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ABSTRACT The intermittent characteristics and high penetration of renewables (such as photovoltaic and
wind powers) cause voltage and stability problems in power systems. The static synchronous compensator
(STATCOM) has recently acquired attention on account of its ability to regulate system voltages and improve
system stability. This paper presents a novel interval type-II fuzzy logic system (IT2 FLS)-based controller,
which consists of current and voltage regulators, applied to the STATCOM, to mitigate bus voltage variations
caused by large disturbances (such as intermittent generation of photovoltaic arrays). The current regulator is
used to produce the phase angle at the voltage-source converter in the STATCOMwhile the voltage regulator
outputs the current reference on the quadrature axis for the STATCOM. The parameters of the upper/lower
membership functions and control gains are optimized by particle swarm optimization. A realistic 10-bus
distribution system is used to demonstrate the effectiveness of the proposed method. Comparative studies
reveal that the proposed method outperforms traditional PI and type-I FLS-based methods.

INDEX TERMS Particle swarm optimization, photovoltaic farm, power systems, STATCOM, type II fuzzy
set, voltage regulation.

I. INTRODUCTION
Renewable power generation from large photovoltaic (PV)
farms and wind-turbine-generators (WTGs) are attract-
ing much attention because they can mitigate greenhouse
gas emissions [1], [2]. However, power generation from
PV arrays and WTGs is uncertain and intermittent. A high
penetration of PV or wind power is highly likely to cause sta-
bility and voltage problems in power systems [3]–[5]. Several
methods have been used to mitigate these phenomena, such
as utilization of energy storage systems [6], [7].

The static synchronous compensator (STATCOM) is a
type of Flexible Alternative Current Transmission System
(FACTS), which can regulate the real or reactive power flows
in power systems [8]. STATCOM is a VAR source/sink and
can be utilized in either an electric transmission or an electric
distribution system [9], [10]. Incorporating an energy storage
system, STATCOM can also regulate the real power flow in
a power system [11].

STATCOMs have been used to study the stability prob-
lem. Gounder et al. [12] used the reactive power margin
of a load bus as an index to identify the location of the

STATCOM for enhancing the transient voltage stability of
a real distribution network. Darabian and Jalilvand [13]
presented a multi-objective predictive control strategy to
improve the stability of a power system in the presence
of wind farms and a STATCOM. Choi et al. presented a
special protection scheme for use in Korea’s electric power
system that involves transient stability enhancement using
a STATCOM. The required capacity of the STATCOM was
determined by applying the equal area criterion to reduce the
number of tripping generators [14].

Recently, the STATCOM has been utilized to solve voltage
problems in power systems. Petersen et al. [15] presented
small-signal-based models of wind turbines and STATCOMs
using the state-space approach to design a voltage con-
troller. Kanchanaharuthai et al. [16] used a STATCOM and
battery energy storage system to enhance transient stabil-
ity and provide voltage regulation by damping assignment.
Varma et al. [17] proposed voltage control, together with aux-
iliary damping control, for use in a grid-connected PV solar
farm inverter in a STATCOM to increase transient stability
and consequently the power transmission limit.
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On the other hand, traditional fuzzy logic system
(FLS, also called the type-I (T1) fuzzy rule base) has been
employed to design controllers. The T1 FLS has been found
to be effective when the controlled plant is not complex.
In contrast with T1 FLS, an interval type-II (IT2) FLS is
more applicable to a complex system. Type-II fuzzy sets
incorporate an additional dimension representing uncertainty
in degrees of membership [18]. Liang and Mendel [19]
proposed a simplified method to evaluate the input and
antecedent operations for the IT2 FLS. Other studies have
elaborated on the IT2 FLS [20]–[23].

Recently, the IT2 FLS has been used to solve power system
problems. Naik and Gupta [24] used the IT2 FLS, incorpo-
rated into a pitch angle controller and a STATCOM, to smooth
the output power and regulate the terminal voltage of a wind
generator. Yassin et al. [25] used an IT2 FLS to control the
dc-link voltage of converters for a variable speed syn-
chronous machine (SM) to enhance its the capability
of low-voltage ride-through. Mitra et al. [26] used an
IT2 FLS to calculate the fault rate of each distribution
line. Type of fault, fault location and calculated fault
rate help operators assess voltage sag in a distribution
system.

This work proposes a novel IT2 FLS-based STATCOM
to mitigate voltage variations that are caused by intermit-
tent photovoltaic power generation. Responses of the power
system are insensitive to parameters of the FLS because
the parameters of the membership functions and gains are
tuned by particle swarm optimization (PSO). Both cur-
rent and voltage regulators of the STATCOM are explored.
The proposed method is implemented by integrating the
MATLAB code (PSO) with Simulink (IT2 FLS and dynamic
model of components). The merits of this work are as
follows.

1) The parameters of both the voltage regulator
and the current regulator are tuned; only one of
them is tuned or all are fixed in the current
literatures.

2) All nonlinear models of components are fully consid-
ered, such as power electronics and pulse-width modu-
lation. Traditional methods may only apply linearized
state-space models.

3) The parameters of the IT2 FLS-based STATCOM
are tuned by PSO with a limited population size
in order to minimize the steady-state error of the
responses.

4) Responses of the power system are insensitive to
change of the upper/lower membership functions of the
proposed IT2-FLS.

The rest of this paper is organized as follows. Section II
provides the background of the IT2 FLS. Section III presents
the method that is based on the PSO-based IT2 FLS
for mitigating the voltage variations. Section IV elab-
orates the simulation results of a realistic 10-bus dis-
tribution system with PV generation. Section V draws
conclusions.

FIGURE 1. (a) T1 membership function and (b) IT2 membership functions.

FIGURE 2. IT2 fuzzy logic system [18], [19].

II. T1 AND IT2 FUZZY LOGIC SYSTEMS
A. T1 AND IT2 FUZZY SETS
A conventional fuzzy set, which is also called a type 1 (T1)
fuzzy set, F̃ in X , is defined as follows.

F̃ =
{(
x, µF̃(x)

)
|x ∈ X

}
(1)

where µF̃(x) is the membership function (MF) representing
the degree (0∼1) to which x belongs to F̃ andX is the universe
of discourse. Figure 1(a) shows a T1 fuzzy set. The MF can
be determined either empirically or algorithmically.

The membership values of a conventional T1 fuzzy set are
crisp and unambiguous. By contrast, the MFs of an interval
type II (IT2) fuzzy set are vague and ambiguous. As illus-
trated in Fig. 1(b), the value of an IT2MF iswithin an interval.
Restated, an IT2 fuzzy set is characterized by two T1 MFs,
F̄ (upper MF, UMF) and F (lower MF, LMF). The area
between F̄ and F is referred to as the footprint of uncer-
tainty (FOU). IT2 fuzzy sets are particularly useful when
obtaining specific MFs is difficult. IT2 FLS generalizes the
standard T1 FLS to enable more uncertainty to be handled in
a control system.

B. IT2 FUZZY LOGIC SYSTEMS
Figure 2 displays a block diagram of an IT2 FLS [18], [19].
In the fuzzification block, crisp inputs are applied to the FLS
and the degree to which these inputs belong to each of the
appropriate fuzzy sets is determined. In the inference engine
block, the fuzzified inputs are applied to the antecedents
of the fuzzy rules. To evaluate the conjunction (AND) of
the rule antecedents, the product operation or intersection is
conducted. Two numbers (truth values) are then applied to
the consequent UMF and LMF. The outputs of the inference
engine remain IT2 fuzzy sets. A type-reducer is used to con-
vert IT2 fuzzy sets into a T1 fuzzy set before defuzzification.
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Specifically, let N and M be the numbers of rules and
IT2 fuzzy sets, respectively. F̃in(i = 1, 2, . . . ,M) are
IT2 fuzzy sets. The nth rule can be expressed as follows.
IF x1 is F̃1n and . . . and xM is F̃Mn, then y is

Yn. n = 1, 2, . . . ,N.
where Yn can be an interval or an IT2 fuzzy set. Let x∗ =

(x∗1 , x
∗

2 , . . . , x
∗

M) be the inputs. The IT2 FLS can be realized
by the following steps [18], [19].

1) Fuzzification: calculate the degrees of memberships
of x∗ on each F̃in, [µFin (x

∗

i ), µF̄in (x
∗

i )], i = 1, 2, . . . ,M,
n = 1, 2, . . . ,N.
2) Inference engine: evaluate the firing interval of the

nth rule, Fn(x∗) ≡ [fn, f̄n], n = 1, 2, . . . ,N. In this paper,
the product operation is utilized to conduct the conjunction
of the rule antecedents.

[fn, f̄n] = [µF1n (x
∗

i )× . . .× µF(x∗M), µF̄1n(x∗1 )

× . . .× µF̄Mn(x∗M)] (2)

3) Type reducer: Let Yn be an interval [y
n
, ȳn]. The ele-

ments of sets {y
n
} and {ȳn} are sorted in ascending order.

Then type reduction is performed using Fn(x∗) and [yn, ȳn].

y` = min
jε[1,N−1]

∑j
n=1 fnyn +

∑N
n=j+1 fnyn∑j

n=1 fn +
∑N

n=j+1 fn
(3)

yr = min
jε[1,N−1]

∑j
n=1 fnyn +

∑N
n=j+1 fnyn∑j

n=1 fn +
∑N

n=j+1 fn
(4)

Karnik-Mendel algorithms can be used to estimate yl and
yr in (3) and (4) [18], [19].
4) Defuzzification: evaluate the defuzzified output.

y =
y` + yr

2
(5)

III. PROPOSED METHOD
A. MODEL OF STATCOM
Themain devices in the STATCOMare two capacitors, which
provide reactive power. These two capacitors are applied to
4 × 12-pulse three-level inverters, which are connected to
four zigzag phase-shifting transformers (−15 deg.,−7.5 deg.,
+7.5 deg., +15 deg.).

The measured three-phase AC voltages and currents
(Vabc and iabc) are applied to the STATCOM controller.
The STATCOM comprises five blocks, which are the Park
transform, the voltage regulator, the DC voltage regulator,
the current regulator and the phase locked loop (PLL) circuit,
as shown in Fig. 3. Specifically, the Park transform performs
the abc to dq0 transformation on a set of three-phase signals.
It computes the three components (Vd/Id on the direct axis,
Vq/Iq on the quadrature axis, and V0/I0 in the zero sequence)
in a two-axis rotating reference frame. In the current reg-
ulator, as shown in Fig. 4, the error between the current
(Iq) on the quadrature axis and its corresponding reference
(Iqref) is applied to a PI controller with gains (kp1 and ki1)
to produce ‘‘alpha’’ [27], where ‘‘alpha’’ is the phase differ-
ence between the AC bus with the voltage-source converter

FIGURE 3. STATCOM controller.

FIGURE 4. Current regulator.

FIGURE 5. Voltage regulator.

and the voltage-regulated bus (denoted as Vmeas below).
In contrast, the voltage regulator, shown in Fig. 5, utilizes
the difference between the measured voltage (Vmeas) and the
voltage reference (Vref) as well as a negative feedback signal
‘‘Iqref× Droop’’ as inputs to produce Iqref, which affects the
reactive power output. Notably, the IT2 FLS is implemented
in the voltage regulator. The functions of K1 and K2 act as
scaling factors before the IT2 FLS is applied. kp2 and ki2 are
the PI controller gains in the voltage regulator.

B. IT2 FUZZY RULES FOR CONTROLLERS
This paper proposes an IT2 FLS-based voltage regulator to
mitigate the voltage fluctuation, as shown in Fig. 5. The
proposed IT2 fuzzy rule is expressed as

IF x1 is F̃1n and x2 is F̃2n then y is Ỹn. n = 1, 2, . . . , 25.
where x1 is K1×((Vref−Vmeas)−Iqref×Droop)) (denoted

as ‘‘K1 × 1e’’) and x2 is the rate of change of K2 × 1e
(that’s, K2 × 1ė). The variable y is the input applied to the
PI controller with gains kp2 and ki2.
A total of 25 IT2 fuzzy rules are implemented in the

proposed method (i.e., N = 25), as shown Table 1. The
symbols NL, NS, ZR, PS, and PL, represent ‘‘Negative
Large’’, ‘‘Negative Small’’, ‘‘Zero’’, ‘‘Positive Small’’, and
‘‘Positive Large’’, respectively. All UMFs of F̃1n, F̃2n and Ỹn
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TABLE 1. Twenty-five IT2 fuzzy rules.

FIGURE 6. Upper and lower membership functions.

are expressed as trapezoid functions, while the correspond-
ing LMFs of NS, ZR and PS are triangular ones, as shown
in Fig. 6. The parameters a and b denote the tolerances (uncer-
tainties) between the UMF and the LMF. Restated, the values
of a and b influence FOU. Notably, these IT2 membership
functions are symmetrical. The right boundaries of fuzziness
for F̃1n, F̃2n and Ỹn are A1, A2 and A3, respectively. The
centers of PS for F̃1n, F̃2n and Ỹn are B1, B2 and B3, respec-
tively. Accordingly, a total of 12 unknown variables must be
determined. They are A1∼A3, B1∼B3, kp1, ki1, kp2, ki2, K1
and K2, which are determined by particle swarm optimization
(PSO) herein.

C. TUNING PARAMETERS USING PSO
Traditional optimization methods (e.g., gradient decent) can-
not be used to tune the parameters A1∼A3, B1∼B3, kp1, ki1,
kp2, ki2, K1 and K2 because the objective function is implicit.
PSO is adopted herein to determine the above unknowns.
PSO is able to explore the global optimum and exploit the
local optimums simultaneously. In contrast, other traditional
evolutionary algorithms (such as genetic algorithms) are gen-
erally regarded as less efficient.

PSO, which is an evolution-based optimization method,
utilizes a population of particles (possible solutions), whose
historical information is updated iteratively and which move
in a ψ-dimensional solution space. Let the superscript t
be the iteration index. The position and velocity of each
particle p are updated as follows [28].

V t+1
p = ωtV t

p + c1r
t
1

(
ptbest − X

t
p

)
+ c2r t2(g

t
best − X

t
p) (6)

X t+1p = X tp + V
t+1
p (7)

where vectors Xp and Vp represent the ψ-dimensional posi-
tion and velocity of particle p, p = 1, 2, . . . ,P (population
size), respectively. The inertia weight ω copies the features of

FIGURE 7. Co-simulation conducted by integrating MATLAB with Simulink.

in the preceding iterations to the current iteration. A greater
ω corresponds to a stronger impact of preceding V t

p on
V t+1
p .pbest and gbest mean the best position of a particle at

present and the best known position that has been found by
any particle in the swarm so far, respectively. The values of r1
and r2 are generated randomly within [0, 1]. Learning factors
c1 and c2 are positive constants within [0, 2] and c1+ c2 ≤ 4.
The terms c1 × r1 and c2 × r2 dominate the velocity of a
particle. X t+1p denotes the p-th vector (particle) at the (t + 1)-
th iteration and V t+1

p can be considered to be the (t + 1)-th
updated value (1X t+1p ).

The c1r t1
(
ptbest − X

t
p

)
term in (6) conducts the local search

(exploration) and the c2r t2(g
t
best−X

t
p) term in (6) performs the

global search (exploitation) in aψ-dimensional search space.
The global search should coordinate with the local search to
avoid premature results and reach the global optimum. The
inertia weight ω governs the momentum of the particle and
decreases linearly during the iterations, such that PSO ini-
tially executes global searches, changing gradually over to
local searches.

In this paper, Xp denotes a vector whose elements are
A1∼A3, B1∼B3, kp1, ki1, kp2, ki2, K1 and K2. Accordingly,
ψ = 12. The initial inertia weight ω and population size
are 0.92 and 30, respectively. c1 and c2 are 1.2 and 0.12,
respectively. The fitness (objective) in this study is the total
sum of Integral Absolute Errors (IAE) in both the current
regulator and the voltage regulator, as follows.∫ ∣∣(Vref −Vmeas

)
−Iqref ∗ Droop

∣∣ dt+∫ ∣∣Iq−Iqref ∣∣ dt (8)

D. CO-SIMULATION IN MATLAB AND SIMULINK
MATLAB and Simulink were used to implement the pro-
posed method. The proposed IT2 FLS and the power system
were developed in Simulink to simulate dynamic power flow
while PSO was coded using MATLAB script, as in Fig. 7.

MATLAB software has interfaces that can be used to link
it with Simulink. The dynamic power flow studies are per-
formed in Simulink by solving different systems of differ-
ential equations for modeling the components in the power
system. Vmeas, Iq and Iqref, computed by Simulink, are fed
to MATLAB to compute A1∼A3, B1∼B3, kp1, ki1, kp2, ki2,
K1 and K2.
The studied problem herein has 12 unknowns, which are

the parameters of membership functions and six control gains
for a single STATCOM. If more STATCOM controllers are
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FIGURE 8. Studied system.

studied, the numbers of unknowns and population size in PSO
have to be increased. Due to the spaces in substations and
consideration of costs in electric power utilities, the number
of STATCOM is very limited and identified locations of
STATCOMs must have a great impact on system voltages.

The CPU time required for running the co-simulation
depends on the number of buses, which are modeled in the
Simulink. A distribution STATCOM is generally installed
in a feeder of a distribution system, which may consist of
many feeders receiving power from individual substations.
The structure of a distribution system is radial; a STATCOM
installed on a feeder has little impact on the voltages of
an adjacent feeder. Accordingly, each feeder can be studied
independently. The studied feeder in this paper comprises
10 buses, which is a typical size. For example, the pos-
sible maximum number of buses in a feeder of the IEEE
123-bus Test Feeder for system reconfiguration studies is
about 15 [29]. Each lateral of a feeder can be aggregated to a
single load.

IV. SIMULATION RESULTS
A realistic 10-bus power system in Taiwan, as shown in
Fig. 8, is studied in this paper. A PV farm with a generating
capacity of 1.8 MW is located at bus 10. An IT2 rule-based
STATCOM with a capacity of 5 MVA is located at bus 9.
The nominal voltages of the distribution system and the PV
farm are 11.4 kV and 380 V, respectively. The capacitor
and the total load are 0.6 MVAR and 3.6MW+j1.35MVAR,
respectively. The rest of the relevant data are detailed in the
appendix. For comparison, the performances that are obtained
by the traditional PI and T1 FLS-based STATCOM are also
provided.

A. IRRADIATION CHANGING
The irradiation is initially 1000W/m2, and decreases linearly
to 600 W/m2 from 0.5s to 0.6 s and then increases lin-
early to 1000 W/m2 from 1.2 to 1.3 s, as shown in Fig. 9.
Figure 10 plots the corresponding real and reactive power
generations from the PV farm. Table 2 presents the ranges
of the UMF and the LMF for x1 (that’s, F̃1n), x2 (that’s, F̃2n)
and Ỹn. Each membership function is characterized by four
numbers, which denote four points in the universe of disclo-
sure. Because the LMFs of NS, ZR and PS are triangular, their

FIGURE 9. Variations of irradiation in studied power system.

FIGURE 10. Real and reactive power generations.

TABLE 2. Membership functions characterized by four numbers.

2nd and 3rd values are identical. The parameters of a and b,
specified in Fig. 6, are 0.01 and 0.05, respectively.

For comparison, the optimal parameters of conventional
PI, T1 FLS and the proposed IT2 FLS were attained by
individual PSO runs. Figure 11 shows the voltage responses
that were obtained by the conventional PI, T1 FLS and the
proposed IT2 FLS. Obviously, the voltage gain that was
obtained using the proposed method results in the small-
est overshoot. As shown in Figure 12, the reactive power
output from the STATCOM mitigates the voltage variation
caused by intermittent irradiation. The proposed IT2 FLS
provides more appropriate reactive power, leading to fast and
steady-state responses, than the conventional PI and T1 con-
trollers do. Compared with the benchmark (e.g., conventional
PI controller), the proposed method requires off-line
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FIGURE 11. Voltage responses obtained by three methods.

FIGURE 12. Reactive power output from STATCOM.

parameter tuning and an extra chip to implement IT2 FLS,
which is cheap.

B. IMPACT OF PARAMETERS A AND B ON RESPONSES
OBTAINED BY PROPOSED IT2-FLS
The study in Sec. IV.A utilizes a = 0.01 and b = 0.05.
Figures 13 and 14 display the same scenario as in Sec. IV.A
but with (i) a = 0.01, b = 0.05, (ii) a = 0.02, b = 0.1
and (iii) a = 0.1, b = 0.1. The three responses
in Figs. 13 and 14 do not appear to differ. These tests confirm
that the proposed method is insensitive to different values of a
and b, which measure the uncertainty in modeling. Restated,
the values of a and b barely affect the FOU. Table 3 shows
the optimal solutions obtained by the proposed IT2 FLS,
considering various values of a and b. These tests imply that
although a and b are set to various values, different optimal
A1∼A3, B1∼B3, kp1, ki1, kp2, ki2, K1 and K2 tend to result
in similar voltage and reactive power responses.

Small initial oscillations before t = 0.5 s are found in
the case with a = b = 0.1, as shown in Figs. 13 and 14.
The system stability can be examined by voltage fluctuations
(effect), which are caused by the kVAR oscillations (cause).
It can be found that the voltage fluctuations arewithin approx-
imate 0.001 p.u., which actually can be ignored in the oper-
ation, and tend to decline gradually. Accordingly, the power

FIGURE 13. Three voltage responses by considering three different values
of a and b.

FIGURE 14. Three reactive power responses obtained with three different
values of a and b.

TABLE 3. Optimal solutions considering different values of a and b.

system is free from instability although the STATCOM pro-
duces kVAR oscillations with about peak-to-peak 50 kVAR
(about 50/5000 = 1%, which can be ignored, too).

C. IMPACTS OF DIFFERENT OPERATION CONDITIONS ON
RESPONSES OBTAINED BY PROPOSED IT2-FLS
The parameters of the upper/lower membership functions
and control gains obtained by Sec. IV.A are applied to other
operation conditions in this subsection. Because the daily
load level is time-varying, system responses of the peak load
and off-peak load are examined herein. Total levels of the
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FIGURE 15. Voltage responses obtained by three methods (peak load).

FIGURE 16. Reactive power output from STATCOM (peak load).

FIGURE 17. Voltage responses obtained by three methods (off-peak load).

peak and off-peak loads are assumed to be 1.5 and 0.5 times
(i.e., 5.4MW+j2.025MVAR and 1.8MW+j0.675MVAR) the
level of the scenario studied in Sec. IV.A.

Figs. 15 and 16 show the voltage responses and reactive
power output of STATCOM for the peak-load case, respec-
tively. Figs. 17 and 18 illustrate the voltage responses and
reactive power output of STATCOM for the off-peak-load
case, respectively. It can be found that the proposed IT2
FLS-based controller still obtains faster and more sta-
ble responses, compared with the conventional PI and T1
FLS-based controllers, in spite of different operation

FIGURE 18. Reactive power output from STATCOM (off-peak load).

TABLE 4. Impedance of distribution lines.

TABLE 5. Lengths and types of distribution lines.

conditions. The reactive power required by the proposed
method to stabilize the voltage is the smallest among three
methods.

V. CONCLUSIONS
An interval type-II (IT2) fuzzy logic system (FLS)-based
STATCOM is proposed in this paper to reduce voltage
variations caused by large disturbances (e.g., variation of
PV power) in a power system. A realistic 10-bus distribution
system is employed to verify the effectiveness of the proposed
method. The merits of the proposed method are summarized
as follows.

(1) The parameters of UMF/LMF in FLS and the
control gains of voltage/current regulators are tuned by
particle swarm optimization (PSO). Traditionally, those
were specified, only control gains were tuned or only mem-
bership functions were tuned.
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TABLE 6. Bus loads (Y-grounded connection).

(2) The simulation results indicate that the optimized
IT2 FLS is more applicable to nonlinear and dynamic systems
than the traditional T1 FLS and PI controllers because the
UMF and LMF are able to deal with uncertainty in systems.
Restated, the proposed method outperforms the traditional
T1 FLS and PI controllers of the STATCOM.

(3) The nonlinear models and PWM of converter/inverter
in the PV farms and STATCOM are fully considered. Tra-
ditional methods may only utilize linearized models to
reduce computational time, leading to unpredictable numeri-
cal errors.

The theoretical contributions of this paper are as follows:
(1) Despite the shapes of the UMF and the LMF,

the responses of system are very alike. Changing the FOU
has no obvious effect on the response once the control gains
and parameters of the membership functions are optimized.

(2) Twenty five IT2 fuzzy rules are proposed. Symmetrical
UMF and LMF are also presented to reduce the number of
unknowns solved by PSO; thus, the required population size
of PSO is small.

APPENDIX
The parameters of the STATCOM that are used in this paper
are as follows: secondary side voltage 2.9 kV, resistances of
primary zig-zag windings r1 = r2 = 0.0016 p.u., induc-
tance of primary zig-zag windings L1 = L2 = 0.05 p.u.,
Cp = Cm = 3000µF., and total size 5 MVA.
The parameters of the PV farm are as follows. Under the

standard test condition, current at maximum power point
Im = 4.7A, short-circuit current Isc = 4.95A, voltage at
maximum power point Vm = 35 V, and open-circuit voltage
Voc = 44 V. The numbers of modules in parallel and in series
are 270 and 48, respectively.

Tables 4 and 5 provide distribution line data for the studied
system. Table 6 shows the bus loads.
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