, overshoot is greathpioved than that of
without SSSC.
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1. Introduction

Successful operation of a power system is the gsoéproperly maintaining several sets of balante®
of these balances are between load-generation @rmetsled and actual tie line flows. These two badanare
predominant factors to keep frequency constant.s@om frequency is identified as the primary indéxhealthy
operation of system and the quality of supplied @ote consumer as well. Both of these balancesnaiatained
by adjusting generation keeping load demand in viédvequency is low, generation is increased #dritie actual
outflow is greater than the scheduled outflow, gatien is decreased. Since system conditions arayal changing
as load constantly varies during different hoursaoflay, precise manual control of these balancesldvbe
impossible. Automatic Generation Control (AGC) wigveloped to both maintain a (nearly) constantuesgy and
to regulate tie line flows [1-2].

Under open market system (deregulation) the powstem structure changed in such a way that would
allow the evolving of more specialized industries fleneration (Genco), transmission (Transco) astlittution
(Disco). A detailed study on the control of genieratin deregulated power systems is given in [3je Toncept of
independent system operator (ISO) as an unbiaseddioator to balance reliability with economics halso
emerged [4-5]. The assessment of Automatic Gelwerantrol in a deregulated environment is givedeatail in
[6] and also provides a detailed review over temue and explains how an AGC system could be sietlkzfter
deregulation.

On the other hand, the concept of utilizing powectonic devices for power system control has been
widely accepted in the form of Flexible AC Transsim Systems (FACTS) which provide more flexibility
power system operation and control [7,8]. A St&ischronous Series Capacitor is expected to beffaatiee
apparatus for the tie-line power flow control ofiaterconnected power system in the analysis ahtamconnected
power system. The proposed control strategy willabeew ancillary service for the stabilization oéduency
oscillations of an interconnected power systemticS@ynchronous Series Compensator is one of thmoitant
members of FACTS family which can be installed eries with the transmission lines. With the capgbiio
change its reactance characteristic from capactbvinductive, the SSSC is very effective in colitng power
flow.

This paper addresses the AGC with interconnectediesys along with the incorporation of FACTS
devices. The transient performance of these systeensompared to establish their effectivenessomee another
to suppress the area frequency oscillation anlingepower exchange after the step load pertwhatn the view
of the above, the objectives of the paper are lasafo
e  To model a hydrothermal system under deregulatedss®
e To investigate the impacts of devices like Stagjacronous Series Capacitor and Thyristor contrigtibase

shifter
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2. Dynamic Mathematical Model

The Automatic Generation Control system investidaite composed of an interconnection of two areas
under deregulated scenario. Area 1 comprises efi@at system and area 2 comprises of hydro syfignl is the
block diagram of two-area hydrothermal system urtb¥egulated scenario where ACE of each area isoféke
corresponding controller. The accurate control &ige generated for every incoming ACE at that ipatar load

t
change. A performance index given byj(a lelz +[a’mf22 +APt%12) has been considered to compare the
0

performance of SSSC and TCPS.
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Figurel. Two area hydrothermal system under deatgghiscenario
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3. Modeling of SSSC and TCPS
A SSSC employs self-commutated voltage-source himigcconverters to synthesize a three-phase voltage
in quadrature with the line current, emulates aluative or a capacitive reactance so as to infla¢he power flow
in the transmission lines. The compensation learllze controlled dynamically by changing the magtétand
polarity of injected voltageYg and the device can be operated both in capacitistéraluctive mode. The schematic
of an SSSC, located in series with the tie-lineveen the interconnected areas, can be appliedlidize the area
frequency oscillations by high speed control oftikdine power through interconnection as showfigure. 2.
The equivalent circuit of the system shown in FeggRrcan also be represented by a series connegitades source
V, along with a transformer leakage reactaXige The SSSC controllable parameteWis, which in fact represents
the magnitude of injected voltage. Figure 3 reprsthe phasor diagram of the system taking intoaat the
operating conditions of SSSC.

Areal VYmUOnm Area 2

Hydro
Unit

N/

Figure 3. Phasor diagram atd and \{ lagging | by 96

Based on the above figure wheg =0, the currentl ; of the system can be written as

lo :V”];V” (1)
Xt
where X1 = X + Xg. The phase angle of the current can be expressed a
5. = tan_l[vn cqs@n Vi, cgs@m} @)
Vp, sinGy, =V, sing,
But Eqgn (1) can be expressed in a generalized &&rm
|=Vm_,VS_V”=[V”)_V”}+[__Vs}=|o+m A3)
Xt Xt Xt

The term Al is an additional current term due to SSSC volt¥ge The power flow from busnto busn can be

written as Sy, =Vp! U= Smno + ASm Which implies
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Pmn * 1Qmn = (Pmno + &Pmn) + 1(Qmno + AQmn) 4)

Where Pyn0and Qnpno are the real and reactive power flow respectiveten Vg =0. The change in real power
flow caused by SSSC voltage is given by

AP, = V;‘\T/S sin@, - a) )

When Vg lags the current bp0°, AP, can be written as

AR, = V;]\T/S cos6, - ) 6)

From Eqn (2) the terncos@,, — €;) can be written as

cos@y, - 6,) = \\//—” cos@,, - 6,) (7)

m

Referring to Fig 3 it can be written as

c0s@, - 6;) =2 ®)
Xy
and it can be seen as
yw=V, Sinfyn, 9
Also xy = \/Vn% +V,2 = 2V, €086y and G = 6y — 6, (10)

Using these relationships Egn (6) can be modifetbdows

Vs

(11)

VoV, .
AP, =%sm Brnn X —
T \/Vm +Vyy =2V V), €0

From Eqgn (4) it can be written &3, = Pyno + APy Which implies

ViVh . VoV V.
Pmn = %smé’mn + (%smé’mn x 3

T T Jv,% +V,2 = 2V, Vp, COSBpn

) (12)

Linearizing Eqn (12) about an operating point it & written as

AV

) (13)

ViV, ViV, .
AP, =%cos(9m - 60,) (86, —06,) + ( ;(“ 0 SiN G X —
T T \/Vm +Vyy = 2V V), €06
APy = ARy + APgggcwWhich implies
AV,
\/vn% +V,2 = NV, €088,

) (14)

VoV, .
APss5c= (—-1sinG,
Xt

Based on Egn (14) it can be observed that by vgrilie SSSC voltagdV,, the power output of SSSC can be
controlled which will in turn control the frequeneyd tie line deviations. The structure of SSS®dancorporated

in the two area system in order to reduce the fraqu deviations is provided in Figure 4 shown belde
frequency deviation of area 1 can be seen as toghe SSSC device.
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Figure 4: Structure of SSSC

Modeling of TCPS

Figure 5 shows the schematic of the two-area interected hydrothermal system considering a TCPS in
series with the tie-line. TCPS is placed near drearea 1 is the thermal area comprising of thedgeat units and
area 2 is the hydro area consisting of three hydits. With TCPS, the incremental tie-line poweflfrom area 1
to area 2 under open market system can be exprasgéé]

Areal 1 1 . 2 Area2

Reheat
Unit

Tie-line

vil<e vi|as, +o [Val23,
Figure.5 Schematic of TCPS in series with Tie line

The phase shifter anglg (s) can be written as

K
— 4
Ag(s) = AError (s 15
A= 1 o, AETON (S (15)
Where K, and Tpsare the gain and time constants of the TCPSAlador, (s) is the control signal which controls
the phase angle of the phase shifter. Thus, ibeanritten as

' . K
27 2 [AF; () - AF,(8)] + Ty, ——Z2— AError (s) (16)
S 1+sTps

AErrory can be any signal such as the thermal area fregudgviationAf; or hydro area frequency deviatidf,

ARjier2(8) =

4. Resultsand Discussions

The proposed techniques are applied to a two aydeothermal system under deregulated scenario. The
simulation has been conducted Simulink in MATLABL Mhree generators in each area have been corgifitare
the study. Each Genco participates in AGC as définefollowing area participation factors (apfs):
apf;=0.5, apf=0.25, apf=0.25, apf=0.5, apf=0.25, ap§=0.25. Coefficients that distribute ACE to seveésaincos
are termed as “ACE participation factors” (apfsheTDiscos contract with the Gencos as per theatig Disco
participation matrix. The disco participation matBhPM) in this work is taken as follows:

(01 00 03 04]
00 01 00 02
DPM £03 04 01 00
02 00 02 01
02 03 00 01
|02 02 04 02

A step load disturbance of 0.04 pu MW is considenegither of the areas(fig 6-8). Also an additibcase
is also considered when contract violation occargither area. So in this contact violation an tddal load of
0.03 pu MW is considered in both the areas aftertitme span of 30 sec and 75 sec (fig 9-11). Ia tointract
violation the Gencos which are present in thatipaler area where the violation has taken placeeaddake up that
extra load while the remaining generators of otvela generate the power which they had been gergiafore.
Fig 12 shows the comparison of performance indekeosystem during the normal case. Table 1 shdws t
comparison of dynamic performance of the systenm 88SC and TCPS and without SSSC. Table 2 shows the
performance index of the system during the nornaakec It can be observed from the tables that theeywith
SSSC and TCPS has better dynamic performance loaystem without SSSC.
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Tablel. Comparison of system performance with aitlkdout SSSC

Thermal Area Hydro Area
Peak . . . )
Time Overshoot (Hz) _Settlmg Peak Time Overshoot (Hz) Settling Time
Time (sec) (sec) (sec)

(sec)

With TCPS 0.575 0.0079368 3.995 0.765 0.01107 3.67

With SSSC and Tcps 0375 0.00233921 0.615 0.31 0.0062918 1.815
34.78 70.52 84.60 59.47 43.16 50.54
% Improvement
Where % Improvement is given by
qcorresponihg parametelin with TCP$—|corresponihg parametefin with SSS@ 100
X

Corresponthg parametelin withTCPSf

Table 2: Comparison of Performance Index Values
Performance Index Value
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Figure 6 Frequency and tie line power deviations duringmarcase
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Figure 8.: Generation of Gencos in area 2
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Figure 12.: Comparison of performance Index

5. Conclusions

A systematic method has been suggested for thgrdesdia static synchronous series compensator for a
two-equal-area hydrothermal system under deregllstenario. This paper has also investigated thierpeance
of the system with SSSC and with TCPS with respecteduction of frequency deviations and tie linewvpr
deviations during a load change on a two area ligdrmal system. The simulation results indeed stiew the
proposed method indeed successfully mitigatesrérguéncy and tie line power deviations during &l lobange and
also it can be seen that the performance indeReogystem with SSSC is less than the system witB8&C which
indicates the superiority of the proposed method.

Appendix
All the notations carry the usual meanings
(a) System data
Tpl,sz =20s; K pLs K p2=120 Hz/p.u.Mw;PB.1, P 5 =1200 Mw; T; = O.SS;Tg =0.08s,T,,=1s; T, =5s,T; = 416s,
T,=0.513s; R}, Ry = 2.4Hz/pu Mw; T;5 = 0.0866s; By, B, =0.4249p.u Mw/Hz;
T, = 0279 T, = 0026 T3 = 0411 T, = 0.1 Kgggc=0.1808 Tgggc= 0.0386
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