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Modelling of Thyristor Controlled Series
Compensator in Fast Decoupled Load Flow
Solution for Power Flow Control

M .Sailaja Kumari, G.Priyanka and M. Sydulu

Abstract-- Fast Decoupled Load Flow (FDLF) solution has
gained wide spread acceptance in power industry, owing to its
simplicity and computational efficiency, but very little attention
has been paid for implementation of Thyristor Controlled Series
Compensator (TCSC) models in FDLF solutions. This paper
addresses the TCSC model implementation in FDLF solution for
power flow control. The TCSC firing angle is taken as the state
variable, which is combined with nodal voltage angles of the
entire network in a unified iterative process while keeping the
matrices B’ and B” constant. The feasibility of the proposed
approach is demonstrated and the results of the implementation
is tested on IEEE 14 and IEEE 30 bus systems for power flow
control in specific branches. The results prove the computational
efficiency of FDLF over the NRLF models with TCSC and found
to be promising.

Index Terms-- FACTS, Power Flow Control, TCSC, Fast
Decoupled Load Flow

I. INTRODUCTION

LECTRIC utilities are operating in an increasingly

competitive market where economic and environmental
pressures limit their scope to expand transmission facilities.
This aspect has provided the momentum for exploring new
ways of maximizing the power transfer of existing
transmission facilities while at the same time, maintaining the
acceptable levels of the network stability and reliability. In
this environment high performance control of power network
is mandatory. An in depth analysis of options available for
achieving such objectives has pointed in the forward direction
of FACTS technology [1]. New developments in high current,
high-power electronics are making it possible to control
electronically the power flows on high voltage side of the
network during both steady state and transient operation. One
important component is Thyristor Controlled Series
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Compensator (TCSC), which allows rapid and continuous
changes of transmission line impedance [2]. Fig. 1. Shows the
TCSC module [2], connected in series with the transmission
line. TCSC module consists of a series capacitor bank in
parallel with a thyristor controller, shown as bi directional
thyristor valve
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Fig. 1. TCSC module in series with Transmission line

In Load Flow solutions TCSC can be represented in several
forms. For instance, the model presented in [3] is based on the
concept of variable series compensator whose changing
reactance adjusts itself in order to control power flow across
the branch to a specified value. The reactance value is
determined efficiently by means of Newton’s method. The
changing reactance represents the fundamental frequency,
equivalent reactance of TCSC module. The drawback of this
module is that, the firing angle corresponding to the
compensation level has to be determined resorting to an
iterative process. More over it is not possible to asses within
the load flow solution whether or not the solution is taking
place in the vicinity of the resonant point. The only indication
would be divergent iterative process.

A new TCSC Power Flow model is presented in [4], in
which TCSC is adequately 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 [4], good initial conditions are easily selected, hence
preventing load flow iterative process from entering the non-
operative regions owing to the presence of resonant bands.

The fundamental TCSC equivalent reactance [4] is given
by (1)

X, =X, +C,(2m —a)+sin(2(r —a)))

~C,cos (7 —a)o tan( @ (7 —a)) —tan( 7 — )
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Fig. 2 shows the 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 in TCSC
reactance-firing angle characteristics in the range of 90-180°.

-~ %0 -
" |
o | !
o L duclive regian F §
¥ 1|
S
i e
v 0
i1
- P
¥ =00 r
E” i
Y - f _
2 Capogiive ragicn
5 a |
0 100 110 120 130 4 @ e W 8

Firing angie (degrees)

Fig. 2. TCSC equivalent Reactance as a function of firing angle

2n-1 LC
o= n(l _%5) @
Where n=1, 2, 3....
Equation (2) is used to determine number of resonant
points in the TCSC [2]
As shown in Fig. 2. resonant point exists at oz =142.81;
for chosen parameters of L and C ie. X;=2.6Qand

Xo=15Q[4]. It should be noted that near resonant point, a

small variations in the firing angle will induce large changes

in both X, anddX, o /0. This in turn may lead to ill

conditioned TCSC power equations

II. PROPOSED TCSC POWER FLOW MODELS

Transmission line admittance in which TCSC is placed

1
Gtcsc +jBtcsc e e o &
R + .] (X + tcsc)

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 (3)
P =V}G,. - V.V, (G, Cos(5,,

)+ B, Sin(d,,))

)

t cse t cse t cse
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A. Newton Raphson Load Flow (NRLF) Model

When TCSC is used to control power flow in the line k-m,
the set of lincarised power flow equations are given by (4)

[aF, &R ar ar, 1 A3R ] - -

T 7 Ve Ve Vo

as, a8, av, WA ||,
AP, ar, ae, aF ae, ' ar, k
ap, | |98 @8, Wt 7 éa L,
w0 |22 B B2, 20 80 | | AV q
=25 28, Wt W, " iea||T 4
AOw| 00, 8w 8w, O, (00| |aAF
AFL ] |88, 85, AV, ' . " da ||

o O B, OFL, 10RL|¢ Is‘g:‘“

|85, 95, AV, * o, ™! dm |

Where, the elements of additional row and column of the
modified Jacobean are given by (5)-(13)

aP aGt cse aBtCCS ; aGt cs¢ 5
a; =V.V, (- = Cos &, — e Sin 8, )=V 2 e ®)
an V V ( tcsc S 5 aBt csc C §km) VZ aBt csc (6)
da oa o

or, 00, Can be obtained by replacing k by m and vice

‘oo ‘oo
versa in the above equations. In (5) and (6)

0G| _ - 2R(X + X ,.) 0X | .. (7
oua (R>+(X +X,.))% o«
0B, _ 1 0X , ..
0a  R*+(X +X,.) )2( e )
2(X +X,.)° 2(6 ,CSC)(g)
(R? +(X+X,csc)) da
In (7) and (8)
oX, .. _
Pyt =2C, 1+ Cos2ax) + C,Sin(2a )@ tan(@ (7 — cx))

Cos *(x — )
Ho(r —a))
Also the elements of the added row in (4)
oP% oG,

HO)

+tan )+ C,(z°

VZ 1 csc VV tcsc C 5 + tcsc S 5 (10)
ot Fye ( S () Eye (G4 ))
%: _Vka (_Gtcsc Sln 5km tcsc COS 51{ ) (11)
04,

OPyw _ _ 0P, (12)
265 o5,
By pe viiG, . (13)
ov,
P2 )
8Vb: Vm = Pkm - szGtcsc (14)
In the mismatch vector of (4)
APS =P - P is the active power flow

mismatch for the TCSC module. P, is the required power
flow in the TCSC branch.

Authorized licensed use limited to: NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL. Downloaded on November 26,2024 at 07:02:23 UTC from IEEE Xplore. Restrictions apply.



Now solve for system variables along with the firing angle
mismatch using (4), making use of modified Jacobean matrix

Update the firing angles using the following equation

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

B. Fast Decoupled Load Flow (FDLF) model

FDLF is based on the assumption that during normal
operation incremental changes in voltage magnitudes produce
almost no change in active power and incremental changes in
voltage angles produces no change in reactive power flow.
Hence steady state operation is assessed by iterative solution
of the following set of equations

L
v
)
v
Where AP and AQ are active and reactive power mismatches,

A8 and AV are vectors of incremental changes in nodal
voltage angles and magnitudes, while B' and B'' are the

[z 1a s 1]
[5"1av ]

constant slope matrices of the standard FDLF BX

(Amerongen) model, whose elements are
B ;,q = —Bp

B w - B pp

" _ =1

B T X P4

_ -1

- Z X rq

qg4ep

g € pis set of nodes adjacent to node p. When TCSC is
used for active power flow control of the line k-m, the

modified FDLF power flow equations are given by (15) and
(16)

A% | A5,

w | | T 122 [es
5 | JEi S ()
A N Az || -

- ARERE RS he

] (78, 33, :Pa

(16)

SR

Where for the TCSC branch k-m

Bl;m :_Bkm

By = —By
= z (ka + )(1050)71
mek
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Bl;m (ka +chsc )71

m € k is set of nodes adjacent to node k. B, and By are
imaginary part of corresponding admittances of nodal
admittance matrix including changes due to TCSC.

The elements of added row and column of modified slope
matrix in (15) are given by (17)-(19)
oP,

oo

OF, Canbe obtamed by replacing k by m and vice versa in
oa

the above equation

G B G
—VV(— = Cosd,, 6”“ Sins,, ) -V} a'm 17)
(24

OoP’ oG OB
L sz e .V ( o CosS,, +—=Sin5,) (18)
Ocx Ocx Ocx
orP?
-t - vV (-G, Sné, +B,, .Cos5,) (19)
o8,
oP; 3 oP; (20)
o9, o9,
In (17) and (18)
G __ —2RX+X, ) O, QD
do  (R+(X+X,)0) o
aBtcsc 1 aX 1 csc
= - 2 2 ( )
o +(X+X,csc) ) oo
2(X+Xtcsc) (aXtcsc) (22)
(RP+(X+X,.)) o«
In (21) and (22)
oxX

atcsc =-2C,(+Cos2a)+C,SinQa)@lan(z (x — x))
24

cos” (7 —ax)

+tana)+C, (@’ -1 23)

cos’ (@ (7 — @))

AP, =P — P
for the TCSC module

11 chosen initial conditions are often responsible for load
flow solution diverging or arriving at some anomalous value.
In order to avoid this, small difference in voltage angles at
TCSC buses is also considered, in this FDLF model for extra
row and column in (15) the following assumption is not
considered

is the active power flow mismatch

cos & =1

The initial condition for the TCSC's firing angle is selected
within the range of +8° from the resonant point [4]. Update
the firing angles wusing the following equation
a™ =a’ + Aa , where Ae is the incremental change in
the TCSC’s firing angle in i™ iteration. 18 1V scheme is used
for iterative solution
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III.  CASE STUDIES

In order to demonstrate the performance of the FDLF with
TCSC device for power flow control, IEEE 14 and IEEE 30
bus systems are considered. To obtain power flow solutions
with TCSC Xc¢ =2.6Q and X, =15Q [2] are considered. The
range of reactance of the installed TCSCs is appropriately
chosen between -70% to +20% of existing line reactance (i.e-
0.7X to 0.2X) where X is the reactance of the corresponding
transmission line in which installation of TCSCs are desired.
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TABLEI
NEWTON-RAPHSON LOAD FLOW RESULTS FOR IEEE 14-BUS SYSTEM
WITH TCSC
Line No. in which 2 4 5
TCSC is placed
Alpha Final (degree) 162.661 30.321 166.7471
Xtese (pu) -0.0407 +0.0295 -0.0510
Compensation (%) -20.593 +13.269 -29.330
Power flow with out 73.342 75.440 41.521
TCSC (MW)
Specified power flow 80.00 70.00 50.00
with TCSC (MW)

Table I shows the results of TCSC implementation in
NRLF for power flow control. The real power flows in the
line number 2, 4 and 5 without TCSC devices are 73.342,
75.44 and 41.521MW, respectively. An attempt is now been
made to control the real power flows in the above-mentioned
lines to a specified power flow of 80, 70, and 50MW,
respectively using TCSC devices. The value of X, both in

PU, as % of line reactance and its corresponding firing angle
(agna) to meet the above mentioned desired power flow are
tabulated.

tese

TABLE III
NEWTON-RAPHSON LOAD FLOW RESULTS IEEE 30-BUS SYSTEM
WITH TCSC
Line No.in which TCSC is 2 3 15
placed
Alpha Final (degree) 166.185 14.09 170.990
Xtesc (pu) -0.0495 +0.055 -0.0620
Compensation (%) -26.770% +31.77% -24.240%
Power flow with out TCSC
(MW) 48.221 29.290 27.293
Specitied power flow with
TCSC (MW) 55.00 25.00 30.00
TABLEIV
FAST DECOUPLED LOAD FLOW RESULTS FOR IEEE 30-BUS SYSTEM
WITH TCSC
Line No. in which TCSC is 2 3 15
placed
Alpha Final (degree) 166.170 14.0566 170.893
Xtese (pu) -0.0495 +0.0551 -0.0618
Compensation (%) -26.750 +31.73 -24.140
Power flow with out TCSC 48.221 29.290 27293
MW)
Specitied power flow with 55.00 25.00 30.00
TCSC (MW)

TABLE II
FAST DECOUPLED LOAD FLOW RESULTS FOR IEEE 14-BUS SYSTEM
WITH TCSC
Line No. in which TCSC is 2 4 5
placed
Alpha Final (degree) 162.566 30.298 166.752
Xtese (pu) -0.0405 +0.0296 -0.0510
Compensation (%) -20.480 +13.28 -29.340
Power flow with out TCSC  73.342 75.440 41.521
MW)
Specified power flow with 80.00 70.00 50.00
TCSC (MW)

A comparison is now made between NRLF and FDLF
solutions considering the time of convergence. Tables V and
VI show the number of iterations and the time taken for
convergence in both the cases.

Tables V and VI demonstrate the superior convergence of
FDLF with TCSC over NRLF models. Even though the
number of iterations to converge is more with FDLF model,
the time of convergence is very small , because of the fact that
the time per iteration is considerably reduced with FDLF.

TABLE V
COMPARISON OF NUMBER OF ITERATIONS AND TIME OF CONVERGENCE FOR
IEEE 14 BUS SYSTEM

Table II shows the results of TCSC implementation in
FDLF for power flow control in the selected lines 2, 4 and 5,
which are almost similar to the results obtained using NRLF.

Similarly the effectiveness of the model is tested on IEEE
30 bus system and the results are presented in the Table 111
and Table IV.

Base case TCSC TCSC
in line no.2 in line no.4

NRLF FDLF NRLF FDLF NRLF FDLF
Number of
Iterations to 3 4 9 12 17 18
converge
Time of
convergence 0.12 0.04 0.31 0.192 0.588 0.288

in sec
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TABLE V1
COMPARISON OF NUMBER OF ITERATIONS AND TIME OF CONVERGENCE FOR
IEEE 30 BUS SYSTEM

Base case TCSC TCSC
in line no.2 in line no.4

NRLF FDLF NRLF FDLF NRLF FDLF
Number of
Iterations to 3 3.5 10 14 9 10
converge
Time of
convergence 0.125 0.056 0.36 0.22 0.27 0.15

in sec

Now variation of active power flow mismatches with
time of convergence is plotted for both NRLF and FDLF
power flows with TCSC device.
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Fig. 3. Tesc placed in line 2 of IEEE14 bus system with
scheduled power flow of SOMW
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Fig. 4. Tesc placed in line 4 of IEEE14 bus system with

scheduled active power flow of 70MW

Figs. 3 and 4 show the convergence characteristics when
TCSC is placed in line no.s 2 and 4 of IEEE14 bus system to
enhance the power flow in line 2 to 80MW and limit the
power flow in line4 to 70MW respectively.
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Fig. 5. Tesc placed in line 2 of IEEE 30 bus system
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Fig. 6. Tesc placed in line 3 of IEEE 30 bus system
with scheduled active power flow of 25 MW

Fig. 5 and 6 show the convergence characteristic of power
flow mismatch in line no. 2 and 3 of IEEE 30bus system to
enhance the power flow in line 2 to 55SMW and to limit the
power flow in line 3 to 25MW. From the graphs it is obvious
that the FDLF model shows faster convergence even with
incorporation of TCSC

Iv. CONCLUSIONS

In this paper a Fast Decoupled Load Flow incorporating
TCSC firing angle model has been developed. The model
takes care of the starting voltage angles at the TCSC buses,
which if neglected will lead to divergence of the algorithm.
The FDLF model shows faster convergence compared to
NRLF model due to its computational efficiency. The results
obtained using FDLF and NRLF incorporating TCSC model
for IEEE 14 and 30 bus systems are compared and found to be
same.
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