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Abstract 

This work proposes a combined integration approach for a photovoltaic (PV) system and a Unified Power Quality Conditioner 

(UPQC) in order to simultaneously improve the power quality and energy efficiency of distribution networks. The study aims to 

determine the optimal positioning and sizing of these two devices in the standard IEEE 69-bus radial distribution network, using 

multi-objective optimization. The goal is to minimize active and reactive power losses while improving the voltage profile of the 

network. The optimization problem is solved using Genetic Algorithms, combined with the Backward/Forward Sweep (BFS) 

power flow calculation method, which is particularly suited to radial networks. The results show that combined integration (PV + 

UPQC) offers significantly better performance than individual integrations. Active losses decrease from 224.93 kW to 48.45 kW 

(a reduction of 78.46%), while reactive losses decrease from 102.14 kVAr to 25.95 kVAr (a reduction of 74.60%). In addition, the 

minimum grid voltage is improved from 0.90919 p.u. to 0.96791 p.u. These results validate the effectiveness of the 

multi-objective approach using genetic algorithms for the optimal dimensioning and stabilization of distribution networks 

integrating renewable sources and active compensation devices. 
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1. Introduction 

Global population growth and increased industrialization are 

driving exponential energy demand, placing unprecedented 

pressure on existing electricity distribution networks. These 

networks, often designed in a radial and unidirectional manner, 

face major challenges, including line losses (active and reactive) 

and voltage profile degradation [1]. 

Historically, improving power quality and compensating 

for reactive power relied on passive devices such as capacitors, 

reactors or phase-shifting transformers. However, with the 

increase in non-linear loads and the need for dynamic and 

rapid compensation, these static solutions are often proving 

insufficient [2]. 
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The growing integration of renewable energies, particularly 

photovoltaic (PV) systems, is a sustainable solution. PV helps 

reduce dependence on fossil fuels and transmission losses 

through local injection of active power. However, its inter-

mittent and unpredictable nature can cause voltage fluctua-

tions and power imbalances if its management is not opti-

mized [3-6]. 

To mitigate these effects, power electronics devices such as 

the Unified Power Quality Conditioner (UPQC) play a crucial 

role. The UPQC combines a series active filter (DVR) and a 

parallel active filter (D-STATCOM), enabling simultaneous 

compensation for voltage, current and harmonic problems 

[7-9]. 

The synergistic integration of PV and UPQC represents a 

promising solution. PV provides active energy, while UPQC 

ensures grid stability, using the common DC bus for energy 

transfer and quality improvement [10, 11]. While many 

studies address the placement of a single device (PV or 

UPQC), the main contribution of this work is the simultane-

ous and multi-objective co-optimization of the sizing and 

placement of both devices (PV and UPQC) in a single inte-

grated model. This approach is essential to fully capture the 

synergistic benefits and achieve a true system-wide optimum, 

demonstrating a performance significantly superior to indi-

vidual placement scenarios. The effectiveness of such devices 

(PV and UPQC) is highly dependent on their optimal location 

and sizing within the distribution network [12, 13]. 

Suboptimal placement can not only negate the expected 

benefits, but also introduce new disturbances. To solve this 

problem, a Multi-Objective Optimization (OMO) approach is 

adopted. Unlike single-objective methods, OMO allows 

several criteria to be balanced simultaneously, such as mini-

mizing active and reactive losses and improving the voltage 

profile [14, 15]. The objective of this work is therefore to 

determine the optimal size and location of the PV and UPQC 

in the IEEE 69-bus network, by applying a Genetic Algorithm 

[16, 17] coupled with the Backward/Forward Sweep (BFS) 

power flow method [18, 19]. 

2. Materials and Methods 

2.1. The Test Network 

The study is conducted on the standard IEEE 69-bus radial 

distribution network (Figure 1). This test network consists of 

69 nodes and 68 branches [2]. 

Its basic features are: 

1) Basic power: 100 MVA 

2) Basic voltage: 12, 66 KV 

 
Figure 1. Standard IEEE 69 BUS Network [2]. 

2.2. Modelling Photovoltaic (PV) Power 

Generation 

The photovoltaic system is modelled by injecting active 

power 𝑃𝑃𝑉 at a node on bus 𝑖. The assumption used for this 

study is that the PV operates at unity power factor. Conse-

quently, the reactive power injected by the PV is considered 

to be zero, 𝑄𝑃𝑉 = 0. 

The new active power is injected at bus 𝑖 (𝑃𝑖,𝑛𝑒𝑤) is given 

by the equation: 

𝑃𝑖,𝑛𝑒𝑤 = 𝑃𝐼 + 𝑃𝑃𝑉              (1) 

Where 𝑃𝐼  is the active power at node 𝑖 (kW) and 𝑃𝑃𝑉 is 

the active power injected by the PV (kW). 

2.3. Modelling of the UPQC 

The UPQC is a customized power device designed to im-

prove power quality. It is conceptually modelled by combin-

ing a distribution static compensator (D-STATCOM) and a 

dynamic voltage restorer (DVR). 

For the purpose of this static multi-objective optimization 

problem, which utilizes the Backward/Forward Sweep (BFS) 

power flow method, the UPQC is modeled exclusively by its 

impact on power injection. The primary benefit of the UPQC 

in this static analysis is the dynamic compensation of reac-

tive power, which directly influences the power losses and 

the voltage profile. 

Therefore, the UPQC is treated as a shunt static compen-

sator (D-STATCOM) capable of injecting or absorbing reac-

tive power (𝑄𝑈𝑃𝑄𝐶) at the optimally determined bus 𝑖. 

The power balance equation for a bus 𝑖 where the UPQC 

is installed is modified as follows: 

𝑄𝑖,𝑛𝑒𝑤 = 𝑄𝑖 + 𝑄𝑈𝑃𝑄𝐶          (2) 

Where: 

𝑄𝑖,𝑛𝑒𝑤 is the total reactive power at bus 𝑖 after compen-

sation (kVAr). 
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𝑄𝑖  is the initial reactive power demand at bus 𝑖 (kVAr). 

𝑄𝑈𝑃𝑄𝐶  is the reactive power injected by the UPQC 

(kVAr). 

The detailed dynamic control strategies (such as SRF, PQ 

theory, DC-link control, and PWM strategy) are necessary 

for transient studies but are omitted here as they do not in-

fluence the steady-state load flow calculations used for sizing 

and placement. 

 
Figure 2. Serial and Parallel Active Filter. 

3. Problem Formulation 

The main objective of this study is to simultaneously op-

timize the IEEE 69-bus network by integrating PV and UPQC. 

The problem is formulated as a multi-objective optimization 

aimed at minimizing power losses and improving the voltage 

profile of the network [20]. 

3.1. Decision Vector 

The decision vector is defined as follows: 

𝑥 = [𝑏𝑢𝑠𝑃𝑉 , 𝑃𝑃𝑉 , 𝑏𝑢𝑠𝑈𝑃𝑄𝐶 , 𝑄𝑈𝑃𝑄𝐶 ]          (3) 

Where: 𝑏𝑢𝑠𝑃𝑉  and 𝑃𝑃𝑉  are the location (bus index) and 

capacity (kW) of the Photovoltaic system, 𝑏𝑢𝑠𝑈𝑃𝑄𝐶  and 

𝑄𝑈𝑃𝑄𝐶  are the location (bus index) and reactive power ca-

pacity (kVAr) of the UPQC. 

3.2. Function Objective 

The objective functions are technical in nature, minimizing 

both active losses and voltage instability on the grid by 

minimizing voltage deviation: 

𝐹1(𝑥) = {
𝑓1(𝑥): 𝑡𝑜𝑡𝑎𝑙 𝑎𝑐𝑡𝑖𝑣𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 (𝑘𝑊) 

𝑓2(𝑥): 𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 (𝑘𝑉𝐴𝑟)
 

𝐹2(𝑥) = 𝑓2(𝑥)

∶ 𝑞𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑜𝑙𝑡𝑎𝑔𝑒𝑠 𝑓𝑟𝑜𝑚 1 𝑝. 𝑢. 

The problem involves two conflicting objectives: mini-

mizing power losses (F1) and minimizing the voltage devia-

tion from the nominal value (F2). To solve this multi-objective 

problem using the standard Genetic Algorithm, the objectives 

are aggregated into a single function, F(x), using the Weighted 

Sum Method. This approach converts the two objective func-

tions into a single fitness function by assigning a weight to 

each objective. 

To ensure both objectives are treated equally regardless of 

their magnitude, they are first normalized with respect to their 

values in the base case (without PV or UPQC). The aggre-

gated objective function F(x) to be minimized is defined as: 

Minimize 𝐹(𝑥) = 𝑤1 (
𝐹1(𝑥)

𝐹1
𝑏𝑎𝑠𝑒) + 𝑤2 (

𝐹2(𝑥)

𝐹2
𝑏𝑎𝑠𝑒)    (4) 

Where: 

𝐹1
𝑏𝑎𝑠𝑒  and 𝐹2

𝑏𝑎𝑠𝑒  are the values of 𝐹1 and 𝐹2 for the base 

case scenario (no PV, no UPQC). 

𝑤1 and 𝑤2 are the weighting factors. In this study, 𝑤1 =

 0.5 and 𝑤2 =  0.5 are chosen to reflect an equal priority 

between loss minimization and voltage profile improvement. 

Equal weights were selected to provide a balanced priority 

between technical efficiency (loss reduction) and power 

quality (voltage profile stability), as both are equally critical 

for the optimal operation of the distribution network. 

3.3. Constraints Involved 

In order to ensure the physical and secure operation of the 

network, the following constraints are imposed on the opti-

mization program [21]: 

3.3.1. Voltage Constraints at Nodes 

To ensure energy stability and quality, the voltage level at 

each node of bus 𝑖 must be maintained within a predefined 

range. 

0.95 p. u ≤  𝑉𝑖  ≤ 1.05 p. u           (5) 

3.3.2. Power Injection Constraints (PV and UPQC) 

The power of PV is limited: 

100 kW ≤  𝑃𝑃𝑉  ≤ 1000 kW         (6) 

The power of the UPQC is limited: 

−2000 kVAr ≤  𝑄𝑈𝑃𝑄𝐶  ≤ 2000 kVAr     (7) 
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3.4. Genetic Algorithm Parameters 

The performance and convergence of the Genetic Algo-

rithm strongly depend on the selection of its parameters. The 

Genetic Algorithm was implemented in MATLAB, and the 

parameters were tuned based on established practices and 

iterative tests to ensure a balance between exploration (di-

versity) and exploitation (convergence speed). The parame-

ters used for the optimization are detailed in Table 1: 

Table 1. Optimization Parameter. 

Parameter Value 

Population Size 100 

Number of Generations (Stopping Criterion) 100 

Crossover Rate 0.85 

Mutation Rate 0.2 

3.5. Algorithm and Resolution Tool 

The multi-objective optimization problem formulated 

above is solved using the following approach: 

Power flow: calculated using the Backward/Forward 

Sweep (BFS) method, adapted to radial networks. 

Optimization: performed by Genetic Algorithm, which ef-

ficiently explores the multi-objective search space. 

Simulation tool: MATLAB. 

4. Analysis of Results and Discussions 

This section presents the simulation results of the integra-

tion of the PV system and the UPQC, first separately, then in 

combination, on the IEEE 69-bus test network. The objective 

is to estimate the impact of each device on power losses 

(active and reactive) and the improvement in the voltage 

profile. 

4.1. Individual Optimization Scenarios 

The sequential approach allows the effectiveness of the 

Genetic Algorithm in determining the best location for each 

device to be evaluated. 

4.1.1. PV Only Scenario 

The integration of a single photovoltaic (PV) source on the 

optimal bus (bus 61 for a capacity of 1 MW), determined by 

the Genetic Algorithm, demonstrates marked efficiency in 

reducing power losses. The injection of active power by the 

PV directly reduces the current in the lines, which translates 

into a reduction in ohmic losses. Compared to the base case, 

active losses were reduced by 50.41% (from 224.93 kW to 

111.54 kW), and reactive losses by 47.52% (from 102.14 

kVAr to 53.596 kVAr). In terms of voltage quality, the profile 

has also been improved, with the minimum voltage increasing 

from 0.90919 p.u. to 0.94783 p.u., and the quadratic deviation 

decreasing to 0.0450 p.u. instead of 0.0993 p.u. 

4.1.2. Unified Power Quality Conditioner Scenario 

UPQC 

The optimal location of the UPQC alone (at bus 61 for an 

optimal capacity of 1.33MVAr) was determined based on its 

ability to compensate for reactive energy and correct voltage 

fluctuations. Although the UPQC is a power quality com-

pensation device, it also contributes to reducing system losses. 

This scenario shows a reduction in active losses of 32.42% 

(from 224.93 kW to 152 kW) and reactive losses of 30.99% 

(from 102.14 kVAr to 70.487 kVAr). The impact on stability is 

significant, with a reduced quadratic voltage deviation of 

0.0640 p.u., confirming that UPQC enhances the stability of 

the distribution network. 

4.1.3. Comparison of PV and UPQC Results 

According to the summary and comparison in Table 2 and 

Figure 3, integrating a PV system minimizes losses and sta-

bilizes the grid better than installing a UPQC. 

The selection of Bus 61 by the Genetic Algorithm is justi-

fied by the network topology and the base case analysis. In the 

initial uncompensated scenario, Bus 61 is identified as the bus 

with the lowest voltage profile (0.90919 p.u.). Placing the 

compensating devices at this critical point maximizes the 

effectiveness of the voltage boost and, consequently, the 

reduction in network losses. 

Table 2. Summary of Active Losses and Reactive Losses. 

 Base PV only UPQC only 

   Reduction %  Reduction % 

Active losses kW 224, 93 111, 54 50, 41 152 32, 42 

Reactive losses kVAr 102, 14 53, 596 47, 52 70, 487 30, 99 
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The comparative analysis shows that PV alone offers better 

performance than UPQC alone, both in terms of loss reduction 

and voltage regulation. However, each technology acts on 

different levers: PV reduces active flows, while UPQC dy-

namically regulates reactive flows. These results suggest that 

joint injection could combine the advantages of both ap-

proaches. 

 
Figure 3. Voltage Profile for Two Scenarios. 

4.2. Combined Optimization Scenario for a PV 

and an UPQC 

The combined scenario (Figure 4) represents the applica-

tion of multi-objective optimization aimed at combining the 

benefits of reducing PV losses and improving voltage quality 

through UPQC. All inject into bus 61 with a capacity of 1MW 

for PV and 1.44MVAr for UPQC. 

 
Figure 4. Voltage Profile for All Scenarios. 

The simulation results confirm the maximum efficiency of 

this synergy (Table 3). The network achieves optimal per-

formance with a 78.46% reduction in active losses (from 

224.93 kW to 48.449 kW) and a 74.60% reduction in reactive 

losses (from 102.14 kVAr to 25.947 kVAr). The voltage 

profile is the most stable of all scenarios with an uneven 

voltage deviation of 0.0239 p.u., with the minimum voltage 

improved to 0.96791 p.u., significantly exceeding acceptable 

thresholds and validating the relevance of the Genetic Algo-

rithm for solving this multi-objective problem in the distri-

bution network. 

Table 3. Results for All Scenarios. 

Scenario Active losses (KW) 
Reactive losses 

(KVAr) 

Minimum voltage 

(p.u.) 

Base 224, 93 102, 14 0, 90919 

PV only 111, 54 53, 596 0, 94783 

UPQC only 152 70, 487 0, 93073 

PV+ UPQC 48, 449 25, 947 0, 96791 

 

Comparison of active losses (base: 224, 93 kW) 

Active losses in the PV+UPQC scenario (Figure 5) are 

significantly reduced by 78.46% compared to the losses 

initially estimated on the basic electricity distribution net-

work. 
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Figure 5. Active Power Optimization PV+UPQC. 

Comparison of reactive losses (base: 102, 14 kVA) 

The PV+UPQC scenario (Figure 6) also shows a significant 

reduction in reactive losses. The system is optimized with a 

reduction of 74.60% compared to the base network. 

 
Figure 6. Reactive Power PV+UPQC. 

The results of the simulations of these scenarios confirm 

that the optimization of the basic network's performance has 

been achieved. The network has been stabilized, with a sig-

nificant reduction in active and reactive losses and perfect 

improvements in the basic voltage profile. 

4.3. Benchmark Comparison with Other 

Optimization Methods 

To assess the effectiveness of the proposed Genetic Algo-

rithm-based approach, the results obtained are compared 

with those reported in the recent literature using other estab-

lished meta-heuristic algorithms for similar problems (opti-

mal placement of DG or UPQC) on the IEEE 69-bus network. 

As shown in Table 4, the loss reduction achieved by our 

combined PV + UPQC approach using Genetic Algorithm 

significantly outperforms results obtained by single-device 

optimization or other comparative studies, demonstrating the 

high quality of the solution found by the Genetic Algorithm 

for this co-optimization problem. 

Table 4. Benchmark Comparison. 

Reference 
Optimization 

Algorithm 

Problem 

Solved 

Loss Reduc-

tion (%) 

Our Work GA PV + UPQC 78.46 

[22] 

Water Cycle 

Algorithm 

(WCA) 

DG only 69.14 

[23] PSO 
UPQC Place-

ment only 
73.05 

[24] GA 
DG + CA-

PACITOR 
58.17 

It is important to clarify that this benchmark comparison is 

based on results directly reported in the cited literature and 

was not re-simulated under identical conditions by the au-

thors. 

5. Conclusions 

This work proposed a multi-objective optimization method 

for the optimal sizing and placement of a PV system and an 

UPQC in the IEEE 69-bus network. The approach, based on 

a Genetic Algorithm combined with the Backward/Forward 

Sweep method, significantly reduced active and reactive 

losses and improved the voltage profile of the network. 

The study first compared the performance of the devices 

alone (PV alone and UPQC alone) before validating the 

combined approach. The results confirm the superiority of 

joint optimization of the two devices. This scenario (PV + 

UPQC) reduced active losses from 224.93 kW to 48.449 kW, 

a significant reduction of 78.46% compared to the base net-

work. Reactive losses were also optimized, falling from 

102.14 kVAr to 25.947 kVAr, a reduction of 74.60%. The 

minimum network voltage was also improved, from 0.90919 

p.u. to 0.96791 p.u., ensuring a stable voltage profile and 

complying with the network's operational constraints. 

Thus, the coordinated integration of renewable generation 

and power conditioning devices is an effective strategy for 

stabilizing modern distribution networks and improving their 

energy efficiency. Future research could extend this study by 

investigating more advanced meta-heuristic algorithms, such 

as NSGA-III or the Multi-Objective Grey Wolf Optimizer 

(MOGWO), and by incorporating the impact of time-varying 

load profiles and uncertainty in solar irradiance to further 

refine the optimization results. 

Abbreviations 

PV Photovoltaic 

UPQC Unified Power Quality Conditioner 

OMO Multi-Objective Optimization 
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IEEE Institute of Electrical and Electronic Engineers 

kVA Kilovolt-Ampere 

kVAr Kilovolt-Ampere Reactive 

p.u Per Unit 
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