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a b s t r a c t

Fuel cell (FC) and ultracapacitor (UC) based hybrid power systems appear to be very

promising for satisfying high energy and high power requirements of vehicular applica-

tions. The improvement in control strategies enhances dynamic response of the FC/UC

hybrid vehicular power system under various load conditions. In this study, FC system and

UC bank supply power demand using a current-fed full bridge dc–dc converter and a bidi-

rectional dc–dc converter, respectively. We focus on a novel fuzzy logic control algorithm

integrated into the power conditioning unit (PCU) for the hybrid system. The control

strategy is capable of determining the desired FC power and keeps the dc voltage around its

nominal value by supplying propulsion power and recuperating braking energy. Simulation

results obtained using MATLAB� & Simulink� and ADVISOR� are presented to verify the

effectiveness of the proposed control algorithm.

ª 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction prompt response time, higher power density, long cycle life
Increasing effects of global warming and depleting oil reserves

has led researchers to develop alternative methods so as to

meet high energy demand of transportation systems. The fuel

cell technology is one of the systems used in vehicle applica-

tions for being an alternative energy converter (hydrogen to

electric) and environmentally-friendly [1–3]. Coupled with

this, almost all of the major companies have publicized

ambitious plans to introduce hydrogen powered vehicles in

the market. This vehicle type promises very clean operation

and shows higher energy efficiency than conventional

vehicles [4].

Fuel cells are electrochemical devices that convert the

chemical energy of a reaction directly into electrical energy.

Among the various types of fuel cells, PEMFC appears to be

more attractive due to its simplicity, viability, quick start up,
6; fax: þ1 865 974 5483.
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and operation at lower temperatures [5–8]. Therefore, PEMFC

is a serious candidate for automotive applications [5].

However, a sole FC system may not be sufficient to satisfy the

load demands, especially during peak power demand periods

or transient events mostly seen in vehicular applications.

Moreover, if the FC system alone supplies all power demand, it

would increase the size and cost of the FC system as well as

the hydrogen fuel consumption. Without an extra energy

source, the FC system has to respond to transient and peak

loads. Also, since the FC system cannot sink power, braking

energy is not recycled. Hence, the overall fuel consumption

increases in a stand alone FC system. As a result, using only

the FC system becomes insufficient and cost prohibitive to

meet the load profile for a vehicle. Therefore, the FC system

should be supplemented with a less expensive power source

with fast response characteristics.
ydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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B,C Constants to simulate the activation over

voltage in PEMFC system (A�1) and (V)

E Nernst instantaneous voltage (V)

E0 Standard no load voltage (V)

F Faraday’s constant (C (kmol)�1)

IFC FC system current (A)

Kan Anode valve constant (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kmolkg

p
(atm s)�1)

KH2 Hydrogen valve molar constant (kmol

(atm s)�1)

KH2O Water valve molar constant (kmol

(atm s)�1)

KO2 Oxygen valve molar constant (kmol

(atm s)�1)

Kr Modeling constant (kmol (s A)�1)

MH2 Molar mass of hydrogen (kg (kmol)�1)

nH2 Number of hydrogen moles in the anode

channel (kmol)

N0 Number of series fuel cells in the stack

Ns Number of fuel cell modules

pH2 Hydrogen partial pressure (atm)

pH2O Water partial pressure (atm)

pO2 Oxygen partial pressure (atm)

qO2 Input molar flow of hydrogen (kmol (s)�1)

qin
H2

Hydrogen input flow (kmol (s)�1)
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In most of today’s hybrid applications, batteries are placed

as energy storage systems. Recent studies research the feasi-

bility of using battery along with fuel cell in vehicles as an

assistant power source [8–11]. While batteries are expected to

become a viable source to power coming generations of elec-

tric vehicles, ultracapacitors are also tested with different

control methods to complement FCs [12,13]. UC is a better

partner to FC than battery for several reasons. Firstly, due to

the low power density of the battery it cannot release its

charge fast enough when a transient occurs. Secondly,

although batteries are considered to be the main energy

storage device for future electric vehicles, their cycle and

calendar life should still be improved. Lastly, batteries are

more suited to supply steady load profile rather than giving

the transient load power because of its internal dynamics. On

the other hand, ultracapacitors promise to be a good alter-

native in vehicular applications. Ultracapacitors are electrical

energy storage devices which offer significantly better energy

densities than conventional capacitors, better power densities

than conventional batteries, and can be constructed in

modular and/or stackable format. The charge and discharge

time of a UC varies from fractions of a second to several

minutes, while providing maintenance-free operation. Ultra-

capacitors provide the lowest cost per Farad, have extremely

high cycling capability, and are environmentally safe [14,15].

The capacitance of UCs may vary from a few Farads to several

thousand Farads per cell [16]. Because of the aforementioned

unique characteristics, UCs are utilized for a wide range of

applications. Therefore, a UC bank can effectively serve as

a cost effective alternative to batteries, especially during short

peak demand periods.

UCs have high specific power density, and are suitable to

operate in conjunction with fuel cells in hybrid electric vehi-

cles. When coupled with an FC system, UC bank provides the

sudden transient power demand during acceleration and hill

climbing and alleviates the slow response problem of the FC

system [17]. In addition, a UC can also be used to store excess

power during regenerative braking. Therefore, by operating FC

and UC in parallel, both steady-state and peak power demand

can be satisfied. In other words, FC/UC hybrid system offers

high energy output with high responsiveness and high storage

capability [18]. Besides, in transient conditions, insufficient

humidification with gas starvation or flooding problems may

occur due to instant load changes. The proposed FC/UC hybrid

system ensures that the membrane of the FC system is not

subjected to transients and sharp peak loads, thus increasing

the lifetime of the FC system [19].

Another significant contribution to effective operation is

the design and control of the PCU integrated into the hybrid

system. There are several PCU topologies that can be used in

hybrid systems. The location of pulse power source and the

connection strategy distinguish the topology of the PCU in

a hybrid system. Among these topologies, parallel connection

of the FC system and UC bank to the dc bus via two different

dc–dc converters may be chosen for better system utilization

[20,21].

In this paper, a current-fed full bridge dc–dc converter and

a bi-directional dc–dc converter are employed for the power

control of the FC/UC hybrid system. This topology boosts low

voltages of the FC system and UC bank to higher values and
electrically isolates the hybrid power sources from the load. It

enables the control of the dc bus voltage and satisfies a higher

maximal torque of the electrical machine at lower ultra-

capacitor voltages [20].

The entire control strategy of the PCU is developed using

fuzzy logic algorithm. In the control system, the average

power demand of the load bus is continuously measured and

FC system is supposed to meet the base load profile which is

peak-shaved and transient-free. On the other hand, the UC

system supplies the entire peak load demand as well as

capturing the braking energy. Fuzzy logic controller (FLC)

assigns different power points for the FC system rather than

giving several operation modes in which the FC system would

supply constant power. At the same time, FLC observes the

state of charge (SOC) of the UC bank and utilizes the FC system

to supply power not only to load but also to the UC bank.

Therefore, the UC bank remains ready to supply peak power

and recuperate braking energy. Additionally, FLC engages the

UC bank to control the voltage of the dc link in order to take or

supply the power difference between the load and the FC

system.
2. System description and methodology

2.1. Design and dynamic modeling of a PEMFC

The PEMFC model used in this paper is realized in MATLAB &

Simulink. This model has been built using the relationship

between output voltage and partial pressures of hydrogen,

oxygen and water. Fig. 1 shows the detailed model of the

PEMFC, which is then embedded into the SimPowerSystems of

MATLAB as a controlled voltage source and integrated into the

overall system. The FC system model parameters used to

obtain this model are as follows:



(continued)

qout
H2

Hydrogen output flow (kmol (s)�1)

qr
H2

Hydrogen flow that reacts (kmol (s)�1)

qreq
H2

Amount of hydrogen flow required to

meet the load change (kmol (s)�1)

R Universal gas constant ((1 atm) (kmol K)�1)

Rint FC internal resistance (U)

RH–O The hydrogen–oxygen flow ratio

T Absolute temperature (K)

U Utilization rate

Van Volume of the anode (m3)

Vcell Dc output voltage of FC system (V)

sH2 Hydrogen time constant (s)

sO2 Oxygen time constant (s)

sH2O Water time constant (s)

hact Activation over voltage (V)

hohmic Ohmic over voltage (V)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 4 ( 2 0 0 9 ) 1 4 9 7 – 1 5 0 7 1499
The equation that relates molar flow of any gas (hydrogen)

through the valve with its partial pressure inside the channel

can be expressed as [22]

qH2

pH2

¼ Kanffiffiffiffiffiffiffiffiffi
MH2

p ¼ KH2
: (1)

The ideal gas equation is applied to hydrogen,

pH2
,Van ¼ nH2

,R,T: (2)

From the Eq. (2) hydrogen pressure can be written as

pH2
¼ R:T

Van
,nH2

: (3)

Taking the derivative of the both sides of the above equation

gives

d
dt

pH2
¼ R,T

Van
,

d
dt

nH2
¼ R,T

Van
,qH2

(4)

The derivative of nH2
is qH2

which is hydrogen molar flow.

There are three relevant contributions to the hydrogen molar

flow; the input flow, the flow taking part in the reaction and

the output flow. Therefore,

d
dt

pH2
¼ R,T

Van
,
�

qin
H2
� qout

H2
� qr

H2

�
: (5)
Fig. 1 – Dynamic mode
According to basic electrochemical relationships, the molar

flow of hydrogen that reacts can be found as

qr
H2
¼ N0,IFC

2,F
¼ 2,Kr,IFC; (6)

where

Kr ¼
N0

4,F
: (7)

Inserting Eq. (6) into Eq. (5) results the following equation:

d
dt

pH2
¼ R:T

Van
,
�

qin
H2
� qout

H2
� 2,Kr,IFC

�
: (8)

Then, replacing output flow, qout
H2

with its definition in the Eq.

(1) gives:

d
dt

pH2
¼ R:T

Van
,
�

qin
H2
� KH2

,pH2
� 2,Kr,IFC

�
: (9)

Taking the Laplace transforms of both sides yields:

s,pH2
ðsÞ � pH2

ð0Þ ¼ R,T
Van

,
�

qin
H2
ðsÞ � KH2

,pH2
ðsÞ � 2,Kr,IFC

�
; (10)

where the initial condition of hydrogen partial pressure is

zero. The following expression gives the hydrogen partial

pressure as:

pH2
¼ 1=KH2

1þ sH2
s

�
qin

H2
� 2,Kr,IFC

�
; (11)

where

sH2
¼ Van

KH2
,R,T

,s: (12)

Similarly, water partial pressure and oxygen partial pressure

can be obtained. The polarization curve for the PEMFC is

obtained from the sum of the Nernst’s voltage, the activation

over voltage, and the ohmic over voltage. Assuming constant

temperature and oxygen concentration, the FC output voltage

may be expressed as [23–25]

Vcell ¼ Eþ hact þ hohmic; (13)

where
l of the FC system.



Fig. 3 – Power demand according to UDDS for an FC

powered vehicle.
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hact ¼ �B lnðCIFCÞ (14)

and

hohmic ¼ �RintIFC: (15)

Now, the Nernst’s instantaneous voltage may be expressed as

[23]

E ¼ N0

"
E0 þ

RT
2F

log

"
pH2

ffiffiffiffiffiffiffi
PO2

p
pH2O

##
: (16)

The fuel cell system consumes hydrogen according to the

power demand. The hydrogen is obtained from high-pressure

hydrogen tank for stack operation. During operational condi-

tions, to control hydrogen flow rate according to the FC power

output, a feedback control strategy is utilized. To achieve this

feedback control, FC current from the output is taken back to

the input while converting the hydrogen into molar form

[4,23]. The amount of hydrogen available from the hydrogen

tank is given by

qreq
H2
¼ N0IFC

2 FU
: (17)

Depending on the FC system configuration, and the flow of

hydrogen and oxygen, the FC system produces the dc output

voltage. The hydrogen–oxygen flow ratio rH–O in the FC system

determines the oxygen flow rate [23]. Different time constants

can be defined for fuel increase and fuel decrease [26].

2.2. Design and modeling of ultracapacitor bank

The classical equivalent circuit of the UC unit, shown in Fig. 2,

consists of a capacitance (C ), an equivalent series resistance

(ESR) representing the charging and discharging resistance,

and an equivalent parallel resistance (EPR) representing the

self-discharging losses [4,27]. Since the EPR models leakage

effects and influences long-term energy storage performance

of the UC [28,29], only the ESR will be taken into account.

Therefore, the voltage profile will depend on two components;

a capacitive and a resistive component [30]. The UC bank

model has been implemented in MATLAB and SimPowerSys-

tems for this study.

2.3. Drive cycle

The urban dynamometer driving schedule (UDDS) [31] is

selected as a reference cycle to model, design and simulate the

proposed vehicle power system. Fig. 3 shows the power

demand of a vehicle according to standard UDDS as a function
Fig. 2 – Classical equivalent model for the UC unit.
of time. Specific characteristics of the UDDS cycle are shown

in Table 1.

The power demand required to meet the vehicle speed is

obtained from the ADVISOR analysis tool and the load model

is realized with respect to this power profile using the MAT-

LAB and SimPowerSystems environment.

2.4. Power conditioning unit

Utilizing two different power sources simultaneously requires

a power converter interface to effectively control the power

flow. This power interface also allows sharing of the wheel

power among the FC system and UC bank based on the rules

defined in the fuzzy logic controller. The structure of the PCU

is the same as the VW BORA Hy. Power [20] which consists of

two different dc–dc converters – the first one used to connect

the FC system and the second one to interface the UC bank. A

current-fed full bridge dc–dc converter is employed to transfer

the desired power from the FC system to the drive train. Not

only the input voltage of the FC system is boosted to higher

values, but also it is isolated from drive train with a high

frequency transformer. Moreover, the FC system output

current fluctuation is effectively reduced by using an input

inductor [21]. Also, the switching sequence employed for the

converter (duty ratio > 0.5) does not cause discontinuous

operation on the current demanded from the FC system thus

increasing the lifetime of the FC system.
Table 1 – Specific characteristics of UDDS drive cycle.

Time 1369 (s)

Distance 7.45 (miles)

Max. speed 56.7 (mph)

Avg. speed 19.6 (mph)

Max. accel. 1.48 (m (s2)�1)

Max. decel. �1.48 (m (s2)�1)

Avg. accel. 0.51 (m (s2)�1)

Avg. decel. 0.58 (m (s2)�1)

Idle time 259 (s)
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The UC bank transmits its power to the inverter through

a bidirectional dc–dc converter. It functions as a current

source full bridge converter when the UC bank is discharged

and as a voltage source half bridge converter when the UC

bank is charged [21]. The general system configuration is

shown in Fig. 4.

2.5. Fuzzy logic control

The main requirements of the control algorithm are to satisfy

the power demand and manage the power flow while

ensuring efficient operation of the different power sources.

The control system should utilize the FC system and UC bank

to match the vehicle load profile by considering different

features of the power sources. Since stable operation of the FC

system is vital for efficiency, lifetime, and cost, the FC system

should deliver the base load power without responding to

peak power demand. Another purpose of the control system is

to adopt the UC bank in stabilizing the dc link voltage. This

enables power transfer to/from the UC bank and improves the

overall driving performance [20].

The above mentioned requirements of the hybrid power

system control were implemented using an FLC. The FLC

relates the output values to inputs with ‘IF.THEN’ state-

ments, called rules. It is especially suitable for processes with

complex non-linear models. Unlike Boolean logic, which

describes that a given input is either a member of a given set

(logic 1) or not (logic 0), FLC solves problems that tend to

change anywhere in the range of 0– 1 [43]. Therefore, the FLC

offers smooth relocation of the output signal instead of sharp

switching when one rule dominates the other.

The FLC has five inputs and three outputs as shown in

Fig. 5. The first input is the difference between the average

load current (ALC) and output current of the dc–dc converter

of the FC system (IFC) and the second one corresponds to the
Constant

v
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Fig. 4 – Hybrid system
state of charge (SOC) of the UC bank. Using the data available

from these two inputs, the FLC determines the FC system duty

ratio (FCR), which corresponds to the first output. The FC

system delivers power based on the decision of FLC and

maintains a balance between delivering average load power

and keeping SOC at its desired interval which is around 0.75.

The UC bank should have enough charge to keep the voltage

stable when the vehicle is accelerating and it should have

enough space to recuperate energy during regeneration. The

FC system supplies fundamental power by observing the SOC

of the UC bank. The fundamental power corresponds to the

average power if SOC is inside the desired interval. If SOC is

higher than the expected value, the FC system delivers less

power than the average in order to avoid overcharging the UC

bank which may cause voltage increase in the dc bus. Simi-

larly, if SOC is less than the expected value, then the FC

system transfers more power. Thus, the UC bank is not dis-

charged below 25% of the maximum energy storage capacity

and the voltage does not fall below the desired value. In short,

FC system delivers the base portion of the load and it is not

disturbed by sudden peaks of the demand.

In the FLC, the Mac–Vicar Whelan rule base [44] is used. In

order to ensure a better performance for the operation of the

FC system, some modifications have been made when devel-

oping the FLC rules. The membership functions for the inputs

and outputs are also shown in Fig. 5. The FLC utilizes the first

two inputs and generates FCR as shown in Fig. 6. It is impor-

tant to note that FCR does not fall below 0.5 and provides

a continuous current path for the FC system.

Inputs 3 and 4 are the error voltage (voltage difference

between desired voltage and bus voltage), Verr and its deriva-

tive, respectively. After the decision process, they transform

into UC bank duty ratio for charging (UCR) and discharging

(UDR), and ensure the stability of the dc bus voltage. Input 5,

which is the transferred current to or from the UC bank, helps
SOC

UC bank current 

Voltage Regulation

v

+ -

VDC 
Verr

d(Verr)/dt

Discrete,

Ts = 5e-005 s.

Sample time

I FC

I Load
ALC-I FC

Load Sharing
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i+
- Vi+

Vi-
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Fig. 5 – Fuzzy interference system.

Fig. 7 – Fuzzy logic controller surface for UDR.
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the FLC to decide the exact time to start charging or dis-

charging the UC bank. Also, at low UC bank currents, the FLC

can employ both UDR and UCR in order to glide smoothly from

charging to discharging, and vice versa. Therefore, the power

difference between the load and FC system is transferred to or

from the UC bank while keeping the voltage stable. The fuzzy

inference system output surface for UDR and UCR is shown in

Figs. 7 and 8, respectively.

The UCR and UDR complement each other and FLC calcu-

lates their final values based on the position of the UC bank

current. If the UC bank charges or discharges with an absolute

value greater than 13 A, then the UCR and UDR are calculated

depending only on the 3rd and 4th inputs of the FLC. If it is on

the verge of switching from charging to discharging or vice

versa, where the UC bank current is less than the absolute

value of 13A, the UCR and UDR generate outputs by observing

the weight of the current states such as charge, neutral and

discharge as illustrated in Fig. 9. Therefore, the system

smoothly glides from one state to another.
Fig. 6 – Fuzzy logic controller surface for FCR.
In order to better understand the rules used in FLC, FC

system output power decision is given as an example in

Table 2. The output power of the FC system is unidirectional

and is always from the FC system to the load. FLC adjusts the

duty ratio from NM to PM smoothly to give the necessary

output power command. This command is decided using the

battery SOC and the load power.

2.6. Load sharing and sizing of the power sources

To determine the appropriate sizes of the FC system and UC

bank, it is essential to define the vehicle load sharing between

these units. The FC system is sized to provide only the base

load or cruising power of the vehicle, and the peak power for

up-hill or accelerated driving is provided by the UC bank

[5,17,32]. Mathematical definition of the base load can be

defined as the average load power demanded by the drive

train [33,34]. However, as it is seen from the first 300 s of the

UDDS power profile shown in Fig. 10, UC bank would have to

supply too much power while FC system is undersized with

this load sharing algorithm. The proposed control algorithm

uses the FC system as the primary power source and satisfies

a stable power transfer from the FC system to the drive train.
Fig. 8 – Fuzzy logic controller surface for UCR.



Fig. 9 – Membership function of the UC bank current.
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components.

dt Time of discharge 10 s

Vmax Maximum allowable

terminal voltage

96 V

Vmin Minimum allowable

terminal voltage

48 V

Vw Operating terminal voltage 72 V

P Power rating

of the UC bank

20 kW
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The calculation and optimization of the hybrid vehicle

system size is a deliberate subject that requires a dedicated

study by itself. In the literature, there are various studies using

different calculation and optimization techniques for sizing

energy sources [35–39]. Another method that is described in

[40] is to use load filtering. In this method, steady -state load is

extracted from the load profile using a filter averaged with

a time constant of 20 s. Using this filter in the UDDS profile

corresponds to a maximum power of 40 kW for the FC system.

Based on these considerations, we chose our FC system to

have 40 kW of rated power.

A second point to consider when sizing the FC system is its

efficiency. In [39], using the same UDDS drive cycle, authors

conclude that the maximum efficiency occurs at 40 kW rated

FC system size. Moreover, among the fuel cell polarization

curve, the most efficient operating interval for the fuel cell is

the linear region corresponding to cell voltage between 0.55

and 0.8 V [5]. In our study, the cell voltage is sized at 0.8 V and

the control strategy operates FC system such that cell voltage

remains in this interval. The total stack voltage is

88 � 0.8 ¼ 70.4 V which is the maximum operating voltage of

the FC system. The minimum voltage is 50 V/88 ¼ 0.57 V.

The entire UDDS can be divided into two regions based on

the 20 s filter setting; low (<40 kW) and high (�40 kW) power

demand. The highest power demand for the cycle is 57.4 kW.
Table 2 – Rule base used for FC system output power.

ALC-Ifc UC bank SOC

NM NS Z PS PM

NM PM PS Z NM NM

NS PM PS Z NS NM

Z PM PS Z NS NM

PS PM PS PS Z NS

PM PM PM PM PS Z

Negative medium (NM), negative small (NS), zero (Z), positive small

(PS), and positive medium (PM).
Therefore, a 40 kW FC system and a 20 kW UC bank are

appropriate for our design. The base load power, supplied by

FC system, ensures that the membrane is not subjected to

sharp peak loads, thus increasing the lifetime of the FC

system. Fuzzy logic control, described in Section 2.5, is used to

make the decision on the power value to be delivered by the FC

system.

Based on the load power profile and the FC system power

rating, appropriate size of UC bank can be determined. About

75% of the initial energy stored in the UC bank can be used if

the terminal voltage is allowed to decrease to 50% of its initial

value [41]. The following parameters were used to start the UC

bank design:
The total voltage drop dVtotal of the UC bank is the sum of the

voltage drops due to the capacitive and resistive components,

expressed as [30]

dVtotal ¼ iavg,
dt
C
þ iavg,R; (18)

where iavg is the average current of the UC bank [A], C is the

capacitance [F], and R is the equivalent series resistance [U].

The allowable voltage drop in the proposed design may be

expressed as

dV ¼ Vw � Vmin ¼ 72� 48 ¼ 24V: (19)

The average current to be supplied by the UC bank corre-

sponds to the average of the maximum and minimum current

demands from the UC bank i.e.,



Table 3 – Maxwell Boostcap BMOD0165 P048
ultracapacitor specifications [42].

Capacitance 165 F

Voltage 48.6 V

Dc resistance 6.1 mU

Ac resistance (@ 1 kHz) 5.2 mU

Weight 14.2 kg

Volume 12.6 L
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Fig. 11 – Dc–dc converter output power of the FC system.
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imax ¼
P

Vmin
¼ 20000

48
¼ 416:6A; (20)

imin ¼
P

Vmax
¼ 20000

96
¼ 208:3A; (21)

iavg ¼
ð416:6þ 208:3Þ

2
¼ 312:5A: (22)

For the proposed application, Maxwell Technologies Boost-

cap� BMOD0165 P048 type ultracapacitor bank is used. The

specifications of the UC bank are given in Table 3.

In order to meet the power demand, four UC modules are

used, where two strings of two modules connected in series.

The total capacitance (Ctotal) and resistance (Rtotal) may be

obtained as

Ctotal ¼ Cmodule,
np

ns
¼ 165� 2

2
¼ 165F; (23)

Rtotal ¼ Rmodule,
ns

np
¼ 6:1� 10�3 � 2

2
¼ 6:1mU; (24)

where np and ns are the numbers of parallel and series con-

nected capacitor modules, respectively.

Substituting the total capacitance and resistance values in

Eq. (18) yields

dV ¼ i,
dt
C
þ i,R ¼ 312:5� 10

165
þ 312:5� 6:1� 10�3 ¼ 20:8V: (25)
Table 4 – FC system model parameters.

Activation voltage constant (B) 0.04777 (A�1)

Activation voltage constant (C ) 0.0136 (V)

Faraday’s constant (F ) 96,484,600 (C (kmol)�1)

Hydrogen time constant (sH2 ) 3.37 (s)

Hydrogen valve constant (KH2 ) 4.22 � 10�5 (kmol (s atm)�1)

Hydrogen–oxygen flow ratio (rH2O) 1.168

Kr constant ¼ No/4F 2.2802 � 10�7 (kmol (s A)�1)

No load voltage (Eo) 0.8 (V)

Number of cells (No) 88

Number of fuel cell modules (Ns) 8

Oxygen time constant (sO2 ) 6.74 (s)

Oxygen valve constant (kO2 ) 2.1 � 10�5 (kmol (s atm)�1)

FC internal resistance (Rint) 0.0303 (U)

FC absolute temperature (T ) 343 (K)

Universal gas constant (R) 8314.47 (J (kmol K)�1)

Utilization factor (U ) 0.8

Water time constant (sH2O) 18.418 (s)

Water valve constant (KH2O) 7.716 � 10�6 (kmol (s atm)�1)
Our original requirement allowed at most 24 V voltage change,

and solution generated a voltage of 20.8 V. Therefore, it is

evident that the proposed design is suitable for our

application.

The PEMFC system parameters used in this research are

shown in Table 4.
3. Simulation results

Simulation results are obtained by developing a detailed

model using MATLAB, Simulink and SimPowerSystems using

the mathematical and electrical models of the system

described earlier. Simulations are conducted using

a computer having 3 GB of RAM. Switching frequency of the

power converters should be high, and therefore sample time

could not exceed 50 ms for reliable operation. Moreover, since

memory is limited, total simulation time was decreased to

300 s as shown in Fig. 10. Nevertheless, the highest power

demand made by the vehicle is included in that time interval.
0 50 100 150 200 250 300
−4

−3

−2

−1

0

1

2

3

4

5
x 104

Time (s)

P
o

w
e
r
 
(
W

)

Fig. 12 – Dc–dc converter output power of the UC bank.
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Fig. 15 – Load voltage.
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Fig. 16 – FC system output voltage.
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Fig. 11 shows the power profile transmitted by the FC system

to drive train. The FC system delivers the base power and it is

slow in responding to sudden changes due to the internal

dynamics even though it should follow the average load

power. On the other hand, as illustrated in Fig. 12, during

sudden changes in the load, the UC bank supplies peak power

with alacrity. Its fast response fulfils the power demand and

increases the hybrid system power density. It is also showed

that compared to a battery, the ultracapacitor is capable

enough to source and sink power in short durations. If

a battery were used instead of the UC, the power profile

showed in Fig. 12 would abuse the battery which may result in

wear and reduced lifetime. In Fig. 13, FCR changes with

respect to system dynamics and it is evident that FLC is

capable of controlling the FC system output power by safely

operating the UC bank. The FLC generates FCR to keep SOC

between 0.5 and 0.95 when there is too much power need and

power regeneration. Figs. 11 and 14 illustrate that in normal

conditions where SOC is close to 0.75, the FC system produces

the average load power and it does not respond to power

peaks exceeding the average value of the load power unless

the UC bank is in need of charge. On the other hand, the UC
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Fig. 14 – State-of-charge of the UC bank.
bank supplies the peak power when it has enough charge and

keeps the voltage within the allowable limits as shown in

Fig. 15. Also, Fig. 15 shows that the dc bus voltage stays

between 206 and 180 V thus satisfying a stable interval (�%10

for 188 V nominal dc bus voltage). Therefore, the hybrid

system is capable of supplying enough power without fully

relying upon the FC system which reduces the size and cost of

the FC system. From Fig. 16, it is evident that the increase in

load power decreases the FC output voltage according to the

model dynamics. Even though the FC output voltage falls

down to 50 V due to the high boosting ratio of the dc–dc

converter, it is possible to deliver enough power to the high

voltage dc bus.
4. Conclusions

A novel vehicular FC/UC hybrid power system is proposed

using the fuzzy logic control strategy. The hybrid vehicular

power system uses a novel control algorithm to meet the
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power demand under various load conditions of the UDDS

cycle. The proposed load sharing principle demands stable

power supply from the FC system and effectively uses the UC

bank for increasing the overall power capability of the hybrid

system and regenerating the excess power during vehicle

deceleration. The load power is partitioned so that the FC

system delivers base load power and UC bank supplies the

remaining power or regenerates the excess power.

While the FC system delivers stable power and keeps SOC

at acceptable limits, the UC bank maintains load bus voltage

within a tolerable range. The UC bank meets the peak power

demanded by the drive train without drawing excessive

current from the FC system yielding higher output power with

lower cost. Also, it recuperates the braking energy as allowed

by the FCR thus guaranteeing the operation of the UC bank

within a tolerable region. The FLC effectively satisfies the

power demand and manages efficient operation of the overall

system.

The proposed hybrid power system combined with the

new fuzzy logic control algorithm reduces the FC system size

while satisfying the peak power demand via the UC bank.

Thus, fuel consumption is decreased and the FC system is not

exposed to insufficient humidification with gas starvation or

flooding problems.
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