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This paper presents a powertrain feasibility study for a fuel cell-hybrid non-road mobile machinery. The objec-
tive is to compare different fuel cell-hybrid powertrain topologies. Different hybrid topologies define the
powertrain from a source to loads. The compared properties of different powertrains are weight, size, efficiency,
initial cost, and lifetime cost. The paper assesses topologies with different active and passive connections of a
battery pack, ultracapacitor pack, or both. The comparison of the topologies needs a validated simulation tool,
specific power control algorithms, and detailed knowledge about the target application. The results conclude
that fuel cell powertrains buffered with a high-power battery pack yield minimum weight and size. However,
minimum lifetime costs are obtained by topologies buffered with an ultracapacitor, which, on the other hand,
increase weight and size. Furthermore, there are cost effective buffering combinations of a battery and
ultracapacitor in comparison to topologies buffered with a high-energy battery.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The research on alternative powertrain topologies has recently
attracted considerable attention. In particular, vehicles that have the
potential for the recuperation of regenerative energy have been a
subject of great interest. Previously, extensive work has been carried
out to promote the introduction of hybrid powertrains in various ve-
hicle applications [1–4]. Various vehicle applications yield different
powertrain topologies, for instance, automotive systems [1], rail vehicles
[5], military vehicles and non-road mobile machineries (NRMM) [6–10]
are feasible for certain powertrain topologies. Alternative powertrains
can be categorized to several different architectures, for instance, series,
parallel, series–parallel, and complex hybrids are recognized [1]. A fuel
cell (FC) vehicle powertrain becomes a series–hybrid in the hybridization
that can be realized inmany differentways [11–13]. A powertrain, in this
context, refers to power transfer components from a FC source output to
load inputs, and thus, it may or may not consist of energy storages as in
various rail applications [5]. A FC powertrain enables the recuperation
of regenerative energy due to an electric traction, if energy storages are
used. Therefore, different combinations of a battery, ultracapacitor
(UC), or both [14] may come into question for the choice of a FC
powertrain for a specific vehicle case aiming for the recuperation of
energy.

Hereafter, FC hybrid powertrains are classifiedwith the control pos-
sibility of power electronic converters. In this context, a converter or en-
ergy storage (ES) coupling is termed as passive, if it does not allow

controllability provided by power switches, or when a component is di-
rectly coupled. On the other hand, a coupling is defined as active, if con-
trollable power switches are used, i.e., IGBTs or MOSFETs.

A FC powertrain with an active fuel cell source [15] and passive
high-voltage battery, [11–13], Fig. 1(a), is justified when a matching
of the fuel cell source voltage to the intermediate circuit voltage is
needed. This powertrain is an option for heavy-duty applications
whose traction systems need the intermediate circuit voltage in the
range of 600…700 V. A drawback for this and other topologies in ques-
tion is that the powertrain efficiency is vulnerable to the efficiency of a
FC-converter. FC powertrains with a passive coupling of a FC source
have been considered in [11,14] for systemswith less power and small-
er voltage of the intermediate circuit.

A powertrainwith the active FC source, passive high-voltage battery
and active UC pack is proposed in [7], Fig. 1(b). The introduction of an
active UC pack to a powertrain enables decrease of the peak power
from a FC source and battery. A powertrain with the active FC source,
active high-voltage battery, and active UC pack [16–18] increases de-
grees of freedom to an energy management and increases the redun-
dancy of the system, Fig. 1(c). The redundancy, in this context, refers
to a fail-safety of the system by meaning that each of powertrain com-
ponents can be individually disabled. This feature increases safety
against short-circuits of the intermediate circuit, for which topologies
with ES in the intermediate circuit need the DC breakers . However, ac-
tive couplings of all energy sources in a powertrain introduce a
low-capacitance intermediate circuit that needs a brake unit to prevent
a surge voltage.

A powertrainwith the active FC source and activeUCpacks [13,19,20],
Fig. 1(d), enables various energy management strategies. For instance,
the FC source may be operated based on the state of charge (SOC) of UC
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[13], voltage of the intermediate circuit [19], or load power and SOC of UC
[20]. This topology introduces an option that is heavier, larger, and poten-
tially cheaper than other powertrain topologies [4].

The potential vehicles for hybridization, in NRMM context, consist
of different heavy-duty and off-road vehicles [6–10], such as military
vehicles and straddle carriers. Common to these vehicles is that they are
often operated in a very cyclic, stop-and-go manner, and thus, their
case-by-case design is usually necessary. Modeling and design princi-
ples of individual components of series–hybrid powertrains are well
known and documented [2,21,22], however, powertrain systemdesigns
with different optimization targets aremore or lessmissing from the lit-
erature, although these issues might be known, into some extent, in the
industry. Thus, synthesis of existing practices as engineering tools is
needed [2]. For instance, a simulation tool that derives the result of a
design modification to a powertrain sizing within few moments will
be helpful. Such a design approach for several topologies is given in
this paper, which, furthermore, is definitely a useful tool for optimiza-
tion of series–hybrid powertrains from the first-generation product to
future products.

The contributions of this paper are on the systematic fuel cell-hybrid
powertrain comparison analysiswith descriptions given, specifically—for
non-road mobile machineries that need case-specific designs, in
Section 2. This section describes a recently developed simulation tool
for the comparison of properties between series–hybrid powertrains,
which a preliminary description and validation of predictions was
given in [23,24]. This simulation tool has been created particularly for de-
sign of NRMMwith the intermediate circuit voltage in the range of 600…
700 V, although the same approach can be adopted to any intermediate
circuit voltage level. This approach enables design of powertrains with a
low-capacitance intermediate circuit, i.e. a DC link. Section 3 presents the
results that comparemutual relations between different properties, such
as weight, size, cost, and efficiency, in FC powertrains. Finally, Section 4
concludes the paper.

2. System level analysis

A straddle carrier in Fig. 2 has an electric powertrain with a high-
voltage DC link and power sources. Thus, obtaining traction and hoist
load data from inverters have been possible. The traction and hoist
load data consist of loads of several separate devices, and that load
data is regarded as a sum from a point of common coupling (PCC), i.e.
the intermediate circuit.

2.1. Load cycle

Table 1 presents operation percentages in a load cycle for different
load power levels. The load cycle whose length is 5300 s, consists of
powertrain variables with 0.5 s intervals. The traction power column
consists of instantaneous traction loads on the specific power levels,
and the hoist power column of hoist loads, respectively. Due to dis-
parity in time, the sum power column differs from the sum of traction
and hoist powers. The sum power column gives important informa-
tion from the segmentation of the load.

2.2. Powertrain topologies

This paper assesses five different powertrain topologies with the
following configurations:

• Case a: an active FC, and passive battery in Fig. 1(a);
• Case b: an active FC, passive battery and active UC in Fig. 1(b);
• Case c: an active FC, active battery and active UC in Fig. 1(c);
• Case d: an active FC with active UCs, variable FC power production
in Fig. 1(d); and

• Case e: an active FC with active UCs, limited FC power production in
Fig. 1(d).

It is to be noted that the topologywith an active FC and active UCs is
divided into two different cases d and e based on the energy manage-
ment strategy. In the comparison, the case d refers to a powertrain
with a higher power production of a FC source, and thus, less capaci-
tance on UCs for buffering. The case e refers to a powertrain with a lim-
ited power production of a FC source, and therefore, more capacitance
on UCs for buffering.

The case a consists of a FC source, current-controlled unidirectional
FC-converter, high-voltage battery, and load inverters. The capacity of
this battery can be chosen for the load cycle in question. The capacity
of the battery depends on the maximum allowable charging current
that is a constraint for the battery rating in this topology. Furthermore,
themaximum charging current of the battery depends on the control of
the FC source, battery voltage, and load cycle.

The topology case b can be controlled by such a way that the active
UC limits the maximum and minimum currents of the battery approxi-
mately within continuous current values, and limits power transients of
the battery. The battery linear voltage area for the cases a and b is 614…
670 V.

The case c consists of the active FC source, secondary storages battery
and UC with converters, and a brake unit. The energy management of
this powertrain targets to a similar operation as the case b. In the case
c, the battery linear voltage area is fixed to 307…330 V, and the
DC-link voltage to 650 V. In the cases b and c, the maximum voltage of
the ultracapacitor pack is fixed to 500 V.

The case d has UCs as energy storages. In this case, the energy
management is such that UCs are controlled with the DC-link voltage
controller, whereas the FC source is controlled to follow the load with
a power derivative limitation.

The case e is such that the current-controlled UC averages the load
power for the FC source that operates in the maximum power region,
and the voltage-controlled UC stabilizes the DC link and provides
power in transients. The current-controlled UC is needed for tran-
sients which cannot be supplied by the case d due to a power deriv-
ative limitation of the FC source. In the cases d and e, the maximum
voltage of the ultracapacitor pack is fixed to 500 V, and the DC-link
voltage to 650 V.

A brake unit that consists of a brake resistor and a power switch, is
needed in the cases c, d, and e for the prevention of a surge voltage in
the low-capacitance DC links. The brake unit is not needed in the
cases a and b, because of a battery in the intermediate circuits.

a b

c d

Fig. 1. Schematics of studied powertrain topologies.
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2.3. Definition of the powertrain efficiency

Fig. 3 illustrates principles used for the powertrain efficiency calcu-
lations. The powertrain efficiency ηpt from the primary source output to
load inputs is defined as

ηpt ¼
Eþload

Eþload þ Ep conversion losses þ Ebrake resistor
: ð1Þ

Where E+ load = ∫ p(t)dt, while p > 0, refers to the positive load
from the DC link, which consists of the traction and hoist powers
(i.e. the positive sum power, c.f. Table 1) and a constant load of 15 kW
for auxiliaries. Ep _ conversion _ losses is a sum of the energy losses in the
FC-converter, energy storage converters, and resistive losses in the en-
ergy storages. Furthermore, Ebrake _ resistor refers to the energy losses in
the brake resistor.

2.4. Modeling of powertrains

All powertrain configurations, in Fig. 1, can bemodeled as described
in the following sections.

2.4.1. FC source
A static ui-curve model for a FC source as ufc ¼ f ifcÞð is used, where

ufc is the output voltage and ifc is the output current of the FC source.
It should be noticed that ifc equals to the low-voltage side current of

the FC-converter. The ui-curves can be obtained from manufacturer
datasheets [25,26]. In energy managements, the power derivative limi-
tation of the FC source is chosen as 2.5 kWs−1 [15].

2.4.2. Battery
The Li-ion battery model [27] is used, where battery discharge

characteristics (i∗ > 0) are modeled, as

ubat it; i�; ibat
� � ¼ U0−K

Q
Q−it

i�−K
Q

Q−it
it þ Ae�B⋅it−Rbat⋅ibat; ð2Þ

and charge characteristics (i∗ b 0), as

ubat it; i
�
; ibatð Þ ¼ U0−K

Q
it þ 0:1⋅Q i�−K

Q
Q−it

it þ Ae−B⋅it−Rbat⋅ibat⋅ ð3Þ

In these equations, ubat is the non-linear output voltage, it ¼ ∫t0 i�dt
is the extracted capacity where i∗ = H(s) ⋅ ibat is the low-frequency
current dynamics and the first order low-pass filter H(s) represents
the battery voltage dynamics, ibat is the battery current, U0 is the maxi-
mum voltage value of the linear area, K is the polarization constant, Q is
themaximum battery capacity, A is the exponential voltage, B is the ex-
ponential capacity, and Rbat is the battery resistance.

An estimate for the battery resistance can be calculated with

Rbat ¼ 1−ηbat
� �Unom

C
; ð4Þ

where ηbat refers to the battery efficiency with the nominal battery cur-
rent C, and Unom is the minimum voltage of the battery linear voltage
area. This paper uses the battery efficiency of 99%, which means 1%
power losses on the battery pack with the 1C value for both the charge
and discharge conditions. This moderate estimate is used if there is no
detailed knowledge available of specific battery resistances. In case of
a high-power battery, the continuous current, e.g. 6C, instead of the
nominal current 1C should be used. This assumes power losses for the
high-power battery pack to be equalwith the high-energy battery pack.

The energy content Ebat for the weight, size, and cost calculations of
the battery pack is calculated, as

Ebat ¼
U0 þ Unom

2
Q : ð5Þ

Fig. 2. Straddle carrier and its operation.

Table 1
Traction, hoist, and sum power histograms of the load cycle.

Power level Traction power Hoist power Sum power

[kW·kWmax
−1 ] [%] [%] [%]

−0.8 0 0.02 0.03
−0.6 3.9 0.13 3.6
−0.4 3.4 0.9 4.3
−0.2 4.8 1.5 5.8
0 36 92.1 32.7
0.2 12.1 2.6 11.8
0.4 14.4 1.8 15.5
0.6 8.1 0.9 8.8
0.8 11.7 0.06 11.9
1.0 5.6 0 5.6
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This equation estimates the energy content by averaging the maxi-
mum andminimumvoltages of the battery linear voltage area andmul-
tiplies it by the maximum battery capacity.

2.4.3. Ultracapacitor and DC link
The UC pack output voltage uuc can be expressed, as

uuc ¼
1
Cuc
∫t0 iucdt−Ruciuc þ Uuc initial; ð6Þ

where Cuc is the capacitance, iuc is the current, and the resistance Ruc
is 1.1 Ω/F. Furthermore, Uuc_initial refers to the initial voltage.

The DC-link voltage uDC is modeled in the sameway by using the sum
current of the point of common coupling, i.e. ∑ iPCC = iFC + iES −
iLOAD − iBRK. These currents are given on the DC-link voltage level. iBRK
is the current of the brake unit.

The energy content Euc for the weight, size, and cost calculations of
the UC pack is calculated as,

Euc ¼
Cuc⋅U2

max

2
; ð7Þ

where Umax refers to the maximum voltage of the ultracapacitor pack.

2.4.4. Energy storage losses
In general, the energy losses Elosses in both battery and UC packs

can be calculated, as

Elosses ¼ R∫t0 i
2
esdt; ð8Þ

where R is the resistance and ies is the energy storage current. The
aging of an energy storage is considered with the double value of re-
sistance for both battery and UC.

2.4.5. DC–DC converter
Modeling of DC–DC converters can be described as

iref ¼ D⋅i refj j; when Imin≤ Dj j⋅i refj j≤Imax; ð9Þ

ies ¼ ibat ¼ iuc ¼ ifc ¼ iref= τDC=DC⋅sþ 1
� �

; ð10Þ

iES tkð Þ ¼ ies tkð Þ⋅ηboost ies tk−1ð Þ;uratio tk−1ð Þð Þ⋅uratio tk−1ð Þ; discharge;
ies tkð Þ⋅ηbuck ies tk−1ð Þ;uratio tk−1ð Þð Þ⋅uratio tk−1ð Þ; charge:

�

ð11Þ

In Eq. (9), iref is the current reference and i|ref| the absolute value of
the reference, D (+1, 0, or −1) is the current direction, and Imin and
Imax are the minimum and maximum current values of the DC–DC con-
vertermodel. In Eq. (10), τDC/DC is the control delay time-constant. In Eq.
(11), iES is the energy storage system current on the DC-link voltage
level, tk is the discrete-time sample with an index k, ηboost(ies,uratio)
and ηbuck(ies,uratio) are the discharge and charge efficiency mappings,
respectively. The voltage ratio uratio = ues/uDC where ues is the
energy storage voltage. Note that (tk − tk − 1)≪ τDC/DC. Further-
more, notice that the efficiency of the DC–DC converter depends on
the energy storage current ies, and the voltage conversion ratio uratio.
Fig. 4 presents the measured efficiency mapping [24] for a
non-isolated multiphase interleaved bi-directional DC–DC converter.
The efficiency mapping gives the relation for iES with respect to ies in
the current range of 30…190 A and the ues voltage range of 0…390 V
while uDC is 650 V.

2.4.6. Brake unit
The brake unit, i.e., a brake resistor with a power switch, is used to

prevent excessive increase of voltage in the low-capacitance intermedi-
ate circuits. It can be described, e.g., as

iBRK tkð Þ ¼ KP⋅eu tk−1ð Þ þ K I∫
t
oeu tk−1ð Þ⋅dt; if uDC tk−1ð Þ > Ubrake

DC ;

0; if Ubrake
DC ≥uDC tk−1ð Þ;

8>><
>>:

ð12Þ

where iBRK is the current of the brake unit, eu is the voltage error between
Ubrake

DC and uDC. Parameters KP and KI are used for modeling the operation
of the brake unit.

Fig. 3. Illustration of the powertrain efficiency calculations.
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2.5. Finding of equivalent powertrain sizes

In order to compare different powertrain cases to each other the
designer must ensure that different powertrains are able to provide
the same energy and peak power to the load, as well as to receive
the regenerative power. The disparity in the comparison is a sign of
lacking performance or weak design, and gives a reason for a new iter-
ation round for sizes of powertrain components, because powertrains
cannot be equally compared until they reach to the same performance.

In the design, the reference load power must be derated if it causes
the DC-link instability, i.e. a collapse of voltage. This instability may
arise due to various constraints. Eq. (9) introduces the maximum cur-
rent constraint of a DC–DC converter. Furthermore, the minimum and
maximum voltage constraints for an UC pack can be described, as

i refj j ¼ i ref 0j j·αUUC ;

αUUC ¼
min 1;max 0;

�
uuc−Umin

uc
�
=
�
Ulow

uc −Umin
uc

�� �h i
; discharge;

min 1;max 0; Umax
uc −uuc

� �
=
�
Umax

uc −Uhigh
uc

�� �h i
; charge:

8<
:

ð13Þ

In this equation, i|ref'| is the current reference before limitations,
Umin

uc and Umax
uc are the minimum and maximum voltages of the UC

pack, Ulow
uc and Uhigh

uc are the ES current limitation threshold low and
high voltages, respectively. Other constraints such as the power deriva-
tive limitation of the FC source, the continuous currents of the battery for
discharge and charge, the maximum temperature for UC, and the low
DC-link voltage are considered in a same kind of way. Therefore, the
deration of the load can be expressed, e.g., for the case a based on the
battery current, for the case b based on the UC pack constraints, and
for the cases c, d, and e based on the voltage of the low-capacitance DC
link.

Fig. 5 shows theflowchart that is a suitable technique for presenting
the iterative design process to obtain comparable powertrains. The first
phase of the process is to design a powertrain topology with the energy
management algorithms. The second phase includes parametrizing
models, and the third phase is to simulate the systemmodel. Depending
on the decision for the comparison of the reference power pref and the
actual power pact, either characteristics of the design are calculated or
a backward loop is chosen. This backward loop includes a decision for
reconsideration of the entire design or only parameters.

2.6. Simulated power-flow waveform examples

Figs. 6–10 show power flows at the point of common coupling of in-
termediate circuits. These figures refer to a short period of the load cycle

that was used for this work. It should be noted that these figures are
shown exclusively to illustrate the power-flow behavior of different
cases. The load data of the straddle carrier is shown in each figure,
and other power-flow waveforms are case dependent and described
on the legends of these figures. Fig. 6 shows power flows of the case a
in which the FC source is operating in the maximum power region
and battery buffers the load variation.

Fig. 7 presents power flows of the case b. In this case, the FC source
provides the averaged load power that is near the maximum power of
the FC source. The UC limits the battery current approximately within
the continuous current limits. The battery current limitation is pro-
portional to the voltage of the UC pack, due to an UC pack charge
compensation.

Fig. 8 shows power flows of the case c. The FC source operates on
the maximum power region, as in the case b. The battery pack con-
verter buffers the load variation within the battery current limita-
tions. Therefore, the cases b and c illustrate two methods to limit
the battery current, with or without an UC pack charge compensation.
Furthermore, in the case c, the active UC pack regulates the DC-link
voltage, and thus, the UC power is particularly discontinuous when
compared to the case b. This discontinuous power is due to a droop
DC-link voltage regulation in the cases c, d, and e, which in this case
consists a proportional regulator with a minimum current. Therefore,
in these cases, the DC-link voltage varies according to Eq. (6). The
brake unit limits the DC-link voltage if the voltage exceeds the opera-
tion limit. Operation of the brake unit can be seen on the first decelera-
tion in Fig. 8.

Fig. 9 presents the case d, i.e., the UC buffered powertrain with the
variable FC power production. The FC source power follows the load
power variation against the power transition limit.

Fig. 10 presents the case e, i.e., the UC buffered powertrain with
the limited FC power production. In this case, the FC source maximum
power is chosen a bit above the average load power. The load power
is averaged with an UC system, and another UC system regulates the
DC-link voltage.

As a summary, the cases a, b, and c operate the FC source in the
maximum power region, because of a battery in the topology. The
cases d and e operate the FC source against the power transition
limit, and particularly the case e with the limited maximum output

Fig. 4. Efficiency map of a DC–DC converter in the charge operation.

Fig. 5. Iterative design process to obtain comparable powertrains.
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power. Furthermore, the cases b and c have different targets for the
battery current limitations. The case b compensates the UC charge de-
pletion with a proportional regulator, whereas the case c does not
compensate the UC charge depletion. The cases c, d, and e need the
DC-link voltage regulation, whereas the cases a and b have a battery
on the intermediate circuit.

3. Results

The comparison of different topologies is given by assessing both the
high-energy (HE) and high-power (HP) battery packs. The HE battery
refers to cases with continuous 1C charge and discharge currents, and
the maximum 2C discharge current. The HP battery refers to cases
with continuous 6C currents for both charge and discharge, and the
maximum 10C current. Calculation parameters for the comparison are
given in Table 2 and they base on references [4,25,26,28–32]. A shallow
cycle, for a battery, refers to a low charge variation, for instance a 3% SOC
variation; and a deep-discharge cycle, for an UC, refers to a high charge
variation, e.g. a 75% SOC variation. Table 3 presents the equivalent FC
hybrid powertrains based on the backward simulations from the load
cycle of NRMM to sources. The results are based on the simulations
presented in Section 2.6. These results propose the relation of 5.6 for en-
ergy contents of batteries, i.e., the relation of energies as HE per HP bat-
teries, which in [33] is in the range of 3.8…5.3.

3.1. Weight and size comparison

Fig. 11(a) presents the weight and size comparison for different to-
pologies with the HE battery, in the cases a, b, and c. The UC buffered to-
pologies are the cases d and e, as well as b and cwith the UC peak power
buffering only. Fig. 11(b) presents the weight and size comparison for
the HP battery buffered topologies, respectively. These figures show
that the minimum weight and size are achieved with the fuel cell pas-
sive HPbattery topology. Almost the equivalentweight and sizewith re-
spect to theHP case a are attainedwith theHP cases b and c. However, if
the HE battery is used, the mutual weight and size order changes. Then,
the minimum weight and size are achieved with the cases b and c. Fur-
thermore, the HE case a becomes significantly heavier and larger, and is
comparable to the UC buffered cases d and e. The heaviest and largest
case is the case e in which the FC source is operated continuously in
the maximum power region and buffered with UC packs. A noteworthy
detail is that the weight and size mutual relations of different topologies
are dependent on the continuous current value of a battery pack. These
results propose theweight ratio of 1.7…2.1 in comparison of the HP case
awith respect to the cases d and e; the size ratio is in the range of 2.8…
3.5, respectively.

3.2. Efficiency and energy losses comparison

Fig. 12 shows the results for efficiencies and average power losses
of the powertrains from the FC source output to load inputs, and thus

Fig. 6. Power-flow waveform example of the case a.

Fig. 7. Power-flow waveform example of the case b.

Fig. 8. Power-flow waveform example of the case c.

Fig. 9. Power-flow waveform example of the case d.

301M. Liukkonen et al. / Automation in Construction 35 (2013) 296–305



the efficiency of a FC source is excluded. The efficiencies are calculated
with the beginning of lifetime resistance values for the energy storages.
The average power losses are given as the average lifetime values with
error bars that refer to the beginning and end of lifetime values of the
energy storage resistances.

The efficiency maximum is obtained with the case a, due to the
fewest power conversions on the primary power path. The case b has
slightly lower efficiency since peak powers go through a power conver-
sion. The case c yields a power conversion for the battery pack, and
hence, power losses are significantly increased with respect to the
case b. Furthermore, in the case c, power losses occur increasingly if a
vehicle is operated during the start-up phase of a FC source. The case
d is vulnerable to a FC-converter efficiency, and the efficiency of the
case e is between the cases b and c.

It is to be noted that feasibilities of the topologies is dependent on
the power conversion efficiencies. The calculated powertrain efficien-
cies give a valuable feedback, and possibly a reason to reconsider designs
of converters. This may apply to the cases c and d, in which power losses
may cause these powertrains to become impractical due to the consider-
able importance of cooling. Furthermore, the powertrain efficiency values
are dependent on the load cycle, topology, and energy management, and
those should not be applied to out of their contexts.

3.3. Initial and lifetime costs, and cost trends

Fig. 13(a) and (b) presents initial and lifetime costs, i.e., capital and
operating costs, calculated with parameters given in Table 2. The lifetime
costs are average values with error bars that refer to early and mass-
market costs of energy storages. These figures show that the minimum
costs are achieved with the case e, i.e., the maximum power region

operated FC source buffered with UC packs, due to the low price of UCs
in [4,28]. The second lowest price is attained with the case d which has
a higher rated FC source. The battery based topologies will not ever
achieve as low lifetime costs as the cases d and ewith shown parameter
values. In the battery based topologies, the cheapest is the HP case b, and
the second cheapest is the HP case c. The most expensive topology is the
HE case a.

The powertrain lifetime cost Slifetime is calculated, as

Slifetime ¼
tref

tlifetime�1
·S1 þ

tref
tlifetime�2

·S2 þ…þ tref
tlifetime�n

·Sn þ 1−ηpt
� �

·PFC·Senergy·tref ;

ð14Þ

where tref is the lifetime of a powertrain, in this case 15 years, and
tlifetime_n refers to the lifetime of a nth component. Furthermore, Sn is
the price of a nth component, PFC refers to the average FC-source power,

Fig. 10. Power-flow waveform example of the case e.

Table 2
Weight, size, price, and lifetime parameters.

Component Energy/weight Energy/size Price Lifetime

[kWh·kg−1] [kWh·m−3] [$·(kWh)−1] [cycles]

HE battery 0.102 129 210–840 3.0 · 105a

HP battery 0.050 95.6 980–2800 3.0 · 105a

UC 0.0023 1.6 2380–32200 1.0 · 106b

Power/weight Power/size Price Lifetime

[kW·kg−1] [kW·m−3] [$·kW−1] [years]

FC 0.21–0.38 140–270 100 1.6
DC–DC 3.45 5800 100 15
Brake resistor 13 6600 5 15

a Refers to a shallow cycle.
b Refers to a deep-discharge cycle.

Table 3
Equivalent powertrains.

Battery
[kWh]

UC
[kWh]

FC
[kW]

DC–DC
[kW]

Resistor
[kW]

Case a, HE 189 0 75 75 0
Case b, HE 108 0.55 75 275 0
Case c, HE 108 0.55 75 386 157
Case a, HP 34 0 75 75 0
Case b, HP 19 0.55 75 275 0
Case c, HP 19 0.55 75 386 157
Case d 0 2.63 200 357 267
Case e 0 4.03 82 385 27

a

b

Fig. 11.Weights and sizes of the powertrains, with: (a) the HE battery pack; (b) the HP
battery pack.
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and Senergy refers to the electrical energy cost of 0.1 $·(kWh−1). In
Table 2, the lower price values of the energy storages refer to the mass
manufacturing costs, and the high price values refer to the early market
costs, respectively. Prices of FC and power electronics are somewhat
same as themass manufacturing costs estimated for 5.0·105 units' yearly
production. The energy-storage life expectancies are calculated from the
modeled charge–discharge cycles. Traction and hoist units, i.e. electric
machines with inverters, costs are excluded from these cost calculations.

Themost significant influence on the powertrain costs after the high
volume manufacturing of the proton exchange membrane (PEM) fuel
cells is with the battery pack prices. Therefore, Table 4 presents the
battery pack prices depending on the battery manufacturing amount
in energy and packs [34]. Then, Fig. 14(a)–(b) presents estimates of
the powertrain cost as functions of the battery manufacturing amount
in energy and packs. These figures use 2800 $·(kWh−1) [4,28] for the
price of the UC pack.

Fig. 14(a) shows that the powertrain lifetime costs with the HP
battery become competitive with respect to the cases d and e when
the battery manufacturing amount is in the range of 100 MWh. Howev-
er, competitiveness of the HP battery topologies rise in the manufactur-
ing amount range from 1 k to 10 k units, in Fig. 14(b), which is the size
of the complete heavy-duty hybrid-electric vehicle (HEV) market. The
market is assumed to increase from 4 k units in 2009 to 14 k units by
2015. This would lead to the 100…1000 MWhmarket volume with the
average battery pack capacity range from 7 to 70 kWh. Such the market
volume means 0.5…4.7% of the complete automotive Li-ion battery
manufacturing capacity by 2014. The entire HEV industry was 0.8 M
units in 2009, and increase is assumed to be 1.7 M units by 2015 [35].
Fig. 14(a)–(b) states that the HE battery topologies will not become
cost competitive with these manufacturing amounts. Furthermore, bat-
tery packs manufacturing amounts less than 100 packs, the low voltage
packs are expected to have lower prices than the high-voltage packs [34].

Several heavy-duty vehicle manufacturers cannot alone increase
their manufacturing volumes high enough to bring down the battery
prices. For the industry to grow, variety of cell and pack designs need
to be reduced. Nowadays, the cell designs vary in capacity, shape and
dimension, packaging, terminal arrangements, and nominal voltage.
Furthermore, the pack designs vary in battery management systems,
connector mounting arrangements, and cooling. Expansion of the
HEV industry will require standardization [35].

3.4. Benefits, disadvantages, and choice of a powertrain

In the perspective of the heavy-duty HEV market volume, the com-
petitive powertrain options are the HP battery and UC buffered topolo-
gies for a charge sustaining operation of energy storages. These cases
are all relatively competitive in costs, whereas the HE battery buffered
topologies yield higher weight, size, and cost. Furthermore, in the per-
spective of the weight and size, the cases a, b, and c are all similar
with a HP battery, and due to complexity of the cases b and c, the con-
venient powertrain cases for the charge sustaining operation are the
HP case a, case d, and case e.

However, if an autonomous operation and energy reserves are em-
phasized, then, the HE battery topologies come into question. The case

a

b

Fig. 12. Comparison of different topologies based on: (a) the efficiencies and (b) the
average power losses, for the powertrains from a FC source output to load inputs.

a

b

Fig. 13. Initial and lifetime costs of the powertrains, with: (a) the HE battery pack and
(b) the HP battery pack.

Table 4
Battery prices depending on manufacturing amounts for the lithium manganese spinel–
graphite cells.

1 MWh
[k$]

10 MWh
[k$]

100 MWh
[k$]

1000 MWh
[k$]

Case a, HE 240 95 52 37
Case b, HE 150 59 32 23
Case c, HE 130 54 30 21
Case a, HP 60 24 13 9.1
Case b, HP 40 16 8.8 6.1
Case c, HP 33 14 7.4 5.2

10 packs
[k$]

100 packs
[k$]

1000 packs
[k$]

10 000 packs
[k$]

Case a, HE 180 78 46 35
Case b, HE 140 58 32 22
Case c, HE 130 52 30 21
Case a, HP 101 36 17 11
Case b, HP 89 30 13 7.8
Case c, HP 74 25 11 6.6
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a, with a HE battery and the most energy reserves, can be reduced in
weight and size by help of an UC system as in the cases b and c. Further-
more, this leads to decrease in costs, although some energy reserves are
lost.

In addition, there may be other aspects to consider when choosing
a powertrain. The case c allows the battery voltage to be different
from the DC-link voltage. Furthermore, it yieldsmore degrees of freedom
to an energy management and separates energy storages from the DC
link, and thus increases the redundancy of the system. The HE case a
becomes a convenient choice, if the efficiency and energy reserves of a
powertrain are emphasized.

A drawback to all battery buffered topologies is the cost. They seem
to introduce higher costs than the UC buffered topologies d and e. On
the other hand, the UC buffered topologies increase weight and size
with respect to the HP battery topologies [4], and particularly the case
e maximizes the weight and size of a powertrain. The cases a and b
have a high-voltage battery on an intermediate circuit, the cases c and
d yield the lowest powertrain efficiencies, and weaknesses of cases d
and e are on the operation during the FC start-up.

The choice of a powertrain is a complex decision making task, which
sometimes cannot be explicitly defined. Therefore, structured decision-
making tools could be used to systemize this choice process by prioritiz-
ing different properties. For instance, the analytic hierarchy process
technique could be suitable with criteria such as weight, size, efficiency,
cost, autonomous range, and redundancy. The introduction of a non-
measurable property as the redundancy makes a powertrain decision
task even more complex.

4. Conclusion

The systematic comparison analysis for fuel cell hybrid powertrains
in non-road mobile machineries is presented. The comparison needs a
simulation tool that has been developed, and is now introduced. The
analysis compares five different fuel cell hybrid topologies for a load
cycle that is specific for a straddle carrier. The paper gives guidelines
for the reproduction of a similar work, and for choosing a fuel cell
powertrain to a non-roadmobilemachinerywhen properties asweight,
size, efficiency, and cost, are considered. Furthermore, the introduction
of an autonomous range and redundancymake the powertrain decision
task more complex.

This analysis has value specifically for powertrain engineers apply-
ing DC distribution systems to various applications. The paper presents
plant models of the analysis, time-domain simulations for operations of
topologies, and concludes mutual relations of properties for different
topologies. For instance, results conclude the topology with a passive
high-power battery to optimize the system weight and size, whereas
the topology with an ultracapacitor buffering optimizes the system
costs. Furthermore, the feasibility of a combined battery and ultra-
capacitor powertrain in contrast to other powertrain cases have been
concluded.
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