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Abstract—This paper studies the impact of fuel-cell (FC) 
performance and control strategies on the benefits of 
hybridization. One of the main weak points of the FC is slow 
dynamics dominated by a temperature and fuel-delivery system. 
Although many researchers have investigated the use of different 
powertrain topologies, component sizes, and control strategies in 
fuel cell vehicles, a detailed parametric study of the vehicle types 
must be conducted before a fair comparison of fuel-cell vehicle 
types can be performed. In this paper, a dynamic model of a 
hybrid electric vehicle that includes fuel cells, batteries, 
ultracapacitors, and induction machine drives is presented. 
Simulation results of vehicle configuration are discussed. The 
focus of the model is a detailed assessment of different subsystem 
components. 

Keywords—Dynamic hybrid electric vehicle model; 
Ultracapacitor model; Battery model; Fuel Cell model and hybrid 
electric vehicle configuration 

I.  INTRODUCTION 
In hybrid topologies, since the vehicle is no longer 

dependent on only one type of fuel, they have many benefits 
for the vehicle, from emission reduction to performance and 
efficiency improvements. The efficiency and all-electric range 
of hybrid electric vehicles (HEVs) depend on the capability of 
their energy-storage system (ESS), which not only is utilized 
to store large amounts of energy but also should be able to 
release it quickly according to load demands [1-2].  

In advanced automotive systems such as hybrid electric 
vehicles, electric vehicles (EVs), and fuel cell vehicles 
(FCVs), electrical power is utilized to drive automotive 
subsystems [3], [4]. Recent advances in the areas of power 
electronics, electric motor drives, control electronics, and 
digital signal processors are already providing the impetus to 
improve the performance of automotive electrical systems and 
their reliability [5]. 

Energy storage, whether battery or ultracapacitor, can be 
employed to reduce the cost and improve the performance of a 
hybrid electric vehicle (HEV). The voltage level and dynamic 
characteristic of the energy storage components are normally 
different from the primary energy sources, and a power 
converter needs to be incorporated into the entire vehicle 
energy management system [6]–[9]. Sizing energy storage and 
controlling energy flow are the keys to achieving better fuel 
efficiency. 

Fuel Cells (FCs) are able to generate electrical power with 
high efficiency, low operation noise, and no emissions from 
hydrogen gaze and air. Polymer electrolyte membrane (or 
proton exchange membrane) FCs (PEMFCs) utilize a solid 
polymer electrolyte membrane, operate at lower temperature, 
and are considered by many to be the most suitable for vehicle 
applications such as cars, buses, tramways, trains, or aircraft 
[10], [11].  

A lot of work has been done to investigate optimal sizing 
and control strategies for fuel-cell–battery [12], [13], [16], 
[17], fuel-cell–ultracapacitor [12]-[15], and fuel-cell– battery–
ultracapacitor [18], [19] vehicles. Most studies implement a 
coarse parametric search on the component sizes and some 
also vary the control parameters. To ensure optimality, the 
control and plant parameters should be varied simultaneously 
due to plant–controller coupling [20]. Other deficiencies 
include not using a detailed model of the dc/dc converter(s) 
and not including cost in the analysis, although cost is a major 
obstacle for fuel cell vehicles [21]. 

In this paper, a dynamic model for a HEV with fuel cell, 
battery and ultracapacitor is developed and analyzed. It is 
validated by simulation results and will provide a significant 
contribution to the field of the multisource system, particularly 
in nonlinear power electronics applications. In Section II, the 
hybrid energy storage systems for vehicular application are 
presented in detail. The dynamic system and subsystem 
modeling will be explained in detail in Section III. The 
simulation results and long term analysis for various 
conditions are presented in Section IV. Simulation results will 
show the system performance during load cycles. 

II. HYBRID ENERGY-STORAGE SYSTEMS FOR VEHICULAR 
APPLICATIONS 

The energy storage system (ESS) of most of the 
commercially available HEVs is composed of only battery 
packs with a bidirectional converter connected to the high-
voltage dc bus. Topologies to hybridize ESSs for FC hybrid 
vehicles (FCHVs) have been developed to improve miles per 
gallon efficiency. Various topologies can be introduced by 
combining energy sources with different characteristics. Most 
of these combinations share one common feature, which is to 
efficiently combine fast response devices with high power 
density and slow response components with high energy 
density. For battery/UC systems, bidirectional dc/dc 
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converters are widely used to manage power flow directions, 
either from the source to the load side for acceleration or from 
the load side to sources during regenerating periods. [22].  

A. Structure of the Hybrid Power Sources 
Different power converter topologies can be used for the 

power electronic interface between the FC and the utility dc 
bus. For the dc link voltage level, it depends on its 
applications. 

Basically, low-voltage high-current structures are needed 
because of FC electrical characteristics. A classical boost 
converter is often selected because it can be operated in the 
current control mode in a continuous condition mode. 
However, a classical boost converter will be limited when the 
power increases or for higher step-up ratios [28]. 

One may summarize here again that the constraints to 
operate an FC are as follows. 

a) The FC power or current must be kept within an 
interval (a rated value, a minimum value, or zero). 

b) The FC current must be controlled as a 
unidirectional current. 

c) The FC current slope must be limited to the maximum 
absolute value (e.g., 4 A · s−1) to prevent an FC stack from 
the fuel starvation phenomenon. 

d) The switching frequency of the FC current must be 
greater than 1.25 kHz and the FC ripple current must be 
lower than around 5% of the rated value to ensure minor 
impact to the FC conditions [29]. 

The Proposed structure of FC/Battery/Ultracapacitor 
Hybrid Power Sources is shown in Fig. 1. The battery actual 
voltage curve is not constant. It is linear over most of its 
operating range. The battery voltage variation is at least 25%. 
Nonetheless, at the end of discharge, the battery voltage 
decreases very rapidly toward zero. This is because the 
internal resistance of a lead-acid battery is almost linear during 
discharge, but the losses are largely below 25% SOC due to 
the increase in the internal resistance of the battery. There is 
no battery converter in this structure to improve system 
efficiency and converter cost. Then, this system will be 
operated based on unregulated dc bus voltage, in which the dc 
bus voltage is equal to the battery voltage. The ultracapacitor 
module is frequently connected to the dc bus by means of a 
bidirectional dc/dc converter [30] and [31]. Ultracapacitor 
current, which flows across the storage device, can be positive 
or negative, allowing energy to be transferred in both 
directions. 

B. Energy Management of the Hybrid Power Sources 
Energy management in hybrid vehicles can be used to 

store energy generated at one operating load and then 
supplement the propulsion requirements at a different load 
condition (i.e., load leveling). Energy that is processed 
through the power converters and storage systems always has 
losses associated with it. Thus, a hybrid electric energy 
management system can only improve the overall fuel 
efficiency of a vehicle by shifting the operation of the fuel 

converter to an improved efficiency load condition by an 
amount sufficient to offset the losses of the energy storage and 
discharge processes. Key features of energy management 
power converters are: 1) high-power dc to dc and 2) 
bidirectional power flow. 

 

Fig. 1. Proposed structure of FC/Battery/Ultracapacitor Hybrid Power 
Sources 

Bidirectional power flow enables the energy capture of 
regenerative brake and energy release during startup and hill 
climbing. The regenerative brake energy is always desirable 
no matter how high the losses are, as this energy would 
otherwise be dissipated and lost as heat in the friction brakes. 
Efficient energy management power conversion and storage 
for regenerative braking is of course desirable and leads to 
improved fuel efficiency for transient drive cycles [32]. 

When a FC operates, its fuel (hydrogen and oxygen) flows 
are controlled by an “FC controller,” which receives current 
demand. The fuel flows must be adjusted to match the reactant 
delivery rate to the usage rate by the FC controller [33].  

The problem of conventional control strategies is well 
known: The definition of system states (state-machine-used) 
implies control algorithm permutations that may lead to a 
phenomenon of chattering when the system is operating near a 
border between two states. The control algorithm presented 
here is not based on the state definition; therefore, naturally, it 
does not present the problem of chattering near state borders.  

III. SYSTEM AND SUBSYSTEM MODELING 
The dynamic model of an HEV system has been 

implemented in the Matlab/Simulink environment. 
Advantages of Matlab are the extensive component library of 
Simulink, the flexibility in implementing behavioral and 
physical models, Simulink’s modular interface with 
subsystems, and simple data handling and storage. 

A. Battery Modeling 
Currently, the battery is still the most extensive energy 

storage device for providing and delivering electricity. There 
are many kinds of battery technology, such as lead-acid, NiCd, 
NiMH, or Li-ion. The characteristics of commercial batteries 
for HEV applications are shown in Table I [22].  For a lead-
acid cell, the terminal voltage of battery Vb and the internal 
resistance Rb are strong functions of the state of charge 
(SOC). The battery actual voltage curve is not constant. This 
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is because the internal resistance is almost linear during the 
discharge, but the losses are substantially below 25% SOC due 
to the increase in the internal resistance. 

Dynamic state model of the battery is necessary to develop 
a simulation model for the emulation of battery behavior. The 
model is developed from experimental cell data, where open 
circuit voltage (OCV) tests are performed on successive 
discharge of the battery, by the application of periodic current 
discharge. As for the temperature variation from 55°c to -30°c 
the OCV of a battery varies nonlinearly over the battery SOC. 
Therefore, the nonlinear RC models are developed to model 
nonlinear OCV characteristics of the battery. 

TABLE I.  CHARACTERISTICS OF COMMERCIAL BATTERIES 
FOR HEV APPLICATIONS 

Battery Type 

C
apacity 
(A

h) 

V
oltage 
 (V

) 

R
esistance 
(m

Ω
) 

W
/kg  

%
 95 eff 

U
sable 

 SO
C

 

NiMH 

Panasonic 6.5 7.2 11.4 207 40% 

Ovonic 12 12 10 195 30% 

Saft 14 1.2 1.1 172 30% 

Li-ion 
Saft 12 4 7 256 20% 

Shin-kobe 4 4 3.4 745 18% 

Lead-
asid Panasonic 25 12 7.8 77 28% 

The proposed model consists of: 1) nonlinear voltage 
source VOC(Z) as a function of SOC Z to represent nonlinear 
characteristics of the OCV; 2) a capacitance Cp to model 
polarization effect; 3) a propagation resistor Rb to model 
propagation resistance; 4) a diffusion resistor Rp as a function 
of current I; and 5) an ohmic resistance Rt and terminal 
voltage Vt as shown in Fig. 2. The self-discharge resistor does 
not considered in the model because the self-discharge 
characteristic of the lithium battery is extremely low compared 
to other batteries such as nickel cadmium, lead-acid, nickel 
metal hydride type [34]. 

 
Fig. 2. Battery dynamic model structure 

The voltage across the capacitance CRpR is denoted as VRpR. 
The terminal voltage equation is given as 

t t p p pV IR I R V= + +  (1) 

( )t t b b OCV IR I R V Z= + +  (2) 

Where I is the instantaneous current (positive for charging, 
negative for discharging). 

The SOC is defined as a ratio of the remaining capacity to 
the nominal capacity of the cell, where the remaining capacity 
is the number of ampere-hours that can be drawn from the cell 
at room temperature with the C/30 rate before it is fully 
discharged [34]. Based on this definition, the mathematical 
relation on the SOC is developed as 

0

( )
( ) (0)

t
b

n

I
Z t Z d

C
τ

τ= + ∫  (3) 

Where Z(t) is SOC and CRnR is the nominal capacitance of 
the cell which is defined as the number of ampere-hours that 
can be drawn from the cell at room temperature at the C/30 
rate, starting with the cell fully charged [34]. 

B. Ultracapacitor Modeling 
Ultracapacitors have the advantage of near-instantaneous 

energy delivery. The stored energy can be transferred to the 
dc-bus at nearly any discharge rate. In contrast, batteries will 
experience high internal losses if they are discharged too 
quickly. Thus ultracapacitors are of considerable interest for 
HEV applications. 

The classical equivalent circuit of the UC unit is shown in 
Fig. 3. The model consists of a capacitance (C), an equivalent 
series resistance (ESR, R) representing the charging and 
discharging resistance, and an equivalent parallel resistance 
(EPR) representing the self-discharging losses [35]. The EPR 
models leakage effects and only impacts long-term energy 
storage performance of the UC. 

 
Fig. 3. Classical equivalent model for the UC unit 

The voltage state of a UC (i.e., RC circuit) with a 
capacitance C draining charge into a resistance R=ESR may be 
described as 

( ) exp( )i
tV t V

RC
= −  (4) 

The RC time constant determines the effective period of 
the charging and discharging processes for some initial 
voltage on the capacitor [35]. 

The ultracapacitor model is based on Maxwell 
Ultracapacitor’s BMOD0058 15-V pack [36], which contains 
six 2.5-VBCAP0350 cells in series. The pack includes cell 
balancing and sturdy packaging. Since the acceptable motor-
voltage range is chosen to be 250–400 V and the 
ultracapacitor pack will be connected directly to the high-
voltage bus in the chosen topology, the maximum 
ultracapacitor pack voltage should be around 400 V. Thus, 27 
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packs are used in series so that the maximum ultracapacitor 
voltage is 405 V (although the control strategy will ensure that 
the voltage does not go above 400 V). Therefore, the 
optimization variable is chosen to be the number of strings in 
parallel. The ultracapacitor voltage is calculated using 

0

1( ) (0) ( )
t

uc uc ucV t V I d
C

λ λ= + ∫  (5) 

Where C is the total capacitance of ultracapacitor. The 
voltage drop and losses due to the internal resistance are also 
included. 

C. Fuel Cells Modeling 
A fuel cell is a galvanic cell in which the chemical energy 

of a fuel is converted directly into electrical energy by means 
of electrochemical processes. The chemical reaction in a fuel 
cell is similar to that in a chemical battery. The 
thermodynamic voltage of a fuel cell is closely associated with 
the energy released and the number of electrons transferred in 
the reaction [37].  

The fuel cell is connected to the main dc-bus via a dc/dc 
converter and receives a power command from a system-level 
controller. The fuel cell model follows the slow evolution of 
the actual available power as it tries to respond to the 
command. This represents the slow dynamics between fuel 
input and electric power output. The dc/dc converter adjusts 
the current quickly to regulate the fuel cell voltage and deliver 
the available power. In a fuel cell, the fuel input is the physical 
parameter that is controlled. The steady-state electrical 
characteristics of a typical single PEM fuel cell are shown in 
Fig. 4. For any given fuel flow with a target voltage of 0.6 
V/cell, there is a one-to-one mapping between output power 
and fuel input [38]. 

 
Fig. 4. The steady-state characteristics of a typical single PEM fuel cell 

According to [39], 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 the FC output voltage may be expressed as  

cell act ohmicV E η η= + +  (6) 
'ln( )act FCB CIη = −  (7) 

int '
ohmic FCR Iη = −  (8) 

The Nernst’s instantaneous voltage may be expressed as 

2 2

2

0 0 log
2

H O

H O

p pRTE N E
F p

  
  = +
  

  

 (9) 

 

The FC model used in this paper is realized in MATLAB 
and Simulink. Then this model is embedded into the Sim-
Power Systems of MATLAB as a controlled voltage source. 

D. Buck-Boost Converter Modeling 
The main objective is to establish the dynamic control 

strategy of the dc/dc converters for energy management 
between the batteries and ultracapacitors. This dynamic 
control strategy is based on current control because the dc-link 
voltage level is imposed by the battery module. The 
ultracapacitor module is connected to the dc link using a 
bidirectional converter to ensure the charge and discharge of 
the electric power storage devices. The converter control 
depends on the energy-management strategy between the 
hybrid sources and the hybrid vehicle energy request. This 
converter modeling includes the boost and buck operating 
modes [40]. 

 
Fig. 5. Buck–boost converter topology 

1) Boost Converter Modeling 
During this operating mode, KR1R is on, and KR2R is off, and 

the ultracapacitor module provides energy to the dc bus. The 
IRSCR ultracapacitor current direction is presented in Fig. 5, and 
the converter model is given by the following differential 
equations [40]: 

1 1. ( ) (1 ).L SC SC bus
dV L i V V
dt

α= = − −  

ch L batI I I= +  

1. ( )bat bat bus
dV i V V
dtλ λ= = −  

(10) 

(11) 

(12) 

2) B. Buck Converter Modeling 
Contrary to boost mode, here, KR2R is on, and KR1R is off, and 

the ultracapacitor module is charged by a battery. The 
converter model is given by (13)-(15). The Isc and IRLR currents 
have a direction opposite from that of the currents shown in 
Fig. 5. We have 

2 1. ( ) .L SC bus SC
dV L i V V
dt

α= = −  

bat L chI I I= +  

1. ( )bat bat bus
dV i V V
dtλ λ= = −  

(13) 

(14) 

(15) 
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These average models present a nonlinear behavior of 
converters because of crosses between the control variables 
(i.e., α1 and α2

IV. SIMULATION RESULTS AND ANALYSIS 

) and the state variables (i.e., voltages and 
currents). 

Sample simulation results presented here focus on the 
dynamic behavior of currents and voltages in the system and 
the losses in the subsystems. The vehicle configuration 
combines the fuel cell with a battery and an ultracapacitor as 
the energy storage unit. All configurations are simulated over 
the duty cycle. 

A. HEV with Batteries, Ultracapacitors and Fuel Cell 
The batteries are the primary energy source of the vehicle 

and balance the power production and consumption in the 
system. The fuel cell setup consists of 65 fuel cell stacks in 
parallel, each having 70 single cells in series. Assuming that 
individual cells operate at 0.6 V with a maximum current of 8 
A at 100% fuel input, the maximum available output power is 
22 kW. The dc-dc converter is implemented with 24 parallel 
MOSFETs, each rated for 50 A, on the primary transformer 
side and with single power diodes on the secondary side. The 
transformer turns ratio is 48/300 and the series resistance of 
diode and MOSFET is 0.59Ω and 0.03Ω respectively. Turn 
on/off time constant is 30/15s. As ultracapacitors respond 
rapidly, lower capacity can be tolerated compared to batteries. 
A 3.2MJ ultracapacitor should be sufficient for the HEV 
requirements [34]. Assuming a maximum voltage of 300 V for 
the ultracapacitor, the required capacitance is 50 F. The ESR 
value of the capacitor is assumed to be 0.03Ω. A bidirectional 
dc/dc converter is used between ultracapacitor and dc-bus. The 
nominal battery voltage is 312V and its capacity is 28.26 MJ. 

The behavior of the traction system and the fuel cell when 
combined with battery and an ultracapacitor are given in Fig. 
6. It is consist of Vehicle speed; gear setting; the rotational 
speed of the induction motor; the actual induction motor 
torque and the dc-bus load current. Here shifting of gears is 
clearly visible in motor speed by short-term accelerations and 
decelerations and again is obvious as large spikes in the 
torque.  

The time constants associated with the fuel cell are much 
slower than those of the traction system. Thus, the behavior of 
most of the fuel cell signals will be slower and closer to an 
average value.  

Fig. 7 shows a collection of graphs from the HEV 
subsystems. The output current of the fuel cell stack going into 
the dc-dc converter, where the transients of this current are 
slow compared to the induction machine load current, giving 
an average of the required load current. Notice that the turn-on 
time of the fuel cell is considerably larger than the turn-off 
time, as defined in the fuel cell model. The evolution of the 
battery charge SOC and the ultracapacitor SOC during the 
drive cycle can also be seen in Fig. 7. It can be noticed that the 
ultracapacitor charge fluctuates more than the battery charge 
owing to its smaller capacity. Thus, with an ultracapacitor, the 
system is significantly more efficient.  

  

Fig. 6. Vehicle speed; gear setting; the induction motor speed; the actual 
induction motor torque and the dc-bus load current. 
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The battery capacity is larger than needed for this cycle, 
thus the short-term changes in the battery charge are only a 
few percent. Notice that the battery voltage range is narrow 
because the SOC is changing only slightly. However, the bus 
voltage drops significantly every time the vehicle accelerates 
and increases when the vehicle regenerates. This is related to 
battery resistance and the small bus capacitance. It is evident 
that the buck-boost converter between the ultracapacitor and 
the bus can enforce near-constant bus voltage. 

 
Fig. 7. Fuel Cell current; SOC of battery and UC; dc-bus voltage 

Load or regeneration spikes translate into fast discharges 
of the battery and result in substantial loss. Although there is 
some uncertainty due to the low ultracapacitor ESR, the losses 
in the ultracapacitor module are more than an order of 
magnitude lower than in the battery module. But when power 
is cycled quickly, the battery experiences high losses, while 
the losses in the ultracapacitor are much lower. 

The simulation can be checked with a power balance. The 
values of the average power production and consumption in 
the HEV with the fuel cell, battery and ultracapacitor are given 
in Table II. 

TABLE II.  POWER BALANCE OF HEV MODEL 

 Battery UC FC Vehicle 
system Total 

Power 
produced 1304 W 14.09 W 633 W ---- 1937 W 

Power 
consumed 715.5 W 117.2 W 49.3 W 1032 W 1914 W 

Average power produced in the system must equal 
consumed average power plus any change in stored energy. 
The average power produced by the fuel cell for this test run is 
633 W. The battery is discharged by 4.7%, corresponding to 
an average power of 1.304 kW. The 0.72% charge decrease in 
the ultracapacitor corresponds to an average power production 
of 14.1 W, resulting in a total average power production of 
1.937 kW. The average power consumption of the traction 
system is 1.032 kW, and the average losses in the battery and 
the fuel cell dc-to-dc converter are 715.5 W and 49.3 W, 
respectively. The losses in the ultracapacitor module are 117.2 
W, considerably lower than the battery losses. The total 
average power consumption is about 1.914 kW very close to 
the average power production. These results depend on 
achieving UCs with sufficiently low ESR. 

 
The small difference between production and consumption 

is a computational limit. Uncertainties in the model and 
parameters are sources of errors when comparing the results 
with measured data. Some of the uncertainty factors in this 
simulation are the fuel cell model and its parameters. Other 
uncertainty factors are the battery parameters, which were 
approximated from actual measurements. The actual discharge 
function of the battery is slightly steeper than modeled, which 
decreases the output power and increases battery losses by a 
small margin. 

V. CONCLUSION 
Steady-state simulation tools for the design and analysis of 

hybrid electric automotives have been developed in recent. In 
the past, dynamic simulation models have focused mainly on 
the analysis of control strategies. The advantages of an FC 
hybrid vehicle could include improved vehicle performance 
and fuel economy and lower system cost. The degree of 
hybridization benefits from: 1) FC efficiency characteristics; 
2) FC downsizing; 3) displacing FC tasks with the secondary 
source functionality; or 4) energy recovery through 
regenerative braking. This paper has studied the role of the 
energy-storage device in FC hybrid vehicles to understand 
their potential impact on dynamic performances. In this paper, 
a dynamic simulation system for an HEV, implemented in 
Matlab/Simulink, has been presented. The model features fuel 
cells as the vehicle’s energy source, batteries and 
ultracapacitors as energy storage units, and an induction 
machine drive in the traction system. The purpose of the 
model is to provide an in-depth analysis of sublevel 
components in the vehicle and loss analysis in power 
electronics devices in converters associated with these 
sublevel components. In this paper, a dynamic model of a 
hybrid electric vehicle that includes fuel cells, batteries, 
ultracapacitors, and induction machine drives is presented. 
Simulation results of vehicle configuration are discussed. The 
focus of the model is a detailed assessment of different 
subsystem components. 
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