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Integrating solar photovoltaic (PV) into distribution systems makes it hard to keep the 
voltage within permissible limits, which can lead voltage regulating devices such as on-
load tap changing transformers (OLTC) to operate excessively to maintain voltage 
profiles. In this paper, a multi-objective cuckoo search algorithm (CSA) technique called 
optimal voltage regulation (OVR) scheme is demonstrated for systems with real-time high 
PV penetration. The method works best with designed coordinated schemes, such as PV, 
D-STATCOMs, and OLTC. The paper has two parts: one for hour-to-hour decisions and
one for 15-min time slots. The first part looks at how to divide power between PV and
other tools to keep voltages close to the desired level and to cut losses. The second part
checks the system for changing load and solar irradiance conditions, keeps the total score
low, and helps the system work better. Testing on a model of a standard 33-bus test system 
presents this coordination technique can save power and make the system operate
smoothly with real-time varying solar and load profiles by keeping voltage within
boundaries across all nodes and optimally operate OLTC 130 times a day and 365 times
for 15-min intervals. The paper also investigates the integration of batteries to analyze its
impact on the distribution system. The outcomes of the designed technique enhance system 
efficiency by improving the voltage profile and reducing losses and OLTCs cycles.
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1. INTRODUCTION

Environmental concerns are a main reason for this, so power 
systems today are adding renewable energy resources (RERs) 
that are spread out, like photovoltaic (PV) panels and wind 
energy. The high resistance impedance ratio R/X of these 
distribution feeders, along with changes in renewable output 
or sudden load shifts, such as electric vehicle (EV) charging, 
can cause voltage to swing quickly. This rapid change causes 
on-load tap changing transformers (OLTC) and capacitors to 
switch often, which shortens their life span. Various voltage 
regulation approaches have been suggested to manage this, 
depending on the type of control used, which can be grouped 
into decentralized, centralized, and distributed control [1]. 

Decentralized control, which is the simplest and most 
common method, determines voltages based only on local 
voltage data [2, 3]. But it is not the best, especially as 
distributed energy resources (DERs) near their control limits 
[4, 5]. Centralized control uses all data from the system to 
optimize reactive power flow [6, 7]. Still, limited 
communication infrastructure and limited scalability in active 
distribution systems hinder this method [8]. 

Distributed voltage control is a way to balance decentralized 
and central control can get info from nodes nearby [9, 10]. 

Still, many today use offline methods they need a while to 
finish and then change the control signals for this reason, 
online algorithms are needed they can change the control 
signals on the fly based on measured data [11]. Some online 
distributed algorithms are out there [12, 13], but they only look 
at DERs they don’t work with the older regulators like OLTC 
[14]. Without a proper plan, the control errors may 
significantly affect system stability, it is why coordinated 
controls are so important [15]. 

Volt/VAR control (VVC) is generally split into local and 
centralized options [16]. Local VVC works by reading voltage 
levels nearby, making it quick and easy but not able to get full 
system control. On the other hand, centralized control uses 
global data like network info and load/RES predictions to have 
many devices work together for better voltage control [17]. 
Because they are mechanical and react slowly, traditional 
VVC devices like capacitor banks (CBs) and OLTCs run the 
risk of wearing out with continuous operation [12-15]. 
Because power electronics-based solutions, such as D-
STATCOMs and static voltage compensators (SVCs) provide 
significantly faster response times and greater reactive power 
injection flexibility, they are better suited to dynamic grid 
conditions. 

This work presents a way to control the best tap positions in 

Journal Européen des Systèmes Automatisés 
Vol. 59, No. 6, June, 2026, pp. 1799-1810 

Journal homepage: http://iieta.org/journals/jesa 
 

1799

https://orcid.org/0009-0000-1515-8394
https://orcid.org/0000-0001-7289-2771
https://orcid.org/0000-0002-6397-4529
https://orcid.org/0000-0003-4523-3361
https://orcid.org/0009-0007-1691-5618
https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.590624&domain=pdf


 

a transformer by using a modified multi-objective cuckoo 
search algorithm (CSA) method. Main points include the best 
real-time solar power and load distribution for the hours of the 
day and the 15-minute periods in a day, the control of voltage 
in a utility system and the coordination of voltage, modeling 
for the setup DGs grids, and how to reduce losses. The 

proposed algorithm optimally locates, sizes, and coordinates 
DGs and D-STATCOMs with tap settings, validated through 
performance evaluation on the IEEE 33-bus assessment 
system. The overall framework of the voltage regulation 
planning process is presented in detail in Figure 1 below. 

 

 
 

Figure 1. Refinement perception in voltage regulation arrangement 
 
 
2. LITERATURE REVIEW 
 

The ideal dimensions and placement of DGs to maintain 
voltage steadiness and minimize power waste throughout 
fluctuating loads were proposed by the study [12] with a 
voltage stability margin index. In the study [18], grey wolf 
optimization (GWO) was utilized to regulate the best position 
of RERs to mitigate voltage variations and reactive power 
losses. The whale optimization technique described in the 
study [13] was applied to maximize RERs capacity while 
lowering power losses and improving voltage profiles. A two-
step strategy in the study [14] discovered optimal PV and D-
STATCOM sitting and sizing, considering seasonal solar 
irradiance and demand, utilizing a voltage sensitivity index 
and a hybrid optimization algorithm. In a multi-objective 
harmony search method reduced energy loss, voltage 
variation, and cost in an active distribution network [15-17]. 

To minimize tap movements and losses during low load 
conditions, a configuration with two parallel transformers was 
proposed by Zhang et al. [19], and Yuvaraj et al. [18] 
introduced various reactive power management strategies, 
including the use of a four-quadrant energy storage system 
with sensitivity-based voltage control, validated on an 
industrial feeder, and the control of parallel OLTC and PV 
systems. Additionally, the Cuckoo optimization technique can 
be applied for optimal placement of D-STATCOMs alongside 
DGs [18]. A coordinated voltage control strategy 
incorporating OLTC and generator contributions was also 
suggested in the study [19]. Abdel-Rehman et al. [20] 
improved voltage regulation by coordinating slower OLTC 
with faster SVCs, adjusting the reference voltage after 
disturbances to stabilize the system and reduce SVCs reactive 
power. However, this process relies exclusively on local 
voltage measurements and lacks optimal coordination between 
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OLTC and SVCs. In the study [20], a multi-level model for 
distribution network expansion with high RERs and storage 
penetration was developed using Pareto-based swarm 
optimization to reduce costs, increase RERs integration, and 
enhance reliability. Furthermore, Liu et al. [21] proposed a bi-
level model to allocate wind, solar, and storage in a 33-node 
system to minimize power purchases and losses. In the study 
[22], NSGA-II was used for optimal wind-BESS scheduling, 
and D-STATCOMs mitigated PV-induced fluctuations 
affecting OLTC operation [23, 24] Voltage management 
through the collaboration of DGs and OLTC was examined by 
the study [16] by employing a distributed gradient method. In 
the study [25], a zoned control scheme divides the distribution 
network into areas, each containing OLTC and DGs. In the 
study [26], the focus was on optimal coordination between 
DGs and voltage control devices, whereas the study [17] 
explored the coordination of capacitors and under-load tap 
changer (ULTC) through a genetic algorithm to minimize 
switching actions. Coordination with D-STATCOMs was 
overlooked, and the research was confined to small balanced 
systems. Driven by the studies [9, 15, 23, 24], this research 
avoids reliance on complex optimization tools. Unlike prior 
research with fixed power factor DGs and hourly time frames, 
we analyze real-time-variant solar irradiance and load 
measured every 15 minutes. We use the CSA and measure 
OLTC switching cycles separately. This paper presents an 
OVR scheme for radial distribution systems by high PV 
saturation. OVR uses PV, D STATCOMs, batteries, and 
OLTC to bring voltage and loss level to the best point for the 
system while keeping OLTC operations low and limiting 
voltage deviation. It makes sure the devices work well 
together, stops the voltage from going out of bounds, and cuts 
back and forth over the limit often, which could help increase 
the life of the voltage regulation apparatus. 
 
 
3. PROBLEM FORMULATION AND METHODOLOGY 

 
Consistent function and dependable provision remain the 

foremost goals of any power system. The literature highlights 
the standing of adequate directives in grid-connected RERs 
structures to enhance the voltage contour and ensure system 
steadiness through minimal voltage controller devices [26]. 
Figure 2 illustrates the drift of info required towards 
addressing the optimization delinquent. The subsequent 
subcategories detail the multifunctional optimization method 
suggested in this study. The OLTC, illustrated in Figure 1, 
stands a mechanism utilized towards control voltage by 
altering a twisting to meet operational requirements whereas 
the transformer is energized and underloaded. The oil reservoir 
of the transformer’s tap modifier apparatus has linking facts 
for adjustable shot proportions that could be certain in separate 
increments. The transformer’s downriver bus voltage stays 
improved by picking the optimal beat location, which involves 
2 to 10 seconds to adjust the beat setting. The default tap 
settings of the OLTC are generally uniform crosswise different 
constructers devices, such that raising the tap position leads to 
an increase in the quantity of primary turns, subsequently 
boosting the secondary voltage of the transformer and; 
consequently, the voltage downstream. Contrastingly, the 
downstream voltage is lowered by reducing the tap area. If bus 
voltages endure inside admissible operating confines, the 
generators, transformers and reactive sources of power in the 
arrangement can placate the kvar load prerequisite. Yet, as 

soon as the bus is profoundly laden, the bus voltage might 
surpass the acceptable voltage pose boundary, compelling the 
tap to recurrently alteration its location to maintain relentless 
bus voltage echelons. The voltage on the operative turn 
proportion of the OLTC could stay articulated as in Eq. (1), by 
the distinct transformer taps operational perimeter. Wherever 
𝑉𝑉𝐿𝐿𝐿𝐿
𝑡𝑡𝑡𝑡𝑡𝑡  and 𝑉𝑉𝑈𝑈𝑈𝑈

𝑡𝑡𝑡𝑡𝑡𝑡  stay the inferior and superior voltage 
limitations, Viset stay the anticipated voltage level. 

 
VTap,i(t)

= �
VTap,i(t)            if VLB ≤ Viset(t) ≤ VLB   

1 + Tappos,i(t) ∆Vstep if Viset(t) < VLB      
1 − Tappos,i(t) ∆Vstep if Viset(t) >  VLB     

 (1) 

 
Let it be assumed that “N” is the entire quantity of buses in 

a power grid, then “T” embodies the overall period, although 
∆t is the time step. The power equilibrium calculation at time 
“t” in each bus could be inscribed for instance, 

 

� PDGi(t) + �PGi(t)
N

i=1

N

i=1

= � PDi(t)
N

i=1

+ ��Pij(t)
N

j=1

N

i=1

 
 

(2) 

 
The distribution load flow (DLF) technique in Eq. (8) is 

adapted to yield DGs group into interpretation as adverse 
loads; henceforth, it could be inscribed for example in Eq. 
(11). Here, the dynamic loads are rationalized in apiece 
reiteration of the power stream 

 
�P − PDGi� − fP(V, δ) = 0 (3) 

 
The time-varying load archetypal discussed in this research 

combines residential, industrial and commercial loads. Hourly 
and 15-minute interval load variations for these models are 
considered in the load stream study. Real and reactive power 
heaps are modelled according to the equations. 

 

P = P° �∝ �
V
V°
�
npr

+ β �
V
V°
�
npc

+ γ �
V
V°
�
npi
� (4) 

 

Q = Q° �∝ �
V
V°
�
nqr

+ β �
V
V°
�
nqc

+ γ �
V
V°
�
nqi
� (5) 

 
The projected optimization method's multi-objective 

function in Eq. (6) seeks to maximize DGs and reduce the 
swapping sequences of the OLTC. Simultaneously, keeping 
the voltage levels inside ordinary operational restrictions to 
ensure power steadiness. Taking this into account, processes 
inspired by nature are utilized to address the optimization 
issue. It is important to mention that in this study, the cuckoo 
search algorithms have been enhanced to incorporate 
conditional values, referred to as the proportion of swelling 
voltage eccentricity to the extreme functioning boundary of 
OLTC.  
 

Minimize MF = ��PTL(t) + �Taptpos,i(t)
G

i

T

t

+ �(Vi(t)− VRef)
N

i

� 

(6) 

 
where, PTL , Taptpos,i , (Vi(t) − VRef)  are overall power 
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fatalities, entire tap changed location “recognized as the 
overall number of substituting sequences” and voltage 
aberrations crossways buses.  
 

 
 

Figure 2. Overall methodology flowchart of cuckoo search 
algorithm (CSA) 

 
3.1 Radial load flow 

 
Orthodox Newton-Raphson methods and fast-decoupled 

load stream stand generally employed for resolving 
transmission systems. These approaches rely on resolving the 
Jacobian matrix or using the Z-matrix method. Toward resolve 
load stream approaches grounded on the Jacobian matrix, the 
contrary of the Jacobian matrix necessity be. Yet, in nearly 
belongings, the Jacobian matrix turns into singular due to the 
high resistance to reactance (R/X) percentage of distribution 
lines. Further, Z-matrix grounded load stream procedures 
require a set of calculations comparative to the sum of buses, 
thus demanding supplementary properties and time. This 
requirement led to the change of radial load flow (RLF) 
procedures. 

The Teng technique is known as a direct approach for 

resolving centrifugal and faintly mesh systems. This approach 
is focused on building two derivative matrices: branch 
injection to branch current (BIBC), and branch current to bus 
voltage (BCBV). For circulation grids, the correspondent 
current inoculation constructed model structures as more 
practical. For bus 𝑖𝑖, the composite load 𝑠𝑠𝑖𝑖 is articulated by 

 
𝑠𝑠𝑖𝑖 = (𝑃𝑃𝑖𝑖 + 𝑗𝑗𝑄𝑄𝑖𝑖)𝑖𝑖 = 1,2 … … . .𝑁𝑁 (7) 

 
And the conforming comparable current inoculation at the 

𝑛𝑛 − 𝑡𝑡ℎ reiteration of explanation is 
 

𝐼𝐼𝑖𝑖𝑛𝑛 = 𝐼𝐼𝑖𝑖𝑟𝑟(𝑉𝑉𝑖𝑖𝑛𝑛) + 𝑗𝑗𝐼𝐼𝑖𝑖𝑖𝑖(𝑉𝑉𝑖𝑖𝑛𝑛) = �
𝑃𝑃𝑖𝑖 + 𝑗𝑗𝑄𝑄𝑖𝑖
𝑉𝑉𝑖𝑖𝑛𝑛

� (8) 

 
where, 𝑉𝑉𝑖𝑖𝑛𝑛 and 𝐼𝐼𝑖𝑖 𝑛𝑛 are the bus voltage and equitant bus current 
inoculation at 𝑛𝑛 − 𝑡𝑡ℎ  reiteration, and 𝐼𝐼𝑖𝑖 𝑟𝑟 𝐼𝐼𝑖𝑖𝑖𝑖 are the real and 
imaginary portions of the conforming current inoculation of 
bus at the 𝑛𝑛 − 𝑡𝑡ℎ reiteration, correspondingly. 

The affiliation among the bus current inoculations and 
subdivision currents can be expressed as 

 
[𝐵𝐵] = [𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵][𝐼𝐼] (9) 

 
where, BIBC is the bus-injection to branch-current (BIBC) 
matrix. The relentless BIBC matrix is a superior deltoid matrix 
and comprises principles of 0 and 1 solitary.  

Additionally, the affiliation among branch currents and bus 
voltages can be written as 

 
[∆𝑉𝑉] = [𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵][𝐵𝐵] (10) 

 
where, BCBV is the branch-current to bus-voltage (BCBV) 
matrix. 

From Eq. (9), Eq. (10) can be inscribed as  
 

[∆𝑉𝑉] = [𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵][𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵][𝐼𝐼] (11) 
 
During backward sweep, the modification in voltage w.r.t 

the root node V1 is calculated consuming the calculation 
below. 

 
[∆𝑉𝑉] = [𝐷𝐷𝐷𝐷𝐷𝐷][𝐼𝐼] (12) 

 
And the resolution for distribution load stream could 

advance by explaining Eq. (8) iteratively 
 

𝐼𝐼𝑖𝑖 𝑛𝑛 = 𝐼𝐼𝑖𝑖𝑟𝑟(𝑉𝑉𝑖𝑖𝑛𝑛) + 𝑗𝑗𝐼𝐼𝑖𝑖𝑖𝑖(𝑉𝑉𝑖𝑖𝑛𝑛) = �
𝑃𝑃𝑖𝑖 + 𝑗𝑗𝑄𝑄𝑖𝑖
𝑉𝑉𝑖𝑖𝑛𝑛

� (13a) 

 
[∆𝑉𝑉𝑛𝑛+1] = [𝐷𝐷𝐷𝐷𝐷𝐷][𝐼𝐼𝑛𝑛] (13b) 

 
[∆𝑉𝑉𝑛𝑛+1] = [𝑉𝑉𝑜𝑜] + [∆𝑉𝑉𝑛𝑛+1] (13c) 

 
The conjunction principles of the Teng method remain 

specified as 
 
𝑀𝑀𝑀𝑀𝑀𝑀 [|𝑉𝑉𝑖𝑖𝑛𝑛| − |𝑉𝑉𝑖𝑖𝑛𝑛−1|] < 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑛𝑛

= 1,2,3,⋯𝑁𝑁 (14) 

 
 
3.2 Constraints 
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𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖(𝑡𝑡) ≤ 𝑇𝑇𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖

𝑚𝑚𝑚𝑚𝑚𝑚  (15) 
 

𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑉𝑉𝑖𝑖(𝑡𝑡) ≤ 𝑉𝑉𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚  (16) 
 

𝐵𝐵𝐵𝐵𝐵𝐵2 ≤ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵 ≤ 𝐵𝐵𝐵𝐵𝐵𝐵𝑁𝑁 (17) 
 
𝑃𝑃𝐷𝐷𝐷𝐷 ,𝐵𝐵𝐵𝐵,𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐷𝐷 ,𝑘𝑘(𝑡𝑡) ≤ 𝑃𝑃𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑘𝑘 = 1, 2, … ,𝑚𝑚 (18) 
 

�𝑃𝑃𝑃𝑃𝑃𝑃
𝑁𝑁𝑁𝑁𝑁𝑁

𝑑𝑑=1

≤�𝑃𝑃𝑑𝑑𝑑𝑑(𝑖𝑖) 
𝑛𝑛𝑛𝑛

𝑖𝑖=1

 (19) 

 
𝑄𝑄𝐷𝐷𝐷𝐷𝐷𝐷,𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷,𝑘𝑘(𝑡𝑡) ≤ 𝑃𝑃𝐷𝐷𝐷𝐷𝐷𝐷,𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑘𝑘 = 1, 2, … ,𝑚𝑚 (20) 
 

� 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁

𝑑𝑑=1

≤�𝑄𝑄𝑑𝑑𝑑𝑑(𝑖𝑖)
𝑛𝑛𝑛𝑛

𝑖𝑖=1

 (21) 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) ≤ 𝐶𝐶𝐶𝐶𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 (22) 

 

𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡) = ��
∑ �𝑉𝑉𝑖𝑖(𝑡𝑡) − 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅�𝑁𝑁
𝑖𝑖 𝑅𝑅𝑅𝑅

∑ �𝑉𝑉𝑖𝑖(𝑡𝑡) − 𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅�𝑁𝑁
𝑖𝑖

�
𝑇𝑇

𝑡𝑡

 (23) 

 
3.3 Implementation of cuckoo search algorithm 

 
This segment details how CSA is prolonged from solitary 

optimization towards determining multi-objective refinement 
for ideal provision and coordination problems of RERs 
addition in the power grid environment, considering practical 
operational requirements. Generally, the initial decree for 
retaining the sole refinement algorithm by one impartial 
function 𝑓𝑓(𝑥𝑥) is that ace egg cell is placed by respectively 

cuckoo and forsaken in an arbitrarily certain net (egg = nest + 
explanation). Aimed at multifunctional refinement, through 
further unity detached function 𝑓𝑓𝑖𝑖(𝑥𝑥), 𝑖𝑖 ∈ [1,2,3, … , 𝑘𝑘], in its 
place of ace egg, it is presumed that apiece cuckoo places 
further ace “ 𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖  , 𝑖𝑖 ∈ [1,2,3, … , 𝑘𝑘]”, corresponding to the 
explanation for 𝑓𝑓𝑖𝑖(𝑥𝑥). In another rule, the uppermost eminence 
of eggs (explanation) institute in the finest nest is passed to the 
following peers, and so, the finest explanation for the impartial 
function is 𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓(𝑥𝑥), whereas 𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑖𝑖(𝑥𝑥) is applied aimed at 
numerous impartial functions. In the past regulation of the sole 
impartial function, the quantity of available swarm nests is 
secure, whereby a swarm could determine an alien egg by a 
chance of “0” or “1”. If the swarm bird recognizes the cuckoo 
egg, whether the swarm pitches the egg or vacates the nest and 
sizes substitute one in a dissimilar place. Once dealing by 
multi-objective optimization, respective nest could be 
uninhibited by a level of prospect, then a novel nest by 
“ 𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖  , 𝑖𝑖 ∈ [1,2,3, … , 𝑘𝑘]” is made, dependent on the variety of 
the eggs. The CSA tactic serves a cuckoo exploration to grip 
the optimization delinquent by applying dual procedures: the 
initial straight and works built on a levy detection, while the 
another is arbitrary and functions founded on the possibility 
for a swarm bird to notice an alien egg hip its nest. After the 
inhabitant’s extent constraint is secured, the superiority and 
stability of randomization, as well as the limited pursuit, are 
precisely determined by the prospect restriction. In this 
method, the key aim of this procedure is to substitute the 
deprived explanation in the nests by a novel amended 
resolution. This replacement process helps maintain the 
diversity of the population and prevents the algorithm from 
being trapped in local solutions during the optimization 
process. 

 
𝑋𝑋𝑖𝑖

= �𝐿𝐿𝐿𝐿
(𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵)2𝑖𝑖 , … . , 𝐿𝐿𝐿𝐿(𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵)𝑁𝑁𝑖𝑖 , ,𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇1𝑖𝑖 , … . ,𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑖𝑖 ,

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆. (𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷)1𝑖𝑖  , … . , 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆. (𝐷𝐷𝐷𝐷 ,𝑑𝑑𝑑𝑑𝑑𝑑)𝑚𝑚𝑖𝑖
� , 𝑖𝑖

= 1,2 … .𝑁𝑁 

(24) 

𝐿𝐿𝐿𝐿. (𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵)𝑖𝑖 = 
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏2,𝑑𝑑1

𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × (𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑1
𝑖𝑖 − 𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏2,𝑑𝑑1

𝑖𝑖 )� (25) 

 
𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 = 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑2
𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × (𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 ,𝑑𝑑2

𝑖𝑖

− 𝑃𝑃𝑃𝑃𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑2
𝑖𝑖 )� 

(26) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆. (𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵)𝑖𝑖 = 

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑3
𝑖𝑖 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × (𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑3

𝑖𝑖

− 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑3
𝑖𝑖 )� 

(27) 

 
The inhabitants of answers are imperiled to recurring 

sequences by the exploration course, and after creating novel 
resolutions “𝑥𝑥𝑖𝑖𝑡𝑡+1” for a cuckoo “𝑖𝑖”, the Levy trip is executed. 
Note that afterwards respective sequence, the procedure is 
route to square the nests, after which respective impartial 
function is intended to recognize the nest by the finest aptness 
function to be protected as the best nest “𝐺𝐺𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏”. The peers of 
a novel explanation (novel cuckoo eggs) via levy trip are 
completed consuming Eq. (24) by the extra substituted nests, 
founded on the excellence of novel eggs. The phase extent “∝” 
in Eq. (28) is the remoteness among dual explanations, where 
this hang on the topology of space. The randomly produced 

number “ɳ” is in the range of [0, 1]; 𝛤𝛤 is a gamma circulation 
function; ∆ 𝑋𝑋𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛  is an improved worth and could regulate 
with Eq. (29), wherever ɳ𝑥𝑥  and ɳ𝑦𝑦  remain generally spread 
stochastic variables per usual deviation 𝜎𝜎𝑥𝑥(𝜆𝜆), as articulated in 
Eq. (28) and 𝜎𝜎𝑦𝑦(𝜆𝜆) = 1, respectively. The Levy trips occur 
detailed to pursuit close the answer, trailed in a large step in 
the extended track, signified thru dispersal aspect “𝜆𝜆”. 

 
𝑋𝑋𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑋𝑋𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏+ ∝ × ɳ × ∆ 𝑋𝑋𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 , �−1 < ɳ ≤ 1

∝ > 0  (28) 
 

∆ 𝑋𝑋𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 = �
ɳ𝑥𝑥

�ɳ𝑦𝑦�
1
𝜆𝜆�
� × �

𝜎𝜎𝑥𝑥(𝜆𝜆)
𝜎𝜎𝑦𝑦(𝜆𝜆)

�

× �𝑋𝑋𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 − 𝐺𝐺𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�, {1 < 𝜆𝜆 ≤ 3} 

(29) 

 
Active and reactive power losses reduced significantly by 

integrating batteries into the system the planned arrangement 
achieves a maximum voltage regulation in a real-time 
distribution system by DGs and D-STATCOMs. Further, it 
can be observed that by incorporating batteries is lowest at the 
7th hour than highest by the 18th hour on the day-to-day load 
curve. To accommodate unexpected load variations, batteries 
are integrated into the system to mitigate stress on voltage-
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regulating devices and enhance the voltage profile across all 
buses.  

 

𝜎𝜎𝑥𝑥(𝜆𝜆) =
�
� 𝛤𝛤(1 + 𝜆𝜆) 𝑠𝑠𝑠𝑠𝑠𝑠 �𝜋𝜋𝜋𝜋2 �

𝛤𝛤 ��1 + 𝜆𝜆
2 �  𝜆𝜆 × 2�

𝜆𝜆−1
2 ��

�
�

1
𝜆𝜆

 (30) 

 

𝑋𝑋𝑑𝑑𝑛𝑛𝑛𝑛𝑛𝑛 = �
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑋𝑋𝑑𝑑1𝑛𝑛𝑛𝑛𝑛𝑛], 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑋𝑋𝑑𝑑2𝑛𝑛𝑛𝑛𝑛𝑛],

 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑋𝑋𝑑𝑑3𝑛𝑛𝑛𝑛𝑛𝑛] � , 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[𝑋𝑋𝑑𝑑4𝑛𝑛𝑛𝑛𝑛𝑛] (31) 

 
𝐿𝐿𝐿𝐿.𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵𝑑𝑑1𝑙𝑙𝑙𝑙𝑙𝑙

= �
2           𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿.𝑅𝑅𝑅𝑅 𝑑𝑑1 < 2      

𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑1    𝑖𝑖𝑖𝑖 𝐿𝐿𝐿𝐿 𝑑𝑑1 > 𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑1     
𝐿𝐿𝐿𝐿.𝐷𝐷𝐷𝐷 𝑑𝑑1  𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒              

 (32) 

 
𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇𝑑𝑑2𝑙𝑙𝑙𝑙𝑙𝑙 = 

�
𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑2 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇 𝑑𝑑2  <  𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑2
𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑2 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇 𝑑𝑑2  >  𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑2

𝑃𝑃𝑃𝑃𝑃𝑃.𝑇𝑇𝑇𝑇𝑇𝑇 𝑑𝑑2   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒    
 (33) 

 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆.𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷, 𝑏𝑏𝑏𝑏 𝑑𝑑3𝑙𝑙𝑙𝑙𝑙𝑙

= �
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑3  𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑3  <  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑3    
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑3  𝑖𝑖𝑖𝑖 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑3  >  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑3    

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆.𝐷𝐷𝐷𝐷 𝑑𝑑3     𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒              
 (34) 

 
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 .𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷, 𝑏𝑏𝑏𝑏 𝑑𝑑4𝑙𝑙𝑙𝑙𝑙𝑙 = 

�
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑4  𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  𝑑𝑑4  <  𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑4
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑4  𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  𝑑𝑑4  >  𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚,𝑑𝑑4
𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 .𝐷𝐷𝐷𝐷,𝐷𝐷𝐷𝐷𝐷𝐷,𝐵𝐵𝐵𝐵 𝑑𝑑4     𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒         

 (35) 

 
In the concluding phase, where the host bird will notice the 

alien eggs, standing eggs will stay replaced by high-quality 
newly generated eggs from their current positions, as stated in 
Eq. (35). The novel improved rate “∆ 𝑋𝑋𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛” can be resolute 
by means of Eq. (36). The rationalized coefficient “𝐾𝐾” is 
resolute grounded on the possibility of the host bird noticing 
the unacquainted eggs on its nest. ɳ𝑝𝑝1 and ɳ𝑝𝑝2 are the arbitrary 
agitation for nests sites of the 𝑋𝑋𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏. 

 
𝑋𝑋𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑋𝑋𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 +  𝐾𝐾 × ∆ 𝑋𝑋𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛   ,

𝐾𝐾 = �1 𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 < 𝑃𝑃𝑎𝑎
0,   𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  (36) 

 
∆ 𝑋𝑋𝑖𝑖𝑛𝑛𝑛𝑛𝑛𝑛 = ɳ × �ɳ𝑝𝑝1�𝑋𝑋𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏� − ɳ𝑝𝑝2�𝑋𝑋𝑖𝑖𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏�� (37) 

 
The inferior and better parameters of apiece novel 

explanation would content the redefined limitations in Eqs. 
(31)-(34). Therefore, the CSA is routed to check the nests, 
afterwards which respective impartial function of Eq. (6) is 
intended to gain the finest worth of apiece nest 𝑋𝑋𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏, and the 
nest alike the finest aptness rate is usual near the finest nest 
𝐺𝐺𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 . The phases of producing novel cuckoos by Levy trip 
and the detection on alien eggs remain repeatedly executed till 
triumph the extreme iteration. Figure 2 presents the step-by-
step flow chart of methodology adopted in this study based on 
CSA.  

 
4. RESULTS AND DISCUSSION  
 

4.1 Performance assessment of standard IEEE 33-bus 
system 

 
The anticipated process is verified on a 33-bus distribution 

system featuring a single OLTC located at bus 1, with a 
capacity of 3 MW and a voltage of 12.66 kV. The arrangement 
has a load size of 3.715 MW and 2.3 MVar. Additionally, the 
distribution network includes three DGs, three D-STATCOMs 
and three batteries, which are all strategically sized and 
positioned for optimal performance. In accordance with 
regulatory requirements, the permissible voltage range is 
between 0.90 and 1.05 p.u., and the OLTC tuning range is 
from -5% to +10% in 2.5% increments. Consequently, voltage 
adjustments using the OLTC occur in seven steps (six 
positions), ensuring synchronized regulation between these 
devices: to facilitate seamless distribution system operation; to 
maintain voltage levels within allowed ranges; and to diminish 
power losses and OLTC cycles. The size of the DGs, batteries 
and D-STATCOMs is limited to from 5 to 1000 kW and kVar.  
The simulation results are compared to checking the 
effectiveness of the proposed method. 

Base case power flow check done using RLF. When this 
type of check is made the volt shape and energy loss show up, 
and these limits move to the electrical control system (ECS) 
display item for potential pre-warning actions through the 
remote terminal device. The lowest voltage in the scenario is 
0.9091 p. u. If the control units are not set to go on, the worst 
voltage is under 1 p.u., which is not what the law calls for. 

 
4.2 OLTC, DGs and D-STATCOMs 

 
This section provides a brief overview of the integration 

results of DGs and D-STATCOMs with OLTC. In this case, 
the OLTC procedure is turned off. The minima voltage noted 
was 0.93 p.u with DGs and 0.92 p.u with D-STATCOM. 
Simulation results show that for enhancement of the voltage 
profile, the installation of more than one DG or D-STATCOM 
is essential. Comparative study reveals that our strategy is 
quite efficient, as can be seen from Figure 3(a) and (b). 

To test the system in real time, OLTC is turned on, and DGs 
and D STATCOMs are off. This lets us see what OLTC can 
do to control voltage. OLTC can change the voltage from 5 
less to 10 more than the lowest voltage, with four steps for 
raising the voltage and two for lowering it. The ideal tap 
location, determined as "5" for the base case, is chosen to 
maintain voltage within permissible limits. Simulation results 
indicate that OLTC action alone is insufficient to maintain the 
voltage within acceptable limits. Although activating OLTC 
slightly enhances the voltage profile as shown in Figure 4(a), 
this remains close to threshold limits, risking non-compliance 
with increased load demand. Operators can then activate 
reactive power recompensing devices to assist OLTC in 
voltage control, showing significant improvement in voltage 
profile in Figure 4 (b). 

 
4.3 Optimum coordination of OLTC, DGs, and D-
STATCOM in distribution systems with real-time load 
and solar irradiance 
 

This segment presents voltage profile and forfeiture 
minimization for the IEEE 33-bus representative time-varying 
distribution arrangement with the incorporation of DGs, D-
STATCOMs with OLTC. The real time-varying day-to-day 
load curve of the examination system, by time intervals of 1 
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hour and 15 minutes, is revealed in Figure 5. It can be detected 
from the regular load curve that the minutest load of 2165 + 
j1422 kVA occurs at the 7th hour, with the peak load of 4641 
+ j2741 kVA occurring at the 18th hour. Numerous faithful 
circumstances are replicated in this study on a 33-bus time-
varying distribution system. 

 

 
(a) 

 
(b) 

 
Figure 3. Voltage profile with (a) DGs only (b) D-

STATCOMs only 
 

 
(a) 

 

 
(b) 

 
Figure 4. Voltage profile with (a) OLTC only (b) OLTC, 

DGs and D-STATCOMs 
 

 
(a) 

 
(b) 

 
Figure 5. Daily realistic time-varying demand profile (a) 

hourly; (b) 15-minute interval 
 

Figure 6(a) and (b) demonstrate the base case voltage 
contour deprived of all voltage control devices, representing 
that it falls outside the acceptable range. However, afterwards 
activating the voltage regulation devices by designed modified 
CSA, the voltage contour is upheld inside the acceptable range 
all over the distribution network, as shown in Figure 7 hourly 
and Figure 8 for 15-minute intervals. 
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(a) 

 
(b) 

 
Figure 6. Voltage profile for time-varying load (a) hourly; 

(b) 15-minute interval 
 

 
 

Figure 7. Hourly voltage profile after optimal coordination  
 
The situation can be detected that the voltage profile is 

better during the daytime, and a little underneath adequate 
limits throughout night-time due to solar generation 
disconnection. With OLTC action alone, numerous switching 
operations are obligatory to sustain voltage within the safe 
operational limits set by the network operative. However, 
appropriate synchronization between OLTC and D-
STATCOM minimizes the number of OLTC switching cycles 
revealed in Table 1. 

 
 

Figure 8. 15-minute intervals voltage profile after optimal 
coordination  

 
Table 1. On-load tap changing transformers (OLTC) 

operation cycles 
 

Time  OLTC Cycle without 
Batteries  

OLTC Cycle with 
Batteries 

24 hours 130 143 
15 minutes 
intervals 365 372 

 

 
(a) 

 
(b) 
 

Figure 9. PV power (a) hourly; (b) 15-minute interval 
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The ideal position and evaluation of each control device are 
resolute at hourly and 15-minute intervals for regular load 
cycles using the anticipated method: to adjust voltage within 
required limits, to abate power loss, and to condense switching 
operations. Accordingly, the incorporation of DGs and D-
STATCOMs results in minimal energy loss, voltage deviation 
and OLTC switching operations. The real-time solar 
generation power output is shown Figure 9. While the total real 
and reactive power losses, curves for 24 hours and 15-minute 
intervals, are shown in Figures 10 and 11. 

 

 
(a) 

 
(b) 

 
Figure 10. Active power losses with OLTC, DGs, D-

STATCOMs and batteries (a) hourly; (b) 15-minute interval 
 

Active and reactive power losses reduced significantly by 
integrating batteries into the system the planned arrangement 
achieves a maximum voltage regulation in a real-time 
distribution system by DGs and D-STATCOMs. Further, it 
can be observed that by incorporating batteries is lowest at the 
7th hour than highest by the 18th hour on the day-to-day load 
curve. To accommodate unexpected load variations, batteries 
are integrated into the system to mitigate stress on voltage-
regulating devices and enhance the voltage profile across all 
buses. As shown in Figure 12 for 24 hours and Figure13 for 
15-min intervals, the voltage profile improves significantly 
with integration of batteries and remains more uniform across 
the network. The optimal locations and sizing results of DGs 

and D-STATCOMs under hourly and 15-minute operating 
intervals are presented in Figure 14. 

 

 
(a) 

 
(b) 

 
Figure 11. Reactive power losses with OLTC, DGs, D-

STATCOMs and batteries (a) hourly; (b) 15-minute interval 
 

 
 

Figure 12. Hourly voltage profile after optimal coordination 
with batteries 

 
Similarly, the optimal battery locations and sizes for 
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different buses at both hourly and 15-minute intervals are 
illustrated in Figure 15 (a) and (b).  

 

 
 

Figure 13. 15-minute intervals voltage profile after optimal 
coordination with batteries  

 

 
(a) 

 
(b) 

 
Figure 14. DGs and D-STATCOMs sitting and sizing (a) 

hourly; (b) 15-minute interval 
 

 
(a) 

 
(b) 

 
Figure 15. Batteries sitting and sizing (a) hourly; (b) 15-

minute interval 
 

Figure 16 shows the convergence behavior of multi-
objective CSA under hourly and 15-minute operating 
intervals. 

 

 
(a) 

 
(b) 

Figure 16. Fitness function convergence with OLTC, 
DGs, D-STATCOMs and batteries (a) hourly; (b) 15-minute 

interval 
 
 
5. CONCLUSION 

 
This study presented a two-timescale OVR scheme using a 

modified CSA to coordinate OLTC, DGs, D-STATCOMs, and 
batteries in active distribution networks. Validated on the 
IEEE 33-bus system with realistic hourly and 15-minute 
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load/solar profiles, the proposed approach effectively 
maintains voltage within permissible limits while minimizing 
power losses and OLTC switching cycles. 

i. The coordinated scheme-maintained bus voltages 
strictly within the 0.90–1.05 p.u. range across all time 
intervals, overcoming the limitations of OLTC-only 
or DG-only actions, which previously allowed         
voltages to drop below acceptable thresholds (e.g., 
0.9091 p.u. in the base case). 

ii. The proposed strategy limited OLTC operations to 
130 cycles per day for hourly scheduling and 365 
cycles for 15-minute intervals, substantially reducing 
mechanical wear and extending equipment lifespan 
compared to uncoordinated scenarios. 

iii. Real and reactive power losses were significantly 
reduced, with the lowest CEL observed at the 7th 
hour (minimum load) and the highest at the 18th hour 
(peak load), demonstrating effective device 
coordination under varying conditions. 

iv. The framework offers distribution network operators 
(DNOs) a decision-support tool for real-time VVR 
control and is extensible to microgrids with hybrid 
energy sources. Future work should focus on a two-
stage synchronized optimum reconfiguration context 
to further minimize losses and optimize OLTC 
operations over 24-hour variable load and solar 
irradiance. 
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NOMENCLATURE 
 
BIBC bus-injection to branch-current 
BCBV the branch-current to bus-voltage 
OVR optimal voltage regulation 
VVC Volt/VAR control 
CBs capacitor banks 
RLF radial load flow 
 
Greek symbols 
 
∆t time step 
T overall period 
N entire quantity of buses 
R/X high resistance to reactance 
µ dynamic viscosity, kg. m-1.s-1 
 
Subscripts 
 
𝑉𝑉𝑖𝑖𝑛𝑛 bus voltage 
𝐼𝐼𝑖𝑖 𝑛𝑛 bus current 
𝐼𝐼𝑖𝑖 𝑟𝑟𝐼𝐼𝑖𝑖𝑖𝑖 real and imaginary portions 
PTL overall power fatalities 
Taptpos,i entire tap changed location 
(Vi(t)
− VRef) 

voltage aberrations crossways buses 
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