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Abstract—In this paper, energy management strategy based
on fuzzy logic is proposed for a fuel cell hybrid ship, combining
proton exchange membrane fuel cell (PEMFC), battery and
ultra-capacitor (UC). This hybrid system aims to optimize power
distribution among each energy unit. The simulation model of the
fuel cell hybrid power system is established in the
MATLAB/SIMULINK simulation environment. The fuzzy logic
energy strategy is verified by simulation according to the typical
drive cycle of ship. The simulation results show that the proposed
energy management strategy is able to satisfy power required by
the ship, reduce the dynamic load of fuel cell, maintain the state
of charge (SOC) of battery and SOC of the UC, and optimize the
performance, fuel economy and efficiency of the hybrid system.

Keywords—fuel cell; hybrid power system; fuzzy logic; energy
management strategy

L INTRODUCTION

A fuel cell can directly convert chemical energy from
chemical fuel into electrical energy without mechanical
processes [1]. It is different from rechargeable batteries in that
it can produce power continuously, as long as fuel and oxidant
are supplied [2]. PEMFCs have been successfully
demonstrated in various applications due to its outstanding
advantages such as low operating temperature, quick start-up,
high efficiency, zero emission, low noise and long life [3]. But
fuel cell systems have some disadvantages, such as high cost,
and slow response. Normally, a fuel cell hybrid system
comprises an energy storage system (ESS) to improve
dynamic performance of overall system and reduce the fuel
cell cost. Battery and UC are suitable choices for energy
storage system. Consequently, many recent works have
already reported some hybrid power system structures using
this kind of apparatus. Hwang et al. [4] and Barreras et al. [5]
developed a hybrid powered electric vehicle in which the
power system consisted of a PEMFC and batteries. Paladini et
al. [6] focused on a car with a hybrid power train based on a
PEMFC, UC and battery. Caux et al. [7] describes a hybrid
system powered by a fuel cell with UC. Bauman et al. [8]
compared three configurations for a vehicle: PEMFC/battery,
PEMFC/UC and PEMFC/battery/UC. Battery presents
relatively high energy density. Compared with battery, UC
generally has a higher specific power density, it is more
efficient, and has a longer life time [9]. However, the energy
density of UC is significantly lower than battery system. Thus,
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an hybrid ESS with batteries and UC can combine the high
energy density of battery with the high power density of UC.

To split power between the fuel cell system and the
different apparatus of the ESS, energy management strategy is
needed. Recently, many research works in the power
management strategy of hybrid systems have been done. The
work of Xie et al. [10], Zheng et al. [11], and Xu et al. [12]
described an off-line global optimal control strategy based on
an equivalent consumption minimization strategy. However,
global optimization strategy often requires a priori knowledge
of a scheduled driving cycle, and it is too difficult for real-
time application [13, 14]. Xu et al. [15] proposed a real-time
optimal energy management strategy based on the determined
dynamic programming strategy. Bernard et al. [16] described a
real-time optimization strategy based on instantaneous
optimization. But large amount of online computation of real-
time optimization limits its promotion [17]. Fuzzy logic
strategy is suitable for complex nonlinear system with several
variables, and it is strong practical and promising for its robust
and good real-time performance. This can be seen in the works
of Gao et al. [18], Erdinc et al. [19], and Thounthong et al.
[20].

To test the proposed configuration and mangement
strategy, a realistic specification set is used. These
specifications are based on the data of the Fuel Cell Ship (FCS)
“Alsterwasser”. This passenger ship driven by fuel cells, was
manufactured by Proton Power System Company in Germany.
In this paper, a PEMFC /UC/battery hybrid power system is
proposed as the propulsion power system of FCS
“Alsterwasser” and a fuzzy logic management was used to
manage the power distribution between the PEMFC, UC and
battery.

To validate the energy management strategy, we have
established the model of the fuel cell hybrid power system in
the MATLAB/SIMULINK simulation environment. The
powertrain structure was firstly described in Section 2. Models
used in simulation are described in Section 3. In Section 4, the
proposed power management strategy is introduced and
implemented according to the typical drive cycle of ship. In
Section 5, the simulation results are presented and discussed..



II.  SYSTEM CONFIGURATION

The configuration of the power train of the FCS is shown
in Fig. 1. The hybrid power train consists of a fuel cell system,
a UC pack, a battery pack , a propulsion system, a
bidirectional DC/DC converter and a unidirectional DC/DC
converter. The fuel cell system supplies the power to the load
(and ESS) through the unidirectional DC/DC converter, the
UC pack is connected to the DC bus via the bidirectional
DC/DC converter and the battery pack is connected directly to
the DC bus. Table I summarizes the specifications of this fuel
cell hybrid system.
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Fig. 1. Configuration of the fuel cell hybrid system.

TABLE L. SPECIFICATIONS OF FUEL CELL HYBRID SYSTEM
Power
Parameter Value
Components
Type PEMFC
Output voltage 140V-260V
Fuel cell system Nominal output power 96kW
No. of modules 490
Type Lead-acid
Capacity 60Ah
Battery No. of modules 7
Nominal voltage 560V
. Capacity 128F
Ulira-capacitor Maximum voltage 405V
S Type Boost
Umglée/:]c)tgmal Input voltage 100-300V
Output voltage 400-700V
Bidirectional Type Boost-Buck
DC/DC Input voltage 200-400V
Output voltage 400-700V

III. MODELLING OF THE HYBRID SYSTEM

A. Fuel cell system model

The parameters used in the FC model are shown in Table
II. The actual fuel cell potential is lower than the ideal
potential value due to the irreversible voltage drops occurring
in fuel cell systems. Activation overvoltage and ohmic
overvoltage are the two main types of irreversible voltage
drops. The output voltage of fuel cell can be obtained from the
sum of Nernst instantaneous voltage, activation overvoltage,
and ohmic overvoltage [10].

Vfc = ENernst + ﬂact + nﬂhmiC (1)

Nernst instantaneous voltage, activation overvoltage and
ohmic overvoltage could be expressed as:

RT P, H, A F, 0,
ENernst = N[Eo + _( )] (2)
2F P,
nact = _B ln(CIfc) (3)
nahmic = _IfcRint (4)

The output voltage of the FC stack could be fundamentally
expressed as:

RT PH2 \ Poz
V= N[E0+—(—)]—Bln(CI/.c)—[fCRint %)
2F Pyo

The relationships between the fuel cell current and the fuel
cell voltage and power are shown in Fig. 2.

TABLE II FUEL CELL SYSTEM PRAMETERS
Symbol Parameter Symbol Parameter
Constant utilized in Fuel cell internal
B &C modeling of activation R .
overvoltage (V) resistance (Q2)
Iy FC current (A) Vi Fuel cell voltage (V)
R Un1vg/s(11 ng)s[s{c{(;xstant N Number of FC stacks
Constant-pressure
T Absolute tlzmperature Cp specific heat capacity
(K) of air (J/(kmol-K))
F Faraday constant Ratio of the specific
(C/kmol) ’ heats of air
E Standard no load P Pressure inside the
‘ voltage (V) o supply manifold
P Hydrogen partial T Atmospheric
" pressure (atm) an temperature (K)
P Water partial pressure P Atmospheric pressure
0 (atm) am (atm)
P Oxygen partial Atompressor efficiency
o pressure (atm) Her (atm)
Hohmic Ohmic over voltage (V) Wep Mass flow rate (kg/s)
Activation overvoltage E Nernst instantaneous
Hact V) Nernst voltage (V)

Power consumption of the auxiliary components of the
fuel cell system should not be ignored. As the compressor
power is up to 93.5% of the total auxiliary power consumption
[21], only the power absorbed by the compressor is taken into
account in this work.

The power consumption of the compressor can be
calculated as [25]:



c.T W r-Dly
PCP = u[(h] ~1] (6)
Ucp pmm

Thus, the output power of the fuel cell system is denoted
as:

f}cs = P/'c -F (7)

p

Here, P, represents the output power of fuel cell stacks.
The output efficiency of the fuel cell system could be
expressed as:

77. — fes :l)fc_ljcp (8)
Jfes _out })f ) Pfc

The energy conversion efficiency of the fuel cell stacks is
formulated as [26]:

V'c
n,=—7"— ©)

1.482-N

Finally, the total fuel cell system efficiency is as follow:

nfc = nfbnfcsiout (10)

In Fig. 3 fuel cell energy conversion and system efficiency
curves are plotted against the power produced by the fuel cell.
To minimize fuel consumption, the fuel cell system should be
avoided to operate in the poor efficiency region.

B.  Battery model

Fig. 4 shows the typical model of a battery with internal
resistance. In the model, a battery is equivalent to a voltage
source and an internal resistor [22,23]. Where U, is the no
load voltage; I, is the battery current; R,, is the internal
resistance and U,,, is the battery voltage.

The SOC change rate and current of the battery are
expressed by the following equations:

U, US> -4R,, P,

I _ 0 bat” bat

bat 2 R

bat

(1D

SOC = — b

bat

(12)

C. Ultra-capacitor model

The natural structure of UC is appropriate to meet transient
and instantaneous peak power demands [19,24]. Many

different models have been proposed for UC. The classical
equivalent circuit of UC is shown in Fig. 5. Where C,. is the
capacitance; /,.is the UC current; Rz is the equivalent series
resistance (ESR) and V. is the no load voltage.
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Fig. 2. Fuel cell voltage and power.
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Fig. 3. Fuel cell energy conversion and system efficiency.
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Fig. 5. Classical equivalent circuit for UC.

D. Used Driving Cycle

In this work typical small pleasure boat specifications are
used. These specifications corresponds to the FCS of the
“Alsterwasser” which is located on Lake Alster in Hamburg,
Germany. To validate the proposed energy management, a
typical driving cycle on Lake Alster is selected as a reference
cycle to simulate the route test for the fuel cell hybrid
powertrain. It is characterized by acceleration, constant speed
and deceleration steps and lasts about 360s[27]. The maximum
power is 112kW and the average power is 43.6kW.



IV. Fuzzy LOGIC ENERGY MANAGEMENT STRATEGY

The power management strategy should determine the split
of power between the fuel cell stack and ESS while satisfying
the load power requirement and maintaining the SOC of
battery and the SOC of the UC within a reasonable range. The
power distribution of power among the fuel cell system and
UC pack is determined by taking account of the required
power of the motor and SOCs of the battery and UC. The
power required from the battery can be obtained by
subtracting the power required from the fuel cell system and
the UC from the power required by the motor.

The fuzzy logic controller in this study has three input
variables : SOC of battery (SOC,,,), SOC of UC (SOC,.) and
the required power of motor (P,,.;,) and two output variables :
the required power of fuel cell system (P, ;) and UC pack
(Pye ue) power. The fuzzy controller relates its outputs to inputs
using a list of [F-THEN rules. The IF part of a rule, called the
antecedent, specify the condition for which a rule holds. The
THEN part, called the consequent, refers to values of the
output variable [18]. The membership degree of the IF part of
all rules are evaluated and all rules of the THEN part are
averaged and weighted by these membership degrees [9].
Triangular and trapezoidal membership functions are chosen
for the fuzzy inputs and outputs, as shown in Fig.6 and Fig. 7.
There are five membership functions for inputs and P, 4,
including VS (Very Small), S (Small), M (Medium), B (Big),
and VB (Very Big). The linguistic terms for P, ,. are: NB
(Negative Big), NS (Negative Small), ZE (Zero), PS (Positive
Small) and PB (Positive Big).

To promote the overall system efficiency and the lifetime
of fuel cell, the fuel cell power output value of the EMS is
limited in a reasonable and relatively high efficiency region.
In one hand, the equivalent internal resistance of UC is very
low, thus very high discharging/charging currents are possible
with very low losses. This is why the use of the UC bank does
not affect efficiency. In other hand, due to high power
capability and rapid response capability of UC, the transient
components of load profile can be easily and efficiently
supplied by UC.

When the ship is accelerating and the load power demand
is high, the fuel cell system, the battery and the UC should
supply power to the ship simultaneously. UC should response
for quick load changes and provide transient power peaks.
When the ship is driving at a constant speed and the required
power is stable, the distribution of power among the three
power sources is complex, and depends on the battery SOC
and the UC SOC. If the SOC,,, and SOC,,. are lower than the
desired level, fuel cell will supply the load and also charge UC
and battery, if the SOC,, and SOC,. are higher than the
desired level, the UC and battery will discharge to supply a
part of the required load power. If the SOCs of UC and battery
are around the desired level, fuel cell supplies all the demand
power. When the ship is decelerating and the load power
demand is very low, if the SOC,,; and SOC,. is less than the
desired value, the fuel cell system delivers more power in
order to increase the SOCs of the UC and battery. If the SOCy,,
and SOC,. are higher than the desired level, the UC and

battery will supply the entire required power. If both SOC
values are near the desired value, fuel cell supplies all the
demand power. SOCy,, and SOC,. should be controlled in a
suitable region to ensure that battery and UC have enough
charge to supply the required power when the ship is
accelerating. It is rather important for decreasing the fuel
consumption and increasing fuel economy. Table IIT and Table
IV show the IF-THEN rules of the fuzzy logic controller
which corresponds to the previous assumptions. For example,
if Proior is “S” , SOChy is “S” and SOC,.is “S” , Py s
is “VB” ,and P, ,.is “PS” .
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Fig. 6. Membership functions of the inputs.
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V. SIMULATION RESULTS AND DISCUSSION

Simulation model of the fuel cell system of FCS
“Alsterwasser” has been built in MATLAB/SIMULINK



environment. The proposed energy management strategy has
been tested for the typical drive cycle of FCS “Alsterwasser”.
The simulation results are given in Fig. 8-11, respectively.

TABLE III. Fuzzy Logic IF-THEN RULES (I)
Required power of fuel cell system( P, /)

Pooor | 50 Cfc"“’ S M B VB
S VB VB VB VB

S M VB VB VB B
B VB VB VB B

VB VB B B S
S VB VB VB VB

B M VB B B B
B VB VB VB B

VB VB VB B S

S VB VB VB B

M M VB B B B
B VB B B B

VB VB B M VS

S VB VB VB B

S M VB VB VB B
B VB VB B B

VB B B A M

S VB VB B B

M B B B B

Vs B B B B S
VB M M VS VS

TABLEIV. Fuzzy LoGIC IF-THEN RULES (II)
Required power of UC ( Py, )

Puoor | g0 C,,?CM S M B VB
S PS PS PS PS

S M PB PS PS PS
B PB PB PB PS

VB PB PB PB PB

S PS ZE ZE ZE

B M PS PS PS PS
B PB PB PS PS

VB PB PB PS PS

S ZE ZE ZE ZE

M M PS ZE ZE ZE
B PS ZE ZE ZE

VB PS PS PS PS

S ZE NS NS NS

S M ZE ZE NS NS
B ZE ZE ZE ZE

VB PS PS PS ZE
S NS NB NB NB
Vs M ZE NS NB NB
B ZE NS NS NS

VB ZE ZE ZE ZE

Fig. 8 illustrates the fuel cell system output power and Fig.
9 shows the output power of battery and UC. As seen in Fig.
8-9, the simulation results show good distribution of power
among the fuel cell system, the battery and the UC. It is
obvious that FCS satisfies the rated power demand without
facing to transient changes. The battery & UC supply power to
the load simultaneously for the slow response of fuel cell

111

system. The output power of the fuel cell system is maintained
mainly between 30 kW and 50kW. It is a good way to extend
the fuel cell lifetime by keeping fuel cell supplying the steady
state load demand. This behavior leads to less fuel cell stress.
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Fig. 8.  Required power of motor and fuel cell system output power.
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Fig. 9. Battery and UC output power.

In Fig. 10, it can be seen that the SOCs of the battery and
UC can be maintained within suitable limits. The SOC of the
battery is regulated near its initial SOC value of 60%
successfully. The SOC of UC fluctuates between 0.5 and
0.7. The proposed EMS ensures that UC and battery has
always enough charge for the accelerating periods. Thus, both
battery and UC bank can effectively supply the required load
demand and fuel economy can be promoted.
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Fig. 10. SOCs of the battery and UC.

Fig. 11 shows the operating region of the fuel cell system.
It could be seen that the output power of the fuel cell system is
in a relatively high-efficiency region during the 360s driving
cycle. It is quite important for the overall system efficiency.

The hydrogen consumption during the drive cycle is
1374.2g. The global energy efficiency is given by:



motor
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ﬂtatal = 77 fes _out

P
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Where Py iy, Pr in and Py ;, are the fuel cell input power,
battery input power and UC input power, respectively. The

global energy efficiency with the proposed energy
management srategy is calculated as 51.4%.

Fuel cell energy conversion efficiency

Fuel cell system efficiency

60

Efficiency (%)

Fuel cell power (kW)

Fig. 11. Operating region of the fuel cell system.

VI. CONCLUSION

In this paper, we have presented a fuel cell/battery/UC
hybrid powertrain of a ship which is based on the real
specifications of a small pleasure boat. Because of the
complexity of the power train, a fuzzy logic controller has
been developed to manage the hybrid power energy system.
To evaluate the performance of the proposed energy
management strategy, a test has been carried out on a typical
driving cycle of the studied boat which works in Lake Alster
in Germany. The results show that the operation efficiency
and performance of the hybrid system was improved and

SOCs of the battery and UC are maintained at reasonable level.
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