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Abstract-This paper intends to serve as a guide for the 
interactions between the power conditioning system and the fuel 
cell. The three major factors determining proton exchange 
membrane (PEM) fuel cell power system dynamic performance, 
hydrationltemperature, compressor time constant, and bulk 
energy storage are analyzed. The notion of multiple fuel cell time 
constants is introduced and derived. The various operating points 
of a fuel cell, ripple current mitigation and energy balance are 
illustrated with experimental data. Individual time constant 
validation techniques are offered and different capacitor bulk 
storage strategies (including ultra capacitors) are analyzed. A 
complete single phase power conditioning system is presented 
with experimental waveforms that can apply to different systems. 

Index Terms-fuel cells, hydrogen, converters, inverters, 
capacitors, ripple current, ultra capacitors. 

I. INTRODUCTION 
T is widely accepted that (proton exchange membrane) PEM I fuel cells are not capable of acting like a simple battery 

replacement in power conditioning systems. Batteries can 
provide large amounts of power quickly and are relatively 
immune to ripple currents, whereas currently available fuel 
cells are unable to directly compete. Fuel cells have limited 
ripple current capability and have a slower response time 
which must be taken into account in the control strategy. 

Three main factors govem the dynamic behavior of a PEM 
fuel cell power system: fuel cell time constant, 
thermalhydration levels, and bulk energy storage. The he1 cell 
time constant is dominated by the compressor and the 
membrane hydration (temperature) level. A PEM stack is 
capable of supplying short, pulses of power before the 
compressor reaches commanded speed. This can be modeled 
by two time constants: an ‘instantaneous’ and a ‘steady state’ 
time constant. These time constants vary with 
temperaturehydration level. Fast load demands will cause 
significant voltage drop and may even cause the stack to 
shutdown during startup or cold conditions. 
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It was observed that the Ballard NexaTM unit used in this 
paper had to be warmed to operating temperature prior to 
loading the fuel cell at 500 W or more. During this cold, under 
hydrated condition, ohmic losses are high and the stack is less 
efficient. An accurate estimation of hydration levels can only 
occur during an open circuit condition for durations exceeding 
practical bulk storage capacity. The stack temperature, 
however, serves as an adequate indicator of hydration level. 

The fuel cell time constant defines the control structure of 
the power electronics system. The dc-dc converter must not 
react to load steps faster than the fuel cell; othenvise it will 
demand more power than instantly available. A constant-power 
loop (or current loop) must be employed to prevent an 
overload or fault condition. Unfortunately, this means the high 
voltage bus must fluctuate with demand, increasing the 
complexity of the inverter control algorithm. The power 
electronics system must be aware of the temperaturelhydration 
level of the fuel cell stack to prevent a fault condition, limiting 
the power drawn until the fuel cell is capable of meeting 
demands. 

Recent literature suggested that current ripple caused by 
single-phase ac power conditioning systems including dc-dc 
converters and ac-dc inverters could reflect significant ripple 
back to the stack [ I  ,2]. A physics-based model suggested that a 
fuel cell was most susceptible to low-frequency ripple caused 
by the inverter load [3]. For extremely low-frequency ripple, 
such as 1Hz or below, the fuel cell system can respond and the 
compressor can react to the load change, adjusting the air 
supply to match the output current to the proper output voltage. 

The single phase inverter produces a current ripple twice its 
output frequency (typically lOO/l20Hz) - and is faster than the 
compressor reaction time. The fuel cell cannot regulate the 
pressure level fast enough to react to the current variation and 
the fuel cell output voltage-current relationship tends to form a 
hysteresis loop [3], resulting in poor fuel utilization [2]. It is 
necessary to limit fuel cell output ripple and dynamic current 
changes that can potentially harm the stack, 

This paper will present a complete fuel cell power 
conditioning system and describe how the output voltage 
responds to a load transient. The time constants of a fuel cell 
stack and compressor response were verified with DC load 
step dynamics. Hardware experiments were conducted 
illustrating dynamic fuel cell voltage and ripple mitigation with 
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low-voltage (LV) dc bus capacitors. A LV ultra capacitor was 
also used for comparison purposes. A push-pull dc-dc 
converter followed by a full bridge dc-ac converter was used 
for ripple current testing. The test results can be used as a 
reference for the energy storage component selection. 

11. FUEL CELL POWER CONDITLONING SYSTEM 

A .  Power Coriditioning system 

The complete fuel cell power plant in Figure 1 illustrates a 
PEM b e l  cell (complete with compressor and ancillary 
systems) and a multi-stage power conversion system producing 
120V ac. The fuel cell produces low voltage power for the dc- 
dc converter, which boosts to a high voltage (HV) bus 
typically 180-2OOV dc. The dc-ac inverter creates the ac power 
that ultimately drives the load. The load could be resistive, 
inductive, capacitive, non-linear, or any combination of the 
four. For simplicity, this paper considered the load to be purely 
resistive. The fuel cell block incorporates its air compressor, 
control electrcinics, furl cell, and the stackimcmbranc. 

FC Bus DC Bus AC load 

Energy High Freq Energy 
storage filter storage 
capacitor capacitor capacitor 

Figure 1. A fuel cell power plant showing different power stages and dc bus 
capacitors. 

There are a number of capacitors in the system serving 
various purposes including ripple suppression and energy 
storage. For the Ballard NexaTM 1.2 kW PEM fuel cell used 
here and shown in Figure 1, the 120Hz RMS ripple current 
must be limited to 25% of the load current [4], e.g., a 100 A 
average current draw must have 25-A RMS or less of 120Hz 
ripple current on top of the dc current draw. A high frequency 
filter capacitor is used on the LV bus to suppress high 
frequency ripple from reaching the stack or inducing noise into 
other systems. The energy storage capacitors provide power 
when associated system components cannot respond fast 
enough during transients. 

The entire system is affected when the ac load demands a 
power increase and draws more current, The inverter has no 
internal energy storage, so the HV energy storage capacitor 

provides the neccssary power. As the HV capacitor discharges, 
the HV dc bus droops and the dc-dc converter compensates by 
replenishing the capacitor. The dc-dc converter has no energy 
storage either, so it must rely on the LV energy storage 
capacitor to supply the converter. The LV storage capacitor 
then requests power from the fuel cell, which has its own 
transient response characteristics. The entire system depends 
upon the capacitor voltage and energy balance among the 
storage areas. 

3. Fuel Cell Behavior 
Fuel cell dynamics are based upon a few key factors: the 

load step change, hydration level of the membrane, response 
time of the compressor, and temperature [SI. Herein, we will 
assume the temperature and hydration levels are ‘normal’ at 
the time of any transients. The fuel cell was in good condition 
as it closely followed the polarization curve found in [ 4 ] .  It had 
been run regularly and allowed to ‘rejuvenate’ the membrane 
to prevent any stack performance degradation. (Rejuvenation is 
a maintenance routine programmed into the Ballard NexaTM 
firmware). 

The fuel cell voltage varies up to 2OV with load variation. 
The NexaTM unit under test produced 40-48 V when unloaded 
excluding control, cooling fan, and other internal parasitic 
loads. Partially loaded, the fuel cell voltage would vary from 
30-35 V, while a fully loaded unit would operate as low as 
27V. The wide variation occurred with differing levels of stack 
temperaturehydration. The higher the hydration level, the 
lower the ohmic losses, the higher the open circuit and loaded 
voltage. 

For practicality, it was assumed that higher fuel cell stack 
hydration levels occarred during higher temperature 
conditions. This is a valid assumption provided the cell is 
allowed to operate for some time before performing the tests. If 
it was not fully hydrated, a partially loaded fuel cell voltage 
would be significantly lower than expected. Over the course of 
several tests, this behavior was obsenred. The open circuit 
voltage (OCV) would be low. Typical OCVs for the NexaTM 
unit are 4 1V or above. 

When the fuel cell receives a load step change, as in Figure 
Z(a), there are typically enough products and reactants 
available at the membrane to provide ‘instantaneous’ power. 
At this time, the stack runs out of air in a phenomenon known 
as mass transport losses and a power undershoot occurcs. Data 
collected from the “aTM unit indicates the hydrogen is 
supplied at at a constant pressure of 7 p i .  and air flow is 
metered - leading to the conclusion the stack runs out of air 
and power output begins to fall. 

The power drop illustrated in Figure 2(a) i s  not to be 
confused with the initial 2-5 V voltage drop from activation 
energy losses illustrated by the steep portion of Figure 2 (b). 
The activation energy voltage drop occurs almost immediately 
after a load is applied and cannot be recovered until the load is 
removed. Figure 2 (b) plots the different stages of the PEM 
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fuel cell polarization curve, and higlighting the different 
operation points, 

2000 I . . . . ._ .- 
1-50v\?,d!p 

Step load: 1!47kW- L - - I 
sitic (\oE,.d: 70W 
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(b) 

Figure 2. Tested fuel cell dynamic and static characteristics: (a) dynamic 
response from no-load to 1.5 kW; (b) idealized static fuel cell response stages 

under different operating conditions. 

The fuel cell controller has already commanded the 
compressor to speed up, but its response time is typically on 
the order of 100-200 ms, and power has already begun to 
droop [Stage 2 of Figure 2 (b). As the fuel cell reaches Stage 3, 
the power level rises again to the level requested, taking an 
additional 100-400 ms (dependening on load) to replenish the 
starved cells. The power dip is manifested by the 2.5 V drop in 
stack voltage observed in Figure 2(a). The net power dip 
corresponds to the load requested, scaling exponentially to 
approximately 10% at full power, nearly disappearing at lower 
power levels 

Ill.  FUEL CELL RESPONSE To LOADS 

A .  DCLoads 
The fuel cell time constant was measured by connecting a 

non-inductive dc load and performing a series of load steps. 
This series of simplistic tests is designed to provide 
information about the fuel cell’s two main time constants. In 
Figure 3, two different load steps are observed over 90 ps. 
These tests were performed with an adequently hydrated and 

warmed NexaTM fuel cell by gradually stepping the load up to 
70% over 10 minutes. The fuel ceH was then allowed to cool to 
approximately 38degC. It was then loaded to the initial 
conditions for approximately 2 minutes. The goal was to 
establish a baseline for the initial conditions ensuring 
consistency 

The loads were connected directly to the fuel cell output. 
The time constants are clearly different, but during this short 
time, the fuel cell is capable of supplying the requested power. 
The power delivery in (a) is much slower than the condition 
(b) where the step is smaller and the initial load is higher. The 
initial load is different; (a) has a 70W load and (b) has a 180W 
load. As a result of the initial load, the initial condtions of the 
stack are also different. The stack temperature, compressor and 
cooling fan speeds are higher in (b) than in (a). The higher 
initial loading produces a more vertical, resistive response and 
a faster ‘instanteneous’ time constant. 

The ‘instantaneous’ time constants are determined when 
the current has reached 63% of its final value, which are 
detailed in Table 1. The responses curves in Figure 3 are 
similar to a first order inductive circuit and can modeled as a 
series inductance. The ohmic (resistive) losses calculated in the 
Table I are only slightly different, but higher currents magnify 
the voltage drop. With little or no initial loading of (a), the 
time constant is 5 times greater than (b). The obvious stili 
holds true - greater demands will place greater strain on khe 
system, but this example amplifies the disaparity. The designer 
can assume a higher time constant will occur in an unloaded 
system than a loaded one. The larger time constant should be 
considered in the design, as it is the worst case condition. 

TABLE I 
‘INSTANTANEOUS’ TIME CONSTANT DERIVATION 

Calculation 
Term Equation Case A Case B 

0.63*40A =25.24 0.63*23A=14A Current 1 
Rise Time, ’r = - * I ,  1,(25.24)=11,d 1,(144=2@ I-e 

I ,  (t)= T r 

TABLE 11 
‘STEADY STATE’ TIME CONSTANT DERIVATION 

Calculation 
Term Equation Care A Case B 

55A-40A 14A 26.2A-Z3A=3A 1 
1, = - * M  e 0.37*14A=5.18A 0.37*3A=l.lA 

Settling 
Time, 1, Iyt) =t. 1f(55A-5.1&i) I , ( 2 6 2 A - I .  1A) 

= 40bs =12ons 
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Not shown in any figures are the overall asymtoptic 
'steady state' settling times for the system, but are detailed in 
Table 11. The exponential decay convention of 37% was 
followed to compute the settling time, I,. Any convention can 
be used and is left to designer preference. The system settling 
time is considerably longer, and i s  illustrated by the 10% droop 
at 700 ms dip in Figure 2(a). Figure 4 also gives an indication 
of the voltage drop and current rise typical for a 'steady state' 
response. The fuel cell will have an overshoot like an inductor 
when the load is suddenly dropped as shown in Figure 2(a), so 
the designer should be wary of possible voltage spikes. 

, .  

! '  

I : /  

~ ;".~&!!!!i. ~ ~ ' ... i 

(b) 

Figure 3. Time constants during fuel cell dynamic load steps: (a) load step from 
no-load to 1.6 kW; (b) load step from 18OW to WOW. 

Adding energy storage capacitors to the setup allows the 
capacitor to supply the transient current, allowing the fuel cell 
time to respond as illustrated in Figure 4. The voltage 
gradually falls to its operating level, with the energy storage 
controlling decay times. To illustrate an extreme case, in 
Figure 4(b) the ultra capacitor is supplying so much of the 
power, thc fie1 cell outputs very little current and its voltage 
remains a stiff constant. If (b) were observed over a much 
longer time period, the capacitor current would return to zero 
much like (a) and the fuel cell power would match the load. 
The dc load was approximately 700W in (a) and 1 kW in (b). 
The 145-F ultra capacitor used in (b) is oversized, but was the 
only one available for test. Note the small blipiincrease in the 
fuel cell current during the load step. The ultra capacitor output 
impedance is not sufficiently low enough to fully suppress the 
transient and become magnified during ripple testing. 

B. ACLouds 
The power electronics system used for conducting the 

following series of tests is shown in Figure 5. The system 
consists of a push-pull dc-dc converter that converts the fuel 
cell voltage to a 180-V HV dc bus and a full-bridge dc-ac 
inverter that converts dc to 117-V ac. Multiple devices are 
paralleled to reduce the conduction loss and improve 
eficiency. All devices are in TO-220 package for ease of 
packaging. 

The inverter system in Figure 5 was designed for use with a 
lead acid battery system - no attention was given to ripple 
mitigation beyond the basic requirements for batteries. The LV 
bus contains a bank of 5 capacitors internally, but the extra 
capacitors are added at the fuel cell output to illustrate the 
ripple mitigation effect. 

Figure 4. Fuel cell dynamic dc load step respanses wIth the addition of low- 
voltage dc bus capacitors: (a) with the IOmF capacitor; (b) with the 145F ultra 

capacitor. 

f it I@ I,DC/AC 
I Inverter 

Figure 5. Circuit diagram of n 1-kW fuel cell power conditioning 
system. 
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These intemal capacitors prevented the fuel cell from being 
damaged by a complete lack of an integrating energy source, 
i.e., a capacitor is the integrator in the test system. 

Figure 6 and Figure 7 compare load transients with and 
without external LV capacitance (integrating energy source). 
The ac load is stepped from 400W to 800W in Figure 6 and 
from 400W to IkW in Figure 7. In Figure 6(a), a large SO A 
fuel cell current spike and trough are observed with an ac load 
step of 400W (400 W to 800 W). Without capacitance, the 
ripple current is 12 Apk-pk with an average DC load current of 
27A. The large ripple currents appear to be as a sinusoidal and 
simple math reveals the fuel cell is supplying 4.2 A RMS, or 
15.6% ripple current. In situations where ripple current is less 
like shown in the first 30 ms of Figure 7(a), than the haversin 
function must used to calculate the RMS value. 

Figure 6@) adds a 10 mF capacitor to the LV bus. The 
current spike is reduced by 50%, from 80 A to 40 A, and the 
ripple is reduced to 7 Apk-pk (2.5 A RMS or 9.2% ripple 
current). Note the reduced distortion in the current waveforms 
during the load step between Figure 6(a) and (b). 

Figure 7(a) and (b) add additional capacitance and increase 
the ac load step to 600 W (400W to 1 kW). 20 mF of 
capacitance reduces both the magnitude and duration of the 
current spike, with the fuel cell voltage drop dominating the 
power output. Table 111 illustrates the amount of added energy 
storage with the 20 mF allowing the h e 1  cell 20 ms increase its 
current output. The current spike is limited to 80A with a 10 V 
drop in voltage. The ripple current is 7 Apk-pk (2.5 A RMS or 
5.8%). 

The 53 mF of total capacitance allows the fuel cell 
approximately 50 ms to increase to 8OA. Ripple current is 
reduced to 5 Apk-pk (1.7 A RMS or 4.2%). The ratio of fuel 
cell current to capacitor current ratio holds regardless of load 
for this application. In Table 111, the same 1.2 kW load was 
placed on the fuel cell, creating approximately 25A of ripple 
current on the DC bus. The duration of the test was limited for 
fear of damaging the fuel cell when using the smaller valued 
capacitors. 

To demonstrate the effects of the ultra capacitor on current 
ripple, it was removed and added to the system, while the load 
was held constant, as shown in Figure 8. (Note here that the 
ultra capacitor was pre-charged to assure that there was no 
undesirable energy flow between the fuel cell and capacitor,) 
As clearly indicated in Figure 8(a), the fuel cell ripple current 
is significantly reduced to 2.5 Apkgk relying on the ultra 
capacitor to provide most of the ripple current, 21.5 A p k j k .  

During testing, it was noted the he1 cell was producing 
more water when driving the inverter system than driving a dc 
load into the same power. The resolution of the hydrogen flow 
meter did not allow for accurate fuel consumption, but the 
water yield was higher, reinforcing assertions of poor fuel 
utilization. 

I 
20msldiv 

(b) 
Figure 6. Fuel cell current ripple and dynamic ac load step responses with 

the addition of low-voltage dc bus capacitors: (a) without capacitor; (b) with 
1 OmF capacitor. 

~.." ....... 

20msldiv 
(a) 

50ms/div 

(b) 
Figure 7.  Fuel cell current ripple and dynamic ac load step responses with the 
addition of low-voltage dc bus capacitors: (a) with 20mF capacitor; (b) with 

53mF capacitor. 
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TABLE Ill 
SERIES RESISTANCE, RIPPLE CURRENT, AND ENERGY STORAGE 

Ripple Cwrent Energy Storage 
Device 120Hz Fuel Cell to Capacitor J=%CV2 

Resistance Ratio @ 1200W @ 30V 
1 OmF 41st' 8/15 = 0.533 4.5 J 
20mF 2 0 . 5 d '  7/18 = 0.39 9J 
53mF 4mR' 5120=0.25 24 J 

Ultra cap 55mR 2.5/22.5=0.11 65,000 J 
*from manufacturer data sheet 

. : .  , . 

20msldiv 
(b) 

Figure 8. Fuel cell current ripple and transient responses: (a) adding ultra- 
capacitor; (b) removing ultra-capacitor. 

Iv. CAPACITOR DES~GN DISCUSSION 

Closer examination of the ultra capacitor plats reveal there is 
stiIl ripple present in the fuel cell -- as much as 2.5 A pk-pk. 
With a large, bulk storage capacitor bank, most of the ripple 
current would flow through it. Upon closer examination of 
impedances, the ultra capacitor is found to have a higher than 
expected impedance of 55 msZ. The same method used to 
determine the fuel cell resistance was employed for the ultra 
capacitor and the results are detailed in Table 111. 

The impedances of the capacitors will determine 'ripple 
steering' -how much ripple and from what source. The current 
will be predominately sourced by the lowest impedance source. 
In the case of the ultra capacitor, the impedance was not low 
enough to completely source the entire ripple current, but was 
low enough to source most o f  the ripple current. At lower 
power levels, the fuel cell ripple current was only 1.6% less 
with the ultra capacitor than with the 53 mF o f  electrolytic 

capacitance. Table Ill illustrates that the ultra capacitor has 
nearly 1400 times more energy storage, but has 10 times more 
resistance than the 53 mF bank. 

The same logic also appIies to HV bulk energy storage 
system. The impedance ratio o f  the HV energy storage bank 
and dc-dc converter can be such that most of the ripple flows 
from the storage bank. In other words, the current loop of the 
dc-dc converter can reject or limit the amount of ripple current 
passed to the LV storage capacitor and fie1 cell. 

Applying large amounts of capacitance may appear to be an 
easy fw, but energy balance and flow become critical control 
parameters. The fuel cell may end up recharging a capacitor 
bank and not the load as happened when running the fuel cell 
in Figure 5 at f i l l  Ioad with the ultra capacitor. The LV bus 
dropped to 28V and the load was removed. The fuel cell 
continued to run at 28V attempting to recharge the capacitance. 
A lighter 250W ac load was added 1 min later and the 
overloaded system shutdown, 

Large amounts of capacitance must be slowly pre-charged 
as the fuel cell is not capable of charging a large capacitor 
bank (ultra capacitor or otherwise} without some sort of 
current limiting circuitry. Partially or h l ly  discharged 
capacitors will absorb enough current to cause the fuel cell to 
overload and shutdown. The ultra capacitor with an OCV of 
24V was connected to the system and the fuel cell shut down. 
The current draw was too large. 

During the course of these experiments, the ultra capacitor 
bank and the >20mF banks were pre-charged to within 0.1V of 
the fuel cell voltage; otherwise their time constants would hide 
the fuel cell performance characteristics. A series diode is 
suggested when using large capacitor banks to prevent power 
from back flowing into the fuel cell which may have 
unforeseen consequences. 

The proximity of the energy storage bank to the fuel cell and 
power conditioning system is critical. The wire length and 
gauge will determine the amount of series inductance and 
resistance. This may act like a filter and help ripple steering. A 
commonly accepted estimation of cable inductance is 1 pH per 
1 meter. If a capacitor bank has sufficient storage, but 
impedance is preventing enough ripple from being integrated, 
a small inductance can be inserted between the fuel cell and the 
power conditioning system. Caution must be employed or a 
resonance can develop and do some serious damage. 

The size of the energy storage banks is tied directly to the ac 
power system specifications. Attention to crest factor, power 
factor, and surge factor as defined in [6] will ultimately 
determine the peak currentsipower demands. This paper 
presented only resistive ac loads. A non linear, power supply 
type load with a crest factor of 2.2 and a power faclor of c0.7, 
is expected to draw a haversine current waveform with higher 
peak current. The exact impact requires further study, but the 
currently available fueI cells will not be able to supply this of 
over-current and must rely on a large integrating component to 
average out the demand. Following unintermptible power 
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supply manufactures’ VA, Watt, overload and short circuit 
ratings on their commercial or industrial products would 
guarantee a solid footnig. 

The short circuit rating, motor start considerations, and 
fulfilling the IT1 (CBEMA) curve of [7] are integral to 
developing the bulk energy storage specification. The IT1 
curve is an industry standard used for determining power 
supply input and ride through ratings. The HV bus capacitors 
most directly affect the inverter output and their sizing may 
reduce the size of the dc-dc converter stage. The dc-dc 
converter can be made smaller and cheaper if the bulk of the 
peak power is being supplied from the HV bus capacitors. 

(1) 1 
2 

E = -C(V& - YL,) 

Allowing the HV bus to fluctuate will allow the designer to 
take full advantagc of (1). Exploiting the inherent ride through 
capability of many loads’ power supplies, the HV bus can drop 
even further. A 120 V ac nominal inverter could run at 11 5 V 
ac when temporarily overloaded. The HV bus at an unloaded 
205V and temporarily overloaded at 165V, would provide for 
a minimum of capacitance. Assuming a 1 kW fuel cell system 
starting a 130% resistive overload for 10 cycles means the bulk 
energy storage would need to supply 300 W for 0.167 s. 

(2)  
1 
2 

E = 5 0 J =  -C(205V2 -165V’) 

C=6.8mF 

The above calculation is done assuming there is no lag in 
fuel cell response. The instantaneous and steady state time 
constants of the fuel cell calcuIated in Table I indicate the need 
for more energy storage.’ If effective output impedance of a dc- 
dc converter is too high to respond fast load transients, the HV 
energy storage must supply the inverter. Calculating the energy 
required to supply the load relies on basic trigonometry. 
Following the 10% rule dcscribed above, a 13OW he1 cell 
power dip occurs for approximately 400mS and is assumed to 
be basically triangular. The steady state time constant requires 
an additional 26 J provide the inverter with the power it 
demands. 

Following the same process of approximating capacitance 
on the HV bus, capacitance can be approximated for the LV 
bus. Should the designer to place the extra 805 (50 J plus the 
26 1) of overload storage, 219 mF of capacitance would be 
required. This assumes the fuel cell voltage drops by 10 V as 
shown in the above figures. The costs of the capacitors, 
methods for pre-charging, and size must be weighed when 
making decisions regarding capacitance. 

energy storage and energy flow must be examined. The low- 
frequency ripple will be reflected from the ac load to the fuel 
cell and can be sourced from the LV or HV storage, The LV 
storage capacitor impacts he1 cell dynamics and ripple 
reduction. It also impacts fuel cell current inrush, but greater 
voltage fluctuation on the HV bus is a more efficient use of 
resources. 

The amount bulk storage capacitance will allow the power 
electronics system to exceed rated fuel cell power ratings for 
short durations, maintain voltage regulation, and allow the fuel 
cell power system to respond without interruption. It has been 
shown above the rippIe current produced by the inverter, the 
large load steps present in any system, and the slow ‘steady- 
state’ time constant of the fuel cell force the power electronics 
designer to rely heavily on bulk storage capacitance. 

The system architecture, limits the overall amount of bulk 
storage capacitance and initial startup time of the fuel cell. 
Cost and space are other concerns. A closer look at the control 
loops and overall energy management is proposed. 
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P f  

V. CONCLUSION 
There are three major time constants to be considered in 

the design of a fuel cell power system: the compressor, the 
fuel cell stack, and the power conditioning dynamics. The fuel 
cell can respond quickly, but is limited by fuel and compressor 
speed. This is beyond the designer’s realm of control so 
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