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Distributed generation is increasingly used in distribution networks due to its economic
and technical benefits. Photovoltaic (PV) generation system accounts for a large
proportion of installed DG. However, PV and load consumption are unstable. The wild
horse optimizer algorithm (WHO) is used to find the optimal location and area of PV. The
goal of the problem is to optimize the annual cost after PV installation including PV
installation and maintenance costs as well as costs of power loss of the system and
electricity of PV. The proposed algorithm is run on a 33-node distribution network. The
problem considers the voltage limit constraints and the load carrying capacity of the line.
After running the program, the payback period is 3.85 years, the power loss is reduced by
21.13% compared to the original, and the voltage profile is improved. The effectiveness
of WHO is demonstrated when compared with three algorithms PSO, Coot and GWO.

The results show that WHO responds well to the PV installation problem.

1. INTRODUCTION

Due to the development of science, technology, economy
and society, the demand for electricity is increasing [1].
Therefore, it is necessary to connect additional power
sources to the system. However, fossil fuels are becoming
increasingly scarce. Fossil fuel power plants emit
greenhouse gases that negatively affect the environment [2].
Nowadays, renewable energy sources are used more and
more. Renewable energy sources are endless and do not
pollute the environment [3]. Among renewable energy
sources, photovoltaic generation system is widely used. PV
installation can bring many economic and technical benefits
such as reduced losses, improved reliability. However,
improper PV installation will cause negative impacts such
as high losses, unsatisfactory voltage characteristics, and
frequency fluctuations [4]. Therefore, the PV installation
problem needs to be carefully considered.

There are many DG installation problems that consider
DG capacity and load to be constant over time [5, 6]. For PV
installation problem, there are many different cases. In ref.
[7], a multi-objective problem is proposed including
minimizing power loss and maximizing voltage profile, this
study does not consider the time variation of PV and load.
In ref. [8], GA algorithm is used to find the minimum power
loss, this paper considers the change of PV power. PV power
depends on solar radiation, which changes throughout the
day. The four seasons have different levels of solar radiation.
Similarly, load consumption depends on demand. Therefore,

this study considers the variability of PV and load
consumption.

PV installation problem with many input parameters and
large amount of calculations. These are nonlinear problems,
so appropriate methods are required to solve them. Current
meta-heuristic algorithms can solve nonlinear problems. For
power systems, algorithms can be used to solve problems
such as optimal power flow problem [9]-[13], capacitor
installation problem [14]-[18], network reconfiguration
problem [19]-[21], battery energy storage system
installation problem [22]-[26]. PV installation problem also
applies many different algorithms. Archimedes optimization
algorithm (AOA) is used in ref. [27], AOA outperforms the
compared algorithms. In [28], dynamic harmony search
algorithm (DHSA) is applied to determine the size and
location of PV, this study did not compare DHSA with other
algorithms. In [29], particle swarm optimization (PSO) is
used for the problem with three objectives, the results are
compared with those of another studies, which demonstrate
the effectiveness of PSO. Ref. [30] used Adaptive inertia
weight particle swarm optimization (AIW-PSO), this study
did not compare AIW-PSO with other algorithms. Multi-
objective grey wolf optimizer (MOGWO) is used in ref. [31]
for the PV placement problem wherein the comparison
results with three other algorithms show the effectiveness of
MOGWO. In [32], pathfinder Algorithm (PFA) gained the
best, mean and standard deviation of PFA are all less than
those of PSO, TLBO, CSA, GOA for the PV placement.
New algorithms are introduced every year and researchers
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are always looking to improve them to achieve higher
efficiency. However, there is no single algorithm that is
completely superior. Therefore, it is necessary to apply new
method. In this study, the wild horse optimizer (WHO)
algorithm [33] is applied. WHO relies on the behavior of
wild horses. WHO was introduced in 2021 and it has been
successfully applied in several recent studies. In [34], WHO
is used to construct the equivalent circuit of triple-junction
solar panel. WHO has succeeded in extracting the maximum
power with 99.93% efficiency. In [35], WHO is used for
engineering analysis and capital cost design for hybrid
electric power system. The results are compared with the
HOMER application, which shows that the method applying
the WHO algorithm is better.

The PV installation problem includes two component
variables: PV location and PV area. The objective of the
problem is to minimize costs and maximize profits. Payback
period is considered to check the efficiency of the project.
Constraints include voltage constraint and load carrying
capacity of the line. The problem considers the variability of
PV power and load. Solar illuminance data collected in Ho
Chi Minh City. The historical solar irradiation series
consists of four days representing the four seasons. The
proposed algorithm is applied to a 33-node distribution
network. The performance of WHO is compared with three
algorithms including PSO, Coot and GWO. The novelties
and contributions of the study include:

i) Determine PV location and area to optimize costs;

ii) Consider installing PV under the conditions of solar
radiation and electricity tariff in Ho Chi Minh City,
Vietnam.

iii) WHO is proposed to solve the PV installation
optimization problem;

iv) WHO performance demonstrated on a 33-node
distribution network;

v) Properly installed PV reduces power loss and
improves voltage profile.

2. PROBLEM FORMULATION
2.1 Obijective function

The objective of the problem is to reduce PV installation and
maintenance costs, reduce power losses and increase profits
after installing PV into the distribution network. Installation
costs are shown in the following formula:

Clpy = Fpy X pricepy )

where, Clpy is the cost of installing the solar panel system,
Fpy is the installation area, pricepy is the cost of installing
the solar panel system per 1 m?2.

In addition to the cost of installing a solar panel system,
there are also system maintenance costs. The total costs are
shown below:

Cr = Clpy + Mpy (2

where, C; is the cost of installation and maintenance of the
system, My, is the cost of maintenance of PV.

After optimizing PV installation, the power loss will
change, usually this power loss will be smaller than the
original. Therefore, the difference in the power loss after PV
installation and the initial loss is also the profit earned.

i21(Po — Pipy) @)
with, AP[is the total power loss reduction, P, is the initial
power loss of the ith hour, P}, is the power loss after PV
installation of the ith hour. The 96 hours is equivalent to 24
hours of 4 typical days of four seasons in a year.

PV capacity determines the amount of electricity

produced, and this electricity can be sold to the grid. PV
capacity is calculated by the following formula:

Ppy =1 X Fpy X X728 R; (4)

with, Ppy, is the total PV power, 7 is the solar panel system
efficiency, R; is the solar radiation of the ith hour.

Assuming the lifetime of the PV system is 20 years. The
objective function of the problem is to minimize costs and
maximize profits over a year:

AP =

Cr 365
Fopj = Min C120 czx— APL+ZPPV X P,

Q)
where, ¢;, ¢, are constants added to find the best solution to
the minimization problem, P, is the capacity of the kth PV,
Npy is the total number of PVs installed in the system, p, is
the electricity tariff paid per kwh.

2.2 Constraints

The problem includes the following constraints:
- Voltage constraints:

Upin < Un < Upiit, (6)

min =

with, U, is the voltage at node h, [UYT , U™ ] is the
allowable voltage limit, U™ =095p.u , UL =
1.05p.u.

- Limits on the carrying capacity of transmission lines:

Im S Irate,m (7)

with, I,, is the current on branch m, I,.4¢ 1, is the allowable
rated current on branch m.

3. WHO ALGORITHM FOR THE PROBLEM
3.1 WHO algorithm

WHO based on the unique movements and mating patterns
of wild horses along with the influence of leaders. The WHO
algorithm starts with an initial randomly generated
population (¥) = { X, , %, ..,%,) . If the total horse
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population is P, then the number of groups is calculated as
Ng = PS X P, where PS represents the percentage of
stallions. The number of leaders is Ng the remaining horses
(Ng = P — Ny) are distributed equally to the groups.

The position of the horse is updated according to the
foraging behavior, the mating behavior of the horse in the
herd and the position of the leader horse.

First, the horse's position is based on its foraging
behavior. With rand > PC (rand is a random number in
the range [0, 1], PC is a parameter of the proposed
algorithm), the new position of the horse in the herd
according to the foraging behavior is updated according to
formula (8):

Hj., = 2Kcos(2mRK) x (L' — H}) + L' (8)

where HL, HL,, are the current and new positions of the
horses; L! is the position of the leader in the I group. R is a
random number in the range [-2, 2]. K is the adaptation
mechanism (9).

P=R,<TD; ID = (P == 0); K = R,0ID +

R,0(~ID) )
where, P is is a binary vector (containing 0 and 1) with
dimensions matching those of the problem, f{_{ and ﬁ;are
random vectors with values in the range [0, 1], R, is a
random scalar within [0, 1], ID represents the indices in the
random vector R; that satisfy the condition (P == 0). TD
is an adaptive parameter (10).

TD =1 —iter X

(10)

MaxIter

where, iter represents the current iteration, MaxlIter
denotes the maximum number of iterations.

When a foal reaches maturity, it leaves its parent group
to join a new group. To simulate this, suppose a male horse
leaves group k, a female horse leaves group | to join the
same group, after the two mate and the foal joins group d.
With rand < PC, the position of the horse is updated
according to (11):

H? = Mean(Hf + H ) withk #l #d,p=e = f
(11)

where, HY is the position of horse p from group d leaving

the group with parents who left groups k and [. H; and Hlf
are the foals e and f that left groups k and [ when they
reached adulthood, joined a group and mated with each
other.

The leader takes the group to the target area. The leader
is updated as follows:

Lo {ZKcos(ZnR4K) x(G—Ly)+G if Rs>0.5
k+1 ™ 2Kcos(2mR,K) x (G — L) — G if Rs < 0.5

(12)

where, L , L., are the current and new positions of the
leader, R, is a random number in the range [-2, 2], G is the
target, R is a random number with uniform distribution in
the range [0, 1].

Details of WHO application to the problem

The steps for applying WHO to the problem are presented
as follows:

« Step 1: Input the parameters of WHO.

« Step 2: The initial population of horses is represented
as Hl = [Lm, Fm] With m = 1, ""NPV (NPV |S the
number of PVSs). Lo,,, F,, are the location and area of
the mth PV, initialized as:

Lim=round[Ly, +7.(Lym — Lim)] (13)
Fi,m = FL,m +7. (FU,m - FL,m) (14)

where, Ly ., and L, ,,, are the upper and lower limits of
the position PV. The reference node is node 1 so the
lower limit of the PV position is 2, the upper limit is
the maximum node of the network. Fy ,,, and F, ,,, are
the limits of PV area, Fy ,,, and F; ,,, are the limits of
PV area, Fy,, = 25000 m?, F,,, = 500 m?, ris a
random number in [0,1].

« Step 3: The initialized population is evaluated based on
a fitness function:

fit = Fopj + K, X [max (U = Uppi, 0) +
max(Umax - Urlr%lx' 0) + max(’max - Irate' 0)]
(15)

where, K,, = 1000 is a penalty factor, Uy, and Up,qx
are the minimun and maximum voltages, L, is the
maximum current.

« Step 4: Update the new position of the individual by
Eg. 8 and Eq. 11.

« Step 5: Evaluate the objective function for the new
position by Eqg. 15.

« Step 6: Update the new position of the leader by Eq.
12.

« Step 7: Evaluate the objective function of the new
leadership position by Eq. 15.

« Step 8: Compare the objective function in step 7 and
step 5 to select the best individuals as leaders.

« Step 9: Repeat step 4 until the iteration increases to
reach its maximum value to find the best solution.



718 H. T. Trinh and T. T. Nguyen / GMSARN International Journal 20 (2026) 715-721
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Fitness evaluation
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Update the position of
horse by Eq. 11

Update the position of
leaders by Eq. 12
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iter < Maxiter
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Fig. 1. The flowchart of the proposed method.

4. RESULTS AND DISCUSSION

The WHO algorithm is used to find the location and area of
PV on the 33-node grid shown in Fig. 2. The number of PV
installed in the problem is 3. The control parameters
including population and maximum number of iterations are
set to 30 and 100. The PS and PC indexes are respectively
chosen to 0.2 and 0.13, respectively. The parameters c1 and
c2 of the objective function eed to be carefully determined.
If the parameter c1 is small, the investment cost will be high;
conversely, if cl is large, the investment cost will be low.
The parameters c1 and c2 that are determined from various
tests are 4.25 and 1, respectively. The results are compared
with three other algorithms, Coot, PSO and GWO. The
algorithms are run in Matlab software with 20 independent
runs on a personal computer with Intel(R) Core (TM) i5-
8250U CPU @ 1.80 GHz, 12GB RAM configuration. The
PV installation location is in Ho Chi Minh City area with
radiation data collected on the website globalsolaratlas.info.
Ho Chi Minh City has a Direct Normal Irradiation (DNI) of
1233 kWh/mz?/year with a high number of sunshine hours
throughout the year. This creates ideal conditions for solar
power development. The 4-season radiation is shown in Fig.

3. Radiation data for four seasons are aggregated over 12
months of the year. Seasonal radiation is the average
radiation over a 3-month period. Hourly load curve of the
test system is shown in Fig. 4.
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Fig. 2. The 33-node system.
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Fig. 3. Historical series of solar irradiation in 96 hourly
intervals

After running the proposed algorithm, the objective
function result of the problem is -1259.394; 3 PVs are
installed at nodes 32, 14, 17 with corresponding areas of
7122.90, 4127.88, 2858.06 (m?). Fig. 5 shows the voltage
profile at 10 a.m. in winter, the voltage after PV installation
is improved and within the appropriate range. Fig. 6 shows
the annual voltage profile of node 15, voltage is improved
with solar radiation. However, when there is no radiation,
the PV power is zero then the voltage profile is not
improved.

The annual power loss before PV installation was
1189000 kW, after PV installation the loss decreased to
937825 kW. The total annual power loss after PV
installation was reduced by 21.13% compared to the original
value. In which, winter has the lowest power loss of 225402
kW, while summer has the highest power loss of 242747
kW. The profile of power loss is shown in Fig. 7. The power
loss reduction depends largely on the radiation intensity at
each time.



H. T. Trinh and T. T. Nguyen / GMSARN International Journal 20 (2026) 715-721 719

X
®
(]
o
>
©
©
k]
(%]
j=2)
8
c
Q
o
o 201
o
ol v v v e
12345678 9101112131415161718192021222324
Time (hour)
Fig. 4. Hourly load curve of the test system
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Fig. 5. Voltage profile on the 33-node system at 10 a.m in the
winter.
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Fig. 6. Annual voltage profile of node 15.

The effectiveness of the WHO algorithm is demonstrated
when compared with three algorithms, Coot, PSO and
GWO. The algorithms are compared with WHO to
demonstrate the effectiveness of WHO. Table 1 compares
the results of the four algorithms. The annual power loss
after PV installation is reduced, for WHO and PSO the
annual power loss is similar, while for Coot and GWO this
value is larger. Minimum voltage amplitude is improved
from 0.9131 to 0.9188.
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Fig. 7. Profile of power loss in 33-node system.

Table 1. Optimal PV location and area for 33-node network

Method | PV areainm? | Total PV | Annual | Vmin(pu)
(node) area (m?) power
Loss (kW)
Initial - - 1189000 0.9131
7122.90 (32)
WHO 4127.88 (14) | 14108.84 | 937825 0.9188
2858.06 (17)
2902.41 (17)
Coot  |4068.06 (14) 14105.33 937866 0.9188
7134.86 (32)
2858.06 (17)
PSO 4127.88 (14) | 14108.84 | 937825 0.9188
7122.90 (32)
4124.25 (14)
GWO 2859.63 (17) | 14104.25 | 937868 0.9188
7120.37 (32)

Table 2 analyzes the payback period. The total
investment of the project is 1354449 USD, the annual
maintenance cost is 16931 USD, the annual profit is 368336
USD and the payback period is 3.85 years.

Table 2. Analysis of the payback period

Maintenance Annual Payback
Invest (8) ($/year) profit ($) period
1354449 16931 368336 3.85

According to Table 3, the minimum objective function
value (Min.) of WHO is equivalent to PSO, GWO and
smaller than Coot, the maximum value (Max.) is not much
larger than Coot, GWO and much smaller than PSO, the
average value (Ave.) is smaller than PSO, Coot and GWO,
the standard deviation (Std) is larger than Coot and smaller
than PSO and GWO, the calculation time is faster than Coot
and slower than PSO and GWO.
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Table 3. Comparison of effectiveness of WHO with Coot, PSO

and GWO
Item Max. Min. Ave. Std Time (s)
WHO | -1039.4 | -1259.4 | -12026 | 77.6 20537
Coot -1082.3 | -1259.3 | -11829 | 705 23224
PSO -327.1 | -1259.4 | -1091.7 | 205.9 18860
GWO | -1073.0 | -1259.4 | -1199.2 | 794 20337

Fig. 8 shows the convergence characteristic curve, the
WHO characteristic curve converges earlier than Coot, PSO
and GWO. Fig. 9 shows that the fluctuation level of WHO
is almost equivalent to Coot and GWO, while PSO
fluctuates strongly. The above analysis has demonstrated the
effectiveness of WHO for the problem of PV location and
area determination.
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Fig. 8. Convergence characters of WHO, Coot, PSO and GWO.
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5. CONCLUSIONS

This paper applies the WHO algorithm to the PV installation
cost optimization problem. The variability of PV and the
load consumption are considered. The problem is run on a
33-node test system. The results show that the payback
period is less than 4 years, which is considered quite
satisfactory. The power loss is significantly reduced, and the

voltage profile is also improved. When comparing WHO
with PSO, Coot and GWO, the results show that WHO has
the majority of superior parameters. This proves that the
proposed method responds well to the PV installation
problem. In the future, the problem can be applied to real
systems and PV can be combined with other power sources
or devices such as wind turbine and capacitors. The PV areas
in this study is large, subsequent research will study smaller
areas suitable for large cities.
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