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Abstract— This paper presents a novel method to improve the efficiency of active distribution networks (ADNs) by optimal placement
of distributed energy resources (DERs) and utilizing the unused capacity of inverter-interfaced photovoltaic (PV) units for reactive power
compensation. After investigating the mathematical model of PV systems, wind turbines, other non-renewable distributed generations, energy
storage systems, and responsive loads, a genetic algorithm (GA)-based approach is used to find the optimal placement and allocation of all
units. The modeling also takes into account the uncertainty of PV units and wind turbines to represent real-world operational conditions
more accurately. Additionally, although the IEEE 33-bus system is used to formulate the presented method, one can easily extend it to
any other network with an arbitrary number of buses. The effectiveness of the proposed method is verified by designing three different
scenarios. The simulation results obtained based on MATLAB clearly show the capability of the proposed method to improve the voltage
profile and the cost of losses in ADN. This is done by properly utilizing the excess capacity of inverter-interfaced PV units as a static
compensator (STATCOM), even in the absence of sunlight. The findings indicate that the inclusion of DERs and PV-STATCOM results to a
notable enhancement of approximately 68.46% in power losses reduction and around 65% in the voltage deviation minimization.
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1. INTRODUCTION system can be used to provide 24-hour voltage control during

Future distribution networks require the use of new structures critical network conditions [8].

that lead to the presentation of the concept of microgrids and smart

- ¢ ot the If the excess capacity of the inverter is used as a STATCOM, the
electrical networks in the distribution network [1]. Factors such as

voltage of the network buses can be improved even in the absence

the expectations of consumers to receive high-quality and reliable of sunlight. In the event of no compensation, the voltage of ADN
electrical energy have increased the desire of policymakers in the buses falls within the allowed range only during daylight hours.
ﬁ.eld‘ of the electrl_cuy industry to utlllze renewable energies and This leads to the possibility of some buses having out-of-range
distributed generations (DGs) aloqg with energy storage systems voltages during periods of sunlight deficiency. Thus, employing
(ESSs) .[23 3]. Furthermore,_growmg_ concerns about greenhouse STATCOM can prove beneficial for enhancing ADN operation [9].
gas emissions and encouraging distribution network operators to
invest in advanced and more efficient technologies have given rise Reactive power compensation is one of the tools for minimizing
to the emergence, development, and evolution of active distribution energy costs and quick return of invested capital. STATCOM can
networks. [4, 5]. be used for voltage regulation or power factor correction, ultimately
An ADN consists of several DERs and control systems that to maintain voltage stability. When the network voltages drop
interactively work to maintain the safe and economic operation of significantly, the STATCOM has to work at its maximum capacity,
the network in order to manage energy optimally. The use of DERs and its reactive power remains constant despite further voltage
at the level of distribution networks can have many technical and drops. Therefore, it can be deduced that in out-of-acceptable-range
economic benefits for distribution networks [6, 7]. voltages, the STATCOM exhibits a constant-current characteristic
The use of clean renewable DERs is growing worldwide in [10].
order to produce electricity with less environmental impact. One ) ) .
of the most popular and influential types of these resources is PV In this study, in addition to PV-STATCOM, other DERs such
solar energy. However, the utilization of this energy source poses a as non-renewable DG, ESS, wind turbine (WT), and demand-side
major challenge due to its low efficiency. In order to improve and participation in the form of responsive load (RL) are considered.
solve the efficiency problems of the solar PV system, a system ESS can participate in energy management on the demand side by
with a smart PV inverter is usually used as a static compensator charging energy in low-peak hours with low electricity tariffs and
(PV-STATCOM) in the distribution network, where the PV inverter injecting energy in high-peak hours with high electricity tariffs,
can be controlled as a dynamic reactive power compensator. This thus gaining profit through arbitrage. Also, the participation of the

demand response in the form of RL can significantly help energy
management during peak hours [11].
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The presence of DERs, such as WT and PV systems, can affect
energy management and improve ADN’s technical and economic
objectives. It should be noted that these DERs have an intermittent
nature, leading to an indeterminate power output. Thus, it is

DOL: 10.22098/j0ape.2024.14681.2123 imperative to employ advanced mathematical methodologies to
Research Paper calculate the expected definite power of these DERs for optimal
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1.1. Literature review

In Ref. [8], the integration of grid-connected PV systems that
use DERs to reduce active and reactive power demand from the
grid has been investigated. This research has tried to develop the
integration of PV-STATCOM for VAR compensation with other
renewable DERs. Ref. [9] presents a strategy for a novel smart
inverter PV-STATCOM, in which a PV inverter can be controlled
as a dynamic reactive power compensator. In the proposed strategy,
during the periods when there is a fault in the network, the inverter
in the photovoltaic system can be used to adjust the reactive
power and improve the voltage profile. In Ref. [10], the authors
present a synchronverter-based PV system as PV-STATCOM. In
this model, the inverter can exchange active and reactive power
with the distribution networks. In the presented model, reactive
power compensation is used for the whole day, even at nighttime.
The utilization of PV inverters in power distribution systems
as PV-STATCOM during nighttime operations is investigated
in Ref. [11]. This study utilizes a novel method, namely the
hunter—prey optimization (HPO) algorithm, for optimal allocation
of PV-STATCOM devices in distribution systems. Inspired by
animal hunting behavior, HPO introduces several scenarios for
how animals behave when hunting, some of which are randomly
expanded. The findings of this study underscore the potential of
PV-STATCOMs as an effective solution for improving network
performance.

Ref. [12] presents a novel non-linear optimization approach
for implementing an energy management strategy in distribution
networks. The main objective of the presented method is the
efficient utilization of PV-STATCOM units for the dynamic
compensation for active and reactive power produced by each
renewable energy resource. However, the presence of other energy
resources at the distribution network level has been neglected.

Ref. [13] points out that solar farms, despite the substantial
investments in infrastructure, are generally non-operational at
night. However, utilized as a PV-STATCOM unit, solar farms can
unlock their full potential by actively participating in the regulation
of voltage during critical periods of high power demand. The
study introduces an optimized smart inverter for reactive power
compensation in distribution networks. The proposed method
ensures effective regulation of current and voltage, along with
reactive power control.

The coordinated operation between a distribution network and
distribution-level microgrids is addressed in Ref. [14], which
introduces a distributed robust optimization method for the energy
management of microgrids to reduce the operating cost of the
distribution network.

Although the studies mentioned above, along with various other
papers in the literature, have provided innovative methods to
address various technical and economic challenges in the energy
management of distribution networks, most of them fail to address
the presence of PV-STATCOM with the purpose of attaining the
desired voltage profile of ADN, considering minimized daily loss
cost. Moreover, the simultaneous participation of RLs and other
DERs in order to observe the impact of each DER in improving
the goals of ADNSs has yet to be investigated.

1.2. Contributions

The primary objectives of this research includes the strategic
positioning and application of DERs within an ADN, with a focus
on maximizing their operational efficiency and enhancing reactive
power generation. The proposed methodology herein elucidates
the synergistic impact of PV-STATCOM in conjunction with other
DERs in ameliorating diurnal energy losses and enhancing voltage
stability. Subsequent section undertakes a comprehensive scrutiny
of the proposed model. The following points can be considered as
novel contributions of this study:

o Offering energy management strategies in ADN to develop

operation studies to achieve the technical and economic
goals;

o Analyzing the received signals of the ADN and adjusting
DER'’s optimum commitments accordingly;

o Minimizing the cost of daily losses and improving the voltage
profile at each time period;

o Utilizing the unused capacity of inverter-interfaced PV
units as PV-STATCOM with the purpose of reactive power
compensation;

o Optimizing the DER’s day-ahead operation.

1.3. Organization of the manuscript

The remainder of the paper is organized as follows: in Section
2 describes the proposed strategy. Mathematical formulations are
specified in Section 3. In Section 4 defines different cases related
to the simulation results. Finally, in Section 5 presents the
conclusions related to the results.

2. PROPOSED ENERGY MANAGEMENT APPROACH

The proposed energy management strategy is based on the
complete ADN model, considering the presence of renewable
and non-renewable DERs and also RLs to represent demand-side
impact. The main objective of the current study is to design an
energy management strategy to improve the voltage profile and
reduce the daily loss costs of the ADN. This involves minimizing
a defined cost function while considering the power constraints
of the ADN components. In the proposed strategy, when needed,
the PV-linked inverters can act as a STATCOM and participate
in reactive power compensation by dynamically injecting reactive
power.

Moreover, it is possible to achieve minimum energy cost for
the ADN itself at each time period by considering the time-of-use
prices. Therefore, the results obtained from each DER are sent to
the ADN operator to optimize ADN objectives. Additionally, the
remaining capacity of the PV inverter is utilized to correct the
power factor of the network. However, the entire capacity of the
inverter is used for STATCOM operation during the nighttime. This
study uses the genetic algorithm, a meta-heuristic optimization
algorithm, to solve the multi-objective optimization problem and
minimize the objective function.

3. MATHEMATICAL FORMULATION OF THE
PROPOSED STRATEGY

The following sections will cover the formulation of
mathematical equations associated with the DERs in the ADN and
the objective function. Subsequently, a detailed description of each
equation is provided.

3.1. Objective function modeling

Since the primary objective of this study is the optimal
placement and allocation of DERs in an ADN, ensuring their
efficient use and improving reactive power injection, it is necessary
to priory formulate technical and economic objectives as a multi-
stage optimization problem. Therefore, as stated in the formula
below, the objective function consists of two terms: the first term
denoted by OF} is to reduce the cost of ADN’s daily losses, and
the second term denoted by OF5 is to improve the hourly voltage
profile in a daily planning.
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Where Costy, and Houry, in the first term represent the amount
of electricity price and the number of time intervals of the h*"
hour, respectively. The second term of the objective function is
the sum of hourly voltage deviations from the per-unit nominal
voltage for all buses. V; 5, is the ‘" bus voltage value at the h*"
hour. Also, Ry and I, indicate the resistance and current of the
bt" branch, respectively.

The following constraint regulates the permissible voltage profile
for all buses in the ADN. For the substation bus, the voltage
magnitude is considered to be equal with 1p.u. Therefore:

Vmin S ‘Vi,h‘ S Vmaz: Vz,h (3)
Vinl=1pu Vh

3.2. Energy storage system modeling

The following equation refers to the amount of energy stored
in the ESS and the amount of energy injected into the ADN.
Therefore, the following equation should be considered [15].

> Hourp X Pgisssh =

h€hg;s )
ch
Z Hourh X PIZ?SS]L X PESS
hehcp,

Where Pgisssh and Pghssh show the amount of discharging
and charging power by ESS during the A" hour, respectively.
Additionally, prss is the efficiency of ESS which is considered to
be % 80. The maximum acceptable daily charge of the ESS can
be considered as follows:

ch Capacity
g Hourp X Pgss, X p< Eggg )
h€h,p,

Where E§5e2**"Y shows the maximum permissible existing
energy of the ESS. Likewise, the maximum and minimum
acceptable rates for ESS charging and discharging at each hour A
can be calculated as follows:

0 < Piés, , Pilss, < Pess Vh (6)

3.3. Distributed generation modeling

Grid code connection requires DGs to have obligatory
contributions in reactive power support. Therefore, DG should be
operated with an adaptive power factor. The power constraints of
DGs can be expressed as follows:

¢ = PPY x tan(arcos(PFPY))  Vh )

Pigin <PYC < Pilnias  Vh (8)

Towin < QRS < Qhhas  Vh ©)

VPP +(@QPS)? < sBS. wh (10)

PFPC = L Yh 1)
J(@por+@per)

PFy5in < PFYC < PF 0, Vh (12)

Where, PP¢ and QP¢ are the DG’s active and reactive power
dispatch at ht" hour, respectively. S2S. denotes the maximum
apparent power capacity of the DG. Also, PF] f ¢, and PF, f C e
are the minimum and maximum permissible power factor of the
DG at the h*" hour.

3.4. Responsive load modeling

The RL’s percentage of load reduction (% per) will reduce both
active (Pn,rr) and reactive power (Qn,rr) [16, 17]. Therefore,
RL is supposed to have a constant power factor (PE;'). The
related equations to the RL’s participation and the corresponding
adaptive power factor are stated below.

Vh ¢ perp
(13)

x Sy,  Vhepery
(14)

d 12 _ PER(%)
) - 100

Py ri

1/2
(Ph,R,L + Qh,RL)

PFy r1= = cte Vh &€pern, (15)

Qn.rL = tan(cosfl(PFh,RL)) X P, rr  VYhe€per, (16)

In this study, the type of RL is the direct load control (DLC),
which reduces the percentage of load in certain hours by the ADN
operator, while RL consumers receive an incentive plan from the
ADN operator for reducing their load.

3.5. Wind turbine modeling

The choice of wind turbine location in an ADN relies on the
wind speed in a specific area. A WT’s output power also varies,
depending on the wind speed at a given site [18]. In this modeling,
the power produced by a WT is considered to have a Rayleigh
probability density function (PDF). Therefore:

2 x Vi)

PDF(V;) = ¢ Vi

oz exp(f(ch)2) Vh 17

h

Where V}, and C}, are the terms related to the wind speed and
the scale factor of the Rayleigh PDF at the h'" hour, respectively.
The value of C}, is modeled as follows after determining the mean
value of wind speed (V}, _ ) at each hour, which is obtained
from the historical information of the location.
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Vimean = J (Vo X PDF(V},) x dV},) =

T (2xv2) ’ Vv, \2 N (18)

of Tﬁhexp(—(c—:) ) x dV, = ¥ x Cy  Vh
Cp=1128xV,, . Vh (19)

In order to convert the probabilistic value into the expected
value of the WT generated power, the Rayleigh PDF value of each
hour is divided into 10 discrete states. According to the modeling
and performed calculations, the WT’s generated power at each
state is obtained according to the following equation:

c
Ovmean S vin
c

Ymean “Vin w, . C
v —ve X Py Vin < Umean < Urated
rated in

w c
Pr VUrated < Umean < Ugyt
c
Ovout S Umean

Ph(w) =

(20)

Where P’ and Pp(w) are the rated and generated power
value of the WT. vg,;, v5,, and v,qteq are the parameters related
to the maximum, minimum, and the nominal speed of the WT,
respectively.

The probability of each discrete state to obtain the expected
power is modeled as follows:

Pn
Aon = / PDF(V,) x don Vs,ho (21
©

n—1

Where, ¢, and ¢,_1 are related to the limits of each discrete
state at each hour h. Therefore, the expected output power of the
WT at each hour is modeled according to the following equation:

PhWTfexp ected _ Z ()\s,h X Ph,e(w)) Vh (22)
seS

3.6. Photovoltaic system modeling

The allocation of PV system at the level of ADN as renewable
DER is one of the requirements of the active management of the
demand side. This has a positive effect on energy management,
voltage control, and the use of inverter capacity in reactive power
injection. Therefore, in order to model the PV system, the solar
radiation parameters for every hour of the day should be considered
for the location of the PV system. Solar radiation for each hour
can be calculated using a beta PDF based on historical data as
follows [19, 20]:

e x tan(arcos(P
pPV—STAT _'
! =

QPV*.S‘TAT _ PPvaTAT
{ max B

h
Pv_srar PV-_STAT
Q <Q

\/(P’f?VfSTAT)Q + (Q§V—STAT)2 < anrzq;erter Vh € hpv
(30)

PF;V_STAT _
P}I:’V—STAT

\/((PfV—STAT>2+<Q5V—STAT>2)

Vh € hy, — GD

[ (on) =
Pt (o ) Osensl,
(o) +T(8r) (% X Ph an,Bfn 20
0 (otherwise)
Vh € hpy

(23)

Where f5 (¢r) is a random variable of solar radiation (kw/m?)
at each hour of sunlight (h € hp,). In this equation, o, and Sy, are
related to the value of parameters of the PDF, which are modeled
as the following equations to determine the mean and standard
deviation of solar radiation at each hour of sunlight.

Bn = (1—pn) x (W - 1) Vh € hpy  (24)
h
an = % Vh € hypy 25)

In order to calculate the expected value of the generated power
of the PV system, each hour has 10 discrete states and the Beta
PDF is generated with this statement. Therefore, the probability of
each discrete state can be modeled as follows:

Pn
As,h - / fB ((Ph,s) X d‘Ph,s Vs,h S hpv (26)
@

n—1

Here, ¢, and ¢,_1 are solar irradiance limits of state s. The
PV system generated power at each discrete state is expressed as
follows:

PPV (0sn) =107V x 87" X o Vs, h € hpy  (27)

Where, n*V and SPV are the efficiency of solar panels and
the total area of the panels, respectively. Therefore, the expected
generated power (kw/hour) of the PV system across any hours of
sunlight can be modeled as a follow.

p, PV —expected _ Z ()\S’h x PPV (o) )
seS

Vh € hpe

(28)

3.7. PV-STATCOM system modeling

The utilization of the PV system’s inverter as a STATCOM
throughout different time periods has the potential to boost the
PV system’s efficiency by generating reactive power. The power
constraints of PV-STATCOM regarding the amount of reactive
power injection during sunlight and non-sunlight hours, along with
power factor limitations are stated in following.

FPVZSTATY)  VYh € by, 29)
Vh ¢ hpy
PV —-STAT PV —-STAT PV —-STAT
PFh,min S PFh S PFh,mam (32)

Vh € hpo

It should be noted that during the hours of sunlight, the PV
system is able to generate active power and reactive power, but
during no sunlight hours, the PV system only generates the reactive
power required by the ADN through the STATCOM.
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3.8. Load flow modeling

Technical controls should be checked to ensure that the ADN is
in optimal operation status or not [21-23]. By receiving the data
from ADN and DERs, the operator can investigate the power flow.
The purpose of load flow is to obtain the voltage of each bus of
the ADN at each hour. The modeling related to active and reactive
power load flow is considered as the following equations.

Pg . + PhDG + Ph’RL + P’YVT—exp ected+
PV —STAT ch —
P — Pgss, — Pr, = (33)

h
Z Pij(‘/;,hv‘/},hvnjaaij) VheESSCh

JEQ;

Py, +Pgi§S;L+Pf?G+Ph,RL+

W T —exp ected — A
Py, pect +P:V STT_PLh: dis (34)
Z P,éj(%,h}‘/j,hyyijagij) Vh € ESS
JEy
Qgh + QEG + Qh,RL + vajSTAT - QL;n1 =
Z Q” (Vi,hy Vj,ha Yij7 01‘_7) Vh (35)

i€y

Here, Py, , Qg ,, Pij and Q;; are the amount of active and
reactive power inputs to the ADN and the amount of active and
reactive power injected to each bus at the A*" hour, respectively. i
and j are related to ADN buses. Y;; and Q);; are (4, j) element of
admittance matrix and the related angle, respectively.

4. NUMERICAL RESULTS
4.1. Input data

The proposed strategy was applied to a modified version of
33-bus 12.66-kV ADN given in [24]. The distribution network
with all DERs is shown in Fig. 1.

—_——

Where to connect ?

Distribution Systemo(@rator
Data center (Bso), F wT
SP_» M 2352

PV-STATCOM

Fig. 1. IEEE 33-bus ADN.

The study examines results over a 24-hour period, assuming
each hour has its peak load and electricity price, as depicted in
Figs. 2 and 3.

12345678 9101112131415161718192021222324

X Hour .
e Active Power i ReaCtiVE POWeT

Fig. 2. ADN load profile.

This study was designed for a brief duration, encompassing a
single day. The chosen temporal increments were set at one hour,
resulting in a total of 24 time periods within the day.

To investigate the impact of the demand side, one bus is
determined as RL with constant PF (PF=0.85) which could be

0.8
0.6
Z 04
@
0.2
0
123456 78 9101112131415161718192021222324
Hour
Fig. 3. ADN electricity price.
Table 1. The DERs data.
DG Active power 800KW
Power factor 085 < PF <1
Capacity 1000kwh
ESS Power 1000kw
Efficiency p=0.85
Power 500kw
PV Area SPY = 4000m?
Efficiency nPV =18.6%
WT Power 800KW
Wind speed v = 3m/s, v5,, =12m/s, Vrated = 26m/s
STATCOM  Power factor 085 < PF <1

reduced by ADN operator up to 30% at hours when the energy
consumption is above 70%. DERs’ parameters are given in Table
1.

According to [20], solar irradiance occurs during the time
frame of 7 AM to 6 PM. Expected output power of the PV in
day-ahead operation is shown in Fig. 4. However, the utilization
of the PV system inverter as a STATCOM serves to enhance the
overall efficiency of the photovoltaic system by contributing to the
generation of reactive power.

500
400
5 300
200
100

0
123456 7 8 91011121314151617 1819 20 21 22 23

Hour

Fig. 4. Expected output power of the PV.

15
Il Il

5
0
1234567 8 9101112131415161718192021222324
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Fig. 5. Mean wind speed.

800

600
2 400
200

0
1234561789 10111a33r1415161718192021222324

Fig. 6. Expected output power of the WT.

The mean hourly wind speed and expected output power of
the WT in day-ahead operation are shown in Figs. 5 and 6,
respectively.

4.2. Simulation results

In order to verify the effectiveness of the proposed method,
three different cases are simulated. In case 1, none of the DERs
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Table 2. The results in case 1.

Parameter Value
OF) = PEost 2076.5
OF; =VPD 32

OFrotal 1054.2
Pross 3454.6kw

Minimum Voltage 0.86p.u

Table 3. The results of GA in case 2.

DER type Bus number

DG 28
ESS 23
WT 15
RL 26

are present in the distribution network. In the second case, the
effect of the presence of DERSs in the improvement of the objective
functions is investigated, and in the third case, the effect of the
addition of PV-STATCOM in the improvement of the objective
functions is studied. In the following, the obtained simulation
results are provided and explained.

Table 4. Results of the objective functions in the case 2.

Parameter Value Percentage
OF, = PEost 1021.4% -50%
OF; =VPD 17.7 -44.68%
OFrotal 519.5 -50.72%
Pross 1687.9kw -51.14%
Minimum Voltage 091p.u +5.81%
800
% 600 17 ;
§400, ; ,g’ﬁ 33&?1#? p
B J 3002 0aa A kh it A5AL AN AL
o AARARANARAARNLBAAIANAZANS
12345678 9101112131415161718192021222324

Hour
~ Active Power 4 Reactive Power

Fig. 11. Active and reactive power of DG in case 2.
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Fig. 7. Minimum bus voltage in case 1.
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Fig. 8. Active power loss in case 1.
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Fig. 9. Minimum bus voltage in case 2.
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Fig. 10. ADN load profile in case 2.

A) Case 1: Without DERs and PV-STATCOM

This case explores the results in the absence of DERs. The

results for case 1 are given in Table 2.

As shown in the Table, the initial objective function attains a
value of 2076.5$, while the subsequent objective function registers

0
123456 7 8 91011121314151617 18 192021222324
Hour

Fig. 12. ESS operation in case 2.

20
X
10

123 456 7 8 91011121314151617 18192021 22 23 24
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Fig. 13. RL optimal power schedule in case 2.
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2338599995998 1
Oﬁﬁﬁﬁa,ﬁz-yadd EEEEEFEEE]
12345678 9101112131415161718192021222324
=Casel . Case2 Hour

Fig. 14. Active power loss in case 2.

a value of 32. Notably, the minimum voltage obtained in this case
stands at 0.86p.u, surpassing the conventional threshold range. The
results of this case will serve as a benchmark for comparison with
other cases. Fig. 7 shows the bus number related to the minimum
ADN bus voltage at each hour.

According to the findings depicted in this figure, the voltage
range consistently exceeds the established norm across the majority
of temporal hours. Specifically, at 14, a minimum voltage of
0.89p.u is recorded at bus 18, surpassing the conventional threshold.
Fig. 8 illustrates the daily power losses for each hour. The data
indicates that the amount of power loss is correlated with the
ADN’s power consumption.

Based on the data presented in this figure, there is a positive
correlation between peak energy consumption periods and elevated
network losses within the system, indicating a direct relationship
between high demand and increased energy dissipation.

B) Case 2: With DERs and without PV-STATCOM

This case focuses on the situations when the ADN contains
DERs, without taking the PV-STATCOM into account. Table 3
shows the optimal location of DERs based on GA in this case.

The values of the objective functions, daily power loss and the
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Table 5. Simulation and experimental parameters.

DER type Bus number
DG 31
ESS 11
WT 17
RL 30
PV-STATCOM 13

Table 6. Results of the objective functions in the case 3.

Parameter Value Percentage
OF, = PEost 654.8% -68.46%
OFy, =VPD 11.2 -65%

OFrotal 333 -68.40%

PrLoss 1110.5kw -67.85%
Minimum Voltage 0.95p.u +10.46%

minimum bus voltage in case 2 are given in Table 4. As can
be seen, DERs incorporation could reduce the objective functions.
The data clearly demonstrates a 50% improvement in the first
objective function value, a 44.68% amelioration in the secondary
function value, and an approximate 5.81% enhancement in the
minimum voltage value observed in the second case. Fig. 9 shows
the number related to the minimum ADN bus voltage at each hour.

As Shown in the figure, the minimum bus voltage rises compared
to case 1, yet it fails to consistently stay within the permissible
range during certain hours, thus the voltage profile is improved.
Furthermore, the active and reactive power consumptions of the
ADN are shown in Fig. 10.

The comparison of Fig. 2 and Fig. 10 elucidates that within
case 2, the inclusion of DERs has precipitated a reduction in
the energy consumption of the distribution system. The optimal
dispatch of DG, charging and discharging of ESS, and the power
schedule of RL at each hour are shown in Figs. 11-13.

As shown in these figures, according to the price of electricity
and the amount of consumption, DERs are dispatched to address
the ADN’s demand requirements and meet the technical constraints.
In Fig. 11, the power injection by DG at various temporal hours
is contingent upon the exigencies of the distribution system and
the optimization criteria. Fig. 12 unequivocally illustrates that
the operational conduct of ESS is predicated on the pricing
dynamics associated with electricity charging and discharging,
where charging activities are undertaken during periods of low
price and off-peak hours. Furthermore, Fig. 13 elucidates the
requisite contribution from participation RL towards enhancing the
optimization objectives during peak consumption intervals and in
alignment with the distribution network requirements.

The active power loss of the ADN is shown in Fig. 14.
Examining the figure also reveals that when power consumption
rises, the power loss of the ADN rises as well, as the branch
currents increase accordingly.

The comparative analysis of active power losses between
case 1 and case 2 is depicted in the aforementioned figure,
revealing a reduction in distribution network losses from 400kw to
approximately 200kw during the peak consumption hour at 16.

C) Case 3: With DERs and PV-STATCOM

Considering the last case, where the incorporation of DERs had
a beneficial impact on enhancing voltage profile and reducing the
objective function, yet the minimum bus voltage occasionally fell
outside the acceptable range, this final case aims to explore the
impact of incorporating a PV-STATCOM on voltage profile and the
overall performance of the system. The optimal DER placement
using the GA in case 3 is given in Table 5.

By comparing Table 3 and Table 5, it becomes evident that
the integration of PV-STATCOM results to a shift in the optimal
placement of DERs. Table 6 presents the values of the objective
functions when PV-STATCOM is utilized. Examining this table
reveals that incorporating DERs and PV-STATCOM concurrently

Fig. 15. Minimum bus voltage in case 3.
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Fig. 21. STATCOM generated power in case 3.

enhances the objective functions. The minimum ADN bus voltage
for each hour is illustrated in Fig. 15.

Table 6 demonstrates a noteworthy enhancement of 68.46% in
power losses reduction and a substantial 65% advancement in
voltage deviation minimization. Furthermore, there is a discernible
amelioration of approximately 10.46% in the minimum voltage
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levels across distribution buses.

It is worth mentioning that the reactive power compensation
by PV-STATCOM positively impacts the improvement of objective
functions compared to case 2 and helps maintain voltage within
acceptable range. Fig. 16 displays the ADN load profile in case
3. As shown in this figure, the ADN has a smoother load
profile compared to case 1 and case 2. Considering DERs and
PV-STATCOM manage the load profile in peak load hours and use
PV-STATCOM with the aim of optimizing the objective functions
during the hours when the cost of the electricity price is high.

Figs. 17-19 display the ESS operation, the active and reactive
power generated by the DG, and the power schedule of RL at
each hour, respectively.

As per Fig. 17 shows, the operational dynamics of ESS are
harmonized in alignment with energy price variations and load
demands, all in pursuit of optimizing the specified objective
functions. Fig. 18 illustrates the DG operation in response to
the system’s exigencies, exhibiting fluctuations in their utilization
across distinct hours. Moreover, Fig. 19 demonstrates the active
involvement of RL during peak consumption periods within the
network framework. Notably, at 15, there is a documented RL
participation rate of approximately 30%, while at 19, this is
diminished to around 20%, reflecting the adaptive nature of RL
integration in accordance with distribution network requisites.

The active power loss of ADN is shown in Fig. 20. It is evident
that the power loss of the ADN in each hour, similar to other
cases, depends on the power consumption.

Fig. 21 illustrates the hourly variation in reactive power
generated by STATCOM in response to the variations in the
ADN’s condition. At hour 1, the reactive power output of the
PV-STATCOM stands at approximately 140 kvar, whereas by
hour 7, it registers a reduced value of around 70 kvar. This
discernible difference in power generation underscores the adaptive
comportment of the PV-STATCOM in response to the exigencies
and operational requisites of the distribution system.

5. CONCLUSION

Due to growing energy needs driven by global developments and
technological advancements, managing energy in ADNs for optimal
utilization of DERs has become crucial. This study addresses this
need by proposing a GA-based optimal placement and power
allocation strategy based on efficient mathematical modelling and
considering the integration of DERs and PV-STATCOM units. The
proposed method leverages the unoccupied capacity of PV-linked
inverters as STATCOM (PV-STATCOM) to reduce daily loss
cost and improve voltage profile within the ADN. This approach
allows for better utilization of the PV systems even during non-
sunlight hours by enabling reactive power compensation through
PV-STATCOM. Simulations conducted in MATLAB demonstrate
the effectiveness of the proposed approach. The findings from the
investigation in these cases have demonstrated that the integration
of DERs and PV-STATCOM within the distribution system yields
a notable enhancement of 68.46% and 65% in power losses
and voltage deviation minimization, respectively. Furthermore,
from a technical perspective pertaining to the distribution system,
a substantial advancement of approximately 10.46% has been
realized in the minimum voltage levels.
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