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a b s t r a c t

In this article, a methodology for the sizing and analysis of fuel cell/supercapacitor hybrid vehicles is pre-
sented. The proposed sizing methodology is based on the fulfilment of power requirements, including
sustained speed tests and stochastic driving cycles. The procedure to generate driving cycles is also
presented in this paper. The sizing algorithm explicitly accounts for the Equivalent Consumption
Minimization Strategy (ECMS). The performance is compared with optimal consumption, which is found
using an off-line strategy via Dynamic Programming. The sizing methodology provides guidance for siz-
ing the fuel cell and the supercapacitor number. The results also include analysis on oversizing the fuel
cell and varying the parameters of the energy management strategy. The simulation results highlight the
importance of integrating sizing and energy management into fuel cell hybrid vehicles.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel cell/supercapacitor hybrid vehicles are a promising alter-
native for efficient and clean propulsion. This type of hybrid
vehicles exploits the advantages of both Polymer Electrolyte
Membrane Fuel Cells (FCs) and supercapacitors. FCs have several
advantages, including high efficiency, low-temperature operation,
and are clean functioning (the only by-products are heat and
water). These characteristics make FCs an excellent option for
vehicles, mainly in urban environments where the problem of air
pollution is more severe. However, the dynamics of FCs are
relatively slow, primarily because of the dynamics of the air com-
pressor and manifold-filling dynamics [1]. Alternatively, superca-
pacitors are able to store energy with high specific power but
low specific energy. The presence of an Energy Storage System
(ESS) in the hybrid topology provides a helpful way to operate
the powertrain efficiently because the power generation may be
decoupled from the load. This means that the fuel cell can be used
at a more convenient point of operation, while the supercapacitors
absorb or supply the remaining power to meet power require-
ments. The fuel cell operating point is determined by the Energy
Management Strategy (EMS).

Several approaches are reported in the literature for sizing and
energy management in fuel cell hybrid vehicles (FCHV). However,
most of them address these issues separately despite the deep
interrelationship between them. In [2], an integrated optimization
approach for component sizing and energy management is pre-
sented. However, the EMS that was employed is a rule-based strat-
egy. With regard to sizing, some approaches are oriented to
optimize design parameters based on standard driving cycles.
Although standard driving cycles are extremely important for
evaluating the performance of FCHVs, it is necessary that the
design ensures the fulfilment of specific drivability requirements.
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Nomenclature

Greek letters
a road slope [%]
as road slope in Test 2 [%]
cFC weight-to-power ratio of the fuel cell [kg kW�1]
DPFC;min minimum fuel cell fall rate [W s�1]
DPFC;max maximum fuel cell rise rate [W s�1]
Dt sampling time [s]
dv t tolerance band
gB efficiency of the boost converter [–]
gB=B efficiency of the buck/boost converter [–]
gGB efficiency of the gear box [–]
gg; FC global efficiency of the FC [–]
gg; Prop global efficiency of the propulsion system [–]
gSC efficiency of the supercapacitor bank [–]
gFC efficiency of the fuel cell [–]
ginv efficiency of the inverter [–]
gm efficiency of the electric motor [–]
q air density [kg m�3]

Upper cases
AR Artemis Road driving cycle
AU Artemis Urban driving cycle
AC alternating current
AF frontal area of the vehicle [m2]
Br/H2 braking/hydrogen ratio [%]
CAD aerodynamic drag coefficient of the vehicle [–]
Cv speed compliance [%]
Cv t speed compliance target [%]
CDC Combined Driving Cycle
CH2 hydrogen consumption [g s�1]
CRR rolling resistance coefficient [–]
DC direct current
ESC;max capacity of the supercapacitor modules [Wh kg�1]
ECMS Equivalent Consumption Minimization Strategy
EMS Energy Management Strategy
ESS Energy Storage System
FCHV Fuel Cell Hybrid Vehicle
H2 hydrogen
H2; cons normalize hydrogen consumption [g km�1]
HEV Hybrid Electric Vehicle
HWFET Highway Fuel Economy Test driving cycle
L length of the driving cycle [–]
LHVH2 Lower Heating Value of hydrogen
NSC number of supercapacitor modules [–]
NSC;max maximum number of supercapacitor modules [–]

NSC;min minimum number of supercapacitor modules [–]
MT microtrip
MI microidle
Nms number of missed-speeds [–]
PAD power to overcome the air resistance [W]
Pacc power required to accelerate [W]
PFC fuel cell power [W]
PFC; i fuel cell power in Test i [W]
PFC;max fuel cell maximum power [W]
PFC;min fuel cell minimum power [W]
PFC; ref reference for the fuel cell power [W]
Pg power required to climb a slope [W]
Pload power consumed by the load [W]
Preq power required to the powertrain [W]
Proll power required to overcome the rolling resistance [W]
PSC;lim power limit of the supercapacitor bank [W]
SC supercapacitor
SDC Stochastic Driving Cycle
SOC state of charge of the supercapacitor bank [–]
SOCref reference SOC [–]
SOCmax maximum SOC [–]
SOCmin minimum SOC [–]
UDDS Urban Dynamometer Driving Cycle
VSC;min SC minimum voltage [V]
VSC;max SC maximum voltage [V]
VSC;oc SC open circuit voltage [V]

Lower cases
a acceleration of the vehicle [m s�2]
ai polynomial coefficients
bi polynomial coefficients
ci polynomial coefficients
g gravity acceleration [m s�2]
ks scale variable [–]
mc cargo mass [kg]
mv ;b base mass of the vehicle (without including the fuel cell

or the SC mass) [kg]
mv total vehicle mass [kg]
mFC mass of the fuel cell [kg]
mSC mass of a supercapacitor module [kg]
v speed of the vehicle [km h�1]
si parameter in ECMS [–]
vsi sustained speed in Test i [km h�1]
u control input vector
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Moreover, some sizing approaches are based on drivability require-
ments [3,4]. These methods are robust and compatible with indus-
try requirements. In contrast, other approaches propose
methodologies where a minimization problem is solved. For exam-
ple, in some studies [5,6], component sizing is determined within a
feasible region based on Pontryagin’s minimum principle. Other
works address a multi-objective optimization problem, obtaining
a quasi-optimal solution [7–9]. Optimization with multi-objective
genetic algorithms can also be used [10], while convex program-
ming has been applied successfully in some works concerning
sizing and energy management [11,12].

The energy management can be divided into two classes:
heuristic and optimization approaches [13]. EMS for fuel cell-
based hybrid electric vehicles (HEVs) in combination with a bat-
tery and/or supercapacitors has been reviewed [14]. An important
conclusion was that the combination of the fast transient response
of supercapacitors and the slow transient response of fuel cells is
an attractive alternative for improving the efficiency and perfor-
mance of HEVs. The optimization approach based on the Equiva-
lent Consumption Minimization Strategy (ECMS) has important
advantages, that allow it be used in real-time [15–17].

Previous studies have used other optimization techniques.
Model predictive control oriented towards energy management
has been used [18]. In [19], a stochastic self-optimizing power
management strategy for a fuel cell/battery-powered hybrid elec-
tric scooter is proposed. In [20], an improved dynamic program-
ming approach is presented, where several look-up tables are
constructed to permit online operation. Alternately, approaches
based on rules or heuristics can be more appropriate for real-
time application [21–26]. Fuzzy logic is another heuristic approach
used in some works [27–29].

From the literature, despite the many existing approaches, the
sizing issue is generally addressed, assuming some critical consid-
erations in view of real applications. These assumptions include
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using synthesized driving cycles or using only one standard
driving cycle to evaluate the performance, using offline EMS to
perform the power split, and not considering the power rate con-
straints of FCs.

In this paper, a sizing methodology for a fuel cell/supercapacitor
hybrid vehicle is proposed. The methodology is based on the fulfil-
ment of driving requirements, which include sustained speed tests
and simulations under real driving cycle conditions. The sizing
methodology is integrated with the EMS. The EMS employed is
the widely used Equivalent Consumption Minimization Strategy
(ECMS), whose parameters are adjusted during the sizing proce-
dure. The proposed sizing methodology allows one to find the size
of the FC and the number of SC modules that fulfil several driving
conditions, minimizing hydrogen consumption. The considered
driving cycle is generated through a stochastic procedure, which
is also presented in this paper. Moreover, to evaluate the perfor-
mance of the ECMS, the optimal hydrogen consumption is deter-
mined offline through deterministic dynamic programming. The
methodology proposed and the analysis of the results presented
are general enough to cover a wide range of real applications.

The paper is organized as follows. In Section 2, a description of
the model of the fuel cell hybrid vehicle is provided. In Section 3,
the generation of stochastic driving cycles is addressed. In Sec-
tion 4, the energy management strategy used in the sizing process
is introduced. In Section 5, the sizing methodology is proposed. The
results are presented and discussed in Section 6, while the conclu-
sions are presented in Section 7.
2. Fuel cell hybrid vehicle model

The Fuel Cell Hybrid Vehicle (FCHV) is powered by an FC. The
powertrain also includes an ESS, which is composed of a superca-
pacitor bank. The powertrain configuration is depicted in Fig. 1.
This is a series configuration where the electric motors can be
fed from both the FC and ESS. The hybrid topology also has three
power converters that provide the voltage level required for the
power conversion. A power converter is used to boost the voltage
from the fuel cell output to the direct current (DC) bus. A buck/
boost converter is used to allow the bidirectional energy flow
between the DC bus and the supercapacitor bank. There is also a
power inverter for alternating current (AC) loads.

The ESS can be charged from both the FC and the load. The first
case can appear when the FC supplies more power than the load
requirement. This is known as the charging mode. The second case
is when the vehicle is in the regenerative braking mode. Regener-
ative braking is defined as the process that captures the kinetic
energy from a moving car when it is in a coasting or braking mode
[13].
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Fig. 1. Block diagram of the
The main component of the FC is a fuel cell stack, whose anode
is fed with hydrogen from a pressurized tank and cathode is fed
with air through an air compressor. The FC in this work is modelled
through an efficiency and hydrogen consumption map as a func-
tion of the fuel cell power ðPFCÞ:
gFC ¼ f ðPFCÞ; ð1Þ
CH2 ¼ hðPFCÞ; ð2Þ

where gFC and _hFC are the efficiency and the hydrogen consumption
of the FC, respectively. The fuel cell efficiency and the hydrogen
consumption maps used in this work are linearly scaled using the
data of a 50-kW FC model from ADVISOR [30].

The hydrogen consumption map and the efficiency map can be
approximated by two third-order polynomials, as observed from
Fig. 2. Therefore, hydrogen consumption and efficiency can be
expressed as:

CH2 ðkÞ ¼ a3P
3
FCðkÞ þ a2P

2
FCðkÞ þ a1PFCðkÞ þ a0; ð3Þ

gFCðkÞ ¼ b3P
3
FCðkÞ þ b2P

2
FCðkÞ þ b1PFCðkÞ þ b0: ð4Þ

This model is simple enough to be used in the context of the siz-
ing methodology and the energy management strategy, as pre-
sented in [21].

The model of the vehicle is also simplified for use with the same
objectives. The power consumed by the load can be expressed as
the sum of the power required to accelerate ðPaccÞ, the power
required to overcome the rolling resistance (Proll), the power to
overcome the air resistance (PAD), and the power required to climb
a slope (Pg) [31,32]:

PloadðkÞ ¼ ProllðkÞ þ PADðkÞ þ PaccðkÞ þ PgðkÞ; ð5Þ
where k (with k ¼ 0;1;2; . . .) is the index of the time steps. The
powers in (5) are defined as follows:

PaccðkÞ ¼ mv aðkÞvðkÞ; ð6Þ
ProllðkÞ ¼ CRRmv gvðkÞ cosðaðkÞÞ; ð7Þ
PADðkÞ ¼ 0:5qCAD AF vðkÞ3; ð8Þ
PgðkÞ ¼ mv g sinðaðkÞÞvðkÞ; ð9Þ
where mv is the vehicle mass, v is the vehicle speed, a is the accel-
eration, CRR is the rolling resistance coefficient, g is the gravity accel-
eration, q is the air density, CAD is the aerodynamic drag coefficient
of the vehicle, AF is the frontal area of the vehicle, and a is the road
slope. The vehicle mass can be expressed as follows:

mv ¼ mv; b þmc þ PFC;max cFC þ NSCmSC ; ð10Þ
where mv; b is the base mass of the vehicle (without the fuel cell or
the SC bank),mc is the cargo mass, PFC;max is the maximum power of
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fuel cell hybrid vehicle.
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the FC, cFC is the weight-to-power ratio of the FC, NSC is the number
of supercapacitors, and mSC is the mass of each supercapacitor
module.

The acceleration in (6) is calculated as the change in speed dur-
ing the time increment divided by the sampling time (Dt):

aðkÞ ¼ vðkÞ � vðk� 1Þ
Dt

: ð11Þ

The required power to the DC bus is higher than Pload due to the
losses in the gearbox, the electric motor, and the electrical inverter.
Moreover, some power is dissipated as friction from the brakes
(Pbr). Thus, the required power (Preq) that results is:

PreqðkÞ ¼ PloadðkÞ � PbrðkÞ
~g

; ð12Þ

with ~g ¼ gGB gm ginv , where gGB;gm, and ginv are the efficiencies of
the gearbox, the motor, and the electrical inverter, respectively,
and are assumed to be constant.

Supercapacitors are energy storage elements with high specific
power. The more relevant applications of supercapacitors are those
that require many fast charge/discharge cycles, such as automotive
applications where power peaks and regenerative braking are fre-
quent. Furthermore, supercapacitors have high efficiency. The effi-
ciency of the supercapacitors considered in this paper is 99% [30].
Other important characteristics of the supercapacitor modules are
their very low internal resistance and capacity.

The dynamics of the State of Charge (SOC) of the supercapacitor
bank can be modelled by the following equation:

SOCðkþ 1Þ ¼ SOCðkÞ þ DSOCðkÞ; ð13Þ
with

DSOCðkÞ ¼ PSCðkÞDt
ðgSCÞsignðPSCðkÞÞ ESC; bank

; ð14Þ

where

ESC; bank ¼ NSCmSC ESC;max 3600 ð15Þ
is the capacity of the SC bank, gSC ½�� is the efficiency of the SC bank,
PSC ½W� is the power from the SC bank, and mSC ½kg� and

ESC;max ½Wh kg�1� are the mass and the specific capacity of each mod-
ule. By convention, PSC is negative when charging and positive when
discharging.

The power of the supercapacitor bank is limited, based on the
SOC. The limits are the following, provided that the supercapaci-
tors are connected in series:

PSC; limðkÞ ¼
NSC VSC;max VSC; ocðkÞ�VSC;maxð Þ

ri
when charging;

NSC VSC;min VSC; ocðkÞ�VSC;minð Þ
ri

when discharging;

8><
>: ð16Þ

where VSC;max and VSC;min are the maximum and minimum voltage
limits of the supercapacitors, ri is the internal resistance, and
VSC; oc is the open-circuit voltage at a given value of SOC, which
can be approximated by the following affine function:

VSC; ocðkÞ ¼ c1 SOCðkÞ þ c0; ð17Þ

where VSC; oc is in volts and SOC is dimensionless, with SOCðkÞ ¼ 1
for a fully charged supercapacitor. The values of these parameters
correspond to a supercapacitor model from ADVISOR [30].

The values of all the parameters mentioned in this section are
listed in Table 1 [30], which represent an average light car, while
PFC;max and NSC result from the sizing procedure presented in
Section 5.
3. Stochastic driving cycle

A driving cycle is a set of data points representing vehicle speed
versus time [33]. There is a particular interest in standard driving
cycles because they offer the possibility of comparing results. How-
ever, standard cycles only account for certain, precise conditions
and may not always be representative of real-world driving condi-
tions [34]. In addition, a large number of studies dealing with
hybrid vehicles use either just one driving cycle or a very small
number of driving cycles [35]. Therefore, long-term stochastic



Table 1
Parameter of the vehicle model.

Parameter Symbol Value

Base vehicle mass mv;b 882 kg
Cargo mass mc 80 kg
Gravity acceleration g 9:8 m s�2

Air density q 1:2 kg m�3

Rolling resistance coefficient CRR 0.014
Drag coefficient CAD 0.3
Front area AF 1:746 m2

SC mass mSC 0:408 kg
SC specific capacity ESC;max 6 W h kg�1

SC internal resistance ri 0:206 mX
SC maximum voltage VSC;max 3 V
SC minimum voltage VSC;min 1 V
FC weight-to-power ratio cFC 3 kg kW�1

Boost converter efficiency gB 0.95
Buck/boost converter efficiency gB=B 0.95

Inverter efficiency ginv 0.95
Supercapacitors efficiency gSC 0.99
Electric motor efficiency gm 0.95
Gear box efficiency gGB 0.9
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driving cycles that consider a multitude of different driving condi-
tions can overcome this drawback.

The stochastic driving cycles in this work are generated from
standard driving cycles. The standard driving cycles considered in
this methodology are the following: Urban Dynamometer Driving
Schedule (UDDS), Highway Fuel Economy Cycle (HWFET), Artemis
Urban (AU), and Artemis Road (AR) [36]. The selected driving
cycles cover a broad range of driving conditions (urban, suburban,
and highway) for passenger cars.

The first step in the proposed methodology for obtaining the
stochastic driving cycle (SDC) is to generate a combined driving
cycle (CDC), which is the result of the concatenation of the four
aforementioned standard driving cycles. Then, the SDC is gener-
ated from a CDC through the methodology explained below. The
SDC is not dependent on a particular driving cycle, but it has sim-
ilar properties to those of the cycles used in the generation process.
Some relevant statistical metrics of the driving cycles are shown in
Table 2, where the cruise time is defined as a time in which the
speed is greater than 0:3 m s�1 and the acceleration is less than
�0:03 m s�2, the mean run speed is defined as the average speed
excluding the idle period, the acceleration time is defined as the
amount of time with an acceleration greater than 0:03 m s�2, and
the deceleration time is defined as the amount of time with an
acceleration lower than �0:03 m s�2 [37].
Table 2
Properties of the driving cycles.

Property UDDS HWFET

Duration [s] 1370 766
Acceleration time [s] 541 312
Deceleration time [s] 482 267
Idle time [s] 242 5
Cruise time [s] 992 577
Distance [km] 11.990 16.507

Maximum speed [km h�1] 91.3 96.4

Average speed [km h�1] 31.5 77.6

Average run speed [km h�1] 38.3 78.1

Standard deviation of speed [km h�1] 23.6 16.5

Maximum acceleration [m s�2] 1.48 1.43

Average acceleration [m s�2] 0.480 0.18

Maximum deceleration [m s�2] �1.48 �1.48

Average deceleration [m s�2] �0.53 �0.200

Standard deviation of acceleration [m s�2] 0.4 0.21
The second step in the methodology is to search for microtrips
and microidles from the CDC. A microtrip (MT) is defined as a seg-
ment of the cycle where the speed is non-zero. On the contrary, a
microidle (MI) is defined as a segment where the speed is equal
to zero [38]. Fig. 3 illustrates the concept of microtrips and
microidles.

Once the set of MTs and MIs are collected, the SDC is generated
by alternately adding MIs and MTs through a random process until
the length is greater than the value of L. In addition, each MI and
MT is scaled. The scaling of an MI is according to the length while
the scaling of the MT is according to the speed values. In both
cases, the scaling is linear using a variable scale ks, chosen
randomly (with uniform distribution) within a defined range:
ks 2 ½0:8;1:2�. After scaling an MT, three constraints must be veri-
fied: the maximum and minimum allowable acceleration and the
maximum allowable speed. If the constraints are not satisfied,
the scaling process is repeated until the constraints are satisfied.
In this manner, generating an SDC that is more demanding than
the CDC is avoided. The procedure previously explained is summa-
rized in the flow chart depicted in Fig. 4.

Finally, once an SDC has been constructed, a validation is per-
formed. Two analysis methods have been incorporated to assess
these new driving cycles. First, the generated SDC has been vali-
dated by comparison with the statistical metrics in Table 2. In
addition, Figs. 5 and 6 show the speed probability diagram and
the acceleration probability diagram, respectively. The results indi-
cate that the generated cycle is accurate and that it is not skewed
to a specific speed or acceleration.
4. Energy management strategy

The objective of the EMS is to determine the operation point
of the fuel cell to (i) meet power requirements (drivability); (ii)
operate the components within their limits; and (iii) maximize
the global efficiency. Typically, the EMS has a great impact on
the efficiency of the HEV, but the drivability is mainly limited
by the size of the components. However, when the powertrain
is composed by an SC bank and an FC, constraints associated
with the SOC in the ESS and with the power rates in the FC
are frequently activated during operation. Therefore, in this type
of HEV, the EMS takes on an even greater importance for
drivability.

The power balance, according to Fig. 1 and (12), can be
expressed as follows:

PloadðkÞ ¼ ðPFCðkÞgB þ PSCðkÞgB=BÞ ~gþ PbrðkÞ; ð18Þ
AU AR CDC SDC

993 1082 4211 50048
374 489 1716 20240
349 449 1547 18,207
260 29 536 7335
674 926 3169 37,170
4.870 17.272 50.639 541.280
57.5 111.1 111.1 110.9

17.7 57.5 43.3 38.93

23.9 59.1 49.6 45.6

16.9 24.5 30.3 29.1

2.44 2.04 2.44 2.83
0.65 0.42 0.44 0.45
�2.8 �3.76 �3.76 �3.70
�0.70 �0.46 �0.48 �0.50
0.49 0.38 0.42 0.43
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Fig. 4. Flow chart corresponding to the stochastic driving generation.
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where gB=B is the efficiency of the Buck/Boost power converter. In
addition, the power balance (18) is subject to the following
constraints:

PFC;min 6 PFCðkÞ 6 PFC;max; ð19Þ
DPFC;min 6 DPFCðkÞ 6 DPFC;max; ð20Þ
PSC;minðkÞ 6 PSCðkÞ 6 PSC;maxðkÞ; ð21Þ
SOCmin 6 SOCðkÞ 6 SOCmax; ð22Þ
where

DPFCðkÞ ¼ PFCðkÞ � PFCðk� 1Þ: ð23Þ
PFC;max is the maximum permissible FC power, PFC;min is the mini-
mum permissible FC power, PSC;max is the maximum permissible
SC power, PSC;min is the minimum permissible SC power, SOCmax is
the maximum permissible value of SOC, SOCmin is the minimum
permissible SOC, DPFC;max is the maximum permissible rise rate
power, and DPFC;min is the maximum permissible fall rate power.
The dynamic of the FC was limited to conservative values:
DPFC;min ¼ �6% and DPFC;max ¼ 4% [15,39].

In this work, two EMSs were implemented. The first one is an
adaptive Equivalent Consumption Minimization Strategy (ECMS),
which is used during the sizing procedure. The second one is an
optimal strategy, which is computed offline through deterministic
dynamic programming [40] and is used to quantify the adequacy of
the ECMS.

The ECMS is an online EMS based on local optimization, and its
formulation has a connection with Pontryagin’s minimum princi-
ple [41]. Assuming that the control input vector is u ¼ ½DPFC; Pbr�,
the local optimization can be expressed as:

min
uðkÞ#UðkÞ

fLHVH2 CH2 ðuðkÞÞ þ sðkÞPSCðuðkÞ; kÞg; ð24Þ

where LHVH2 is the Lower Heating Value of hydrogen
(LHVH2 ¼ 120 kJ g�1) and UðkÞ is the feasible set according to the
constraints of the components expressed in (19)–(22). The first
term in (24) quantifies the power from the primary power source,
i.e., the FC, while the second one quantifies the power from the
ESS. The equivalent factor, sðkÞ, is used to convert the electric-
energy consumption to the equivalent hydrogen-energy consump-
tion. In [41], different methods for computing sðkÞ are described.
In this work, an affine function dependent on the SOC was adopted:

sðkÞ ¼ s0 þ s1 ðSOCref � SOCðkÞÞ; ð25Þ
where SOCref ; s0, and s1 are parameters that define the affine func-
tion. Fig. 7 is a graphical representation of (25). As observed, there
are three adjustable parameters (SOCref ; s0; s1). However, only two
of them are required to represent the affine function. In this case,
s1 and s0 are considered for adjustment, while SOCref is set equal
to 0.7. In this type of HEV, the parameters selected for the ECMS
have an important effect on both efficiency and drivability. There
are no formal methods for finding the values of these parameters
that produce a lower consumption to fulfil the power requirements.
In this work, a parametric sweep was implemented, which is
described in Section 5.

With regard to the implementation of dynamic programming to
obtain an optimal strategy, hydrogen consumption is considered as
a functional cost. Typical implementations of dynamic program-
ming consider only the SOC as a state variable. However, in this
case, to compute the constraint associated with the power rates
of the FC, PFC must also be considered as a state variable. Therefore,
the state equations are the following:
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Fig. 7. Equivalent factor as a function of SOC.
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SOCðkþ 1Þ ¼ SOCðkÞ þ DSOCðkÞ;
PFCðkþ 1Þ ¼ PFCðkÞ þ DPFCðkÞ;

�
ð26Þ

where DSOCðkÞ results from (13) and DPFCðkÞ is a control input vari-
able. In summary, the optimization problem to be solved considers
two state variables, (SOC and PFC), and two control inputs, (DPFC and
Pbr). Additionally, a sustained charge condition (SOCð0Þ ¼ SOCðLÞ) is
achieved through a final state constraint to avoid compensation for
hydrogen consumption.
5. Sizing methodology

The size of the components in the powertrain is of great signif-
icance because size has a direct impact on system performance,
efficiency and manufacturing cost. Insufficient component size
means that the driving requirements cannot be met. Alternatively,
a large size involves an unnecessary increase in the cost and mass.
The sizing process is not trivial, since the speed profile is not
known a priori and because the drivability is affected by the
EMS. The objectives of optimal sizing are to determine the maxi-
mum power of the fuel cell (PFC;max) and the number of supercapac-
itors (NSC) needed to: (i) meet the driving requirements; (ii) reduce
hydrogen consumption; and (iii) reduce the installed power.

In this paper, a novel sizing methodology for FCHVs is pre-
sented. The sizing methodology is based on three tests: (i) Test
1: the fuel cell alone, without the supercapacitor bank, must be
able to sustain a top speed v s1; (ii) Test 2: the fuel cell alone, with-
out the supercapacitor bank, must be able to sustain a speed vs2

with a constant slope in the road (as); and (iii) Test 3: the fuel cell
together with the supercapacitor bank must be able to fulfil long-
term SDC within a tolerance associated with speed compliance.
The first two tests are used to determine the FC size, i.e., the value
of PFC;max, while the third test is used to determine NSC.

The speed compliance (Cv ) in Test 3 is defined as follows:

Cv ½%� ¼ ðL� NmsÞ
L

� 100; ð27Þ

where Nms is the number of missed-speed events during the driving
cycle, and L is the total numberof samples in thedriving cycle. A value
is considered a missed-speed event if the difference between the
required and achieved speeds is greater than a given tolerance, dvt .

The necessary FC power to support Test 1 can be derived from
the power balance in (18), with PSC ¼ 0 and Pbr ¼ 0:

PFC;1 ¼ Preq; 1=gB; ð28Þ
where Preq; 1 is set according to (12), which is computed for
v ¼ vs1; a ¼ 0, and a ¼ 0. Preq also depends on the vehicle mass,
which is unknown at this point because it depends on the FC mass.
However, the vehicle mass can be expressed as a function of the FC
power from (10), assuming that NSC ¼ NSC;min. Thus, PFC;1 can be
derived from (28). Similarly, the necessary FC power to support Test
2 can be derived from the following expression:

PFC;2 ¼ Preq; 2=gB; ð29Þ
where Preq; 2 is computed with v ¼ v s2; a ¼ 0, and a ¼ as. Then, the
adopted PFC;max is

PFC;max ¼ maxfPFC;1; PFC;2g: ð30Þ
Once PFC;max is determined, the drivability and efficiency of the

FCHEV are evaluated in long-term SDC (Test 3). In this test, the size
of the component and the EMS have a great influence. To find the
optimal parameters of the ECMS, a parametric sweep was per-
formed. The feasible solutions are those for which the number of
missed-trace is lower than the tolerance Cv t . Then, between the
set of feasible solutions, those with minimal fuel consumption
are chosen. This process is repeated for each NSC proposed. The
complete sizing methodology is summarized in Algorithm 1, while
the parameters used for the described tests are collected in Table 3.

Finally, drivability can also be assessed on the basis of two
widely known acceleration tests. The first computes the time

required to accelerate from 0 to 100 km h�1, while the second finds
the time required to reach 1000 m starting from idle. From these
tests, it may be concluded that with 13 supercapacitors or more
(with the size of the fuel cell proposed), the energy available in
the propulsion system is able to pass both tests.



Table 3
Parameters for drivability requirements.

Parameter Value Unit

vs1 120 km h�1

vs2 80 km h�1

as 6.5 %
dms 5 %
Cvt 95 %

Table 4
ECMS parameters for the parametric sweep.

Parameter Minimum Maximum Step

s0 1 3 0.2
s1 1 10 1
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In general, the optimal sizing of components is not trivial. In
this case, the problem addressed has two objectives: reduce the
fuel consumption and minimize the installed power. According to
these objectives, a trade-off solution must be adopted. The results
obtained by the described procedure are shown in Section 6.

Algorithm 1. Sizing methodology
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(b) Pareto consumption.

Fig. 8. Parametric sweep results.
6. Results and discussion

In this section, the simulation results are presented to analyse
the performance of the proposed sizing methodology. First, Algo-
rithm 1 is executed from NSC;min ¼ 10 to NSC;max ¼ 60, where the
lower limit corresponds to the minimum number of SC modules
that fulfil the drivability requirement from Test 3. The results
reveal that as NSC increases, hydrogen consumption decreases.
However, as NSC increases there is an incremental rise in the total
vehicle mass, the volume occupied by the ESS, and the cost.
Therefore, there are two competing objectives: (i) to reduce the
hydrogen consumption and (ii) to reduce NSC .

The results derived from Algorithm 1 allow for a parametric
sweep analysis, where the parameters s0 and s1 are varied accord-
ing to Table 4. Fig. 8(a) shows the cloud of points corresponding to
speed compliance. As mentioned in Section 5, a compliance of at
least a 95% is required for drivability, and solutions below this line
are considered infeasible. As expected, it can also be observed that
the best-consumption solution line is close to 95% compliance.
Alternately, Fig. 8(b) shows the effect of the number of SC modules
on hydrogen consumption. In this figure, the feasible Pareto points
and the Pareto front, which is the set of all Pareto-optimal points
[42], can be observed, while the set of parameters s0 and s1 corre-
sponding to the Pareto front is shown in Fig. 9. Notably, to conduct
a proper analysis of the hydrogen consumed, it is necessary to
account for the difference between SOCð0Þ and SOCðLÞ. Addition-
ally, it is useful to normalize hydrogen consumption with respect
to the distance travelled along the driving cycle. Therefore, hydro-
gen consumption is computed as:
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H2; cons ½g km�1� ¼
PL

k¼0CH2 ðkÞDt � ðSOCðLÞ � SOCð0ÞÞk�PL
k¼0vðkÞDt

; ð31Þ

with

k� ¼ ESC; bank

LHVH2 gFCgBgBB gSC
: ð32Þ

Regarding the achieved performance, it can be observed that,
starting from NSC ¼ 10, a great reduction in hydrogen consumption
is obtained as the number of SCs increases. In fact, a reduction of
22% is achieved from 10 to 34 SC modules. However, as NSC

increases, the hydrogen savings decrease until NSC ¼ 34, while
the consumption remains approximately constant beyond this
value. Note that these results are obtained using the ECMS.

To understand the causes of the reduction in hydrogen con-
sumption for the proposed design, four relevant performance indi-
cators are considered: the global propulsion efficiency, the brake to
negative load ratio, the brake to hydrogen ratio, and the global FC
efficiency.

The global propulsion efficiency is defined as follows:

gg; Prop ¼
PL

k¼0P
ðþÞ
loadðkÞDt

LHVH2

PL
k¼0CH2 ðkÞDt

; ð33Þ

where PðþÞ
load is the positive load power:

PðþÞ
loadðkÞ ¼

PloadðkÞ if PloadðkÞ > 0;
0 otherwise:

�
ð34Þ

The numerator in (33) accounts for the total energy required to
propel the vehicle, while the denominator accounts for the total
energy of hydrogen consumed.

The brake to negative-load-power ratio is defined as:

Br=Loadð�Þ½%� ¼
PL

k¼0PbrðkÞDtPL
k¼0P

ð�Þ
loadðkÞDt

� 100; ð35Þ

where the numerator accounts for the total energy dissipated by the
brakes and the denominator account for the total energy from neg-

ative load powers Pð�Þ
load

� �
:

Pð�Þ
loadðkÞ ¼

PloadðkÞ if PloadðkÞ < 0;
0 otherwise:

�
ð36Þ

The brake-to-hydrogen ratio (Br=H2) is defined as the ratio
between the energy dissipated via friction by the brakes and the
total energy of hydrogen consumed in the cycle:

Br=H2½%� ¼
PL

k¼0PbrðkÞDt
LHVH2

PL
k¼0CH2 ðkÞDt

� 100: ð37Þ

Finally, the global efficiency of the FC is defined as:

gg; FC ¼
PL

k¼0PFCðkÞDt
LHVH2

PL
k¼0CH2 ðkÞDt

: ð38Þ

Fig. 10 shows the effect of NSC on the previously defined perfor-
mance indicators. Fig. 10(a) shows that the maximum global effi-
ciency of the propulsion system is approximately 0.45, which is
reached when NSC ¼ 34. Beyond this value, there is no improve-
ment. Alternatively, it is well known that the use of friction brakes
must be avoided and that regenerative braking must instead be
used to improve global efficiency. However, when SOCmax or Vmax

are reached, the excess power has to be dissipated via friction

brakes. As observed in Fig. 10(c), when NSC is low, Br=Loadð�Þ is
higher than 100%. This means that friction brakes dissipate power
from the FC, which is undesirable. As a consequence, Fig. 10(b)
shows that more than 10% of the energy from H2 is consumed by
friction brakes, whereas when NSC > 30;Br=H2 is lower than 1%.
Lastly, Fig. 10(d) shows that the increase in NSC slightly reduces
gg; FC. Therefore, the results shown in Fig. 10 suggest that the reduc-
tion in hydrogen consumption is produced by the lower usage of
friction brakes instead of higher global FC efficiency.

To analyse the performance of the ECMS, the results obtained
using the optimal strategy were included in Fig. 11, combined with
the Pareto front from Fig. 8(b). Notice that the greatest difference
of the ECMS with respect to the optimal strategy is approximately
20% and it occurs when the number of SCs is low. In contrast, a dif-
ference of approximately 3% with respect to the optimal strategy is
achieved when the number of SCs is large.

From the Pareto front in Fig. 11, a trade-off design can be
adopted. Beyond NSC ¼ 34, there is no significant improvement in
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hydrogen consumption. In fact, from NSC ¼ 34 to NSC ¼ 50, the
reduction in hydrogen consumption is lower than 1%. Therefore,
if NSC ¼ 34 is adopted, then PFC;max ¼ 29:49 kW. With regard to
temporal behaviour, Fig. 12 shows a segment of select, relevant
variables running on the SDC for the adopted size
(NSC ¼ 34; PFC;max ¼ 29:49 kW), and the optimal parameters of the
ECMS results s0 ¼ 1:4 and s1 ¼ 4, as observed in Fig. 9. In this fig-
ure, the real and reference speeds, the power split and the evolu-
tion of SOC can be observed. The difference between reference
and real speeds is produced when the total maximum power avail-
able is lower than the power required. However, not all these dif-
ferences are missed-speed traces, according to the definition in
Section 5.

Once the size is adopted, the performance of the proposed
design is evaluated under the CDC and compared with the SDC.
The results are collected in Table 5. The table shows that the CDC
requirement is also met by the design proposed. In addition, the
consumption and the performance indicators under the CDC are
close to those under the SDC. The results in this table, together
with the results in Table 2, show that the characteristics of the
SDC are similar to those of the CDC, not only in terms of speed
and acceleration but also in terms of hydrogen consumption and
drivability requirements.

Another sizing approach is analysed to compare the proposed
methodology. In this new approach, the ECMS parameters remain
fixed instead of being adjusted during the sizing procedure.
According to Fig. 9, the set of parameters (s0; s1) that minimizes
the H2 consumption to meet the drivability requirement depends
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Table 5
Simulation results using the ECMS with NSC ¼ 34; s0 ¼ 1:4; s1 ¼ 4, and
PFC;max ¼ 29:5 kW.

CDC SDC

H2 cons [g km�1] 6.45 6.46

Cv [%] 95.4 95.1
gg; prop [%] 45.3 45.1
Br/Load(�) [%] 1.93 3.79
Br/H2 [%] 0.23 0.49
gg; FC [%] 54.5 54.3

Table 6
Design with NSC ¼ 34.

s0 ¼ 1:4 s0 ¼ 2
s1 ¼ 4 s1 ¼ 6

Cv [%] 95.1 97.2

H2 cons [g km�1] 6.45 6.69

Table 7
Design with NSC ¼ 17.

s0 ¼ 1:4 s0 ¼ 2
s1 ¼ 4 s1 ¼ 6

Cv [%] 89.7 95.6

H2 cons [g km�1] – 7.13
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on the number of SCs. For example, with NSC ¼ 34, the best param-
eters are s0 ¼ 1:4 and s1 ¼ 4, while with NSC ¼ 17 the best param-
eters are s0 ¼ 2 and s1 ¼ 6. To appreciate the effect of these
parameters on vehicle performance, the design with NSC ¼ 34 is
evaluated using ideal parameters of the design with NSC ¼ 17,
and inversely, the design with NSC ¼ 17 is evaluated using ideal
parameters of the design with NSC ¼ 34. The comparisons with
the well-adjusted solutions are shown in Tables 6 and 7. As can
be observed, with NSC ¼ 34, a bad EMS adjustment leads to an
increase in consumption by 4%, with respect to the best solutions.
Alternately, with NSC ¼ 17, a bad EMS adjustment leads to the
infeasibility of the proposed design (the speed compliance is lower
than 95%). These results highlight the advantage of the proposed
methodology.

Finally, the size of the FC proposed is analysed. As observed in
the sizing procedure, the size of the FC results from the first two
tests. Such tests provide only the minimum FC size required to
meet sustained speed conditions. For the purpose of reducing
installed power, it seems correct to use this FC size. However,
the size of the FC has effects on the efficiency map, the power
rate limits, and the total vehicle mass. This suggests that the size
of the FC affects global hydrogen consumption. To verify this pre-
sumption, various simulations with different oversized FCs were
performed. Fig. 13 shows the hydrogen consumption obtained
with the ECMS and the optimal strategy. According to the results
using the ECMS, a minor reduction in the consumption is
observed only when the number of supercapacitors is lower than
16. Otherwise, the consumption is increased. Alternately, when
the optimal strategy is used, no improvements are observed upon
oversizing the FC.

The increase in hydrogen consumption with respect to the size
of the FC is produced by two causes: (i) an increase in the total
vehicle mass and (ii) a reduction in the global efficiency of the
powertrain. The increase in the total mass is only 3% when the size
of the FC is increased by 40%, while the reduction in the global
efficiency is 1.5%, as can be observed in Fig. 14. To aid the under-
standing of such behaviour, Fig. 15 shows the brake to negative-
load-power ratio and the global FC efficiency.

Finally, as a conclusion of the oversizing FC analysis, when NSC is
low, the reduction in the hydrogen consumption as result of
increasing FC size is due to a reduction in the usage of friction
brakes. However, when NSC is increased this effect disappears,
and the higher consumption is due to a lower global FC efficiency.
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7. Conclusions

This paper addresses the sizing and performance analysis of fuel
cell/supercapacitor hybrid vehicles. In this sense, a comprehensive
and innovative approach was presented. The sizing methodology
proposed is based on static and dynamic driving conditions. The
dynamic driving conditions were provided by a long-term stochas-
tic driving cycle, which was generated through a novel methodol-
ogy based on standard driving cycles. The performance of the FCHV
in the long-term driving cycle was evaluated using the ECMS as
energy management. A parametric sweep performed during the
sizing procedure allowed the ideal parameters of the strategy to
be identified for each sizing that was proposed. After the sizing
procedure, the performance of the FCHV was also evaluated under
the optimal offline strategy, computed using Dynamic
Programming.

The results obtained with the sizing procedure show that the
evolution of hydrogen consumption with respect to the number
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Fig. 15. Brake to negative-load-power ratio (Br=Loadð�Þ) and global efficiency of the FC (gg; FC).
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of supercapacitors converges slowly to a minimum. This suggests
that it is better to adopt a trade-off solution, instead of the solution
corresponding to minimum consumption. Moreover, the analysis
of the proposed performance indicators showed that as the num-
ber of supercapacitors increases the usage of friction brakes
decreases, which significantly reduces hydrogen consumption.
With respect to the FC, the size proposed by this methodology
achieves lower hydrogen consumption compared to the FCHV with
a larger FC size. Indeed, it was observed that the incremental rise in
hydrogen consumption is due to both the increase of total vehicle
mass and a reduction in the global fuel cell efficiency. Additionally,
the performance of the real-time ECMS in comparison with the off-
line optimal strategy exhibited a significant difference in hydrogen
consumption with a low number of supercapacitors. However, this
difference is reduced as the number of supercapacitors is
increased. In addition, the high sensibility of this class of vehicle
to the EMS and the importance of adjusting the EMS parameters
in the sizing procedure have been verified by simulation. Finally,
it is worth mentioning that despite the results being focused on
a specific light car, the methodology presented in this paper is
general enough to cover a wide range of problems concerning
the sizing of components in FCHVs.
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