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ABSTRACT

In a power system, the excessive voltage drop in the buses due to increasing power demand leads to voltage
instability consequent voltage collapse. Hence the voltage stability is a critical concern in a power system. In this
paper, the application of tap-changing transformer, shunt capacitor, Static Var Compensator (SVC), Static
Synchronous Compensator (STATCOM), Thyristor-Controlled Series Capacitor (TCSC), and Static Synchronous
Series Compensator (SSSC) for improving voltage stability margin is studied. The Continuation Power Flow
(CPF) method has been applied to the IEEE 14-bus test system to determine the Maximum Loading Point (MLP)
and demonstrate the effectiveness of these devices on improving voltage stability margin. Simulation results show
that these devices can increase the load ability margin of power systems and, as a result, causes voltage stability
improvement. Although the performance of shunt compensation devices includes SVC, STATCOM, and shunt
capacitor are better than other devices.

INTRODUCTION

The beginning of the third millennium is characterised by ever-increasing competition and the globalisation of
markets. This situation is the result of globalisation and technological development. It is no longer enough to do
one's job well; it is necessary to provide a quality product and/or service that meets the needs and expectations of
the customer (ISO 9000 version 2015, p.2). Surviving in this competitive environment requires the
implementation of new management approaches, one of the most important of which is quality management. It
therefore appears necessary, even essential for a company or institution wishing to emerge, to make quality its
hobbyhorse currently, rising consumer demand and use of the power system close to their physical limits increase
the possibility of system fault. In other words, the imbalance between power generation and power consumption
can cause voltage instability and, as a result, a severe voltage drop in an extensive part of the power system. In
this situation, the inability to quickly provide reactive power for compensating voltage drop and prevent voltage
collapse can turn the power system toward blackout.

Voltage stability issues can be studied in two conditions, steady-state and transient-state. Voltage stability in
steady-state addresses stability during small and low changes like gradual load variations, while in transient-state,
it discusses stability in the time of large and sudden changes like fault occurrence, line outage, and sudden change
in load [1]. Steady-state voltage stability can be analyzed based on power flow or CPF. Using the CPF method,
the maximum loading point or voltage collapse point is determined [2], [3].

Generally, the maximum loading point and voltage stability margin will be improved by controlling the reactive
power of the system. Usually, there are two solutions to control reactive power. The first solution is to control
reactive power by controlling the power flow using tap-changing transformers and series-connected flexible AC
transmission systems (FACTS). The second solution is to control reactive power by injecting reactive power into
the network using shunt capacitors and Shunt-connected FACTS devices [3], [4].
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This paper investigates the impact of tap-changing transformers, the shunt capacitor, series-connected FACTS
devices, and shunt-connected FACTS devices on voltage stability margin improvement in power systems. The
rest of this paper is arranged as follows; a survey of tap-changing transformers, the shunt capacitor, and FACTS
devices are done in sections 2 to 4, respectively. Section 5 presents the continuation power flow. The Simulation
results are provided in section 6. The paper finishes with a conclusion in the final section.

TAP-CHANGING TRANSFORMER

Almost all electrical substations are equipped with tap-changing transformer facilities. Tap-changing transformers
can eliminate or minimize the voltage instability of power systems. Generally, a transformer changes its tap
position to control the voltage magnitude of a substation [5]. Many papers have studied the tap-changing
transformer effect on voltage stability [5-10].

In Fig. 1, an equivalent circuit of a tap-changing transformer is shown, where y;is the admittance in p.u. based on
the nominal turn ratio, and a is the p.u. Off-nominal tap position that provides an adjustment in voltage of normally
+10% [11].
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Fig. 1. The equivalent circuit of a tap-changing transformer [11].

The IT model illustrated in Fig. 2 presents the admittance matrix in equation (1). In the IT-model, the left side has
no tap, and the right side has a tap [11].
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Fig. 2. II-equivalent model of the tap-changing transformer [11].
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SHUNT CAPACITOR

Shunt capacitors are installed to provide reactive compensation, and they can improve voltage stability. However,
shunt capacitors have a moderate performance for voltage regulation, but due to the low-cost of establishment and
maintenance as well as ease of installation, they are plenty utilized in power systems [12], [13].

FACTS DEVICES

Flexible AC Transmission Systems is a modern development in power systems that uses high-power
semiconductor components in their structures. The primary duties of FACTS devices are power flow control,
increasing transmission line capacity, voltage control, reactive power compensation, stability improvement,
enhancing power quality, and flicker reduction [14], [15]. The classification of FACTS devices can be done in
two forms [16], [17]:
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1- Based on internal structure:
o Thyristor-based: SVC, TCSC, Thyristor-Controlled Phase Shifter Transformer (TCPST), and Thyristor-
Controlled Reactor (TCR).
¢ Voltage Source Converter (VSC)-based: STATCOM, SSSC, Unified Power Flow Controller (UPFC), and
Interline Power Flow Controller (IPFC).
2- Based on the connection type to power systems:
o Shunt: STATCOM and SVC.
e Series: SSSC and TCSC.
o Series-Shunt: UPFC and TCPST.
o Series - Series: IPFC.

Static Var Compensator

Static Var Compensators have been installed as the most well-known FACTS devices in about 100 places for reactive
power compensation and, as a result, controlling the voltage profile [18]. The role of the SVC for improvement in
voltage stability has been investigated in numerous articles [19-23].

Commonly, an SVC structure is a combination of a fixed capacitor (C) in parallel with a TCR, as illustrated in
Fig. 3. The variable susceptance (Bsic), the total effective reactance (Xsyc), and TCR reactance (Xrcr) can be
calculated as follows [24]:

1
BSVC :_X 2)
Svc
X X
XSVC — C TCR (3)
XC +XTCR
xX
X =—1L 4
' 5 —sino @

Where Xc is the capacitive reactance, X; is the inductive reactance, and ¢ is the conduction angle. The relation
between the conduction angle and the firing angle (o) of thyristors is 6=2(7-a). The reactive power exchanged by
the SVC at the bus n can be expressed as [24]:

QSVC :Qn Z_BSVCVnZ (5)

Where V, is the voltage amplitude of the bus where the SVC is connected. If Osyc < 0, the SVC generates reactive
power, and if Osyc > 0, the SVC absorbs reactive power [25].

node n node n

r:-"\-'c l

1 L

(a) (b)
Fig. 3. (a) Structure of the SVC, (b) Variable susceptance model of the SVC [24].

http: / www.gjesrm.com © Global Journal of Engineering Science and Research Management

(3]



THOMSOMN REUTERS

[Zaidan * 8(5): May, 2021] ISSN 2349-4506
Impact Factor: 3.799

Jf
Gilobal Journal of Engineering Science and Research Management

Static Synchronous Compensator

The function of a STATCOM is like an SVC; however, it can rapidly inject/absorb reactive power faster [24].
Generally, The STATCOM has more functional superiority than SVC, but the STATCOM is expensive and
complicated to implement. In practice, SVC has been applied more often than STATCOM as a reactive power
compensation device in a transmission system [26]. In various researches, the impact of the STATCOM on voltage
stability has been investigated [27-31].

The configuration of a VSC-based STATCOM is shown in Fig. 4. The structure of a STATCOM can include a VSC,
a magnetic circuit (MC), a shunt coupling transformer, and a shunt breaker. The presence of a DC voltage source
in the capacitor causes the VSC to convert its voltage to an AC voltage source and control the bus voltage. By
adjusting the output voltage range of the three-phase converter (Vsc), the reactive power exchange between the
converter and the AC mains will be controlled [24], [32]. The reactive power exchanged by the STATCOM at the
busj can be expressed as [24]:

‘Vj‘z ‘V/HVSC|

= - 0. -85 (6)
QSTATCOM Xsc Xsc COS( J SC)

Ve = IVSC |(cos5SC +j sin 8. ) (7

Where V;£0; is the bus voltage at bus j, V£, is the AC voltage at the output of the STATCOM, and Xi. is the
reactance of the line between the bus j and the STATCOM. If QOszarcom < 0, the STATCOM injects reactive power,
and if Osrarcon > 0, the STATCOM absorbs reactive power [25].

Voltage source
converter

1
11
dc energy
sOurce

Fig. 4. VSC-based STATCOM [24].

Thyristor-Controlled Series Capacitor

The series compensation can be categorized into two types fixed and variable series compensation. Generally,
series compensation can enhance the power transfer capability of the line and improve the power system stability.
The TCSC is a type of variable series compensation that can change line reactance by putting a Thyristor-
Controlled Capacitor (TCC) in series with the transmission line [33-35]. Effects of the TCSC on voltage stability
are studied in various researches [1], [36-38]. Based on Fig. 5, the structure of the TCSC uses a series capacitor
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connected in parallel with a TCR.

vdm)  iglod=i+(a)

TCR
Fig. 5. The structure of the TCSC [32].

The TCSC inserts in a transmission line a variable capacitive reactance (Xrcsc) that is related to the firing angle ()
of the thyristor [39]:

X . X, () . 1
X = c L = —
R T s o ®)
ol
X, (e)=X, il (X, <X, (a) <o) 9)

7T —-2a—sina

Where Xc is the impedance of the capacitor, .X; is the impedance of the reactor, and X;(a) is the controlled reactor
impedance.

Static Synchronous Series Compensator

The SSSC is a type of variable series compensation that can be considered as an advanced TCSC. An SSSC has
more advantages than a TCSC, such as higher speed, more comprehensive control range, and no use of bulky
capacitors and reactors. However, a TCSC is cheap and has no complexity; therefore, it has a higher practical
application [24], [40], [41]. Improving voltage stability by the SSSC is examined in [42-45].

Like the STATCOM, an SSSC uses a VSC, but it is connected in series with the transmission line by a coupling
transformer, Fig. 6 [32]. An SSSC presents the series compensation by injecting the controllable voltage (V) in
series with the transmission line. 7, is in quadrature with the line current (/) and emulates an inductive or a
capacitive reactance [46].

High-side breaker
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Fig. 6. The structure of the SSSC [32].
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The injected voltage (7,) can be written as [47]:

V=V (10)
where
v=v {1/} (11)

CONTINUATION POWER FLOW

The continuation power flow method is a valuable technique in detecting the maximum loading point (MLP) at
the critical point or voltage collapse point. Mathematically, the CPF method investigates the stability of a power
system by changing a system parameter, which is the same loading parameter (1) in static and dynamic analysis

of voltage stability. As shown in Fig. 7, In the CPF method, the predictor-corrector steps are employed to solve
the PV curve [48].

!
Predictior
A * B
............ Predictor
-
= D
= Exact Solation =00z Yesssssl % ]
E" T
| . AT bl
= Crtcal Point or T
:; Point of collapse I Corrector
T 2
Loading parameter A e
Fig. 7. The CPF method [48].
SIMULATION RESULTS

A single line diagram of the IEEE 14-bus test system is shown in Fig. 8. The system consists of five synchronous
machines, including three synchronous compensators employed only for reactive power compensation. Also, it
includes 16 transmission lines, four transformers, and 11 loads [49]. The minimum and maximum voltage limits at
load buses are considered 0.9 p.u. and 1.1 p.u., respectively.
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Fig. 8. Single line diagram of the IEEE 14- bus test system.

The Power System Analysis Toolbox (PSAT) and MATLAB codes are used for simulation purposes. The results
of power flow and CPF are presented in Table 1. For the base case, the tap ratio of tap-changing transformers is

Tap4.7=0.978, Tap.9=0.969, and Taps.s=0.932.

TABLE 1. Power flow and CPF results.

Power Flow CPF

Bus No. | Amplitude (p.u.) | Phase (Deg.) | Critical voltage (p.u.)
1 1.06 0 1.06
2 1.045 -4.99 1.045
3 1.01 -12.74 1.01
4 1.014 -10.26 0.69
5 1.017 -8.77 0.67
6 1.07 -14.42 1.07
7 1.05 -13.26 0.78
8 1.09 -13.26 1.09
9 1.033 -14.83 0.68
10 1.032 -15.04 0.71
11 1.047 -14.85 0.87
12 1.053 -15.72 0.97
13 1.047 -15.74 0.92
14 1.021 -16.4 0.67

13.55 MW
Total Losses: 3117 MVar MLP (Amax) =4.03 p.u.

According to Table (1), buses 4, 5, 9, and 14 are the four weakest buses. The weakest bus is defined as the bus
which has a higher desire for experiencing voltage collapse [12]. The P-V curves for the weakest buses are shown
in Fig. 9.
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Fig. 9. The P-V curves for the weakest buses.

Impact of Tap-changing Transformer

Based on [50], the tap ratio has been considered between 0.9 and 1.1 with a step size of 0.00625 to find the highest
MLP. For each step size, the CPF is run, and the loading parameter is calculated. After running 35937 iterations,
the highest MLP has been obtained equal to 4.057 p.u. for Tap4.;=0.9, Tap4+.9=0.9, and Taps.s=0.9. In other words,
a 0.67% increase in MLP is obtained. In Fig. 10, the highest MLP is shown in the 3D scatter-plot.
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Fig. 10. 3D scatter-plot for tap ratio variations.

The voltage amplitude in the base case and adjusted tap-changing transformers is shown in Fig. 11. The results
show the voltage stability is improved

1.1
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-—g —3*— Base Case
=S —&— Adjusted tap-changing transformers
0.95 - :
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Bus number
Fig. 11. Comparison of the voltage amplitude (base case and adjusted tap-changing transformers).
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Active and reactive power losses are 13.88 MW and 32.52 MVar, respectively. The results reveal a minor increase
in losses.

Impact of Shunt Capacitor

According to [23], the best location of the SVC for regulating voltage levels is bus 9, as well as since bus 9 is
weak, hence SVC, STATCOM, and shunt capacitor will be installed at bus 9. For a fair comparison, the reactive
power injection constraint for shunt-connected devices is considered +50 MVar. The shunt capacitor is connected
to bus 9 in the base case (Tup+7=0.978, Tap4.e=0.969, Taps.s~0.932), and reactive power injection by shunt
capacitor will change to determine the highest MLP. According to the result, the highest MLP is obtained equal to
4.104 p.u. when 50 MVar reactive power is injected by shunt capacitor. The voltage amplitude without/with shunt
capacitor is shown in Fig. 12.

l.l T T T T T
?g —»— Base Case 0
£+ 1.08 | —@— Shunt capacitor 7\ ]
2 /o
2 1.06 R E
= * ~T <
Erodaf / N
5 / x— % \
= 1.02
S v

—_

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Bus number
Fig. 12. Comparison of the voltage amplitude (base case and shunt capacitor).

The results show the shunt capacitor has a significant effect on voltage stability improvement. Also, after installing
a shunt capacitor, active and reactive power losses are 13.47 MW and 30.36 M Var, respectively; hence, as can be
seen, the shunt capacitor can decrease losses.

Impact of SVC

The SVC has been connected to bus 9 in the base case. Then parameters are set so that the maximum reactive
power (i.e., 50 MVar) is injected into the bus. The CPF result shows the MLP is equal to 4.15 p.u. which has been
improved a 2.98% from the base case. According to Fig. 13, the SVC can improve the voltage amplitude compared
to the base case. Also, as can be seen, the SVC and shunt capacitor have similar results in voltage amplitude.

—_
[
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o, /ﬂ\‘\ —e—SVC i
£1.08 T

= \

E 1.06\ e

= * \ -~
§1.04 // \a ," ' *\
5 \ - — ¥ \
g0 ATE

S

—_

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Bus number
Fig. 13. Comparison of the voltage amplitude (Base case and SVC).

Active and reactive power losses are 13.45 MW and 30.25 MVar, respectively, representing a reduction in losses.
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Impact of STATCOM
After installing the STATCOM to bus 9 in the base case, parameters are adjusted to inject 50 MVar reactive power

into the bus. According to results, so far, the highest MLP, i.e., 4.282 p.u., is provided by STATCOM.

Comparing the voltage amplitude of buses without synchronous machines is shown in Fig. 14. The results show
that Shunt-connected devices include SVC, STATCOM, and shunt capacitor, have the same function in improving
the voltage amplitude. Notice, if a shunt capacitor with a higher reactive power injection is used, it can cause some
buses to violate the maximum voltage limit.

1.2 T T : : : : : : .

—
T

<
o]
T

o
=
T

Il Basc case
I Tap-changing Trans.
[ Shunt capacitor
[ Isvc

[ ISTATCOM

Voltage amplitude (p.u.)
)
N

o
o
T

4 5 7 9 10 11 12 13 14

Bus number
Fig. 14. Comparison of the voltage amplitude.

For further investigation, a comparison between the MLP, the critical voltage of the four weakest buses at the
MLP, and losses are shown in Fig. 15 to Fig. 17, respectively.

STATCOM =
X:4.282
SVC I' ]
, X:4.15
Shunt capacitor ll {
X:4.104
Tap-changing transformer |‘ |
X:4.057
Base Case |‘ ]
X:4.03
I

0 1 2 3 4 5

Maximum loading point (p.u.)
Fig. 15. Comparison of the MLP.
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Fig. 16. Comparison of critical voltage of four weakest buses at MLP.
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Fig. 17. Comparison of losses.

According to the results, the STATCOM has the best performance; however, it is expensive compared to other
shunt reactive power compensators.

Impact of TCSC and SSSC
In the base case, a TCSC is placed in branch number 17 (from bus 9 to bus 14), then it is removed and replaced
with an SSSC. The parameters of these two devices will be adjusted to achieve the highest MLP.

For a 90 percent of series compensation, the MLP is calculated 4.071 p.u. for both devices. Also, they have the
same active and reactive power losses, which are 13.36 MW and 30.81 M Var, respectively. Fig. 18 and Fig. 19
show the voltage amplitude of buses and the critical voltage of the four weakest buses at the MLP, respectively.
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Fig. 18. Comparison of the voltage amplitude (Base case, TCSC, SSSC).
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Fig. 19. Comparison of critical voltage of four weakest buses at MLP.

As can be seen, the effectiveness of the SSSC and TCSC is minor on voltage amplitude and critical voltage, and
they have similar performance on voltage stability.

CONCLUSION

This paper presents a comprehensive study on voltage stability margin improvement using tap-changing
transformers, shunt capacitor, SVC, STATCOM, TCSC, and SSSC. The continuation power flow method has been
used to examine the effectiveness of devices on voltage stability margin improvement in power systems. The
results show all devices can increase the maximum loading point and voltage stability margin; however, SVC and
STATCOM as shunt-connected FACTS devices provide better performance in terms of loss reduction and
improving voltage profile, and it is evident that the STATCOM has the best function. It should be noted that SVC
and STATCOM are expensive when compared to the shunt capacitor.
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