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Abstract. One of the significant problems in the power system network is the
overloading of the transmission system which increases stress on transmission
lines. This problem can be mitigated by the addition of isolated and individually
controlled devices such as FACTS to the existing networks. Thus, the main objec-
tive of this paper is determining the optimal placement of SVC and TCSC FACTS
device at bus and lines and minimizing the total power loss & enhances the trans-
ferred power by applying these SVC and TCSC FACTS devices. To this end, first,
load flow analysis was done using the Newton Raphson technique. Then, the opti-
mal location was found by the voltage stability index (L-indices) and fast voltages
stability indices (FVSI). The critical bus has the lowest voltage and the critical
line has the largest value of FVSI. Consequently, SVC and TCSC FACTS device
is installed on both the critical bus and the critical line respectively. To validate
the methodology, we use IEEE-30 bus standard test system network and the sim-
ulation is done on PSAT (power system analysis toolbox) in MATLAB. Finally,
based on the finding of the simulation result, the best locations for SVC and TCSC
FACTS devices for improving power transfer, voltage profile and loadability are
the weakest bus and line of the system.

Keywords: Optimal placement - Thyristor control series compensator - Static
var compensator - Loadability - Voltage stability index

1 Introduction

The major problem of a heavily loaded system is that the transmission network operates
near to its limit. This, in turn, leads to the increment of stress on the transmission. This
problem was solved by the addition of isolated and individually controlled devices such
as FACTS to the existing networks.

The power flow analysis is necessary for power system planning, new power genera-
tion, new transmission line and load scheduling. It is crucial in placing FACT devices in
the weak bus and weak lines. FACTS devices can be fully utilised if the optimal location
is determined through specific techniques. Here, the voltage stability index calculation
method was used for the optimal position of the TCSC and SVC FACTS devices [1].
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The purpose of this study is to illustrate the applications of voltage stability indexes.
In line with these indexes were found to be effective in detecting the weakest bus and
line in the system. Moreover, the addition of SVC and TCSC FACTS devices on the
weakest bus and line has improved the voltage profile, total power loss and loadability
of the system. Standard IEEE-30 bus test system network and MATLAB/PSAT were
used to validate the methodology.

Criteria for selection of optimal locations.

During steady-state operation, FACTS devices can be considered as a Controllable
reactance connected in series with the line and with the bus. The effects of the insertion
of FACTS devices [2, 3]:

Reduces transfer reactance between the two buses.
Increases transfer capability of the line.

Reduces reactive power loss.

Improves the voltage profiles.

The criteria for the optimal placement of FACTS devices are as follows [3, 4, 5]:

e The device should be placed in a line which has the least sensitivity concerning the
magnitude of static reactance.

e The sending end bus must be either a load bus or a generator bus with no regulating
generation.

e The device should be placed in a line which has the most substantial absolute value
of the sensitivity concerning the phase angle.

e The device should not be placed in the line containing generation buses even if the
sensitivity is the highest.

e The terminal end bus should not have a switched shunt connected to it.

e Multiple devices sending end on the same bus can be allowed.

2 Voltage Stability Analysis Using Bus and Line Index

The main goal of voltage stability indices is to determine voltage instability within the
system network [6, 7]. These indices are referred either to a bus or a line.

2.1 Voltage Stability Index (L-Index)

The load flow algorithms incorporate load and generator control characteristics. The
voltage stability indices value is changed between zero (no load) and one (voltage col-
lapse) based on the solution of load flow using Newtown Raphson, the L index [8] can
be calculated as:
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Where ng € [0, n]. Fj; is attained from the Y bus matrix as follows:

I _ <YGG YGL> Ve ?)
Ip Yig Yoo )\ VL
Where Ig, I, Vg, V1, represents current and voltages at the generator and load buses.
Rearranging (2), it can be written as

Vi _ (ZLL FLG) Iy, (3)
I YL Yo )\ Vi
Where Fr.g = —[Yr..17 Y] are the necessary values, the L indices for a given load

condition are computed for all load buses.
The equation for the L index for the node can be written as

L= )

ng -
l

1-— E Fj,-—'le,-j+8,-—8j
i=1 J

Where 6;; is the power factor angle and §; & §; are voltage angle of the it and j™ bus
respectively.
Algorithm to obtaining voltage stability indices are [6, 9].

Step one: form admittance matrix (Y-bus) for the system
Step two: find the element of F g from Eq. (3)
Step three: find the value of L-indices using Eq. (4) by applying step two

2.2 Line Stability Index (Fast Voltage Stability Index)

The line stability index (fast voltage stability index) projected by Musirin et al. [10] is
based on a conception of power flow through a single transmission line. For a significant
transmission line, the fast voltage stability index is defined by:

47%Q;
VZXij

FVSIj = &)

Where Z = line impedance, Xj; = line reactance, Q; = reactive power at the receiving
end and V; = sending end voltage.

The line voltage stability indices which show that FVSI is very close to unity (1.0)
implies that it is approaching the point of instability. If FVSI is starting to be higher than
unity, this is the indication of voltage collapse in the system network due to a sudden
drop in voltage [11].
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3 SVC Thyristor Modeling (B = Bscv)

The SVC can be variable reactance by using firing-angle limits or reactance limits, as
it is shown in Fig. 1. The SVC nonlinear power equation is derived from variable shunt
compensator modelling and changed to the linear equation by Newton’s method.

lsve 1

Fig. 1. Variable shunt susceptance

From Fig. 1 the current drawn by SVC and reactive power injected at bus K is
Isyc = jBsve * Vk (6)

Osvc =0k = —Vk2 * Bgyc @)

The linearised equation is given by Eq. (7) where the equivalent susceptance Bgyc
is taken to be the state variable

APg| [0 0 HA@K ] ®
AQk 0 Qk | [ABsvc/Bsvc
The variable shunt susceptance Bgyc is updated at the end of the iteration (i) is
i (i—1) ABsyc\" (i—1)
Bgyc = Bgyc + Beve Bgyc ©)
Sve

This changing susceptance characterises the total SVC susceptance essential to keep
the nodal voltage magnitude at the specific value. Once the level of compensation has
been determined, the firing angle required to achieve such compensation level can be
calculated.

4 TCSC Variable Series Impedance Modeling

The variable series compensation is hugely effective in both controlling power flow in
the line and in improving the stability of the power system within the ranges of the
system [12, 13].

The amount of reactance is determined efficiently using Newton’s method.
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Fig. 2. TCSC equivalence circuit: (a) inductive and (b) capacitive type.

The transfer admittance matrix of the variable compensator shown in the Fig. 2 is

In — |:jBnn jBnm :| Vi (10)
Ly JBmn JBum Vin

The active and reactive power equations at bus n are:
Py =V, Vin By Sil‘l(@n — On) (11)
Qk = _szBnn - Vn Vm Bnm COS(@n - m) (12)

The set of linearised power flow equations are:

i 7 3Py 3Py 0P, oP, L r 7
APy 96y 06m AVp " Vin " aXTcsc rese A
3Pm 3 Pm 0P 0P 0Pm
AP 96n 96m v, " W™ aXpesc TEsC Al

= 90n 90n 90n 90n 90n AV,
A = v, v, —=" _x n
Qn 36y 30m a6, " EYI aXresc TESC v
AQm ,Qm AQm AQm n & Vin &XTCSC Ava
36, 36m 36n 36m 0Xrcsc m
X X X X X
APrf(mTCSC apanCSC 8anTCSC apanCSC aPmnTCSC apanCSC X AXXTCSC
- 4L a6, 30m 0n " 00m " 0Xpese TS L Xresc J

13)

Where 0 Pn)fnTCS € is the active power flow mismatch for the series reactance calculate

as follow
b's L j

IPTCSC = Pre8 — ppTesCad and AXresc is given by AXrese = Xg)csc -

x{=b
TCSC

The state variable XTCSC of the series controller is updated at the end of each

iterative step according to

i
O I () AXrcesc (i—1)
Xrese = Xrese + (—XTCSC > Xresc (14)
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Fig. 3. Modelling of transmission line with TCSC

The model of transmission line with a TCSC connected between bus n and bus m is
shown in Fig. 3

Xiine = Xum + XrCSsc (15)

Where X,,,, is the reactance of the line between bus n and m without TCSC reactance,
and the reactance X7 csc is restricted to the domain.

XTCSC,min < Xrcsc < Xrcsc,max Where the values of Xrcsc, min and Xrcsc,
max are determined by the size of the TCSC device and the characteristics of the line in
which it is placed.

5 Continuous Power Flow

A conventional power flow has a problem during a Jacobian matrix which becomes
singular at the voltage stability limit; this problem can be overcome by using continuous
power flow [13]. The graph obtained using continuous power flow methods between
bus voltage, and the loading factor A is a P-V curve. It determines the loadability of
margins. The flow chart describes in Fig. 4 shows the steps to solve continuous power
flow analysis.

5.1 Mathematical Reformulations

Reformulating Newton Raphson load flow Equations to include loading factor A.
The conventional Newton Raphson load flow equations can be as follow

n
P, =V Z V;Yijcos(0; —0; — (Sij) (16)
=1
n
0, =V Z ViYij sin(6; — 0; — dij) a7

Jj=1
Conventional power flow equations modified by incorporating of A

Pr; = Prio(1 +1Kp;) (18)
Ori = Qrio(l +AKp;) (19)

Pgi = Pgio(1 + AKgi) (20)
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Fig. 4. Flow chart of the continuous power flow [13]

Applying continuous power flow algorithm to these equations, and the whole set of
equations can be written as:

F@©,V,2) =0 ey

Predict, and corrector steps can be given by the following Egs. (22) and (23)
respectively.

do
[Fo Fy Fi]| av | =0 (22)
dx
[0

6 Result and Discussion

The system simulation and load flow equations are solved; voltage stability indices (L-
indices) and fast voltage stability indices (FVSI) are simulated to determine the weakest
bus and line in the system. The results of the comparison and the performance of the
system with and without FACTS devices are presented in this section.

IEEE 30 bus system network consists of six generating units interconnected with 41
branches of a transmission network with a total load of 283.4 MW and 126.2 MVAR,
four transformers with off-nominal tap ratio, as its shown in Fig. 5. The bus data and the
branch data are taken from [14].
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Fig. 5. IEEE-30 bus standard test system diagram [14]

For incorporating power flow with FACTS devices, power system analysis toolbox
(PSAT) is used in MATLAB software. This power system analysis toolbox is helpful for
power system analysis and control including optimal power flow as well as continuous
power flow analysis [5].

6.1 P-V Curve

Before analysing P-V curves, we have to find out the weakest bus and line using voltage
stability index computation. From Table 1, it is observed that the five most critical bus
and lines are selected. Besides, as it can be seen from Fig. 6, bus number 26 exhibits the
highest voltage stability index which means it is the weakest bus in the system. From
Table 1, it is noted that the line which connects between bus 3 and 4 is the most critical
based on the stability indices of lines. Voltage collapse can be accurately predicted when
the index is more than one. The line that gives index value closest to one should be the
most critical line of the bus and may lead to the instability of the whole system.

Table 1. Voltage stability index

Line stability index Bus stability L-index
From bus To bus Voltage stability index (FVSI) Bus no L-index
3 4 0.20585 26 0.0761
2 6 0.11878 30 0.0729
2 4 0.09494 24 0.0715
4 12 0.09014 19 0.0715
1 3 0.08590 18 0.0697
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Fig. 6. Voltage stability index

The variations of bus voltage with the loading factor A were obtained for IEEE-30
bus system network. The loading factor was one at the base case and gradually increased
until the loading point reached the maximum. It was found that bus number 26 was
the most insecure bus as the voltage at each reactive load of bus 26 was minimum.
Figure 7(a) shows the P-V curve for the lowest five voltage buses without SVC, and
the loading parameter is 3.4362 pu. Figure 7(b) shows the P-V curve for five most
economical voltage buses with SVC at bus 26, and the loadability setting (1) increased
to 3.447 pu. It clearly showed that the load ability margin had risen significantly.

3

2.5
neter A (p.u.)

-V curves when TCSC

Load A (pu) Loac A (pu) Loadi

a) P-V curves without SVC FACT device. b) P-V curves when SVC connected at bus 26. ¢
connected between bus 3 and 4

Fig. 7. P-V curve without and with SVC FACTS device

6.2 Performance of the System with TCSC and SVC Facts Devices

The consolidated comparative bus voltage results have been represented in Fig. 8(a).
The use of SVC shunt compensator has improved network voltage profile and keeps the
voltage magnitude at 1 p.u at bus 26. The real power flow for thirty bus system was
analysed without and with FACTS device in Fig. 8(b) from the result the TCSC series
compensator model is to maintain the active power flow between bus 3 and 4 as compared
to SVC shunt compensator. Similarly, in Fig. 8(c) the TCSC series compensator was more
applicable to reduce the real power loss in the line.

As clearly shown in Table 2. The instalment of SVC is not only improving the system
voltage profile but also reduces total real power losses. The actual power loss after
installing SVC at bus 26 is reduced by 0.124%. Similarly, TCSC FACTS device reduce
total power loss by 2.813%. While as result TCSC FACTS device is more significant for
total real power loss.
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Fig. 8. Performance of TCSC and SVC FACTS devices comparison

Table 2. Total power loss comparison with and without SVC and TCSCFACTS device

No | Power loss (pu) without Power loss (pu), SVC @bus | Power loss (pu), TCSC b/n 3
FACTS devices 26 and 4 bus
0.075576 0.075482 0.07345

Reduced by 0.124% 2.813%

7 Conclusion

The paper analyzed voltage stability indices for selecting the weak bus and line and put
the SVC and TCSC FACTS device on this weak bus and line for the improvement of
bus voltage and power flow on the line. Here are the main contributions.

Weak bus and line are identified using voltage stability indexes

The voltage profile for all the buses was obtained.

Power transfer in each line was attained.

Loadability was compared with and without SVC FACTS device.

TCSC FACTS device which was connected between bus-3 and bus-4 showed great

improvement in reducing total real and reactive power loss.

e SVC FACTS device which was connected on bus-26 has improved real power loss
and loadability.

e The use of FACTS device in both at bus and line reduces power loss and improves

system voltage profile
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