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ARTICLE INFO ABSTRACT
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Hybrid AC/DC system, applied TSA algorithm for optimal energy-efficient integration of multiple WDG units in a
Electrical distribution network, hybrid medium-voltage AC-DC network and to test it in a modified IEEE 33-bus network
Active power loss, based on the active power loss minimization. The proposed approach granted improved
Tunicate swarm algorithm. solution quality with enhanced convergence speed and adherence to EDN constraints. The

applied TSA addresses the sensitivity to parameter settings like population size and
iterations. The findings verify that, out of all the scenarios taken into consideration, three
WDGs offer the best performance in terms of active loss minimization and improve the bus
voltage profile.
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I. INTRODUCTION

Because of their many benefits, AC systems have been used in electrical distribution networks (EDNs) for over a century and are
now widely used worldwide. However, clean, green, and ecologically friendly distributed energy resources (DERS), electric vehicles,
energy storage systems, and diverse DC loads are swiftly revolutionizing the current world [1]. Many advancements in smart grid
technology were brought about by the introduction of hybrid AC/DC distribution networks. To connect to current AC distribution systems,
these DC-based smart energy technologies require converters, which are costly and incur power losses [2]. In order to directly connect
AC and DC generation units and loads to the power system, the idea of medium-voltage (MV) electric distribution networks has recently
been proposed. Higher transfer capacity, lower power losses, greater hosting capacity, voltage management, and an improved voltage
profile are just a few other benefits of the hybrid AC/DC in EDN [3],[4]. Problems like increased power losses and voltage instability are
brought about by the growing integration of wind energy into EDNs. The necessity for strong optimization techniques to guarantee
effective and dependable wind distributed generators (WDG) allocation is the driving force behind this project. Electrical distribution
grid-connected wind energy systems face persistent challenges in maintaining voltage stability, mitigating harmonics, and ensuring
reliable power quality under fluctuating wind conditions and fault events. The intermittent nature of wind introduces significant variations
in power flow, which, if not effectively managed, can lead to instability and degrade system performance. Power quality is a crucial
aspect of modern electrical distribution grids, ensuring efficient, stable, and reliable power delivery while minimizing losses and
disturbances.
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With the growing integration of wind energy into grid-connected systems, Power quality issues have become more pronounced
due to the inherent intermittency and variability of WDG. In recent years, many scholars have proposed numerous optimizations
approaches to formulate the WDG planning problem in distribution systems. Numerous optimization approaches have been developed to
address the efficient design of WDG units in EDN. The authors of [5] applied the equilibrium optimizer algorithm, the gorilla troops
optimizer algorithm in [6], the lévy coyote optimization algorithm in [7], and used the manta-ray foraging optimization algorithm in [8]
and modified the equilibrium algorithm in [9]. This paper introduces a novel bio-inspired optimization technique called the Tunicate
Swarm Algorithm (TSA) [10]. This algorithm draws inspiration from the jet propulsion and collective foraging behaviors exhibited by
tunicates, aiming to enhance navigation and foraging processes through innovative computational strategies. The TSA algorithm presents
a straightforward framework, unique stabilizing characteristics, and remarkable efficiency [11]. The TSA algorithm surpasses competing
methods in optimal solutions and highly effective for real-world optimization situations, and especially for power system problems:
optimize the power system stabilizer parameters to prevent oscillations at low frequencies [12], used to address the dynamic economic
emission dispatch issues [13],[14], the PID controller optimization for autonomous generation management in a hybrid power system
[15], Optimal cost of a power system based on the design of a hybrid renewable system [16], and optimal renewable-based DG in electrical
networks with electric load models [17]. Adaptive optimal control model-based optimal energy management strategy for a multi-
microgrid at the tertiary level [18], optimizing battery energy storage systems and vehicle-to-grid operations in PV-powered EV charging
systems [19], and optimal solutions searched for wind speed deterministic forecasting [20]. Recently, researchers applied the TSA
algorithm for energy hub adjusting efficiency based on real-time load variations for optimal allocation [21]. The main objective of this
research is to propose an applied TSA algorithm for optimal energy-efficient integration of multiple wind distributed generators in a
hybrid medium-voltage AC-DC electric distribution network. The proposed approach ensures improved solution quality with enhanced
convergence speed and adherence to EDN constraints. This, in turn, ultimately improves the stability, efficiency, and reliability of EDN.
Through the balancing strategy between exploration and exploitation, TSA addresses the sensitivity to parameter settings like population
size and iterations.

I1. WIND DISTRIBUTED GENERATOR ALLOCATION PROBLEM

In EDN, computational solutions are crucial because of the intricate nature of real-time issues. This involves formulating the
problem through mathematical equations, known as mathematical models, which are predicated on decision variables. These models
precisely illustrate the system's response to variations in independent variables, guaranteeing relevance and accuracy in practical
applications. Figure 1 represents the single-line diagram with DG placement in EDN.
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Figure 1: The single-line diagram with DG placement.
Source: [18-20].
11.1 OBJECTIVE FUNCTION

To achieve optimal integration of WDG units within the hybrid AC-DC EDN, the problem is formulated using a single objective
function (OF), which aims to minimize the total active power losses (PLoss), as expressed by the following equation:

OF = T8 Y0P Py oo (i) @

The active power loss is calculated using the expression given in (2), as reported in [6],[22]:

Pross(i,)) = aij(Pin + Qin) + IBij(Qin + Pin) 2
And,
R;ji
ai]' = F;jcos(éi - 6]) (3)
Ry; .
Bij = FVII'SHI((SL- - &) 4

Where Rjj denotes the resistance of the line connecting buses i and j. Vi and V; are the voltage magnitudes. i and J; represent the
corresponding voltage angles. Pi, Pj and Q;, Q; refer to the power injections at buses i and j, respectively.

11.2 EQUALITY CONSTRAINTS

These constraints enforce active and reactive power balance in the system, where total generation (including WDG) equals load
demand plus network losses, as defined in (5) and (6) [23],[34]:
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PG+PWDG =PL0ad+PLoss (5)

QG + QWDG = QLoad + QLoss (6)

Where Pg and Qg denote the active and reactive power outputs of the generator, respectively. Pwpc and Qwpg represent the total
power supplied by the WDG unit. Pioag and Qreaqd correspond to the total active and reactive load demands, while Piqss and Qyoss indicate
the total active and reactive power losses, respectively.

1.3 DISTRIBUTION LINE CONSTRAINTS

These constraints ensure acceptable AC-DC distribution line operating conditions [23, 24]:

Vmin < VL < Vmax (7)
|Sij| < Smax (9)

Where Vimax, and Vmin are the limit voltages; AVmax is the maximum drop of voltage. Vi is the sub-station voltage equal to 1.0 p.u.
Smax IS the maximum apparent power in line.

1.4 WDG CONSTRAINTS

These constraints specify the operational and placement limits associated with WDG units, as defined in [23],[24]:

Pie < Pwpe < P5E ©)
whe < Qwoe < QWHe (10)
2 S WDGpesition < Npus (11)
Nwpe < Nwpgmax (12)
Nype/Location < 1 (13)

Where WDGegsition, Nwos, and Nwoe.max are the WDG position, number, and maximum units/location at the bus.
I1l. OVERVIEW OF APPLIED TUNICATE SWARM ALGORITHM

The TSAis predicated on tunicates' capacity to locate food sources in the ocean. Here, tunicates use two behaviours, such as swarm
intelligence and jet propulsion actions, to locate food. Three requirements are considered for the implementation of jet propulsion
behaviour: the search candidates must avoid conflicts with one another, approach the position of the best candidate, and exist close to the

best candidate [10, 11]. The vector E is used to avoid conflicts among the tunicates, and the position of the new search candidate is
calculated using this vector [25, 26]:

G=2 14
§:C2+C3_]? (15)
f =2.q (16)

Here, f indicates the water flow in the sea, 7 indicates the force existing within search candidates, g denotes the force of
gravityc,, c,, c; are the parameters distributed randomly between 0 and 1.

m= [pmin + C1-Pmax — pmax] (17)

Here, pmin» Pmax Values are given by 1 and 4, respectively and indicate the interaction speeds of search candidates. The tunicates
move to the best neighbor search candidate after avoiding conflicts, and this is given by the next equation [24]:

d=|f,-r.p@)| (18)
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Where, p indicates the location of the search candidate for the current location, t indicates the value of the current iteration, d

represents the distance between the tunicate and the food location, f; denotes the position of food, and r ranges between 0 and 1. The
location of the search candidate has to be adjacent to the best search candidate, which is given by,

S i+ 5. E),r > 0.5
O = {E hd (19)
fi—pB.d,r<0.5

Here, in accordance with E the updating of the search candidate’s position is given by p (t). The position updating is achieved
by the swarm intelligence behaviour of the search candidates and is,

. _ B+ +1)
pl+1) =" (20)

The solution of the first two best candidates is given by p (¢) and $ (¢t + 1). Considering the position of the best candidate, the
other candidate’s solution can be updated by preserving these solutions. Figure 2 shows how search agents can update their positions
according to the position of % (¢). The final position would be in a random place, within a cylindrical or cone-shaped, which is defined
by the position of tunicate [25].

Prix)

Prix + 4) Pu(x + 3)

Pe(x + 1) Po(x +2)

Figure 2: Presentation of the 3D position vectors of the tunicate.
Source: [25].

The parameters, positions and velocities are continuously updated till the convergence criteria are met. At each iteration, update
the global best solution based on the fitness evaluations [26]. Consequently, preserve the solutions of the first two best candidates and
use them to update other candidates' solutions while maintaining swarm intelligence behavior.

Table 1: Parameters of Applied TSA.

Parameters Values
C1 0.5
C2 0.3
C3 0.7
Pmin 1
Pmax 4
Population size 50
Maximum iterations 200

Source: Authors, (2026).
IV. RESULTS AND DISCUSSIONS

In this section, an applied optimization TSA technique for the optimum location of multiple WDG units is utilized to lessen power
loss. The proposed controller is executed on MATLAB software. The performance of the proposed system is analyzed with a modified
IEEE 33-bus system represented in Figure 3, which was adopted for the validation of the proposed model. The illustration demonstrates
the one-line representation of the modified IEEE 33 bus distribution system, designed as a hybrid AC-DC network. It emphasizes the
incorporation of DC sub-networks into a traditional radial AC feeder using power electronic interfaces. The AC utility grid provides
power to the system via the substation at Bus 1, preserving the radial configuration of the 33-bus feeder. Buses 1 through 18 constitute
the AC distribution network, illustrated in blue.
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In addition to providing traditional AC loads, this portion acts as the framework for linking DC subsystems. Practical MV
distribution systems are reflected in the radial structure. The AC system is linked to two DC networks (illustrated in orange). DC loads
and DC-based distributed resources, including wind distributed generation, energy storage systems, DC microgrids, and DC consumption,
are represented by these DC sections. This one-line diagram serves as the test system architecture for evaluating voltage profiles, power
flow, and the impact of WDG penetration in a hybrid network. It provides the structural basis for the voltage performance results observed
in the different case studies (cases 1 to 4). The four configurations for case studies in this paper:

Case 1: Hybrid EDN without WDG (basic case),
Case 2: Hybrid EDN with one WDG,

Case 3: Hybrid EDN with two WDGs,

Case 4: Hybrid EDN with three WDGs.

Figure 3: One-line diagram of the tested modified IEEE 33-bus hybrid AC-DC network.

AC Network

Source: Author s, (2026).

Figure 4 represents the bus voltage of a hybrid AC-DC network without WDG units (case 1).

Case 1 - Hybrid EDN without WDG

I): (pu

Figure 4: The bus voltage of a hybrid AC DC network without WDG units (Case 1).
Source: Authors, (2026).

As observed in Figure 4, because the feeder is radial, the bus voltage magnitude gradually drops from the substation (Bus 1) to the
end buses. Some buses suffer from severe undervoltage, with values falling below 0.95 p.u., especially in the downstream AC network
(around buses 9-18). Voltages in the DC network (buses 19-33) likewise progressively drop, suggesting greater vulnerability to loading
and inadequate voltage support. From the standpoint of power quality, this instance is crucial since the voltage profile. Figure 5 represents
the branch active power loss of a hybrid AC-DC network without WDG units (case 1).

Case 1 ; Hybril EDN without WDG

(kW)

l Os5

Active

Figure 5: The branch active power loss of a hybrid AC—DC network without WDG units (Case 1).
Source: Authors, (2026).
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As demonstrated by Figure 5, the upstream branches, particularly those near the substation (e.g., branches 2—6), have a significant
concentration of active power losses. This is because there is no local production to balance the electricity demand, and the entire
downstream load is supplied by a high current flow. Even while losses in downstream branches are very minor, they nevertheless add to
the overall inefficiency of the system. As a result, the overall active power loss is comparatively large. The branch reactive power loss of
a hybrid AC-DC network without WDG units (case 1) is shown in Figure 6.

Case 1: Hyblid EDN without WDG

‘ IIII Illl__l-__.__ ,
0 1 2 3 & 5 8 7 B8 9 10 11 12 13 14 15 18 17 18

19 X

active Loss (KW)

R

? Era'r[:‘!w_‘— '«'u":r-;:r
Figure 6: The branch reactive power loss of a hybrid AC-DC network without WDG units (Case 1).
Source: Authors, (2026).

As shown in Figure 6, with peak losses in the first feeder branches, reactive power losses exhibit a similar pattern to active losses.
Large reactive power demands from loads are indicated by high reactive losses, which worsen voltage drops along the feeder. The system
has very little reactive support, which exacerbates voltage deterioration. The convergence characteristics of the proposed TSA algorithm
after integrating one, two, and three WDG units in EDN are presented in Figure 7.

Casa 2 : Hybeld EDN with One WOG ” Case 3 | Hybrid EDN with Two WOG

tarahion Numbet toraton Number

(@ (b)

Case 4 : Hybod EDN with Three WDG

Fig. 1. (c)
Figure 7: The convergence curves of the TSA approach for all case studies:
a). Case 1: One WDG, b). Case 2: Two WDGs, c). Case 3: Three WDGs.

Source: Authors, (2026).

The proposed approach ensures improved solution quality with enhanced convergence speed and adherence to EDN constraints.
This, in turn, ultimately improves the stability, efficiency, and reliability of the test system. At each iteration, update the best global
solution based on the objective function. Through the balancing strategy between exploration and exploitation, TSA addresses the
sensitivity to parameter settings like population size and iterations for the three case studies. Tables 2, 3, and 4 summarize the optimal
parameters after installing one, two, and three WDG units and technical parameters for the hybrid AC-DC test system.
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Table 2: Optimal Planning of One WDG unit (Case 2).

Parameters Values
Bus Location 6
WDG Unit Pwpe (MW) 2.5234

Qwps (MVar) 0.6507
X PLoss (MW) 495134
A PLoss (%) 66.5456
Y Quoss (MVar) | 24.9955
Hybrid AC-DC Network A Quoss (%0) 70,3752
Vmin (p.U.) 0.9578
Vmax (pU) 1.0009
X VD (p.u.) 0.4876
Source: Authors, (2026).

Table 3: Optimal Planning of Two WDG Units (Case 3).

Parameters Values
Bus Location 13-30
WDG Units Pwpe (MW) 0.8424 -1.1210
Qwoc (MVar) 0.3734 -0.1058
X Ploss (MW) 24.1855
A PlLoss (%) 83.6587
X Quoss (MVar) 7.6940
Hybrid AC-DC Network A Quoss (%0) 90.8810
Vmin (p.U.) 0.9847
Vmax (pU) 1.0001
X VD (p.u.) 0.1778

Source: Authors, (2026).

Table 4: Optimal Planning of Three WDG Units (Case 4).

Parameters Values
WDG Bus Location 14 -24-30
Units Pwobc (MW) 0.8059 —1.1683 — 0.9941
Qwps (MVar) 0.3671-0.1955-0.1118
2 Ploss (MW) 11.0467
A PlLoss (0/0) 92.5361
Hybrid | X Quoss (MVar) 4.6155
AC- DC A QLoss (%) 945297
Network Vmin (p.U.) 0.9929
Vmax (pU) 1.0034
X VD (p.u.) 0.0803

Source: Authors, (2026).

Tables 1, 2, and 3 demonstrate the benefits of installing WDG units, particularly in terms of reduced power losses and voltage
deviation. Furthermore, compared to other situations, the integration of the three WDG produces a good performance. The configuration
for the hybrid AC-DC systems with the three case studies, with location one, two, and three WDG units, is presented in Figure 7.

AC Utility Grid 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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AC Unlity Grid 3 B S 6 7 8 ° 10 11 12 13 14 15 16 17 18

- -
WDG,
(b)

wWDG, wDG,
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TN ;* -~

b 4
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AC utility Grid 3 4 S 6 7 8 92 10 31 212 33 314 1S5S 36 17

(c)
Figure 8: Optimal configuration of WDG integration for various case studies:
a). Case 1: One WDG, b). Case 2: Two WDGs, c). Case 3: Three WDGs.
Source: Authors, (2026).

Figure 9 compares bus voltage magnitudes (p.u.) across the hybrid AC-DC network for different case studies with increasing
numbers of WDG units.

Casn 2 Iyt EDN with One WOG

— : r

Caneo 3 Mylwid EDN with Teo WDG

| I T T
2:0- 4 ¢ ' 1w T 2 5 MDDV D WY )

Figure 9: The Bus voltage of a hybrid AC-DC néMbrk with WDG units for various case studies.
Source: Authors, (2026).

After analyzing Figure 9. In case 2, the hybrid EDN with one WDG (green color): The voltage profile shows larger variations
along the feeder. Several downstream buses (roughly buses 9-18) experience noticeable voltage drops, approaching the lower acceptable
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limit (~0.955-0.965 p.u.). This indicates that a single WDG provides limited voltage support, especially in buses far from the source or
in load-intensive sections. Voltage regulation is weaker and more location-dependent.

For Case 3, the hybrid EDN with two WDG units (blue color), the voltage profile becomes significantly flatter than in Case 2.
Most bus voltages lie within a narrower band (=0.985-1.0 p.u.). Localized voltage dips are reduced, showing that additional WDG
improves reactive power support and reduces line voltage drops. Overall voltage regulation and uniformity are improved. Finally, in Case
4, the hybrid EDN with three WDG units (red color): This case exhibits the best voltage profile among all scenarios. Bus voltages are
very close to the nominal value (=1.0 p.u.) across the entire network. Voltage deviations are minimal, and no critical undervoltage buses
are observed. The results highlight that higher WDG penetration enhances voltage stability and reduces losses in the hybrid AC-DC
network. In conclusion, the figure clearly demonstrates the positive impact of coordinated WDG integration on bus voltage performance
in a hybrid AC-DC distribution system. The branch active power loss (kW) over the hybrid AC-DC network for several case studies with
an increase in WDG units is compared in Figure 10.

Cowe 7 | WyBed EON wets Dow WODO
—

;jmm_fwm;ijm@mf _____ E[LLLDng+‘

Cose 31 Hydowd EDN with Two WG

Case 4 1 Mytidd EDN with Thies WOG

Figure 10: The branch active loss of a hybrld AC DC network with WDG units for various case studies.
Source: Authors, (2026).

Out of all the possibilities, case 2 shows the greatest branch losses. Some branches have extremely large loss peaks, particularly
those near branches 6-8 and 12. Higher power flow from the main grid and increased current in several branches result from the single
WDG's restricted local power support. In the hybrid network, one WDG is not enough to considerably reduce branch losses. When
comparing Case 3 to Case 2, a significant decrease in branch losses is seen. Peak losses are distributed more uniformly among branches
and are substantially lower. In Case 4, the arrangement of three WDGs exhibits the lowest branch losses of any branch. Loss values are
uniformly distributed and quite modest. This shows that the hybrid AC-DC network is making the best use of distributed generation.
Near-optimal loss minimization and the best-balanced network functioning are achieved by three WDG units. Figure 11 illustrates the
branch reactive power losses in the hybrid AC-DC distribution network for different case studies with an increasing number of WDG
units.

Canm 2 Myleia EDN with Ore WOO
-

1 W _?l"tr‘, el b i'e

TR | P
1 ' 1 T '

Coan 1 ; Mytld BON with Twe WOG

2 3 ) 1 12 PR 1

Case 4 HySoeud EDN with Theee WDG

Figure 11: The Branch reactive loss of a hybrld AC- DC network with WDG units for various case studies.
Source: Authors, (2026).

Out of all cases, Case 2 has the largest reactive power losses. There are noticeable loss peaks in several branches, especially in the
mid-feeder and upstream parts (around branches 6-8 and 12). The losses are more uniformly distributed, and the peak loss magnitudes
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are significantly smaller in Case 3. Better local reactive power adjustment is provided by the extra WDG. However, some branches
continue to exhibit moderate losses, indicating partial but incomplete optimization.

Out of all the branches, Case 4 has the lowest reactive power losses. There are no sharp peaks in the loss numbers, which are
minor and evenly dispersed. Increased WDG penetration improves both overall reactive current flow reduction and local reactive power
support. Figure 12 represents the total active and reactive power losses in a hybrid AC-DC network with increasing WDG penetration.

1 s A —

s %
5
40
15
30
15
0
15
10

~

LT

One WK, Twe WDG Three WDG One WDG Twe WDG Three WDG
_ _ @ _ _ (0 _
Figure 12: The total losses in the hybrid AC-DC network for various WDG units: a). Active power loss, b). Reactive power 10ss.
Source: Authors, (2026).

Active Power Loss (KW)

Reactive Power Loss (KVar)

Below is a clear technical analysis of Figures 12 (a) and (b) showing the total losses in a hybrid AC-DC network with increasing
WDG penetration. The active power loss achieves its lowest value when three WDGs are integrated into EDN, as shown in Figure 12.a,
indicating the most successful loss minimization of the situations under study. Increasing the number of WDG devices lowers line currents
by improving local power supply and voltage support. As WDG penetration rises, the graph unmistakably demonstrates a monotonic
decline in active power losses. More WDG units raise the overall power factor, decrease needless reactive power circulation, and increase
local reactive power support. Reactive losses are significantly reduced as a result, which is essential for voltage stability. The findings
verify that, out of all the scenarios taken into consideration, three WDGs offer the best performance in terms of loss minimization.

V. CONCLUSIONS

This paper studies the minimization of active power losses by the optimal allocation of multiple WDG units based on applying the
TSA algorithm and tested on the modified IEEE 33-bus with a hybrid AC-DC distribution network. In conclusion, the figure clearly
demonstrates the positive impact of coordinated WDG integration on bus voltage performance in EDN. The optimal results clearly
demonstrate that higher WDG penetration significantly improves power loss performance in the hybrid AC-DC distribution network.
The configuration with three WDG units provides the most efficient and stable operation, validating the effectiveness of WDG in reducing
reactive losses and enhancing overall network efficiency. These simulation results clearly demonstrate that strategic integration of
multiple WDG units in a hybrid AC-DC EDN leads to substantial loss reduction and improved power flow performance, validating the
effectiveness of distributed renewable generation in modern EDN. Increasing the number of WDG units leads to a progressive reduction
in branch power losses. The hybrid AC—-DC network benefits substantially from distributed active and reactive power support, especially
when WDGs are optimally integrated.
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