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A B S T R A C T

Fuel cell (FC) application in vehicular technology has gained much popularity since the past few years. Typically,
fuel Cell Hybrid Electric Vehicle (FCHEV) consists of fuel cell, battery and/or ultracapacitor (UC) as the power
sources. The power converter is integrated to the power sources to form the hybrid FC system. This helps to
compensate the drawback of individual power sources. Apart from the technical efficiency of power sources
itself, the performance of an FCHEV is governed by the efficiency of power electronics and associated controller.
In this paper, a state-of-the-art of vehicle classification is reviewed, in which the focus is placed on the
deployment of fuel cell, battery, ultracapacitor and flywheel. The configurations used in FCHEV, followed by the
updated power converter topologies, are also discussed. The topologies are categorized and discussed according
to the power stages and control techniques used in the configurations. Then, multiple stages conversion and
single stage topologies are described chronologically. The advantages and disadvantages of each topology, safety
standards, current situation and environmental impact of FCHEV are also discussed. In addition, the current
development of FCHEV, challenges and future prospects are also elaborated. The rapid growth of FC based
research and technology has paved great prospects for FCHEVs in the near future, with the prediction of the
competitive cost of hydrogen as compared to gasoline.

1. Introduction

Transportation sector of the modern world mainly relies on fossil
fuel. Using large amount of fossil fuel is responsible for global
warming, air pollution and ozone layer depletion. Besides, excessive
usage of fossil fuel in vehicles is the reason behind dwindling of
underground petroleum resources. A statistics of U.S. Energy
Information Administration (EIA) shows that transportation sector
occupies almost 55% of the world's total energy consumption and
30.9% Carbon dioxide gas emission in 2014 [1]. This trend will keep
going if any alternative solution for transportation sector is not
adopted. Figs. 1 and 2 show the energy consumption and carbon
dioxide emission by different sectors in recent years. The figures also
show the prediction results for the upcoming years. As an alternative to
fossil fuels, automobile manufacturers are adopting electric sources
such as battery, ultracapacitor or fuel cell to power the vehicles. Electric
vehicles (EVs) are one of the viable solutions for decreasing the GHG
emission and saving the environment. The EVs not only help to
maintain a clean and healthy environment but also reduce the
operating cost of vehicles, compared to gas or oil powered vehicles.
In term of energy cost, EVs cost 2 cent/mile whereas gasoline powered

vehicles cost around 12 cents/mile [2]. At present, an EV can run 4–8
miles per kWh energy with zero emission of any GHG. A report by the
U.S. Department of Energy (USDE) shows that an ICE vehicle uses only
15% of total fuel energy to run a car, whereas an EV uses more than
75% of total energy [3,4]. The rest of the energy is emitted to
environment as heat, which consequently contributes to global warm-
ing. Thus, EV is a better alternative to ICE vehicles.

The main challenge in developing EVs is the energy source cost, as
it takes almost one third of the total cost of the vehicle. Different types
of energy sources are applied to reduce the storage cost with improved
efficiency, which results in different configurations of EVs [5]. All
electric vehicles are of three types: battery electric vehicle (BEV), fuel
cell electric vehicle (FCEV), and fuel cell hybrid electric vehicle
(FCHEV), which uses a combination of fuel cell and battery/ultra-
capacitor storage system as energy source. The research steps for
FCHEV include designing vehicle components and improving the
vehicle efficiency. Numerous researches are being conducted to make
FCHEV popular in the vehicle market. However, there are very few
literatures available which overviewed all the major areas of recent
advancement in this hybrid vehicle technology [2,6–12]. Most reviews
are concerned with EVs or plug in hybrid electric vehicles (PHEVs),
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thus a comprehensive review on FCHEV is necessary to elaborate on
every major aspect of this technology. This paper aims to review the
state-of-the-art available energy sources, power conditioning topolo-
gies of FCHEV and their benefits and shortcomings. As FCHEV
technology is comparatively new and the research and development
stage is still underway, a thorough review on the different aspects of
this technology will help provide a clear vision for researchers.
Moreover, potential development areas of each section will be dis-
cussed throughout this review. The main objective of this review is to
acknowledge and analyze existing research to find the potential areas of
research as well as to discuss the challenges and future aspects of
FCHEV technology. For that purpose, an overview of vehicle technol-
ogy is presented first, followed by review of different types of energy
sources. Afterwards, different power conditioning topologies of FCHEV
are presented in the section 4. A discussion and finally the challenges

and future prospect of FCHEV, are elucidated in the later sections.

2. Overview of vehicle technology

Researches in vehicular technology has led to innovative, economic
and environment friendly transport system. The development of
vehicle system can be classified into three groups, namely internal
combustion engine vehicle (ICEV), hybrid electric vehicle (HEV) and
all electric vehicle (AEV). ICEVs are solely dependent on gasoline based
internal combustion engine. AEVs use electricity based energy sources
such as battery, ultracapacitor, fuel cell etc. HEVs are the result of
hybridization of ICEV and AEV. Fig. 3 shows the classification of

Nomenclature

AC Alternative current
AEV All-electric vehicles
AFC Alkaline Fuel Cells
ANN Artificial Neural network
BEV Battery electric vehicle
BTU British thermal unit
CHP Combined Heat and Power
CSI Current source inverter
DBI Differential Boost Inverter
DC Direct Current
DMFC Direct methanol fuel cell
DP Dynamic programming
DSP Digital Signal Processing
ECMS Equivalent Cost Minimization Strategy
EDLC Electrochemical Double Layer Capacitor
EIA U.S. Energy Information Administration
EM Electric motor
EMI Electromagnetic interference
EREV Extended range full-HEV
ESS Energy Storage System
EV Electric vehicle
FC Fuel cell
FCEV Fuel Cell Electric Vehicle
FCHEV Fuel Cell Hybrid Electric Vehicle
FES Flywheel energy system
FLC Fuzzy logic controller
full-HEV Full hybrid electric vehicle
GA Genetic algorithm
GHG Green House Gases
HESS Hybrid energy storage system
HEV Hybrid electric vehicle
HF Hybridization factor

ICE Internal Combustion Engine
ICEV Internal combustion engine vehicle
LQC Linear Quadratic Control
MCFC Molten carbonate fuel cell
MES Main Energy Source
mild-HEV Mild hybrid electric vehicle
MIMO Multiple input multiple output
MPG Miles per gallon
MPGe Miles per gallon gasoline equivalent
NN Neural network
NREL National Renewable Energy Laboratory
PAFC Phosphoric acid fuel cells
PDA Personal digital assistant
PEMFC Proton exchange membrane fuel cells
PHEV Plug-in hybrid electric vehicle
PI Proportional integral
PR Proportional Resonant
PID Proportional integral derivative
plug-in HEV plug-in hybrid electric vehicle
PSO Particle swarm optimization
PWM Pulse Width Modulation
RESS Rechargeable Energy Storage System
RBC Rule Based Control
SBI Switched Boost Inverter
SMC Sliding Mode Control
SOC State of the charge
SOFC Solid oxide fuel cells
UC Ultracapacitor
UDSE U.S. Department of Energy
VRLA Valve regulated lead acid
VSI Voltage source inverter
ZEBRA Zero emissions batteries research activity
ZVS Zero-voltage switching
ZSI Z Source Inverter
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Fig. 1. Energy consumption statistics in different sectors.
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Fig. 2. Carbon-di-oxide emission statistics in different sectors.
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