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Introduction
Currently, every nation on earth is working very hard to find solutions to the effects of 
climate change and the increasing demand for electrical power. Due to the substantial 
need for power, the associated requirement exists for research pertaining to the pro-
duction and scheduling of clean energy sources, which necessitates the consideration of 
stochastic factors. Due to financial and ecological concerns, traditional electricity plants 
may help in certain ways with power transmission across wide distances. In that manner, 
the need to mitigate power losses and maintain harmonic distortions within the pre-
scribed ranges has emerged as a critical concern, driven by both practical and financial 
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considerations [1]. The effective delivery of power demand may be decreased if the har-
monic distortions exceed their respective limits. The increasing rate of harmonic distor-
tions resulting from common usage of nonlinear loads leads to harmonic limit violations 
during the transmission of electrical power to fulfill the needs for electricity throughout 
the distribution system [2–6]. However, the administration of uncertainties related to 
PV systems, which provide substantial risks for distribution system security, is a seri-
ous problem due to their broad application [7]. Scientists have undertaken studies for 
optimal PV-based distributed generation (DG) unit interconnection to minimize power 
losses in distribution systems. In the context of PV systems installed in distribution net-
works, it is important to assess power loss and harmonic distortions. However, solar 
radiation and electricity load uncertainties pose challenges in this evaluation. To address 
these challenges, probabilistic distribution system analysis is needed to be employed to 
ensure the provision of the necessary power to meet demands [8–11]. The use of sto-
chastic chance constraints in the planning of solar PV systems within the distribution 
networks, as opposed to relying only on deterministic constraints, has the potential to 
enhance power efficiency and reliability.

As an important power quality issue, the harmonic is regarded as a problem to be min-
imized from the power system standpoint [12, 13]. The common utilization of nonlinear 
loads that occupy prominent places in the electricity grids gives rise to the expansion of 
this problem. The electric distribution system users may be negatively affected unless 
a suitable implementation of planning is carried out by considering harmonic distor-
tion in these power networks. However, the power quality can be optimized by properly 
applying the optimization procedure in power distribution networks. In the literature, 
there are several studies that consider the effects of harmonics on power systems and 
the precautions performed to minimize this power quality problem [14–21]. In [14], 
plug-in electric vehicles have been implemented to prevent harmonic problems in the 
multi-objective optimization approach. It is important to note that the minimization of 
harmonics can provide advantages in both technical and economic ways. An optimiza-
tion algorithm has been proposed to alleviate the total demand distortion related to the 
current by taking into account passive filters and power quality parameters [15]. The 
harmonic power quality is the most prominent issue that can be improved to maintain 
the reliability and security of distribution system users. In [16], the distorted power sys-
tem with nonlinear equipment has been handled to minimize total harmonic distortion 
of voltage and current by optimizing the parameters of the hybrid active power filter. An 
evolutionary approach based on a colonial competitive algorithm has been proposed for 
the minimization of harmonics in power electronics multilevel inverters in [17]. In [18], 
a harmonic minimization technique, which uses artificial neural networks to reduce har-
monics in cascade multilevel inverters, has been proposed. The harmonics have been 
reduced by the use of meta-heuristic optimization techniques in multilevel inverters in 
[19]. In [20], the techniques for quickening the process of harmonic reduction have been 
presented by applying the GA-based approach. The active filter design has been per-
formed to alleviate harmonic problems by utilizing fuzzy logic approach with the con-
sideration of varying load conditions in [21]. On the other hand, the renewable-based 
DGs have not been taken into account for the interconnection into power systems in 
these methodologies.



Page 3 of 31Barutcu et al. Journal of Engineering and Applied Science          (2024) 71:118 	

The harmonic problem has great prominence since the impacts of renewable systems 
and nonlinear loads have motivated researchers to examine active power networks by 
including this power quality issue [22–24]. However, the harmonic-related issues can 
present limitations on the renewable DG hosting capacity. In this context, the renewable 
DG penetration levels have been improved by optimizing the passive filters and con-
sidering the harmonic power quality parameters [25, 26]. In [27], the minimization of 
current harmonics has been performed by the active filter implementation on the power 
electronics design of grid-connected renewable energy systems. The optimal control 
design for harmonic alleviation has been implemented by using meta-heuristic optimi-
zation algorithms in renewable energy systems, which are connected to the grid in [28]. 
The control approaches for harmonic minimization in grid-interfaced renewable energy 
systems have been discussed and presented in [29]. In [30], the active filter design has 
been proposed for harmonic minimization in grid-connected solar PV and wind tur-
bine sources. In [31], the overall harmonic distortions have been assessed and observed 
when the various solar PV sources and nonlinear loads have been integrated into the 
distribution system. The harmonics assessment study has considered by the installation 
of solar PV-based renewable energy generation units on the distribution grid in [32]. 
The harmonic evaluation research has been conducted to analyze harmonic distortions 
in PV-installed grids under various scenarios in [33]. On the other hand, active power 
loss minimization is also an important problem that can be considered in renewable-
integrated distorted distribution grids [34–38].

The studies associated with the influences of renewable DG systems on both power 
system line losses and harmonic parameters have been implemented by scientists over 
the past decade [39–56]. In [39], the influences of inverter-based DG systems on the 
total losses of the distribution grid have been examined by considering harmonic analy-
sis studies. The energy loss minimization problem has been taken into account together 
with the optimal capacitor installation in DG-integrated distorted distribution networks 
[40, 41]. It is worth noting that the optimal placement of DG units can give rise to sev-
eral advantages in terms of minimization of harmonic and power loss problems. The 
main reason is that power quality gains importance as electricity demands and nonlinear 
loads gradually increase in the distribution systems. In this context, the annual energy 
losses have been minimized by performing optimal DG plans for different load levels in 
the distribution grids with nonlinear loads [42]. The effective utilization of power gener-
ated by renewable energy systems is important for maintaining power quality. In [43], 
the optimal sizes of renewable DGs such as solar PV and wind systems have been investi-
gated while implementing harmonics and power loss minimization in the optimal power 
flow. The optimization framework, including power losses and harmonic distortions, 
has been applied to the PV-installed distribution grid in [44]. To observe the impacts of 
optimal PV allocation, these problems have also been taken into account by including 
hosting capacity and distribution system reconfiguration in [45] and by considering dif-
ferent load models in [46]. In [47], the optimal DG placement and size have been deter-
mined for minimizing harmonic distortions and power losses and improving the voltage 
profile in the distribution grid by applying a meta-heuristic optimization approach. 
In [48], the multi-objective optimization framework has been proposed for optimal 
placement of PV-based DGs and optimal minimization of power losses and harmonic 
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distortions. The optimization problem has been handled by minimizing harmonics and 
power loss-related issues on renewable energy systems-installed grid in [49]. The opti-
mal DG placement has been implemented to improve losses and harmonic distortions 
on the distribution network in [50]. The optimal placements and sizes of solar PV and 
wind turbine sources have been conducted to solve power loss and harmonic distortion 
minimization problems by considering the uncertainties in loads and renewable energy 
systems in [51]. In [52], the meta-heuristic optimization approach has been proposed to 
handle power loss, harmonic, and resonance problems by determining the optimal DG 
allocation and capacity. In [53], the authors have proposed an optimization approach for 
obtaining the optimal DG placement and determining the impacts of harmonic distor-
tions on losses. A combined approach has been presented to determine the optimal DG 
placement and size by minimizing power losses and harmonic distortions and improving 
voltages on the power network in [54]. The optimal DG placement and capacity problem 
has been handled by minimizing power losses, maintaining harmonic distortions, and 
improving voltage profiles on distribution grids in [55]. However, the aforementioned 
methodologies have been performed in a fully deterministic optimization environment, 
and these methodologies have not been considered in chance-constrained program-
ming. In [56], the loss minimization problem has been considered for the determina-
tion of PV system capacities by taking into account harmonic distortions. In the related 
study, an analytical method developed jointly with MCS has been employed in the dis-
tribution grid. The importance of minimizing power losses and harmonic distortions in 
ensuring a reliable and uninterrupted power supply to meet demands has become evi-
dent based on the evaluation thus far.

Literature gap and motivation for present research work

Nonetheless, a gap exists in the literature about the minimization of losses within the 
framework of meta-heuristic and stochastic optimization, specifically in relation to 
harmonic-based chance constraints for various confidence levels (CL) and solar radi-
ation scenarios. The current paper investigates the influence of variabilities in the PV 
system generation on power losses by considering various solar radiation distribu-
tions and CLs. The stochastic optimization approach has been implemented by taking 
into account harmonic-based chance constraints. A comparative analysis between the 
proposed approach and the existing literature has been provided in Table 1.

The novelties and contributions of the proposed approach presented in this study 
are as follows:

1.	 The chance-constrained optimization to determine optimal capacities of PV systems 
in distribution networks considering power loss and harmonic power quality param-
eters under a stochastic programming framework by considering different CLs and 
solar radiation scenarios.

2.	 This study performs MCS in conjunction with GA to address uncertainties. The 
pdfs for UTHD, UIHDh, and URMS have been obtained for utilizing a chance-con-
strained framework.
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3.	 The uncertainty effects of PV systems on grid losses for various solar radiation con-
ditions are also investigated. Specifically, the paper aims to evaluate these impacts 
within the context of stochastic limits.

4.	 This study presents a valuable contribution by integrating GA and MCS into a uni-
fied approach. The PV system sizing problem has been addressed inside the distribu-
tion system using a chance-constrained framework.

5.	 MCS-embedded GA methodology has been compared with DE in terms of demon-
strating the effectiveness of the proposed approach.

The remaining sections of the study are given as follows: The admittance matrix-
based harmonic power flow analysis has been presented in the “Methods” section with 
a probabilistic chance-constrained optimization structure. The modeling and details of 
the investigated cases have been illustrated in the “Methods” section, with case studies 
in the “Case studies” section. The simulation results have been presented in the “Results 
and discussion” section. The conclusions have been given in the “Conclusions” section.

Methods
Harmonic power flow analysis and probabilistic optimization structure

The implementation of harmonic power flow analysis is an important problem from a 
power quality standpoint. Additionally, handling the power loss minimization problem 
by using the load flow technique is an extremely challenging task. The strategy that has 
been essentially recommended in order to successfully carry out the optimization frame-
work calls for an attempt to be made. Consequently, the power flow analysis related to 
the optimization problem can be performed from a scientific standpoint in order for such 
an analysis to potentially constitute a viable option. In this present study, the admittance 

Table 1  The comparative analysis between the proposed approach and the existing literature

References Harmonics Renewable 
energy 
systems

Monte Carlo 
Simulation

Objective 
function 
with chance 
constraints

Meta-
heuristic 
optimization 
approach

Various solar 
radiation 
distributions

Various 
confidence 
levels

[14] ✓ ✓
[15] ✓ ✓
[16] ✓ ✓
[17] ✓ ✓
[19] ✓ ✓
[22] ✓ ✓ ✓
[24] ✓ ✓ ✓
[26] ✓ ✓ ✓
[28] ✓ ✓ ✓
[33] ✓ ✓
[39] ✓
[41] ✓ ✓
[44] ✓ ✓ ✓
[45] ✓ ✓ ✓
[46] ✓ ✓ ✓
[51] ✓ ✓ ✓
[56] ✓ ✓ ✓ ✓
Present study ✓ ✓ ✓ ✓ ✓ ✓ ✓
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matrix-based harmonic power flow analysis [57] has been taken into account for determin-
ing the harmonic power quality parameters in the distribution system. According to the 
harmonic load flow approach, the harmonic power flow equations are solved for each har-
monic degree in a decoupled manner, as in the following:

where Ibush  is the vector demonstrating the sum of harmonic currents of PV systems and 
nonlinear loads for hth harmonic order, Y bus

h  is the harmonic-based admittance matrix 
for hth harmonic order, and V bus

h  is the vector of harmonic bus voltages for hth harmonic 
order.

Reducing the power losses associated with the distribution system is the primary pur-
pose of probabilistic, chance-constrained programming, considering the uncertainties in 
the current study. The planning is necessary to maintain the power quality of the grid in 
order to minimize network losses and preserve the harmonic-based chance constraints. 
As a consequence, the losses can be technically viable by delivering the essential PV sys-
tem capacity over the distribution system.

In this paper, the expected optimal power losses have been alleviated by taking into 
account harmonic-based chance constraints. The GA approach has been implemented 
to solve this problem under a stochastic optimization structure in the distribution sys-
tem. Solar radiation and electrical demand have uncertainties in the optimization frame-
work. The harmonic power quality parameters, which are UTHD, UIHDh, and URMS, 
have been included in the optimization problem as harmonic-based chance constraints. 
In the optimal expected power loss minimization problem, the GA approach has been 
performed with the MCS algorithm. The objective function of expected power loss has 
been given as follows:

where NS is the total number of solar radiation or electricity load states in the planning 
framework, NLN  is the total number of lines in the distribution system, RLN is the resist-
ance of the LNth line, and I sLN is the line current flowing through the LNth the line on the 
distribution network for sth state of solar radiation and electricity load, respectively. The 
harmonic-based chance constraints are presented as:

where UTHDm,s(%) , UIHDhm,s
(%) , and URMSm,s are total voltage harmonic distortion 

percentage, individual voltage harmonic distortion percentage for hth harmonic order, 
and RMS voltage value at bus m of the distribution system for sth state of solar radiation 

(1)Ibush = Y bus
h V bus

h

(2)f =

1

NS

NS

s=1

NLN

LN=1

RLN I sLN
2

(3)Pr
{

UTHDm,s(%) ≤ UTHDmax(%)
}

≥ αUTHD
m = 1, . . . , NLB
s = 1, . . . , NS

(4)Pr
{

UIHDhm,s
(%) ≤ UIHDhmax

(%)
}

≥ αUIHDh
m = 1, . . . , NLB
s = 1, . . . , NS

(5)Pr
{

URMSmin
≤ URMSm,s

≤ URMSmax
}

≥ αURMS
m = 1, . . . , NLB
s = 1, . . . , NS
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and electricity load, respectively. UTHDmax(%) is the maximum total voltage harmonic 
distortion percentage, UIHDhmax

(%) is the maximum individual voltage harmonic dis-
tortion percentage for hth harmonic order, URMSmin is minimum RMS voltage value, 
and URMSmax is maximum RMS voltage value, respectively. αUTHD , αUIHDh , and αURMS 
are the CLs corresponding to UTHD, UIHDh, and URMS, respectively. NLB is the total 
number of buses in the distribution grid.

With the consideration of penalty function methodology, the total objective func-
tion has been obtained by taking into account harmonic-based chance constraint 
violations:

where

where penmulUTHD , penmulUIHDh , and penmulURMS are the penalty factors multiplied 
by the harmonic-based chance constraints in case of violations, θmUTHD , θmUIHDh , and 
θmURMS are the probabilities of the constraint violations in UTHD, UIHDh, and URMS at 
bus m of the distribution system, respectively. The total distribution system’s expected 
power losses are minimized by maintaining the harmonic-based chance constraints as 
presented in (6). The penalty factors are multiplied when the harmonic-based chance 
constraint violations are observed [58]. The optimal result is searched in case the limit 
violations cause a greater power loss in the total objective function.

Choosing the appropriate size considering the integration of the PV systems is one of 
the most important factors in determining how well the planning is accomplished on the 
power system, which is an important fact to highlight. The PV system integration can 
be implemented by optimizing the appropriate capacity, which also has the potential to 
deliver the planning decision. Determination of the optimal PV system output power by 
stochastic planning is necessary for minimizing power losses and maintaining chance 
constraints.

In this paper, the PV system’s capacities are optimized by taking into account 
expected power losses and harmonic power quality parameters under chance-con-
strained programming. The optimal PV system sizes are the decision variables to be 

(6)f total =

1
NS

NS
∑

s=1

NLN
∑

LN=1

RLN

∣

∣I sLN
∣

∣

2

+penmulUTHD

NLB
∑

m=1

∣

∣θmUTHD − (1− αUTHD)
∣

∣

+penmulUIHDh

NLB
∑

m=1

NH
∑

h

∣

∣θmUIHDh − (1− αUIHDh)
∣

∣

+penmulURMS

NLB
∑

m=1

∣

∣θmURMS − (1− αURMS)
∣

∣

(7)θmUTHD = 1− Pr
{

UTHDm,s(%) ≤ UTHDmax(%)
}m = 1, . . . , NLB

s = 1, . . . , NS

(8)θmUIHDh = 1− Pr
{

UIHDhm,s
(%) ≤ UIHDhmax

(%)
}m = 1, . . . , NLB

s = 1, . . . , NS

(9)θmURMS = 1− Pr
{

URMSmin
≤ URMSm,s

≤ URMSmax
}

m = 1, . . . , NLB
s = 1, . . . , NS
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determined. The optimal PV system output power at every candidate bus in the dis-
tribution system is given as follows:

where,

where xmPV  is the optimal PV system size at bus m of the distribution system, xmin
PV  and 

xmax
PV  are the minimum and maximum limits for the PV system capacity at bus m of the 

distribution network, NPV is the total number of candidate buses for PV systems on the 
distribution system, respectively.

The planning procedure stages for handling the stochastic optimization problem 
are given in the following:

	 1.	 The distribution grid data, pre-defined PV system bus allocations, and harmonic 
source current components are inputted.

	 2.	 The electricity load and solar radiation states are produced from the normal and beta 
probability density functions, respectively [59].

	 3.	 In the GA optimization framework, the population is initialized by considering the 
PV system output powers.

	 4.	 Apply the MCS algorithm by considering the present state of the electricity load and 
solar radiation (s = 1, . . . , NS) . Implement stage 7 if all solar radiation and electricity 
load states are taken into account.

	 5.	 UTHD, UIHDh, and URMS are determined at every node of the distribution grid 
by performing an admittance matrix-based harmonic power flow algorithm for sth 
state.

	 6.	 Stage 4 is performed.
	 7.	 The probabilistic distributions for UTHD, UIHDh, and URMS are evaluated.
	 8.	 The probabilistic distributions of UTHD, UIHDh, and URMS are taken into account 

for constraint violations. The constraint violation probabilities are evaluated by 
calculating the mathematical integration of probability density functions over the 
constraint violation intervals [60]. The example showing this calculation has been 
presented in Fig. 1 for the harmonic parameters. As per IEEE 519 Standards [61], 
UTHD and UIHDh maximum limits are prescribed at 5% and 3%, respectively. The 
minimum and maximum limits of URMS are 0.9  pu and 1.1  pu. As presented in 
Fig. 1, the K and M areas show the CLs and the L and N areas depict the constraint 
violation probabilities for UTHD and UIHDh, respectively. The R area shows the CL 
for URMS, while the P and S areas demonstrate the constraint violation probabilities 
for URMS.

	 9.	 The harmonic-based chance constraints are controlled based on the maintenance of 
CLs.

	10.	 With consideration of each chromosome, the total objective function is evaluated by 
dealing with the harmonic chance constraints of UTHD, UIHDh, and URMS.

(10)X =

(

x1PV , . . . , x
m
PV , . . . , x

NPV
PV

)

(11)xmin
PV ≤ xmPV ≤ xmax

PV m = 1, . . . , NPV
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	11.	 The total objective function is calculated by taking into account the penalty factors 
for multiplying with the harmonic chance constraint violations when the limits are 
not satisfied.

	12.	 When the optimization planning criteria are met, the optimal PV system sizes are 
printed. Otherwise, stage 3 is performed.

	13.	 The optimization outcomes are validated by taking into account harmonic-based 
chance constraint violations.

The flowchart of the probabilistic optimization structure is presented in Fig. 2. In 
addition, the validation stage of the determined optimization results is illustrated in 
Fig. 3.

Modelling and details of investigated cases

In the present article, first, the bus allocations, at which the PV system output pow-
ers will be integrated into the distribution system, have been inputted. The electricity 
load and solar radiation states, which have been produced by the respective prob-
ability density functions, have then been entered. The population that demonstrates 
the PV system’s capacities has been started by the GA framework in a random man-
ner. During the GA optimization approach, the PV system output powers have been 
iteratively produced for the upper level of the optimization framework. The UTHD, 

Fig. 1  The pdf of a UTHD, b UIHDh, c URMS on the distribution system
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UIHDh, and URMS at all buses have been calculated by carrying out the load flow 
approach by taking into account all electricity demand and solar radiation states in 
the MCS algorithm for the lower level of optimization framework.

The probability density functions for the harmonic power quality parameters have 
been obtained with the aid of the MCS approach. Then, the probability density functions 

Fig. 2  The flowchart of probabilistic optimization structure
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for these parameters have been considered in terms of limit violations. The value of the 
objective function has been obtained by utilizing the factors for penalizing the chance 
constraints in cases of violations. The optimal PV system output powers determined in 
GA have been achieved when the criteria of the planning process have been maintained.

In the validation stage of the results, the optimal PV system capacities and distribu-
tion system data have first been entered for verification. After that, the MCS approach 
was conducted to determine the harmonic power quality parameters by performing the 
load flow algorithm, considering all electricity demand and solar radiation states. At the 

Fig. 3  The validation stage of determined optimization results
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end of MCS, the probability density functions for these parameters have been obtained. 
Finally, the limit violation probabilities have been determined for distribution system 
constraints.

Case studies
The two different solar radiation scenarios, each having 1000 states, have been taken into 
account by generating from the beta pdf in the probabilistic chance-constrained optimi-
zation structure. The probability distributions for these solar radiation scenarios have 
been presented in Fig. 4.

In this paper, the probabilistic chance-constrained optimization structure has been 
implemented on 33 bus distribution system with a total demand of 6 MVA. The one-line 
diagram of this distribution grid is illustrated in Fig. 5.

The distribution grid electrical load, having 1000 states, has been considered by pro-
ducing from the normal pdf in the optimization structure. The produced electrical load 
standard deviation has been assumed to be 10% with regard to the original load. The 
load states are given in Fig. 6.

The nonlinear load, which is a six-pulse variable frequency drive (VFD), has been 
considered in 33 bus distribution network. The harmonic current spectrum of this non-
linear load has been taken from [57]. The nonlinear load powers and buses have been 

Fig. 4  The probability distributions for solar radiation in a scenario 1, b scenario 2

Fig. 5  The 33 bus distribution grid
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considered as shown in Table 2. The PV system and nonlinear load harmonic current 
spectra have been presented in Table 3.

Results and discussion
In this paper, the parameters of the GA optimization algorithm, which are tolerance in 
objective function, maximum number of iterations, population size, and crossover rate, 
have been chosen as 10−6, 200, 30, and 0.8, respectively. These GA parameters have been 
presented in Table 4.

The PC with a 2.80-GHz CPU has been used to perform the probabilistic optimization 
simulations. The nominal PV system output power has been considered at 500 kW for 
every candidate node in the distribution network. The PV system candidate nodes have 
been regarded as 5, 11, 16, 17, 19, 22, 24, 25, 26, 28, 30, and 32, respectively.

Scenario 1

In scenario 1, the optimal PV system output powers have been determined by consider-
ing 0.85, 0.90, 0.95, and 0.99 CLs for UTHD, UIHDh, and URMS in the probabilistic 

Fig. 6  The electrical load states of the distribution grid

Table 2  Nonlinear load buses and powers

Nodes Active power of nonlinear load (kW) Reactive power 
of nonlinear load 
(kVAR)

2 45 27

6 27 9

14 54 36

19 40.5 18

23 40.5 22.5

27 27 11.25

33 27 18
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optimization framework. The optimal capacities of PV systems have been presented in 
Table 5 for different CLs by implementing the GA optimization approach together with 
MCS.

As presented in Table 5, the optimal power outputs of PV systems have been deter-
mined to be lower on some buses. The buses at which the lower PV system output pow-
ers have been obtained by the stochastic optimization process are 19 and 22 for 0.85 
and 0.90 CLs, 5, 22, and 24 for 0.95 CL, 19, 22, and 25 for 0.99 CL. These buses have 
been limited by the harmonic-based chance constraints more than the other buses for 
the corresponding CLs.

The optimal expected power losses have been shown in Fig.  7 for different CLs in 
an iterative manner. The optimal power losses have been determined by 156.6  kW, 
160.7 kW, 163.5 kW, and 172.6 kW for 0.85, 0.90, 0.95, and 0.99 CLs, respectively. The 
obtained PV penetration levels are 67.99% for 0.85 CL, 64.84% for 0.90 CL, 58.99% for 
0.95 CL, and 54.21% for 0.99 CL. When the convergence has been provided, the number 
of GA iterations is 129, 75, 55, and 131, whereas the times for simulations are 43427.6, 
25551.0, 17863.9, and 42598.5 s for 0.85, 0.90, 0.95, and 0.99 CLs, respectively.

The optimal expected values of power losses for the higher CLs have been found 
to be greater than the lower CLs. As the CL gets lower, the total penetration level 

Table 3  Harmonic spectra

Harmonics PV system current magnitude (%) Nonlinear load 
current magnitude 
(%)

5 4.00 23.52

7 4.00 6.08

11 2.00 4.57

13 2.00 4.20

17 1.50 1.80

19 1.50 1.37

23 0.60 0.75

25 0.60 0.56

29 0.60 0.49

31 0.60 0.54

35 0.30 0.00

37 0.30 0.00

41 0.30 0.00

43 0.30 0.00

47 0.30 0.00

49 0.30 0.00

Table 4  GA parameters considered in this study

GA parameters Values

Objective function tolerance 10–6

Maximum number of iterations 200

Population size 30

Crossover rate 0.8
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increases and the stochastic constraints relax. Thus, the voltage harmonic distortions 
increase due to the increment in the hosting capacity of PV systems, which are the 
harmonic sources in the distribution grid. As the CL increases, the influence of har-
monic-based chance constraints on the total PV system capacity gets higher. In other 
words, the higher amount of total PV capacity is integrated into the distribution sys-
tem for lower CLs. The expected values of power losses are minimized by the greater 
PV penetration level. As a result, the power losses get lower as the CL decreases.

In this paper, the DE approach has also been applied to the optimization problem 
in order to compare with the results determined by GA in scenario 1. For both GA 
and DE methodologies, the optimal power losses, and optimal PV system sizes are 

Table 5  Optimal PV system capacities for different CLs

Buses x
m

PV
(kW)

For 0.85 CL For 0.90 CL For 0.95 CL For 0.99 CL

5 387.3 322.0 25.0 347.7

11 499.6 500.0 482.2 307.0

16 498.2 434.4 471.6 310.5

17 466.4 476.8 500.0 499.8

19 34.1 85.4 173.5 67.2

22 21.7 1.2 12.8 50.8

24 309.4 384.2 4.1 323.7

25 99.5 116.7 301.5 45.0

26 267.7 253.5 250.1 265.2

28 500.0 447.6 500.0 372.8

30 495.7 370.4 318.0 361.6

32 499.2 497.9 500.0 300.6

Fig. 7  The optimal expected power losses for different CLs
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presented in Table 6 together with the number of iterations and simulation times for 
the convergence. The optimal power losses have been comparatively demonstrated in 
Fig. 8 for GA and DE methods.

For scenario 1, the GA methodology has the superiorities in comparison with DE as 
presented in Table  6 and Fig.  8. For the DE algorithm, the optimal power losses have 
been obtained by 160.0 kW, 163.8 kW, 166.5 kW, and 174.5 kW for 0.85, 0.90, 0.95, and 
0.99 CLs, respectively. The DE approach requires 200 iterations when the convergence 
is maintained. In addition, the simulation times are 162436.5, 164,381.9, 156719.4, and 
156902.6 s for 0.85, 0.90, 0.95, and 0.99 CLs in the DE algorithm. GA and DE method-
ologies both converge to the optimal results. On the other hand, less computational time 
and iteration are required for GA in comparison with DE.

The maximum limits and optimal values of PV system output powers are installed 
at the distribution system for determining the limit violation probabilities in UTHD, 
UIHDh, and URMS for different CLs to validate the effectiveness of optimization results. 
This has been done by performing the admittance matrix-based harmonic power flow 
for 1000 electricity loads and solar radiation states with MCS. The limit violation prob-
abilities have been presented in Table 7.

As shown in Table  7, the harmonic-based chance constraint violations have been 
determined for UTHD and UIHD5 when integrating the maximum limits of PV sys-
tem output powers. The alleviation of limit violation probabilities has been provided by 
the optimal values of PV system output powers. The UTHD violation probabilities have 
been completely mitigated by these optimal output powers. Moreover, the IUHD5 viola-
tion probabilities have been maintained to be within their limits for 0.85, 0.90, 0.95, and 
0.99 CLs. The limit violation probabilities have not been observed for UIHDhs excluding 
the 5th harmonic and URMS before and after stochastic optimization. The harmonic-
based chance constraint violations have been satisfied within their limits by the opti-
mal PV system capacities for all CLs. The cumulative distribution functions of UTHD, 
UIHD5, and URMS at bus 14 of the distribution system have been presented in Fig. 9 
by taking into account different CLs. The bus 14 is one of the most sensitive buses for 
harmonic currents in the distribution system. As given in Fig. 9, the UTHD, UIHD5, and 
URMS violation probabilities have been obtained within the limits of the optimal PV 
system capacities.

Enhancements in minimizing harmonics and power losses are the critical and major 
issues that are faced by power networks as a result of solar PV systems and demand 
uncertainties. A variety of benefits, including reductions in these problems, can be 
offered by the incorporation of PV in the electricity grids when the PV can be integrated 
in an optimal manner. The electricity network can be potentially affected by the signifi-
cant number of PV systems hosting this network. This would make optimal power loss 
essential for ensuring the grid continues to function in a secure manner. How the appli-
cant PV systems can be deployed in terms of optimal capacities is a matter of optimal 
power loss to be resolved. Improvements in terms of power losses and harmonics-related 
issues can be observed when the appropriate planning is implemented. The problem of 
power grid loss minimization by taking into account harmonic distortion and PV system 
size scheduling has been the focus of this present study, with consideration of stochastic 
techniques.
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Scenario 2

In scenario 2, PV system capacities have been obtained by taking into account 0.85, 0.90, 
0.95, and 0.99 CLs for UTHD, UIHDh, and URMS in the stochastic optimization struc-
ture. The optimal output powers of PV systems have been illustrated in Table 8 for dif-
ferent CLs by performing a probabilistic optimization framework.

The optimal capacities of PV systems have been found to be lower on some buses. The 
buses, where the lower PV system capacities have been determined, are 5, 19, 22, 24, 25, 
and 32 for 0.85 CL; 5, 22, 24, 25, 30, and 32 for 0.90 CL; 5, 19, 22, 24, 25, 30, and 32 for 
0.95 CL; and 5, 16, 19, 22, 25, and 26 for 0.99 CL. These nodes have been restricted by 
the harmonic-based chance constraints more than the remaining buses for the corre-
sponding CLs.

The optimal expected power losses have been iteratively presented in Fig. 10 for 0.85, 
0.90, 0.95, and 0.99 CLs. The optimal power losses have been obtained as 147.5  kW, 
153.1 kW, 153.8 kW, and 162.1 kW for 0.85, 0.90, 0.95, and 0.99 CLs, respectively. The 
determined PV penetration levels are 28.59% for 0.85 CL, 28.27% for 0.90 CL, 26.91% 
for 0.95 CL, and 25.53% for 0.99 CL. When the optimization processes have converged, 
the number of GA iterations is 81, 61, 78, and 76, while the simulation times are 26691.2, 
19570.7, 25046.9, and 24067.8 s for 0.85, 0.90, 0.95, and 0.99 CLs, respectively.

The greater optimal expected values of power losses can be determined in the higher 
CLs when compared with the lower CLs. An increment in the total PV penetration level 
and relaxation in the stochastic limits are observed when the CL decreases. As a result 

Fig. 8  Comparison of optimal expected power losses obtained by GA and DE in scenario 1
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of the increase in the total PV system penetration level, the harmonic distortions get 
higher values. The limitation impact related to harmonic chance constraints on the total 
PV system penetration level increases for the higher CLs. Therefore, the total PV sys-
tem hosting capacity of the distribution network increases when the CLs decrease. The 
higher PV system penetration level can result in the minimization of optimal expected 
values of power losses. Thus, the decrease in the CLs can minimize the power losses.

In scenario 2, DE methodology has been implemented to the optimization problem for 
comparing the outcomes obtained by GA. The optimal power losses, optimal PV system 
capacities, number of iterations, and simulation times are illustrated in Table 9 by using 
GA and DE methods. The optimal power losses have been presented in Fig. 11 for GA 
and DE algorithms.

Table 7  Limit violation probabilities for harmonic parameters

Buses Limit violation probabilities

For xmax

PV
x
m

PV
 for 0.85 CL x

m

PV
 for 0.90 CL x

m

PV
 for 0.95 CL x

m

PV
 for 0.99 CL

UTHD UIHD5 UIHD5 UIHD5 UIHD5 UIHD5

1 0.0000 0.3680 0.0110 0.0010 0.0000 0.0000

2 0.0000 0.3842 0.0113 0.0017 0.0000 0.0000

3 0.0000 0.4200 0.0150 0.0040 0.0000 0.0000

4 0.0000 0.4423 0.0210 0.0080 0.0000 0.0000

5 0.0000 0.4754 0.0299 0.0090 0.0000 0.0000

6 0.0000 0.5515 0.0380 0.0171 0.0040 0.0000

7 0.0000 0.5718 0.0410 0.0234 0.0040 0.0010

8 0.0020 0.6370 0.0570 0.0338 0.0090 0.0010

9 0.0050 0.6750 0.0726 0.0420 0.0130 0.0010

10 0.0060 0.7216 0.0870 0.0540 0.0258 0.0010

11 0.0070 0.7282 0.0880 0.0562 0.0270 0.0020

12 0.0070 0.7444 0.0926 0.0592 0.0290 0.0030

13 0.0080 0.7982 0.1346 0.0925 0.0397 0.0090

14 0.0130 0.8301 0.1500 0.1000 0.0500 0.0100

15 0.0130 0.8270 0.1500 0.1000 0.0500 0.0100

16 0.0130 0.8260 0.1494 0.1000 0.0500 0.0100

17 0.0157 0.8227 0.1460 0.0969 0.0486 0.0100

18 0.0157 0.8227 0.1460 0.0969 0.0486 0.0100

19 0.0000 0.3867 0.0120 0.0020 0.0000 0.0000

20 0.0000 0.3823 0.0120 0.0020 0.0000 0.0000

21 0.0000 0.3808 0.0120 0.0020 0.0000 0.0000

22 0.0000 0.3752 0.0120 0.0020 0.0000 0.0000

23 0.0000 0.4280 0.0180 0.0050 0.0000 0.0000

24 0.0000 0.4251 0.0162 0.0050 0.0000 0.0000

25 0.0000 0.4242 0.0160 0.0050 0.0000 0.0000

26 0.0000 0.5562 0.0400 0.0190 0.0040 0.0000

27 0.0000 0.5619 0.0400 0.0230 0.0040 0.0010

28 0.0000 0.5819 0.0410 0.0240 0.0040 0.0010

29 0.0000 0.5934 0.0443 0.0270 0.0040 0.0010

30 0.0000 0.6007 0.0480 0.0290 0.0040 0.0010

31 0.0010 0.6304 0.0530 0.0308 0.0080 0.0010

32 0.0010 0.6369 0.0556 0.0330 0.0087 0.0010

33 0.0026 0.6480 0.0610 0.0350 0.0090 0.0010
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For scenario 2, the GA approach has the advantages when compared to DE as illus-
trated in Table  9 and Fig.  11. By using the DE algorithm, the optimal power losses 
have been determined as 151.6 kW, 153.7 kW, 154.4 kW, and 164.6 kW for 0.85, 0.90, 
0.95, and 0.99 CLs, respectively. In the DE algorithm, 200 iterations are needed for 
the convergence. Furthermore, the simulation times are 158997.6, 154804.7, 154941.2, 
and 152802.6 s for 0.85, 0.90, 0.95, and 0.99 CLs for the DE approach. Both GA and 

Fig. 9  The cumulative distribution functions of harmonic parameters at bus 14 of the distribution grid

Table 8  Optimal PV system capacities for different CLs

Buses x
m

PV
(kW)

For 0.85 CL For 0.90 CL For 0.95 CL For 0.99 CL

5 22.1 86.7 6.8 56.8

11 129.6 355.7 377.7 152.0

16 431.2 284.4 316.7 78.2

17 143.7 200.1 210.3 283.8

19 4.3 119.6 89.8 95.8

22 15.6 0.6 0.9 15.8

24 6.7 13.6 0.8 191.5

25 14.1 14.6 5.6 24.9

26 250.0 130.6 249.0 18.3

28 246.1 340.9 217.5 146.0

30 364.0 62.4 45.7 229.6

32 87.5 86.2 92.9 238.5
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DE algorithms converge to the optimal outcomes. However, GA requires less compu-
tational time and iteration when compared with DE.

For obtaining the limit violation probabilities in harmonic parameters for different 
CLs, the maximum and optimal values of PV system capacities are integrated into the 
distribution grid to verify the efficacy of optimization outcomes. The limit violation 
probabilities have been illustrated in Table 10. As presented in Table 10, the harmonic 
chance constraint violations have been obtained for UTHD, UIHD5, and UIHD7 by 
installing the maximum limits of PV system capacities. In this scenario, the limit vio-
lation probabilities for maximum values of PV system output powers are greater than 
those in scenario 1. The reason is that the solar radiation conditions in scenario 2 are 
higher when compared to those in scenario 1. The limit violation probabilities have 
been minimized by the optimal PV system capacities. The violation probabilities of 
UTHD have been completely alleviated by these optimal capacities. In addition, the 
violation probabilities of UIHD5 have been satisfied to be within the limits for differ-
ent CLs. Before and after the probabilistic optimization process, the harmonic limit 
violation probabilities have not been seen for URMS and UIHDhs except for the 5th 
and 7th harmonics.

The cumulative distribution functions corresponding to UTHD, UIHD5, and URMS 
at bus 14 have been given in Fig. 12. As presented in Fig. 12, the UTHD, UIHD5, and 
URMS violation probabilities have been determined within their limits by the optimal 
PV system output powers.

When the optimal PV system sizes, which are obtained by GA for 0.99 CL, are 
integrated into the distribution network, the results of the harmonic load flow have 
been presented in Table 11 for scenario 2. It is worthy to note that these results have 
been obtained in the validation stage of optimization outcomes. During the valida-
tion stage, the optimal PV system sizes are installed at the distribution system, and 

Fig. 10  The optimal expected power losses for different CLs
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the harmonic load flow analysis is performed for 1000 solar radiation and electric-
ity load states under MCS. The harmonic power quality parameter results presented 
in Table  11 represent the outcomes, which are determined by performing the har-
monic load flow for one of the solar radiation and electricity load states. These results 
include UTHD, UIHDhs for 5th through 49th harmonics, and URMS. As shown in 
Table 11, the harmonic load flow results are within their limits, which are prescribed 
by IEEE 519 Standards.

Power losses and harmonic distortions are critical topics and significant issues faced 
by the electricity network. In today’s electricity networks, it is vital to handle continu-
ally rising electricity consumption while ensuring consistent energy supply to consum-
ers by minimizing power losses and preserving harmonic constraints even in cases of 
uncertainty. This is because current electricity grid management is faced with enormous 
problems. The electricity network is now run in very difficult circumstances as a result 
of increasing consumption, which in turn affects the functioning of the grid. As a result 
of that, the network’s regime is altered by increasing power losses and harmonic distor-
tions. In order to avoid power outages and grid breakdowns, both safety and confidence 
in the network are necessarily enhanced by the planning.

To reduce grid network losses, a suitable planning framework is important. Optimiz-
ing the PV system capacity allows for the minimization of both power losses and voltage 
harmonic distortions under stochastic and chance-constrained planning. On the other 
hand, the increase in these problems can be caused by insufficient planning, which can 

Fig. 11  Comparison of optimal expected power losses obtained by GA and DE in scenario 2
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then give rise to significant issues. Therefore, the PV systems need to be sized in the 
most effective manner. The PV system capacities are scheduled, and harmonic-based 
chance constraints are met simultaneously in the process of minimizing power losses.

The positive points of proposed methodology

In this study, the positive points of the proposed methodology are as follows:

1.	 This paper implements the chance-constrained optimization to obtain optimal sizes 
of PV systems in distribution networks considering power loss and harmonic power 
quality parameters under a probabilistic programming framework by taking into 
account various CLs and solar radiation scenarios.

Table 10  Limit violation probabilities for harmonic parameters

Buses Limit violation probabilities

For xmax

PV
x
m

PV
 for 0.85 CL x

m

PV
 for 0.90 CL x

m

PV
 for 0.95 CL x

m

PV
 for 0.99 CL

UTHD UIHD5 UIHD7 UIHD5 UIHD5 UIHD5 UIHD5

1 1.0000 1.0000 0.9720 0.0000 0.0000 0.0000 0.0000

2 1.0000 1.0000 0.9720 0.0000 0.0000 0.0000 0.0000

3 1.0000 1.0000 0.9780 0.0000 0.0000 0.0000 0.0000

4 1.0000 1.0000 0.9780 0.0010 0.0000 0.0000 0.0000

5 1.0000 1.0000 0.9820 0.0010 0.0000 0.0000 0.0000

6 1.0000 1.0000 0.9867 0.0060 0.0010 0.0010 0.0000

7 1.0000 1.0000 0.9870 0.0060 0.0010 0.0010 0.0000

8 1.0000 1.0000 0.9920 0.0170 0.0110 0.0030 0.0000

9 1.0000 1.0000 0.9920 0.0330 0.0190 0.0040 0.0000

10 1.0000 1.0000 0.9940 0.0550 0.0260 0.0120 0.0010

11 1.0000 1.0000 0.9940 0.0600 0.0270 0.0140 0.0010

12 1.0000 1.0000 0.9940 0.0630 0.0320 0.0159 0.0020

13 1.0000 1.0000 0.9950 0.1103 0.0720 0.0360 0.0070

14 1.0000 1.0000 0.9950 0.1497 0.1000 0.0497 0.0100

15 1.0000 1.0000 0.9950 0.1479 0.0992 0.0480 0.0100

16 1.0000 1.0000 0.9950 0.1429 0.0968 0.0460 0.0100

17 1.0000 1.0000 0.9960 0.1392 0.0935 0.0450 0.0090

18 1.0000 1.0000 0.9960 0.1392 0.0935 0.0450 0.0090

19 1.0000 1.0000 0.9724 0.0000 0.0000 0.0000 0.0000

20 1.0000 1.0000 0.9730 0.0000 0.0000 0.0000 0.0000

21 1.0000 1.0000 0.9733 0.0000 0.0000 0.0000 0.0000

22 1.0000 1.0000 0.9750 0.0000 0.0000 0.0000 0.0000

23 1.0000 1.0000 0.9780 0.0000 0.0000 0.0000 0.0000

24 1.0000 1.0000 0.9780 0.0000 0.0000 0.0000 0.0000

25 1.0000 1.0000 0.9780 0.0000 0.0000 0.0000 0.0000

26 1.0000 1.0000 0.9870 0.0060 0.0010 0.0010 0.0000

27 1.0000 1.0000 0.9870 0.0060 0.0010 0.0010 0.0000

28 1.0000 1.0000 0.9880 0.0070 0.0030 0.0010 0.0000

29 1.0000 1.0000 0.9890 0.0080 0.0050 0.0010 0.0000

30 1.0000 1.0000 0.9899 0.0099 0.0060 0.0010 0.0000

31 1.0000 1.0000 0.9900 0.0150 0.0090 0.0030 0.0000

32 1.0000 1.0000 0.9900 0.0170 0.0130 0.0030 0.0000

33 1.0000 1.0000 0.9905 0.0204 0.0140 0.0030 0.0000
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2.	 This study applies MCS together with GA to handle uncertainties. The pdfs for 
UTHD, UIHDh, and URMS have been determined for performing a chance-con-
strained framework.

3.	 The uncertain impacts of PV systems on network losses for different solar radiation 
conditions are considered. This paper evaluates these influences within the frame-
work of probabilistic constraints.

4.	 This study shows a considerable contribution by implementing GA and MCS in a 
combined methodology. The optimal PV system capacity problem has been consid-
ered in the distribution system by proposing a chance-constrained framework.

5.	 In this study, the use of stochastic chance constraints in the planning of solar PV 
systems within the distribution network, as opposed to relying only on deterministic 
constraints, has the potential to enhance power efficiency and reliability.

6.	 MCS-embedded GA methodology has been compared with DE in terms of demon-
strating the effectiveness of the proposed approach.

7.	 Both GA and DE have converged to optimal results. However, GA has required less 
computational time and iteration when compared to DE for scenarios 1 and 2.

In this paper, the stochastic optimization approach has been suggested for enhanc-
ing the performance of active distribution systems with uncertainties. The stochastic 
optimization method includes power loss minimization and optimal PV system sizes as 
important issues. In the present article, chance-constrained programming has been con-
sidered when optimally minimizing power losses and determining optimal PV system 

Fig. 12  The cumulative distribution functions of harmonic parameters at bus 14 of the distribution grid
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Table 11  The harmonic load flow results in 33 bus distribution network

Buses UTHD UIHD5 UIHD7 UIHD11 UIHD13 UIHD17 UIHD19 UIHD23 UIHD25
1 2.8459 2.3913 1.0947 0.6623 0.6344 0.3736 0.3404 0.1501 0.1352

2 2.8537 2.3979 1.0977 0.6642 0.6362 0.3746 0.3413 0.1506 0.1356

3 2.8827 2.4218 1.1097 0.6708 0.6425 0.3786 0.3452 0.1522 0.1372

4 2.9005 2.4357 1.1173 0.6750 0.6466 0.3817 0.3483 0.1536 0.1386

5 2.9192 2.4504 1.1254 0.6794 0.6510 0.3849 0.3517 0.1551 0.1402

6 2.9680 2.4879 1.1459 0.6909 0.6626 0.3944 0.3621 0.1599 0.1456

7 2.9832 2.4988 1.1515 0.6952 0.6674 0.3984 0.3664 0.1622 0.1480

8 3.0349 2.5377 1.1718 0.7091 0.6821 0.4095 0.3781 0.1680 0.1540

9 3.0666 2.5615 1.1843 0.7177 0.6911 0.4165 0.3854 0.1716 0.1577

10 3.0994 2.5859 1.1972 0.7266 0.7006 0.4238 0.3931 0.1755 0.1617

11 3.1040 2.5894 1.1990 0.7278 0.7018 0.4247 0.3940 0.1760 0.1622

12 3.1127 2.5962 1.2023 0.7301 0.7042 0.4264 0.3957 0.1768 0.1630

13 3.1642 2.6343 1.2212 0.7449 0.7202 0.4385 0.4081 0.1834 0.1697

14 3.1912 2.6535 1.2311 0.7531 0.7293 0.4456 0.4155 0.1874 0.1737

15 3.1911 2.6521 1.2321 0.7527 0.7290 0.4465 0.4172 0.1880 0.1747

16 3.1916 2.6507 1.2337 0.7525 0.7289 0.4478 0.4193 0.1887 0.1758

17 3.1912 2.6465 1.2355 0.7512 0.7280 0.4508 0.4246 0.1906 0.1790

18 3.1912 2.6465 1.2355 0.7512 0.7280 0.4508 0.4246 0.1906 0.1790

19 2.8558 2.3998 1.0985 0.6646 0.6366 0.3747 0.3413 0.1505 0.1355

20 2.8547 2.3994 1.0983 0.6640 0.6358 0.3740 0.3406 0.1500 0.1350

21 2.8544 2.3993 1.0982 0.6639 0.6357 0.3739 0.3404 0.1499 0.1349

22 2.8539 2.3990 1.0981 0.6637 0.6353 0.3736 0.3400 0.1497 0.1347

23 2.8885 2.4275 1.1116 0.6719 0.6433 0.3786 0.3449 0.1519 0.1367

24 2.8857 2.4264 1.1110 0.6705 0.6415 0.3768 0.3429 0.1506 0.1354

25 2.8850 2.4261 1.1109 0.6701 0.6410 0.3763 0.3423 0.1502 0.1350

26 2.9721 2.4909 1.1479 0.6917 0.6635 0.3952 0.3630 0.1603 0.1461

27 2.9779 2.4952 1.1507 0.6930 0.6646 0.3963 0.3643 0.1608 0.1467

28 2.9906 2.5030 1.1584 0.6943 0.6658 0.3998 0.3698 0.1628 0.1499

29 3.0024 2.5103 1.1644 0.6964 0.6681 0.4034 0.3748 0.1649 0.1529

30 3.0093 2.5147 1.1679 0.6979 0.6696 0.4053 0.3773 0.1660 0.1543

31 3.0271 2.5268 1.1750 0.7024 0.6746 0.4102 0.3830 0.1688 0.1576

32 3.0333 2.5310 1.1774 0.7040 0.6764 0.4120 0.3852 0.1699 0.1589

33 3.0429 2.5382 1.1807 0.7072 0.6798 0.4143 0.3872 0.1712 0.1600

Buses UIHD29 UIHD31 UIHD35 UIHD37 UIHD41 UIHD43 UIHD47 UIHD49 URMS
1 0.1285 0.1315 0.0445 0.0440 0.0431 0.0426 0.0417 0.0413 1.0004

2 0.1289 0.1319 0.0446 0.0441 0.0432 0.0427 0.0418 0.0414 0.9976

3 0.1305 0.1335 0.0455 0.0450 0.0441 0.0437 0.0428 0.0424 0.9849

4 0.1321 0.1352 0.0465 0.0461 0.0453 0.0449 0.0442 0.0438 0.9785

5 0.1339 0.1371 0.0476 0.0473 0.0467 0.0463 0.0457 0.0454 0.9722

6 0.1403 0.1440 0.0522 0.0521 0.0521 0.0520 0.0520 0.0519 0.9562

7 0.1431 0.1470 0.0538 0.0538 0.0539 0.0540 0.0540 0.0541 0.9528

8 0.1499 0.1543 0.0575 0.0577 0.0581 0.0583 0.0587 0.0588 0.9412

9 0.1541 0.1588 0.0598 0.0602 0.0608 0.0611 0.0616 0.0618 0.9359

10 0.1586 0.1637 0.0623 0.0628 0.0637 0.0640 0.0648 0.0651 0.9310

11 0.1591 0.1643 0.0626 0.0631 0.0640 0.0644 0.0651 0.0654 0.9303

12 0.1601 0.1652 0.0630 0.0635 0.0644 0.0648 0.0656 0.0659 0.9290

13 0.1675 0.1734 0.0664 0.0671 0.0684 0.0689 0.0700 0.0705 0.9234

14 0.1721 0.1785 0.0685 0.0693 0.0708 0.0715 0.0728 0.0734 0.9213

15 0.1735 0.1798 0.0702 0.0711 0.0728 0.0735 0.0750 0.0756 0.9204

16 0.1750 0.1814 0.0721 0.0731 0.0750 0.0759 0.0775 0.0782 0.9199
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sizes in the distribution network. This has been done by performing GA methodology 
with a stochastic framework.

The UTHD, UIHDh, and URMS, which are obtained by harmonic load flow analysis, 
have been regarded as the chance constraints. These harmonic power quality param-
eters have been determined by taking into account the admittance matrix-based har-
monic power flow analysis, which has been proposed in [57]. This harmonic power flow 
analysis method has been shown to present reliable and accurate results, as discussed 
in [57]. In this manner, the harmonic power flow analysis methodology, which has been 
applied in this present paper, has also presented meaningful results while implementing 
the chance-constrained stochastic approach.

In this study, the frameworks of GA and DE methodologies, together with the MCS 
approach, have been carried out for optimal execution of power loss minimization and 
determination of optimal PV system sizes. The planning has been performed under 
different scenarios of solar radiation. In [62], it has been shown that GA can discover 
meaningful results, and this methodology requires less computational time and itera-
tion when compared with DE. In the related study, both GA and DE methodologies have 
been shown to present optimal results. Therefore, the GA and DE optimization results 
are meaningful and reliable in terms of optimal power losses, optimal PV system sizes, 
simulation times, and iterations when applying the stochastic optimization framework 
in this present paper.

Conclusions
This study addresses the challenge of optimal power loss within a stochastic optimiza-
tion framework, accounting for variations in load consumption and solar energy pro-
duction in a distorted distribution network across diverse solar radiation scenarios. As 
the installation of substantial solar power production grows, the strategic planning of 
optimal power loss becomes crucial for the reliable and financially sustainable operation 

Table 11  (continued)

17 0.1794 0.1858 0.0774 0.0787 0.0812 0.0824 0.0846 0.0857 0.9189

18 0.1794 0.1858 0.0774 0.0787 0.0812 0.0824 0.0846 0.0857 0.9183

19 0.1287 0.1317 0.0445 0.0440 0.0430 0.0425 0.0416 0.0411 0.9971

20 0.1281 0.1310 0.0441 0.0436 0.0425 0.0420 0.0410 0.0405 0.9935

21 0.1279 0.1308 0.0440 0.0435 0.0424 0.0419 0.0408 0.0403 0.9928

22 0.1276 0.1305 0.0439 0.0433 0.0422 0.0417 0.0406 0.0400 0.9922

23 0.1298 0.1327 0.0449 0.0444 0.0434 0.0429 0.0420 0.0415 0.9812

24 0.1281 0.1307 0.0440 0.0434 0.0422 0.0416 0.0404 0.0399 0.9747

25 0.1275 0.1301 0.0438 0.0431 0.0419 0.0412 0.0400 0.0393 0.9717

26 0.1409 0.1446 0.0527 0.0527 0.0527 0.0527 0.0527 0.0527 0.9546

27 0.1417 0.1454 0.0534 0.0534 0.0535 0.0536 0.0537 0.0538 0.9526

28 0.1463 0.1502 0.0590 0.0594 0.0604 0.0609 0.0619 0.0624 0.9435

29 0.1503 0.1545 0.0630 0.0638 0.0653 0.0661 0.0677 0.0685 0.9365

30 0.1520 0.1563 0.0646 0.0655 0.0673 0.0682 0.0700 0.0709 0.9337

31 0.1562 0.1609 0.0676 0.0687 0.0709 0.0720 0.0741 0.0752 0.9300

32 0.1578 0.1627 0.0687 0.0699 0.0722 0.0734 0.0757 0.0768 0.9293

33 0.1591 0.1641 0.0687 0.0699 0.0722 0.0734 0.0757 0.0768 0.9289
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of power grids. Minimizing power loss while considering harmonic distortions can be 
achieved through a stochastic approach. Optimizing the size of PV systems while adher-
ing to harmonic-based chance constraint limitations is a viable solution to this issue. The 
simulation results presented in this paper lead to essential conclusions.

•	 As the CLs increase, the optimal power losses also rise. The increment in the total 
PV system capacity and the decrease in the limitation impact of harmonic-based 
chance constraints are observed in the lower CLs.

•	 The increasing total PV system capacity gives rise to greater voltage harmonic distor-
tions. The total PV system penetration level can be limited by the harmonic chance 
constraints in higher CLs more than in lower ones.

•	 Hence, the lower CLs can provide the distribution system with a higher PV system 
penetration level, which in turn has a minimization impact on the optimal expected 
values of power losses. Therefore, the lower CLs can result in the minimization trend 
of power losses.

•	 The harmonic-based chance constraints are maintained to be within their limits by 
the optimal PV system capacities for all CLs under different solar radiation scenarios 
using the MCS and GA-based approaches.

•	 In scenario 1, the optimal power losses for GA methodology have been determined 
by 156.6 kW, 160.7 kW, 163.5 kW, and 172.6 kW for 0.85, 0.90, 0.95, and 0.99 CLs, 
respectively. For the DE algorithm, the optimal power losses have been obtained 
by 160.0 kW, 163.8 kW, 166.5 kW, and 174.5 kW for 0.85, 0.90, 0.95, and 0.99 CLs, 
respectively. GA and DE methodologies both converge to the optimal results for sce-
nario 1.

•	 In scenario 2, the optimal power losses for GA have been obtained as 147.5  kW, 
153.1 kW, 153.8 kW, and 162.1 kW for 0.85, 0.90, 0.95, and 0.99 CLs, respectively. By 
using the DE algorithm, the optimal power losses have been determined as 151.6 kW, 
153.7 kW, 154.4 kW, and 164.6 kW for 0.85, 0.90, 0.95, and 0.99 CLs, respectively. 
Both GA and DE algorithms converge to the optimal outcomes for scenario 2.

•	 When the convergence has been provided for scenario 1, the number of GA itera-
tions is 129, 75, 55, and 131, whereas the times for GA simulations are 43427.6, 
25551.0, 17863.9, and 42598.5 s for 0.85, 0.90, 0.95, and 0.99 CLs, respectively. The 
DE approach requires 200 iterations when the convergence is maintained. In addi-
tion, the DE simulation times are 162436.5, 164381.9, 156719.4, and 156902.6 s for 
0.85, 0.90, 0.95, and 0.99 CLs in the DE algorithm. Thus, less computational time and 
iteration are required for GA in comparison with DE in scenario 1.

•	 When the optimization processes have converged in scenario 2, the number of GA 
iterations is 81, 61, 78, and 76, while the GA simulation times are 26691.2, 19570.7, 
25046.9, and 24067.8 s for 0.85, 0.90, 0.95, and 0.99 CLs, respectively. In the DE algo-
rithm, 200 iterations are needed for the convergence. Furthermore, the DE simula-
tion times are 158997.6, 154804.7, 154941.2, and 152802.6 s for 0.85, 0.90, 0.95, and 
0.99 CLs for the DE approach. Hence, GA requires less computational time and iter-
ation when compared with DE in scenario 2.
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PV	� Photovoltaic
MCS	� Monte Carlo Simulation
GA	� Genetic algorithm
DE	� Differential evolution
pdf	� Probability density function
UTHD	� Total voltage harmonic distortion
UIHDh	� Individual voltage harmonic distortion
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DG	� Distributed generation
CL	� Confidence level
VFD	� Variable frequency drive
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