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Abstract- The intention of this work is to find out the sizes or ratings of fuel cell pack and battery which can meet the
requirements of a medium-range passenger train with minimum cost. In this paper, two optimization techniques are used for
component sizing of a passenger train with Proton exchange membrane (PEM) fuel cell and Battery. Proposed work deals with
Indian Railways Palakkad-Nilambur passenger train. An objective function is formulated to reduce the cost of power sources,
subject to various constraints such as battery SOC limits and PEM fuel cell rating, while considering the replacement costs of
the power sources. Modeling of a locomotive, PEM fuel cell, the battery is done and evaluated/simulated for two driving cycles
of the passenger train. Two energy management approaches are considered for the equilibrium of power from the two energy
sources. Particle swarm optimization (PSO) and firefly algorithm (FA) are used to find the objective function solution and the
results obtained in this way are discussed in detail. A humber of extensive simulations validated that the heuristic FA studies
provide a better environment in the field of component sizing with lower cost, small population size and early convergence than
PSO.

Keywords: Energy management system, Firefly Algorithm, Component sizing, Particle Swarm Optimization, Hydrogen Fuel
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1. Introduction

Environment pollution and global warming are the main
topics of discussion by energy scientists all around the world.
Scientists and researchers are therefore working towards
clean, environmentally-friendly and economically viable
renewable energy systems capable of replacing the rapidly
depleting fossil fuels [1][2]. One such promising candidate is
hydrogen [3]. Many vehicle manufacturers all around the
world have come forward with huge investments for research
and development of hydrogen-based renewable energy
technology [4]. PEM fuel cell technology has attracted many
researchers who are working with automobiles and
locomotives, because of its higher efficiency, higher power
density, and lower operating temperature. PEM fuel cells are
very expensive and have a slow dynamic response, which
hinders the candidate from replacing the traditional fossil fuel
counterparts. In recent years, a lot of researchers are putting
their heads together to overcome the technical difficulties of

PEM fuel cell by adding energy storage devices like batteries
or supercapacitors. This hybridization has shown good
improvement in the dynamic response as well as hydrogen
fuel consumption. Hence it is evident that, along with PEM
fuel cell, some energy storage devices also have to be used
which demands for an energy management system (EMS) [5].
Many researchers work with the energy management system
with the objective of refining the PEM fuel cell system
performance and reduce consumption of fuel. Researchers
work with two approaches [6]: i) design optimization
approach and ii) energy management optimization tactic as in
Fig. 1.

The design optimization approach concentrates on
optimal component sizing whereas the Energy management
optimization approach deals with the development of energy-
efficient and optimal energy management systems. Several
topologies have been proposed by researchers using genetic
algorithm (GA)[7], Dynamic programming (DP)[8], Bisection
method, optimal control theory [9], fuzzy logic control (FLC)
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[10][11], Adaptive search (AS) [12], rule-based deterministic
algorithm [13], PSO [14][15], harmony search algorithm [16],
[17] and so on. It can be perceived from literature that,
research on fuel cell-based hybrid energy systems has been
reported for both transportation and non-transportation
applications [18]-[21].

Component
sizing
optimization

Energy
management
optimizatio

Design
optimization

Fig. 1 Optimization Approaches

The present work basically concentrates on the
transportation system and it can be seen from literature that
only very few have worked on the effort of fuel cell hybrid
energy system on locomotives. In [6], component sizing is
carried out using PSO in which two energy management
systems are considered and component ratings are optimized
by taking care of degrading factors. In [22], FA grounded
energy management system is projected for locomotive, in
which consumption and fuel cost minimization are given key
focus. However, component sizing optimization is not done.
Many advanced metaheuristic algorithms can bring optimized
solutions earlier than PSO and can converge to solution with
a small population size, which is the motivation for this
research work. Application of firefly algorithm (FA) for
component sizing of the locomotive is unreported, to date. In
India, diesel locomotives run in nearly 50% of the tracks
because of a lack of electrification. And many of these tracks
are through forest areas. The electrification of railway tracks
in these areas will reduce the pollution, but it may indirectly
increase the death of wild animals especially monkeys. In this
paper, as a case study, a passenger train under Indian Railways
(Palakkad-Nilambur) is considered which runs through thick
green vegetation and forest areas of Nilambur. From the
literature, following complications are identified: i) Need for
a clean power source which is human and wild life friendly,
ii) A good replacement for diesel engine which can provide a
matching traction power, iii) An optimization problem to find
the sizing of components for PEM fuel cell- Battery hybrid
locomotive. A PEM fuel cell is a clean power source with zero
emission and a PEM fuel cell-Battery hybrid system can be
thought of in order to substitute the power demand of a diesel
engine. The objective of this investigation is to develop an
optimization tactic based on FA for component sizing of a
hybrid battery-fuel cell system that can provide energy for an
Indian locomotive.

The organization of the paper is as trails. Section 2
designates the modeling of various components of the hybrid
source system. The generation of the objective function for the
problem is dealt in Section 3. The proposed method is depicted
in Section 4 and finally, the simulation results are debated
under Section 5.

2. Modeling of the Hybrid Source System

The hybrid energy source system in this work contains
PEM fuel cell as primary source of energy and battery as a
secondary source of energy. The Lithium-ion battery pack is
selected here as it has got many advantages such as
lightweight, high density of power, high density of energy and
longer lifetime [23]. The block diagram for a hybrid source
system of a locomotive is as shown in Fig. 2.

This scheme work is planned to substitute the WDM-3A
diesel engine [24] of the Palakkad-Nilambur passenger train.
The same engine is used by Indian railways in many other
routes as well. The passenger train under consideration has
many intermediate stops between the source and destination.
Also, it runs at various speeds which describes the driving
cycle of the train. The demand for power varies rapidly and
dynamically. During heavy acceleration, the battery packs
supply the additional energy and during braking or
deceleration, they absorb the regenerated energy. In this
section, detailed modeling of the locomotive is described after
which mathematical equations for PEM fuel cell and battery
power also is described.
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Fig. 2 Block diagram of FC locomotive

2.1 Model of locomotive

In this paper, a short to medium passenger train is
considered. Modeling of such a locomotive is done to find the
instantaneous power demand by mathematically formulating
the various forces acting on the vehicle.

Fig. 3 Forces acting on a locomotive

615
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The wvarious forces include acceleration force,
aerodynamic drag, the force of friction between the train
wheels and the track and climbing force to overcome a slope
as shown in Fig. 3 and are given by the following equations
[25].

Face(t) = Mygco dv(t)/dt 1)
Fyr(8) = 0.5p Apgqv(t)? 2
Frou(t) = MiocogHrcosd 3)
Faiim (t) = Miocogsind 4)

Where M,,.,=locomotive mass (kg), v= velocity(m/s),
p=air density (1.293kg/m?), A= area of cross-section (m?),
ug=coefficient of drag, g = gravitational constant (9.8m/s?),
u,=coefficient of rolling resistance and 6=slope.

The total traction force acting on the locomotive by the
summation of the above forces [25].

Fireor )= Facce(t) + Fdr(t) + Froll(t) + Fclim(t) Q)

Then, the instantaneous power demand of the locomotive
is determined as

Pgem ) = Firtot ®. v(t)/ntran (6)

Where 14, 1S the efficiency of the gearbox and other
mechanical systems and is presumed as 80% in this study. A
small share of the power produced by the fuel cell will be used
by fuel cell supporting equipment, cooling fans for traction
motor and for lighting. Hence, total power demand is given by

Pt%‘ftzll (t) = Pdem (t) + Psup (7)
2.2 Model of PEM fuel cell

A typical Fuel Cell System is a power system that
produces electrical power from a reaction between hydrogen
and oxygen through a membrane [26]. Widely used
technology for mobile applications is PEM fuel cell [27]. A
schematic diagram of PEM fuel cell and the electrochemical
reactions are as shown in Fig. 4. Water is the by-product of the
reaction.
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Fig. 4 Fuel cell

The cell potential of PEM fuel cell is given theoretically
by the Nernst equation [28] as

_ RT PH,0
E—EO—;H(W) (8)
Where E|, is the PEM fuel cell open-circuit voltage, value
of R is 8.314J/mol (universal gas constant), T is the cell
temperature, F is Faraday constant (96,450C /mol), n is the
amount of electrons produced during electrochemical
reaction, py,ois the partial pressure of water, py,,and p,,are
respectively the partial pressures of hydrogen and oxygen. E,
is 1.229 V, if the state of chemical reaction exhaust product is
in the liquid and 1.18 V if it is gaseous. All the voltages
correspond to the temperature of 298.5K and py, and p,,of 1
atm. Nevertheless, due to many losses occurring in the fuel
cell, the actual cell voltage is lower than the theoretical value.
Such losses often include activation loss, ohmic loss, and
concentration loss. Thus, the actual cell voltage is given by
[28].

~ Vconc (9)

A standard polarization graph showing the current density
of the PEM fuel cell voltage, is as portrayed in Fig. 5.
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Fig. 5 Polarization curve

The efficiency of the PEM fuel cell stack () is defined
as the ratio of the produced electrical power (Pr.) to the
hydrogen power (Py,). The theoretical efficiency is
mathematically expressed as

P c
Mre = 5 (10)
Where,
Pre = vpe X i (11)
Py, = mH, X AH (12)
mifc
My, = —L (13)
VfCXifC VfC
=mi, =W 14
Tre fean  arbH (14)

nF ’

Where Py, is the PEM fuel cell power output, mH, is the
rate at which hydrogen fuel is consumed, AH represents
enthalpy, m is the molecular weight of hydrogen (2.016g) and
n is the figure of electrons produced during the chemical
reaction (n=2).
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In [3], the efficiency of PEM fuel cell is factor that
depends on the part-load ratio (PLR). The term PLR is defined
as the ratio of PEM fuel cell electrical power to the rated
power [21]. The mathematical equations to map PEM fuel cell
efficiency are given by Eqg. (15) and Eq. (16) and is shown in
Fig. 6.

For PLR(t) < 0.05, 1. (PLR)=0.27 (15)

For PLR(t) = 0.05, 1;.(PLR) = 0.9033 x PLR(t)" —
2.996 X PLR(t)* + 3.6503 x PLR(t) — 2.0704 x
PLR(t)? + 0.4623PLR(t) + 0.3747; (16)

Plot Efficiency versus Part Load Ratio (PLR)

Efficiency (nfc)
=]
w
S
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Fig. 6 Efficiency vs PLR

The fuel consumed by PEM fuel cell and heat generated
during a particular driving period can be calculated from Eq.
(10) to (12), as given by Eq. (17) and Eq. (18).

_ Pfe _ Pre
My, = J AH.¢c(PLR) dt = [ LHV.17c(PLR) dt (17

Qneat = my, X LHV (18)

where, n¢.(PLR) is the efficiency of PEM fuel cell and
LHV represents the lower heating value of hydrogen.
However, it is important to note that the PEM fuel cell system
has got some components such as valves for controlling the
fuel. They cannot be opened or closed instantly, which results
in slow dynamic response and hence limits the rate of power
production. This slowing down is represented by ramp limit

(Riimit)-

fc
0.9 P,
Ripmic = 30 Sect (19)
fc
ap "
Tdat = Rymic (20)
J dPo];fc = [ Ryymic-dt (21)

Hence, the instantaneous power output of PEM fuel cell

P’ (¢) is given by:

out

Poj;ct(t) = Rlimit' t+ Pfc

initial

(22)

Where P/¢,. . is the initial output power of PEM fuel cell

mn
just before the acceleration or deceleration.

2.3 Model of Li-ion battery

Because of its many advantages, Lithium-ion battery is
used in this analysis [29]. It acts as a buffer supplying
additional power to the locomotive during heavy acceleration
and receives power during regenerative braking. The power
supplied by the battery is given by

Poae(8) = P () = P (©) (23)
SOC(t) = SOC(t — 8t) — Npoe- 228 56 (24)
Qrated

Where 1,4, is the efficiency of the battery, Q24%,, is the
battery rated capacity and &t is a minor sample of time. For
Lithium-ion battery, the charging and discharging efficiencies

are 98% and 96% respectively [30],[31].
2.4 Locomotive driving cycles

In this paper, two driving cycles of Palakkad-Nilambur
passenger train are considered. Driving cycles gives the data
of vehicle velocity and its acceleration rate from which the
vehicles’ power demand can be calculated. The two driving
cycles considered are as given in Fig. 7 and Fig. 8. The data is
taken from [24], which are the actual data of the WDM-3A
Palakkad-Nilambur passenger train.
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Fig. 7 Driving cycle -1
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Fig. 8 Driving cycle 2
2.5 Energy management systems

The energy management system (EMS) is operated to
determine the instant power drawn from the two sources as per
the requirement of the locomotive. This paper considers two
EMS proposed by Upasana and Ganguly [6]. The
considerations for EMS-1 are as follows: When the

locomotive is started, the generated power of fuel cell, Po’;ct
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increases till it reaches the rated power, Pr’;cted. The rate of
increase is limited by ramp limit constant. The generated
power decreases during the deceleration of the vehicle
constrained by the ramp limit constant. The battery is operated
in charging or discharging or idle mode. If the instantaneous
power demand is more than the PEM fuel cell generated
output power, then battery discharges to supplement the
shortage of power (battery power positive). If the instant
power demand is lower than the PEM fuel cell generated
output power, then the battery stores the extra generated power
(battery power negative). And the considerations for EMS-2
are as follows: When the locomotive is started, the generated
fuel cell power P’¢ increases till it reaches the rated power,

' “out
PT’;CW 4 and operates at the rated power throughout the driving

cycle. The PEM fuel cell generated power does not decrease
or increase as per the dynamic changes in power demand but
remains constant.

Pertaining to the instant power demand and generated fuel
cell power, the battery operates in a similar way as in EMS-1,
charging or discharging or idle mode. The working of two
EMS is given in [6]. The computation time of the algorithm
depends on the driving cycle chosen.

3. Formulation of Optimal Sizing Problem

The goal of this study is to find out the sizes or ratings of
fuel cells and the battery which can meet the requirements of
a medium-range passenger train with minimum cost. It is done
with the help of cost minimization optimization. The objective
function is expressed as:

f(x) = FCeost + Batt ose + Motor,s + FCrep_cost +
Battrep_cost (25)

Where, FC,,; is the cost of the PEM fuel cell system,
Batt,,; is the battery cost, Motor,,, is the cost of traction
MOtors, FCrep costr Battyey cose are costs of replacement of
fuel cell and battery respectively. They are found out using the
equations (26) to (30).

f
FCoost = Upe. P15 o (26)
Batt .5 = Ugate- Q?gfed + constyq, (27)
Motor.,se = Upoe- IO, + cONStopop (28)
FCf
FCrep cost = ﬁ'F rep (29)
Batf
Battrep_cost = ﬁ Alyep (30)

Where Ug., Ugqer, Unmoe are per unit cost of fuel cell,
battery and traction motor respectively; const,, and
const,,,, are constant costs of battery and motor; FCy, and
Batg, are the future cost of fuel cell and battery; i is the rate
of interest; p and g are the work-life of fuel cell and battery in
years and FC,,, and Bat,,, are the number of replacements
of fuel cell and battery for an estimated period. For this study,
the values considered for the various parameters are as given
in Table 1 [32].

The cost function (25) is a minimization optimization
function with few constraints as follows:

SOC,,;,, < SOC(t) < SOC,,4s (31)
P (t) = Pygr(t) £ PLE(8) (32)
0 < PLL(®) <P, (33)
Pliea = P (34)

Table 1 Parameters used in the problem

Parameter Value Parameter Value
Utc 47.67 $/kW FCrep 4
Ugace 651.2 $/kwh Bat,, 1
Unot 21.775 $IkW i 0.07
CONSty g, 680 $ p 4 years
CONSt ot 425 % q 10 years
Estimated period | 20 years

4. Component Sizing Optimization
4.1 Solution by Firefly Algorithm

Firefly algorithm (FA) is a metaheuristic optimization
technique suggested by Xin-SheYang, inspired by fireflies’
flashing light as shown in Fig. 9. FA showed better
optimization efficiency when related with the particle swarm
optimization (PSO) and genetic algorithm (GA). In FA, the
fireflies are the solutions and the brightest firefly is the best
solution [33][34]. Also, the attractiveness of the firefly
depends on its brightness. All other fireflies get attracted to
the brighter one. The attraction of each firefly is calculated as:

B =Poe? (35)

where f3, is the attraction at v = 0 and y is the coefficient
of light absorption.

worst fireflies

Boe™ " (zt — xt)
best firefly ) ;

1
x;

Fig. 9 Firefly Algorithm[35]

Suppose there are two fireflies i and j of which j is
brighter, then the distance between any two fireflies i and j at
x; and x; respectively, is r;; = x; — x;. And i starts moving
towards j and it updates its position as:

2
x; =%+ fo.e U (xj—x) tag (36)

where the term ae; represents movement at random, «
and ¢; are the parameter of randomization and random
numbers vector respectively.
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A design optimization tactic for locomotive application is
proposed in this study and the detailed flow of operation is
given in the flowchart as shown in Fig. 10.

A randomly generated population of fireflies is created
initially after which brightness and cost object function of
each firefly is calculated. Each of them is checked against the
constraints and if not satisfied, a penalty is added based on the
deviation from the constraint limit. Each firefly is a solution
that gives optimized values of the sizing of PEM fuel cell and
battery and is tested by calling EMS subroutine. All the
fireflies now update the position as given by equation (36) and
the process is repeated a number of times (Itrma). The
brightest firefly is chosen after a number of iterations and then
simulated with the modeled equations. The simulation results
are deliberated in the next section.

Start

Initialize no. of fireflies
Itr=1,8,=1,r=0,
¥r = 08.a, = 0.2
¥

Craate initisl firefly population.
T

v
Calculstion of light intensity(T) and
shsorption co-efficient
Calculate objectve function value, Cuy

P/ - pdeny 213 [Update CoayliF= Conglir-pemalty ——

vated = favg !

Yes

[Check the solution with EMS subroutine|

Check if
SOC gy = SOC(E) = 50C,0.7

Update Coxj(i/= Cutj(iF-penalty |

‘ Move the fireflies towards
Jary atractiveness of each firafly|
with distance rvia

¥
Updating of valie
odecreasing every iterstion

Show resulis of last process

Fig. 10 Flowchart of FA
5. Results and Discussion

In this section, the simulation study results of FA are
presented and compared with that of PSO algorithm. The
objective of this work is to search optimal ratings of
components of fuel cell driven locomotive. The SOC limits of
battery are set to a minimum of 0.3 and a maximum of 0.9.
The results are tabulated after running the algorithms over 20
sets of experimental iterations. The best results obtained are
taken and used for discussion.

5.1. Sizing of PEM fuel cell and Lithium-ion battery

The optimal sizing of PEM fuel cell and Li-ion battery for
the locomotive for driving cycle 1 and 2 are given in Table 2
and Table 3 respectively. It can be inferred that:

a) For both PSO and FA, the size of fuel cell is larger
when Energy Management System 1 is selected.

b) It is noticed that, for both driving cycles, the
Prfftedvalue is a little higher for FA heuristic method with a
correspondingly lower Q24¢, , value when compared with the
PSO method. The minimized cost values are tabulated in
Table 4 and discussed under section 4.4.

¢) For a particular energy management system, the
higher rating of components is chosen as the same locomotive
covers both the driving cycles. For example, if energy
management system 2 is chosen, a rating of 3.5594 MW and
2.4627 MWh is selected for PEM fuel cell and battery
respectively.

Table 2 Values of PEM fuel cell and Battery ratings for
Driving Cycle 1

Energy Management Scheme
Heuristic 1 2
method Prj;cted fgged Prj;cted Egtted
(MW) (MWh) (MW) (MWh)
PSO 3.8642 2.1226 3.4020 1.8214
FA 3.8828 2.0536 3.4778 1.7043

Table 3 Values of PEM fuel cell and Battery ratings for
Driving Cycle 2

Energy Management Scheme
Heuristic 1 2
method Prj;cted fgged Pr];ied fgtted
(MW) (MWh) (MW) (MWh)
PSO 4.0816 2.7043 3.4687 2.6598
FA 4.1994 2.4865 3.5594 2.4627

5.2. Analysis of PSO dynamics of battery and PEM fuel cell

This section gives an analysis of the solution of PSO
heuristic method for driving cycle 1 and 2. Fig. 11 and Fig. 12
shows the values of SOC and power demand respectively, for
driving cycle 1 when the locomotive uses Energy
Management System 1. The battery SOC lies inside the limits
of 0.9 and 0.3, with the initial value being 0.8.

Similarly, Fig. 13 and Fig. 14 shows the instantaneous
values of SOC and power for the locomotive for driving cycle
2 when Energy Management System 2 is used.
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Fig. 14 Variation of various power for EMS 2 and driving
cycle 2 with PSO

5.

3. Analysis of FA dynamics of battery and PEM fuel cell

This section discusses the results obtained after optimized

sizing through FA heuristic method. The results as shown in

F

ig. 15, Fig. 16, Fig. 17 and Fig. 18 are obtained after entering

the optimized solution of FA in Energy Management System-

1.

It can be perceived that the generated power of PEM fuel

cell increases and decreases as the power demand. Also, the
battery SOC is maintained within the limits. Even though the
computation time for FA is a little higher than PSO, the
algorithm converges to an optimized solution with a smaller

number of populations (Table 5).
SOC versus Time
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Fig. 15 Variation of SOC for EMS 1 and driving cycle 1 with

Power(W)

FA
) <107 Power versus Time
T T T T
Power Demand
1.5 | | PEMFC Output power |
| | Battery Output power

L ik L |
A AR T— |

-0.5 1

A1 I I I I I
0 2000 4000 6000 8000 10000

Time(s)

12000

Fig. 16 Variation of various power for EMS 1 and driving
cycle 1 with FA

The instantaneous values of SOC and power for driving

cycle 1 are as shown in Fig. 15 and Fig. 16 respectively.

Si

imilarly, Fig. 17 and Fig. 18 gives the SOC and power,

respectively, for driving cycle 2 with Energy Management
System-1.

SOC
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Fig. 17 Variation of various power for EMS 1 and driving
cycle 2 with FA
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The average locomotive power demand is subjected to
the driving cycle.
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Fig. 18 Variation of various power for EMS 1 and driving
cycle 2 with FA

In Energy Management System-2, the PEM fuel cell
generated power equals the average power demand till the end
of the driving cycle. Fig. 19 shows the SOC and Fig. 20 shows
the power curves for driving cycle 1 with Energy Management
System-2.
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cycle 1 with FA
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Fig. 20 Variation of various power for EMS 2 and driving
cycle 1 with FA

Similarly, Fig. 21 and Fig. 22 gives the SOC and power
curves for driving cycle 2 with Energy Management System-
2. The negative power of battery indicates the charging state
and positive the discharging state.
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Fig. 21 Variation of various power for EMS 2 and driving
cycle 2 with FA
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Fig. 22 Variation of various power for EMS 2 and driving
cycle 2 with FA

5.4. Comparison between PSO and FA

The comparison of component sizing using two heuristic
methods with two Energy Management Systems and two
driving cycles are as depicted in Table 2 and Table 3.

4 T T T

= = =PSO
FA

35+

Cost (x10°$)

e,

e T T .

0 10 20 30 40 50 60
Iteration (No.)

Fig. 23 Convergence behaviour of PSO and FA

Table 4 Total cost (x10° $)

O » Driving Cycle-1 Driving Cycle-2

= O

29 Energy Energy Energy Energy
32 @ |Management| Management | Management|Management
T &| System-1 | System-2 | System-1 | System-2
PSO 1.6764 1.4582 2.0656 2.0074
FA 1.6324 1.3856 1.9294 1.8833
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The performance analysis of PSO and FA is done on the
basis of the cost function. The results are depicted in Fig. 23
and Table 4. The results show that the total cost is higher for
the system with Energy Management System-1 for both PSO
and FA for both the driving cycles. This is because of higher
ratings of PEM fuel cell and battery capacity when Energy
Management System-1 is used. Hence, as far as Energy
Management Systems are considered, the Energy
Management System-2 is less is having a low cost than the
other. Referring to Fig. 23, FA converges to a solution at 19™
iteration (with a cost value of 1.8833 x 10°$) whereas PSO
converges at 46" iteration (with a cost value of 2.0074 x 10°$)
for a test sample. The firefly algorithm method offers a better
solution with lower cost function and early convergence to a
solution when compared to PSO.

The system used for simulation is a Windows 10Pro 64-
bit operating system with Intel Core i3-5005U CPU at 2 GHz
with 12GB RAM. The computation time will be different for
various systems and the number of parallel tasks executed. All
the simulations were done on MATLAB platform. The details
of simulations are as given in Table 5.

Table 5 Simulation details

Details PSO FA
No. of iterations per simulation 60 60
No. of population 200 25

Execution time
Energy Management
Scheme-1

Energy Management
Scheme-2

21m
19m 48s
9m 30s
8m 48s

Driving cycle 1| 20m 30s
Driving cycle 2| 20m 20s
Driving cycle 1| 7m 15s
Driving cycle 2| 6m 42s

5.5. Fuel consumption comparison

The hydrogen consumed by the locomotive during the
journey for both the driving cycles is determined and tabulated
in Table 6. From the results, it is obvious that the locomotive
fuel consumption is more when Energy Management System-
2 is used as the PEM fuel cell continuously generates rated
power from start till the end of the journey. Also, driving cycle
1 consumption is much higher than driving cycle 2 as the
locomotive travels with a high-velocity profile in driving cycle
1. When compared with the results of PSO, the proposed FA
method leads to a significant saving in the consumption of fuel
for both the energy management systems and driving cycles.
Engineers utilize the fuel consumption data for designing the
hydrogen fuel tank capacity for the locomotives. Even though
only the cost function for component sizing is included in the
objective, this approach can be extended for optimal fuel
consumption with different energy management systems and
driving cycles.

Table 6 Total Fuel Consumption (kg)

o o Driving Cycle-1 Driving Cycle-2

= O

29 Energy Energy Energy Energy
2 @ |Management|Management|Management | Management

T & | Scheme-1 | Scheme-2 | Scheme-1 | Scheme-2
PSO | 878.8583 927.5097 837.7797 870.8103
FA | 878.1774 912.1658 832.9415 866.1088

6. Conclusion

This paper investigates an idea for replacing the WDM3A
diesel engine locomotive (DEL) with fuel cell-battery hybrid
locomotive. A cost minimization objective function is framed
incorporating the replacement cost of the hybrid sources
considering an operation period of 20 years. The proposed
PSO and FA methods are more influential and pertinent as
compared to other metaheuristic methods which enhance the
component ratings of the PEM fuel cell locomotive hybrid
power system. The prescribed algorithms are established with
two energy management systems as well as two driving
cycles. The optimal sizes of the two power sources are
obtained by running PSO and FA with energy management
subroutine. The results clearly indicate that FA accomplished
component ratings with a lower cost than PSO method. Also,
the optimal sizes depend on the driving cycle, its average
power demand and the energy management scheme used. A
number of extensive simulations validated that the heuristic
FA studies provide a better environment in the field of
component sizing. FA substantializes that, it can offer a better
optimal solution with lower cost, small population size and
early convergence than PSO.

Future Scope

There is scope for adding another energy source such as
solar panels or wind energy conversion systems and choosing
optimal ratings for multiple sources. As the design
optimization relies on energy management scheme,
optimization-based energy management system subroutines
with real time driving cycle data may give better results.
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