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Abstract. Vietnam, situated near the equator, receives high solar radiation, making it a crucial
factor in addressing the urgent global shift to renewable energy sources. This transition aims
to reduce CO; emissions and achieve carbon neutrality by 2050. In the context of effectively
harnessing solar energy, this paper presents a solution for identifying the location and power
of renewable energy systems integrated into the distribution network. The objective is to
minimize transmission power loss and voltage fluctuations while maximizing profits. The
proposed solution involves using the Newton-Raphson algorithm to determine energy
distribution on the power network in specific scenarios. Subsequently, the Hill Climbing
algorithm 1is applied to identify the optimal location for deploying the renewable energy
system on the power network. Moreover, a method for determining the power of renewable
energy systems is implemented to minimize the objective function utilizing the Newton
method. Experimental validation on the IEEE 33 bus and 69 bus test systems demonstrates
that the proposed methodology consistently achieves optimal results expediently,
underscoring its efficacy.
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voltage fluctuation, optimization algorithm.
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1. INTRODUCTION

In the context of worsening climate change, fossil fuels are responsible for almost 75% of
greenhouse gas emissions and approximately 90% of global CO; emissions. This has
prompted a shift towards renewable energy sources such as solar, wind, wave, and bioenergy
[1]. However, the intermittent nature of renewable energy generation poses economic and
engineering challenges that limit their widespread adoption. Unlike traditional power plants,
renewable energy facilities require specific high-resource locations [2]. To address these
challenges, mathematical optimization tools are needed to assist in the planning and decision-
making, particularly in determining the size and location of renewable energy plants.
Distributed generation (DG) has emerged as a way to promote a more significant deployment
of renewable energy by reducing large-scale investment costs and fostering competition in the
renewable energy market.

In a liberalized electricity market, opportunities for development at distribution levels are
increasing, particularly with optimized system placement. This can significantly mitigate
technical challenges associated with renewable energy integration. By strategically allocating
and determining the optimal capacity of renewable energy sources, losses in the power system
can be reduced while enhancing voltage and network reliability. Electric utilities prioritize
determining the maximum capacity of renewable energy that can be integrated into the system
while minimizing losses. However, failure to appropriately locate and scale renewable energy
sources can lead to increased energy supply system losses [3]. Over the past few decades,
there has been extensive research on optimization methods for determining the location and
capacity of renewable energy sources to minimize power loss, reduce voltage fluctuations,
and enhance supply system reliability [2, 4-7].

Numerous studies have concentrated on optimization techniques to determine the
placement and size of renewable energy systems (RES) to minimize power loss, decrease
voltage fluctuations, and improve the reliability of the electric power supply. Various
algorithms and solutions have been proposed to address this. For example, Rosa et al. [§]
presented a novel approach that employs sensitivity analysis and optimal power flow
techniques, utilizing computational tools and global search techniques with low computational
time to allocate energy efficiently. In a separate study, researchers applied the Particle Swarm
Optimization (PSO) algorithm to identify the optimal location and capacity of RES, aiming to
reduce harmonic distortion, power loss, and overall system costs [9]. Furthermore, Khan et al.
[10] used a numerical optimization algorithm to determine renewable energy systems' optimal
placement and size, focusing on minimizing power loss and voltage deviations. Their study
also introduced a voltage stability indicator and utilized numerical optimization in conjunction
with phase synchronization data obtained from Phasor Measurement Units (PMUs).

This paper also introduces a method for determining the location and capacity of solar
power systems integrated into distribution networks. The purpose is to minimize power loss,
decrease voltage fluctuations, and maximize profit. The proposed method combines the Hill
Climbing search principle and the Newton method to identify the optimal location for solar
power systems near load centers and calculate the corresponding optimal power values with
the fastest convergence speed. These values are determined as the combination that minimizes
the objective function. Implementing this method in Matlab was tested on 33-bus and 69-bus
test systems.
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2. PHOTOVOLTAIC (PV) POWER SYSTEM INTEGRATION STRUCTURE

The grid-connected solar power source can be divided into five functional parts. These
include a system of solar panels that converts solar radiation energy into electricity and a
battery system that stores the generated electrical energy and supplies electrical energy to the
grid. There's also a charging system to control the transfer of electrical energy generated from
solar panels to the battery storage system, preventing back-supplied current from the battery
storage system or the grid from returning to the solar cells. Additionally, an inverter converts
the direct current stored in the battery into an alternating current with frequency and
amplitude that is compatible with the consumer power grid. Finally, a transformer can make
the power source compatible with the distribution grid. Depending on the scale and cost
requirements, battery storage systems and charging systems can be used, and transformers
may be needed specifically for large-capacity solar power plants or can be integrated into
existing distribution transformers. The structural diagram of integrating the solar power
system into the power distribution network is illustrated in Figure 1.
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Figure 1. Structure diagram of grid-connected PV power system.
3. PROPOSED OPTIMIZATION SOLUTION

3.1. System modeling

The power distribution network system comprises distribution substations, transformers,
medium voltage lines, and other equipment. Its primary function is to transmit electrical
power from the source to end-users. These distribution lines are characterized by parameters
such as resistance (i), reactance (x;x), total resistance (zix), and total conductivity (vic).

The distribution transformers serve as distribution buses that supply power to consumer
loads. Each bus is defined by specific parameters, including voltage (V:), phase angle (6)),
active power (P;), and reactive power (Q,).
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The voltage at the bus "i" can be characterized by its magnitude and phase angle:

U, =V, cos(8,)+jV, sin(0,) = Ve (1)
The current at the buses is computed following the node voltages:
ii = Z[Yik (U1 - Uk )} = yiiUi + ZYikUk (2)
ki k=i

With y;; representing the sum of the conductances of the branches connected to bus 7, and
vir representing the total conductivity of the line connecting bus i to bus «.

The general equation describes the electrical circuit in matrix form as expression (3):

il Yo Yo - Yim U1
I, _| Y2 Y - Yom U, (3)
in ynl ynZ ynnh Un

The power at the buses is described according to the relationship between node voltage
and line parameters as follows:

Si =P, +jQi = Uiii = Uizs}ikﬁk
k

= S]iiUiﬁi + Z S’ik[jk[jk

k#i

= S’iiviz + Z S’ikVinej(eﬁek) 4)

k#i

P =g V+ ZVin [g; cos(0; —6,)+h,, sin(6, —6,)]

k#i

Q =-h; V7 + Z V. Vi[g; sin(6; -6, ) —h, cos(6;, —0,)]

k#i

with P; - active power at bus i; Q; - reactive power at bus i; gix - real component of branch
conductance ik; hi - imaginary component of branch conductance ik.

The current on the branches connecting bus i to bus £ is described by Ohm's law:
I, =1, =y, (U, - U,) )
The calculation of power loss on the line branches is derived from the following formula:
Ploss, =I’r
Otoss, 13, ©
Where ri is the line resistance from bus i to bus £; xi« is the line reactance connecting bus

i to bus k.

The power distribution system model consists of a set of equations from (1) to (6). When
solar energy penetrates the system, it directly impacts the power components of the buses,
causing a redistribution of energy within the system. This redistribution then leads to changes
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in voltage and current throughout the system and changes in overall system losses.
3.2. Objective function

In this study, we are focused on determining the optimal location and capacity of the
solar power system. Our objective function, precisely defined in expression (7), aims to strike
a balance between reducing transmission losses and minimizing voltage fluctuations.

})l()SS

CF =min(k,. + k,.VolDeviSum) (7)

total

Where Poss represents the aggregate power dissipation across the distribution line system,
while P signifies the total active power of the entire system load. The relative ratio
Pioss/Proar 18 employed to standardize the value reference system to align with the second
power quality objective, known as VolDeviSum.

The term VolDeviSum refers to the cumulative value derived from squaring the voltage
fluctuations of the buses expressed in per unit (pu).

Mpus

VolDeviSum =Y (V,-1)*) (®)

The parameters k; and k> denote weighting coefficients that account for the equilibrium or
bias between the objective of minimizing power loss and reducing voltage fluctuations.
During this analysis, the research team adopted the values k=2 and k>=1 for these
coefficients.

The objective function is established with the following critical constraints:

The area, terrain, and geographical conditions delimit the permissible peak power in each
deployment area:

P ()< P,(@) )
The current transmitted on distribution line branches must fall within the allowable rated
limits:
]ik < [ik cp (10)
The voltage on the distribution buses must adhere to the standard limits:

0.95<V,(pu)<1.05 (11)

After achieving the technical objective, consideration can be given to the economic
objective, which involves evaluating profits associated with the aforementioned technical
solutions. Profit value is assessed over 10 years based on the storage battery life cycle
estimates. The profit value is calculated by formula (12):

nspv

L]\[}l(k) = (va (k) *ttb * nht + (PlossO _Ploss (k)) *tlvtb) >l<nd *ny *price_zppv (l) *prl(l) (12)

i=1
Where P, (k) represents the total capacity of the entire solar power system under option £.

Piosso 1s the total loss on the distribution system in the absence of the deployed solar
power system, and Pjss(k) is the total loss on the distribution system when the solar power
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system is deployed according to option £.

t» denotes the effective solar energy production time in a day, averaged over days in a
year, and #,s represents the average system working time in a day.

nw signifies the efficiency of the entire solar power conversion system.

na, ny denote the number of days and years used for profit calculation. In this study, the
number of years n,= 10.

price refers to the cost of one kilowatt-hour (kWh) of electricity.
pri(i) represents the cost of deploying a solar power system per kilowatt-peak (KWp).
P,.(i) signifies the capacity of the ith solar power system in option k.

3.3. Optimization algorithm

To undertake the implementation of the objective function delineated in expression (7)
and the condition constraints specified in expressions (8) to (11), the present study introduces
an algorithm grounded in the Hill Climbing method to ascertain optimal locations for the
deployment of solar power systems within the power grid, with a specific focus on identifying
peaks corresponding to buses in proximity to the load center. The prioritization of peak search
is structured, commencing with buses exhibiting the highest load values and progressing
towards those with diminished loads. For diminutive electrical network systems
encompassing a limited number of buses, a comprehensive assessment of the objective
function value across all vertices proves conducive to achieving a globally optimized solution.
Conversely, within extensive and exceedingly large power network systems, careful
consideration of all peaks imposes a substantial computational burden, prompting the
necessity to selectively narrow down the scope to approximately 1/10 to 1/2 of the total
number of peaks, ensuring the algorithm's ability to discern the premier peak.
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Figure 2. Relationship of objective function CF with PV peak power value.
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Figure 3. Flow chart of the proposed solution algorithm.

Additionally, a critical parameter pertains to the optimal capacity value of the renewable
power system. Leveraging simulation software tools to ascertain the relationship between the
objective function value articulated in expression (7) and the power value of RES for both 33-
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bus and 69-bus IEEE systems, the study yields illustrative outcomes evident in Figure 2.
Manifesting a quadratic nature, this relationship assumes a convex function form.
Consequently, the determination of the power value Ppv to minimize the CF value function is
conducted through the application of the Newton method, deploying the sequential steps
outlined in the prescribed formula (13):

CF (i)

Pu+D =B, ()=DP=F, ()= s

(13)

In selecting P,y (0), the allowable peak power (P.,) in regions where renewable energy
systems are deployed is considered. The flow chart depicted in Figure 3 presents the
algorithm's detailed steps.

4. SIMULATION RESULTS

The proposed solution was tested using the 33-bus medium voltage power network model
(IEEE 33 bus benchmark test system) and the 69-bus radial distribution system. Data about
the load, one-line diagrams, and line information for the systems are duly referenced in [11,
12].

The objective function value, derived from the construction algorithm, was analyzed as
the peak power value of the integrated solar energy system within the power network at each
location. Analysis of the survey results revealed a near-quadratic relationship between the
objective function value and the power rating. This regular relationship facilitates the
identification of regions with extreme values. Although the alteration of coefficients £/ and k2
does not modify the form of the value function, it does induce a shift in the minimum value of
the function consequent to changes in solar energy source capacity influenced by coefficients
kI and k2. Figure 4 presents the survey result of the value function for the 33-bus test system,
elucidating that the optimal penetration power value resides within the 1400 to 2000 kW solar
power system capacity range. Given the assumed permissible power value of 3000 kW, the
optimal penetration power value can be ascertained after a few calculated steps according to
expression (13).

Figure 5 shows the objective function value chart when deploying a solar power system
with different power ratings at the buses in a 33-bus system. The smaller the objective
function value, the higher the efficiency achieved, and it often tends to be distributed in load-
focus areas. As illustrated in Figure 5, when arranging only one solar power system with a
capacity of 1000 kW, the priority area for selecting the solar power system will be at bus
locations from 10 to 18 and 26 to 33. This characteristic can be used to demonstrate that
applying the Hill Climbing principle can completely find the optimal location to penetrate the
solar energy system. If the systems are small in scale, the search process can be performed on
all locations to find the most optimal location. For very large-scale systems, global searching
can take a lot of effort and computational time; then, the number of search locations can be
reduced to about 1/3 to 1/2 the size of the system. It is still possible to find the most optimal
location.

632



0.5 I S —

0458 e (2) VolDevSum

045 N e 3%(1)+2)

0.35 - * N

Value Function

0.3

0.28
\

0.26 [~

S S
e ) )
to ] N

Object Function CF

o
=
=

0.16

0.25 - N R i

.'Q—
-~ T
0.15 - ~ ~ RN
ST

N
.,
0.1 Seaal -~ - v s v 2 2
oy
.

|
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33

Transport and Communications Science Journal, Vol. 76, Issue 04 (05/2024), 625-637

—— (1) Ploss/Ptotal

. = -()+Q)
-. —==2%(1)+(2)

e

-
bl 5 - e wmawen e
— o -

1 | 1 1 1 |
NI IR I IR I I I R M N S N NI NSRRI
A M SRS O R AR I RIC SIS

PV Power Value (kW)

Figure 4. Variation of the objective function according to the peak power value.

I I I
—KWp=1190
L - — KWp=1000

—-—- KWp=300

Location of PV integrated bus

Figure 5. The objective function value (CF) for the PV system at the buses.

633



Transport and Communications Science Journal, Vol. 76, Issue 04 (05/2024), 625-637

Table 1. Simulation results on 33 bus and 69 bus systems.

PV Power IEEE 33 bus system IEEE 69 bus system
Restriction
PV PV power Power Loss PV PV power Power
Locations (kW) (kW) Locations (kW) Loss (kW)
KWp<300 17 245 93.0636 63 295 153.2639
15 245 64 115
32 245 60 295
12 245 22 295
30 245 23 95
31 205 16 285
12 215
68 250
KWp<500 16 495 95.031 63 495 129.9502
31 495 60 495
10 495 22 495
64 115
13 280
KWp<1000 13 995 91.5422 60 995 135.0856
30 745 22 520
63 345
KWp<1500 12 1190 93.4992 60 1305 142.5228
31 625 22 480

Table 1 presents the results of implementing the proposed algorithm when the solar
power system peak power is limited to different norms implemented on the 33-bus and 69-bus
systems. With the IEEE 33-bus system, considering the deployment capacity limit of 300 kW,
it is necessary to deploy the solar power system in at least 6 areas. The optimal locations are
near buses No. 12, 15, 17, 30, 31, and 32. The corresponding capacity is shown in the third
column, in which station location 31 needs to deploy 205 kW, while the remaining five
locations all deploy 245 kW. As for the IEEE 69-bus system, it needs to be deployed in 8
areas, specifically as illustrated in the data in table 1.

Figure 6 depicts the estimated profits associated with implementing a solar system under
varying power rating limits. The discernible pattern of increased profitability corresponding to
higher power rating limits substantiates the recommendation to maximize the utilization of the
solar energy system within the permissible range.
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Figure 7. Voltages on the buses in the cases before and after PV system integration.

Figure 7 depicts the voltage levels on the respective buses before and after the
implementation of the solar power system in the 33-bus power network. Before
implementation (the line KWp=0), the lowest voltage recorded is 0.912 (pu) at bus number
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18. Following the solar power system's deployment, the buses' voltage is consistently above
0.95 (pu), meeting the conditions set by the algorithm. Additionally, it is observed that as the
power rating limit increases, the solutions implemented not only comply with the constraints
but also demonstrate enhanced efficiency.

The presented data depicts the results of the proposed methodology on two test systems
comprising 33 buses and 69 buses. The outcomes exhibit significantly enhanced voltage
characteristics and substantial reduction in total power loss. These findings underscore the
potential viability of the proposed method for deployment in the planning phase of renewable
energy systems within actual power networks.

5. CONCLUSION

The article has presented a methodology for determining renewable energy systems'
optimal siting and capacity within the medium voltage power network. This methodology
utilizes the Hill Climbing principle to narrow down potential locations effectively and applies
the Newton algorithm to calculate the power value, thus minimizing the objective function
efficiently. The effectiveness of this approach was demonstrated through testing on two
systems comprising 33 and 69 buses. The results indicated a significant reduction in total
distribution system losses and voltage fluctuations by optimizing the siting and power rating
of renewable energy systems integrated into the distribution network.
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