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Abstract 
 
The fuel cell powered vehicle is one of the most attractive candidates for the future due to its high 
efficiency and capability to use hydrogen as the fuel.  However, its relatively poor dynamic 
response, high cost, and limited life time have impeded its widespread adoption.  With the 
emergence of large supercapacitors (also know as ultracapacitors, UCs) with high power density 
and the shift to hybridization in the vehicle technology, fuel cell/supercapacitor hybrid fuel cell 
vehicles are gaining more attention.  Fuel cells in conjunction with supercapacitors can create 
high power with fast dynamic response, which makes it well suitable for automotive applications. 
Hybrid fuel cell vehicles with different powertrain configurations have been evaluated based on 
simulations performed at the Institute of Transportation Studies, University of California-Davis. 
The following powertrain configurations have been considered: 
 

(a) Direct hydrogen fuel cell vehicles (FCVs) without energy storage 
(b) FCVs with supercapacitors directly connected in parallel with fuel cells  
(c) FCVs with supercapacitors coupled in parallel with fuel cells through a DC/DC 
converter 
(d) FCVs with fuel cells connected to supercapacitors via a DC/DC converter 

 
Simulation results show that hybridization of fuel cell vehicles with supercapacitors with load 
leveling control can significantly reduce the stress on fuel cells electrically and mechanically and 
benefit fuel economy of the vehicles. Compared to fuel cell vehicles without energy storages, fuel 
cell-supercapacitor hybridization achieved fuel economy increases of up to 28% on the FUDS 
cycle and up to 24% on the US06 cycle for mid-size passenger vehicles. In general, the maximum 
fuel economy improvements are greater using supercapacitors than batteries.  The simulation 
results show that the power assist control strategy is better than load-level control for batteries 
because of the lower losses in the DC/DC converter and batteries, but load level control is better 
for supercapacitors.  The best approach for hybridization of the fuel cell vehicles is to use 
supercapacitors with load leveled control as it greatly mitigates the stress on fuel cells and results 
in a near maximum improvement in fuel economy and fuel cell durability.  
 
Key words: fuel cell vehicles, fuel cell system, hybridization, supercapacitors, load leveling, 

power assist 
 
 
1. Introduction 
For reducing green house (GHG) gas emissions and fossil oil consumption, the development of 
next generation light duty vehicles (LDVs) has been accelerated by the government and private 
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sectors since early 2000s.  Hybrid electric vehicles (HEVs), plug-in hybrids (PHEVs), fuel cell 
vehicles (FCVs), battery electric vehicles (BEVs) , alternative fuel (biofuel) vehicles have been  
developed.  Electric drive vehicles such as BEVs and FCVs appear to the best options for 
reaching the goal of GHG reduction.  The research and development has focused mainly on 
hydrogen fuel cells and batteries.  Hydrogen is not a primary fuel.  Like electricity used to charge 
batteries, it is an energy carrier and the hydrogen must be produced from another energy source 
and stored onboard the vehicle.  
 
In automotive applications, fuel cell systems must be able to adapt to challenging operating 
conditions such as frequent start-up and stop and sudden change and widely varying power 
demand.  These conditions are much easier to cope with if the fuel cell system is hybridized using 
batteries and/or ultracapacitors.  In addition to mitigating the stress on the fuel cell via load 
leveling, the energy storage permits the capture of regenerative braking energy, which will 
benefit vehicle fuel economy and can potentially permit downsizing the fuel cell system.  
Different approaches to hybridizing fuel cells and energy storage technologies have been 
developed. It is of interest to simulate and evaluate these different hybridization configurations 
with different energy storage arrangements. 
 
Considering hybridization of fuel cell vehicles, designers have a number of choices to consider. 
These alternatives include the physical arrangement of the power sources, selection of the energy 
storage technology and devices, and the control strategy for splitting power between the fuel cell 
and the energy storage unit.  Hybridizing fuel cell vehicles with energy storage has been 
extensively studied in terms of powertrain arrangements [1-9], power source sizing [6,10-13], and 
energy management strategies [1,2,4,8,14,15].  Evaluations of these alternatives include the 
type/class of vehicle, fuel economy/consumption, and performance and cost of the vehicle.  
 
In this paper, the performance and fuel consumption of mid-size hybrid fuel cell vehicles are 
simulated for different power source configurations using a fuel cell vehicle program recently 
developed [16,17] at the Institute of Transportation Studies, University of California-Davis.  The 
following fuel cell powertrain arrangements are considered: 
 

Direct hydrogen fuel cell vehicles (FCVs) without energy storage 
FCVs with supercapacitors directly connected in parallel with the fuel cell 
FCVs with supercapacitors coupled in parallel with the fuel cell through a DC/DC 
converter 
FCVs with the fuel cell connected to supercapacitor dc-link via a DC/DC converter 

 
These powertrain configurations are analyzed over the FUDS and US06 driving cycles.  
Simulations of fuel cell vehicles with different size of energy storage and fuel cell units are 
performed and analyzed.   The evaluations focus on fuel economy/consumption and component 
/system efficiency for the same size vehicles having the same road load characteristics.  
Complexity and cost are not considered in the analysis. 
 
 
2. Supercapacitor Characteristics 
 
With the shift to hybridization in the late 1990s, energy storage technology for HEVs, PHEVs 
and FCVs has been extensively developed.  Significant advances in terms of performance, 
lifetime and cost have been achieved.  It is of interest to compare these technologies in terms of 
energy storage and power handling capacity.  The Ragone plot of these technologies [18,19] is 
given in Figure 1.  The solid lines show the current status and the dotted lines give an estimated 
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future potential of different technologies.  The sloping lines indicate the ratio of power density 
and energy density (P/E) of the technologies, which is an indication of their relative charging and 
discharging times.  The supercapacitors can deliver very high power and be charged in a few 
seconds but have limited energy storage capacity.  Lithium batteries can store 10-30 kWh and be 
completely charged and discharged in 10-20 minutes and can provide high pulse power for a few 
seconds much like capacitors, but with greater losses.  On the other hand, the hydrogen fuel cell 
system has a very high system energy density due primarily to the characteristics of the hydrogen 
fuel and can deliver  high power for long periods, but has relatively poor dynamic response due to 
the compressor needed to provide the air at the cathode of the fuel cell.  Hence none of the 
technologies meets all of the needs of electric drive vehicles.  Considering the need for long range 
between refueling and the ability to cope with rapid changes in power demand and frequent 
capture of regenerative braking energy, the combination of fuel cells and supercapacitors/batteries 
can take advantage of the strengths of each of the technologies and achieve performance in 
automotive applications better than that of internal combustion engines.  Lithium batteries having 
relatively high energy density and high power density are ideal power sources for BEVs and 
PHEVs. 

 
Figure 1 Ragone plot of energy storages for automotive applications 

Modified image from [18,19] 
 
Supercapacitors have been developed since the early 1990s.  Large supercapacitors with cell 
capacitance ranging from 1000 Farad to 5000 Farad are commercially available from several 
companies including Maxwell, Ness, Power Systems, and Panasonic.  The characteristics of these 
devices are summarized in Table 1 taken from [20].  Most of these supercapacitors utilize 
activated carbon and an organic electrolyte with cell voltages of 2.5-2.7V.  Their useable energy 
density varies from 4-4.5 Wh/kg.  Prototype cells with higher energy density (8-12 Wh/kg) utilize 
advanced carbons permitting higher voltage (3.3-3.8V).  The supercapacitors have low resistance 
resulting in low charge and discharge losses and associated high power densities of 1000-2500 
W/kg for 95% efficient pulses.  As indicated in Table 2, lithium batteries also have high pulse 
power, but not as high as that of most supercapacitors.  The highest power density lithium 
batteries are the lithium titanate oxide (LiTiO) cells from Altairnano.  The devices used in the 
simulations in later sections of the paper are based on the carbon supercapacitor from APowerCap 
and the graphite/NiCoMnO2 Li-ion cells from EIG.     
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Table 1 Summary of performance characteristics of supercapacitor devices [20] 

 

†   Energy density at 400 W/kg constant power, to ratedV 2ratedV  

†† Power based on , EF = efficiency of discharge RVEFP /)1(16/9 2
*   Except where noted, all the devices use acetonitrile as the electrolyte 
** All device except those with ** are packaged in metal containers, these devices are in laminated 

pouches 
 

Table 2 Comparisons of battery and supercapacitor characteristics 

 
‡ Battery power density at full charge, P= Eff.*(1-Eff.) Voc2 /R 
    Supercapacitor power density,          P= 9/16*(1-Eff.) Voc2 /R                   
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3. Fuel Cell Systems, Fuel Cell Vehicles and Control Strategies 
 
3.1 Optimal Operation Conditions 
 
As a next generation power source for automotive applications, fuel cells can deliver electricity 
with high efficiency.  However, the operation of the on-board auxiliaries such as the air supply 
compressor, cooling pump and radiator fan can significantly affect the performance of fuel cell 
system.  Hence the operating strategy and resultant transients of the fuel cell system can have a 
significant impact on the system efficiency and thus vehicle fuel economy.  There are two 
operating modes for the fuel cell system: fixed back pressure operation and optimum varying 
back pressure operation. In both modes, the air flow stoichiometry is optimized to maximize net 
output power and efficiency of the fuel cell system [16].  The optimum varying back pressure 
operation of a fuel cell system requires varying the back pressure and air supply stoichiometry as 
the power demand changes. 
 
Figure 2 shows a plot of optimized net system efficiency vs. net power for a 106 kW fuel cell 
stack and a 17 kW twinscrew compressor operating at fixed back pressures of 1.1 atm, 1.5 atm, 
and 2.0 atm and optimum varying back pressure.  Compared to fixed back pressure operation, the 
fuel cell system with the optimum varying back pressure operation can achieve higher system 
efficiency over the entire operating power range and maximize the system output power.  It can 
be seen that the peak efficiency of a fuel cell system occurs near 25% of rated power for fixed 
high back pressure operation and 13% of rated power for the optimal operation.  The efficiency of 
the fuel cell system is significantly lower in the very high or very low output power regions due 
to the high compressor power requirement in the high power region and low compressor 
efficiency in the low power region.  Therefore, properly sizing the fuel cell system based on the 
average driving power instead of the maximum power required for acceleration can benefit fuel 
economy of hybrid fuel cell vehicles.  Optimum varying back pressure operation of fuel cell 
systems will be adopted in the following powertrain configuration analysis. 
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Figure 2 Optimized fuel cell system efficiency vs. net power  

 

5 



3.2 Fuel Cell Vehicle Powertrain Configurations 

The optimal operation of a fuel cell system requires varying the back pressure and air supply 
stoichiometry ratio according to the change of the power demand.  These rapid changes in the 
operating conditions of the fuel cell stack can have a major impact on the lifetime of the fuel cell 
stack due to the mechanical stresses on the MEA and the stack accessory components. 
Hybridization of fuel cell vehicles with energy storage can mitigate this stress and achieve better 
fuel economy.  Considering hybridization of fuel cell vehicles, designers have many choices.  
These alternatives include the physical arrangement of the power sources, selection of the energy 
storage technology and devices, and the control strategy for splitting power between two power 
sources.  There are several practical arrangements of power sources.  Each of the power sources 
arrangements has its advantages and disadvantages relative to operating conditions, control 
complexity, development cost, vehicle performance, and fuel economy potential.  Figure 3 
illustrates schematically the fuel cell powertrain arrangements considered in this paper. 

 

 
a 

b 

c 

d  
Figure 3 Powertrain configurations for fuel cell vehicles 

 
(a) Direct hydrogen fuel cell vehicles without energy storage. This configuration is the 
simplest. No DC/DC converter is employed to control the DC-link voltage. The fuel cell 
stack voltage is the DC-link voltage. Because the dependency of fuel cell output current on 
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the reactant flow rate limits its response to load transients, this configuration requires a bigger 
fuel cell stack and fast reactant supply system to satisfy a large variations in load power. The 
DC-link voltage has a large swing due to the slow response of the fuel cell system. This 
configuration is used as the baseline for comparing different powertrain configurations. 
 
(b) FCVs with supercapacitors directly connected to fuel cells. The supercapacitors are 
directly connected in parallel with the DC-link (fuel cell stack). In this case, the voltages of 
the energy storage unit and fuel cell are equal. The relatively soft voltage-current 
characteristics of fuel cells allow supercapacitors to operate over a fairly wide range of 
voltage and to self regulate the DC-link voltage fluctuation. The supercapacitors will absorb 
the excess power from the stack and the regenerative braking energy and provide a fraction of 
transient power for vehicle acceleration. A diode is utilized before the fuel cells for 
preventing the DC-link from back feeding the fuel cells during vehicle regenerative braking. 
This configuration is less costly, less complex and more efficient. 
 
 (c) FCVs with energy storage such as supercapacitors or batteries coupled in parallel with 
fuel cells through a DC/DC converter. The fuel cell voltage is the DC-link voltage. The 
transient power provided by the energy storage is regulated by a DC/DC converter. The 
introduction of the DC/DC converter can maximize the utilization of supercapacitors or 
batteries during acceleration and cruise and regenerative braking. This configuration permits 
controlling the transient power from the fuel cell by applying different power split strategies 
such as power-assist or load-leveling control to mitigate the stress on the fuel cell stack [21]. 
The state of charge (SOC) of supercapacitors or batteries can be directly controlled within 
appropriate levels. 
 
(d) FCVs with the fuel cell coupled with energy storage unit through a DC/DC converter. The 
energy storage voltage is the DC-link voltage. The steady power provided by the fuel cell 
passes through the DC/DC converter. The converter regulates the fuel cell power to avoid 
large fluctuation of the DC-link voltage. The SOC can be controlled indirectly. 
 

Various FCV developers use different powertrain configurations and energy storage technology 
in their vehicles.  There is a need to model the various fuel cell vehicle configurations and to 
simulate their performance/hydrogen consumption for different size fuel cell stacks and type and 
size of energy storage unit.    
 
In practical applications, it is not necessary to maintain a constant DC-link voltage. A relatively 
slow change of the DC-Link voltage is acceptable for control purposes.  In this study, the four 
fuel cell vehicle configurations (a-d) are evaluated via vehicle simulations.  Supercapacitors are 
used in configurations (b), (c) and (d).  NiMH and Li-ion batteries are utilized in the 
configuration (c) for comparison with the systems using supercapacitors.  
 
3.3 Power Splitting Control Strategies 
 
The fuel cell operation (power, voltage, current vs. time) and hydrogen consumption (fuel 
economy) are closely related to the strategy utilized to split power between the fuel cell and the 
energy storage as the vehicle is operated over various driving cycles.  The general objective of 
any control strategy is to operate the fuel cell system only in its high efficiency region, avoiding 
operation in the very low power and very high power regions.  Power assist and load leveling 
control strategies can be used in hybrid fuel cell vehicles.  Power assist control splits the 
power/current demand of the traction motor  based on the fuel cell voltage  and the motori fcV
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energy storage SOC.  The current command for the energy storage device  is expressed in 

equation (1) with the fuel cell providing the remaining current (equation 2). 
essi

motoressfcfcess iSOCfVfi  )()(   (1) 

essmotorfc iii       (2) 

where  and  are factors related to fuel cell voltage and energy storage device SOC, 

respectively.  If the fuel cell voltage remains relatively high, it will provide most of the current to 
the motor.  When the fuel cell voltage becomes low, the energy storage device will provide a 
large fraction of the current demanded by the motor.  

fcf essf

 
In load leveling control, the fuel cell provides relatively steady power and the energy storage 
device provides transient power.  The fuel cell current command  is calculated by averaging 

the traction motor current  over a specified time period such as 60 seconds. 

fci

motori

sec60,avfc ii       (3) 

sec60,avmotoress iii      (4) 

The implementation of the control strategies for power split is schematized in Figure 4. Both control 
strategies maintain the SOC of the supercapacitor or battery within a specified range.  Compared 
to the power assist control, load leveling control permits the fuel cell to operate within a relatively 
narrow high efficiency region.  This mitigates the stress on the fuel cell and maximizes fuel cell 
life by utilizing the energy stored in the supercapacitor or battery to meet high power transients. 
However, a significant fraction of the transient power passes through the DC/DC converter for 
leveling the fuel cell current, which introduces significant losses in the power electronics. A 
previous study [21] study showed that the load leveling approach can improve vehicle fuel 
economy over most of driving cycles.  

 
Figure 4 Schematic of power split control 

 
For fuel cell vehicles with supercapacitors coupled directly in parallel with the fuel cell, no dc/dc 
converter is employed.   The voltages of the supercapacitor unit and fuel cell are equal.   The 
current of the supercapacitors is governed by the differential equation (5).   

dt

di
R

C

i

dt

dV cap
cap

cap  , 
dt

dV

dt

dV fccap    (5) 

 
 
4. Vehicle simulation 
 
Simulations of the operation of hybrid fuel cell vehicles using various powertrain arrangements 
and energy storage technologies (supercapacitors and NiMH and Li-ion batteries) were performed 
using the UCD fuel cell vehicle simulation program [16,17].  The UCD fuel cell vehicle model is 
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a forward-looking vehicle model developed using Matlab-Simulink®, which can simulate both 
the dynamics of the fuel cell system and the vehicle.  Simulations were performed using both the 
power assist and load leveling control strategies.  In the case of the load leveling control strategy, 
the fuel cell provides the average power requested by the vehicle over a specified period and the 
transient behavior of the air supply system can be ignored when the energy storage is coupled 
with fuel cell through power electronics.  In that case, the quasi-steady model of the fuel cell 
operation was employed. 
 
In addition to the choice of powertrain arrangements and energy storage technologies, the 
simulation have been run with different sizes (kW) of fuel cells and energy storage (Ah or Wh) in 
order to evaluate the potential of downsizing the fuel cell as a means of reducing system cost.  
The characteristics of the vehicle, energy storage and the fuel cell system are listed in Table 3.  
Increasing the averaging time in the load leveling control strategy leads to a larger fraction of 
transient power passing through the energy storage unit and results in greater losses in the 
charging and discharging of the energy storage unit. In this study, a 60-second simple moving 
average is used for leveling the power requirement for the fuel cell system.  
 
Regenerative braking is limited by the maximum power of the traction motor and maximum SOC 
and voltage limits of the energy storage units.  Permitting a large battery SOC swing can lead to a 
shortened cycle life for NiMH and Li-ion batteries.  Hence the battery SOC is limited to the range 
between 0.6 and 0.8.  In addition, the regenerative braking currents are limited to protect the 
batteries from over voltage.  The minimum voltage of the supercapacitor is set as 50 percent of its 
rated voltage.  The maximum usable energy is then 75 percent of the total energy stored in the 
capacitor.  The supercapacitor SOC = 1- [(Vrated – V)/(Vrated /2)]  is controlled to be between 0.98 
and 0.1. Empirical data of an APowerCap 450 F supercapacitor and an EIG NiCo 20 Ah Li-ion 
cell obtained from testing at UC Davis are utilized and scaled in the energy storage unit models 
(see Table 2). Data files for the NiMH battery in ADVISOR were used for that battery.  
 
Table 3 Vehicle simulation parameters 

 
§ Without energy storage mass, recalculated based on the size and type of energy storages in the model. 
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Simulations were performed for mid-size vehicles without energy storage, with supercapacitors 
directly connected in parallel with the fuel cell, with the fuel cell connected to supercapacitor DC-
Link via a DC/DC converter, and with supercapacitors, NiMH or Li-ion batteries coupled with 
the fuel cell through a DC/DC converter.  All the powertrains were simulated in the same vehicle 
having the road load characteristics shown in Table 3 (column: case 1).  A fuel cell stack having 
440 cells with an active area of 510 cm2 was used in the simulations.  The fuel cell system 
employed a twinscrew compressor of 17.2 kW and generated a net output power of 87.6 kW.  The 
total vehicle mass was adjusted to reflect the type and capacity of energy storage and was 
recalculated based on the specific energy of energy storage units.  The rated traction motor power 
was 75 kW for all cases. An empirical efficiency map of a bi-direction DC/DC converter, indexed 
by the input/output voltage ratio and the output power, was employed in the model. 
 
The simulation results for fuel cell vehicles with 60sec load leveling control over five FUDS and 
US05 cycles are summarized in Appendix I.  The results show that hybridization with 
supercapacitors or batteries can improve the fuel economy of the fuel cell vehicles.  The increases 
of the fuel cell system efficiency were small, about 1-3 percentage points for the fuel cell-
supercapacitor hybridization with/without power electronics on both FUDS and US06 cycles, and 
3-4 percentage points for hybridization with NiMH batteries or Li-ion batteries on both FUDS 
and US06 cycles.  The increases of fuel cell system efficiency for fuel cell hybrids were much 
smaller than for conventional engine-hybrids for which the average engine efficiency is 
significantly increased by hybridization (by more than 50%).  
 
It can also be seen that hybridization with supercapacitors can recover more regenerative braking 
energy than using batteries due to lower internal resistance and high power density of 
supercapacitors.  The higher internal resistance of batteries not only limits the maximum braking 
power that batteries can absorb, but also introduces significant losses during charging and 
discharging batteries.  Supercapacitors can achieve round-trip efficiency of 94-99% compared to 
86-91% for Li-ion batteries and 82-87% for NiMH batteries on the FUDS and US06 cycles.  
Hence, supercapacitors are the best choice for load level control of fuel cells due to their high 
round-trip energy efficiency and high power density.  
 

Load Leveling Control on FUDS Cycle
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Figure 5 Fuel Economy Improvement of Various  

Fuel Cell-Supercapacitor Hybrid Vehicles on the FUDS cycle 
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Load Leveling Control on US06 Cycle
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Figure 6 Fuel Economy Improvement of Various  

Fuel Cell-Supercapacitor Hybrid Vehicles on the US06 cycle 
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Figure 7 Fuel Economy Improvement of Various Fuel Cell-Battery  

Hybrid Vehicles on the FUDS and US06 cycles 
 
The improvement in fuel economy of hybrid fuel cell vehicles using supercapacitors and batteries 
with 60sec load leveling control over the FUDS and US06 cycles are shown in Figure 5-7 
compared with fuel cell vehicles without energy storage.  The fuel cell-supercapacitor hybrid 
configurations result in fuel economy improvement of 11-28% on the FUDS cycle and of 4-24% 
on the US06 cycle, even with small supercapacitors. Fuel cell/Li-ion battery hybrids achieved 
improvement of fuel economy of less than 6% due to the efficiency losses in the batteries.  NiMH 
batteries are not suitable for fuel cell hybrids with load leveling control because the improvement 
of fuel cell system efficiency and the recaptured regenerative energy are completely offset by the 
efficiency losses in the batteries. 
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Fuel cell vehicles with supercapacitors connected directly in parallel with fuel cell achieved the 
highest fuel economy improvement due to elimination of losses in the DC/DC converter.  Fuel 
economy improvements for the FUDS and US06 cycles increased with an increase of the 
supercapacitor Wh capacity because the larger supercapacitor unit can capture more regenerative 
braking energy.  However, this improvement for the FUDS cycle tapers off for fuel cell vehicles 
having a DC/DC converter when the Wh capacity of supercapacitor reaches 120 Wh.  Therefore, 
sizing the supercapacitor should consider both meeting the transient acceleration power demand 
and maximizing regenerative braking energy recovery for improving fuel economy. 
 
The simulation results for the current, cathode back pressure and air mass flow rate of the fuel 
cell stack with/without supercapacitors and power electronics, are given in Figure 8, 9, and 10, 
respectively, for the US06 driving cycle.  The results of fuel cell vehicles having NiMH or Li-ion 
batteries coupled to the fuel cell dc-link via a DC/DC converter are also plotted for comparison.  
A 60 second load leveling control was used in fuel cell hybrids with a DC/DC converter.  
Comparison of the simulated results indicated that the supercapacitors significantly load-leveled 
the fuel cell operation mitigating the stresses on the fuel cell electrically and mechanically.  In 
addition, load leveling makes downsizing the fuel cell stack feasible.  Fuel cell-battery hybrids 
achieved limited load leveling due to battery power limitations. The profiles of the 
supercapacitor/battery SOC in Figure 10 show that compared to the fuel cell-supercapacitor 
hybrid vehicles without power electronics, fuel cell vehicles having power electronics can utilize 
a large fraction of the energy stored in the capacitors.  .  
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Figure 8 Comparison of the fuel cell stack current of fuel cell vehicles 

with different powertrain arrangements on the US06 Cycle (60s load leveling) 
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Figure 9 Comparison of the fuel cell cathode back pressure of fuel cell vehicles 
with different powertrain arrangements on the US06 Cycle (60s load leveling) 
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Figure 10 Comparison of the fuel cell air mass flow rate of fuel cell vehicles 

with different powertrain arrangements on the US06 Cycle (60s load leveling) 
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Figure 11 Comparison of the Supercapacitor/battery SOC of fuel cell vehicles 
with different powertrain arrangements on the US06 Cycle (60s load leveling) 
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Figure 12 Fuel economy improvement on the FUDS cycle 

by downsizing the fuel cell system (60s load leveling) 

14 



Fuel Economy Improvement on 5 US06 Cycles

0.96

0.97

0.98

0.99

1.00

60 80 100 120 140 160 180 200 220

Ultracapacitor Capacity (Wh)

F
u

e
l E

co
n

o
m

y 
Im

p
ro

ve
m

e
n

t

UC coupled to FC dc-link via a converter
UC coupled to FC dc-link directly
FC coupled to UC dc-link via a converter

 
Figure 13 Fuel economy improvement on the US06 cycle  

by downsizing the fuel cell system (60s load leveling) 
 
The above simulations show that hybridization with supercapacitors/batteries can significantly 
reduce the fuel cell peak current requirement. This indicated that potential downsizing of the fuel 
cell system was possible.  Downsizing fuel cell will shift the system peak efficiency to lower load 
region, which can potentially improve the average system efficiency for low power driving cycles, 
but decrease it over more aggressive driving cycles like the US06.  Simulations with a lower 
power fuel cell were performed for the FUDS and US06 cycles. A fuel cell stack of 440 cells with 
active area of 340 cm2 was utilized in the simulation. Simulation parameters are given in Table 3 
(case 2).  Compared to fuel cell vehicles with a larger fuel cell (case 1), the improvement of fuel 
economy for the FUDS and US06 cycles by downsizing the fuel cell system is given in Figure 
12-13, respectively.  The figures show that implementation of downsizing the fuel cell results in 
an improvement of 2-4% in fuel economy for the FUDS cycle and approximately 3% 
deterioration for the US06 cycles.  Therefore, fuel cell system downsizing from 75 kW to 50 kW 
in a fuel cell-supercapacitor hybrid does not necessarily improve fuel economy like conventional 
hybrid vehicles.  However, the main reason for downsizing the fuel cell is cost rather than fuel 
economy. 
 
Vehicles with supercapacitors, NiMH and Li-ion batteries coupled with fuel cells via a DC/DC 
converter were also simulated using a power assist control strategy.  The detailed simulation 
results for power assist control over 5 FUDS and US06 cycles are given in Appendix II. Figure 
14-16 show the fuel economy improvements for hybridization with supercapacitors, NiMH 
batteries and Li-ion batteries, respectively. Compared to load leveling control, power assist 
control can significantly improve fuel economy for battery hybrids over the FUDS and US06 
cycles due to less power losses in batteries using the power assist strategy.  The results indicate 
that increasing the size of energy storage units slightly benefits fuel economy for both load level 
and power assist control.  Table 4 lists some simulation results for comparison of different 
powertrain configurations and power splitting strategies. Fuel cell vehicles having 
supercapacitors coupled with fuel cells via a DC/DC converter with load leveling control is the 
best approach in term of improving fuel economy and mitigating the stress on the fuel cell.  
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Power assist control is well suited for the fuel cell-battery hybrids in terms of fuel economy 
improvement. 
 
Table 4 Comparison of different powertrain configurations and power splitting strategies 
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Figure 14 Comparison of fuel cell-supercapacitor battery hybrids with load leveling (60sec) and 

power assist control over the FUDS and US06 cycles 
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Figure 15 Comparison of fuel cell-NiMH battery hybrids with load leveling (60sec) and power assist 

control over the FUDS and US06 cycles 
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Li-ion Battery Coupled to FC DC-Link via a Converter
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Figure 16 Comparison of fuel cell/Li-ion battery hybrids with load leveling (60sec) and power assist 

control over the FUDS and US06 cycles 
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Figure 17 Comparison of fuel cell stack current for fuel cell hybrid vehicles with load leveling (60sec) 

and power assist control 
 
The profile of the fuel cell stack current in Figure 17 shows that supercapacitor hybridization with 
load leveling control significantly smoothes fuel cell current.  Since a longer averaging time in 
load leveling control leads to higher fraction of transient power passing through energy storage, 
this increases losses and lower fuel economy.  The fuel cell vehicles having a 120 Wh 
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supercapacitor and 7.5 Ah NiMH and Li-ion batteries coupled to the fuel cell via a DC/DC 
converter were run with different averaging times.  The simulation results for FUDS and US06 
cycles are summarized in Appendix III. The effect of the averaging time on fuel economy 
improvement on the FUDS and US06 cycles are given in Figure 18 and Figure 19, respectively.  
The simulation shows that increasing the averaging time increases fuel economy for fuel cell-
supercapacitor hybrids due to the improvement of fuel cell system efficiency and the increase of 
captured regenerative energy, and will slightly decreases the fuel economy for fuel cell-battery 
hybrids. However, the averaging time has little effect on fuel economy when the averaging time 
is larger than 60 seconds.  
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Figure 18 Effect of moving average time on fuel economy improvement over the FUDS cycle 

 
 

Fuel Economy Improvement on US06 Cycle

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1.30

0 10 20 30 40 50 60 70 80 90 100

Moving Average Time (s)

F
ue

l E
co

no
m

y 
Im

pr
ov

em
en

t

UC coupled to FC dc-link via a converter

NiMH Battery coupled to FC dc-link via a converter

Li-ion Battery coupled to FC dc-link via a converter

 
Figure 19 Effect of moving average time on fuel economy over the US06 cycle 
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5. Summary 
 
Fuel cell hybrid vehicles with different powertrain configurations have been simulated on the 
FUDS and US06 cycles.  Hybridization with supercapacitors can significantly reduce the stress 
on fuel cells through load leveling control.  Compared to fuel cell vehicles without energy storage, 
fuel cell-supercapacitor hybrid vehicles can achieve a fuel economy increase of up to 28% on the 
FUDS cycle and up to 24% on the US06 cycle depending on the Wh capacity of the 
supercapacitor unit.  Fuel cell vehicles with supercapacitors directly coupled in parallel with the 
fuel cell achieved the highest fuel economy improvement due to elimination of losses in the 
power electronics.  Fuel cell vehicles having a DC/DC converter coupling the fuel cell and 
supercapacitors can utilize a large fraction of the energy stored in the supercapacitors for load-
leveling the fuel cell. Power assist control is well suited for the fuel cell-battery hybrids in terms 
of fuel economy improvement because that mode of control reduces the losses in the DC/DC 
converter electronics and batteries.  For both supercapacitors and batteries, the load leveling 
control strategy results in a greater mitigation of stress on the fuel cell than the power assist 
strategy.  Fuel cell vehicles with supercapacitors coupled to fuel cells via a DC/DC converter is 
likely to be the best approach considering mitigating the stress on the fuel cell and achieving high 
fuel economy for optimal fuel cell system operation. 
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Appendix I 

 
Fuel cell hybrid vehicles with load leveling control (60sec) over five FUDS and US06 cycles (con’d) 
Case 1 (cell number: 440; cell active area: 510 cm2)  
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Appendix II 

 
Fuel cell vehicles with power assist control over five FUDS and US06 cycles  
Case 1 (cell number: 440; cell active area: 510 cm2)  
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Appendix III 
 

Fuel cell vehicles with load leveling control over one FUDS and US06 cycles 
Case 1 (cell number: 440; cell active area: 510 cm2)  
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