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The quality of the electric power system must be maintained properly, one of which is
voltage. Under certain operating conditions, the bus voltage may drop below its minimum
level, called bad voltage. A large reactive load can cause a voltage drop across the bus or
the location of the bus is far from the generator stations, so that the line impedance has a
large value. One technique to increase the voltage is through compensation technique. This
paper presents the determination of the minimum statistical VAR compensation for
increasing the voltage to the minimum safety limit. The methodology creates a
compensating model for bad bus voltages. Electrical quantities (voltage, power and system
losses) are calculated through the power flow technique. The compensating capacity is
increased until the voltage rise reaches its minimum security limit. The simulation results
on the IEEE 9 bus system show that the voltage increases on all buses with minimal

compensation on buses 5 and 8, and can save up to 1.37 MW of power

1. Introduction

The electric power system must maintain its quality. One of its
qualities is voltage, where voltage must be kept within its safety
limits (minimum and maximum limits). In addition, the operation
of the electric power system is highly desirable to be safe, efficient,
and economical.

The existence of reactive power flow in the network will
worsen the quality of service because it will cause voltage drops.
An improved voltage profile by controlling the reactive power
flow needs to be considered. Reactive power compensation (RPC)
in power systems can increase voltage in addition to improving
power factor [1]. However, determining the amount of effective
compensation needs to be considered in maintaining voltage
security. Maintaining voltage stability through reactive power
control has been extensively discussed in [2-4]. This work
succeeded in controlling the voltage at the desired level to improve
the quality of the voltage to the customer. In electric power, the
voltage must not drop below its minimum level. Voltage correction
through compensation must consider the voltage limit. The effect
of compensation can effects voltage fluctuations and it is an option
to support reactive power flow into the network [5—7]. The reactive
power flow in the network can be shown to decrease when it is
compensated. However, the eff ect of reactive power flow on the
voltage drop has not been clearly formulated.
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Intelligent algorithm to control voltage has been studied in [8—
10]. The [8] has developed an intelligent algorithm to control
voltage. Meanwhile, controlling the flow of reactive power
through the application of intelligent algorithms has been
implemented in [9]-[10]. These works have successfully applied
artificial methods to control the voltage on the demand side.

Whereas in [11-16], compensation techniques are used to
control the voltage in the distribution system. The voltage control
strategy to maintain the continuity of the distribution network [11]
and for optimizing the voltage coordination [12]-[13]. Generally,
the centralized voltage control is a good option. Multi-agent
techniques can be used for centralized voltage control in power
systems as discussed in [14]. The coordinated voltage control for
fast location determination is a problem and the solution has been
developed in the scheme in [15]. Meanwhile, the voltage control
globally in a coordinated online system has been proposed in [16].
One of the problems in the operation of electric power is how to
keep the voltage from going out of bounds. If there is a voltage
below the minimum level, it must be increased to the minimum
level.

Compensation technique can repair voltage drop in the medium
voltage feeder [17,18] The voltage drop monitor of the load side
can been implemented by using compensation [17]. The simple
voltage drop calculation is presented in [18]. The methodology
uses the feed current approach. While in [19-22] has studied the
optimal compensation to voltage control. The [19-20] presents the
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formulation to control the optimal reactive power. Repair power
factor and optimal saving losses depend on the location of
capacitor bank in the line feeder [21]. Power system large losses
can be repaired by compensation. Optimal compensation to get
minimum system losses has been clearly formulated in [22].
Considering that the cost of compensation in high-voltage
networks is quite expensive, it is necessary to pay attention to the
minimum compensation option so that voltage security can be
maintained.

This paper proposes a method to improve voltage quality
through minimum compensation in power systems using SVC
devices on buses that have bad voltage. The methodology is based
on compensation modeling on the observed bus, where the power
supply comes from the network, generator and SVC to meet the
load.. The compensating capacity is updated until the voltage level
has reached the minimum security limit. Each process changes in
compensation capacity, the voltage value is calculated using the
Newton-Rapson technique. This technique has proven to be robust
in power flow calculations in power systems.

This SVC device will act as a reactive power generator that
supplies the network. The reactive power flow before the SVC
device is installed will be compensated by the reactive power
generated by the SVC device. In addition to increasing the voltage,
this compensation technique also reduces system losses. In theory,
the loss vs compensation curve is as a saddle horse. System losses
will decrease towards optimal compensation, but system losses
will increase if compensation is greater than optimal
compensation. While the voltage tends to rise when compensation
increases. The proposed method formulation has been tested with
an IEEE 9-bus power system. The test results can increase the
voltage to the minimum security limit (0.9 pu) on bad voltage
buses (buses 5 and 8) and save system losses of 1.37 MW.

The systematics of this paper consists of 5 parts. The first
session explained the state of the art regarding voltage repair
through compensation techniques. The third paragraph from the
end of this section explains the contribution of the work done.. The
second paragraph at the end of this section describes the
contribution of the work performed. The second session is to
define the problem formulation. This section consists of Newton-
Rapson technique, modeling of SCV and effect SCV to system
losses. The third part contains procedures for solving problems in
the form of a flowchart. The fourth session discussed the
simulation results of the IEEE 9-bus power system. The last, fifth
session, is to provide conclusions based on the findings in this
work.

2. Problem Formulation
2.1. Newton-Raphson Technique

Refer to [22], the power flow problem is to solve the work
network equation in (1).

[AP] _ []1 ]2] AS )
AQ Jz Jal 1AV
where P and @ are the active and reactive powers. § and V are the

complex voltage. J;,/,,/3,andJ, are Jacobean matrices. By
using the Newton-Raphson technique, the solution to the network
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equation through an iteration process will converge when the
power balance is reached. The power balance is expressed in (2)
and (3).
AP = pfix _ pcount <e¢ (2)
AQ = inx _ Qcount <e¢ (3)

where € is the smallest number, it represents the degree of
accuracy.

2.2. Modeling of SVC

The SVC model is shown in Figure 1. Assumed that the active
and reactive power flows from the grid are Py4_; and Qgq;,
respectively. From the figure, the convergent power flow will

satisfy (4) and (5).
Py =Py i+ Pyq_y 4

Qa—i = Qg—i + Qga—i + Qsyc—; Q)

The current and capacity of capacitor can be derived from
Figure 1, namely:

Isc_i = 2mf CsciV; (6)
Qcsve—i = Bsye—iVi @)

Where f'is the system frequency, Cs._; is capacitance of SCV and
Bgyc—i 1s the susceptance of SVC with the formulation is,

Bsyc-i = 2mf Csc—; (®)

Changes in voltage can be caused by the SCV capacity. The value
of this voltage change can be derived from (7) and yield,

6 o
aV, = Lesve-iy )
2Qsvc-i
Pea.it] di-il
l Pg-i+j Qg-i
Vi
Qsvei )

Pa.itjQui

L

Load

Figure 1: SCV model

While the susceptance change is,
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_ Bsvc-i
0Bcsyc—i = ) _aQCSVC—i
csve-i

(10)

From (9) and (10), the value of the voltage change is obtained,

Vi

AV, =

2Bsyc-i

(11)

ABCSVC—!'

When the bus voltage drops below the minimum security limit,
it must be increased at least to the lower limit to maintain the
quality of the power flow. In this paper, the voltage increase is
limited to the lower limit so that a minimum SCV capacity is
required.

Ve = Vimd + AVimin = (12)

Vi—min

In this proposed method, the value of V;** already meets the
minimum-security limit voltage (V;_,), where previously (V')

is below the minimum-security limit voltage.

From (9) and (12) it can be derived the change in the minimum
SCV capacity to increase the voltage to the minimum-security
limit, namely:

_ 5 Qsvc-i
AQcSVC—i—min_2 v; AVi—min

(13)

2.3. Effect SVC to Losses

Calculation of the effect SVC to losses refer to [22]. The line
representation is shown in Figure 2. SCV generates reactive power
in the network so that it will have an impact on line losses.

Bus-i Bus-j

I
V

J

Sh
i

Figure 2: Phi equivalent circuit of line i-j

From Figure 2, line losses can be derived and yield,
Rjj
Pl; = |z_j| (V2 —2V,V;Coséyj + V) (14)

So for power system with n-buses, the total losses in power
systems is,

Rjj
PL= Xt Xjma g (V2 = 2ViViCosdy +V7) - (15)
j>i
Or,
g
PL=3%" Py i—Pq (16)

where P;_; is the power generated by generator i, and P, is the
total load. The effect of the voltage on the bus k on the minimum
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system losses is shown in Figure 3. Increasing the voltage V; in
(15) will reduce losses.

Voltage/Losses
4

~¢—[onuo) A—> §<

<
5
g

Qmin QOP' Qmax. g QS‘

<—Var Control——
Figure 3: Bus voltage control

From Figure 3 it can be seen that the addition of SCV capacity will
increase the voltage. Raising the voltage to the minimum safety
limit (V,;,) requires the SCV capacity of Q,,,;,. The effect of the
voltage on the bus k on the system losses can be derived from
Equation 15 and yield,

oapPl R;
v = ?:1Z_%R (_ZViCOS(Sik + ZVk)
k i¢k| ikl
i€k

an

Meanwhile based on Equation 7 for Qg compensation on bus k
can be defined,

Qsvc 2
X =xVC _yy 18
Beye — VK (18)

Substitute V;, for X from Equation 18 to Equation 16 and yield,

X = e "
Then obtained AX through Equations 16 and 19, namely:
AX = RZ&‘;’?—E - (20)
% szl(l-ﬁmaik)

Finally the value of X can be updated,
xnew = xold + Ax 21

Minimum compensation is reached if,
Xilmin = Vii-min (22)

where X¥¢ ... is the minimum compensation. Vi, is the lower

voltage limit at bus k.
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3. Flowchart of Proposed Method

The procedures for completing this work will follow the step
by step diagram in Figure 4. Base case is determined by the results
of calculating the power flow without SVC. Initial conditions are
obtained from the base case. The voltage value is calculated from
the updated compensation (X). This process is repeated until the
voltage has reached the value of the minimum limit security
(Vimin )- Repeat for bad voltage drop on other buses. Finally, the
calculation results are obtained: the minimum SCV capacity.

e Network data
e SVC Data
v

e Run Load Flow
Calculation

y

e Base Case

T=

Set Initial condition:
e Bus poor voltage drop
e Minimum limit voltage (Vmin)
e Initial SCV capacity

.|

i /

Calculate:
AX

Update:
Update Compensation: o XSVE=X+AX
® Qsvc=Qsvct +AQsve v

Calculate:
e Voltage

Results:
hd Qmin

Figure 4: Flowchart of the proposed method

4. Simulation, Results and Discussion

The simulation is carried out through application software
based on the flowchart in Figure 4 using the FORTRAN language.
The software application is run using an Asus Core i3 laptop.

4.1. Simulation

The proposed method has been tested through simulations on
electric power systems in order to validate it. This simulation uses
an IEEE 9-bus system with a one-line diagram in Figure 5. The
data for this system are presented in Tables 1 and 2. In particular,
Table 1 is the result of load flow based on the IEEE standard and
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is used as a basis for calculations. While Table 2 shows the line
characteristics. From the base case the voltage at buses 5 and 8 is
below the minimum-security limit (0.90 pu). For this reason,
minimum compensation is needed on these two buses to increase
the voltage to the minimum-security limit.

2 7 8 9 3
: | Tr.2| | |Tr.3 | :
Gen. 2 F ~| Gen. 3
Load C
Load A Load B
4
Tr.1
B | Grid
Gen.1
Figure 5: IEEE 9-bus power system
Table 1: Base case
No \Y P, Q, Pq Qq
bus| [pu] | [MW] |[MVAR]| [MW] |[MVAR]
1 0.950 0 0 0 0
2 1.025 | 163.00 | 130.75 0 0
3 1.025 85.00 192.92 0 0
4 0.953 0 0 0 0
5 | 0.872 0 0 200.0 100.0
6 | 0.909 0 0 90.0 30.0
7 1.040 | 391.84 | 203.21 0 0
8 | 0.884 0 0 150.0 95.00
9 | 0916 0 0 180.0 130.0
Total 639.84 526.88 620.0 335.0
Table 2: Line characteristic
From bus | To R(pu) X(pu) 1/2Y (pu)
1 2 0 0.0625 1.000
2 8 0 0.0625 1.000
3 6 0 0.0586 1.000
4 5 0.0085 0.0720 0.0745
4 9 0.0320 0.6110 0.1530
5 6 0.0170 0.0920 0.0790
6 7 0.0170 0.0920 0.0790
7 8 0.0170 0.0920 0.0790
8 9 0.0320 0.6110 0.1530
4.2. Results

The comparison of the results of the base case simulation
without the SCV device is shown in Table 1. This table indicates
the need for compensation for buses 5, and 8 because low voltage.
From the results of the simulations carried out to increase the
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voltage on buses 5 and 8, the minimum compensation values are
obtained as shown in Table 3.

Table 3: Minimum compensation

Before Compensation | After Compensation
# V |Bscv| Q A% Bscv Q
(pw | (pw) [(MVar)| (pw) | (pw) |(MVar)
Bus5 | 0872 0 0 0.9 ] 0.1978 | 21.0
Bus8 | 0.884 | 0 0 0.9 [ 0.0942 | 10.0
fa 0.771958 0.803636
Losses 19.84 MW 18.47 MW

Note: f; is the system power factor.

The load flow simulation results after compensation are presented
in Table 4. The gain from this compensation is that the system
loss drops by 1.37 MW.

Table 4: Power flow after compensation

v P Ps ;
Nobus| 0 | mw [M%AR] [MW] [M\?AR]
T [ 091 | 0 0 0 0
> [ 1.025 | 163.00 | 11277 ] 0 0
3 | 1.025 | 8500 | 17983 | 0 0
4 0965 | 0 0 0 0
5 | 090 | 0 0 | 2000 | 790
6 | 0921 0 0 90.0 | 300
7 | 1.040 | 39047 | 18021 | 0 0
8 | 0900 | 0 0 | 1500 | 85.00
9 093] 0 0 | 180.0 | 130.0

Total 63847 | 47281 | 620.0 | 324.0

4.3. Discussion

The proposed method has successfully simulated the IEEE 9
bus system, which is presented in Tables 3 and 4. Table 3 presents
the results of the minimum compensation on buses 5 and 8. The
previous voltages (based on the base case) were below the
minimum safety limits of 0.872 and 0.884 pu, all marked in bold.
In the simulation using voltage security 0.9-1.1 pu, so the voltage
on the bus becomes bad. To increase the voltage on buses 5 and 8
installed SCV. The SCV capacities required to increase the
voltage to the minimum safety level (0.9 pu) are 0.1978 pu and
0.0942 pu, respectively.

The effect of Compensation (see Table 3) is to increase the
voltage, not only at the bus being compensated but also at other
buses. For example Bus-1 has a voltage of 0.95 pu (see Table 1)
before compensation increasing to 0.961 (see Table 4) after
compensation. In addition, shown by Table 3, the system power
factor increased from 0.803636 to 0.771958 and losses decreased
from 4MW to 3 MW or losses were saved by 6.9%.

This increase in voltage needs to be watched out for when it
exceeds its maximum limit. If there is an overvoltage due to
compensation, the compensation capacity is stopped until
one/several bus voltages reach their maximum limit. Furthermore,
the load shedding operation needs to be considered to increase the
voltage on buses that have the bad voltage.
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Besides that, compensation has advantages because it reduces
losses. The load flow simulation after compensation in Table 4
states that total power production degrease from 639.84 MW to
638.47 MW or saving 1.37 MW. When these savings are
converted to costs, the value is quite large.

Comparison with other results from [23] is shown in Table 5,
where compensation on bus 8. The amount of compensation based
on the reference is 27.46 MVar to increase the voltage at bus 5 by
0.993 pu compared to the proposed method requiring
compensation of 10.00 MVar and the voltage at bus 5 increases to
0.921 pu.

Table 5: comparison results with another method

Iten Base [Reference Method| Proposed Method
Case SVC at Bus 8 SVC at Bus 8
Losses
(MW) 5.300 4.773 4.5389
Qscv
(MVar) 0 27.46 10.00
Bus V(pu) V(pu) 0.961
1 0.950 1.040 1.025
2 1.025 1.025 1.025
3 1.025 1.025 0.965
4 0.953 1.024 0.900
5 0.872 0.993 0.921
6 0.909 1.010 1.040
7 1.040 1.023 0.900
8 0.884 1.000 0.923
9 0.916 1.027 0.961

This proposed method should be supported by fast and robust
power flow calculations. There are three power flow methods that
should be considered, namely the Gauss-Seidel, Newton and Fast
Decouple methods, The Gauss-Seidel method uses an elimination
technique that involves all parameters and variables so that the
calculations at each iteration step will process large power system
data. In addition, it takes many iteration steps to reach
convergence. However, this method will be effective for small
power system sizes. Newton's method is called the complete power
flow method because it uses a complete Jacobean matrix. This
causes a large memory usage. The fact that the changes in the
calculation results to reach the solution point are quite small so that
many iteration steps are needed. Whereas the Fast Decoupled
method works by ignoring the out diagonal sub matrix of the
Jacobean matrix and the element values of the Jacobean matrix are
constants through the approach cos§=1 and sind = 0 for § <
15°. Through the Fast Decoupled method approach, it can work
very quickly with a few iteration steps. The condition needed by
this method is that each line must meet 1r/x<l, where line
impedance is z=r + jx.

The IEEE 9 bus system simulation results for the three methods
are shown in Table 6. The Fast Decoupled method can work very
fast, so it is very advantageous to apply it to real time calculations.
However, this method does not work well for the line impedance
conditions 1/x>1. If the Fast decoupled method cannot work, it is
necessary to consider the full method option (Newton method).

216


http://www.astesj.com/

H. Zein et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 8, No. 3, 212-217 (2023)

Table 6: Comparison of three load flow methods

Gauss-Seidel
Iteration

Newton
Iteration

Item
Process

Fast Decoupled
Iteration
Ignore out diagonal of
sub-Jacobean.
Approximate sin and
cost values for small

Technique| Elimination |Full Jacobean

angles.
Accuracy | 0.00000001 | 0.00000001 0.00000001
Iteration 28 25 95
step
Running | 3 750 3.1255 0.5s
time

5. Conclusion

The method of calculating the minimum compensation in the
electric power system has been presented in this paper.
Formulation validation has been tested through simulation of
electric power systems in section 4 of this paper.

This work uses the IEEE 9-bus power system, based on the
base case there are bad voltages on buses 5 and 8. SCV capacities
of 0.19 and 0.9 pu are required to increase the voltage to the
minimum safety level (0.9 pu) on bus 5 and 8 respectively. The
effect of compensation is to increase the voltage across all buses.
It should be noted that the voltage increase at the bus does not
exceed the maximum-security limit. The addition of
compensating capacity must be stopped if the bus voltage reaches
its maximum safety limit.

The advantage of compensation is the reduction of system
losses. This is caused by a decrease in reactive flow in the network
so that the current is reduced. From the simulation results obtained
a power saving of 1.37 MW to increase the voltage to the
minimum limit level (0.9), where the voltage on bus 5 and 8 is
0.872 pu and 0.884 pu.
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