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[1] https://mww.twi-global.com/technical-knowledge/fags/clean-energy, This website is owned by Project Solar UK
Limited. The content of this website and the information contained therein informs the user of the services provided
by Project Solar UK Limited. The company was founded by Robert Tunst, a researcher and professor at MIT
University.

[2] https://www.iberdrola.com/sustainability/clean-energy, Mr Fasihul Karim SIDDIQI. Ms Vanessa

Lerato PHALA, Executive Director: Social and Policy Business Unity South Africa (BUSA) - SRI LANKA.

[3] https://www.ilo.org/wemsp5/groups/public/---ed_emp/---emp_ent/documents/publication/wems, By Jackie
Nester, Go! Staff Writer - 1995-2023, lowa State University of Science and Technology.

[4] https://www.projectsolaruk.com/blog/history-renewable-energy-began/, the writer. Emily Folk. Emily is
passionate about helping people learn about the latest sustainability, environmental protection and green
technologies. He is an Elizabethtown College professor of green energy physics and engineering and the creator of
Conservation Folks.

[5] Dumesnil, E., Beaulieu, PO, and Boukadoum, M. (2016a). Artificial intelligence, MBA researcher.
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SENANAY AKE, Head of HR Division / Focal point for Green Jobs the Employers Federation of Ceylon (EFC).
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Computer Science, Vol. 2217, ed T. Gomi (Berlin; Heidelberg: Springer).
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ABSTRACT

Due to the rising concern of environmental
problems in ship industries, fuel cell hybrid
power systems have been proposed to be an ideal
substitution to diesel engines in shipboard power
systems. However, the hybrid power system has
brought many challenges, one of which is the
power splitting among different power sources.
In this paper, a wavelet transform and fuzzy
logic-based energy management strategy is
proposed for a fuel cell/battery/ultra capacitor
hybrid power cruiser, considering the dynamic
characteristics of each power source. Specifically,
the energy demand of the cruiser is decoupled
into different frequencies by wavelet transform
and distributed to different energy sources
according to their dynamic characteristics. To
ensure long-term reliable operation of the hybrid
power system, fuzzy logic is proposed to keep
the state of charge of the energy storage system
within safe range. The proposed energy
management strategy is applied to a hybrid
power cruiser in MATLAB/Simulink and two
cases are studied considering different initial
states of charge of the energy storage system.
The results show that, the proposed energy
management strategy enables the fuel cell to
supply about 50% of the high frequency power,
and reduce the peak power supplied by the fuel
cell by 80% when the initial state of charge of the
Ultra-capacitor is low; and the fuel cell supplies
around 400% higher than the low peak power
and 50% of the high peak power when the initial
state of charge of the battery is low.

Keywords

Fuel cells, hybrid power systems, energy
management strategies, wavelet transform, fuzzy
logic.
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1. INTRODUCTION

With increasing attention to environmental
protection around the world, great efforts have
been made to find an alternative energy instead
of using fossil energy in ship industry [1]. Fuel
cell systems (FCS) have become a promising
solution owing to their features including high
energy efficiency and density, zero local
emissions as well as low noise [2, 3]. The
optimization-based strategies include two types:
instantaneous  optimization and  dynamic
optimization. Van Vu et al. [4] develop a model
prediction control method to minimize a cost
function. Kanellos et al. [5] develop a dynamic
programming-based algorithm for a
wind/PV/diesel/battery hybrid system, of which
the energy management strategy is a multiple
step procedure with respect to the state of charge
of the battery. In [6], the authors propose a
dynamic programing energy management
strategies (EMS) for different hybrid propulsion
structures. The intelligent algorithm-based
strategies, such as deep reinforcement learning,
are mostly applied to hybrid electric vehicles [7-
10]. In [11], an energy management strategy
based on optimal equivalent consumption
minimum strategy is proposed to identify the
parameters of FCS in the dynamic operation
process. Therefore, in this paper, an EMS is
proposed for a hybrid ship considering the
dynamic response of each power source to load
changes. The main contributions are summarized
as follows: A hybrid power system that contains
FCS, batteries and UC is proposed for a small
cruise ship. The proposed hybrid power system
can achieve zero emissions. A wavelet transform
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(WT) and fuzzy logic-based EMS is proposed to

allocate power requirement to each power source.

The WT is used to decouple the power demand
into high and low frequencies, and the low
frequency power is shared by the FCS and
batteries due to their relatively poor dynamic
performance whereas the high frequency power
is supplied by the UC considering its High-power
density and fast response to pulse power and
fluctuations. Then, fuzzy logic is used to
maintain the SOC of the ESS within safe level.
The proposed EMS is validated on a simulated
hybrid power system in MATLAB/Simulink and
IS proven to be able to improve the energy
efficiency and extend the life cycle of fuel cells
and batteries by reducing their fast and sharp
response.

2. HYBRID POWER SYSTEMS

In this part, we introduce the FCHPS. The
propulsion system of the considered boat is
presented in Figure 1, in which the blue lines
represent information flow and the red lines
stand for power flow. The boat has three energy
sources connected to a common switchboard:
FCS, batteries and UC. The FCS is connected to
the switchboard via a unidirectional boost
DC/DC converter, by which the output voltage of
the FCS is increased to a same standard level.
The power flow from the FCS to the common
bus is unidirectional since it cannot store energy.
On the contrary, the battery and the UC can not
only supply power to the boat but also store
energy from the FCS. Therefore, they form the
ESS of the hybrid power system and are
connected to the common switchboard via
bidirectional convertors. Conversely, when the
SOCs of the battery and UC are low, they can
draw energy from the common switchboard via
the DC/DC convertor and get recharged by the
FCS. Generally, several kinds of fuel cells can be
defined according to their electrolytes, among
which the polymer electrolyte membrane fuel
cell (PEMFC) is the most promising one due to
its relatively small scale, light weight, and easy
access of construction [12-17]. Hence, a PEMFC
is adopted in our simulation in the following
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sections. Besides, we adopt Li-ion batteries in the
hybrid power system because of the high energy
and power density [18]. In the simulation, we
assume that the rated and maximum power of the
fuel cell is 2000 Wand 3000W, respectively. The
operating temperature is 55 Celsius degree and
the nominal supply pressure of fuel and air is 1.5
bar and 1 bar, respectively. The fuel cell model is
set to operate in an efficiency of 62%. The output
voltage of the fuel cell is boosted to 380 V by the
DC/DC converter, which is the same as that of
the common DC bus. Then, the power demand is
split to each energy source according to the
proposed energy management strategy, which is
embedded in the energy management system.
The main objectives of the EMS are: to satisfy
the real-time power requirement of the boat. to
split the power requirement to energy sources
properly  according to their  dynamic
characteristics. to protect the ESS from
overcharging and overdischarging; To achieve
these goals, we propose a wavelet transform and
fuzzy logic-based EMS, which is introduced in
the following Section.

Fuel cell
system

Boost

ey ~
g Convertor 2
o’ 4 Energy management system
- —
LT
-
O | I

Battery Blldircctmnal K
Convertor

a1

Ultra Capacitor Bidirectional T 3 x
a Capac ; Y iy Transformer Inverter
Convertor
.~4§s‘ - Switchboard
3
Propulsion load

FIGURE 1. Fuel cell hybrid power system considered in
the present work

3. ENERGY MANAGEMENT
STRATEGIES FOR THE
HYBRID POWER SYSTEM

In the present study, the wavelet transform and
fuzzy logic-based EMS is proposed to decouple
and split the power demand, and maintain the
SOC of the ESS within normal level. In the



present study, we decouple the power demand of
different frequencies and split each part to
specific energy sources according to their
dynamic characteristics. Therefore, in the
proposed strategy, fuzzy logic is adopted to
protect both the battery and UC from
overcharging or over-discharging. The proposed
WT and fuzzy logic-based EMS is presented in
Figure 2. In the Figure, the power signal is
decoupled into three parts by the wavelet
transform, i.e., the reference powers of the
PEMFC, Li-ion battery and UC. But wavelet
transform does not consider the SOC of the ESS,
so the reference power is not the actual power
output of each power source. Thus, the actual
output of the Li-ion battery and UC is the sum of
the reference power obtained from WT and the
result from fuzzy logic, namely:

1) Ppor = Pref—bat + Pfuzzy—bat
2) By = ref—uc T Pfuzzy—uc

o
[ ©
F o

FIGURE 2. Proposed WT and fuzzy logic-based energy
management strategy

3-1) WAVELET TRANSFORM

However, CWT is not proper for practical
scenarios. Instead, the efficient discrete wavelet
transform (DWT) is preferred. The method to
transform CWT to DWT is to select the scale and
shift factor according to the power of two and,
thus, quantity of wavelet coefficients can be
reduced. The Haar wavelet is chosen as the
mother wavelet in the present study because of
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the hybrid power ship into two parts with

its shortest filter length in the time domain
comparing with other wavelet bases. which is
illustrated in Figure 3.

1.5

1

0.5

0 02 0.4 0.6 08 1 12
FIGURE 3. Haar wavelet

In the present study, the original power
requirement signal is decoupled into two kinds
according to their frequency: high transient
power and average power, in which the high
transient power is supplied by the UC because of
its advantage in dynamic characteristics, whereas
the average load is shared by the PEMFC and the
Li-ion battery. To achieve this goal, we adopt a
three-level Haar wavelet to decompose the power
demand signal. The decomposition and
reconstruction process of the three-level wavelet
transform is presented in Figure 4.

FIGURE 4. Diagram of three-level wavelet decomposition
and reconstruction process

In the present study, fuzzy logic is a supplement
of the WT regarding specific conditions. The
general rules are implemented as follows, When
the power requirement is large, the power
demand of the hybrid power ship is satisfied by
all the three power sources regardless of the SOC
of the ESS; When the power requirement is
medium, the PEMFC supply part of the power
demand, and whether the power is provided by



the battery, UC or both depends on their SOCs. If
the SOC of the battery is high, then most or all of
the power requirement is supplied by PEMFC
and Li-ion battery whereas UC only supplies
little power or even is recharged; If the SOC of
the UC is high, the UC supplies more power than
the reference power obtained from the WT and
vice versa. If the SOCs of both the battery and
UC are low, then most of the power is supplied
by the PEMFC.When the power requirement is
small, the battery and UC supply less power than
the reference power from the WT, and they will
be recharged by the PEMFC in most time.

4. Results ANALYSIS

The proposed strategy is tested and verified by a
simulated hybrid power  system in
MATLAB/Simulink. The models of the
components of the hybrid power system are the
same as those. In the present study, to evaluate
the performance of the proposed EMS in
maintaining the SOCs of the ESS, two cases are
considered, in which the initial SOCs of the Li-
ion battery and the UC are different: Case 1: the
initial SOCs of the battery and UC are 90% and
60%, respectively; Case 2: the initial SOCs of the
battery and UC are 60% and 90%, respectively.
In the first case, the initial SOC of the battery is
large and the initial SOC of the UC is medium.
Conversely, the initial SOC of the battery is
medium and the initial SOC of the UC is large in
the second case. If the proposed fuzzy logic
works well, the SOCs of both the battery and the
UC will be maintained within an acceptable level
(larger than 30%) in the continuous operation of
the ship.

4-1) WAVELET TRANSFORM

RESULTS
Firstly, we look at the outputs of wavelet
transform. The input of wavelet transform is the
original power signal Prequirement and the
outputs are the reference power of the PEMFC,
the Li-ion battery and the UC, i.e., Pref-fc, Pref-bat
and Preruc, Which are presented in Figure 5. The
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original power signal, which is shown in the first
subfigure in Figure 8, is part of classical power
requirement patterns from a passenger ship
named FCS. After the decomposition of the
signal by WT, we get two kinds of power signals:
high-frequency signal which is split to the UC, as
shown in the last Subfigure in Figure 5. and the
low frequency power, which is shared by the
PEMFC and the Li-ion battery, as shown in the
second and third subfigures in Figure 5,
respectively.
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FIGURE 5. Power decomposition by wavelet transform

4-2) RESULTS ANALYSIS OF

CASE 1
The comparison of the power requirement and
the output power of the PEMFC, Li-ion battery
and UC in Case 1 is shown in Figures 5,
respectively. The red lines in these Figures
represent the output power of the PEMFC, Li-ion
battery and UC, respectively, whereas the blue
lines stand for the power requirement. The SOC
of the ESS is presented inFigure 12, in which the
green line stands for the SOC of the battery
whose initial value is 90%, and the blue one
stands for the SOC of the UC whose initial value
is 60%. As can be seen in Figures 6 - 8, when the
power requirement fluctuation is very small, i.e.,
at the period of 0 - 90s, 140 - 150s and 180 -
350s, the power requirement is shared by the
PEMFC and the Li-ion battery, whereas the UC
does not supply power to the system. It is



because that the UC is only responsible for high
transient power and the SOC of the Li-ion
battery is relatively high. Specifically, the
PEMFC supplies about 50% of the high
frequency power and the proposed EMS can
reduce the peak power supplied by the FCS by
80%, which can be seen in Figure 6. Besides, the
frequency of the output power of the UC is
higher during the docking mode than that of the
PEMFC and the Li-ion battery. According to
figure 9, we can see that the initial value of the
SOC of the Li-ion battery starts from 90% and,
then, gradually drops within an acceptable range
In Figure 7, we can see that, when the power
requirement curve becomes steady after around
200s, the output power of the battery gradually
decreases, and the output power of the PEMFC
increases accordingly since the SOCbat
decreases gradually, as is shown in Figure 9. It
can be noticed that the initial value of SOCuc is
60% in Figure 9, and the UC is recharged at the
beginning of the working cycle until the SOCuc
keeps stable at 75%. The results show that the
proposed strategy can protect the Li-ion battery
from Over-discharging.
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4-3) RESULTS ANALYSIS OF

CASE 2

Figures 10 - 13 show the simulation results in
Case 2. Similar to the results in Case 1, the
PEMFC and the Li-ion battery supply the main
energy requirement whereas the UC satisfies the
transient power when the power requirement
curve is smooth. Compared with the output of the
PEMFC and the Li-ion battery in Case 1 (see
Figures 6 and 7), the PEMFC provides more
power whereas the Li-ion battery provides less
power in Case 2 due to the lower initial SOC of
the battery. Therefore, the SOC of the battery
does not change much and is kept between 50%
and 60%, as shown in Figure 13. During around
90 to 170s, when the cruiser suffers from high-
frequency load fluctuations, the FCS supplies
around 400% higher than the low peak power
and about 50% of the high peak power, making
the output of the FCS smooth. Besides, the
battery is recharged in this time period, since the
power requirement is relatively small and the UC
supplies most of the peak power. The value of
SOCuc is initiated at 90% and then decreases
slowly. During the docking mode, the UC is
discharged and recharged alternatively, and
finally keeps stable at the level of 75%. The
simulation results in the two cases show that, the
proposed EMS can split the power requirement
to different energy sources according to their
dynamic characteristics, and keep the SOC of the
ESS at safe level.
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4-4) POWER SOURCES n

OPERATING STRESS ANALYSIS T
Power fluctuation is a key factor that influences I
the performance of power sources. Inspired by, _ |
we present the operating stress of power sources 2ol
in both Case 1 and Case 2 in Figures 14 - 19. £
From Figures 14 - 16, we can observe that in aib
Case 1, the power fluctuation of fuel cells and
batteries is mainly distributed within [-200, 200], nas|
whereas the power fluctuation of UC s ’_’_‘{
distributed within [-600, 800], which indicates e M . oy =
that the operating stress of fuel cells and batteries power fuctuaticn
is lower than that of UC. The results in Case 2, FIGURE 15. Power fluctuation of batteries in Case 1
which are presented in Figures 17 - 19, are
similar to those in Case 1, showing that the
proposed energy management strategy can
reduce the operating stress of fuel cells and
batteries, and assign the high frequency power to
UC. Furthermore, it can be seen that, comparing

with the results, the proposed EMS in the present £ .
study can achieve a similar performance even £
though the FCS works in a wider range of power nost
capacity. anel
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5. Conclusion AND FUTURE
WORK

This paper proposes a wavelet transform and
fuzzy Logic-based EMS for a hybrid power
cruiser. Firstly, the high transient power
requirement is decomposed into different
frequencies, and split to different power sources
according to their dynamic performance. Then,
fuzzy logic is employed to maintain the SOC of
the ESS within acceptable range. In order to
verify the proposed EMS, two cases are
considered, in which different initial SOCs of the
ESS are assumed. The proposed EMS is
validated via a simulated fuel cell/battery/ultra-
capacitor hybrid power system in
MATLAB/Simulink. The simulation results
show that, when the initial SOC of the battery is
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high whereas that of UC is relatively low, the
proposed EMS enables the PEMFC to supply
about 50% of the high frequency power and
reduces the peak power supplied by the FCS by
80%. On the other hand, when the initial SOC of
the battery is relatively low whereas that of UC is
high, the proposed EMS enables the FCS supply
around 400% higher than the low peak power
and 50% of the high peak power, making the
output of the FCS fairly smooth. Besides, the
proposed EMS can keep the SOC of the ESS
within 50% - 80%, showing that the proposed
strategy is capable of dealing with power supply
under various operation conditions. In the present
work, we suppose that the power requirement is
known. However, the power demand of a ship
might encounter many uncertainties, such as the
change of the sailing environment and, thus, is
difficult to predict. Therefore, in future work, we
will consider a robust energy management
strategy that considers the energy requirement
uncertainty.
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