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A B S T R A C T

This paper presents an optimization approach for optimal component sizing of PEM fuel cell (PEMFC)-battery
hybrid energy system (HES) to provide the driving force required to haul passenger trains. The objective function
is the minimization of the cost of HES, which subjects to the constraints of battery state-of-charge limit, PEMFC
capacity constraint, and the instantaneous power balance constraint. A model of PEMFC-battery HES suitable for
locomotive application is formulated. Two energy management strategies (EMS) are proposed to ensure the
balance between instantaneous power demand and supply. The EMS is suitably incorporated into the particle
swarm optimization based solution algorithm. Three practical drive cycles are used in the simulation study. The
simulation study reveals that the sizes of PEMFC and battery depend on the choice of EMS, average speed of
train, and slope of the railway track. The fuel consumption and dynamic behaviour also depend on the choice of
EMS.

1. Introduction

The development of economically feasible renewable energy sys-
tems to replace fossil fuels is one of the most significant areas of re-
search in this century to the research communities around the globe.
Most of the energy demand of the present world is met with the con-
ventional fossil fuels. However, the fossil fuel reserve on earth is finite.
Thus, it may be only a matter of time when these reserves would run
out. Also, burning of fossil fuels releases greenhouse gases which cause
environmental pollution and global warming. All these motivate the
researchers to find some alternative sources of energy. Hydrogen is one
such green energy source. In the recent years, the pace of investment in
developing technologies for hydrogen fuelled energy sources, is greatly
increased. Fuel cell (FC) is one such technology. There are various types
of fuel cell which can be used in different applications [1]. Proton ex-
change membrane fuel cell (PEMFC) is a type of FC having several
advantages, such as, higher power density, lower operating tempera-
ture, high efficiency etc. Due to the relatively lower operating tem-
perature, this form of FC can be used in replacing the traditional pet-
roleum-based drives [2]. However, the notable drawbacks in deploying
PEMFC are high cost, shorter lifetime, slow dynamic response etc. In
[2–4], it is shown that the hybridization of PEMFC with some energy
storage systems (ESS) is essential to alleviate some of these technical
drawbacks. The hybridization of PEMFC with ESS also improves the

dynamic response of the system, reduces the fuel consumption etc.
Different types of batteries and/or ultra-capacitor are used as ESS.

In the recent years, a lot of research articles is reported in devel-
oping the PEMFC-battery-based hybrid energy system (HES) for trans-
portation applications. There are two different research directions. In
some of the works, different types of control approaches are reported
for developing the energy management strategy (EMS) to control the
power flow in the HES, such as, fuzzy-logic-based control, optimal
adaptive control etc. Some works are focused on the development of the
optimization approach. These approaches can be of two types: (i) de-
sign optimization (DO) approach for the optimal component sizing of
the HES and (ii) energy management optimization (EMO) approach for
developing an optimal EMS. The approaches combining both DO and
EMO are also reported in some of the articles. In these approaches,
different types of objective function are formulated which are opti-
mized under certain constraints, such as, the vehicle performance
constraints in terms of acceleration time, gradeability, the constraints
on the dynamic performances of the power sources and ESS etc. To
solve these optimization approaches, several solution strategies are
used. These can be categorized into: (i) mathematical and enumerative
approaches, such as, non-linear programming, dynamic programming
etc., and (ii) meta-heuristic approaches, for example, genetic algorithm,
particle swarm optimization (PSO) etc. A comprehensive review on
each approach [2–30] is given in Table 1.
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