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Abstract— Fuel cells are one of the most promising energy 

sources, especially for onboard applications. However, fuel cells 
present several drawbacks, such us slow dynamic response, load-
dependent voltage and uni-directional power flow, that produce 
an inappropriate vehicle operation. So, secondary energy sources 
and power converters must be implemented in order to satisfy 
fast changes in the current load and to store the energy delivered 
by the load if regenerative braking is intended. Taking into 
account the number and nature of the power converters, loads, 
secondary energy sources, and the possibilities for the control 
strategies, the design of a power distribution architecture based 
on fuel cells for transport applications is a complex task. In order 
to address these architectures, modeling and simulation design 
tools at system level are essential.  

This paper proposes a complete fuel cell black-box model 
which reproduces the behavior of a commercial fuel cell with 
overshooted transient response. The identification technique 
applied to parameterize the model components, based on 
manufacturer’s datasheets and a test based on load steps, is 
explained thoroughly. Additionally, if only the fuel cell frequency 
response and manufacturer’s datasheet are available, an 
alternative parameterization methodology based on the fuel cell 
frequency response is presented.  

The fuel cell black-box model is validated experimentally using 
a commercial PEM (Proton Exchange Membrane) fuel cell. Two 
different parameterizations are carried out with the aim of 
verifying the robustness of both the fuel cell model and the 
proposed identification methodology. 
 

Index Terms— black-box model, fuel cell, identification 
methodology, power distribution architecture, system level 
model, transport, vehicles 
 

I. INTRODUCTION 
UEL cells are considered as one of the most attractive 
distributed energy sources, due to their reliability, the low 

or none polluting emissions and their low maintenance 
requirements [1]. A fuel cell is an electrochemical device 
where a continuous catalytic reaction of hydrogen and oxygen 
takes place in the presence of an electrolyte. Its behavior is 
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characterized by its slow dynamic response, load-dependent 
voltage and uni-directional power flow. Despite all these 
drawbacks, and due to their high energy density, fuel cells can 
be used in a great variety of applications, as uninterruptible 
power systems, residential applications, power generation 
systems or grid connection [2]-[3]. However, there are three 
main areas of application of fuel cells. The first application 
field is transportation, which includes airplanes, submarines, 
buses, trains, cars or motorbikes [4]-[7]. The second main 
application is portable power supply, from few watts to 
hundreds of watts [8]-[9]. And finally, the last main 
application refers to stationary distributed power generation 
[10]. 

There are several fuel cell technologies, each of which is 
better suited for a particular application. Proton Exchange 
Membrane (PEM) fuel cells are mainly used in distributed 
generation since they can be placed at almost any site, and in 
vehicle applications due to their easy and safe operation, lack 
of damaging emissions, compactness, medium-high power 
range and low temperature operation. Nowadays the design of 
power distribution architectures for vehicle applications based 
on fuel cells is an interesting study field. The unregulated 
output voltage of fuel cells, which depends on the output 
current and aging, and their poor dynamic response make 
necessary the use of energy accumulative systems, such as 
supercapacitors or batteries [11], and power conditioning 
converters [12]-[13]. Therefore, depending on the technology, 
number, and location of both the secondary energy sources 
and converters, there are a great variety of possibilities for the 
design of the fuel cell vehicle power distribution architecture. 
Finally, the number of possibilities grows if control strategies 
and regenerative braking are also taken into account [14]-[17]. 

Focusing on the power distribution architecture for fuel cell 
based vehicles, the dynamic modeling and simulation of the 
whole system play an important role when targeting to achieve 
the best performance, avoid instabilities and interactions 
between regulated converters, accumulative energy systems 
sizing, control strategy optimization, etc. [18]-[19]. Therefore, 
the development of an accurate and simple fuel cell model is 
of utmost importance for the design and analysis of the whole 
system.  

The fuel cell models found in literature can be roughly 
classified into two groups: analytical models and empirical 
models. The analytical models [20]-[26] are based on 
chemical and thermodynamic reactions and they require a 
deep knowledge of the fuel cell internal operation and 
electrochemistry, which is not always available to design and 
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system engineers. Additionally, these models manage a great 
amount of parameters, complex sets of equations and they 
require high computational times. The empirical models, 
which are derived from experimental results, reproduce the 
fuel cell behavior by means of look up tables, empirical 
expressions that can derive in complex sets of equations, or a 
reduced set of electrical components [9], [27]-[30].  

The accuracy of the model depends not only on the kind of 
model but also on the parameter identification procedure. 
There are different methods to parameterize the fuel cell 
model components, that can be applied to diverse kind of 
models, from the simpler one based on the V-I curve 
evaluation, to EIS (Electrochemical Impedance Spectroscopy) 
technique, which is one of the most extended methods and it 
requires the use of specialized equipment, or the recently 
proposed computational intelligence-based algorithms such as 
genetic algorithms, particle swarm optimization algorithms 
and harmony search algorithms [31], that require 
mathematical and programming advanced knowledge, and can 
be a complex task. Therefore, the fuel cell model development 
is not an easy activity. 

In this paper a simple and precise PEM fuel cell black-box 
model for system-level simulation is proposed, therefore, a 
trade-off between simplicity and accuracy has to be taken into 
account, in order to reach reasonable simulation times. The 
model reproduces both the static and dynamic behavior of the 
fuel cell. It also comprises a reduced number of passive 
components and does not require a deep knowledge of the 
internal fuel cell electrochemical phenomena. The model is 
parameterized applying an identification methodology based 
on manufacturer’s datasheets and simple measurements in the 
time domain, therefore only common-use equipment is 
needed. A prior proposal of this model was presented in [32]. 

The paper is organized as follows. Section II describes in 
general terms different fuel cell model topologies, the 
proposed model and the identification methodology. Section 
III analyzes the fuel cell response in the frequency domain. 
Section IV describes the model validation by means of 
experimental results and finally, the conclusions of this paper 
are presented in section V. 

II. FUEL CELL MODEL 
When a load current step is applied to a fuel cell, the fuel 

cell voltage transient response can be classified into two types: 
overshooted and overdamped [33], as depicted in Fig. 1. 

The most common one is the overshooted response shown 
in Fig. 1. In this case, when the current step is applied, the fuel 
cell voltage firstly exceeds the new steady state value, and 
after that, this voltage evolves towards the final value with a 
given time constant value. 

The transient response of a PEM fuel cell depends on four 
major physical factors [33]. Regarding dynamics, these factors 
are, from slowest to fastest, the stack temperature, the 
membrane hydration profile, the reactant flow and the general 
transient phenomena associated with the double capacitive 
layer effect and the gas diffusion. Most of the dynamic models 
found in the literature focus on the last two factors. 

 
Fig. 1.  Overdamped and overshooted response under a load current step for a 
PEM fuel cell. 

The fuel cell models proposed in [33] and [34] are based on 
functional blocks implemented in Matlab/Simulink [35], in 
which the model of the double-layer capacity is usually 
considered as the electrical circuit model of the whole fuel 
cell. This model can be simplified by neglecting the 
concentration losses, so the most extended fuel cell model 
only represents the activation voltage, the double layer effect, 
and the ohmic losses [36]. Other fuel cell models comprise 
two RC networks, one for the anode and other for the cathode 
of the fuel cell, and use Warburg impedances to model 
diffusion effects, or constant phase elements instead of 
capacitors [37].  

The fuel cell models based on electrical components, that 
reproduce the fuel cell overshooted transient response, include 
an inductance in the equivalent circuit, such as the model 
proposed in [38], which comprises three RC and one RL 
networks in series, or the simpler model shown in Fig. 2 [39]. 

One of the three main fuel cell testing techniques is EIS 
(Electrochemical Impedance Spectroscopy) [40], which is 
used to parameterize the most of the aforementioned models. 

 
Fig. 2.  Simple fuel cell model including an inductor. 

The present paper proposes an innovative static and 
dynamic black-box model of a PEM fuel cell, able to model 
accurately any type of PEM fuel cell with overshooted 
transient response, as well as a very simple method for 
acquiring the fuel cell equivalent circuit parameters. It should 
be remarked the characteristics provided by this model when 
compared to those found in literature: 

a) The proposed model does not require a deep knowledge 
of the fuel cell internal operation, electrochemistry, fuel 
cell internal geometry, physical phenomena and other 
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performances. Then, from the designer point of view the 
presented model is more attractive than [20]-[21], [23]-
[26], [28], and [33]-[34]. 

b) The presented model is a black-box model which 
reproduces the behavior of the fuel cells with 
overshooted transient response, therefore some proposal 
like [24], [29] and [36] could be out of the scope of this 
paper, since they propose fuel cell models under other 
working conditions, such as overdamped transient 
responses. 

c) Since the model is implemented only with passive 
components, (three resistors, a capacitor and an 
inductor), this model avoids the use of sets of equations 
implemented in additional functional blocks, as well as 
the combined use of passive components with sets of 
equations programmed in functional blocks, such as [22] 
and [30]. Regarding based electrical models, the 
proposed one, in general, is simpler and smaller. 
Additionally, the exclusive use of passive components 
offers a better physical comprehension of the fuel cell 
operation at system level.  

d) The proposed simplified fuel cell model is very easy to 
parameterize, due to the fact that it is based on a reduced 
number of simple equations based on time domain 
measurements and only requires common use equipment. 

The simplified PEM fuel cell model is shown in Fig. 3, 
where Eoc is the open circuit voltage, resistors Rs and Rv(ifc) 
model the static I-V curve, and the capacitor Cp, the inductor L 
and the resistor RL(ifc) model the dynamic behavior of the fuel 
cell. The diode models the unidirectional power flow of the 
fuel cell. 

 
Fig. 3.  Simplified overshooted PEM fuel cell model proposed. 

The proposed fuel cell model in Fig. 3 intends to be as 
simple as possible, avoiding the use of variable components. 
However, in order to be able to develop the proposed 
simplified fuel cell model, the starting point will be the use of 
a detailed fuel cell model, in which almost all the components 
are variable, as shown in Fig. 4.  

 
Fig. 4.  Initial detailed fuel cell model. 

Each passive element of the fuel cell model can be 
sequentially parameterized, since the main dynamics effects 
are not coupled, as will be shown next. In order to describe the 
contribution of each component to the fuel cell behavior, both 
the static and the dynamic model and the identification 
methodology (see Fig. 5) will be explained thoroughly in the 
following sections. 

 
Fig. 5.  Proposed identification methodology flowchart. 

A. Fuel cell static model and parameters identification 
The first value that must be known is the open circuit 

voltage Eoc. This voltage value can be obtained from the 
manufacturer datasheets or through measurements. 

The resistors Rs and Rv(ifc) values are calculated from the 
static I-V curve provided by the manufacturers or by means of 
measurements on the fuel cell. A typical static characteristic is 
shown in Fig. 6, where three main areas can be identified: 
activation region, ohmic region and concentration region. 

The value of the resistor Rs is calculated from the fuel cell 
output voltage considering only the ohmic region (1), where 
ERS is obtained just extending the ohmic region curve until the 
vfc(V) axis, see Fig. 6. 

 
Fig. 6.  Main regions in a typical fuel cell current-voltage characteristic. 

As the resistor Rs takes a constant value, the resistor Rv(ifc) 
gets variable values depending on the fuel cell current ifc. 
These values are calculated at each current value from the 
difference between the open circuit voltage Eoc, the voltage 
drop across the resistor Rs and the fuel cell output voltage 
vfc(t) (2). 
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At this point, from the manufacturer datasheets or through 
measurements, the open circuit value Eoc, and the resistors Rs 
and Rv(ifc) values have been obtained. The variable resistor 
Rv(ifc) is implemented by means of either a look up table or a 
mathematical function, matching each fuel cell current value 
to the corresponding resistor value. The fuel cell static model 
is shown in Fig. 7. 

 
Fig. 7.  Static model of the PEM fuel cell. 

B. Fuel cell dynamic model and parameters identification for 
overshooted transient response 

Once the static equivalent circuit of the fuel cell is 
determined, the dynamic model components RL(ifc), L(ifc) and 
Cp(ifc) values can be obtained. The development of the fuel 
cell dynamic model only needs the measurement of the fuel 
cell output voltage for a set of applied positive and negative 
load current steps.  

The first component that must be calculated is RL(ifc). For 
that, the voltage transient response of the real fuel cell is 
compared with the voltage transient response of the fuel cell 
static model, as depicted in Fig. 8. 

 
Fig. 8.  Static model and fuel cell voltage transient response. 

When a load current step takes place, the fuel cell voltage 
changes instantaneously due to the sum of both, the steady 
state model resistors Rs and Rv(ifc) and the dynamic model 
resistor RL(ifc). The voltage variation across the resistors Rs 
and Rv(ifc) returns the fuel cell output voltage to its new 
operation point. Meanwhile, the voltage drop variation across 
RL(ifc) rises over the new operation point, and then evolves 

toward it as a first order system, such as shown in Fig. 8.  
The resistor RL(ifc) takes a variable value that is calculated 

by just dividing for each load current step (3) the measured 
voltage variation VRL(ifc) by the current-step amplitude ifc.  

( )
( )






L fc
L fc

fc

VR i
R i
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The next step is to calculate the value of the inductance 
L(ifc). The equation which defines the voltage evolution to a 
load step is a first order system (4), as shown in Fig. 9. 

 ( ) t
B A BV t V V V e t     (4) 

The inductance L(ifc) value is calculated through the time 
constant that corresponds to the first 10% of voltage variation 
after a load current step, t10. During the parameterization 
procedure, the fuel cell voltage is measured when a load 
current step is applied. Therefore, if a negative load current 
step is applied such as the one presented in Fig. 9, the fuel cell 
voltage is known and takes the value calculated in (5) just at 
time t10. This voltage value, V(t10), corresponds to the 10% of 
the voltage drop VRL(ifc). So, combining expressions (4) and 
(5), (6) is obtained. Finally, t10 (7) is obtained by solving (6).   

 10( ) 0.9B A BV t V V V     (5) 

    10 100.9 t
B A B B A BV V V V V V e t
        (6) 

10 10 0.105tt   (7) 
It should be remarked that, when a positive load current 

step is applied, the value of L(ifc) is calculated analogously 
since the instant time t10 is considered and therefore the time 
constant t10 equation is also (7), as depicted in Fig. 10.  

  
Fig. 9.  Negative current load step. Fig. 10.  Positive current load step. 

Once the time constant t10 is defined, the next step consists 
in measuring the time value t10 for each load step. Hence, the 
time constant t10 is derived for each load step by means of (7). 
Taking into account that this dynamic model is based in an R-
L network, using (7) and the set of RL(ifc) values previously 
calculated, a different value of inductance L(ifc) will be 
obtained for each load current step.  
    10 fc L fcL i R i t

 (8) 
The result of this identification process is a set of RL(ifc) and 

L(ifc) values. The fuel cell model variable resistors will be 
more precise if higher number of data is collected.  

The last model parameter to identify is the capacitor value 
Cp(ifc), which models the slope of the fuel cell voltage 
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variation under a load current step, as the Fig. 11 depicts. 

 
Fig. 11.  Capacitor Cp effect on the fuel cell transient response. 

If the measured voltage variation is almost instantaneous, 
then the capacitor Cp(ifc) can be neglected. Moreover, in fuel 
cells with overshooted transient response, the time constant 
due to the capacitor Cp(ifc) is much lower than the time 
constant due to the inductance L(ifc). Otherwise, the capacitor 
value Cp(ifc) is calculated by following a similar method to 
that used to calculate the inductance L(ifc). Therefore, 
following the previously described methodology, the time 
constant corresponding to the first 10% of voltage variation 
after a load current step t10 is defined by the equation (7). 
Once the time constant is calculated for each load current step, 
a different value of capacitor Cp(ifc) is obtained by means of 
(9). 
               (9) 

Once the dynamic model components are parameterized, 
the detailed model of a fuel cell with overshooted transient 
response is obtained (Fig. 4). However, in order to lighten the 
fuel cell model implementation in a simulation tool, a 
simplified fuel cell model using constant values for the 
capacitor Cp(ifc) and the inductance L(ifc) is proposed, as Fig. 3 
depicts.  

In the simplified fuel cell black-box model of Fig. 3, the 
variable resistances RV(ifc) and RL(ifc) are implemented by 
means of look up tables or mathematical functions. Regarding 
to the dynamic components, the inductance L and the 
capacitor Cp are calculated as the median value of the 
previously calculated L(ifc) and Cp(ifc) values respectively, 
since the median avoids the atypical collected data.  

III. FREQUENCY DOMAIN ANALYSIS OF THE FUEL CELL MODEL 
In the previous section a complete parameterization 

procedure was presented, however with the aim of deliver 
additional information, this section analyzes the fuel cell 
frequency response from the output impedance point of view. 
The output impedance equation of the complete fuel cell 
model (10) is derived from the equivalent circuit shown in Fig. 
3, assuming that the capacitor Cp(ifc) has a not negligible 
value. 

   

   

2· · 2· ·
( )

2· · 2· ·
  


  

A B
f c

A B

fz s fz s
Z s

fp s fp s
 

   
(10) 

This transfer function (10) presents two poles (fpA and fpB) 
and two zeroes (fzA and fzB), resulting in the Bode plot as that 
depicted in Fig. 12. 

 
Fig. 12.  Fuel cell black-box model output impedance frequency response. 

Since the time constant due to Cp is faster than the time 
constant due to L, then fzB and fpB are related to Cp, and fzA 
and fpA are related to L. It can be observed on the frequency 
response that the frequencies related to each component are far 
enough, so they can be considered decoupled.  

For the analysis at high frequencies, the inductor impedance 
of the simplified fuel cell black-box model shown in Fig. 3 
gets infinite value, so the output impedance transfer function 
of the previous equivalent circuit is (11). 
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The simplicity of the previous expression allows calculate 
the frequencies in which are placed the pole (12) and the zero 
(13) introduced by the capacitor Cp. 
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On the other hand, for the analysis at low frequencies, the 
capacitor impedance of the simplified fuel cell black-box 
model shown in Fig. 3 gets zero value, so in this case the 
output impedance equation is given by (14). 
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From (14), the frequencies of the pole (15) and the zero (16) 
introduced by the inductance L are calculated. 
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At low frequencies an inductor behaves as a short circuit, 
and a capacitor acts as an open circuit. On the other hand, at 
high frequencies an inductor behaves as an open circuit and a 
capacitor acts as a short circuit. Taking this into account, it can 
be known the value of the output impedance gain in low (17), 
medium (18) and high (19) frequencies of the fuel cell black-
box model frequency response, as depicted in Fig. 12. 

  20 log
QL s v fcZ R R i  

 
(17) 

    20 log
Q QM s v fc L fcZ R R i R i   

 
(18) 

    20 log
Q QH v fc L fcZ R i R i  

 
(19) 

In case that the capacitor Cp was negligible, (see section II), 
the complete fuel cell black-box model corresponds to the low 
frequency model described in this paragraph.  

Finally, if only the fuel cell frequency response and the 
manufacturer datasheet are available in order to parameterize 
the fuel cell, the alternative procedure to parameterize the fuel 
cell is the following: 
1. Parameterize the resistors Rs and Rv(ifcQ) by applying the 

identification methodology described in section II-A. 
2. Calculate the RL(ifcQ) value through the measurement of 

the gain at high frequency and equation (19). 
3. Calculate the L value by measuring the frequency in 

which the pole fpA or the zero fzA is located and use (15) 
or (16). 

4. Repeat steps 1-3 for each one of the operating points 
considered. 

IV. EXPERIMENTAL MODEL VALIDATION 
A model for a commercial Nexa Ballard 1.2kW PEM fuel 

cell has been derived by means of the proposed procedure. 
The test experimental setup is shown in Fig. 13. 

 
Fig. 13  Experimental setup photograph. 

First of all, the fuel cell static model is parameterized from 
the measured I-V curve as described in section II-A. The 
calculated value of resistor Rs is 120m, and the obtained 
values for resistor Rv(ifc) are shown in Table I.  

TABLE I 
STATIC FUEL CELL MODEL PARAMETERS 

ifc(A) Rv(ifc) ( ifc(A) Rv(ifc) ( 
1 1.780 25 0.312 
2 1.080 30 0.279 
3 1.013 35 0.251 
4 0.905 40 0.229 
5 0.820 42 0.225 
8 0.630 43 0.222 

10 0.550 44 0.221 
15 0.427 45 0.227 
20 0.358   

The non-linear nature of the resistor Rv(ifc) is shown in Fig. 
14. 

 
Fig. 14  Variable resistor RV(ifc) depending on fuel cell current. 

In Fig. 15 the static behavior of the fuel cell model is 
compared with the experimental response of the fuel cell, and 
it can be seen that both I-V curves fit almost exactly. 

 
Fig. 15  Comparison between fuel cell I-V curve measured and fuel cell model 
I-V curve simulated. 

In order to parameterize the fuel cell dynamic model 
components, four different load current profiles have been 
applied to the PEM fuel cell. The load current profiles are 
formed by different number and magnitude of current 
increments, which go from 11% to 88% load range. With the 
aim of analyzing the influence of both the number and load 
current steps magnitude over the fuel cell model behavior, two 
different parameterizations have been carried out. 

The sub-section A describes the fuel cell parameterization 
procedure using the load current profile with the smallest 
current increments. Afterwards, the fuel cell model behavior is 
verified comparing the measured data and the model 
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simulation results with the other three load current profiles. 
The sub-section B describes the fuel cell parameterization 

procedure using the current profile with medium current 
increments. After that, again, the model behavior is verified 
through the comparison of the fuel cell model response and 
the other three measured responses. 

A. Parameterization procedure by applying load current 
increments of 11% load range. 

The data measured are shown in Fig. 16, where it can be 
seen that the load current steps applied to the fuel cell have an 
11% of load range.  

 
Fig. 16  Nexa fuel cell experimental results, filtered and original 
measured, used in the identification methodology. 

The upper plot in Fig. 16 is the fuel cell current, and the 
lower one is the fuel cell output voltage. In order to make 
easier the identification process, the noise in the experimental 
waveforms has been smoothed by using a symmetric moving 
average filter. Both the filtered and the original measured data 
are compared in Fig. 16. 

By applying the identification methodology presented in 
section II-B, the data shown in Table II have been calculated. 
These data model the variable resistor RL(ifc) and the 
inductance L(ifc). The selected inductance value for the 
simplified fuel cell model is the median one, L=4.52H. This 
fuel cell model is oriented to system level simulation, so the 
capacitor Cp(ifc), related to the double layer capacitor 
phenomena, has been neglected. 

TABLE II 
DYNAMIC FUEL CELL MODEL PARAMETERS 

ifc(A) t10 (s RL(ifc) (m) L(ifc) ( 
4.127 5.012 0.083 3.970 
9.156 6.122 0.126 7.352 

14.190 4.210 0.113 4.528 
19.200 8.320 0.126 10.023 
24.230 8.860 0.067 5.688 
29.410 7.540 0.092 6.599 
34.470 6.200 0.073 4.298 
39.450 3.040 0.067 1.947 
44.480 1.500 0.026 0.375 

 

The proposed simplified fuel cell black-box model, 
parameterized as described in section II, is shown in Fig. 17. 
The model has been implemented in the simulation tool PSIM 
[41]. The variable resistors Rv(ifc) and RL(ifc) can be 
implemented by using look up tables or mathematical 
expressions derived from the collected data. 

 
Fig. 17  Nexa fuel cell black-box simplified model. 

In order to verify the parameterization procedure, the same 
set of load current steps used in the parameter identification 
process has been applied to the fuel cell model. The simulation 
results are presented together with the measured data in Fig. 
18. As can be seen in Fig. 18, a very long sequence of load 
current steps of 11% load range have been applied at the fuel 
cell terminals. In all cases, the model fits accurately the 
measured fuel cell voltage. The third screen in Fig. 18 
corresponds to the relative error between the experimental and 
the simulation results. It can be remarked the good accuracy 
obtained between the model simulation results and the 
experimental data, since the relative error is kept within ±2% 
along the whole test. The error peaks greater than ± 2% that 
appear in every load current change are due to the different 
precision that have the simulation tool PSIM and the 
experimental acquisition data tool dSPACE [42]. 

As can be seen, even assuming constant L, the experimental 
and the simulation results fit very accurately.  

At this point, it has been demonstrated that the fuel cell 
model is able to reproduce the experimental results used for its 
parameterization. Along the next paragraphs the obtained 
simulation results for other different sets of load current steps 
are compared with the measured experimental results. 

In Fig. 19 a set of load current steps with increments of 
11% and 44% load range has been applied. It can be observed 
that the simulated voltage evolves as the measured one and for 
most of the steps the relative error is kept within ±2%, except 
for the first step in which the error is a little higher. 

In Fig. 20 a sequence of load current steps of 25% and 50% 
load range is applied. It is noticeable the good accuracy 
obtained between the model simulation results and the 
experimental data, since the relative error is kept within ±4% 
during the entire test. 

Finally, in Fig. 21 two steps of 77% and 88% load change 
are applied, and even in these conditions the model response is 
very similar to that of the real fuel cell with a relative error 
below 5%. 
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Fig. 18.  Nexa fuel cell experimental and model simulation results used in the 
identification methodology, applying current increments of 11% range. 

Fig. 19.  Nexa fuel cell experimental and model simulation results, applying 
current increments of 11% and 44% load range. 

 
 

Fig. 20  Nexa fuel cell experimental and model simulation results, applying 
current increments of 25% and 50% load range. 

Fig. 21  Nexa fuel experimental and model simulation results, applying 
current increments of 77% and 88% load range. 

 
 
It must be reminded that in order to simplify the proposed 

detailed fuel cell model, the median estimator has been used 
instead of current dependant parameters for the model 
components Cp(ifc) and L(ifc). This means that the values 
farthest from the median ones will introduce a bigger error 
than the closest ones in the simulation results. Taking this into 
account, the difference between the model predicted value and 
the experimental one observed in the previous figures, 
especially in figures 20 and 21, could be related to the 
parameterization procedure but is mainly due to the modeling 

assumption. Nevertheless, the relative error shows a good 
accuracy of the modeling. 

It can be summarized that the simplified fuel cell black-box 
model response, parameterized applying current increments of 
11% load change, fits with a good accuracy the fuel cell 
experimental response.  

B. Parameterization procedure by applying load current 
increments of 25% and 50% load change. 

In order to determine which set of load current steps suits 
better the fuel cell identification methodology, the 
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parameterization process has been carried out for another set 
of current steps. Additionally in this case the double layer 
capacitor phenomena is considered. Most of the load current 
steps of this sequence have 25% load range and have been 
represented in Fig. 23. The numerical results for the 
parameterization are given in Table III and the obtained 
inductance value is L=5.54H.  

TABLE III 
DYNAMIC FUEL CELL MODEL PARAMETERS: RL AND L. 

ifc(A) t10 (s RL(ifc) (m) L(ifc) ( 
0.900 52.190 0.177 9.235 
5.120 54.952 0.132 7.271 
9.090 59.524 0.045 2.702 

21.230 50.571 0.152 7.710 
21.300 25.524 0.056 1.424 
32.350 37.619 0.147 5.548 
43.410 61.905 0.045 2.767 

Analogously, the capacitor value Cp=330mF, has been 
selected as the median value of the data set shown in Table IV. 

TABLE IV 
DYNAMIC FUEL CELL MODEL PARAMETER CP 

ifc(A) t10 (ms Cp(ifc) (mF) 

5.12 41.52 346 
9.09 50 421 
21.23 37.33 311 
32.35 39 330 
43.41 34 280 

The proposed simplified fuel cell black-box model, 
parameterized as described in section II, and implemented in 
the simulation tool PSIM, is shown in Fig. 22. The variable 
resistors Rv(ifc) and RL(ifc) can be implemented by using look 
up tables or mathematical expressions derived from the 
collected data. 

 
Fig. 22  Nexa fuel cell black-box simplified model including the capacitor Cp. 

In Fig. 23 it can be noted that the parameterization 
procedure has been carried out properly, since the simulation 
and experimental results fit accurately, with a relative error 
confined between ±2%.  

Finally, the response of the implemented fuel cell model is 

compared to the experimental data for different sets of load 
current steps. The simulation results and the experimental data 
for the current steps (upper screen), fuel cell output voltage 
(middle screen) and relative error (lower screen) are shown in 
Fig. 24, Fig. 25 and Fig. 26. In all the considered cases the 
relative error is kept below 5%, furthermore it can be noted 
that in the great majority of the current steps the relative error 
is confined to ±2%. The effect of including in the fuel cell 
model the double layer capacitance phenomena can be 
observed in the relative error shown in Fig. 23, Fig. 24, Fig. 25 
and Fig. 26. In this case, the obtained relative error in each 
load current transition is smaller than the obtained in the 
previous parameterization, in which the capacitor Cp value had 
been neglected. Therefore the fuel cell model behavior has 
been improved, reducing the relative error during the load 
current transitions, and from the system level point of view the 
response of the fuel cell model has not been modified. 

From the obtained results, it can be concluded that there is 
no significant difference between the responses of the fuel cell 
model parameterized from the two different sets of current 
steps. Therefore, the fuel cell black-box model is robust to the 
number of points needed to define both the inductance L(ifc) 
and the variable resistor Rv(ifc) values, and also to the 
increment values of the load current steps applied in the 
parameterization procedure. 

Regarding the double capacitive layer effect, which 
constitutes the physical factor with the fastest dynamic, Fig. 
27 shows a detail in which the good accuracy between 
measured and simulated data can be noted. 

 
Fig. 27 Nexa fuel cell experimental and model results. A double capacitive 
layer dynamics detail. 
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Fig. 23  Nexa fuel cell experimental results used in the identification 
methodology, and model simulation results. 

Fig. 24  Nexa fuel cell experimental and model simulation results, applying 
current increments of 11% and 44% load range. 

  
Fig. 25  Nexa fuel cell experimental and model simulation results, applying 
current increments of 11% load range. 

Fig. 26  Nexa fuel cell experimental and model simulation results, applying 
current increments of 77% and 88% load range. 

 
 

V. CONCLUSION 
A PEM fuel cell black-box model with overshooted 

transient response and its identification methodology have 
been presented in this paper. The proposed fuel cell model 
consists of a small number of components: the static fuel cell 
model comprises only two resistors, whereas the dynamic fuel 
cell model needs, besides the previous components, another 
resistor, an inductance and a capacitor. 

It is remarkable that both the static model and the dynamic 
model can be parameterized independently. The dynamic 
model not only reproduces the slower physical phenomena 
inside the fuel cell, but also the faster ones associated with the 
double capacitive layer effect. The use of variable resistors in 

the fuel cell model allows implementing a variable time 
constant depending on the fuel cell current. Additionally, the 
facilities needed for the fuel cell measurements and 
identification are simple, just obtaining the fuel cell transient 
response when a set of load steps is applied is enough in order 
to identify the model dynamic parameters. The identification 
methodology uses a reduced number of steps, and the required 
equations are very easy to implement.  

The dynamic model components parameterization does not 
need a large number of points and the relative error between 
the experimental and simulated data is in general lower than 
±2%. 

Also, the fuel cell frequency response has been described, 
detailing the dynamic components influence, and it has been 
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presented an independent analysis for low and high 
frequencies. With the developed frequency response analysis, 
the fuel cell can also be parameterized if the transient response 
is not available.  

Finally, the analyzed experimental results show a very good 
accuracy when the model simulation results are compared to 
experimental data, even when different load current 
sequences, different number of steps and different current 
increments are applied.  

The proposed fuel cell model can be considered as a 
reference model in the design of a fuel cell emulator, due to its 
simplicity and accuracy. 
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