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Abstract—Combining high-energy-density batteries and high-
power-density ultracapacitors in fuel cell hybrid electric vehicles
(FCHEVs) results in a high-performance, highly efficient, low-size,
and light system. Often, the battery is rated with respect to its
energy requirement to reduce its volume and mass. This does not
prevent deep discharges of the battery, which are critical to the
lifetime of the battery. In this paper, the ratings of the battery
and ultracapacitors are investigated. Comparisons of the system
volume, the system mass, and the lifetime of the battery due to the
rating of the energy storage devices are presented. It is concluded
that not only should the energy storage devices of a FCHEV
be sized by their power and energy requirements, but the bat-
tery lifetime should also be considered. Two energy-management
strategies, which sufficiently divide the load power between the
fuel cell stack, the battery, and the ultracapacitors, are proposed.
A charging strategy, which charges the energy-storage devices due
to the conditions of the FCHEV, is also proposed. The analysis
provides recommendations on the design of the battery and the
ultracapacitor energy-storage systems for FCHEVs.

Index Terms—Battery, energy-management strategy, fuel cell
hybrid electric vehicle (FCHEV), ultracapacitor.

I. INTRODUCTION

THE MAIN purposes of the energy-storage devices in fuel
cell hybrid electric vehicles (FCHEVs) are to provide the

required power to the load during the heating up of the fuel cell
stack, to heat up the stack, to supply peak powers to the load to
reduce the required power rating of the fuel cell stack, and to
capture the braking energy.

The often-used energy storage devices in FCHEVs are bat-
teries, ultracapacitors, or a combination of both. Batteries have
a high energy density but limited power density, and ultra-
capacitors have high power density but limited energy density.
Therefore, utilizing both batteries and ultracapacitors provides
a compromise of a high-power-density and high-energy-density
energy-storage system, resulting in a small, light, and high-
performance system [1]–[4].
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This research deals with a low-speed (< 15 km/h) vehicle,
which is originally powered by a 6.5-kWh lead-acid battery
package. The vehicle is driven by two 2-kW separately exited
dc motors. To increase the working radius, the hours of
operation, and to avoid the long charging time of the batteries,
the battery-powered vehicle is turned into an FCHEV. The fuel
cell stack is a high-temperature proton exchange membrane
fuel cell, and it is fueled with hydrogen produced by an
onboard reformer. Rating the battery in terms of energy does
not prevent it from deeper discharges, which might reduce
its lifetime. Therefore, sufficient sizing of the battery and the
ultracapacitors is an important issue to obtain an appropriate
balance between the system volume, the system mass, and the
battery lifetime [5]–[7].

This paper has been organized as follows. Section II presents
the proposed methodology. The used drive cycle of the FCHEV,
the configuration of the propulsion and power systems, and the
method used for sizing the power system are described. The
modeling of the components of the propulsion and power
systems and the energy-management and charging strategies
are explained. The method used to compare the system volume,
the system mass, and the battery lifetime is also presented.
Section III presents the obtained results, where the system
volume, the system mass, and the battery lifetime are compared
for several energy-storage device ratings. Finally, Section IV
provides the conclusion remarks.

II. METHODOLOGY

In this section, the methodology used to obtain the results in
Section III is given.

A. Drive Cycles

The torque–speed characteristics of FCHEVs, hybrid vehi-
cles, and electric vehicles versus time are necessary to analyze
the behavior of the vehicle. Often, the speed and torque char-
acteristics are obtained in two steps. The first step is to set up
models of the vehicles. These models are based on the forces
acting on the vehicle, i.e., the forces due to gravity, acceleration,
aerodynamic drag, and rolling friction [8]. The second step is
to apply a standard drive cycle to the developed models. Since
this paper deals with a vehicle used for special applications,
there was no standard drive cycle. To obtain information about
the speed and torque characteristics, a data logger has been
mounted on one of the battery-powered vehicles. The vehicle
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Fig. 1. Vehicle speed for three different driving patterns.

with the data logger was used by a customer during a longer
period, and thereby, a realistic drive cycle is obtained. The
data logger is used to measure the voltages and currents of the
battery and motors of the battery-powered vehicle. A model of
the motors is created and utilized to calculate the speed and
torque of the motors as a function of time.

In total, Nday = 24 days of field measurements were con-
ducted. Fig. 1 demonstrates the vehicle speed for 250 s for three
different driving patterns. It is seen that the maximum speed is
around 12 km/h. The Nday = 24 days of field measurements is
used for further analysis.

B. Configuration

Fig. 2 demonstrates the main components of the propulsion
and power systems and the power flow in the FCHEV. The fuel
cell and energy-storage devices can be connected in various
ways [6], [9]–[13], but it is chosen to connect each device to the
bus through dc/dc converters. This provides more flexibility to
determine the voltage rating of each component [2], [14], [15].
The bus voltage is controlled to a fixed level of VBus = 42 V.

As shown in Fig. 2, power flows to or from the electric
machines (EMs) to a common bus through two inverters (Inv).
The energy from the methanol storage (Met) is fed to the bus
through a reformer (Ref) and the fuel cell stack (FC). Power
is also flowing to or from the battery (Bat) and the ultracapac-
itors (UC).

The fuel cell and energy-storage devices must not only
provide power to the shaft power (ps,L and ps,R) but also
provide power for the light (pLight = 200 W when speed �= 0),
the balance of plant of the fuel cell system (pBoP = 0.05 · pFC),
the fuel cell stack heater, and the auxiliary devices, i.e., vehicle
computer, drivers, control panel, etc. (pAux = 50 W, when
either the fuel cell or energy-storage devices are operating).
It is assumed that it takes THeat = 6 min to heat up the fuel
cell stack, and the energy required to heat up the stack is
EHeat = 160 Wh. Therefore, the power to the heater is pHeat =
60EHeat/THeat = 1600 W.

C. Sizing

The FCHEV is analyzed with a fuel cell stack with a rating
of PFC,rat = 1000 W. As a starting point, the battery will have

Fig. 2. Configuration, system overview, and power flow of the FCHEV.

a base maximum power and energy rating of PBat,max,base =
5.4 kW and EBat,max,base = 770 Wh, respectively. For the
ultracapacitors, the base maximum power and energy rating
are PUC,max,base = 16.8 kW and EUC,max,base = 13.5 Wh,
respectively. With the aforementioned values, the power and
energy requirements of the battery and ultracapacitors are
fulfilled when the ultracapacitors handle the transient peak
powers and the battery takes care of the slower load powers [6].
However, to increase the lifetime of the battery, it will be
investigated how the system volume, the system mass, and
the battery lifetime will be affected if either the battery or
ultracapacitors are overrated.

1) Overrating of the Battery: The battery will be overrated
with a factor of aor,Bat = {1, 2, 3, 4, 5} relative to the base
values. The power and energy rating of the battery are therefore
given by

PBat,max = aor,Bat · PBat,max,base [W] (1)
EBat,max = aor,Bat · EBat,max,base [Wh]. (2)

When the battery is overrated, it will experience less deep
discharge cycles, but the system volume and mass will become
bigger.
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2) Overrating of Ultracapacitors: The ultracapacitors will
be overrated with a factor of aor,UC = {1, 2, 4, 6, 8, 10}. The
power and energy rating of the ultracapacitors are therefore

PUC,max = aor,UC · PUC,max,base [W] (3)

EUC,max = aor,UC · EUC,max,base [Wh]. (4)

The higher energy capacity the ultracapacitors have, the more
load power can be delivered from the ultracapacitors instead of
from the battery, which will again increase the battery lifetime.
However, the system volume and mass will also be increased.

D. Modeling

The two often-used approaches to analyze the power flow
of the vehicle are the backward- and forward-looking methods
[16]. The backward method starts with the load power and then
calculates backward into system, e.g., from the shaft power, the
power flowing into the electric machines are calculated, and
from the power flowing into the electric machines, the power
flowing into the inverters can be calculated. Even though the
power actually flows from the inverters through the electric ma-
chines to the shafts, when the power is positive, the power flow
is calculated in the opposite direction. The forward approach
sees the load more as a reference, which can be fulfilled or not,
depending on the states and performance of the system. Usually,
the backward approach is simpler and faster in comparison with
the forward method. However, the forward method is often
more realistic. In this paper, the backward approach will be
utilized due to its simplicity.

Starting with the angular velocity and shaft torque of the
left and right wheels in Fig. 2, i.e., ωs,L, τs,L, ωs,R, and τs,R,
respectively, the power flow through the rest of the system can
be calculated by modeling each of the components.

1) Electric Machines: The motors of the FCHEV are of
permanent-magnet synchronous-machine type. They are oper-
ated with the field-oriented Id = 0 control. The steady-state
equations utilized to model the electric machines are

τe =Bv · ωs + sign(ωs) · τC + τs [Nm] (5)

iq =
2
3

2
P

τe

λpm
[A] (6)

vq =Rs · iq + λpm
P

2
ωs [V] (7)

pEM =
3
2
vq · iq [W]. (8)

τe is the electromechanical torque, Bv is the viscous friction
coefficient, τC is the Coulomb friction, vq and iq are the q-axis
voltage and current, respectively, Rs is the stator resistance,
P is the number of poles, λpm is the magnet flux linkage, and
pEM is the power between the motor and the inverter.

2) Inverters: The inverters are assumed to have a constant
efficiency of ηInv = 0.95. The power between the inverter and
the bus is therefore

pInv =
{

1
ηInv

pEM, pInv ≥ 0
ηInv · pEM, pInv < 0

[W]. (9)

3) Fuel Cell Stack and DC/DC Converter: It is assumed
that the dc/dc converter of the fuel cell stack transfers the fuel
cell power (pFC) to the bus with an efficiency of ηCon,FC =
0.95, i.e.,

pBus,FC = ηCon,FC · pFC [W]. (10)

pBus,FC is the power between the bus and the fuel cell dc/dc
converter. The fuel cell stack is modeled as an open-circuit
voltage source VFC,oc with a current-depending series resis-
tance rFC(iFC). The resistance rFC(iFC) varies with the current
drawn from the fuel cell. This way, the characteristic polariza-
tion curve of fuel cell is obtained. The fuel cell stack voltage
vFC and power pFC are therefore

vFC =VFC,oc − rFC(iFC) · iFC [V] (11)

PFC = vFCiFC [W]. (12)

iFC is the fuel cell stack current. The fuel cell input power, i.e.,
the power of the hydrogen pH2, is given by

pH2 =
MH2NFCLHVH2

2F
iFC [W]. (13)

MH2 =0.00216 kg/mol is the hydrogen molar mass, NFC =65
is the number of series connected cells of the fuel cell stack,
LHVH2 = 120.1 · 106 J/kg is the lower heating value of hydro-
gen, and F = 96 485 C/mol is Faraday’s constant.

4) Reformer: The reformer is assumed to have a constant
efficiency of ηRef = 0.85 [17], [18]. The power flowing from
the methanol storage is therefore

pMet =
1

ηRef
pH2 [W]. (14)

5) Battery and DC/DC Converter: The battery is also mod-
eled as an internal voltage source VBat,int with an internal
resistance RBat. It is again assumed that the dc/dc converter of
the battery converts the power between the bus pBus,Bat and
the battery pBat with an efficiency of ηCon,Bat = 0.95. The
equations describing the battery conditions are therefore

pBat =
{

1
ηCon,Bat

pBus,Bat, pBus,Bat < 0
ηCon,Bat · pBus,Bat, pBus,Bat ≥ 0

[W]

(15)

RBat =
V 2

Bat,int

4PBat,max
[Ω] (16)

iBat =
−VBat,int

2RBat
+

√
V 2

Bat,int − 4RBat · pBat

2RBat
[A] (17)

SoCBat = 1 +
∫

(iBat · VBat,int)dt

EBat,max3600
[−] (18)

DoDBat = 1 − SoCBat [−]. (19)

iBat, SoCBat, and DoDBat are the battery current, the state
of charge, and the depth of discharge, respectively. It is seen
that when the battery is overrated, i.e., PBat,max and EBat,max
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Fig. 3. System-level block diagram of energy-management strategy.

become higher, the battery resistance, the state of charge, and
the depth of discharge are directly affected.

6) Ultracapacitor and DC/DC Converter: The ultracapac-
itors are modeled as a series connection of a capacitor CUC

and a resistor RUC. Again, it is assumed that the dc/dc con-
verter of the ultracapacitors converts the power between the
bus pBus,UC and the ultracapacitors pUC with an efficiency of
ηCon,UC = 0.95. The model of the ultracapacitors is given as

pUC =
{

1
ηCon,UC

pBus,UC, pBus,UC < 0
ηCon,UC · pBus,UC, pBus,UC ≥ 0

[W]

(20)

RUC =
V 2

UC,max

4PUC,max
[Ω] (21)

CUC =
2EUC,max3600

V 2
UC,max

[F] (22)

iUC =
−vUC,int

2RUC
+

√
v2
UC,int − 4RUC · pUC

2RUC
[A] (23)

vUC,int = vUC,int(t = 0) +
1

CUC

∫
iUCdt [V] (24)

SoCUC =
(

vUC,int

VUC,max

)2

[−]. (25)

VUC,max and vUC,int are the maximum and the instantaneous
internal voltage of the ultracapacitors, respectively. iUC and
SoCUC are the current and the state of charge of the ultraca-
pacitors, respectively.

E. Energy-Management Strategies

Sufficient management of the power flow between the fuel
cell, the battery, and the ultracapacitors is important to obtain
an efficient and high-performance system [4]. Two energy-
management strategies are proposed here.

Fig. 3 presents the system-level block diagram of the these
strategies. In Fig. 3, “Bat-switch” is used to switch between the
two energy-management strategies, i.e., Energy-Management
Strategies 1 and 2.

1) Energy-Management Strategy 1: The bus load power is
defined as

pBus,Load = pAux + pBoP + pLight

+ pHeat + pInv,L + pInv,R [W]. (26)

In the ideal case, the fuel cell stack should be able to pro-
vide power to the loads pBus,Load and to charge the energy
storage devices with their requested charging powers, i.e.,
p∗Bus,Bat,charge and p∗Bus,UC,charge, for the battery and ultraca-
pacitors, respectively. However, due to the low dynamic proper-
ties of the reformer, the desired fuel cell bus power contribution
p∗Bus,FC is settled by a low-pass filter (Block “FC-LP-filter” in
Fig. 3) with bandwidth fLP,1. Due to the dc/dc converter, the
requested power contribution from the fuel cell is given by

p∗FC =
1

ηFC,Con
pBus,FC

∗ [W]. (27)

To insure that the fuel cell does not deliver more power than its
power rating PFC,rat or lower than zero power, the “Saturation”
block in Fig. 3 is utilized. If the fuel cell is heating up, it
cannot provide power, i.e., pFC = 0. In this situation, the switch
“FC-switch” in Fig. 3 is therefore in position 2. During normal
operation, it is in position 1. The calculation of the fuel cell
power pFC may be seen as a simple forward approach, as the
fuel cell states are taken into account.

The ultracapacitor base ratings specified in Section II-C were
under the assumption that the ultracapacitors are only used for
peak powers. When the ultracapacitors only takes care of the
peak powers, the “Bat-switch” in Fig. 3 is in position 1. In this
situation, the battery contribution is also determined by using
a low-pass filter (Block “Bat-LP-filter” in Fig. 3). This filter
has a higher bandwidth fLP,2 than fLP,1 of the fuel cell filter.
However, the bandwidth is chosen to be sufficiently low so that
the load power due to the short-term accelerations and brakings
of the vehicle is fed to the ultracapacitors.

In Fig. 4(a), the fuel cell, battery, and ultracapacitor contri-
butions to the load power are shown for Energy-Management
Strategy 1. It is seen that the fuel cell provides the base power,
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Fig. 4. Results of applying Energy-Management Strategy 1 for overrating
factors aor,Bat = 1 and aor,UC = 1. (a) Bus power. (b) State of charge of
energy-storage devices.

the battery delivers the power requirement of low frequency,
and the ultracapacitors handle the fast peak powers. Therefore,
this way, the ultracapacitors act as a high-pass filter. The
results in Fig. 4 are due to overrating factors aor,Bat = 1 and
aor,UC = 1. Therefore, both the battery and the ultracapacitors
are discharged to relatively low states, which can also be seen in
Fig. 4(b). The battery state of charge changes by approximately
0.2 in the shown time interval.

2) Energy-Management Strategy 2: When the ultracapaci-
tors are overrated, it will not be appropriate to only use the
ultracapacitors as a high-pass filter, as this not will affect
the depth of discharge of the battery, which has influence on the
battery lifetime. The ultracapacitors must therefore be operated
as an energy source instead of a pure power source. This is
obtained by placing the “Bat-switch” in Fig. 3 in position 2.
The effect of Energy-Management Strategy 2 is demonstrated
in Fig. 5. In this example, the ultracapacitors are overrated with
factor aor,U = 10, and therefore, they contain sufficient energy
so that the battery is not utilized. Therefore, the ultracapacitors
handle all of the load power that the fuel cell is not able
to deliver. This can be seen in Fig. 5(a). In Fig. 5(b), the
state of charge is shown, and it is seen that the battery is not
discharged in the presented period. It should also be noticed
that the battery is discharged to a higher state-of-charge level
than that in Fig. 4(b), where Energy-Management Strategy 1
is used, even though the battery rating is the same for the two
examples. However, after some time, the ultracapacitors will be
discharged too deep, and one therefore has to utilize the battery
again, i.e., placing the “Bat-switch” in position 1, so that the
ultracapacitors are again only used for the peak powers.

3) Selection of Energy Management Strategy: The
minimum state-of-charge level of the ultracapacitors is

Fig. 5. Results of applying Energy-Management Strategy 2 for overrating
factors aor,Bat = 1 and aor,UC = 10. (a) Bus power. (b) State of charge of
energy-storage devices.

SoCUC,min = 0.25. This means that when the ultracapacitors
are used only for peak powers, the maximum change in energy
of the ultracapacitors is

EUC,peak,max =(1 − SoCUC,min)×EUC,max,base[Wh]. (28)

When the ultracapacitors are acting as a high-pass filter, the
energy level EUC,peak,max has to be available for the peak
powers. The critical state-of-charge level that determines if the
ultracapacitors should be used as a power or energy source,
i.e., Energy-Management Strategy 1 or 2, can therefore be
calculated by utilizing (4) and (28)

SoCUC,crit = SoCUC,min +
1 − SoCUC,min

aor,UC
[−]. (29)

When the vehicle is inactive, i.e., it is not used by the user, it
is chosen to put the “Bat-switch” in position 2. This insures
that the ultracapacitors are only charged by the fuel cell and not
also by the battery. The selected energy-management strategy is
identical to the position of the “Bat-switch” in Fig. 3. Therefore,
selecting the energy-management strategy can be determined
by a simple expression

if ((SoCUC < SoCUC,crit) OR (Vehicle inactive))

AND
(
p∗Bus,UC,charge < 0

)
Energy-Management Strategy 2

else

Energy-Management Strategy 1

end
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For both positions of the two switches in Fig. 3, i.e., “Bat-
switch” and “FC-switch,” the power between the bus and the
dc/dc converter of the ultracapacitors is given by

pBus,UC = pBus,FC − pBus,Load − pBus,Bat [W]. (30)

F. Charging Strategy

In Fig. 3, it is shown how the load power is divided between
the fuel cell stack, the battery, and the ultracapacitors. When the
state of charge of the energy-storage devices are below one, the
fuel cell charges them, provided there is extra power available.
The battery is charged with its 5-h power capacity. Therefore,
if (SoCBat < 1), then

P ∗
Bus,Bat,charge =

1
ηCon,Bat

EBat,max

5 · 3600
[W]. (31)

Otherwise

P ∗
Bus,Bat,charge = 0 [W]. (32)

Due to the health of the ultracapacitors, it is of high importance
that they are not overcharged. When the vehicle is used, i.e.,
active, the ultracapacitors have to capture the braking energy,
which means that they should not be fully charged. When the
vehicle is active, it is chosen to charge the ultracapacitors to a
value, which is presented by (33), where there are two buffers
of size equal to SoCUC = SoCUC,min and SoCUC = 1, i.e.,

SoC∗
UC,active =

1 + SoCUC,min

2
[−]. (33)

To fully utilize the energy capacity of the ultracapacitors, it
is desirable that they are fully charged when the vehicle is
inactive. Therefore

SoC∗
UC,inactive = 1 [−]. (34)

When the ultracapacitors are charged from the fuel cell, the
maximum charging power will be the rated fuel cell power
pFC,rat. However, while the fuel cell is heating up, the ultra-
capacitors need to be charged from the battery. In this situation,
the battery also has to provide power to the loads. To reduce
the stress on the battery, it is, in this situation, therefore decided
to charge the ultracapacitors with the 5-h power capacity of the
battery.

The proposed energy-management strategies in Fig. 3 sug-
gest that the fuel cell and the battery are operated in a smooth
way. However, to insure that the ultracapacitors are not over-
charged, it might be necessary to disconnect them when the
state of charge approaches SoCUC = 1. Thereby, the fuel cell
or battery will be operated in a discontinuous way, which is not
desirable. To avoid an abrupt change of power of the fuel cell
and the battery, it is chosen to ramp down the ultracapacitor
charging power as a function of the state-of-charge level.

TABLE I
SPECIFIC POWER AND ENERGY AND DENSITIES OF THE MAIN

COMPONENTS OF THE PROPULSION AND POWER SYSTEMS

A simple algorithm for the requested bus-charging power of
the ultracapacitors p∗Bus,UC,charge is

if
(
(Vehicle inactive) AND (SoCUC < SoC∗

UC,inactive)
)

OR
(
(Vehicle active) AND (SoCUC < SoC∗

UC,active)
)

if (Fuel cell is heating up)

PBus,UC,charge,max = ηCon,Bat
EBat,max

5 · 3600
[W] (35)

else

PBus,UC,charge,max = ηCon,FCPFC,rat [W] (36)

end

p∗Bus,UC,charge = PBus,UC,charge,max

× 1 − SoCUC

1 − SoCUC,min
[W] (37)

else

p∗Bus,UC,charge = 0 [W] (38)

end.

PBus,UC,charge,max is the requested ultracapacitor bus-charging
power at minimum state of charge. In (37), it is seen how the
charging power is ramped down as the state of charge of the
ultracapacitors increases.

G. System Volume and Mass

When the energy-storage devices are oversized, the total
system volume and mass will be affected. The system volume
and mass are determined by the values in Table I. The system
volume and mass are therefore the sum of the volume and mass
of the fuel cell stack, battery, ultracapacitors, power electronics
(PE), electric machines, and reformer, respectively. The fuel
cell stack is a Serenus 166 Air C [24]. It has a nominal power
of 920 W, a mass of 7 kg, and a volume of 14.8 L.

H. Battery Lifetime

The lifetime of the battery depends on several parameters,
i.e., temperature, the number of peak currents, charge and
discharge cycles, etc. [21]. To simplify, only the numbers of
the charge and discharge cycles are taken into account.

The cycle to failure for a given depth of discharge of a Trojan
deep-cycle gel lead-acid battery can be seen in Fig. 6. This
curve has the same shape as a fourth-order polynomial. The
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Fig. 6. Cycles to failure versus depth of discharge of a Trojan deep-cycle gel
lead-acid battery [23].

Fig. 7. Battery depth of discharge and calculation of half cycles.

maximum number of cycles versus the depth of discharge of
the battery can therefore be expressed as

Nctf = −42418 · DoD4 − 119140 · DoD3 + 122320 · DoD2

− 55583 · DoD + 10449 [−]. (39)

In Fig. 6, it is seen that the fourth-order approximation in
(39) fits the data sheet values. The curve in Fig. 6 shows the
maximum number of cycles the battery can handle for one
specific depth of discharge. However, during the operation of
the battery, it will not be discharged to a specific depth-of-
discharge level all the time (unless the energy management
strategy decides to do so) but to many different levels. The num-
ber of cycles that the battery has experienced for each depth-
of-discharge level is calculated by using the rain-flow-counting
method [22]. This method simply counts all the cycles that had
occurred for each depth-of-discharge level of the battery.

In Fig. 7, it is illustrated how the rain-flow-counting method
is applied. The thick gray line is the depth of discharge of the
battery, and the thinner colored lines are used to count the
number of cycles for one specific depth-of-discharge level.
The colored lines are denoted as half cycles. It is seen that each
half cycle starts either in a local valley or at a peak. If Fig. 7 is
rotated 90◦ clockwise, the depth-of-discharge curve has a shape

similar to a pagoda roof. By letting a raindrop start at each peak
and valley, the half cycle belonging to a specific drop can be
obtained by following the drop’s path down the roof. However,
the drop must stop if one of the following conditions is met.

1) It reaches the end of time of the data set, e.g., half
cycles 1, 2, and 5.

2) It faces a peak/valley that is higher/deeper than its starting
peak/valley, e.g., half cycle 3.

3) It gets into contact with a previous drop, e.g., half
cycles 4 and 6.

The amplitude of each half cycle is the difference between
the depth of discharge at its starting and ending points.
Half cycles 1 and 2 therefore both have an amplitude of
DoDBat = 0.25.

The loss of lifetime of the battery is defined by [21]

LoL =
DoDBat=1∑

DoDBat=0.01

Ncyc(DoDBat)
Nctf(DoDBat)

. (40)

Ncyc is the number of full cycles with depth-of-discharge am-
plitude DoDBat. It may be noticed that to count one full cycle
of amplitude DoDBat, one needs to count two half cycles of
amplitude DoDBat. The end of life of the battery with several
depth-of-discharge cycles is reached when LoL = 1.

The used drive cycle of this paper is Nday = 24 days of field
measurements. The maximum expected days of operation of the
battery before its end of life is therefore given by

Nday,eol =
Nday

LoL
[days]. (41)

III. RESULTS

The presented model for the FCHEV is analyzed for several
overrating factors of the battery and the ultracapacitors. The
presented methodology in Section II is applied in modeling the
vehicle.

The effect on the battery depth of discharge when either the
battery or the ultracapacitors are oversized is shown in Fig. 8.
In Fig. 8(a), the number of cycles for a given amplitude of
depth of charge is shown for the case when the FCHEV is
simulated with the base values of the battery and the ultraca-
pacitors, i.e., for aor,Bat = 1 and aor,UC = 1. It is seen that
the battery experiences many low-amplitude cycles and fewer
high-amplitude cycles. In Fig. 8(c), the battery is overrated
with factor aor,Bat = 5, and it is seen that this significantly
improves the discharge level of the battery as the highest depth-
of-discharge amplitude is DoDBat = 0.1.

In Fig. 8(b), the ultracapacitors are oversized with factor
aor,UC = 2. In comparison with Fig. 8(a), it is seen that a
significant amount of the low-amplitude energy requirements is
handled by the ultracapacitors instead of the battery. However,
the number of high discharge states of the battery is not affected
for aor,UC = 2.

In Fig. 8(d), the ultracapacitors are overrated with factor
aor,UC = 10. Thereby, they are able to handle a bigger amount
of the energy requirement to the loads. This has a positive effect
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Fig. 8. Number of cycles versus depth of discharge for several overrating factors of the battery and the ultracapacitors. (a) Base values, i.e., aor,Bat = 1 and
aor,UC = 1. (b) Battery has the base value, i.e., aor,Bat = 1, and ultracapacitors are overrated with factor aor,UC = 2. (c) Battery is overrated with factor
aor,Bat = 5, and ultracapacitors have the base value, i.e., aor,UC = 1. (d) Battery has the base value, i.e., aor,Bat = 1, and ultracapacitors are overrated with
factor aor,UC = 10.

on both the number of cycles with low depth-of-charge ampli-
tudes and the number of cycles with high depth-of-discharge
amplitudes. However, for this case, the battery is still needed
for big load requirements, i.e., during the heating up of the fuel
cell stack.

In Fig. 9, the system volume, the system mass, and the system
lifetime of the battery are shown when either the battery or
ultracapacitors are overrated.

Oversizing the battery has a significant positive effect on
its lifetime, as the battery experiences fewer high depth-of-
discharge levels. An overrating factor of aor,Bat = 3 increases
the days of operation from 375 to 1211 days. However, the
system volume and mass are thereby increased by 54% and
90%, respectively. An overrating factor of aor,Bat = 5 increases
the theoretical battery lifetime by almost 350%, but the system
volume is more than doubled, and the system mass is almost
tripled. The most appropriate battery rating is therefore a
tradeoff between the system volume, the system mass, and the
battery lifetime.

Overrating the ultracapacitors also has a positive effect on the
battery lifetime but is not as significant as that for the battery.
An overrating factor of aor,UC = 2 improves the battery life-
time by 117 days, and no significant effect is seen on the volume
and mass of the system. However, for this specific application,
it will not be advantageous to oversize the ultracapacitors with
more than a factor of aor,UC = 2. This can be seen by com-

paring the two cases: when the battery is overrated with factor
aor,Bat = 2 and when the ultracapacitors are with factor
aor,UC = 4. The system volume is almost the same, and a
significantly better battery lifetime is obtained for aor,Bat = 2.
Only a small improvement in the system mass is obtained for
aor,UC = 4.

It may be mentioned that the data sheet of the battery
did not contain information regarding the number of cycles
with a depth-of-discharge level lower than DoD = 0.1. The
number of cycles with amplitude lower than DoD = 0.1 is
therefore based on predictions. When the battery is oversized
with factor aBat = 5, all the cycles have amplitudes lower than
DoD = 0.1, as shown in Fig. 8(c), and the relatively high num-
ber of expected days of operation of the battery may therefore
not be obtained in practice. However, it is still concluded that
overrating the battery will have a positive effect on its lifetime.

IV. CONCLUSION

This paper has dealt with a battery/ultracapacitor FCHEV.
The drive cycle utilized for the analysis of the FCHEV is based
on more than three weeks of field measurements. The con-
figuration and modeling of the propulsion and power systems
of the FCHEV have been presented. Two energy-management
strategies and a charging strategy of the energy-storage devices
have been proposed. The energy-management strategies divide
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Fig. 9. System volume, system mass, and expected days of operation of the
battery when overrating either the battery or the ultracapacitors. (a), (c), and
(e) Ultracapacitors have the base value, i.e., aor,UC = 1, and the battery is
overrated with factor aor,Bat. (b), (d), and (f) Battery has the base value, i.e.,
aor,Bat =1, and the ultracapacitors are overrated with factor aor,UC.

the load power between the fuel cell stack, the battery, and the
ultracapacitors in such a way that the fuel cell and the bat-
tery are operated in a smooth manner. In Energy-Management
Strategy 1, the ultracapacitor is operated as a high-pass filter
of the load power. In Energy-Management Strategy 2, the
ultracapacitor is operated as an energy source, which effectively
increases the lifetime of the battery. The charging strategy
sufficiently charges the energy-storage devices with respect to
the ultracapacitor state of charge and the FCHEV condition.

It has been investigated how the overrating of either the
battery or ultracapacitors affects the system volume, the system
mass, and the lifetime of the battery. Oversizing the battery or
ultracapacitors increases the system volume and mass; how-
ever, it also significantly improves the battery lifetime. It has
been demonstrated that it not is advantageous to overrate the
ultracapacitors more than a factor of aor,UC = 2, since better
results can be obtained by overrating the battery instead of the
ultracapacitors.

The sizing of the battery is a tradeoff between the sys-
tem volume, the system mass, and the battery lifetime. An
overrating factor of aor,Bat = 3 increases the battery lifetime
by 223%, but the system mass is thereby almost doubled.
For an overrating factor of aor,Bat = 5, the battery lifetime is

increased by almost 350%, but the system volume is more than
doubled, and the system mass is almost tripled. However, for
high overrating factors, e.g., aor,Bat = 5, all of the depth-of-
discharge cycles are of low amplitude, i.e., DoD < 0.1, and
it is therefore questible if the high number of battery lifetime is
obtainable in practice, due to the uncertainties of low-amplitude
cycles. In this specific application, it is therefore recommended
that the overrating factor of the battery should be less than
aor,Bat = 5.

It has been concluded that not only the energy-storage de-
vices of a FCHEV should be sized by their power and energy
requirements, but the battery lifetime must be taken into ac-
count as well.

The provided analysis give recommendations on the design
of battery and ultracapacitor energy-storage systems for the
FCHEV.
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