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STRATEGIC LOAD FLOW ASSESSMENT FOR A SHIP MICROGRID
WITH PHOTOVOLTAIC POWER INTEGRATION
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Ships are one of the primary modes of transportation used worldwide. The Possibility of the extinction of fossil fuels soon,
combined with the urge to reduce pollution, makes it necessary to use renewable energy as an inevitable source. To enhance air
quality, it is imperative to minimize CO; emissions. It is essential to use a clean energy source to reduce carbon emissions. The key
objective is to promote clean and green energy for transportation. Major contributors to global warming are the combustion of
fossil fuels. This paper proposes utilizing solar energy on ships to generate electricity, thereby enhancing reliability and
sustainability. In this work, a primary load flow analysis of an 18-bus shipboard electrical network is conducted using
MATLAB/Simulink. Results obtained from load flow analysis are used to design a solar photovoltaic Panel based on the load
requirements. This model enhances the efficiency and reliability of the ship's power system to supply all electrical loads on board.

1. INTRODUCTION

One of the primary means of transportation used
worldwide is ships. Non-renewable energy sources, such as
fossil fuels, are used as fuels in ships to a greater extent. This
causes many ecological problems to the environment, such
as global warming, air and water pollution. Carbon dioxide
(COz2) emissions originating from ports and ships have an
influential impact on global warming [1]. Hazardous gases
like nitrogen, Sulphur, COz, and hydrocarbons have been
discovered, and ocean-going ships are the major contributors
to pollution in the marine environment [2]. The marine and
shipping sectors are experiencing an increasing need for
ecologically sustainable ships due tomore demanding
ecological standards[3]. To further decrease reliance on
fossil fuels, shipboard electrical systems have incorporated
photovoltaic generators to reduce the use of conventional
energy sources [4]. Standalone renewable energy systems
consider solar, wind, and hydro resources, all of which are
inherently boundless in nature, and serve as a viable
alternative to grid-connected systems.[5].

The solar photovoltaic ship, an energy-efficient and
environmentally friendly vessel, is becoming increasingly
promising and rapidly evolving. The Generator's output
power will be reduced proportionally by supplying the load
through the transformed electric energy from the PV system
via the ship's distribution system [6]. The utilisation of
renewable energy is being enhanced for two primary
reasons: economic, as a response to rising fuel costs, and
environmental, to decrease hazardous emissions from
ships[7]. A Shipboard Power Network is a standalone, small-
scale electrical network that supplies electricity to the
propulsion engine and services all types of loads on a ship,
apart from traditional terrestrial power networks [8].
Improving the ship power network requires power
management methods and design for ship power systems.
These systems encompass the generation, conversion,
distribution, protection, and consumption of energy [9].

Additionally, there is a pressing need to transition towards
carbon-neutral fuels to safeguard our planet. Nevertheless,
zero-carbon fuels are still in the early stages of development
in the global shipping industry, and several perspectives and
projections exist regarding the production, distribution, and
consumption of these fuels to promote a sustainable
maritime economy [10]. Solar energy is the optimal choice

for energy use in the marine ecosystem due to its clean and
abundant nature. The reasons for selecting solar energy as a
replacement energy source in marine industries include zero
pollution, high reliability, elimination of hazardous
byproducts, lower power costs compared to stored energy
from the grid, reduced ship weight, longer lifespan, and safer
operation. It also proposed that using solar energy adds the
advantage of instant power availability without a time delay
in starting the engine, and an emergency stop is also possible
[11,12]. The primary findings are highlighted in
consideration of the research limitations identified in the
literature review.
Key points

e In the present work, solar energy is utilized as the

primary source of energy, which ultimately reduces the

fuel carried by ships, thereby reducing the ship's weight.
e This work enhances the efficiency of the shipboard

power system.
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Fig 1 — Eighteen bus ship radial network.

Due to the continual advances in technology and the
increasing worldwide emphasis on sustainability, the
maritime industry is projected to maintain its shift towards
hybrid power systems. Hybrid power systems offer
numerous benefits; however, combining various energy
sources can lead to complex power flow scenarios and
necessitate harmonization among multiple energy providers
[13].

2. ANALYSIS OF ELECTRICAL SHIP NETWORK
The PV-electric ships operate using electricity generated by

1.2 Department of Electrical and Electronics Engineering, SRM Institute of Science and Technology, Kattankulathur-603203, Tamil Nadu, India.

E-mail: em5614@srmist.edu.in, vijayals@srmist.edu.in

DOI: 10.59277/RRST-EE.2025.70.3.19



398

the PV systems installed on board, as well as from the grid in
case the PV systems are insufficient to meet the power
need[10]. Baldwin and Lewis [14] examined 18 bus ship
electrical radial networks. This ship line and bus data are taken
for implementing this work. A load flow analysis of an 18-bus
radial ~ship electrical network is performed in
MATLAB/Simulink, which provides the load requirements of
the ship.

2.1 SPECIFICATION OF 18 BUS SHIP NETWORK

The present work analyses the 18-bus ship electrical network
which consists of four generators, six loads and four
transformers as depicted in Fig. 1 reliant on the branch and bus
data provided in Butler [15]. Figure 2 illustrates the Branch
data for 18 Bus Ship Electrical Network. Four generators are
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Fig 2 — Branch data of 18 bus ship.

connected to the buses 1, 2, 3, 4. Transformers are connected
between the buses 7-8, 10-11, 13-14, 16-17 with tapping
ratio 1 and six loads are connected to the buses 5, 6, 9, 11,
15, 18. First bus is taken as slack bus. In this network,
primary power source is four generators connected to buses
1, 2, 3 and 4. There are three Generator buses and fourteen
load buses. Modelling is carried out with 10 MVA base
power and 6600 V of generation voltage. The Root means
square voltage level of the network is 4760V. Tie line branch
is 5-6. This network This network has four similar branches
9-7,10-12, 13-15 and 16-18. The Branch data of 18 Bus ship
network is depicted in Fig. 2. The Bus data of 18-bus ship
electrical network is tabulated in Table 1.
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8 PQ - - 0.00 0.00
9 PQ - - 5.72 0.12
10 PQ - - 0.00 0.00
11 PQ - - 0.00 0.00
12 PQ - - 5.76 0.00
13 PQ - - 0.00 0.00
14 PQ - - 0.00 0.00
15 PQ - - 5.68 0.11
16 PQ - - 0.00 0.00
17 PQ - - 0.00 0.00
18 PQ - - 5.81 0.14

Table 1.
18 bus ship branch data
Bus Type Voltage Generation Load, Load,
(P.U) (MW) PMW) Q(Mvar)
1 Slack 1.02 Slack 0.00 0.00
2 PV 1.02 6.15 0.00 0.00
3 PV 1.02 6.04 0.00 0.00
4 PV 1.02 6.06 0.00 0.00
5 PQ - - 0.42 0.31
6 PQ - - 0.38 0.29
Bus Type Voltage Generation Load, Load,
(P.U) (MW) PMW) Q(Mvar)
7 PQ - - 0.00 0.00

3. MATHEMATICAL MODELLING OF SHIP
MICROGRID

3.1 POWER FLOW MODELLING
The Newton-Raphson method was employed for load flow
analysis in ship network. This method offers a faster load flow
analysis solution comparing with other methods [16]. For the
power system with h bus, the Real and reactive power of the
load buses are evaluated using the following mathematical
equation [17],

Pacal = Zgzl VaVbYab COS(Gab_(Sa_(Sb)- (1)
Q"' = = X1 VaVoYap Sin(Oap—=8,=5).  (2)
where P,° implies Real power calculated, Q,°* implies

Reactive power calculated, V, is the Voltage at bus a and V),
denotes Voltage at bus b.

The Jacobian matrix that includes real and reactive power
derivatives can be efficiently computed as[18]

-1 4
AQ 3 JallAvY
where J;,/,,/3,/, are the Jacobian matrix coefficients. The

Load flow equations denoted is computed iteratively
employing the following procedures[18]

ML = §™M + AS.

©)

4)
®)

When the voltage and phase angle changes are under the
predefined limit, the iterations of step m are terminated.
Initially an optimal region for placing the solar array is
identified based on the specifications of the PV system.
Eventually, the total power supply from the solar PV system
is estimated according to the trajectory of the Ship. The

ymil = ym 4 AV,

(©)

analysis concludes by examining the fuel-saving and lower
emissions achieved through the renewable generation of
power[19]. The generated peak power of solar panel is [19].
Here PV, is the Solar PV Peak Power, PB. is Rated PV Power
and n denotes Number of Solar panels.

Fuel saving of the PV powered ship and Emission Reduction
can be calculated as

PV, =P xn

F, = PV, x SFOC. (7)

E, = E; X PV, ®)
where F; is the Fuel savings, SFOC is the Fuel Oil consumption,
E, is the emission reduction and E; denotes emission factor.
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4. POWER FLOW ANALYSIS

In a balanced three-phase system, the load flow analysis
often relies on a steady-state condition [20]. Load flow
analysis evaluates the balanced operating conditions of the
18-bus radial network using the provided branch and bus
data. This information helps minimize losses and maintain
system stability. The Newton-Raphson load flow method
yields more reliable results than any other power flow
solution method, based on convergence rate, iteration count,
and memory usage, for an 18-bus radial ship electrical
system shown in Fig. 1, which is implemented in MATLAB.
It takes four iterations to converge. It is used as a reference
for the load flow solutions of MATLAB/Simulink. Load
flow solutions and line flow losses are tabulated in Tables 2
and 3, respectively. Load flow analysis is done in MATLAB
and on a network. Power flow analysis of an 18-bus ship
network. The process flow is shown in Fig. 3.

Read Line Data and
Bus data of 18 Bus
Ship Network

v

Initialise Base values
and voltage, i=1

v

Conduct load flow
analysis- Newton

Raphson method
v
Calculate Total Check ..
output power convergence =l
v
Calculate Number of
solar panels
v
Supply the Load
demand
Fig 3 — Load flow analysis flowchart.
Table 2
Power flow solution by the N-R method.
Bus Voltage Angle Load Generation
V) MW Mvar MW Mvar
1 1.02 0 0 0 5.81 1.218
2 1.02 0 0 0 6.15 1.567
3 1.02 0 0 0 6.04 1.447
4 1.02 0 0 0 6.06 1.202
5 1.02 -0.006 0.42 0.31 0 0
6 1.02 -0.005 0.38 0.29 0 0
7 1.02 -0.14 0 0 0 0
8 0.98 -10.53 0 0 0 0
9 0.98 -10.54 5.72 0.12 0 0
10 1.02 -0.011 0 0 0 0
11 0.98 -10.6 0 0 0 0
Bus Voltage Angle Load Generation
MW Mvar MW Mvar
12 0.98 -10.61 5.76 0.09 0 0
13 1.02 -0.017 0 0 0 0
14 0.98 -10.46 0 0 0 0
15 0.98 -10.47 5.68 0.11 0 0
16 1.02 -0.015 0 0 0 0

17 0.98 -10.71 0 0 0 0
18 0.98 -10.73 5.81 0.14 0 0
Total loss 23.77 1.06 24.06
Table 3
Line flow losses.
Line Bus Power and Line flow Line loss
From To MW Myvar MW Myvar
1 5.808 1.218 5.935
5 5.808 1.218 5.935 0
2 6.15 1.567 6.347
6 6.15 1.567 6.347 0
3 6.04 1.447 6.211
6 6.04 1.447 6.211 0
4 6.06 1.202 6.178
6 6.06 1.202 6.178 0
5 -0.42 -0.31 0.522
1 -5.81 -1.22 5.934 0
2 -6.15 -1.57 6.346 0
6 -0.09 0.083 0.119 0
7 5.791 1.204 5.915 0
10 5.831 1.187 5.951 0
6 -0.38 -0.29 0.478
3 -6.04 -1.14 6.21 0
4 -6.06 -1.2 6.177 0
5 0.085 -0.08 0.119 0
13 5.75 1.178 5.87 0
16 5.884 1.262 6.017 0
7 0 0 0
5 -5.79 -1.2 5914 0
8 5.79 1.203 5914 0.07
8 0 0 0
9 5.721 0.121 5.722 0
7 -5.72 -0.12 5.722 0.07
9 -5.72 -0.12 5.721
8 -5.72 -0.12 5.721 0
10 0 0 0
5 -5.83 -1.19 5.95 0
11 5.831 1.186 5.95 0.07
11 0 0 0
12 5.761 0.091 5.762 0
10 -5.76 -0.09 5.762 0.07
12 -5.76 -0.09 5.761
11 -5.76 -0.09 5.761 0
13 0 0 0
6 -5.75 -1.18 5.868 0
14 5.749 1.177 5.868 0.07
14 0 0 0
15 5.681 0.112 5.682 0
13 -5.68 -0.11 -5.68 0.07
15 -5.68 -0.11 5.681
14 -5.68 -0.11 5.681 0
16 0 0 0
6 -5.88 -1.26 6.016 0
17 5.883 1.261 6.016 0.07
17 0 0 0
18 5.811 0.142 5.813 0
16 -5.81 -0.14 5.813 0.07
18 -5.81 -0.14 5.812
17 -5.81 -0.14 5.812 0

5. MODELLING OF SOLAR PV-POWERED SHIP

Han [21] said that the use of fossil fuels in the shipping
sector affects the ecosystem. He proposed using renewable
energy sources in the shipping sector. Thus, this proposed
approach enhances the reliability of the network and
increases the system's efficiency. Hussein [22] and loannis
[23] also said that PV technology is a cost-effective solution
for the shipping industry. Yan [24] noted that the fuel
consumption of diesel engines is reduced because of the use
of solar energy in ships. Kurniawan [25] also mentioned that
the use of non-conventional energy reduces ship operation
costs due to the uncertain price of oil. It has no rotating parts
like a wind turbine, which may affect ship stability.
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Fig. 4 — Photovoltaic ship modelling in MATLAB/Simulink.

The quantity of solar irradiance significantly influences
the power output from photovoltaic systems [26]. Based on
Villalva [27], a photovoltaic panel is modelled in
MATLAB/Simulink. The sudden change in load can be met
by modifying the number of cells connected in series and
parallel. The power management of an electric ship involves
defining the optimal quantity of electrical power that should
be available consistently and maintaining a balanced
distribution among the generators. The primary objective of
power management under unfavourable circumstances is to
provide a required amount of power to ship essential loads.
Effective scheduling of power-generating units based on
system demand enables the most efficient use of fuel,
resulting in high efficiency [28]. Figure 4 represents the
modelling of the 18-bus radial network in
MATLAB/Simulink.

Fig. 5 — Current profile of ship network.

To enhance the realistic application of the proposed
simulation approach, the 18-bus shipboard electrical system
created in this study is designed to match the setup of a
modern all-electric ship. Bus 1 serves as the slack bus,
representing the main distribution switchboard. Buses 2, 3,
and 4 are modeled as PV buses, corresponding to three
onboard diesel generators. The remaining buses, numbered 5
to 18, are classified as PQ buses, which represent the
electrical needs of essential ship systems. These systems
include engines, navigation and communication tools,

heating and lighting, kitchen and living area services, extra
machinery, and backup systems. This configuration
effectively captures the radial medium-voltage distribution
structure that is typical of marine power systems. Load
profiles were assigned to these buses to simulate realistic
operational modes, including port stay, maneuvering, and
cruising. These adjustments ensure that the simulation
reflects not only the theoretical flow of power but also the
dynamic situations encountered during actual ship
operations. This enhances the model's accuracy and its
usefulness for analyzing operations and managing energy.

6. RESULTS AND DISCUSSION

In MATLAB/Simulink, the 18-bus ship network from Fig.
1 is modeled, and a load flow analysis is performed in
simulation. In this network, there are eight similar branches
with numerous single-phase loads, and the generation is
closely aligned with demand.
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Fig. 6 — Voltage and current output of generator bus.

Based on the voltage, current and power required for the
ship network, solar panels are designed. The results obtained
are verified with load flow solutions obtained from the
Newton-Raphson method. The maximum current that flows
in the circuit is around 500A. Tie line current is around 35A.
The Power rating of each generator is 3.3 MVA. The results
obtained are verified by performing power flow analysis for
the ship electrical network using the Newton-Raphson load
flow method in MATLAB. Voltage at each bus of the ship
electrical network is tabulated and the maximum per unit
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voltage obtained is 1.02. Since there are four similar
branches, voltage at those buses is similar. Thus, the load
management helps in designing the PV Source also
satisfying the load demand. The RMS voltage at each bus of
ship electrical network is tabulated in Table 4. Current flow
at each branch is depicted in Fig. 5. Voltage and Current
waveform of Generator Bus 1 is represented in Fig. 6.

Table 4
Voltage profile of the ship network.

Bus V rms (V) Per Unit Values
1 4776 1.02
2 4772 1.02
3 4762 1.02
4 4760 1.02
5 4708 1.01
6 4689 1.00
7 4651 0.99
8 4497 0.963
9 4487 0.961
10 4670 1.00
11 4515 0.97
12 4506 0.97
13 4607 0.99
14 4448 0.95
15 4435 0.95
16 4620 0.99
17 4455 0.95
18 4442 0.95

7. CONCLUSIONS

In the present work, load flow analysis of an 18-bus radial
ship electrical network is done using MATLAB/Simulink,
and the total demand of the ship network is calculated and
verified using the Newton-Raphson method. Based on the
load demand, solar panels are designed. The potential for the
growth of green energy sources in the marine industry is
significant, particularly in light of the declining availability
of fossil fuels. The advancement of photovoltaic energy is an
unavoidable trajectory in today's energy landscape. As a
result, our effort encourages the utilisation of PV solar
energy to power all the electrical loads of ships, ultimately
leading to an increase in the network's efficiency and
reliability.

This work aims to provide a clean and environmentally
friendly source of energy for transportation in waterways.
One of the significant constraints experienced by ship power
engineers is the issue of affordability and accessibility. At
certain times, solar energy becomes inaccessible due to the
necessary time. Additionally, it is influenced by the ship's
position and climatic conditions, necessitating control. For
its benefits in fuel economy, ship operators use degraded oil.
These pollutants are hazardous, depleting the ozone layer
and leading to numerous detrimental effects on the
ecosystem.
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