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Optimal placement of series FACTS device plays a vital
role in improving the Power Transfer Capability and also
to control  the power flow of an existing long
transmission line. This paper employs the Thyristor
Controlled Series Compensation (TCSC) based series
device for the control of the power flow in long distance
transmission line. The proposed device is used in different
locations such as sending end, middle and receiving end
of the different lengths of the transmission line. PI
controller is employed in each operating mode. The firing
circuit engages three single-phase PLL units for
synchronization along with the line current. Simulations
are carried out using MATLAB Simulink environment.
The suitable location and the performance of the
proposed model are examined and compared with and
without compensation. This proposed device is tested
under the different lengths like 100km to 400km. In every
increment of 100km, the impedance, real power and
reactive power are noted and tabulated. The results
reveals that the power transfer capability at the sending
end of the transmission line is sound better when

compared with the other ends and also the power flow is
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controlled throughout the line when compensation is

given at the sending end of the line.
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1. INTRODUCTION:

Now-a-days the applications of the Power Electronics devices in Power Systems are very
much augmented. It is very much needed to control the power flow, in a long distance
transmission line. To meet the power demand, the line losses in the transmission line can be
reduced to improve the power transfer capability and also to control the power flow. To
control the voltage and the power flow, reactive power compensation is very important. In
order to control the power flow in the transmission line, the effective line reactance is
controlled by using fixed series capacitors. The FACTS devices are introduced in the power
system transmission for the reduction of the transmission line losses and also to increase the
transfer capability. By the placement of FACTS devices in transmission systems, the technical
solutions can be obtained thereby the voltage, active and reactive power flow were monitored
and controlled. Wherever and whenever to control the voltage and power flow, the reactive
power is injected at the particular location by the use of the FACTS devices.

A series controller is regarded as variable reactive or capacitive impedance whose value is
adjusted to damp various oscillations that can take place in the system. In principle, all series
controllers inject an appropriate voltage in series with the line. Even variable impedance
multiplied by the current flow through it, represents an injected series voltage in the line. As
long as the voltage is in phase quadrature with the line current, the series controller only
supplies or consumes variable reactive power. TCSC, is one of the type of series FACTS

device, for improving the performance and also to control the power flow in a line.
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Series compensation is used in order to decrease the transfer reactance of a power line
at rated frequency. A series capacitor installation generates reactive power that in a self
regulation manner and balances fraction of the line’s transfers reactance. The result is that the
line is electrically shortened, which improves the angular stability, voltage stability and also
shares the power between parallel lines. Series devices were developed from fixed or
mechanically switched compensation to Thyristor Controlled Series Compensation (TCSC).
The TCSC consists of a fixed capacitor and a parallel Thyristor Controlled Reactor (TCR).

2. RECENT RESEARCH WORKS:

Akhilesh A. Nimje et al.[1] have explained about the achievement of the required active
and reactive power flow into the line for the purpose of compensation as well as validation of
enhancement of the power transfer capability of a transmission line when Interline Power
Flow Controller acts as standalone as SSSC. Rajderkar et al.[2] have elaborated the
comparison between TCSC and SSSC to solve problems such as congestion management
under normal and contingency conditions. The controlling and modeling aspects of TCSC
were illustrated by Vuorenpaa et al.[3]. Sun et al.[4] have presented the dynamic response of
TCSC and reactance control method. Del Rosso et al. [5] have applied a new controller design
of TCSC for enhancement of power system stability. Fuerte-Esquivel et al.[6] have proposed
a TCSC model for the power flow solution to the practical networks. Kazerani et al. [7] have
generated the power flow control schemes for series connected FACTS controllers. The
problem of sub synchronous resonance [8] was rectified using TCSC in a long distance
transmission lines. The different sub synchronous frequencies [9] of TCSC were analysed by
Kabiri. Kazemi et al.[10] have generated the Genetic Algorithm technique to find the optimal
location of TCSC and also to reduce the loss in a transmission line. Singh et al. [11] have
optimally selected the location of FACTS devices for the congestion management under
normal and abnormal conditions.

In this paper investigations were conducted on TCSC at different locations of the long
transmission line such as sending end, middle and the receiving end of the long distance
transmission line when the length of the line is 100 km, 200 km, 300 km and 400 km. In
every part of the location the power flow is tested with and without compensation strategy.

The results of the study were calculated and tabulated in table 1. A mathematical modeling
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approach and control design is presented in this paper. The simulink model of the standard

system is developed and tested using MATLAB Simulink environment.

3. MODELLING OF TCSC:

Figure 1 Configuration of TCSC
Figure 1 illustrates about the configuration of TCSC. In the above circuit a TCR is used in
parallel with a fixed capacitor for enabling the continuous control over the series
compensation. TCSC can be used to mitigate the SSR even though harmonics were present in
steady state with partial conduction ofthyristor switches. A single line diagram of TCSC is
shown in figure 2. In this diagram two modules are connected in series, depending on the
requirements either one or two modules were used. To reduce the cost, TCSC may be used in

conjunction with fixed series capacitors. Each module have three operation modes.

I 1LY W
' it S E—T | |
Lo [} Lo S5

Figure 2 Single Line Diagram of TCSC

A. Bypassed mode

The thyristor valves were gated for 180° conduction (in each direction) and the current
flow in the reactor is continuous and sinusoidal. The net reactance of the module is slightly
inductive as the susceptance of the reactor is larger than that of the capacitor. The figure 3
shows the operation of bypassed mode. During this mode, most of the line current is flowing
through the reactor and thyristor valves with some current flowing through the capacitor. This
mode is used mainly for protecting the capacitor against over voltages. This mode is also

termed as TSR (Thyristor Switched Reactor) mode.
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Figure 3 Operation of TCSC - Bypassed Mode
B. Thyristor blocked mode
The figure 4 elaborates the operation of thyristor blocked mode. In this operating mode no
current flows through the valves with the blocking of gate pulses. Here, the TCSC reactance is
same as that of the fixed capacitor and there is no difference in the performance of TCSC in
this mode with that of a fixed capacitor. Thereby this operating mode is generally avoided.

This mode is also termed as waiting mode.

Figure 4 Operation of TCSC - Blocked Mode

C. Vernier control mode
The figure 5 shows the operation of Vernier Control mode. In this operating mode, the
thyristor valves are gated in the region of (amin<at < 90°) such that they conduct for the part of

acycle.

Figure 5 Operation of TCSC — Vernier Control Mode
The effective value of TCSC reactance (in the capacitive region) increases as the

conduction angle increases from zero. ami, 1s above the value of a corresponding to the
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parallel resonance of TCR and the capacitor. In the inductive vernier mode, the TCSC
(inductive) reactance increases as the conduction angle reduced from 180°. Generally, vernier

control is used only in the capacitive region and not in the inductive region.

Figure 6 Equivalent Circuit of TCSC
Consider the following figure 6. It explains about the equivalent circuit of TCSC. In this
equivalent circuit TCSC is modeled as a capacitor in parallel with a variable inductor. The
impedance of the TCSC[11] is given by,

_ch thcr

Ziese = o~ (1)
rese ] (Xtcr - Xc)

ZtCSC

) (1 B X):)

The current through TCR is given by

— _ch

Lo =—2°T(3)
er ](Xtcr _Xc) g

—

_
=

When the losses are neglected, the impedance of TCSC is purely reactive. The capacitive

P —
Lyer =

(4)

reactance of TCSC is obtained from equation (2) as

X
Xtcsc =T % N (5)

(1 N X):;)
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Where X, .. is capacitive reactance as long as Xc<Xr. When X = oo then the thyristors are
blocked and E = 0. For the condition X <X, E is 180° out of phase with the line current
phases IT By simply saying, IT is in phase with E The operation of the capacitive
condition is shown in figure 7. When X >Xk, the effective reactance of TCSC is negative.

That is it behaves like an inductor. In this condition E is in phase with E’ The operation of

the inductive condition is shown in figure 8.

Ny
¥,
|

Figure 7 Capacitive Operation of TCSC

Figure 8 Inductive Operation of TCSC

4. TCSC CONTROL AND IMPEDEANCE CALCULATION:

In general TCSC operates in the constant impedance mode it uses voltage and current
feedback for calculating the TCSC impedance. The reference impedance indirectly determines
the power level, although an automatic power control mode could also be introduced. A
separate Pl controller is used in each operating mode. The capacitive mode also employs a
phase lead compensator. Each controller further includes an adaptive control loop to improve
performance over a wide operating range. The controller gain scheduling compensates for the

gain changes in the system, caused by the variations in the impedance.

The firing circuit uses three single-phase PLL units for synchronization with the line
current. Line current is used for synchronization, rather than line voltage, since the TCSC
voltage can vary widely during the operation. The figure 9 explains about the impedance
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calculations of TCSC at sending end of the long transmission line. Similarly the impedance is

calculated at the middle of the line and receiving end of the long transmission line.

This circuit will run as an inductive mode up to 0.5 seconds and after that it will run as a

capacitive mode. Here the reference impedance is selected as 128 ohms.

b

-
»
alpha manual -
] g 4 )
Scope
manual alpha alpha
(1 —————M{Vioses impedance | zrmeszur=d
Viese alpha caparitive
(| zrefzrence
siphs
Centroller capacitive mode
labe Irms
mod
- P |zmeasured
Impedance calculstion )
alpha inductive
| po|zreferance - mode ‘
Centroller inductive mode "
[ ] _ < maget |
lsbe
2D
Irms
(D
aref

128

Figure 9 Impedance Calculation of TCSC
5. SIMULATION OF TCSC:

Figure 10 highlights about the circuit without TCSC. The results were obtained without
TCSC. Then TCSC is connected at the sending end of the transmission line which is
illustrated in Figure 11. Consider a system in which TCSC is placed on a 500KV, 400Km
long transmission line, with an objective to improve the power transfer and to control the
power flow. In the absence of TCSC device the active power transfer is around 57.17 MW,
during the period of first 0.5s of the simulation when the TCSC is bypassed, TCSC will work

in inductive mode.

The TCSC can operate in capacitive or inductive mode, although the latter is rarely
used in practice. Since the resonance for this TCSC is around 58° firing angle, the operation is
prohibited in firing angle range 49° - 69°. The resonance for the overall system (when the line
impedance is included) is around 67°. The capacitive mode is achieved with firing angles 69-
90°. The impedance is lowest at 90°, and therefore power transfer increases as the firing angle
is reduced. Similarly TCSC is placed at the middle of the transmission line and receiving end

of the transmission line. Then the results were obtained.
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Figure 11 TCSC is at the Sending End of the Line
6. RESULTS AND DISCUSSION:

For the first 0.5s, the TCSC is bypassed using the circuit breaker, and the power transfer is
less. At 0.5s TCSC begins to regulate the impedance to 128 Ohm and this increases power
transfer. In capacitive mode the range for impedance values is approximately 120-136 Ohm
when it is operated after 0.5 seconds and TCSC is connected at the sending end of the line.
This value is also increased up to 300 ohm when TCSC is connected at the receiving end of
the line. Testing is done for the different length of the transmission line like 100 Km, 200 Km,
300 Km and 400 Km. For each length of the line the impedance, Real Power and reactive
power are noted and tabulated. And also the power transfer capability of the line was

calculated. Comparing with the power transfer in an uncompensated line, TCSC enables
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Figure 15 Vgpc&lanc — When TCSC is at Receiving End
Figure 16,17& 18 explain about the real power and reactive power of the line and the
measured and reference impedance when TCSC is connected at the sending end, Middle and

Receiving end at 1.0 second simultaneously.
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Figure 16 Real & Reactive Power and Impedance when TCSC is at Sending End

Feal Power in M and Reactive Power in MYar when TC5C iz at Middle

Time in Sec

Figure 17 Real & Reactive Power and Impedance when TCSC is at Middle
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Figure 18 Real & Reactive Power and Impedance when TCSC is at Receiving End
The Power transfer capability and the power flow of the long transmission line when the
length is 100 km, 200 km, 300 km, 400 km are also verified without connecting the TCSC
and with TCSC, which is shown in table 1.

Table 1 Real and Reactive Power at B1,B2& B3

Length Bl B2 B3 PTC

In Pin |Qin |Pin [Qin |[Pin [Qin |in

KM | MW | MVAr | MW | MVArl MW | MVAI %

TCSC is at Sending End

100 |209. |-50.91|199. |6.33 |189.6 | 63.7 |90.33
9 7 8

200 | 143. |-90.35|133. | 29.7 |122.9 |14.8 | 85.64
5 1 6

300 112. | -142.2 {102 |(44.4 |91.7 |224. |81.3
8 3 5

400 |94.0 | -204.6 | 82.7 |52.6 |72.29 | 296. | 76.86
5 8 8 1

TCSC is at Middle

100 183. | -0.755 | 172. | 72.4 |162.4 | 130. | 88.41
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7 6 4 1
200 141. | 30.76 | 131 |159. |120.6 | 274. | 85.05
8 5 7
300 |100. |-1.357 | 89.0 | 189. |78.47 | 363. | 78.08
5 3 1 2
400 |88.5 |-48.16 | 76.0 | 216. | 64.83 | 400 | 73.25
1 2 8
TCSC is at Receiving End
100 171 |93.27 |162. | 140 |152.2 | 220. | 89.00
5 4
200 119. | 116.4 | 111. | 205 |100.9 |341. | 84.36
6 5 2
300 975 | 126.1 |89.6 | 255. | 78.79 | 448. | 80.8
6 3 3
400 70.2 | 9131 | 616 |274. |51.59 | 511. | 73.41
8 5 1 3
Without TCSC
100 76.8 | -15.93 | 66.7 | 44.4 |56.65 | 104. | 73.69
8 2 2 1
200 67.2 | -41.79 | 56.7 | 83.1 | 46.65 | 202. | 69.37
5 9 1 5
300 |60.8 |-80.74|49.8 | 116 |39.4 |295. |64.81
1 3
400 57.1 |-131.4|55.7 | 147 |41.16 | 386. | 71.99
7 1 8

7.CONCLUSION:
The vital role of series FACTS devices, which are connected in long distance transmission
lines, are to improve the power transfer capability of the transmission line and also to control

the power flow in the power system network. In this proposed work TCSC is employed as a
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series FACTS device. TCSC is connected at the various locations such as sending end, middle
and receiving end of the transmission line. The testing has done when the length of the
transmission line are 100km, 200km, 300km and 400km long. The results were obtained with
and without TCSC device. The simulation results reveals that the power transfer capability at
the sending end of the transmission line is better when comparing with the other ends and
also the power flow was controlled throughout the line when compensation is given at the
sending end of the line.The results show that the impedance increases when the length of the
transmission line is increased. The numerical results of the system were elaborated and the

simulation results were carried in MATLAB Simulink environment.
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