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ABSTRACT The technological development and exploration of the proton exchange membrane fuel cell
have relied on several mathematical models. However, despite the wide variety of models, the equivalent
electronic circuit model is the most suitable for describing electrical behavior, designing electronic interfaces,
and analyzing control and reliability strategies. In addition to the fact that this type of model is scarce to
model the fuel cell voltage, an equivalent electronic circuit model that depends only on the input current has
not been reported (in general, the reported mathematical models take into account additional variables such
as humidity, temperature, pressure, etc.). For this reason, this work focuses on developing an equivalent
electronic circuit model for the fuel cell voltage that depends only on the input current. Besides, the
configuration of the proposed circuit (one voltage source, two capacitors, and three resistors) is simpler
than the circuits proposed in previous works. To validate the model and its parameters, current tests from
1.2 kW Nexa® fuel cell power module were used. The comparison between the experimental data and the
developed model confirms the efficiency of the equivalent electronic circuit model to reproduce the fuel cell
voltage as a function of the current.

INDEX TERMS Adaptive parameters, circuit electronic modeling, fuel cell voltage, proton exchange
membrane fuel cell.

I. INTRODUCTION
Concern about greenhouse gas emissions and the problems

and sustainable energy sources due to their higher energy
density, energy efficiency, and low emissions [1], [2].

of fossil fuel consumption has led to the search for renewable
energy sources, which aim at being sustainable with afford-
able prices, highly efficient, and with low environmental
impact in energy conversion. Therefore, interest in power
generation systems such as Fuel Cell (FC) has increased in
recent years. FC systems are clean, environmentally friendly,

The associate editor coordinating the review of this manuscript and

approving it for publication was Paolo Crippa

The main operation of the FC is to transform gaseous
fuel chemical energy into electricity. FCs can be used as
an alternative stationary and mobile power source [3], [4].
Today different manufacturers offer many options and types
of FC. They can be classified according to their specific
characteristics, such as the type of fuel used, the reaction
temperature, and the electrochemical material used [5]. The
main FCs reported in the literature are Proton Exchange
Membrane (PEMFC), direct methanol, solid oxide, molten
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carbonate, phosphoric acid, alkaline, and microbial [6], [7].
In the field of both stationary and mobile applications,
PEMFCs are among the most widely used and promising.
This is due to their many advantages, which are quick and
silent start-up operation, robustness, and a relatively low
operating temperature ranging from 20 to 80 °C [8].

For the development of PEMFC systems, mathematical
modeling is a powerful tool for simulation, exploration of
control strategies, prediction, and understanding of power
generation system behavior [9], [10], [11]. A wide variety
of models that can be classified as 0-D to 3-D models
[12], empirical and semi-empirical models [13], analytical
models [14], statistical physics-based models [15], [16], and
performance and fault diagnosis models [17], [18] have
been developed. The models that are most suited to the
purpose of a microgrid or electrical emulator development
are the equivalent Electronic Circuit Models (ECM) since
these models allow describing the electrical behavior of
the PEMFC or how it interacts with power conditioning
circuits such as converters and other connected electrical
systems [19]. In addition, ECM are a powerful tool for
electronic interface design and control as well as for the
development of reliability test analysis [20], [21]. Two types
of ECM have been reported: dynamic models and passive
models [19]. A dynamic model takes into account both
chemical and thermodynamic processes. Thus, it is possible
to understand the unique characteristics of the PEMFC (i.e.
a clear understanding of various factors including additional
losses due to ripple current) to implement the best system
in terms of efficiency and cost [22], [23]. Furthermore,
a dynamic model can be used to optimize the performance,
transient response, and efficiency of power converters, so that
suitable control systems can be designed to meet the load
demand [22], [24]. With a passive model, it is possible to
determine the performance and degradation of the PEMFC
while in standby mode. This mode applies to uninterruptible
power systems where the PEMFC is idle most of the time and
reliability is paramount [19].

The first ECM has been proposed by Larminie et al.
[25]. In this first model, the electrodes are each represented
by a capacitor in parallel with a resistance and a voltage
potential. For the development of ECM, some authors
relied on mathematical models that describe the behavior of
PEMFC, taking into account several variables that influence
the behavior of PEMFC voltage [26], [27], [28], [29]. Other
authors have chosen to describe the polarization curve taking
into account the behavior of the electronic components [22],
[24], [30]. In [31], the electrochemical behavior of a PEMFC
has been taken into consideration for the development of an
ECM and a Matlab-Simulink® model has been established.
The authors in [32] used the equivalent double-layer capacitor
to avoid step-transient voltage variations. This capacitor has
been optimized based on the transient phase convergence
and its lifetime. In [33], a state space model of a PEMFC
DC/DC converter system has been presented. This model

VOLUME 11, 2023

describes the relation between different electrical variables
and can be applied to any FC operating point. The authors
in [34] presented a simplified and novel dynamic ECM
for PEMFC suitable for power system analysis and design.
In [35], both the PEMFC and the stacks have been tested
under various operating conditions to identify the variations
of the model parameters and thus be able to carry out a more
detailed analysis of the processes that occur in a PEMFC
through the ECM. In [36], an easy-to-use digital simulator
for PEMFC based on an ECM using a LabVIEW® power
supply has been presented. The authors in [37] modeled the
open-circuit output voltage, voltage losses, mass balance,
and thermodynamic energy balance of a PEMFC, along with
the formation of the charge double layer at the cathode.
In [38], an ECM based on double-layer charge dynamics
has been developed assuming a dielectric relaxation of
the material to represent dynamic processes in the typical
frequency range of the inverter current ripple. In [39], ECM
parameters have been estimated based on impedance data sets
obtained through electrochemical impedance spectroscopy
(EIS) processes. In these processes, a small magnitude
alternating current sweeping a wide spectrum of frequencies
has been superimposed on a direct current drawn from the
PEMEFC while the resulting voltage response is measured,
which helps to understand the effects of current ripple on
the PEMFC while operating with power conditioning units.
In [40], an ECM has been developed focused on PEMFC
voltage and temperature distribution. The developed model
detects, identifies, and simulates different PEMFC failures.
In [41], the authors built an ECM based on analogies that
allow a uniform representation of electrical, pneumatic, and
thermal transients. Furthermore, it has been shown how
models representing different transients can be coupled as
part of a PEMFC system. In [42], the authors developed an
ECM to describe the static-dynamic behavior of the PEMFC
stack under pulsed loads up to frequencies of 10 kHz. Thus,
with this model, it is possible to perform dynamic simulations
of power electronic systems directly connected to the PEMFC
stack without the need to parameterize with special EIS
measurements. In [43], an electrically controllable ECM
for PEMFC is developed and implemented in MATLAB®,
In addition, the authors presented a method to parameterize
the models developed in MATLAB-Simulink® through
experimental results. The authors in [44] applied an ECM to
fit the EIS measurements of laser coating samples measured
at open circuit potential. The diagram of the circuit for this
ECM takes into consideration the resistance of the solution,
the charge transfer resistance at the electrolyte interface, and
the Warburg resistance. In [45], a new diagnostic technique
has been developed to determine the hydration of the PEMFC
using an ECM. In this case, the electronic circuit proposed
by Fouquet et al. [46] was used. The authors in [47] made
a review of PEMFC emulators, in which it is shown how
the development and construction of emulators for PEMFC
voltage is related to ECM. In addition, this work shows
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TABLE 1. Main characteristics of the ECM proposed in recent years.

ECM ECM PEMFC
Reference .
variables components model
Current 3 resistors
[31] Temperature 1 capacitor 500 W
Pressure 1 voltage BCS stack
’ source
Current 3 resistors
(32] Temperature 1 capacitor 600 W
Pressure 1 voltage stack
source
Current 2 resistors
(33] Temperature 1 capacitor Ballard
Pressure 1 voltage Nexa
source
Current ‘1‘ ZZSIZL?:; 1.2 kW
[34] Temperature P Nexa power
1 voltage
Pressure source module
Current 3 resistors
(35] T:m crature 2 capacitors ITAE-CNR
Pressure 1 voltage PEMFC
source
Current ? ZZSIZS:; Relion
[36] Temperature 1 voll)ta e SR-12
Pressure eourceg 500 W stack
Current 3 resistors
1 capacitor 500 W
[37] Temperature
Pressure 1 voltage stack
h source
Current 3 resistors 14 KW
[38] Temperature 3 voltage commercial
P sources Morphic
4 resistors
Current 3 capacitors 1.2 kw
[39] Nexa power
Pressure 1 voltage
module
source
Current 3 resistors
[40] Temperature 1 capacitor A single
[43] Pregfure 1 voltage PEMFC
> source
Current ? EZSIZS:; 500 W
[41] Temperature 1 voll)ta e SR-12
Pressure source g Avista Labs
Current 3 resistors
2 capacitors 2 kW
[42] Temperature
Pressure 1 voltage Stack
source
[44] 4 resistors
[45] Current 3 capacitors A single
[46] Temperature 1 voltage PEMFC
source
3 resistors
Proposed 2 capacitors 1.2 kw
Current Nexa power
ECM 1 voltage
module

source

examples of electronic circuit designs based on ECM. Table 1
shows the main characteristics of the ECM proposed in recent
years (i.e., the variables that have been taken into account for
the development of the ECM, the electronic components used
in the PEMFC equivalent circuit, and the type of PEMFC used
for the development and validation of the ECM).

As can be seen in Table 1, despite the different models
proposed, ECM that depends solely on the input current
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has not been reported. For this reason, this paper makes the
following contributions:

e Development of an ECM for the PEMFC voltage that
depends only on the input current. The proposed ECM
holds significant potential in facilitating a compre-
hensive analysis, designs, optimal sizing, and efficient
control strategies for power converters integrated with
PEMEC systems.

e An electronic circuit diagram composed of one voltage
source, two capacitors, and three resistors, which can
be built quickly and cheaply to emulate a PEMFC for

prototyping purposes.

To validate the model and its parameters, five different
PEMFC current tests of a 1.2 kW Nexa® PEMFC power
module were considered; three increasing and two decreasing
currents. Finally, the results of the statistical tests applied to
the simulated and experimental data confirmed the efficiency
of the ECM to reproduce the PEMFC voltage as a function
of the current. Therefore, with the mathematical model
developed in this work, it is possible to easily build an
electronic circuit for PEMFC voltage emulation.

This work is divided into five sections. After providing the
current state-of-the-art and motivations to carry out this work
in the Introduction, Section II aims at presenting the PEMFC
technology and describes the experiment that was carried out
to collect voltage and current data. Then, in Section III, the
ECM for PEMFC voltage is provided. In Section IV, the
ECM parameters are calculated. In Section V, the ECM is
experimentally validated by using data froma 1.2 kW Nexa®
PEMFC power module. Besides, a discussion is provided
to summarize and comment on the obtained results. Finally,
some concluding remarks are given in Section VI.

Il. PEMFC TECHNOLOGY: FEATURES AND

MODELING ISSUES

A. FEATURES OF PEMFC

A considerable amount of research work has been carried
out to develop highly efficient and reliable PEMFCs for
use in various applications such as portable and stationary.
Significant development has been achieved recently, espe-
cially in materials and current density, which will eventually
lead to increased power density and make the device more
efficient and reliable [48]. In addition, PEMFCs have higher
efficiency compared to heat engines and in their use in
modular electricity generation [3].

A PEMFC consists of a proton exchange membrane
sandwiched between two electrodes (anode and cathode).
The membrane has a special property that allows protons to
pass through while blocking electrons. Hydrogen gas passes
over the anode and, with the help of a catalyst, separates
into electrons and hydrogen protons. The protons flow to
the cathode, through the proton exchange membrane while
the electrons flow through an external circuit, thus creating
electricity. The hydrogen protons and electrons combine with
oxygen flow through the cathode to produce water, see Fig. 1.
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FIGURE 1. Schematic diagram of a basic PEMFC.
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The reactions in the PEMFC are [37]:

2H, — 4H™" + 4¢™ (anode reaction)
O, + 4H™ + 4e~ — 2H, 0 (cathode reaction)
2H, + Oy — 2H> 0 (overall reaction) (1)

Typical characteristics of PEMFC can be identified in a
polarization curve, which is a plot of cell current versus
cell voltage. As more current is drawn from the FC, the
voltage drops due to the electrical resistance of the fuel cell,
inefficient transport of reactant gas, and slow reaction rate.
Since lower voltage indicates lower fuel cell efficiency, low-
load operation is preferred. However, this will increase the
volume and weight of the fuel cell. Furthermore, the constant
low-load operation is not practical in mobile applications
where frequent load changes are required. The polarization
curve varies with different operating conditions, including
pressure, temperature, partial pressure of reactants, and
membrane humidity [3]. As is shown in Fig. 1, to form
a complete FC system, the PEMFC stack requires several
auxiliary components and four main flow subsystems: the
hydrogen supply system to the anode; the air supply
system to the cathode; the humidifier and the cooler that
maintain the humidity degree, and the temperature of the
PEMEFC. Reactant flow rate, total pressure, reactant partial
pressure, membrane temperature, and humidity are the main
parameters that need to be regulated to avoid constant
warm-ups and ensure fast system transient response, safe
shutdown, system robustness, and an adaptation to power
changes. The main control devices are the compressor motor
for airflow and pressure regulation, the hydrogen flow and
pressure regulation valve, the water pump for temperature
regulation, and the humidifier for humidity control. It is
worth mentioning that changes in one parameter influence the
others [3], [49]. Thus, this is the cause of a PEMFC being a
complex system.

VOLUME 11, 2023

FIGURE 2. Experimental test bench using 1.2 kW Nexa® PEMFC power
module (Manufacturer Ballard) [50].

B. EXPERIMENTAL DATA RECORDING

The data for this research was taken from a 1.2 kW
Nexa® PEMFC power module (manufacturer Ballard) [50].
This equipment is a fully automated, compact, and low-
maintenance PEMFC stack that provides a power output of
1.2 kW atavoltage of 24 V. Besides, this module incorporates
a protection diode to prevent reverse current from entering
the FC stack, see Fig. 2. Unfortunately, this diode exhibits
an undesirable power dissipation, resulting in a reduction of
effective output power to approximately 1 kW. The output
voltage ranges from an open circuit voltage of 42 V to a fully
loaded voltage of 22 V. The nominal output voltage is 26 V
with a nominal load current of 46 A. The specifications of the
studied commercial 1.2 kW Nexa® PEMFC power module
are provided in Table 2. The experimental set-up consisted of
the following components:

(1) Computer with Matlab® software and DSPACE
DS1103 data acquisition system.

(2) Digital oscilloscope for monitoring.

(3) Electronic load.

(4) Current amplifier probe.

5) A12kW Nexa® PEMFC power module

(6) Voltage source, LV25P voltage sensor, CSNE151 cur-
rent sensor.

(7) Op-amp signal conditioning circuit.

The experiment consisted of observing the behavior of the
PEMFC voltage using five different input current tests. The
results of this experiment are shown in Fig. 3.

The five current tests were monotonic (tests 1 to 3 consider
a current increase from no load to a given maximum current,
and tests 4 to 5 consider a current decreasing behavior,
from a maximum current to no-load operation), which allows
studying the behavior of voltage and power (polarization
curve) when the PEMFC is subjected to this type of input
current. Notice that the hysteresis band exhibited by the
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TABLE 2. Specifications of 1.2 kW Nexa® PEMFC power module
(manufacturer Ballard) [50].

Rated net power 1200 W
P DC voltage range 22-50V
ower Rated voltage 26V
Rated current 46 A
Purity > 99.99% Hs (vol)
Fuel Pressure 0.7-17 bar (10-250 PSIG)
Consumption < 18.5 SLPM
Emissions Water < 870mL - hr—1
Tusst Noise <72dBA-m
Physical Length 56 cm xX25 cm X 33 cm
yst Weight 13 kg (29 Ibs)

—Test‘ 1
— Test 2

Test 3|
— Test 4|
— Test 5

Current (A)

FIGURE 3. PEMFC voltage behavior with five different input current tests.

400 N —Test 1 7
\ — Test 2 4

—~ /
330 S Test 3 7 J
=
[}
=
=]
@)

FIGURE 4. Behavior of PEMFC current tests as a function of time.

TABLE 3. Main characteristics of the five experimental tests.

Test Final time  Max. current ~ Min. voltage = Max. voltage

Test 1 150.0 s 28.7732 A 23.8637V 39.9558 V
Test 2 145.6 s 41.6000 A 20.8900 V 40.5000 vV
Test 3 136.8 s 28.7216 A 23.8637V 39.7628 V
Test 4 1456 s 28.7607 A 23.8637V 399127V
Test 5 150.0 s 41.6000 A 20.2000 V 40.1000 vV

PEMEFC voltage presents a complex nonlinear behavior that is
difficult to model, therefore it is out of the scope of this work.
All tests started with an experimental time of zero. Besides,
the three increasing tests had a current initial value of zero
while for both decreasing tests the current final value was
zero as illustrated in Fig. 4. The main characteristics of each
experimental test (i.e. final time, maximum current, minimum
voltage, and maximum voltage) are shown in Table 3.

108332

Vini CiD

FIGURE 5. Electronic circuit sketch for PEMFC voltage.

After obtaining the experimental data from the PEMFC,
a V-I relation was observed. It is noted that when the
electric current increases the voltage decreases, and in the
same way, when the current decreases the voltage increases.
Besides, when developing the model, it has been taken into
consideration that the voltage and current in a cell have a
maximum (polarization curve). This proposed model only
depends on the input current and is explained in detail in the
next section.

IIl. EQUIVALENT ELECTRICAL CIRCUIT AND
MATHEMATICAL MODELING

As it is widely known, the PEMFC voltage V. can be
expressed in terms of the Nernst’s voltage Eyy, and of the three
main types of voltage drops; ohmic Vg, activation Vyct,
and concentration Vcon [51], [52].

Vtc = Eth — Vohm — Vact — Veon. 2)

This equation represents a static model of the PEMFC
voltage. This static model has been used by many authors
as reported in the literature [53], [54]. However, in [40],
the authors assumed the PEMFC as an electronic circuit
to develop a static-dynamic ECM. This work is inspired
by the ECM proposed in [40], wherein the double-layer
charging effect serves as the main regulator of the PEMFC
voltage dynamics. In this work, the capacitance property
was used to model the double layer that corresponds to the
electrolyte/electrode contact since it functions as a storage of
electrical charges. Also, for the activation and concentration
voltages, a voltage change requires a charge time (in case
of voltage increase) or a leakage period (in case of voltage
decrease). It is important to note that the ohmic voltage drop
is not influenced by any time delay as it changes instantly.
The equivalent electrical circuit is sketched in Fig. 5.

The equivalent circuit model is composed of the following
elements:

- Two resistance-capacitor branches to model the dynam-
ics both at the anode and cathode (activation and
concentration voltage drops nact + ncon):

Nact + Nicon = Nact,c + Ncon,c + Nact,a + Ncon,a;

(€)
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where the dynamic equations for nact,c + ncon,c and
Nact,a + Ncon,a are:

d + ! !
(Uact,c ”COH,C) = . ] - —. (Tlact,c + ncon,c) J

dt Ce TC
“4)
d (nact,a + ncon,a) 1 1
> 4 - —. ,
ar Ca - (Tlact,a + 77con,a)
(5

where [ is the PEMFC current, Cc and Cj are the capac-
itors for cathode and anode, respectively. The electrical
time constants ¢ and 73 governing the dynamics are
variables according to the operating conditions at the
input of the PEMFC.

- One resistance to model the membrane (ohmic voltage

drop nohm):
Nohm = ! - Rmem, (6)

where Rmem 18 an internal resistance in the circuit.
- A DC voltage source Vj,; to model the Nernst’s
voltage:

Vini = Eth- )

The equivalent resistances R¢ and Ry are determined based
on the activation voltage and input current of the PEMFC,
also they are related with 7¢ and 7g, respectively, see (8) and
9) [55], [56], [57].

+
7 = CcRe = Cc - (—”aa’c - ”Con’c) . ®
-
Ta=Ca-Ra=Ca- (—”aa’a - "Con’a> O

So, the equivalent static-dynamic model for the PEMFC
voltage can be expressed as:

Vic (@) = Vipi — I1(®) - Rmem — Nact(!) — ncon(®). (10)

IV. PARAMETER ESTIMATION

In this section, the parameters of (10) are estimated.
To adequately estimate the parameters, the five different
PEMEFC current tests (I;, where i takes the value between
1 and 5) were analyzed. Each test /; was estimated using
Matlab® Curve Fitting Application. Among all the functions
available in this application, the function with the best fit for
each I; was the Fourier series of 4 terms, see (11).

4
Ii(t) = aio + Z (a,-,j -cos[w; - t] + b;j - sin[w; - t]) . (1D
Jj=1

Table 4 shows the different values of the parameters for the
Fourier series of each current test /.

Fig. 6 and 7 illustrate the behavior of the five current tests

and the behavior of their corresponding Fourier series. Fig. 6

shows the behavior of the three tests of increasing current

VOLUME 11, 2023

TABLE 4. Fourier series parameters for each current test.

Parameter I I I3 n I5
ap -19.04 32.77 11.82 -46.25 18.95
ai 13.63 -15.56 -10.09 43.34 19.95
b1 51.68 -34.61 -8.46 88.76 -0.7318
az 37.72 -16.86 -1.774 51.6 4.043
ba 0.441 2.704 3.728 -37.99 -7.065
as -1.204 -0.38 0 -19.5 -0.6949
b3 -15.09 5.123 0 -14.5 -2.802
as -3911 0.3919 0 -0.4195 0
by -0.7077 1.068 0 5.683 0
w 0.0192 0.0234 0.0282 0.0183 0.0275

%\28 ||—Fourier series for Iy

~ — I, experimental data

107
O 1 1

0 50 100 150

;340 =Fourier series for I. 2 i
— o0 H— I experimental data 8
’\CT /
0 50 100 150

< o0 |—Fourier series for I3
~— ||~ I3 experimental data,

0 50 Time (s) 100 150

FIGURE 6. Behavior of Fourier series and current tests /;, I, and /5.

—Fourier series for I,
— I, experimental data

= 10 1
0 | ‘

0 50 100 150
.40 —Fourier series for I5 ||
% 20 — I5 experimental data]
~

0 | ‘
0 50  Time (s) 100 150

FIGURE 7. Behavior of Fourier series and current tests /; and /5.

while Fig. 7 shows the behavior of the two tests of decreasing
current.

Taking into account the approximation of the electrical
current of the PEMFC using the Fourier series, it is possible to
calculate the analytical solution of the differential equations
(4) and (5). Therefore, for each I;, Nact,ci T Ncon,c,i and
Mact,a,i t Mcon,a,i are represented by the following time
functions:

—t
(”act,c,i + 77con,c,i) (1) =Ag - exp |:t—:|

c

1
+(C—)-( 00 Tc + A +A2),
C

12)
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—1
(”act,a,i + 77con,a,i) (1) = Bo - exp [g}

1
+ (—) (@10 ta+ B + Ba),
Ca

(13)

where the terms Ag, A1, A2, By, B1, and B; are given by:

Ag = Nact,c,i,0 T Mcon,c.i,0

4 . 2
1 aij-Tc—j-wi- T8

1 —1. a~0.‘[+ > - s
(Cc) e J.Z_l( L+ G -wi - 7c)?

(14)
Al = #) . j - w; -t
—i—j-wi-tcz-sin[j-wi-t]), (15)
A — : bij ) g
2_/221(—1+(f‘wi'7—'c)2 - (x - sinlj - wi - 1]
—j~w,~-1:g-cos[j~w,~-t]),
(16)

By = Nact,a,i,0 T Mcon,a,i,0

4 . 2

1 a,-,j-ra—J-w,'-ra
=) a0+ :

(Ca) : jzl( L+ G- wi- )

)
4 a<.
+j-w,--r§-sin[j-w,--r]), (18)
4 b
Bz_;(l+(j~w,~ra)2) (ta - sin[j - w; - 1]
—j~wi-r§-cos[j~w,--t]), (19)

Wh?re naqt,c,i_,0+’7€0n,c,i,0 and _nact,a,i,O"'ncon,a,i,O are the
initial activation and concentration voltages for the cathode
and anode for /;, respectively. These voltages are calculated
using (20).

Nact,i,0 T Nconi,0 = Vini — Rmem - 1i(0) — Vg ,(0),
(20)

where

Nact,i,0 T Mcon,i,0 = Mact,c.i,0 + Mcon,c,i,0 T Mact,a,i,0
*+ Neon,a,i,0- 20

108334

From this result, the parameters of (10) were calculated
(i.e. the parameters Vj,;, Rmem, Cc, Ca, Tc, and ta). Due
to the monotonic behavior of the polarization curve, it was
estimated Vj,; = max[Vy.] (i.e. the maximum experimental
voltage obtained, Vip; = Vi (0) for increasing current tests
and Vi = Vi (#r) for decreasing current tests, where #f is the
final time of the test). Besides, to facilitate the construction
of the electronic circuit, the capacitors must be equal, so it is
assumed that C¢ = Cj.

To calculate the parameters Rmem and Cg, a script was
developed using MATLAB® software. The script and the
MATLAB command Isqcurvefit (based on the least-square
regression algorithm) were applied to adjust the parameters
of the model to the voltage data obtained experimentally for
the different electrical current tests. The values obtained were

According to the references [55], [56], and [57], T¢c and T3
are dependent on voltage and current. However, as a result of
the script implementation, the values obtained for ¢ and tg
were estimated as functions that only depend on the PEMFC
voltage as follows.

3 (Ve —3748Y°
e = 0.61 - exp Y , (22)

3 (Ve — 3575V’
7a = 0.832 - exp BERIEE . (23)

In the next section, parameters estimation is used to
validate the proposed model through a comparison of the
numerical simulations with experimental results.

V. EXPERIMENTAL VALIDATION AND DISCUSSION

A. SIMULATION AND RESULTS

To assess the effectiveness of the model in reproducing the
real behavior of the PEMFC voltage, the relative error Er,
the mean error Emy, the mean squared error MSE, and the
root mean square error RMSE were calculated for all different
experimental tests as follows.

N
d V.
100 Vex k V51m,k
Erz(N_).Z pv— , (24)
d k=1 exp,k
1y 9
Em = (N_) > [Vexpk = Vsimu| (25)
d
k=1
1 Ny 2
MSE = (]Td) : g (Vexp,k - Vsim,k) ; (26)
RMSE = v/MSE, Q27

where Ny is the number of experimental data, Vexp,k is
the k experimental measurement (V'), and Vsim.k is the k
simulation data from the model (V).

In Fig. 8 and 9, a comparison of numerical simulations
of the proposed model with experimental results is shown.
Increasing current tests were used for the comparison shown
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FIGURE 9. Behavior and comparison of the model with the experimental
data for current tests /, and /5.

in Fig. 8. In this case, Test 1 had the most significant errors
of the statistical tests (i.e., E, = 3.81%, Em = 1.442 V,
MSE = 1.7264 V2, and RMSE = 1.3139 V). This result
in the statistical tests demonstrated the effectiveness of the
model as a function of time in increasing currents.

In Fig. 9, the results obtained through numerical simu-
lations and experimental tests have been compared for the
decreasing current tests. In this comparison, Test 5 had the
most significant errors of the statistical tests (i.e., E, =
3.15%, Em = 0.9496 V, MSE = 1.2031 V2, and RMSE =
1.0969 V). This result in the statistical tests demonstrated the
effectiveness of the model as a function of time in decreasing
currents.

The behavior of the voltage-current model is shown in
Fig. 10 and 11. A comparison of numerical simulations of
the proposed model with experimental results is reported
in Fig. 10. In this comparison, the V-I behavior of the
experimental and simulation data can be observed when the
input current increases. As can be seen, the PEMFC voltage
drops when the PEMFC current increases.

In Fig. 11, a comparison of numerical simulations of the
proposed model with experimental results is reported. In this
case, the V-I behavior of the experimental and simulation data
can be observed when the input current decreases. As can be
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FIGURE 12. Behavior of the error obtained for current tests /;, /I, and I5.

seen, the PEMFC voltage increases when the PEMFC current
drops.

Finally, the behavior of the error is shown in
Fig. 12 and 13, for increasing and decreasing current tests,
respectively. As can be seen in both figures, the errors
obtained vary between 2.4923 V and 0.050 V. In addition,
these errors as a function of time have a random behavior,
which increases the difficulty to be modeled analytically.
Therefore, applying control theory to minimize the errors
obtained is a promising line of research to be addressed as
future work.
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TABLE 5. Values of the maximum and minimum errors for each test.

Test max min
I 24923V 0.0112V
I> 23251V 0.0730 V
I3 2.0758 V 0.0217V
Iy 2.1754V 0.0050 V
Is 2.1460 V 0.0053 V

B. DISCUSSION

As mentioned at the beginning of this section, different
tests were carried out to demonstrate the effectiveness of
the model. In Tables 5 and 6, the results of the previous
subsection are summarized. Table 5 shows the maximum
and minimum error values obtained and Table 6 presents the
mean, relative mean squared, and root mean square errors.
From Table 5, it can be noted that the maximum and minimum
errors for the five current tests were for /; with a value of
2.4923 V and I4 with a value of 0.0050 V, respectively.
According to Table 6, the mean error, /1 had the maximum
Em with a value of 1.1442 V and I3 had the minimum
Em with a value of 0.6549 V. In the case of relative error,
I> had the maximum Er with a value of 3.81% and /3 had
the minimum Er with a value of 1.98%. Finally, the tests
I and I5 obtained the maximum and minimum relative mean
squared and root mean square errors with values of MSE =
1.7264 V2, RMSE = 1.3139 V and MSE = 0.7292 V2,
RMSE = 0.8539 V, respectively. It is also worth mentioning
that the average value Em and Er of the five current tests were
0.92376 V and 2.984%, respectively.

Therefore, the developed ECM in this work is effective
in describing the behavior of PEMFC voltage with different
current inputs, both increasing and decreasing currents. Fur-
thermore, using this model and the value of its parameters as a
base, it is possible to build an electronic circuit that describes
the behavior of Voltage PEMFC and replace the real PEMFC
(i.e., construct a PEMFC emulator). However, the estimation
of the model parameters is not optimal, and errors between the
experimental data and the model can be observed. Besides,
the obtained errors are particularly noticeable during the
transient phenomena, which are complex to model according
to the input current. Thus, taking into account the behavior
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TABLE 6. Results of the statistical tests applied.

Test Em Er MSE RMSE
I 1.1442V 3.58% 1.7264 V2 13139V
I> 1.1102 V 3.81% 1.7131 v2 1.3089 V
I3 0.6549 V 1.98% 0.7292 v2 0.8539V
Iy 0.7599 vV 2.40% 1.0779 v2 1.0382V
Is 0.9496 V 3.15% 1.2031 V2 1.0969 V

of the transient phenomenon, it is possible to increase the
reliability of the ECM for PEMFC voltage.

VI. CONCLUSION

In this work, the behavior of PEMFC voltage was investigated
to develop an accurate dynamic-static ECM. Experimental
tests allow identifying the dynamics of the PEMFC voltage
for different input currents, both increasing and decreasing.
The ECM was developed using five different current
tests, three tests of increasing currents and two tests of
decreasing currents. To complete the model, the parameters
were estimated as constants, except for ¢ and 73, which
were estimated as voltage-dependent functions. This new
expression for 7¢ and ty enriches previous works, where
the authors only approximated these parameters as functions
dependent on current and voltage.

The precision of the model was validated through different
experimental tests, obtaining a mean relative error of
2.984%. The effectiveness of the ECM is illustrated through
different experimental tests involving monotonic currents.
For future work, testing the effectiveness of the model using
currents with non-monotonic behavior would complement
this work.

With the ECM developed in this work, different math-
ematical tools can be applied to improve the performance
and optimize the PEMFC, for instance, the design and
implementation of a control law. Besides, using the ECM and
the calculated parameters, it is possible to build an electronic
circuit for PEMFC voltage emulation, thus avoiding the use
of areal PEMFC, which brings advantages in various research
stages of PEMFC systems.
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