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Abstract: This paper deals with two basic issues of fuel cell research: modelling and experimental validation. In particular, the EIS
(electrochemical impedance spectroscopy) technique is applied to a PEMFC (proton exchange membrane fuel cell). Experiments have
been performed using a low-cost test bench and instrumentation developed around a 1,200 W Ballard Nexa fuel cell system. An
electrical and dynamic model in VHDL-AMS language for PEM fuel cell stack is described. The privileged approach in this paper is an
electrical method. Few papers deal with the modelling of a fuel cell in VHDL-AMS language with an electric approach. The fuel cell is
characterised cell wise in VHDL-AMS; AC and DC measurements show the good agreement between the simulation results of the
model and those measured in experiments. The model is capable to predict accurate stack profiles. The model is validated using
temporal and impedance spectroscopy method; the impedance spectroscopy is performed at low and high frequencies. The
experimental and simulated Nyquist plots show that the frequency response of the fuel cell stack can be predicted by the proposed fuel
cell stack model. At high frequencies, comparisons between experimental and model impedance results are performed and show some
similarities between the two Nyquist. Error between the two approaches is below 1.5%.
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1. Introduction development for civil applications. We will note the
current price and the lifetime of the stack components.
Over the last 20 years, research and development . . . . .
. A fuel cell is a device allowing direct conversion of
efforts on fuel cells have increased because of the S ) ) ) ]
. . free oxidation-reduction reaction chemical energy into
demand of developing an effective and no pollutant .
) ] . . electrical energy.
system, which can provide energy in transportation,
. Fuel cell produces from hydrogen and oxygen
portable and stationary sectors [1, 2]. o . ) .
) . . electricity without any pollution. It is a
The fuel cell is a reliable and sustainable tool to T . .
) . multidisciplinary system involving a large number of
produce environmentally friendly energy for many L . .
o ] - scientific fields such as chemistry, electronics, power,
applications. The PEM fuel cell is considered as the o . o
o ) thermal, fluidic, etc. [4]. This multidisciplinary makes
most promising technology for transportation and . . )
T ) the study of this system difficult and tiresome. The lack
portable applications because of the low operating .
of control over all of these fields, and the high number
temperature and ease of assembly [3]. However, some . )
] ] of parameters influence the behaviour of the fuel cell.
problems are still to resolve and slow down its ) )
These behaviours are very different between the
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operation and rest. Our objective is firstly to exploit
and characterize the fuel cell; secondly, based on its
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characterization, to observe its operation statue through
the degradation state of the fuel cell by equipping an
intelligent sensor. Many research groups have
developed data-processing models of fuel cells in
various environments and with various parameters for
the study and the anticipation of its behaviour [5-7].
This type of model allows saving time in the design and
better control this type of generator. There are a large
number of models developed in different design and
description languages as the VHDL-AMS, which
makes it possible to model a complex and
multidisciplinary system [8, 9]. In this paper, a
dynamic model in VHDL-AMS of a Nexa fuel cell in
load is presented. Modelling is made on the
macroscopic level, only taking into account the
electrical aspect and the experimental results. This
aspect of study makes this work original. Colleagues
from other disciplines are working on models where
the chemical aspects, fluidic etc. are studied and
proposed. This type of dynamic modelling enables us
to understand the operation of the fuel cell in load and
its dynamics without having to intervene on a real fuel
cell. That reduces the testing costs and makes it
possible to anticipate the modifications made on the

system.
1.1 VHDL-AMS Language

In this paper, we modelled a fuel cell in VHDL-AMS
language which is a derivation of the VHDL material
description language (standard IEEE 1076-1993). It
includes analogical extensions and mixed signals that
are used to define the behaviour of the systems in

analogical and mixed signals (IEEE 1076.1- 1999) [10].

The VHDL-AMS standard was created with the
intention of enabling analogical and mixed signals
system designers to create and use modules that
encapsulate descriptions of high level behaviour, as
well as structural descriptions of systems and
components. At the same time, VHDL-AMS provides
continuous and semantic event modelling. It is thus

well adapted for analogical, digital and mixed circuits.

It is particularly well adapted for checking complex
integrated circuits that combine analogical, mixed
radio

signals and frequencies as well as

multidisciplinary systems such as fuel cells.
VHDL-AMS is not a computer programming language,

but a language of material description.
1.2 The 1.2 kW Nexa Fuel Cell

The fuel cell used during our experiments was the
Nexa fuel cell from Ballard, with a rated power equal to
1.2 kW. This module does not require maintenance
since it is entirely automated and highly integrated. It
can provide a current to a maximum power of 46 A
with a voltage equal to 26 V and a minimum current of
0.7 A for a no-load voltage of 48 V [11]. The stack is
composed of 47 cells (Fig. 1), which provide individual
voltages ranging between 0.6 V and 1 V according to
the required power.

An embedded controller board ensures the safety of
the fuel cell as well as the operator by controlling a
certain number of parameters (hydrogen leak, abrupt
falls in the tension, etc) via integrated sensors. The
controller board also adjusts the parameters of the fuel
cell for the optimization of energy efficiency. The fuel
cell also includes an air compressor, a cooling system
and other devices supporting its operation [12, 13].

Stack Control board

Fig. 1 The Nexa fuel cell.
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2. Macroscopic Study

In this study, the electrical side is given priority over
the other fields involved in the operation of the fuel cell.
The model uses the assembly of basic cells in
connection with an electronic load. The dynamic model,
unlike the static model [8], allows the operation of the
fuel cell to be characterized while the fuel cell is in use.
The fuel cell is a complete system, including gas
cylinders, electronic load and other devices. It is
modelled in a state of continuous operation. To model a
dynamic system, we use experimental impedance
measurements, carried out by the EIS method.

The measured impedance of the fuel cell predicts the
various electrochemical losses and their evaluation
using a Nyquist graph. For modelling, values of
impedance can help to identify some parameters of the
fuel cell (ohmic losses, activation losses, etc.) which
are not accessible during stationary measurements at
DC [14, 15]. An electrical equivalent circuit, valid for
small signals, describes the different layers of the fuel
cell. Conducting layers are characterized by their
electric resistance. The model described in
VHDL-AMS is an electric equivalent model extracted
from experimental impedance measurements.

The  Nyquist by EIS

(electrochemical impedance spectroscopy) allows each

graphs  produced
cell to be defined with an equivalent diagram reflecting
the electrochemical process that take place inside the
fuel cell. The first 45 cells are identical. Cells 46 and 47
are cells where the tension decreases due to the
accumulation of water. An electrical resistance
represents the load. The EIS method is modelled by a
signal generator providing a sinusoidal signal equal to
20 mV and on a frequency band from 8 MHz to 12.4
kHz. This frequency band is identical to that used

during the experimentation.
2.1 Schematic View of the Nexa Stack

For better legibility, the Nexa fuel cell is represented
in the form of cells put in series (Figs. 2 and 3). The

stack is not isolated from the remainder of the system.

V_POS(n-1) V_POS(n)
— —>
Cell (n) v,
V_NEG(n-1) V_NEG(n)
—’ —>
Fig. 2 Single cell of the fuel cell.
" Stack
1 . 47
® ®
Input Output

Fig. 3 Complete stack of the fuel cell.

Experimental measurements, as well as the model we
studied, take into account the auxiliaries of the fuel cell
(compressor, humidifier, electronic board, etc.).

The classification of the cells makes it possible to
define the order and reveal the cells known as normal
and those where the accumulation of water has an

influence on the voltage delivered.
2.2 Electrical Model—Cell 1 to 45

The data on the electrical model of a cell is extracted
from the experimental results. The experimentation
allows the characteristics and the behaviour of the fuel
cell to be defined while in action and at rest. The
experimental electrical measurements performed on
the fuel cell allow us to determine the voltage-current
characteristic of the Nexa fuel cell. The impedance
measurements show the electrochemical process taking
place inside the fuel cell and allow us to create a
diagram representing the behaviour of the cell in the
best possible way. The cells 1 to 45 are not affected by
water excess (Fig. 4), they show quasi-normal
behaviour and their nominal voltage varies according
to the required power. The dynamic cell voltage is
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Fig. 4 Electronic representation of cells 1 to 45 in
VHDL-AMS.

Impedance of the fuel cell

0 0.2 0.4 0.6 0.8 1 12 14 16 18
Re(2)

Fig. 5 Nyquist graphs of the experimental tests.

presented by a continuous generator of tension VDC
(V1), whose value is variable.

Fig. 5 represents the Nyquist graph of the impedance

of the Nexa fuel cell obtained in the experiments [16-18].

Measurements were made in a current range from 1 A
to 10 A and a frequency band of 8 MHz to 12.4 kHz.
The shape of these curves shows the phenomenon of
ohmic losses, and activation losses on the anode and
cathode level. The cathodic activation losses are more
important than that of the anode (variables according to
the current). The ohmic losses are identical for all the
current levels (0.073 Q).

The resistor R,, in parallel with the capacitor C,,
represents the activation losses on the anode side. The
resistor R3, in parallel with the capacitor Cs, represents
the activation losses on the cathode side. Resistor R
represents the ohmic losses on the level of the

membrane. The capacitors C, and C; are double-layer

capacitors, representing to the surface of the electrolyte.

The cell is represented by its nominal voltage, as well
as the phenomenon of losses on anode, cathode and the
membrane level. The cell voltage is the nominal
voltage minus these three losses. The values of the
electric components are extracted from experimental
measurements carried out on the Nexa fuel cell by EIS.

The band of current on which measurements were

made varied from 1 A to 10 A. The electronic load
available (Agilent N3301A) supported a power of 600
W. A polynomial equation entered in the VHDL-AMS
code modified the values of each component according
to the value of the R¢ load and indirectly the value of
the required current. These polynomial equations were
obtained from Polyfit command of Matlab. This
technique enabled us to see the influence of the load on
the fuel cell power and the behaviour of each cell
individually.

Table 2 gives the experimental values of the
components extracted from the experimental Nyquist
graph. Table 1 shows the coefficients of the polynomial
equation used to calculate the value of the components
of the model according to the R¢ load.

X:a6-R(6;+a5-R(5;+a4-Ré+a3~Ré+a2-R(2;+al~RC (D

X represents the components Vi, Ry, Rs, C; and C;
and a, is the coefficients of the polynomial equation.

Table 2 shows the results of Ry, R3, C,, C3 and V,
calculated from the polynomial equation Eq. (1). We
can show an error between the experimental values and
those calculated that is under 1.5%, which gives us a
good agreement between the simulation and the

experiment.
2.3 Electrical Model—Cell 46 and 47

All the parameters of the electric models for cells 46
and 47 are identical to those of cells 1 to 45 (Fig. 6),
except the cell voltage.

Indeed, in the case of the last two cells, the
accumulation of humidity brings about an automatic
purging that occurs periodically [19]. More power is
required, the greater the purge time is short. This makes
it possible to evacuate surplus of moisture through the
gases H, and O,, accumulating on the level of the gas
channels.

2.4 Electrical Model of the Complete Fuel Cell

The equivalent electric model of the complete fuel
cell is the series of all the cells 1 to 45 and the last two
where the accumulation of water decreases the voltage
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Table 1 Coefficient values of the polynomial equation.
a Vi (V) R2(Q) Co (F) R:(Q) Cs(F)
' Rc<8Q Rc>8Q Rc<8Q Rc>8Q Rc<8Q Rc>8Q Rc<8Q Rc>8Q Rc<8Q  Rg>8Q

a; -11.97-10-3 -16.95-10-6 -86.73-10-5 -29.19-10-8 31.44-10-5 -17.29-10-9 -23.36-10-4 32.63-10-9 54.48-10-4 -51.76-10-6

as 31.13-10-2 12.86-10-4 23.47-10-3 22.48-10-6 -82.65-10-4 13.45-10-7 61.29-10-3 -22.18-10-7 -12.63-10-2 37.73-10-4
a; -3.21 -30.10-10-3 -25.06-10-2 -54.03-10-5 85.26:10-3 -32.74-10-6 -63.10-10-2 41.01-10-6  1.085 -82.11-10-3
a; 16.64 22.86:10-2  1.32 43.04-10-4 -43.14-10-2 26.31-10-5 3.18 -16.94-10-5 -4.11 55.20-10-2
a, -45.32 0 -3.43 0 1.06 0 -7.87 0 5.95 0
a, 61.75 0 3.63 0 -1.03 0 7.65 0 -0.31 0
Table 2 Measured and polynomial values of components Vi, Ry, Ry, R, C, and Ca.
Current  Load Voltage R () Rz (©2) R3(©) C(F) Cs(F)
(A) Rc(€2) V) Meas  Poly Meas  Poly Meas  Poly Meas  Poly Meas  Poly
1 39.75 39.75 0.073 0.0728 1.227 1.21 0250 0.242  0.065 0.065 3.146 3.156
2 19.50 39 0.073  0.0728 1.117 1.10 0210 0.199 0.059 0.057 1497 14975
3 12.92 38.75 0.073 0.0728 0957 0.942 0.130 0.128 0.059 0.048 20.35 20.361
4 9.45 37.80 0.073  0.0728 0.807 0.800 0.04 0.03 0.05 0.04 58.54 58.558
5 7.42 37.10 0.073  0.0728 0.517 0.502 0.136 0.125 0.038 0.032 0.97 0.975
6 6.10 36.60 0.073 0.0728 0.487 0452 0.130 0.128 0.036 0.037 1.38 1.385
7 5.14 36 0.073  0.0728 0.447 0435 0.130 0.128 0.032 0.036 1.27 1.276
8 4.46 35.65 0.073  0.0728 0.407 0.402 0.130 0.125 0.028 0.022 1.08 1.075
9 3.89 35 0.073  0.0728 0.367 0.356 0.09 0.07 0.029 0.022 1.34 1.346
10 343 34.30 0.073  0.0728 0.357 0.348 0.08 0.06 0.026 0.024 1.91 1.916
1 2 3 45 46 47
V1
o o e seffofwires 2 fi St f| 3 G i g
- I I I
POS K Ri ik ‘ NEG A l
" c3 A 1 c2 " Re¢
— S
Fig. 6 Electronic representation of cells 46 and 47 in =

VHDL-AMS.

(Fig. 7). The whole stack is connected to a load
represented by a resistance that varies automatically.
The EIS method is represented by a function
generator sweeping the frequency band (8 MHz with
12.4 kHz) with an amplitude of 20 mV. The inductance
of the different wires is taken into account for a better

representation of the system.

3. Results and Discussion

A simulation in DC mode using the model
in VHDL-AMS was
enables us to observe the behaviour of the fuel cell

developed performed. It

with the variations of current level. DC mode is a

temporal variation of the load to obtain a characteristic

Fig. 7 Electronic representation of the stack.

tension-current without intervention of frequency. The
simulated current is from 1 A to 10 A, which is the
same range used in the experimentation. Fig. 8 shows
the the

experimental results, which shows a good agreement.

comparison between simulated and
The model answers well the change of power.

No boarding time or time-constant is observed
during power variation. Each current is maintained
over one min. We can note the influence of water on
the voltage of the last two cells and on the total voltage
of the complete stack. It appears for the current 3 A and
6 A corresponding each one to the interval 240-300 s
and 440-600 s. This influence appears on the shape of

the voltage curve that becomes decreasing.
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Fig. 8 Results of the model in DC mode.

Imaginary part

Real part

Fig. 9 Results of the model in AC mode.

The results in AC mode by using the EIS method
enable us to obtain the Nyquist graphs of the complete
stack on the band of current defined previously (Fig. 9).
The activation losses (i.e., the resistance of polarization)
are extremely high, because a temperature of 36 °C is
relatively low temperature for the operation of a PEM
fuel cell. The polarization resistance is the sum of the
activation losses of the anode and the cathode. This
resistance increases with the number of cells, which is
the sum of each polarization resistance of the whole of
the cells. Ohmic resistance does not varys; it is constant
for the different currents. The polarization resistance
decreases when current increases, itis 1.477 Q for 1 A
and 0.425 Q for 10 A.

4. Conclusions

A VHDL-AMS dynamic model of the Nexa fuel cell
under load is introduced in this paper. A macroscopic
model using the equivalent electric diagrams coded in
VHDL-AMS is proposed and detailed. The results
obtained in DC and AC mode show good agreement

with the experiment. The model takes into account the

purge system. The current profile chosen for the DC
mode shows accurate responses to the changes on
current level.

The results in AC modes, represented by the Nyquist
graphs, show the various electrochemical process
occurring inside the fuel cell. The dynamic model
allows us to understand the operation of the fuel cell
without direct intervention in a real system.

This allows a time gain in the development of this
type of system and a better comprehension of its
VHDL-AMS
characterization of these multidisciplinary systems.

operation. language allows

The supported model makes it possible to understand
the dynamic operation of the Nexa fuel cell under load
and at the electrical level. Modelling facilitates the
design of a fuel cell, thus making the latter procedure
more flexible.
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