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In today’s world, the DG should not be disconnected in the event of a power outage but should instead remain linked to the grid
and supported by reactive power. �is can be accomplished by implementing the low voltage ride through (LVRT) with a
proportional integral (PI) controller. As a result, the voltage pro�le can be enhanced. �e PI controller, on the other hand, has
drawbacks in that setting the gain takes a long time and results in an overshoot current on the grid, which could trigger the
protection relay. To address this issue, this paper proposes employing a grey-wolf optimizer (GWO) to enhance the LVRT in a
5MW three-phase grid-connected PV system. A MATLAB simulation was carried out then under a three-phase fault and load
disturbance to verify the e�ciency. It is found that, even with a 70% voltage sag, the PV system can remain connected to the
electrical grid while minimising overshoot current on the grid side.

1. Introduction

�e grid-connected PV system often experiences balance
and unbalance voltage sags that are caused by short circuits
and the connection of large loads. According to IEEE 1547, if
a voltage sag occurs at the point of common coupling (PCC)
during a grid fault, the grid must be disconnected imme-
diately to preserve the power converters, and the inverter
should not actively participate in voltage/var regulation,
especially at low levels of PV penetration. However, with the
high penetration of solar PV generators into the grid, sta-
bility issues may arise on the grid side if there is a dis-
connection of the PV plant during the fault. Furthermore, if
the disconnection is repeated, the component lifetime will be
negatively impacted, and the reconnection of the PV plant to
the utility grid will necessitate substantial start-up costs [1].
�erefore, the inverter should stay connected to the grid
within a permissible time and inject some reactive power to
support the grid during voltage sags [1, 2]. �is new

requirement which is known as a LVRT, is an important
practise in grid-connected PV systems nowadays to prevent
long-term voltage instability that may lead to power outages
[3]. Malaysia’s LVRT limitation curve is depicted in Figure 1.
If the voltage decrement value for the particular time range is
above the red line, the distributed generation (DG) should
stay connected to the grid while maintaining normal op-
eration. However, if the voltage decrement value is less than
the red line, the DG can be disconnected right away to avoid
more serious damage, and this is the exact time for the anti-
islanding to happen.

LVRT can be divided into 2 categories: either by adding
external devices such as energy storage systems or super-
capacitors [4], ¤exible alternating current transmission
system (FACTS) devices [5], and braking chopper, or by
modifying the internal inverter controller as shown in
Figure 2. �e latter method is getting massive attention now
as it does not require any external device, so it will be cheaper
and simpler. It is based on a control algorithm that can be
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utilised using proportional integral (PI), proportional-res-
onant (PR), droop control, fuzzy logic controller, and
particle swarm optimization (PSO) [6–10].

In the previous study, the inverter controller was suc-
cessfully modified internally to provide reactive power into
the grid during weak grid conditions using a PI controller
[3, 11].(e PI controller has wide application in the industry
due to its simplicity and effectiveness and does not need a
more sophisticated approach [12]. However, in the power
system industry, the rise of renewable energy penetration
into the grid has brought uncertainty about the effectiveness
of the PI controller [13].(e use of the PI controller will lead
to an overshoot current on the grid side that can have a
negative impact on the stability and operation of the power
system. (e PI controller tuning process also takes a long
time because of the trial-and-error method used and does
not produce good performance when it operates in a wide
range of conditions [13, 14].

(us, a metaheuristic algorithm that has already been
well-known over the last two decades has now gained more
interest in enhancing the LVRT strategy. It is a popular
choice for obtaining accurate parameters as it is a simple,
flexible, robust, and derivation-free mechanism [15]. Au-
thors in [5] use neural networks (NNs) to detect grid faults in

a grid-connected PV system. When a voltage sag is detected,
a finite control set model predictive control (FCS-MPC) will
provide reactive power support to enhance the LVRT ca-
pability. A probabilistic wavelet fuzzy neural network
(PWFNN) and a Takagi–Sugeno–Kang probabilistic fuzzy
neural network (TSKPFNN) were presented in [16, 17] to
accommodate the LVRT requirement for power balance
during various grid fault situations. It consists of a 6-layer
feedforward neural network which consists of an input layer,
membership layer, probabilistic layer, TSK-type fuzzy in-
terference mechanism layer, rule layer, and output layer, all
of which require an online learning algorithm. Both sim-
ulation and experimental results of this research have
confirmed that this approach is able to stabilise the voltage
under grid disturbance. However, the drawback of this
approach lies in the complexity of the controller in con-
fronting the uncertainties of the PV system. Meanwhile, a
study on neurofuzzy controllers has been presented in [18]
to enhance the LVRT. It is found that the proposed con-
troller is effective in providing the required reactive power,
but the output current at the PCC side is not present.(us, it
is not clear whether the overshoot current is present or not.

In this study, the PI controller will be tuned by GWO
(GWO-PI) to compute the value of the proportional and
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Figure 1: (e LVRT limiting curve of Malaysia.
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integral gain. (e GWO algorithm was chosen as it is simple
and can be easily programmed with speedy convergence
[19]. (e main objectives of the study are first to provide the
required reactive power during the fault disturbance and
second, to reduce the overshoot current in the grid-con-
nected photovoltaic system. Based on Tenaga Nasional
Berhad (TNB) distribution system parameters, a simulation
model of a 5MW PV system which is connected to a 33 kV
grid will be developed using MATLAB/Simulink, as shown
in Figure 3. A balanced three-phase fault with a load dis-
turbance will be applied to see how well the proposed
method works.

2. Methodology

(is section will present the strategies applied to achieve the
objectives of the study which can be divided into two parts:
PV modelling and controller design.

2.1. PV Modelling. A single diode model, as shown in
Figure 4, is used for PV modelling due to its simplicity and
accuracy for power system analysis [18]. For more accurate
results, series resistance Rs and shunt resistance Rsh can be
added. However, the Rsh value is normally very large.
(erefore, it is always neglected to reduce complexity.

By applying Kirchhoff’s law, the mathematical equation
for this model is given by (1) where Iph represents the
photocurrent, ID is a diode current, and IPV is the output
current of the PV cell. (e parameters of the system used in
this study are listed in Table 1 which is based on the Suntech
Power STP270-24/Vb solar PV module.

Ipv � Iph − ID. (1)

From Table 1, one single Suntech Power STP270-24/Vb
module can only generate 270W. Hence, the PV module
needs to be connected in parallel and series configurations to
increase its current and voltage, respectively. When PV cells
are joined in series, the voltage increases, whereas when PV
cells are connected in parallel, the current increases. 28 series
modules with 665 parallel strings are used to create a 5MW
PV system, as shown in the following calculation:

28 series module x Imp � 215.88A
665 parallel strings x Vmp � 665× 35� 23275V
215.88A× 23275V� 5.02MW

2.2. Controller Design. (e LVRT requirement specifies that
when the voltage sag happens, the PV-DG should stay
connected to the grid for a certain period of time, and at the
same time, reactive current injection (RPI) should be pro-
vided to improve the voltage profile. For the successful
implementation of the LVRT in faulty-mode operation, two
major steps must be considered: the fault detection method
and RPI. A fast and accurate fault detectionmethod is crucial
as it will determine the efficiency of the proposed LVRT
system. In a weak grid condition, the system must be able to
switch from normal operation to faulty-mode operation
immediately for the LVRT with the RPI controller to take
place. Figure 5 shows a flow chart of the system where the

grid voltage, vg will be continuously monitored to check
whether it is still in the permissible range or not. If vg is less
than the normal grid voltage, vgn, two conditions must be
checked, whether it is in the permissible range for more than
0.6 s or not. If so, the inverter must be disconnected from the
grid immediately. Otherwise, the reactive power must be
injected using GWO-PI to improve and stabilise the voltage
profile. So, the PV inverter does not have to be disconnected
from the grid to keep working.

To regulate the reactive power, a conventional method
employing a PI controller can be used as shown in Figure 6
where the reactive current reference i∗q is given by (2).
However, it is very time consuming to determine the right
value for the proportional gain (Kp) and integral gain (Ki). In
addition, it always takes a long time to restore to its steady-
state value after any fault clearance due to the error accu-
mulation in the integral part of the PI controller, and
sometimes overshoot current may occur [20].

i
∗
q � Kpe + Ki  e(t)dt. (2)

(erefore, to overcome this problem, a GWO-PI tech-
nique that imitates the leadership hierarchy and hunting
mechanism of grey wolves is proposed. It is a meta-heuristic
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Figure 3: Basic structure of grid-connected PV system.
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Figure 4: A simplified PV equivalent circuit with Rs only.

Table 1: PV model parameters.

Parameters Values
Nominal peak power, Pm (W) 270
Nominal current, Imp (A) 7.71
Nominal voltage, Vmp (V) 35
Short circuit current, IsC (A) 8.2
Short circuit voltage, VsC (A) 44.5
Series resistor, Rs (Ω) 0.32
Coefficient, Ki (%/K) 0.06
Total number of cells in series, Ns 72
Total number of cell in parallel, Np 1
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algorithm that was introduced by Muro et al. and Mirjalili
et al. [15, 21]. (e grey wolf is an apex predator that is at the
top of the food chain. Usually, five to twelve grey wolves
would live together in a group. Figure 7 depicts the social
hierarchy of the grey wolves. Alpha is the leader who makes
the decisions about hunting, sleeping space, and other
matters. Alpha is supported by beta to aid in decision
making. Alpha will be replaced by beta if alpha is ill or dead.
Omega is the lowest-ranking character, and he plays the role
of a scapegoat. Delta follows the decisions of alpha and beta
but is more dominant than omega. In the GWO algorithm,
alpha is the fittest solution, beta is the second-best solution,
while delta is the third best solution. Figure 8 shows the
hunting behaviour of the grey wolves, and the three main
stages of wolf hunting are as follows:

(i) Tracking, chasing, and approaching the prey
(ii) Pursuing, encircling, and harassing the prey until it

stops moving
(iii) Attack towards the prey

For the fitness function, the integral time absolute error
(ITAE) as in (3) is used to gain the controller parameters. In
the MATLAB editor, the GWO code is executed while
considering the fitness function, number of iterations,
number of variables, and particles. Meanwhile, the ITAE
value that was calculated in Simulink will be sent to the
workspace where the GWO is employed. (e optimised PI
parameters are obtained after the GWO algorithm completes
its iteration which will determine the character of the system.
Figure 9 shows the GWO-PI controller feedback control
systemwhile Figure 10 depicts the flow chart of the algorithm.

ITAE � ft|∈|dt. (3)

To provide reactive current i∗qnew to the grid, the algorithm
shown in (4) is used.(e reference grid voltage v∗g will be first
compared with the measured grid voltage vg. (e error
difference e produced by vg and v∗g will be utilised by the
GWO to compute the proportional gain (Kp) and integral
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Figure 5: Flow chart of the proposed LVRT using GWO-PI.
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gain (Ki) with the maximum reactive current i∗qmax defined by
equation (5).(e upper boundary is set to 40 and 5000 for the
Kp and Ki while both lower boundaries are set to 0.

i
∗
q new �

0, case a: vg > 0.9vgn,

2 − 2
Vg

Vgn

, case b: 0.9vgn ≥ vg ≥ 0.3vgn,

1, case c: vg ≤ 0.3vgn,

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (4)

i
∗
qmax �

������

i
2
n − i
∗ 2
d



. (5)

(e mathematical modelling of the GWO can be out-
lined as follows:

(i) Social hierarchy: for GWO, alpha (α) is considered
the fittest solution, followed by beta (β) and delta (δ)
as the second and third best solutions, respectively.

(ii) Encircling the prey: the encircling of prey can be
expressed in the following equations:

D
→

� C
→

· X
→

(t) − X
→

(t),

X
→

(t + 1) � X
→

(t) − A
→

· D
→

,
(6)

(i) where A
→

and C
→

represent coefficient vectors, t is
the current iteration, X

→
is the position vector of the

grey wolf, and (X · P
→

) is the position vector of the
prey. Meanwhile, A

→
and C

→
are vectors that can be

calculated by using the following equations:

A
→

� 2 a
→

· r
→

1 − a
→

,

C
→

� 2 · r
→

.
(7)

(iii) Hunting: the hunting is led by α, β, and δ ability
to detect prey and encircle them. (e other

Figure 8: Hunting behaviour of grey wolves: (a) Chasing, approaching, and tracking prey. (b–d) Pursuing, harassing, and encircling. (e)
Stationary situation and attack [21].
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Figure 9: GWO-PI controller block diagram.
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search agents will update their positions
according to the position of the best search
agent. (e following equations express this
behaviour:

D
→

a3,8
� C

→
1,3X

→

a3,8
− X

→
,

X
→

1,3 � X
→

a,3,8
− A

→
1,3D

→

a,3.8
,

X
→

(t + 1) �
X
→

1 + X
→

+ X
→

3

3
.

(8)

(iv) Attacking the prey: the grey wolves will attack the
prey when there are halts in the movement of the
prey. For every iteration, α decreased from 2 to 0.

(v) Searching for prey: the exploration of the GWO
algorithm is formulated based on the positions of α,
β, and δ wolves. (e wolves diverge during the
search for prey and then converge to attack the prey.

3. Results

Two case studies were performed using MATLAB Simulink
to validate the effectiveness of the proposed control strategy:
one with a 20% voltage drop and the other with a 30%

voltage drop, both with a balanced three-phase fault and load
disturbances. With a 0.5MW load connected, the fault
occurred between 3.5 and 3.65 s in both situations. During
4.5 s to 5 s, another 0.1MW load is applied.

3.1. 20% Voltage Drop. For the 20% voltage drop case, the
number of iterations is 30, with the number of search agents
set to 5. (e convergence curve for this simulation is shown
in Figure 11, with the best optimal value of the objective
function obtained by the GWO being 0.014546. When the
optimization is completed, the best solution gained by GWO
is 40 and 3188.5158, which is the optimised value for Kp and
Ki. Figure 12 shows the voltage profile comparison between
systems with GWO-PI, PI only, and without RPI (NO RPI).
Under normal conditions, the reactive current, iq � 0, be-
cause there is no reactive power being injected, as shown in
Figure 13. (erefore, the voltage dropped to 189.82V when
the fault happened at 3.5 s which accounted for more than
20% of the nominal value.(e voltage dropped further when
the load was connected at 4.5 s. With PI and GWO-PI based
controllers, the voltage has successfully increased to 239.6 V
as both controllers were able to inject the desired reactive
power and have completely reduced the voltage drop to zero,
thus grid disconnection can be avoided. However, the PI
controller has a high overshoot voltage, but the GWO-PI
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Figure 10: Flow chart of GWO.
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manages to reduce it by 8%. Meanwhile, Figure 14 shows the
active and reactive power of the GWO-PI controller. When
the fault occurs at 3.5 s, the reactive power increases sig-
nificantly while the active power tries to maintain its power
generation since the voltage drop is not severe. Table 2
summarises the performance of all controllers.

3.2. 30% Voltage Drop. For the second case, the number of
iterations set is also 30. (e number of search agents is 5.
Figure 15 shows the convergence curve for this case where
the best optimal value of the objective function found by
GWO is 0.014509. After the optimization stopped, the best

solution obtained by GWO was 40 and 4076.8579 which is
the optimised value for Kp and Ki. Figure 16 illustrates the
voltage profile comparison between GWO-PI, PI, and NO
RPI. Without the RPI controller, the voltage drops by 30% to
168V. With the PI and GWO-PI controllers, the reactive
power can be injected accordingly as shown in Figure 17.
(erefore, the voltage profile was improved as the voltage
drop decrement has been reduced by at least 15%. (e
voltage significantly increased to 203.73V for the PI and
238.03V for the GWO-PI. Using GWO-PI, not only the
highest value of reactive power can be injected, but it also
shows the fastest settling time compared to the PI controller,
as summarised in Table 3. During the fault condition, the
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supply of active power should be limited to give sufficient
room for the inverter to provide maximum reactive power as
shown in Figure 18. Meanwhile, Figure 19 shows the grid or
PCC current and voltage (phase A) under a 30% voltage

drop with the PI controller. It can be seen that the current
and voltage are not in phase when the fault occurs, and a
high overshoot current is also noticeable. However, the
GWO-PI controller was able to reduce this overshoot by

2 3

5000

4000

3000

2000

1000

0

-1000
4 5 6

Time (s)

Re
ac

tiv
e p

ow
er

 (k
Va

r)

GWO-PI
PI
No RPI

Figure 13: Reactive power comparison at 20% voltage drop.
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Table 2: Controller performance comparison at 20% voltage drop.

NO RPI PI GWO-PI
Voltage during fault (V) 189.82 239 239
Percentage of voltage drop (%) 20.91 0 0
Reactive power (kVar) 0 3763.54 3421.52
Overshoot voltage (%) - 17.92 7.5
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Table 3: Controller performance comparison at 30% voltage drop.

NO RPI PI GWO-PI
Voltage during fault (V) 168.01 203.73 238.03
Percentage of voltage drop (%) 30 15.4 0.83
Reactive power (kVar) 0 3763.18 4987.61
Voltage settling time (s) - 0.29 0.13
Overshoot current - 4.8 0.5
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Figure 18: Active and reactive power of the GWO-PI controller.
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approximately 4%, as illustrated in Figure 20. Table 3
summarises the performance of all controllers under 30%
voltage sag.

4. Conclusion

(is paper presents a new control strategy for the LVRT
enhancement of the three-phase grid-connected PV system
using the GWO-PI controller. (e MATLAB simulation is
used to assess the system’s performance under a balanced
three-phase fault and load disturbance. In a nutshell, it is
found that the GWO-PI approach is more efficient than the
PI controller. Even though both controllers are effective in
compensating the desired reactive power during weak
conditions, especially under 70% voltage sag, the GWO-PI
controller managed to minimise the overshoot current.

Besides, it can also significantly reduce the time it takes to
tune the PI parameters. Even so, the proposed controller
needs to be tested in more severe weak grid situations in the
future including those caused by asymmetrical faults.
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