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Abstract

A hybrid energy system (HES) including hydrogen fuel cell systems (FCS) and a lithium-ion (Li-ion) battery energy 
storage system (ESS) is established for hydrogen fuel cell ships to follow fast load transients. An energy management 
strategy (EMS) with hierarchical control is presented to achieve proper distribution of load power and enhance system 
stability. In the high-control loop, a power distribution mechanism based on a particle swarm optimization algorithm 
(PSO) with an equivalent consumption minimization strategy (ECMS) is proposed. In the low-level control loop, an 
adaptive fuzzy PID controller is developed, which can quickly restore the system to a stable state by adjusting the PID 
parameters in real time. Compared with the rule-based EMS, hydrogen consumption is reduced by 5.319%, and the 
stability of the power system is significantly improved. In addition, the ESS degradation model is developed to assess 
its state of health (SOH). The ESS capacity loss is reduced by 2% and the daily operating cost of the ship is reduced by 
1.7% compared with the PSO-ECMS without considering the ESS degradation.

Keywords: Hydrogen fuel cell ship, Energy management, Fuzzy PID, Equivalent energy consumption minimum, Energy storage system 
degradation

introduction

The data show that international shipping released about 
796 million tons of CO2 in 2012. As a result, the International 
Maritime Organization has developed regulations to reduce 
CO2 emissions from ships [1, 2]. Therefore, all-electric ships 
with fuel cells and energy storage systems have gained great 
attention in various countries due to their high efficiency, 
but chiefly their pollution-free characteristics have to be 
underlined [3]. Hydrogen fuel cells are now widely used in 
the fuel cell vehicle industry, but their application in the 
marine industry is still in its infancy. However, this trend is 
expected to grow in the future [4]. 

The power distribution mechanism is the core part of the 
HES, and can coordinate the output power of power sources 
and improve power system stability. Intelligent algorithms 
such as the sine and cosine algorithm, model predictive 
control, and deep reinforcement learning algorithm are being 
implemented to achieve a reasonable distribution of the load 
power among different power sources. For example, Mehdi et 
al. [5] developed a zero-emission ship model with FCS, Li-ion 
batteries, as well as shore power, in addition to proposing an 
EMS based on an improved sine and cosine algorithm. The 
objective is to reduce hydrogen consumption and prolong the 
lifetime of the power sources. In [6], the authors proposed 
a controller consisting of an intelligent algorithm, filters, 
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and state logic control for a ship with a gas turbine, battery, 
and supercapacitors (SUC) to achieve real-time control. In 
[7, 8], a multi-objective deep reinforcement learning-based 
algorithm is presented for an emission-free ship to optimize 
the load power allocation among the FCS and ESS. In [9], the 
authors developed a nonlinear ship model considering the sea 
state and weather, with the model predictive control being 
used to solve the optimization problem. In [10], the authors 
argue that the parameters of the hybrid ESS are critical for 
the power system. So recursive least squares are applied for 
online parameter identification and the model predictive 
control is used to share the load power between the battery 
and SUC. In [11], the output power of the FCS and battery 
is determined by minimizing the operation cost. In [12], to 
reduce the ESS capacity loss, a deep reinforcement learning 
algorithm is used to jointly optimize the ESS sizing and power 
distribution mechanism.

The control methods of DC/DC converters have been 
optimized to improve the stability of the power system. In 
[13], the authors proposed a controller for DC/DC converters 
based on a sliding mode control and PI control to minimize 
bus voltage fluctuations. In [14], a bus voltage control method 
based on drop control is proposed. This method solves the 
voltage drop by adding the voltage correction value to the 
reference voltage. In [15], the authors present an adaptive 
fuzzy logic controller, and it can be adapted to different 
operation conditions by adjusting the parameters in real time.

For ship power systems, the EMS consists of two key 
aspects: the power distribution mechanism and the controller 
for the DC/DC converter; however, most articles focus on 
one aspect alone and ignore the impact of ESS degradation 
on the power system. Therefore, an EMS with hierarchical 
control is proposed in this paper. 

STRUCTURE AND MODEL OF FUEL 
CELL SHIP

POWER SYSTEM STRUCTURE

For the article purpose, the conventional radial distribution 
architecture is considered. It is assumed that the system 
consists of 2×135 kW hydrogen FCS, 2×550 V/100Ah ESS, 
which can be currently bought on the market, completed by 
converters, control units, propulsion load, and hotel load. 
The topology of the analyzed shipboard power system (SPS) 
is shown in Fig. 1. As the FCS suffers from a slow dynamic 
response, it requires a couple with ESS, which is applied for 
covering the fast load variations [16]. During the period of 
high load power, to meet the load power requirement, the 
output power of the FCS and ESS is greater than zero. During 
the period of low load power, the ESS absorbs excess energy 
to maintain the bus voltage stability [17]. During the entire 
operation, the ESS has two states, charging and discharging. 
It is connected to a boost/buck DC/DC converter. Since the 

FCS does not absorb energy from the system, it is connected 
to a boost DC/DC converter.

According to the FCS data, when the rated power of the 
fuel cell system is 135kW, the optimal output power during 
operation is in the range of 27 kW-120 kW. Both low and 
high operating conditions will cause incomplete chemical 
reactions and subsequent damage to the reactor, resulting in 
a shortened lifetime. Therefore, for subsequent analyses the 
minimum output power of the fuel cell system is set to 27kW.

The energy storage system (ESS) is to account for the fast 
load variation. For subsequent analyses, it was assumed that 
the peak load will equal to 110 kW and single ESS should 
meet this demand. Therefore, according to recommendation 
ref. [18], the nominal energy of single ESS was set to 55 kWh.

Fig. 1. The topology of the SPS

FC model
The equivalent circuit of a fuel cell (FC) is shown in Fig. 2 

and the expression of the fuel cell output voltage is shown 
in Eq. (1) [19].
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− (𝑅𝑅𝑜𝑜ℎ𝑚𝑚 × 𝑖𝑖𝑓𝑓𝑓𝑓)                         (1) 

where Vfc and ifc are the output voltage and output current of the fuel cell respectively. Eoc is the open 
circuit voltage, N is the number of cells, Td is the response time and Rohm represents the internal 
resistance. 
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Li-ion battery model 
The dynamic feature of the Li-ion battery is represented by the Thevenin model as shown in 

Fig 3. The terminal voltage of the battery is shown in Eq. (2) [20]. 

{ 𝐶𝐶 𝑑𝑑
𝑑𝑑𝑑𝑑 𝑈𝑈𝐶𝐶 = 𝑖𝑖𝐵𝐵 −

𝑈𝑈𝐶𝐶
𝑅𝑅2

𝑈𝑈𝐵𝐵 = 𝑈𝑈𝑂𝑂𝑂𝑂 − (𝑈𝑈𝐶𝐶 + 𝑖𝑖𝐵𝐵𝑅𝑅1)
                   (2) 

where R1 is the ohmic resistance, R2 is the polarization resistance, UC is the polarization voltage. UB 
and iB are the output voltage and output current of the Li-ion battery, Uoc is the open circuit voltage 
of the Li-ion battery. 

(1)

where Vfc and ifc are the output voltage and output current of 
the fuel cell respectively. Eoc is the open circuit voltage, N is the 
number of cells, Td is the response time and Rohm represents 
the internal resistance.
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capacity is 80% of the rated capacity. The semi-empirical 
long-term cycle life model is developed in [22]. In this paper, 
an ESS degradation model based on the semi-empirical life 
model is developed to calculate the loss of ESS capacity.
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𝑈𝑈𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
                                    (4) 

{
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where m is a constant, E is the activation energy, and both of them are linearly related to the current 
rate (Crate). R is the gas constant. It is assumed that the operating voltage of the ESS is stable at the 
rated value and the temperature (T) is kept constant during the operation, q is the amount of charge 
absorbed and released by the ESS per unit of time. Cpower is the cost per unit power of the ESS 
($200/kW). Ccapacity is the cost per unit capacity of the ESS ($125/kWh). Closs is the ESS capacity 
loss cost. ESSint is the installation cost of the ESS. The values of the parameters are listed in Table 1 
[23]. 

Table 1. The parameters for ESS degradation model 

Parameter Value 
Crate 2C 
m 19300 
E -31000 
R 8.31 J/mol/K 
T 25℃ 
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where m is a constant, E is the activation energy, and both 
of them are linearly related to the current rate (Crate). R is the 
gas constant. It is assumed that the operating voltage of the 
ESS is stable at the rated value and the temperature (T) is 
kept constant during the operation, q is the amount of charge 
absorbed and released by the ESS per unit of time. Cpower is 
the cost per unit power of the ESS ($200/kW). Ccapacity is the 
cost per unit capacity of the ESS ($125/kWh). Closs is the ESS 
capacity loss cost. ESSint is the installation cost of the ESS. The 
values of the parameters are listed in Table 1 [23].
Tab. 1. The parameters for ESS degradation model

Parameter Value

Crate 2C

m 19300

E -31000

R 8.31 J/mol/K

T 25°C

ENERGY MANAGEMENT STRATEGY

The EMS with hierarchical control presented in this paper 
involves two layers of control loops: the high-level control loop 
realizes the reasonable distribution of load power between 
different power sources depending on the load power and 
the state of charge (SOC) of the ESS; the low-level control 
loop suppresses power system fluctuations by controlling the 
DC/DC converter. The overall structure diagram is shown 
in Fig. 4.

Fig. 4. Hierarchical control structure
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HIGH-LEVEL CONTROL

In the high-level control loop, two power distribution 
mechanisms are designed:

(i) A power allocation mechanism based on the Support 
Vector Machine (SVM); (ii) An equivalent consumption 
minimization strategy (ECMS) based on PSO.

The core idea of the ECMS is to equate the energy demand 
of the ESS with the same amount of hydrogen consumption, 
which is regarded as indirect hydrogen consumption. The 
energy demand of the hydrogen FCS is direct hydrogen 
consumption. The model is solved to minimize the total 
hydrogen consumption [24]. The algorithm flow chart of the 
PSO-ECMS is shown in Fig. 5. The instantaneous hydrogen 
consumption can be defined as the following formula:

The EMS with hierarchical control presented in this paper involves two layers of control loops: 
the high-level control loop realizes the reasonable distribution of load power between different 
power sources depending on the load power and the state of charge (SOC) of the ESS; the low-level 
control loop suppresses power system fluctuations by controlling the DC/DC converter. The overall 
structure diagram is shown in Fig. 4. 
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The output power of ESS1 and ESS2 are determined according to Eq. (15) and Eq. (16). 
(14)

Fig. 7. Power distribution mechanism based on SVM
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The output power of ESS1 and ESS2 are determined 
according to Eq. (15) and Eq. (16).
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LOW-LEVEL CONTROL

An adaptive fuzzy PID controller (AFPID) is presented in 
this paper by combining fuzzy control with PID control. The 
structure of the AFPID is shown in Fig. 8. The AFPID takes 
the error and the rate of change of the error as input, and 
corrects the control parameters of the PID in real time by 
fuzzification, fuzzy inference machine, and defuzzification so 
that the controller has good dynamic and static characteristics. 
The fuzzy domains of the variables and the values of the 
quantization factors are summarized in Table 2.

Fig. 8. AFPID controller

Tab. 2. The parameters for AFPID

e ec ΔKP ΔKI ΔKD

Fuzzy 
domains

[-2,6] [-4,4] [0,6] [6,12] [0,6]

Quantization 
factors

0.05 0.01 29 30 5

Affiliation 
function

Triangles Triangles
NB/PB is 

Gaussian, the 
rest is triangular

Triangles Triangles

RESULT

The EMS with hierarchical control is verified using Matlab/
Simulink software, and the main parameters of the model 
are shown in Table 3.

For further analyses, authors assumed that the considered 
load profile would correspond to the load profile registered 
onboard of the hydrogen fuel cell passenger ship “Alsterwasser” 
[25]. There are four operation states during the voyage, namely, 
cruising, docking, anchoring and sailing (accelerating). 
However, this paper focuses on the effect of load fluctuation 
on the ship power system, so only the docking and sailing are 
considered, when the high load variations and peak values 
are observed. The load profiles for the considered states are 
shown in Fig. 9 [25]. According to the ship operation profile, 
there are ten such states during one hour. For anchoring state 
the load is low and for cruising it is constant, more or less 
40 kW. Finally, during the docking phase, the load power 
fluctuates in a wide range, and the peak load power reaches 
a maximum during the sailing phase.
Tab. 3. The main parameters of the model

Parameter Value

FCS

Pfcs,min 27 kW

Pfcs,max 137.5 kW

Pfcs,rate 135 kW

Power ramp rate limit of FCS ±4.24 kW/s

 ESS

Nominal voltage/capacity 550V/100Ah

PESS,max 110 kW

SOCmax 100%

SOCmin 30%

SOCtarget 80%

Fig. 9. Load profile 

COMPARISON OF THE DIFFERENT POWER 
DISTRIBUTION MECHANISMS

SVM



POLISH MARITIME RESEARCH, No 2/2023 101

The output power of the power sources and the SOC of the 
ESS are shown in Fig. 10. Fig. 10(a) and Fig. 10(b) indicate 
that the output power of FCS1 fluctuates greatly since the 
SVM fails to consider the characteristics of the hydrogen 
FCS, which will reduce its lifetime. The load power does not 
exceed the maximum output power of FCS1, ESS1, and ESS2, 
so during the entire operation the FCS2 works with constant 
output power of 27 kW, according to control (Fig. 7). Finally, 
the energies provided by FCS1 and FCS2 are 1.1 kWh and 
0.65 kWh, respectively.

The initial values of the SOC of ESS1 and ESS2 are the 
same, so the output power curves of ESS1 and ESS2 are 
the same. The average output power of ESS1 and ESS2 is 
smaller during the entire operation. The results indicate that 
the power distribution mechanisms based on SVM do not 
consider the characteristics of each power source and cannot 
achieve optimal power distribution. When the output power 
of the ESS is greater than zero, it implies a release of energy 
and vice versa. From Fig. 10(c), the SOC of ESS1 and ESS2 
fluctuates within the bounded range and the final SOC of 
ESS1 and ESS2 is 79.52%.

Fig. 10. (a) FCS output power; (b) ESS output power; (c) SOC of the ESS

PSO-ECMS without considering ESS degradation
The output power of the power sources and the SOC of 

the ESS are shown in Fig. 11. From Fig. 11(a), FCS1 and FCS2 
operate in the highest efficiency range and the output power 
does not fluctuate greatly over the entire operation. During 
the docking phase, the PSO-ECMS can control the rate of 
change of the FCS output power, so the output power curve 
of the FCS is smoother and the peak output power of FCS1 
reduces by 50.6% compared with SVM, which can prolong 
the lifetime of the FCS. From Fig. 11(b), due to the ESSs being 
used to track the fast load variations, the output power of ESS1 
and ESS2 fluctuate greatly during the operation. Fig. 11(c) 
shows that, during the docking phase, the load power is 
lower. During this period, ESS1 and ESS2 are charging for 
more periods, so the SOC reaches the maximum value after 
the docking phase ends. During the sailing phase, the load 

power reaches its maximum, and the output power of ESS1 
as well as ESS2 reaches peak values. Therefore, the SOC keeps 
falling. The final SOC of ESS1 and ESS2 is 79.5% and 79.38%, 
respectively. Both of these values are close to the target SOC.

Fig. 11. (a) FCS output power; (b) ESS output power; (c) SOC of the ESS

PSO-ECMS considering ESS degradation
The loss of ESS capacity is calculated based on its output 

power. From Fig. 12(a) and Fig. 12(b), it is clear that, although 
the output power of FCS1 and FCS2 does not fluctuate greatly 
when considering the ESS degradation, it has been rising 
slowly to reduce the output power of the ESS. Hence, the 
average output power of the FCS is higher compared with 
PSO-ECMS when ESS degradation is not considered. From 
Fig. 12(c), during the docking phase, the ESS SOC keeps 
increasing. However, during the sailing phase, the SOC of the 
ESS is smoother. This indicates that the output power of the 
ESS is smaller, which can reduce the ESS capacity loss. The 
SOC fluctuates within a reasonable range and the final SOC 
of ESS1 and ESS2 is 79.8% and 79.63%, respectively. Both of 
them are approximated target values.

Fig. 12. (a) FCS output power; (b) ESS output power; (c) SOC of the ESS
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The hydrogen consumption
Fig. 13(a) indicates the hydrogen consumption increase 

since the SVM-based power allocation mechanism is 
an empirical rule-based approach. Although hydrogen 
consumption is lower during some periods, it cannot achieve 
the global optimum. The hydrogen consumption is 101.7 g 
in one cycle and the operation cost is $0.45765 with SVM. 
From Fig. 13(b), the PSO-ECMS-based power allocation 
mechanism makes the hydrogen FCSs feed the remaining 
energy back to the ESS during the docking phase, so the 
instantaneous hydrogen consumption is higher in some 
periods. During the sailing phase, the energy stored in the 
ESS is effectively utilized, and the instantaneous hydrogen 
consumption is low. Without considering ESS degradation, 
the hydrogen consumption is 96.29 g in one cycle and the 
operation cost is $0.4333 with the PSO-ECMS. Compared 
with SVM, the operation cost reduces by 5.319%. Fig. 13(c) 
indicates that the hydrogen consumption is 99.63 g in one 
cycle and the operation cost is $0.44833 with the PSO-ECMS 
when considering the ESS degradation. Compared with SVM, 
the operation cost reduces by 2%.

Fig. 13. (a) Hydrogen consumption of SVM; (b) Hydrogen consumption 
with PSO-ECMS without considering ESS degradation; (c) Hydrogen 

consumption with PSO-ECMS considering ESS degradation

ESS degradation
From Fig. 14(a), the total capacity loss is 0.00883% in one 

cycle without considering ESS degradation. From Fig. 14(b), 
when the ESS degradation constraint is considered, the output 
power of the ESS is reduced and the total capacity loss of the 
ESS is 0.00866% in one cycle. The capacity loss is reduced by 
2% compared to that without considering ESS degradation. 
The hydrogen consumption is $0.4333 and the cost of the ESS 
capacity loss is $12.74 without considering ESS degradation. 
However, when ESS degradation is taken into account, the 
hydrogen consumption is $0.44833 and the cost of the ESS 
capacity loss is $12.5, with the daily operation cost being 
reduced by 1.7%.

Fig. 14. (a) The ESS capacity loss without considering ESS degradation; (b) 
The ESS capacity loss considering ESS degradation

Bus voltage
The fluctuation curve of the bus voltage on the DC side of 

the ship power system is shown in Fig. 15. From Fig. 15(a), 
it can be observed that the AFPID controller makes the bus 
voltage fluctuations smaller and closer to the desired value. 
Fig. 15(b) shows that the deviation of the bus voltage from 
the reference value is reduced by 7.22% compared to PID 
control by between 10s and 30s. The result shows that the 
bus voltage is smoother and the stability of the ship power 
system is significantly improved when AFPID control is used 
for the low-level control loop.

 
Fig. 15. (a) The bus voltage; (b) The bus voltage between 10s and 30s

Conclusions

In this paper, the EMS with hierarchical control is 
presented. In addition, an ESS degradation model is developed 
to assess the ESS SOH and reduce capacity loss. The key 
findings can be summarized as below:

(i) The FCS output power is constant or increases slowly 
with the PSO-ECMS. Compared to the SVM-based EMS, the 
output power curve of the FCS is smoother and the hydrogen 
consumption reduces by 5.319% without considering ESS 
degradation during the entire operation.

(ii) The AFPID controller can adjust the three parameters 
of PID in real time according to the change in the system state. 
Compared to the conventional PID controller, the bus voltage 
fluctuation is smaller and the bus voltage can be restored 
to the reference value within a shorter time when the load 
changes suddenly. The dynamic and static performance of 
the shipboard power system is significantly improved.

(iii) An ESS degradation model is developed to calculate the 
capacity loss. Although hydrogen consumption has increased, 
the total operating cost reduces by 1.7% after adding the 
capacity loss to the objective function.
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