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Comparison of Estimated Power Transfer in
Transmission Line With and Without Shunt
Compensator Using Different Line Models
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Abstract: In power systems, compensation techniques are used
to improve the power transfer capacity in the transmission lines.
Controlling the voltage profile along the line helps to control the
transmittable power and this is achieved through compensation
techniques. In this paper, different line models are used for the
estimated power transmitted in the line both with and without
shunt compensation. It is observed that with the Bergeron line
model and Pl-section model the estimated power is higher
compared to that with the series RL model both with and without
shunt compensation. PSCAD is used for the simulation.
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I. INTRODUCTION

The transmittable power over a long transmission line

can be increased by employing synchronous compensators at
the load centres or throughout the length of the transmission
lines. Static Var compensators are employed at transmission
level as local continuous stability controls and capacitor/
reactor banks are employed as local discontinuous controls
for reactive power compensation. The practical maximum
transmittable power of a transmission line includes not only
the capacity in kilovolt-amperes but also in the change of
reactive power for a definite change in voltage.

The reactance of the transmission circuit is indirectly
proportional to the size of the conductor, whereas the
conductivity is directly proportional. Generally, the
transmittable power limit of a transmission line can be
enhanced by employing large conductors or large voltages
which is not economical with the higher cost of line. The
closer the spacing of the conductor, the greater effects on the
power limits [1]. However, it’s not a practical method as it
leads to the interruption to the service.

The studies show that the shunt compensators at various
intermediate points of transmission lines maintain steady
voltages at these points and increase the power transfer
capacity of the system. Also, the frequency of the supply has
significant effect on the large amounts of power transmission
[1].

The security and reliability of a transmission system can be
achieved through fast control of system parameters. The
FACTS (Flexible AC Transmission Systems) devices which
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employ Power Electronics converters help to achieve the
objective of transmission system security and reliability
[2],[3],[4]. Shunt connected FACTS devices help to increase
the capacity of the transmission system by regulating the
voltage and by exchanging active power and reactive power
with the grid [5],[6],[7]. This aspect helps to integrate the
renewable energy sources to the grid [7],[8].

Although PI-section transmission models are extensively
used, it has drawbacks of resulting in oscillations due to the
lumped parameters [9]. Several solutions have been
developed and post processing filters methodology is
proposed to attenuate the oscillations [10]. It is found to be
more efficient than the traditional methods.

This paper is arranged as follows: Section 1l covers voltage
regulation for midpoint and one third of transmission line
segmentation. Different models of transmission lines are
explained in Section Ill. The simulation study and the
comparison of results are tabulated in Section V.
Observations are concluded in Section V.

Il. VOLTAGE REGULATIONFOR LINE
SEGMENTATION

Presently, majority of transmission lines are operated
much below their thermal limit. Therefore, the distribution of
power flow among different transmission lines involved
suitably can result in lower transmission losses. It is difficult
to have such optimum power flow among different
transmission line without employing FACTS devices at
different strategies. The improper distribution of power
makes the transmission system very congested. With every
increase in demand of electric power, there is about 10 to
15% shortage in meeting the load demand due to constraints
in the transmittable power in the transmission line. Therefore
upgradation of transmission network is needed.

Constructing Constructing new transmission lines are
expensive and it is difficult to complete within the time limit.
Hence to improve the transmittable power of the lines; to
regulate the congestion in the transmission systems and to
improve the steady voltage in the system, advanced
compensators are needed. The compensators can regulate the
flow of power in the system.

Fig. 1 shows simple two area transmission network with
the transmission line represented by lumped inductance. The
resistance of the line is neglected. The midpoint shunt
compensation regulates the midpoint voltage to a level
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Fig. 1. Two area Transmission network with mid- -point
shunt compensation
close to the terminal voltage. The Fig. 2 shows the vector
diagram. While injecting the reactive current into the system,
the voltage profile at the connected point is regulated
resulting in enhancement of transmittable power [11].

The transmitted power is given by (1)

2

P= 2Vsin[5)
L 2 (]_)
and the reactive power is given by (2)
LV s )
Q=4 X (170()55}

The theory of segmentation of transmission line can be
expanded by the use of multiple compensators, located at one
third and two third of the transmission line. It is explained for
three equal line sections in Fig. 3 and its associated phasor
diagram is given in Fig. 4.

The transmitted active power, when compensator is
connected at 1/3™ and 2/3™ location of transmission line is
given by (5). The reactive power supplied by the
compensator at 1/3" and 2/3™ of transmission line is given by
(9) and (10) respectively.

Vsa, Vas, Ver are the voltage drops across the
corresponding sections of the line. The vector Vs, is given by
(3). Neglecting the line resistance, the current flowing
through the line sections are given by (7).

VSAZVS_VA:jélAS (3)
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Fig. 2. Phasor diagram of midpoint shunt compensation
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Fig. 3. Transmission network with shunt compensators
at 1/3rd and 2/3rd of the line
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Fig. 4. Phasor diagram of 1/3rd and 2/3rd shunt
compensation
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Q supplied by the compensator connected at A,
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Substituting the value of | from (7)

Q.- {1 CO‘{SH ©

Slmllarly, Q supplied by the compensator connected at B,

0ot

The power angle curve without compensator; with shunt
compensator at mid-point and one-third location of
transmission line is plotted in  Fig. 5. The transmission line
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Fig. 5. Power Angle Curve with and without shunt
compensator at midpoint, 1/3rd and 2/3rd of the
transmission line considering line as a lumped reactance.
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voltage of 400kV and lumped line reactance of 157.85Q/km
is considered. Fig. 5 depicts that without compensation, the
maximum power will be transmitted at delta = 90° [12]. At
mid-point compensation, maximum power will be
transmitted at delta = 180° as in (1). At one-third
compensation, maximum power will be transmitted at delta =
270° as in (5). It is observed that the shunt compensators
placed at equal segments of the transmission line can increase
the capacity of power transmission at the expense of a rapidly
escalating reactive power demand on the shunt
compensators.

I1l. DIFFERENT MODELS OF TRANSMISSION
LINE

In Section Il, lumped inductance is considered for the
simplicity of analysis to show the importance of shunt
compensation in enhancing the transmittable power limit of
the line. In this section lumped parameters of the respective
model of transmission line is considered.

A. Series RL Representation of Transmission Line

The short line can be represented by lumped series
impedance as shown in Fig. 6. The shunt capacitance for this
case is negligible. For ‘I’ km length of line, the line
impedance per km is zo=(r+jx), then the total impedance of
the line is Z = (R+jX). The sending end voltage, Vs and
current, Is is given by (11) and (12) respectively.

VS:VR+ZIR
ls=1¢

(11)
(12)

Z =R #X

Fig. 6. Series RL representation of transmission line

B. PI Section (/1 - Section)

The short overhead lines are represented by using PI-
model. It characterize transmission systems for load flow
studies under steady state in a better way. The Coupled PI
sections are used to represent the transmission lines.

= Coupled PI-Section: The Coupled Pl-section of
transmission line is given by using lumped passive
elememts of R, L and C as in Fig. 7. The coupling
between the three phases are provided by R and L
elements [13]. C is distributed as a mutual
capacitance and Cm as a capacitance to ground at
each end as in Fig. 7.

N .
bt

cL ﬁwi L

I I

Fig. 7. Coupled PI1-Section model of TL
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C. Bergeron Model

The Bergeron model is a distributed LC parameter model
with 1/2 resistance in the middle and 1/4™ of that at each end
of the transmission line [13]. It is a single frequency model
and used to represent long transmission lines. As the line
resistance is included in this model, it helps to damp the
oscillation. The L and C elements of the model are distributed
as of a PI section. This model is applicable for transient
studies [14], relay studies, and load flow studies where
fundamental frequency is important.

IV. SYSTEM STUDY

In this paper, the transmission line is simulated in PSCAD
using three different models and the power transfer capacity
is compared. The parameters for transmission line under
study are adopted from India’s first series compensated
Kanpur-Ballabhgarh 400kV transmission line (400km) [15].
Shunt capacitors are connected at intermediate points to
improve the voltage stability and higher power transmission
capability. The transmission line parameters are as follows:

Positive sequence parameters:

L= 1.044mH/km, C=16nF/km, R=0.0296£Y/km

Zero sequence parameters:

L= 3.259mH/km, C=9nF/km, R=0.2986C2/km

In study system 1, shunt compensator is connected at
200km i.e., at the mid-point of the transmission line. The
steady state performance of the transmission line is simulated
under various sending end angle, delta. The estimated
power transmit capability of the three models of
transmission line with midpoint shunt compensation for
various sending angle, delta is compared in Table | and power
angle curve is plotted in Fig. 8.

In study system 2, shunt compensator is connected at 1/3rd
and 2/3rd of the

Table- I: Comparison of estimated power transfer in
three different models of transmission lines with
midpoint shunt compensation

. Delta b ¢
Tr. Line . Qc* Pr Vo
Model | "articulars (d:Sg)re (MVAR) | (MW) | (pu)
With 30 138.9 512.6 1
compensator
Without 30 R 494.8 0.9659
compensator
Series With 60 550.8 9713 1
RL compensator
model Without 60 836.6 0.866
compensator
With 90 1199 1344 1
compensator
Without 90 R 934 0.7071
compensator
With 30 6.039 610.7 1
compensator
Without 30 _ 614.5 0.998
compensator
With 60 502.7 1153 1
PI compensator
section Without 60 _ 1038 0.8953
compensator
With 90 1286 1588 1
compensator
Without 90
compensator
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. Delta b p . Delta a b ¢
Tr. Line . Qc? Pr Vpu Tr. Line . Qc Pg Vou
Model Particulars (dsg)re (MVA) (MW) (u) Model Particulars (d:sg)re (MVAT) | (MW) (ou)
With Without
compensator 30 182 618.7 ! compensato 60 - 1035 0.91
Without r
compensator 30 ) 6164 0.9986 With 934.2
With compensato 90 1695 1
Bergero compensator 60 516.3 1167 ! r 838.4
n model Without Without
compensator 60 ) 1038 0.8953 compensato 90 - 1149 0.765
With r
compensator % 1296 1604 . With 6.04
Without compensato 30 617.6 1
compensator %0 i 1151 0.73 r 6.04
® Reactive power supplied by capacitor, ® Transmitted Power, & Midpoint voltage Without
compensato 30 - 616.2 0.99
r
2200 T T T With 3449
20001 o Efrge“’” | compensato 60 1189 1
Series RL| /16'4-?_‘ Bergeron r 3998
1800k 27 3 i model Without
R4 A} compensato 60 - 1038 0.91
¢ \ ;
1600 ¢ ] 4
> 4 With 931.4
2 1400 s 1 compensato | 90 1696 1
= 4 r 844.1
= 1200 S 1 Without
z / compensato 90 - 1150 0.76
@ 1000F y 8 r
Vd # Reactive power supplied by capacitor, > Transmitted Power, ¢ Midpoint voltage
800 / 8
6001 // 4 8000 -—— Bergerc‘vn ' I '
i | -
/ Series RL| - - e
4001 / b 2500 ~ 1
e
200 | | 1 | 1 | | | //
0 20 40 60 80 100 120 140 160 180 2000F p 1
delta(deg) e e
Fig. 8. Power angle curve for three different line models < 1500 g 1
with shunt capacitor at midpoint of the transmission line IS Vg
1000F // 1
transmission line. Table Il compares the transmitted power of /
three different models of transmission line with 1/3rd and S0/ ]
2/3rd shunt compensation. Its power angle curve is plotted in
Flg'_g' ) 0o 50 160 1|50 260 250
Fig. 8 and 9 show that, the compensated Pl-section model delta(deg)

and Bergeron model of transmission lines transmit higher
power than the compensated series RL model by regulating
Table- I1: Comparison of estimated power transfer in
three different models of transmission lines with 1/3rd
and 2/3rd shunt compensation

. Delta a b c
Tr. Line . Qc Pr Vou
Model Particulars (d;esg)re (MVAr) | (MW) (pu)
With 95,53
compensato 30 516.5 1
r 95.58
Without
compensato 30 - 494.7 0.9698
Series RL r
model With 381.2
compensato 60 997.7 1
r 363.3
Without
compensato 60 - 836.6 0.8819
r
With 6.04
compensato 30 615.9 1
r 6.04
Without
Pl section | compensato 30 - 614.5 0.99
r
With 344.7
compensato 60 1187 1
r 340.3
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Fig. 9 Power angle curve for three different line models
with shunt capacitor at 1/3rd and 2/3rd of the
transmission line

the voltage at point of connection to 1.0 pu. The negative
direction of the estimated power transfer indicates power
flow in the reverse direction. Comparison of the maximum
transmitted power of three different line models is shown in
Table Il1. The transmittable power capability of transmission
line can be improved by shunt compensators at various
locations which segment the transmission line equally. Table
111 shows that in the PI section and Bergeron model of
transmission lines, the midpoint compensation increases the
maximum transmitted power by 1.6 times as well as the one
—third compensation by 2.4 times than that of the
uncompensated transmission line of like models. The single
line diagram of simulation of three different models of
transmission line without and with shunt compensation at
different locations is shown in Fig. 10 to 12.
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Tabl_e- I11: Comparison of maximum tr§n§mlt'ged Tr. Line Location of tran;\fneilgeﬂ:jurgwer
power in three different models of transmission line Model Compensator Power,
. . Maximum Pmax (MW)
Tr. Line Location of transmitted power, Midpoint 1584
Model Compensator Pmax (MW)
1/3", 2/3rd 2615
Uncompensated 1151
Uncompensated 934
Bergeron Midpoint 1604 :
Serﬁ RL Midpoint 1529
1/3", 2/3rd 2668 mode
1/3", 2/3rd 2418
Pl section Uncompensated 1139
P =5512 P =5399 P =5295
Q=-3471 Q=98.05 Q=-40.81
R=0 | v ;‘1 V= 1£33 v :1 |
I||_® | LQAL) D.QHU;?;[H] S.Q‘Qf:;m] L% 0.2088 [H] 5.92 [ogm] L@i} | R=0 ®_||
2 22 1@en
— oy [ 1
0 O

P

Fig. 10. Series RL model of transmissioﬁ line for delta=30° with midpoint shunt compensator

P=6458 P=6355 P =6255 F=615.9
Q=-56 0 =-56.65 Q=-5352 Q=-5297
R=0 V=1 V= V=1.001 V=1
= —= —= —= —=
——{_FTSecfion | A —O—
0 -[% |—® R=0 —
< w =+ - +
ey 350
5 G2 @GH 2e 3 t@GH
- Iy = 4
n ©> n e
o o
o o
= =T
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Fig. 11. PI section model with shunt compensator at 1/3rd and 2/3rd of TL for delta = 30°
P =650.1 P=5389 P =628 P=617.6
Q=-57.68 Q=-58.97 Q=-55.21 P— Q=-5571
R=0 | \."::1 _ V=_1 o \."=1£U1 _ |‘°' V=_1
i - Bl B B A :
|_© | L@ TLine1 L@ TLinez L@ TLlnwEIB | L@ R=0 ©_||
7ol 2es1Oo

P
Q
3

P

l4n 1o
l4n] 1o

Fig. 12. Bergeron Model with shunt compensatoFat 1/3rd and 2/3rd of TL for delta = 30°

Multiple shunt compensators enhance the maximum
V. CONCLUSION transmittable power of transmission line to an extent.
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