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Abstract: In this study, steady-state modeling of Static Synchronous Compensator (STATCOM) and Thyristor
Controlled Series Compensator (TCSC) for power flow studies has been represented. STATCOM is modeled
as a controllable voltage source in series with impedance and firing angle model for TCSC is used to control
active power flow of the line to which TCSC is installed. Proposed model for TCSC takes firing angle as state
variable in power flow formulation. To validate the effectiveness of the proposed models Newton-Raphson
method algorithm was implemented to solve power flow equations in presence of STATCOM and TCSC. Case
studies are carried out on 9-bus system to demonstrate the performance of the proposed models. Simulation
results 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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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 e¢lectronic 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
Control Series Compensator (TCSC), Static Synchronous
Series Compensator (SS5C) 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 (Hingorani and Gyugyi, 1999,
Edris, 2000; Mohan Marthur and Rajiv Varma, 2002).
These controllers are used for enhancing dynamic
performance of power systems in terms of voltagefangle
stability while improving the power transfer capability and
voltage profile in steady state (Kirschner ef al., 2005: Yan

and Singh, 2001; Perez er al., 2000, Xingbin er al., 2003).

Static Synchronous Compensators (STATCOM) and
Thyristor-Controlled Series Capacitor (TCSC) are members

of FACTS family that have successfully been used in
power systems to improve both the steady state and
dynamic performance of the systems.

Static  Synchronous Compensator (STATCOM)
compensate the reactive power from or to the power
system. This function is identical to the synchronous
condenser with rotating mass, but its response time is
extremely faster than of the synchronous condenser. This
rapidity is very effective to increase transient stability,
enhance voltage support and to damp low frequency
oscillation for transmission system.

Thyristor-Controlled Series Capacitor (TCSC) is an
important component of FACTS. With the firing control
of the thyristors, it can change its apparent reactance
smoothly and rapidly. The TCSC is able to directly
schedule the real power flow through a typically selected
line and allow the system to operate closer to the line
limits. More importantly because of its rapid and flexible
regulation ability, it can improve transient stability and
dynamic performance of the power systems. Particularly,
in systems with large bulk transfer of power and long
transmission lines it can be vsed to increase the power
transler capability and damp low frequency oscillations.

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 1s a fundamental requirement, As a result, many
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excellent research studies have been carried out in the
literature for developing efficient load flow algorithm for
FACTS devices (Narayana and Abdel Moamen, 2003;
Yan and Sekar, 20035).

This study focuses on  the development of
STATCOM and TCSC models and their implementation in
Newton-Raphson load flow algorithm, to control voltage
of the bus and active power across the line.

POWER FLOW EQUATION

Basically load flow problem involves solving the set
of non-linear algebraic equations which represent the
network under steady state conditions. The reliable
solution of real life transmission and distribution networks
is not a trivial matter and Newton-type methods, with their
strong convergence characteristics, have proved most
successful. 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.

The injected active and reactive power at bus-k

(P, and Q,) 1s:

P, = Gy, VG, cosd,+B,,, sinf, 1V, ¥, (1)
Q, = -B,, V. +(G,, sind,, - B, cosb, V.V, (2)
P, =G, V., G, cosb+B  sind_ V.V, (3)
Q. =-B_, V'+G,, sind, - B_cosnd, V.V, (4)
Where:
ﬁkm = al_ﬁm = _a:rn

Y=Y, =GB, =Y +Y,,
Ykm = Ymk = len_l-jBkm = 'Ymk

The nodal power flow eguations:

P=f(V.0, G B)
Q=g(V,0.G B) (5]

and their linearisation around a base point, (P",Q"):

VL&, VLG,

|
I
/|
I
-

Fig. 1: General two-port network

CAP ]' _ [J]i [ﬂﬁ ]' (6)
LAQ AW

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

AP = P -P, is the real power mismatch
vector, AQ = Q,.~Q., is the reactive power mismatch
vector, AQ 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 and 1 indicates the
iteration number,

Incorporation of FACTS devices in an existing load
flow algorithm results in increased complexity of

programming due to the following reasons (Suman et al.,
2007):

» 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

The increase in the dimension of Jacobian matnx,
compared with the case when there are no power system
controllers, is proportional to the number and Kind of
such controllers. The simultaneous equations for the

network and power system  state  variables are
(Acha eral., 2004):
f(X,,.R =0 e
g{':!h{‘u--:.w1 H‘“nI' )= (
Where:
X,. = Network stale variables i.e., (vollage magnitudes
and phase angles)
R, = Power system controller variables

The structure of the modified Jacobian incorporated
FACTS controller is shown in Fig. 2.
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Fig. 2: Modified Jacobian incorporated FACTS controllers
POWER SYSTEM WITH STATCOM

Figure 3 shows the circuit model of a STATCOM
connected to Bus k of an N-Bus power. The STATCOM
is modeled as a conwrollable voltage source (E, ) in series
with impedance (Ying et al., 2002), The real part of this
impedance represents the ohmic losses of the power
electronic devices and the coupling transformer, while the
imaginary part of this impedance represents the leakage
reactance of the coupling transformer. Assume that the
STATCOM is operating in voltage control mode. This
means that the STATCOM absorbs proper amount of
reactive power from the power system to keep IV
constant for all power system loading within reasonable
range. The ohmic loss of the STATCOM is accounted by
considering the real part of Y, in power flow calculations.
The net active/reactive power injection at Bus k including
the local load, before addition of the STATCM, is shown
by P.+)Q..

The power flow equations of the system with
STATCOM connected to Bus k, can written as:

P, =1{M+'_£Hlm||wj||':c',u.|+;m.~-.[al -5,-6,) (8)

Qx =Qu +f|vk||vj”“j|“i"{5t -8,-8,) )

Ff.n = Gq.n |1"'rl. |! - |vh ||E:-I:l.| |IY:-J:|:| ':E'H‘l::ﬁ'l. - E'u.n - Eml } { ] I]}I
Q:-I.i. = B-.'_.l |1|'IIL|: _lvl. ”E-l.r.l |Yl..r |!'i'i]-I {EL - E:Id - E~ul] {] 1}

where, IE, |, 6.., 1Y .. | and 0, are shown in Fig. 3.
Addition of STATCOM introduces two new variables
IE., | and &, however, IV | is now known. Thus, one more
equation is needed to solve the power flow problem.
Equation 11 15 found using the fact that the power

VLG

ETJH P-I.l.l ¢ .I Q:I.d.

.

"':-u.u - |.|.-u;|| LE}-u.r

. = {]'\-Hl I ..iE'\-IiI
Piti Uy

Fig. 3: Steady state model of STATCOM

consumed by the source E_, (Pp.,,) must be zero in steady
state. Thus the equatioin for Py, 1s can written as:

Py, = Real[ E 10, 1= =Gy [Ep|” +[ B ||V || Yo [c05( B, = 8, — 8, ) =0
(12}
Using these power equations, the linearized
STATCOM model is given below:
[ R, OB, ap,_ 9B
e, av, " oad, av,, "™i|[aB,
AF, Q. 9, 99, dQ, AV,
ﬁ-QL _ iT'IEIE.I. a\"'rl. ' 'E'E-.m alll'lru_u - UL {]3]
AP, | | 9Py Oy, 9P, P, 43,
[ AQ,, | | 98, 3V, Cooab,  dv., lav,
a1'-:1'--'_" aQ'\J.n.II 1,'|Ir auqu’. alu:-m A7) L 1|.'r-.l-l A
o8, av, " oas, av, ™

where, the voltage magnitude and phase angle are taken
to be state variables.

MODELING OF THYRISTOR CONTROLLED SERIES
COMPENSATOR

Thyristor-Controlled Series Compenator (TCSC)
allows rapid and continuous changes of transmission line
impedance. Figure 4 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. 4: TCSC module

In this study, 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 1s available, good initial conditions are easily
selected, hence preventing load flow ilerative process
from entering the nonoperative regions owing to the
presence of resonant bands. The fundamental TCSC
equivalent reactance is given as:

Xoicee = -Xo + K (26 +5in20 - K cos o(@tan®@o) - tang)  (14)

Where:
O=T-0
o
Xig=0rr
Xe-X,
K. =}{r+x|f [lj]l
i
K, =Sl
- I[}'(I_

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

_ {I_{EH-UM] []ﬁ}

- 2

where.n=1,2,3....

It should be noted that near resonant point, a small
variations in the firing angle will induce large changes
in both X, and ¢X,_./de. This in turn may lead to ill
conditioned TCSC power equations.

To develop TCSC model, suppose the transmission
line admittance in which TCSC is connected is:

: (17)
R+jiX+X )

{}lk"'\-\. + -iH"."'l.' =

Power flow equations of the line k-m in which TCSC
1s placed 1s given by:

ples _ 'I,.fk:fi -V {ﬁhwl:ﬁﬂ [Ekm ] + Hu_--.n_-s‘lin {ﬁkm ” { I E]

km [Fety E"m

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

bry:

ap, ap, o, B ap,
%, o, v, V" |
_III_-“:, T I.';I:'.ll l'_":'" ﬂ ".," ﬂ 'I".I' ﬂ | II
- 38, a8, av, *oav, " an | A%
[ AV
diQ, diQ, o, 00, dQ, || —
ﬁ{l - ""I. Ulu - \'r
~ 20, a0 av, av._ o | O
A . y
Gll al||| a'JIII HQ||| V MIII y mlll ] =
ﬂPII\.'\--' k m 1"Irlll
[Pk o8, a8 dV, dV dit |
bt
e e e
o, o av, b oA, it
(19)

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

Ca P cos(8,, ) -

o i 1v)

i

aﬂ. aB"‘:H sin Eal.du. } ]_ vj a—xwﬂ- {Eﬂj

=\'rkvn|[_ k Jo

a:l-} IEHEl-.':-.-.' - - aHn.'u.' -] '.'E}xla.-.u
"="-.-"L"|."m[— o sind,, |- . cnﬁ[hkm}}—'ﬂ (21)

o o
Where:
3G 2R(X+X.) X,
o 1 ( } - (22)
@R +(X +K,m.}l'}|
B, 1 {ax,w ]+ 2(X+X,.,) (ax,w]
e R +(X +x'*'-'}'"]' d [R¥+(X+X,, ]'1}- o

(23)

. =-2C, (1+cos2a) + C,sin | 2 ) @tan (@ (71— o)) + tana

ot 1 (24)
. [ . cost(m-o) ]
+C,|m -1

- cusi:{[n—c!}l}l

Also the elements of the added row in Eq. 19 can be
written as:

Ilh--.l,- 1 {-] T {: - HT“: ) ':i
5;;: k a';'; -Vk‘-'rm( a'blﬁ:l. ﬂ'ﬂﬁ[ﬁkm}-l-tﬁm"{ﬂh“} 1:...5}
?J =-V.V, [-G.Nﬁin '[E'ka + B, cos [5“. ],] {26]
LN oy o
FE
BB 2
a:-’k V=P + VG {233
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apis .
A1) 1,"I|' — F s V _G .
a_v m km k™ b

m

(29)

In the mismatch vector of (18):

AP =P — P 1s the active power flow mismatch for
the TCSC module and B is the required power flow in
the TCSC branch.

Now solve for system variables along with the firing
angle mismatch using Eq. 19, making use of modified
Jacobean matrix. Update the firing angles using the

following equation
o' = o'+ Ad

where, Aw is the incremental change in the TCSC's firing
angle and 1 shows ith iteration.

SIMULATION AND RESULTS

A 9-bus system is used to assess the effectiveness
of Statcom and TCSC models developed in this study.
Figure 5 shows the single line diagram of system, with
230 kV and 100MV A base has been considered. The data
of the generator, load, transformer and line data are
given in (Anderson and Fouad, 2(002). Five cases are

7 3 9
O—+3E H 30
T T

=
|

Fig. 5: 9-bus system

considered, statcom 1s connected at bus 8 and then at bus
5 and finally at bus 6, TCSC connected between line 7-8
and then between line Y-8,

Case 1: Statcom is connected to bus 8, the control aim to
keep the voltage at that bus at 1.0 pu. The value X, 18
chosen as 0.14 pu. The convergent is obtained after 6
iterations. statcom absorbs 21.86 MAVR from bus B in
order to keep the wvoltage magnitude at 1 pu, the
associated values of E_, and & _are (0.9694 pu and
(.8268", respectively. Table 1 shows the wvoltage
magnitude and phase angle for all buses of the system
with and without STATCOM

Case 2: Statcom is connected to bus 5, the control aim Lo
keep the voltage at that bus at 1.0 pu. The value X,
is chosen as 0.3 pu. The convergent is obtained after
b iterations. statcom injects 4.84 MAVR in bus § in order
to keep the voltage magnitude at 1 pu. the associated
values of E,, and &, are 1.0145 pu and -3.989%
respectively (Table 1),

Case 3: Statcom is connected to bus 6, w0 keep the
voltage at bus 6 at 1.0 pu. The value X, is chosen as
0.2 pu. The convergent is obtained after 6 iterations.
statcom absorbs 13.72 MAVR from bus 6 in order to keep
the voltage magnitude at 1 pu, the associated values of
E.. and 6, are 10,9726 pu and -3.646°, respectively. The
voltage magnitude and phase angle for all buses of the
system are shown in Table 1.

Case 4: TCSC is connected between bus 7 and 8, the
control aim 15 to increase the real power flows in line
7-8 to 80 MW. The of values X, and X, are chosen
as 9.522 Q pu and 1.9 Q with these values there is
only one resonant point at ¢ = 139.75°, firing angle is
set imitially at 146%, which lies on the capacitive region
of TCSC. After running load flow program X is
equal to -0.0319 and the final firing angle value is
149.029", Table 2 power flow results of 9-bus system

Table 1: Voltage magnitude and phase angle for 9-bus svstem with and without STATCOM

Bus
Magnitude and angle | 2 3 4 5 [i] 7 B 9
Mo Tacts
W 1.0400 1.0250 102500 1.0258 (9950 1.0127 1.0258 1.00159 1.0324
§ (L0000 92800 46648 -2.2168 -3.9888 -3.6874 37197 (.7275 1.9667
STATCOM at bus 8
W 10400 1.0250 1.0250 1.0236 09916 1.0092 1.0149 1. 0000 1.0269
0 0.0000 9.4248 4,739 -2, 2257 -3.9983 -3.6956 3.H269 (L5268 20270
STATCOM at bus 5
W 1.0400 1.0250 102500 1.0274 [LL L 1.0 140 1.0269 1.0167 1032
] (L0000 02T 46722 -2.2121 -31.9886 -31.6T62 37176 (1.73349 1.9754
STATCOM at bus 6
W 0400 1.0250 |.O250 1.0213 0949210 10000 1.0243 [.0138 1.0295
i (0.0000 92759 46707 -2.2200 -4,0201 -3.6458 37077 0.7114 1.9650
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Table 2: Power flow results of 9-bus system with and without TCSC

Line
Power NMow resulls T-B 9-8
Final firing angle value () 1 49,0300 149.2400
X, (pu) L0319 .0439
Compensation {%6) 44 3000 -43.6000
Active power without TCSC (MW) 76,3800 24, 1 800
Active power with TCSC (MW) S0,0000 260000
1007 TCSC line 7-8
50 hﬁ&““axﬁl’- S
Induction region » T'CSC line 7-8

TCSC equivalent reactance ()
=

Capacitive region

90 100 110 170 130 140 150 160 170 180

Finng angle (*)
Fig. 6: Reactance-firing angle characteristics

with and without TCSC and Fig. 6 shows reactance-
firing angle characteristics. From Table 2, real power
flow in line 7-8 at sending end increased from 76.38 to 80
MW,

Case 5: TCSC is connected between bus 9 and 8, the
control aim is to increase the real power flows in line 9-8
to 26 MW, The of values X, and X, are chosen as 13.33 Q
pu and 2.67 Q with these values there is only one
resonant point at ¢ = 139.75%, firing angle 1s set initially at
146", which lies on the capacitive region of TCSC. After
running load flow program X is equal to -0.0439 and the
final firing angle value is 149.24". The power flow results
are tabulated as shown in Table 2, Figure 6 shows
reactance-firing angle characteristics. From Table 2, real
power flow in line 9-8 at sending end increased from

76.38 10 80 MW,
CONCLUSION

In this study, steady-state models of STATCOM and
TCSC for power flow solution were developed and
discussed STATCOM 15 modeled as a
controllable wvoltage source in series with 1mpedance
where the voltage magnitude E,, and phase angle & are
taken to be state variables in power flow formulation,
while firing angle model for TCSC is used to control active
power flow of the line to which TCSC is installed.

in  details.

To demonstrate the effectiveness and robustness of
the proposed models, a Newton-Raphson method
incorporating firing angle model for STATCOM and
TCSC was developed for desired power transferred and
bus wvoltage profile improvement. Then the proposed
models and algorithm were implemented on IEEE 9-bus
system for different case studies. The results obtained
show the effectiveness and robustness of the proposed
models; solution  using  the
Newton-Raphson  algorithm  developed  incorporating
firing angle model possesses excellent convergence

characteristics.

moreover the power
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