SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Optimal Placement of Renewable Energy Power
Generation Based on Sensitivity Analysis: Case
of the IEEE 33 BUS Radial Distribution System

Edwin Otieno Okendo

Interdisciplinary Graduate School of Engineering Sciences, Kyushu University

Cyrus Wekesa
School of Engineering, University of Eldoret (UOE)

Farzaneh Hooman
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University

https://doi.org/10.5109/7395500

HhRI1E$R : Proceedings of International Exchange and Innovation Conference on Engineering &
Sciences (IEICES). 11, pp.72-78, 2025-10-30. International Exchange and Innovation Conference
on Engineering & Sciences

N— 30

1EFIR4% : Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

KYUSHU UNIVERSITY




Proceeding of International Exchange and Innovation Conference on Engineering & Sciences (IEICES)

Optimal Placement of Renewable Energy Power Generation Based on Sensitivity
Analysis : Case of the IEEE 33 BUS Radial Distribution System

Edwin Otieno Okendo !, Cyrus Wekesa® , Farzaneh Hooman

1,45

! Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, Fukuoka 816-8580, Japan
2 Department of Electrical and Electronics Engineering, The Technical University of Kenya (TUK), P.O. Box 52428-
00200 Nairobi, Kenya
3 School of Engineering, University of Eldoret (UOE), P.O BOX 1125-30100 Eldoret, Kenya
“Transdisciplinary Research and Education Center for Green Technologies, Kyushu University, Fukuoka, Japan
5 Faculty of Engineering Sciences, Kyushu University, Fukuoka, Japan

Corresponding author email
okendookendo57@gmail.com, okendo.edwin.135@s.kyushu-u.ac.jp

Abstract: This research presents a sensitivity analysis method for the optimal placement of Renewable Energy Power
Generation (REPG) units, based on the Loss Sensitivity Factor (LSF), with the aim of enhancing the voltage profile and
minimizing active power losses in the power system. Compared to other methods,the proposed method is simple and
analytically transparent and does not rely on complex iterations, thereby reducing execution time and computational
burden. The method identifies three bus locations with the highest LSF and nominal voltages not exceeding 1.01 p.u. as
suitable candidates for REPG integration. The method is applied to the IEEE-33 Bus Radial Distribution System (RDS),
where Solar Photovoltaic (PV) and Wind Turbine Generators (WTGs) of different sizes are strategically placed at the
selected bus locations to evaluate their effectiveness. Simulation results reveal that WI'G-based REPG units outperform
Solar PV-based REPG units in reducing active power losses, primarily due to their ability to provide reactive power

SUpport.

Keywords: Loss Sensitivity Factor; Voltage Profile Enhancement;Active Power Loss Minimization.

1. INTRODUCTION

Over the past four decades, power systems around the
world have undergone continuous reform. One of the
major initiatives in this transformation is the
decarbonization of the power system through the
increased integration of Renewable Energy Power
Generators, into the Distribution System (DS) [1], [2]. In
addition to providing clean energy, they play a significant
role in enhancing the voltage profile, minimizing losses,
improving voltage control, and increasing overall system
reliability when they are optimally sized and allocated
within the DS[3].Conversely, improper sizing and
placement of REPG units may lead to undesirable effects
on the DS performance [4]. Solar and wind power are the
most widely utilized REPG units due to their
technological advancements, low operational and
maintenance costs, and widespread resource availability
[5].

To maximize the benefits of REPG units in DS, numerous
studies over the past decade have focused on the optimal
placement of REPG units with the aim of minimizing
operational costs and greenhouse gas emissions,
improving voltage profile, enhancing voltage stability,
and reducing power losses. These studies have employed
various  methodologies, including conventional,
metaheuristic, and sensitivity-based approaches.
References [5] to [11] present some of the recent studies
that have employed metaheuristic approaches. Settoul et
al. introduced a Whale optimization Algorithm for the
optimal sizing and siting of WTGs and Solar PV, to
reduce active power losses, improve voltage profile, and
reduce operational costs [6]. In another study, Hari et al.
applied the same algorithm to solve a multi-objective
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problem involving the optimal sizing and placement of
DGs, with the objective of reducing economic losses and
power losses, while enhancing the voltage profile [7].
Purlu and Turkay proposed the application of the Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO)
for optimal sizing and siting of REPG-based Distributed
Generation (DG), with the objective of minimizing the
voltage deviation index and annual energy losses [8].
Alizadeh et al. proposed the Evolutionary Algorithms for
the optimal placement of solar PV-based REPG with the
objective of minimizing power losses and enhancing the
voltage profile [9].Yehia et al. presented a novel strategy
based on the hybridization of fuzzy logic with the
Equilibrium Optimizer (EO) for the optimal sizing and
placement of DGs [10]. Malik et al. proposed the
application of a multi-objective PSO for the optimal
sizing and siting of various RERs, to improve the voltage
profile and reduce power losses [11].

References [12] to [15] present some of the recent studies
that have employed sensitivity analysis-based
approaches. Kwangkaew et al. introduced the Load
Disabling Nodal Analysis for Robust Voltage Stability to
determine the optimal size and placement of REPG units,
to improve voltage stability, and minimize power losses
[12]. Viral and Khatod proposed an analytical approach
for optimal placement and sizing of DGs in DS to reduce
power losses [13]. Kayal et al. introduced a DG selection
index for determining the optimal location and sizing of
DGs, with the aim of enhancing voltage stability and
minimizing power losses in DS [14]. Kashyap et al.
proposed an analytical approach for the optimal
allocation and sizing of REPG units in a DS, to enhance
the voltage profile and reduce power losses [15].
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From the studies presented in References [5] to [15], it
is evident that the maximum benefit of integrating REPG
units into DSs is highly dependent on their optimal
location and sizing within the system. This study presents
the optimal placement of Solar Photovoltaic (PV) and
Wind Turbine Generator (WTG) REPG units of known
sizes, based on the Loss Sensitivity Factor (LSF). The
proposed method is simple and analytically transparent
compared to other methods reported in the literature, and
it does not rely on complex iterative processes, thereby
reducing both execution time and computational burden.

2. PROPOSED METHODOLOGY

To identify suitable buses for REPG integration, a
sensitivity analysis is conducted using the Loss
Sensitivity Factor (LSF), which quantifies the
contribution of each bus to power losses. The formulation
of the LSF, as presented in Equation (3), is derived from
the single-line diagram of the distribution system shown
in Figure 1. [16],[17],[18].
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Figure 1: Distribution line
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Where P; denotes the active power loss in the DS . I;, R;;
and X;; denote the line current, line resistance and line
reactance, respectively. P; denotes the receiving end
active power, and Q; represents the receiving end
reactive power. V; denotes the sending end voltage,
and V; is the receiving end voltage, while Vy denotes the
normalized voltage.

The Loss Sensitivity Factor (LSF), presented in Equation
(1), is used to evaluate the power loss sensitivity of each
bus within the DS. Firstly, the base load power flow
analysis is conducted without the inclusion of solar PV
and WTG REPG units. The power flow results are used
to compute the normalized voltage at each bus, as defined
by Equation (4). Additionally, the power flow results are
used to determine the LSF for each bus.

The calculated LSF values are then arranged in
descending order and paired with their respective
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normalized voltages. Buses with normalized voltages
exceeding 1.01 are excluded from consideration as
locations for REPG integration. Only buses with high
LSF values and normalized voltages not exceeding 1.01
are considered for REPG placement.

Subsequently, power flow analysis is carried out with
REPG units installed at the identified candidate
buses.These results are compared with those of the base
load case to evaluate how REPG integration affects
voltage profile and minimizes power losses.

The proposed algorithms for identifying candidate buses
for REPG placement and for comparing base load results
with various REPG deployment scenarios are outlined in
Algorithm 1 and Algorithm 2, respectively.

Algorithm 1: Algorithm to select the candidate bus
for REPG placement

1: Run baseload power
MATPOWER

2: For each bus i in the DS do
3:  Calculate LSF at each bus using Equation (3)

4: Calculate Vy at each bus, using Equation (4)
5:end for

6: Create a list of ( Bus(i), LSF(i), Vi (i)) for all buses
7: Sort the list in step 6 in descending order based
on LSF(i)

8: For each bus (i) in step 7 do

9:  IfVy <1.01 then

10: Include the bus for REPG placement;

11: Else

12:  Exclude the bus for REPG placement;

13: end if

14: end for

flow analysis using

Algorithm 2: Algorithm to compare base load results
from different REPG scenarios

1: For each REPG unit size and type do

2:  For each scenario do

3: Place the REPG units at the locations identified
in Algorithm 1

4: Run power flow analysis using MATPOWER

5: Store the load flow results from Step 4
6: End for
7: End for

8: Compare the base case load flow results from
Algorithm 1 with the results obtained in Step 5

3. RESULTS AND DISCUSSIONS

3.1 Test system

The proposed LSF-based approach for optimal REPG
placement is evaluated using the TEEE-33 Bus Radial
Distribution System (RDS), as illustrated in Figure 2. The
RDS consists of 33 buses and 32 distribution branches.
Bus 1 serves as the slack bus, while buses 2 through 33
supply a total active and reactive power demand of 3.72
MW and 2.3 MVAr, respectively. The simulation model
is developed and adapted using MATPOWER version 7.1
within the MATLAB R2023b environment. The Newton-
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Raphson technique is utilized to carry out the power flow
analysis [19], [20].

2Z3 2a 25

26 27 28 29 30 31 32 33
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19 20 z1 Z2

Figure 2: The IEEE 33-RDS

Table 1: Descending order of LSFs with corresponding
bus numbers and normalized voltage magnitudes in the
IEEE-33 RDS.

Bus Base Normalized
LSF No. voltage voltage
0.23866 6 0.94966  0.99964
0.21601 3 0.98294 1.03467
0.12331 28  0.93373  0.98287
0.11246 4 0.97546 1.02680
0.11186 0.96806 1.01901
0.10060 9 0.93506  0.98427
0.09964 24  0.97268 1.02387
0.09759 13 0.92077  0.96923
0.09366 10  0.92924  0.97815
0.08901 8 0.94133  0.99087
0.08737 29  0.92551 0.97422
0.06066 31 091779  0.96609
0.05497 23 0.97935 1.03090
0.05143 20  0.99293 1.04519
0.04998 25  0.96936 1.02037
0.04633 30  0.92195  0.97047
0.04520 2 0.99703 1.04951
0.03513 27  0.94517  0.99491
0.03132 14 091850  0.96685
0.02891 17 091370  0.96179
0.02853 7 0.94617  0.99597
0.02797 12 092688  0.97567
0.02674 26  0.94773  0.99761
0.02373 15 091709  0.96536
0.02336 16 091572  0.96392
0.01595 11 092838 097725
0.01244 32 091687  0.96513
0.00986 18  0.91309  0.96115
0.00934 21 0.99222 1.04444
0.00810 22 0.99158 1.04377
0.00744 19  0.99650 1.04895
0.00304 33 0.91659  0.96483
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3.2 Base load

Table 1 presents the simulation results of the active
power LSF, arranged in descending order according to
their respective bus numbers and normalized voltage
magnitudes. The three buses with the highest LSFs and
normalized voltage magnitudes not exceeding 1.01 are
considered for REPG placement. Accordingly, buses 6,
28, and 9 with LSF wvalues of 0.23866, 0.12332, and
0.10060 and corresponding normalized voltage
magnitudes of 0.99964, 0.98287, and 0.98427,
respectively, are selected as the optimal locations for
REPG placement.

3.3 Scenario analysis

The proposed LSF-based approach for optimal REPG
placement is analysed under three distinct scenarios to
evaluate the impact of REPG unit type, size, and
placement location. Tables 2 and 3 present the different
types and sizes of REPG units used in the study across
different scenarios. In Scenario 1, one REPG unit is
placed at the most sensitive bus, i.e., bus 6, as identified
by the proposed LSF-based approach. In Scenario 2, two
REPG units of different sizes are installed at the two most
sensitive buses, i.e., buses 6 and 28. Additionally, in
Scenario 3, three REPG units, each with a distinct size,
are placed at the three most sensitive buses, i.e., buses 6,
28, and 9, as determined by the proposed approach.

Table 2: Different solar PV REPG sizes and placement
locations considered in each scenario

Size
Scenario MW MVar  Bus No.

1 2.5896  —-mmomeeeee 6

2 1.8987  —omemeeeee 6
0.6499 oo 28

3 | Wiy J—— 6
(IC11) p— 28
(1S ) — 9

Table 3: Different WTG REPG sizes and placement
locations considered in each scenario

Size
Scenario MW MVar Bus No.

1 2.5582 1.7611 6

2 1.1712  0.1881 6
1.0954 1.6670 28

3 1.0589 0.8329 6
0.9861 0.8326 28
0.6911 0.5973 9

Scenario 1

In this scenario, as stated earlier, only one REPG unit is
considered for placement at bus number 6, which has the
highest LSF. The simulation results show a significant
improvement in the voltage profile when REPG unit is
incorporated, compared to the base case without REPG
unit. This improvement is clearly illustrated in Figure 3.
The minimum voltage magnitude for the base load at bus
number 18 is increased from 0.913 p.u to 0.950 p.u with
the Solar PV REPG unit, and to 0.964 p.u with the WTG
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REPG unit. Meanwhile, active power losses are
significantly reduced when REPG unit is incorporated,
compared to the base case without REPG unit , as
illustrated in Figure 4. The total active power losses in
the base case were found to be 0.203 MW. With the
integration of Solar PV REPG unit, the losses were
reduced to 0.110 MW, while the inclusion of WTG REPG
unit further decreased the losses to 0.064 MW.

Scenario 2

In this scenario, two REPG units are considered for
placement as shown in Tables 2 and 3. Similar to
Scenario 1, the simulation results show a significant
improvement in the voltage profile when REPG unit is
incorporated, compared to the base case without REPG
unit. This improvement is clearly depicted in Figure 5.
The minimum voltage magnitude at bus number 18
increases from 0.913 p.uto 0.951 p.u with the 2 Solar PV

REPG units and to 0.967 p.u with the 2 WTG REPG units.

Additionally, active power losses are significantly
reduced when REPG unit is incorporated, compared to
the base case without REPG unit , as illustrated in Figure
6. With the integration of 2 Solar PV REPG units, the
losses reduced to 0.094 MW, while with the inclusion of
2 WTG REPG units, the losses further decreased to 0.05
MW.

Scenario 3

In this scenario, three REPG units are considered for
placement. The first and the second units are placed as in
Scenario 2, while the third unit is placed at bus number
9, which has the third-highest LSF. Similar to previous
scenarios, the simulation results show a significant
improvement in the voltage profile when REPG unit is
incorporated, compared to the base case without REPG
unit. This improvement is clearly depicted in Figure 7.
The minimum voltage magnitude at bus number 18
increased from 0.913 p.u to 0.965 p.u with the 3 Solar PV
REPG units, and to 0.985 p.u with the 3 WTG REPG
units. Similar to previous scenarios, active power losses
are significantly reduced when REPG unit is
incorporated, compared to the base case without REPG
unit, as illustrated in Figure 8. With the integration of 3
Solar PV REPG units, the losses decrease to 0.089 MW,
while with the inclusion of 3 WTG REPG units, the
losses further decrease to 0.04 MW.
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Figure 3:Voltage profile improvement in Scenario 1
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Figure 4: Active power loss contribution in Scenario 1
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Scenarios Comparisons

Figure 9-11 shows the percentage voltage profile
improvement at each bus of the IEEE-33 RDS in each
scenario. In Figure 9, the highest voltage profile
improvement is observed when the WTG REPG unit is
used, with a maximum percentage voltage profile
improvement of approximately 6%, compared to the
Solar PV REPG, which achieves a maximum
improvement of about 4%. Furthermore, Figure 10
presents the percentage voltage profile improvement at
each bus of the RDS in scenario 2. The highest voltage
profile improvement is observed when 2 WTG REPG
units are used, with a maximum percentage voltage
profile improvement of approximately 8%, compared to
about 4.8% with 2 Solar PV REPG units. Additionally,
Figure 11 presents the percentage voltage profile
improvement at each bus of the RDS in scenario 3. The
highest voltage profile improvement is observed when 3
WTG REPG units are used, with a maximum voltage
profile improvement of approximately 8%, compared to
about 5.9 % with 3 Solar PV REPG units.

Figure 12 shows a comparison of active power losses
across the three scenarios. The results clearly depict that
active power losses decrease significantly as the number
of RER units increases. Furthermore, the WTG REPG
units contribute more substantially to the reduction of
active power losses in each scenario compared to the
Solar PV REPG units.

Overall, the integration of WTG REPG units provides
better performance in terms of both voltage profile
enhancement and power loss reduction when compared
to Solar PV REPG units.This is attributed to the reactive
power support provided by the WTG REPG units.

3.4 Simulation results validation

Tables 4 and 5 provide a comparative assessment of
different types, locations, and sizes of REPG units
applied across the three proposed scenarios, alongside
corresponding results from related research work
presented in [21]. The results highlight that the selection
and positioning of REPG units highly influence the
effectiveness of active power loss reduction in the RDS.
Enhanced power loss reduction is achieved when
appropriate units of REPG are incorporated into the RDS.
Additionally, the placement of REPG units proves critical,
as demonstrated by the performance differences in
Scenarios 2 and 3 and supported by findings in earlier
research. Moreover, the type of REPG unit also plays a
critical role. As previously discussed, WTG REPG units
contribute more significantly to active power loss
reduction compared to Solar PV-REPG units, primarily
due to their ability to supply reactive power to the system.

4 CONCLUSION

This research work proposed optimal allocation of REPG
units in RDS based on the Loss Sensitivity Factor to
enhance the voltage profile and minimize power losses.
Simulation outcomes demonstrated that WTG REPG
units outperformed Solar PV REPG units due to their
ability to supply reactive power. The findings validate the
effectiveness of the proposed approach and highlight its
improved performance compared to similar methods
reported in the literature.

Percentage Voltage Profile Inprovement (%)
w
T
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Figure 9: Comparison of percentage voltage profile
improvement using different REPG units in Scenariol
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Figure 10: Comparison of percentage voltage profile
improvement using different REPG units in Scenario 2
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Table 4: Solar PV REPG comparison with other methods

(3]

Size of Solar Optimal Active Power
PV-REPG location losses
This [21] | This [21]
Unit | MW MVar | study study
1 2589 ------- 6 6 0.11 0.11
1.8987 6 6 0.094  0.104
2 06499 T 28 3
3 12773 6 6 0.089  0.093
0.9861  —--mmm- 28 3
0.6911 9 28

(6]

Table 5: WTG REPG comparison with other method

(7]

(8]

Size of WTG - Optimal Active Power
REPG location losses
This [21] | This [21]
Unit MW MVar study study

1 2.5582 1.7611 6 6 0.064 0.064

2 1.1712 0.1881 6 6 0.05 0.053
1.0954 1.6670 28 3

3 1.0589 0.8329 6 6 0.04 0.049
0.9861 0.8326 28 3
0.6911 0.5973 9 28
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