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Steady-State Modeling of SVC and TCSC for
Power Flow Analysis
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Abstract— in this paper steady-state modeling of Static VAR
Compensator (SVC) and Thyristor Controlled Series
Compensator (TCSC) for power flow studies has been
represented and discussed in details. Firing angle model for
SVC was proposed to control the voltage at which it is
connected. In same manner firing angle model for TCSC is used
to control active power flow of the line to which TCSC is
installed. The proposed models take firing angle as state
variable in power flow formulation. To validate the
effectiveness of the proposed models Newton-Raphson method
algorithm was developed to solve power flow equations in
presence of SVC and TCSC. Case studies are carried out on
9-bus test system to demonstrate the performance of the
proposed models.

Index Terms— Newton-Raphson, Power Flow, Static VAR
Compensator, Steady-state modeling, Thyristor Controlled
Series Compensator.

1. INTRODUCTION

With the rapid development of power system, especially the
increased use of transmission facilities due to higher
industrial output and deregulation, it becomes necessary to
explore new ways of maximizing power transfer in existing
transmission facilities, while at the same time maintaining the
acceptable levels of the network reliability and stability. On
the other hand, the fast development of power electronic
technology has made FACTS (flexible AC Transmission
system) promising solution of future power system. FACTS
controllers such as Static Synchronous Compensator
(STATCOM), Static VAR Compensator (SVC), Thyristor
Controlled Series Compensator (TCSC), Static Synchronous
Series Compensator (SSSC) and Unified Power Flow
controller (UPFC) are able to change the network parameters
in a fast and effective way in order to achieve better system
performance [1], [2], [3], [4]. These controllers are used for
enhancing dynamic performance of power systems in terms
of voltage/angle stability while improving the power transfer
capability and voltage profile in steady-state conditions [5],
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Static VAR Compensator (SVC) and Thyristor Controlled
Series Compensator (TCSC) are FACTS controllers based on
thyristor controlled reactor (TCRs), the first is a shunt
compensator used for voltage regulation which is achieved
by controlling the production, absorption and flow of reactive
power through the network. The later is a series compensator,
which allows rapid and continuous changes of transmission
impedance, controlling power flow in the line and improving
system stability.

Now, for maximum utilization of any FACTS device in
power system planning, operation and control, power flow
solution of the network that contains any of these devices is a
fundamental requirement, As a result, many excellent
research works have been carried out in the literature for
developing efficient load flow algorithm for FACTS devices
[10], [11],[12], [13], [14].

This paper focuses on the development of SVC and TCSC
models and their implementation in Newton-Raphson load
flow algorithm, to control voltage of the bus and active power
across the line. Incorporation of FACTS devices in an
existing power flow algorithm results in increased
complexity of programming due to the following reasons:

* New terms owing to the contributions from the FACTS
devices need to be included in the existing power flow
equations of the concerned buses. These terms necessitate
modification of existing power flow codes.

* New power flow equations related to the FACTS devices
come into the picture, which dictate formulation of separate
subroutine(s) for computing them.

* The system Jacobian matrix contains entirely new Jacobian
sub-blocks exclusively related to the FACTS devices.
Therefore, new codes have to be written for computation of
these Jacobian sub-blocks.

In section (II) of this paper derivation of power flow
equation for two-port network under steady state conditions
is represented, while section (III) demonstrates the modeling
of SVC. The rest of the sections are organized as follows: in
section (IV) modeling of TCSC is presented. The simulation
and results are presented in section (V).Finally; conclusion is
discussed in section (VI).

II. POWER FLOW EQUATION

Basically power flow problem involves solving the set of
non-linear algebraic equations which represent the network
under steady state conditions. Newton-type methods, with
their strong convergence characteristics, have proved most
successful to solve power flow problem. To illustrate the
power flow equations, the power flow across the general
two-port network element connecting buses k and m shown
in Fig. 1 is considered and the following equations are
obtained.
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The injected active and reactive powers at bus-k (P and Qy)
are:
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Fig.1 General two-port netwok

The nodal power flow equations,
P=f(V,0,G,B) and Q=g(V,0,G,B) ......ccoeviririininan.n “
and their linearisation around a base point, (P°,Q°)

Kg} _ [Juiﬂ .................................... ®)

The variables used in equations (4, 5) are:

P and Q are vectors of real and reactive nodal power
injections as a function of nodal voltage magnitudes ¥ and
angles 0, and network conductances G and suceptances B.

A P=Pg,.-Py is the real power mismatch vector.

A Q=Qgpec-Qcal is the reactive power mismatch vector.

A8 and AV are the vectors of incremental changes in nodal
voltage magnitudes and angles.

J is the matrix of partial derivatives of real and reactive
powers with respect to voltage magnitudes and angles.

i indicates the iteration number.

III. MODELING OF STATIC VAR COMPENSATOR

Static VAR Compensator (SVC) is a shunt connected
FACTS controller whose main functionality is to regulate the
voltage at a given bus by controlling its equivalent reactance.
Basically it consists of a fixed capacitor (FC) and a thyristor
controlled reactor (TCR). Generally they are two
configurations of the SVC.

A) SVC total susceptance model. A changing susceptance
By, represents the fundamental frequency equivalent
susceptance of all shunt modules making up the SVC as
shown in Fig. 2 (a).

B) SVC firing angle model. The equivalent reactance Xsyc,
which is function of a changing firing angle a, is made up of
the parallel combination of a thyristor controlled reactor
(TCR) equivalent admittance and a fixed capacitive reactance
as shown in Fig. 2 (b). This model provides information on
the SVC firing angle required to achieve a given level of
compensation.
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Fig.2 (a) SVC firing angle model (b) SVC total susceptance

model

Figure.3 shows the steady-state and dynamic voltage-current
characteristics of the SVC. In the active control range,
current/susceptance and reactive power is varied to regulate
voltage according to a slope (droop) characteristic. The slope
value depends on the desired voltage regulation, the desired
sharing of reactive power production between various
sources, and other needs of the system. The slope is typically
1-5%. At the capacitive limit, the SVC becomes a shunt
capacitor. At the inductive limit, the SVC becomes a shunt
reactor (the current or reactive power may also be limited).
[14].

Voltage !
Steady-slate characteristic
Dynamic characteristic

SVC current
=YY

I, I I

¥

. Fig.3 steady-state and dynamic voltage/current
characteristics of the SVC

SVC firing angle model is implemented in this paper. Thus,
the model can be developed with respect to a sinusoidal
voltage, differential and algebraic equations can be written as

Tgpe = =BV oo, ©)

The fundamental frequency TCR equivalent reactance Xrcg

X X I e
TCR = o e
Where  o6=2(n-a), X =wL
And in terms of firing angle
X
_ L
X OR = Ty e, ®)

2(mr—a)+sin (Za)
o and a are conduction and firing angles respectively.
At a=90°, TCR conducts fully and the equivalent reactance
Xrcr becomes X;, while at (x:1800, TCR is blocked and its
equivalent reactance becomes infinite.
The SVC effective reactance Xgyc is determined by the
parallel combination of X¢ and Xrcr
¥ _ X CX I3

sve XC [2(7r—a)+sin2a:|—7rXL
Where  Xc=1/wC
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The SVC equivalent reactance is given by (9). It is shown in
Fig. 4 that the SVC equivalent susceptance (Bsyc=-1/Xgvc)
profile, as function of firing angle, does not present
discontinuities, i.e., Bgyc varies in a continuous, smooth
fashion in both operative regions. Hence, linearization of the
SVC power flow equations, based on Bgyc with respect to
firing angle, will exhibit a better numerical behavior than the
linearized model based on Xgyc .
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Fig.4 SVC equivalent susceptance profile

The initialization of the SVC variables based on the initial
values of ac variables and the characteristic of the equivalent
susceptance (Fig.4), thus the impedance is initialized at the
resonance point Xpcp=Xc, 1.6 Qsvc=0, corresponding to
firing angle 115°, for chosen parameters of L and C i.e. X;.
=0.1134 Q and X, =0.2267 Q.
Proposed SVC power flow model:
The proposed model takes firing angle as the state variable in
power flow formulation. From equation (10) the SVC
linearized power flow equation can be written as
. (0)
@ 1|0 0

()
L I kLo
AQk 0 k [cos(Za )—I:I |:Aa } (b
L

X

At the end of iteration i, the variable firing angle o is updated
according to

a(i) = a(i_l) + Aa(i) ....................................... (12)

IV. MODELING OF THYRISTOR CONTROLLED
COMPENSATER

Thyristor-controlled series capacitor (TCSC) allows rapid
and continuous changes of transmission line impedance.fig.5
shows the TCSC module connected in series with the
transmission line. The structure of the controller is equivalent
to the FC-TCR SVC. However, the equivalent impedance of
the TCSC at 60 Hz is more appropriately represented by
assuming a sinusoidal steady-state total current rather than a
sinusoidal voltage.
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Fig.5 TCSC module

In this paper TCSC is represented by its fundamental
frequency impedance. The TCSC linearized power flow
equations, with respect to the firing angle, are incorporated
into an existing Newton-Raphson algorithm. Since the
explicit information about the TCSC impedance-firing angle
is available, good initial conditions are easily selected, hence
preventing power flow iterative process from entering the
nonoperative regions owing to the presence of resonant
bands. The fundamental TCSC equivalent reactance is given
as

XTCSC -XC + K1 (20 +sin2o - choszcs(wtan @0o) - tano)
................................................................... (13)
Where
o=T-0. , X,
T
XX X+ X X, )
_ “CL _C LC _ LC
Xjp=— o K=o K =T (14)
LC ¢y _x 1 2 X
C L T AL

Fig. 6 shows the TCSC equivalent reactance as a function of
firing angle in the range of 90-180°.
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Fig.6. TCSC equivalent Reactance as a function of firing
angle

The behavior of TCSC power flow model is influenced
greatly by the number of resonant points which can be given

as
(Zn - 1) w\/ﬁ
O=T| l-———— |, (15)
2
Where n=1, 2, 3....

As shown in Fig. 6 resonant point exists at o,.s = 142.8 1, for
chosen parameters of L and Ci.e. X; =2.6 Q and X, =15 Q. It
should be noted that near resonant point, a small variations in
the firing angle will induce large changes in both X;and
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0Xiese/00. This in turn may lead to ill conditioned TCSC
power equations

Proposed TCSC power flow model:

Transmission line admittance in which TCSC is connected
can be written as

1

R+ j(X+Xoqc)

This line admittance is incorporated in bus admittance
matrix, and remaining steps are carried out as follows. Power
flow equations of the line k-m in which TCSC is placed is
given by

G

tesc T IBtese =

atesc _ 2 (s
B =V Grese ViVm (Gtcsccos (5km )+Btcscsm (akm ))
(17)

When TCSC is used to control power flow in the line k-m, the
set of linearised power flow equations are given by

aPk oP,

k k
_X _X _Xv S V4 _X
k m
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............................................................ (18)

Where, the elements of additional row and column of the
modified Jacobean can be written as:

oP, oG, 0B OXt csc
k _ _Mtese _“Ptese 2
aa_Vka[ . cos(5km) o sm(ékm)] " o
................................................................... (19)
o0 , X
e | S
................................................................... (20)
where
dGtese  —2R(X+X,,) 0X,., @1
= S
oa (RZ +(X + X, )2) Oa
aBl(‘S(‘ ] (a “‘SCJAL 2(X+XICSC)2 (aXICXCJ
- 2 ' 2
O R2+(X+X"“")Z) Oar (Rz +(X+X,mc)2) a
.................................................................... (22)
ag("“" =-2C,(I+cos2a)+C, sin(2a)(wtan(w(7r—a))+tana)
a

, cos’(m—a)

< [w cos’ (w(;r - a)) - ]]
................................................................... (23)

Also the elements of the added row in the modified Jacobean
matrix (18)

atcsc

ké"a -v? écofc 0% ( t(zc cos(ékm)+ tcoszc szn(ékm)]
................................................................... (24)

61{7’:: ViVm (—Gtc?cszn(ék )+Btcsccos(5k ))(25)
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o5, 95,
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k
aPoa‘csc
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m

In the mismatch vector of (18)

APatcsc _ Preg _Patc.sc

o o wm 18 the active power flow mismatch

for the TCSC module. Pk:g is the required power flow in the

TCSC branch.

Now solve for system variables along with the firing angle
mismatch using (18), making use of modified Jacobean
matrix. Update the firing angles using the following equation

a™' =a' + Aa, Where Aa is the incremental change in
the TCSC's firing angle and i shows i" iteration.

V. SIMULATION AND RESULTS

9-bus test system is used to assess the effectiveness of SVC
and TCSC models developed in this paper. Fig.7 below show
the single line diagram of system, with 230 kv and 100MVA
base has been considered. The data of system can be found in
[15]. Four cases are considered, SVC is connected at bus 8
and, then at bus6, TCSC connected between line 7-8 and,
then between line 9-8.

Pl
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Fig.7 9-bus test system
Case I:

SVC is connected to bus 8, the control aim to keep the
voltage at that bus at 1.0 pu. The of values X and X are
chosen as 1.4 pu and 0.28 pu, firing angle is set initially at
145° which lies on the capacitive region of SVC . The
convergent is obtained after 6 iterations. SVC absorbs 21.86
MAVR from bus 8 in order to keep the voltage magnitude at
1 pu, with final firing angle of 128.56° and Bgyc equal to
-0.2186 pu. Table (1) gives the voltage magnitude and phase
angle for all buses of the system with and without SVC.

Case II:
SVC is connected to bus 6, to keep the voltage at bus 6 at

1.0 pu. The of values X and X are chosen as 0.293 pu and
0.059 pu, firing angle is set initially at 125°, which lies on the
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capacitive region of SVC . The convergent is obtained after 6
iterations. SVC absorbs 13.72 MAVR from bus 6 in order to
keep the voltage magnitude at 1 pu, with final firing angle of
132.72 % and Bgyc equal to -0.1372 pu. The voltage
magnitude and phase angle for all buses of the system with
SVC are given in table (1).

Table (1) Voltage magnitude and phase angle for 9-bus test
system with and without SVC

Bus | Without FACTS SVC at bus 8 SVC at bus 6

1 1.0400 0 1.0400 0 1.0400 0

2 1.0250 | 9.2800 1.0250 9.4248 1.0250 9.2759
3 1.0250 4.6648 1.0250 4.7394 1.0250 4.6707
4 1.0258 -2.217 1.0236 -2.2257 1.0213 -2.2290
5 0.9956 -3.989 0.9916 -3.9983 0.9920 -4.0201
6 1.0127 -3.687 1.0092 -3.6956 1.0000 -3.6458
7 1.0258 3.7197 1.0189 3.8269 1.0243 3.7077
8 1.0159 | 0.7275 1.0000 0.8268 1.0138 0.7114
9 1.0324 1.9667 1.0269 2.0270 1.0295 1.9650

Case III:

TCSC is connected between bus7 and bus8. The objective
control is increase the active power of that line to 80 MW.
The vaue of x; was chosen as 9.52 Q i.¢(0.25X) where X is
transmission line reactance and x. as 1.9 Q respectively. With
these values there is only one resonant point at o= 139.75°,
firing angle is set initially at 146°, which lies on the
capacitive region of TCSC. After running load flow program
Xiese 18 equal to -0.0319 pu and the final firing angle value is
149.029° with 7 iterations. Table (2) gives power flow results
of 9-bus test system with and without TCSC, while fig.8
shows reactance-firing angle characteristics. From table (2)
real power flow in line 7-8 at sending end increased from
76.38 MW to 80 MW.

Case IV:

TCSC is connected between bus 9 and bus 8, the control aim
is to increase the real power flows in line 9-8 to 26 MW. The
of values Xc and X are chosen as 13.33 Q pu and 2.67 Q
with these values there is only one resonant point at o=
139.75° firing angle is set initially at 146°, which lies on the
capacitive region of TCSC . After running load flow program
Xiese 18 equal to -0.0439 and the final firing angle value is
149.24°, with 6 iterations. Table (2) gives power flow results,
and reactance-firing angle characteristics are illustrated in
fig.8. From table (2) real power flow in line 9-8 at sending
end increased from 24.18 MW to 26 MW.

Table (2) power flow results of 9-bus test system with and
without TCSC

Line
7-8 9-8
Final firing angle value (deg) 149.03 149.24
Xtesc (pu) -0.0319 -0.0439
Compensation (%) -44.3 -43.6
Active power without TCSC(MW) 76.38 24.18
Active power with TCSC(MW) 80 26
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Fig.8 TCSC reactance-firing angle characteristics

VI. CONCLUSION

In this paper steady-state firing angle models of SVC and
TCSC for power flow solution were developed and discussed
in details. To demonstrate the effectiveness and robustness of
the proposed models, a Newton-Raphson method
incorporating firing angle model for SVC and TCSC was
developed for desired power transferred and bus voltage
profile improvement. Then the proposed models and
algorithm were implemented on 9-bus test system for
different case studies. The results obtained show the
effectiveness and robustness of the proposed models;
moreover the power solution using the Newton-Raphson
algorithm developed incorporating firing angle model
possesses excellent convergence characteristics.
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