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Abstract

Nonlinear models of both a heat exchanger for cathode and a direct current electric motor to drive the compressor are sized and
incorporated to the mathematical model of a PEM fuel cell system with capacity of 50 kW of net power intended to propel an
electric vehicle. A balance of plant is achieved through several controllers to the main control loops. A Model Reference Adaptive
Controller is used to regulate the oxygen excess ratio manipulating the voltage applied to the electric motor. Proportional-Integral
controllers are designed to regulate the air temperature entering to the cathode and to minimize the pressure difference between
the cathode and anode. Despite the non-minimum phase behavior observed in the net power delivered by the stack, the closed-
loop system tolerates changes in current demand and keeps the compressor operating in its region of maximum efficiency.
Keywords: PEM fuel cell, MRAC, heat exchanger, oxygen excess ratio.

Resumen

Se incorporan y dimensionan los modelos no lineales tanto de un intercambiador de calor para el cdtodo como el de un motor
eléctrico de corriente directa para impulsar el compresor al modelo matemadtico no lineal de un sistema de celdas de combustible
tipo PEM con capacidad de 50 kW de potencia neta destinado para propulsar un vehiculo eléctrico. Se realiza un balance de
planta a través del uso de varios controladores en los lazos principales. Se usa un controlador adaptable con modelo de referencia
para regular la relacién de exceso de oxigeno manipulando el voltaje aplicado al motor eléctrico. Se disefian controladores tipo
Proporcional-Integral-Derivativo tanto para regular la temperatura del aire que entra al cdtodo como para minimizar la diferencia
de presion entre el cdtodo y el dnodo. A pesar del comportamiento de fase no minima que se observa en la potencia neta que
entrega el apilamiento el sistema en lazo cerrado tolera cambios en la demanda de corriente y mantiene al compresor operando
en su region de maxima eficiencia.

Palabras clave: Celda de combustible PEM, MRAC, intercambiador de calor, relacién de exceso de oxigeno.

1 Introduction mobile and stationary applications.

At the moment the systems of feeding based
on Proton Exchange Membrane Fuel Cell (PEMFC)

Fuel cells are electrochemical devices that convert are taking major importance due to the necessity to
the chemical energy of a fuel into electricity and improve the environmental conditions, but mainly due
are considered as alternative energy sources for both to the depletion of the petroleum (Barelli et al., 2011,
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Pérez-Rodriguez et al., 2018 and Téllez-Méndez et al.,
2018). The industry of electric vehicles, in order to
enter the market, is already selling cars fed by fuel
cells (Hwang et al., 2012). However, in most cases,
their designs omit many contributions that have been
made in this area, so that vehicles can be improved
(H.-W. Wy, 2016 ).

The mathematical model published by Pukrushpan
et al. (2004) and Pukrushpan et al. (2002) is the most
widely used to simulate fuel cell systems, however, the
author omits the heat exchanger needed to reduce the
air temperature, besides, the electric motor driving the
compressor is poorly described.

Particularly, terminals of the stack must be
connected to the field winding of the electric motor, so
the variations in voltage of these terminals represent
disturbances for the motor. Shuang Zhai et al. (2010)
present a simulation platform for power systems based
on PEM fuel cells, the stacking is simulated by a
distributed parameter model and auxiliary units based
on concentrated parameter models. The results show
that the overshoot in the output voltage is due to the
delays in the responses of the auxiliary units.

Gerard et al. (2012) propose a new analysis in the
degradation of the performance of a PEMFC system
during the lack of oxygen, carried out durability tests
in the stack and found oscillations in the voltage.

Ye et al. (2009) simulated in Aspen Plus the
production of hydrogen by reforming methane vapor.
To simulate the process they used the sub-model
of the minimum free energy of Gibbs and for the
humidification of hydrogen they integrated a sub-
routine FORTRAN in Aspen Plus. Fuel cells are
known as devices with slow response and unable to
deliver high rates of power. Nikiforow]J et al. (2017)
show how to an air supply strategy can lead the fuel
cell to provide a significant amount of power in less
than 1 second.

Humidification in a PEMFC has a strong impact
on cell performance (Aleksandra Sveshnikova et al.,
2017). The author shows how to an increase in
humidification temperature produces an increase in
cell voltage, no matter the current density range.

Abid Rabbani ef al. (2017) developed a model to
be used for optimized and design operational strategies
for PEMFC systems for automotive applications. The
model incorporates thermal behavior, water crossover,
mass, and energy balances.

Hosseinzadeh et al. (2013) contributed
significantly addressing the balance of plant of
a fuel cell system. In the analysis, all auxiliary
equipment addressed here except the electric motor are

included, besides, the controllers that allow changes in
the current demand are not included. To construct
the simulator of the fuel cell system, part of the
mathematical models contributed by Pukrushpan
(2003) were used, as well as the procedures that are
reported in the articles to work with Aspen Plus.

In this work, both a heat exchanger and an electric
motor are sized under air flow requirements and then
they are incorporated to the fuel cell system. the
mathematical model of the complete system results
with 13 state variables, which allows to have a greater
precision of its dynamics and at the same time allows
to improve the design of the controllers. The balance
of plant is achieved by including controllers for the
main three control loops of the system.

After addressing the work related to the fuel cell
system in section 1, in section 2 the dynamic model
of the complete fuel cell system is presented. This
section is divided into three parts: in section 2.1 the
mathematical models of the cathode, the anode and
the manifold that make up the fuel cell are shown; in
section 2.2 the direct current electric motor model is
presented and its sizing is performed; and in section
2.3 the model of the heat exchanger for the cathode
is presented and its sizing is also included. In section
3 the controllers for the three main control loops of
the system are designed. And finally, in section 4 the
dynamic analysis that was obtained when the system
in closed loop is simulated is shown.

2 Materials and methods

2.1 Mathematical model of the PEM fuel
cell system

During the operation of the PEM fuel cell, two
chemical reactions occur, one at the anode and one at
the cathode. At the anode the fuel undergoes oxidation
reactions that generate protons (hydrogen ions with
positive charge) and electrons. After the oxidation
reaction the protons flow from the anode to the cathode
through the polymer membrane; at the same time
the electrons flow in the same direction but through
an external circuit thus producing a direct current.
At the cathode, hydrogen ions react with electrons
and oxygen to form water (Pukrushpan et al., 2004;
Schefflan et al., 2011; Bequette, 1998; Maya-Yescas
et al., 20006).
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2.1.1 Dynamic model of cathode, anode, and
manifolds.

Since air is a mixture of nitrogen and oxygen, the
mass balance must be made for both as well as for
the accumulated water, which is described in equations
(1)-(2)-(3); similarly, at the anode, the mass balance
is made for hydrogen and for the accumulated water,
which is described in equations (4)-(5).

The air conditions change after going through the
compressor, the heat exchanger and the humidifier, so
it is necessary to know its mass, its outlet pressure
and its return pressure, as indicated by equations (6)-
(7) and (8). The relation Ao, = Wo,ca,in/ Wo,,reacted 15
known as oxygen excess ratio.

dmo,ca
d—tz = W02ca,in - WOgca,out - WOz,reacted (1)
dmp,cq
—= = WNzca,in - WNzca,out (2)
dt
dmyg, cq _
dt —Wv,ca,in - Wv,ca,out + Wv,ca,gen + Wv,membr
- Wl,ca,out
(3
dmpy. an
d—tz = WHzan,in - WHzan,out - WHz,reacted (4)
dm,
% = Wv,an,in - Wv,an,out - Wv,membr - Wl,an,out (5)
dmgy
=W, - W 6
dt cp sm,out (6)
dpsm  YRq
— = — (W, T, -W T 7
dt Vsm( cplep,out sm,out sm) @)
dprm R.Tym
= W, -W 8
dt Vi ( ca,out rm,out) (8)

There are additional algebraic equations
describing other variables of the fuel cell. The voltage
at the terminals of the stack is calculated using (9),
and the output net power is calculated using (10).

Vst = N(E = Vacr = Vohm = Veone) 9

here E is the open circuit voltage, v, is the voltage
due to activation losses, v, is the voltage due to
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ohmic losses, V.o is the voltage due to concentration
losses and 7 is the number of mono-fuel cells; all of
them are found in Pukrushpan ez al. (2004).

The power produced by the stack is calculated
as the product of the voltage at its terminals (vg)
and the current demanded by the charge (/). Note
that to calculate the net power (P,,;) only the power
consumed by the electric motor of the compressor
(Pcm,in) 1s deducted since this constitutes the main
parasitic power.

Prer = vl — Pcm,in (10)

2.1.2 Sizing of the electric motor that drives the
compressor

The compressor considered to supply the air to the
fuel cell is driven by a direct current electric motor. To
simulate it, the nonlinear model proposed by Khalil et
al. (1996) is used. Equations (11)-(12)-(13) describe
the dynamic behavior of the electric motor by three
state variables (Ljung, 1999; Luyben, 2002).

di, Vst —Ryiy

=— 11

dt Lf an

dj _ Vem — ClifWep — Ralg (12)
dt L,

dwcp _ Tem = Tep (13)

dt Jep

The mathematical model indicates that the
field winding and the armature winding are fed
independently. The variable vy, is the voltage supplied
to the field winding, and it comes from the terminals of
the fuel cell stack, while v, is the voltage that feeds
the armature winding. This voltage must be obtained
from a DC-DC converter which is not simulated here.

The state variables of the sub-model are the
followings: i, is the current of the armature, iy is the
field current, and w, is the angular velocity of the
motor. On the other hand, as parameters of this sub-
model are the following: Ry and Ly are the resistance
and inductance of the field winding, R, and L, are the
resistance and the inductance of the armature; and the
moment of inertia of the compressor is denoted as J..

The term 7., represents the torque produced by
the electric motor and it can be calculated by using
the equation (14). At first, 7, is calculated by using
the equation (15) but later it will be replaced by the
coupled actual load.

Tem = C2lflg (14)
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Tep = C3Wcp (15)

The power consumed and supplied by the electric
motor is calculated using (16)-(17), respectively.The
efficiency which electric energy is converted to
mechanical energy 7., is calculated using (18).

Pcm,in = Vstif + Vemla (16)
Pem,our = WepTep = 030)%17 17
Pem,out
= : 18
Nem Pcm,in (18)

The numerical value of the parameters cq, ¢, c3,
Ry, iy, and iy is obtained by solving the following
system of algebraic equations simultaneously.

Tep

€3=— 19)

(1)(;[7

-2

C3wcp
m= (20)
Hem Vstlf + Vemla
C2lflg = Tem 2n
ig=kiyf (22)
%
Ry = l—;’ (23)
‘_}cm - Ruia

= 24
cl i[Oy (24)

The coefficient k& in the equation (22) only
indicates the number of times armature current
exceeds field current and it depends on the designer.

For the sizing of the electric motor it was necessary
to use the nominal values of some variables of the
fuel cell system that it simulated (Pukrushpan et
al., 2004). These values were obtained when the
demanded current is 280 A and are presented in Table
1.

Parameters J., and 7., were also taken from
(Pukrushpan et al. 2004); parameters R;, Ly, Ly, and
Vem were simply proposed with appropriate values. All
motor parameters with their values are shown in Table
1.

Now, equation (15) which calculate the actual
torque consumed by compressor can be replaced by
(25).

T = Cp.air Tam [( Psm )7%1 — 1w, (25)
cp =~ —\— c
r Wep MNep  Patm r

Table 1. Parameters for the electric motor model.
1 1.30%x 1073

2 3.93x 1073

3 1x107

R, 59¢
Ry 30.10Q

ia 1594 A

ir  797A

@Ocp 1% 10% rad/s
L, 500 mH

Ly 500 mH

Jop  5x1075 kg m?
Vg 240.0 volts
Vem  200.0 volts

Tep 05Nm
Tem 0.5 Nm
Nem  0.98

k 2.0

2.1.3 Sizing of heat exchanger for cathode

Pukrushpan et al. (2004) provides an equation to
calculate the temperature at which the air leaves
the compressor (26). In this equation Ty, and pasm
are the atmospheric air temperature and pressure,
respectively, pgn, 1s the air pressure at the compressor
outlet, ¢, is the efficiency of the compressor and
v = 1.4 is the ratio of specific heats for air. When
simulating this equation, it is found that the maximum
temperature at which the air leaves the compressor is
446K if the air enters the cell under these conditions,
the polymer membrane will be damaged, so this
temperature value must be reduced to 353K, which
is the maximum temperature value that the membrane
supports. The value of 446K is used in this section to
design the heat exchanger for the cathode.

y-1
("ﬂ) - 1} (26)
Patm

To reduce the air temperature a heat exchanger
of concentric tubes is used. To simulate this heat
exchanger a simplified nonlinear mathematical model

Tatm

Tcp,out = Tatm +
Nep

WWW.rmiq.org



Cruz-Rojas et al./ Revista Mexicana de Ingenieria Quimica Vol. 18, No. 1 (2019) 349-360

of stirred tank heat exchanger described by the
equations (27)-(28) is employed (Astorga et al., 2008).

ATeain  We UA
d‘:’m = —Vsnz;a (Tcp,out_ ca,in)_W(Tca,in_Tw)
(27
dt, W, vA
—2 = — (Tepta = Ty) = ———— (Tt~ Tca,
dt prw( cold = Tw) Cp,wvaw( ¢ co)
(28)

It can be seen that many of the parameters used
in the heat exchanger model correspond to those of
the fuel cell system, such as the compressor mass
flow W,p, the air temperature T¢p our, and the supply
manifold volume V,,.

The use of a refrigerator to reduce the air
temperature constitute another parasitic power,
therefore a radiator is preferred. This radiator must
maintain the temperature of the cooling fluid to 298 K,
which is the ambient temperature for tropical climates.

Parameters as the product UA and the cooling
water flow W, were calculated from mathematical
model of the heat exchanger at steady state, i.e. making
equations (27)-(28) zero, while the load demanded
was 280 A. Particularly, the heat transfer area A was
obtained simulating a HEATER block in Aspen Plus
using the flow and temperature requirements. The
parameters are shown in Table 2.

2.2 Design of controllers for PEM fuel cell
system

A change in the current demanded by load implies a
consequent change in the flow of the reactants; the
oxygen flow is the first thing to change because the
dynamics in the supply of oxygen is slower than that
of hydrogen. While hydrogen is supplied manipulating
a valve, oxygen must be taken from the atmosphere
using a compressor driven by a direct current electric
motor (Rubio et al., 2012; Gémez et al., 2017; Cantero
et al., 2017; Rumbo-Morales et al., 2018).

The variation in the flow of the reactants results in
the variation of pressure. Since the polymer membrane
that separates the cathode and the anode has a low
mechanical strength (Javier de la Cruz et al., 2018
and Javier de la Cruz et al., 2016) it is necessary
to minimize the pressures difference between both
electrodes, otherwise, the membrane would break.
Therefore, the regulation of the pressure at the anode
Pan 18 needed by manipulating the hydrogen flow
Wanin and using pressure at the cathode p., as

setpoint. To perform this task, a PI controller described
with equations (29)-(30) is used.

Table 2. Design parameters used to simulate the Heat
Exchanger model.
Hot fluid (air)
Wep 0.076 kg/s

Tepour 43279 K
Teain  353.15K

Cooling fluid (water)
W, 3.128 x 1072 kg/s
T cold 298.15 K

T, 345 K
General parameters
U 3106.45 W/m>K
A 0.2419 m?
Vo 2.46x 107 m?

This controller was tuned by using pole placement
method and its gains are shown in Table 3.

€1 = Pca — Pan (29)

Wan,in = kpre1 + kit feldt (30

The oxygen excess ratio (1o, = Wo,ca,in/ W0, reacted)
indicates the proportion in which the fuels are
consumed. According to Pukrushpan et al. (2004)
its value must be 2; if this is the case, a total fuel
consumption is guaranteed and consequently an
operation in the region of maximum power of the
system is also guaranteed; therefore, this ratio is the
most important variable of the complete system.

Regulation of the oxygen excess ratio is done
by manipulating the voltage supplied to the electric
motor v, driving the compressor. Changes in the
current demanded by load /;; together with variations
in the voltage delivered by stack vy are its main
disturbances. A Model Reference Adaptive Controller
(MRAC) was used in this control loop (Astrom et
al., 2013; Astrom et al., 1988). Since this controller
operates in regulation mode, shaded elements in the
controller block diagram (Fig. ) were not needed.
The gain of the adaptive controller oo was the unique
found heuristically.; besides parameter a,, can take any
positive real value.
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Table 3. Controllers for each loop with their respective gains.

Loop variable

Controller Gains

Manipulated Regulated

Vem 10, MRAC o =145

Wanin Pan PIl kp1 =107 k; = 1073
W, Teain P2 kpa = =05,k = =2.0

An air temperature T.,;, exceeding 353.15 K
also hurt the polymer membrane. Incorporation of
a heat exchanger allows regulation of this variable
manipulating the cooling water flow W,,. To perform
this task, a PI controller described with equations
(33)-(34) is used. In order to be able to tune the PI
controllers it was necessary to linearize the system at
one point of operation. This linearization was done
using input and output data of both the manipulated
variable and the variable to be controlled. To identify
the temperature of the air at the outlet of the cathode,
the mass flow of the cooling fluid was manipulated;
to identify the pressure at the anode, the mass flow of
hydrogen was manipulated. In both cases, an PRBS
was introduced and the identification tool that was
used was “output error".

Pan(s) _ 3.364x10°
Wanin(s)  s+8.032
Teain(s)  —7847
Wo(s)  s+3.285

(€29

(32)

The transfer functions were first grade, described
with equations (31)-(32), so a PI controller was
sufficient to perform the control over the entire
operating range. Once the transfer functions were
obtained, the pole positioning method was applied to
establish the dynamics of each variable in a closed
loop, which provided them with a unit gain. The poles
were established with a faster dynamic than in open
loop and always in the left half plane to confer stability
to the system.

ey =353.15 = Tyir (33)

W, = p2e2 + ki» fezdt (34)

Table 3 presents the parameters of the controllers
in a synthesized manner. The Fig. 2 shows a process
diagram that shows the complete system with its
control loops. The initial conditions for all system
variables are presented in Table 4.

S

g

i
£

Gn(s) [

@i

+ v, 1 +
ref ®_,®ﬂ, Fuel Cell %2 |
61‘
_g

(m)

D

2

[
g

Fig. 1. MRAC controller block diagram for regulating oxygen excess ratio.
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,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

MRAC |
ELECTRIC MOTOR CENTRIFUGAL . :
COMPRESSOR o Ao, | | Pea O -
Wan,in
| %
: H
Q PI2 1 .
w HEAT : HYDROGEN VALVE
LW, HUMIDIFIER ‘ ‘
[ EXCHANGER i
PEM FUEL CELL
‘ WATER VALVE i Team

Fig. 2. Process diagram flowsheet for the PEM fuel cell system with their respective control loops.

Table 4. Initial conditions used to simulate the PEM 3 Results and discussion
fuel System.

Cathode

mo, ca(0) = 1.289x 1073 kg
my, ca(0) = 8.489 x 1072 kg
My, ca(0) = 12.95 kg

After incorporate the heat exchanger for the cathode
and the direct current electric motor, the mathematical
model for the complete system of PEM fuel cell was

Anode left with thirteen state variables.
mH, an(0) = 3.46 X 1074 kg The adaptive controller is able to regulate the ratio
Me.an(0) = 6.594 kg of excess oxygen to a value of two having oscillations
Supply Manifold during the transiept periods, as ipdicated in the Fig.
_ ) 3. Note that v, is the control signal thrown by the
Mgy (0) =3.067 X 107 kg . D
(0)=1.517x 105 Pa adaptive controller and applied directly to the armature
P i winding of the electric motor. With higher gains,
Return Manifold the electric motor would receive signals of greater
psm(0) = 1.281 x 10° Pa magnitude and its performance would be detrimental.
Direct Current Electric Motor For comparative purposes, the current demand used
i/(0)=8.174 A here is the same as that used by Pukrushpan er al.
ia(0)=7.839 A (2004).
wep(0) =5.605 x 10° rad/s
Heat Exchanger 25 : :
Tca,in(o) =353.15K r<°1z V"‘ T | v |
Tw(O) =35348 K mw'ﬂo ? 10 1‘5 20 2‘5 30
Integrators 3 m:oWo
Iy, (0) = =7.095 g I I T
15,(0) = 6.726 g i VG
11(0)=16.91 gmo T . - = 2 ’j:o
5(0)=5.37x 10~ gfjjﬁ | ]
Time (s)

Load Current Demand
I4(0)=110A

Fig. 3. Oxygen excess ratio Adp,, voltage supplied to
the compressor v, voltage produced by the stack v,
and current demanded by load I, respectively.
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0 5 10 15 20 25 30
Time (s)

Fig. 4. Total power produced by the system Py, net
power delivered by the system P, and parasitic
power consumed by the motor coupled to the
compressor Py in.

The net power (Pp.) delivered by the system
reaches a maximum value of 52 kW as indicated in the
Fig. 4. Based on (Pukrushpan et al., 2004), this power
is sufficient for a four-seater vehicle. It can also be seen
that, for each change in the point of operation, the net
power has a downward overshoot. This overshoot is
caused by the power peak consumed by the electric
motor of the compressor (Pcyin), Whose energy is
taken from the energy produced by the fuel cell itself.
This new effect makes the plant a non-minimum phase
system.

By zooming the voltage produced by the stacking
a small ripple can be observed (probably due to a
reduction of ohmic losses), as shown in the Fig.
5. This ripple occurs only when the heat exchanger
for the cathode is incorporated and its amplitude is
0.013 volts. The ripple also appears in the net power
produced by the stack.

The PI controller for the heat exchanger achieves
to regulate the air temperature (7¢4i,) to a value of
353.15 K at the cathode input, as indicated in the Fig.
6.

240.6

240.55

Volts

240.5

240.45

240.4

12.24 1226 12.28 123 1232 12.34 1236 12.38
Time (s)

Fig. 5. Ripple over the voltage produced by the stack
around the second 12.3.

353.18

X 353.16 (" L L A N —Teain

353.14
0.05

kgls

-0.05

.
o 5 10 15 20 25 30
Time (s)

Fig. 6. Air temperature at the cathode inlet T ca,in),
mass flow of cooling water W,,, air temperature at the
compressor outlet Tcp our, and y mass flow through the
compressor W, respectively.

The disturbances for this device are both
variations in air temperature at the compressor
output (T¢pour) and variations in mass flow through
the compressor (W,,). Conveniently, the controller
achieves to attenuate these disturbances efficiently
avoiding damage to the polymer membrane.

It is true that the heat exchanger has a nonlinear
model, but the fact of having dimensioned this device
under demanding flow and temperature conditions
allowed us to obtain design parameters that reduce
the effects of nonlinearities. For this reason, the
proportional and integral actions of its controller are
sufficient to carry out the rejection of disturbances.

Observing the graph of the compressor output
temperature (Tcp o) it can be seen that it is not
always greater than 353.15 K. In fact, when the
current demanded by the load (/i) is 110 amperes,
Tep,our Teaches no more than 344 K. In this situation
it could be thought that the air needs to be heated,
however the simulations indicate that neither the
polymeric membrane nor the performance of the
system deteriorate; like this, a conditional could be
used in order to assign zero to both the flow of the
cooling fluid in order to avoid that the heat exchanger
be activated and the error of the PI in order to avoid
the integral part modify its value.

The PI controller has a good performance reducing
the pressures difference between the cathode and
anode over the entire operation range (Fig. 7). In
this control loop, Pukrushpan et al. (2004) used only
a proportional action, so its performance lacked of
unity gain. By including the integral action, a proper
trajectory tracking is achieved.
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300
<
200"

100 : '

0.05

kals

_Wan,in

15 20 25 30
Time (s)

0 5 10

Fig. 7. Minimization of the pressures difference
between the cathode p., and anode pgy,.

The Fig. 8 shows the evolution of the state
variables corresponding to the direct current electric
motor. While the armature current has a maximum
value of 41 amperes, the angular velocity of the motor
reaches 10.514x 10% rad/s just in the overshoot of the
last transient period. Note also that the field current
(ir) has the same shape as the voltage (vy) produced
by the stack over the entire simulation time.

The efficiency with which the compressor makes
the air flow depends on the pressure ratio (Psm/pPasm)
and the mass flow through it (W,,) and its maximum
value is 0.8, as indicated in the Fig. 9. The flow-
pressure path following the load profile remains inside
the operating limits described with blue lines in the
Fig. 10. This means that, throughout the simulation,
the compressor always operated inside its region of
maximum efficiency, being 7., = 0.7 the lowest value
reached during the first transient period, as shown in
the Fig. 11.

Amperes

© o
=)
o
-
=)
1=
o
N
o
N
o
w
o

~

Amperes
©

10000

5000

rad/s
o
-
(3, 3 1
€
°
8

5 10 20 25 30
Time (s)

Fig. 8. Armature current i,, field current iy, and
angular speed of the electric motor w,p, respectively.

70
60
50
40
30
20

10

Pressure Ratio psm/pa‘m

0.
1o 002 W, (kgs)

Fig. 9. Compressor efficiencies 7., as a function of the
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compressor We,,.
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Fig. 11. Compressor efficiency 7., throughout the
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Finally, based on the ideal gas law, at constant
temperature, pressure variations of the reactants will
be caused by variations in the flow thereof. While
moving between different polarization curves, the
current-voltage path (Fig. 12) shows the pressure
levels of the reactants. Furthermore, the value of
voltage produced by each of the 381 fuel mono-cells
is around 0.6 volts.
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Fig. 12. Current-voltage path over the polarization
curves.

Conclusions

The incorporation of equations describing the DC
motor used to drive the compressor allowed to have
a more realistic approach of both the power consumed
by the electric motor and the net power delivered by
the stack. Regarding its dynamics, it was possible to
see that the overshoots in the power consumed by the
motor causes a non-minimum phase response in the
net power delivered by the stack.

For its part, the adaptive controller adequately
regulated the oxygen excess ratio keeping it at a value
of two throughout the operating range. Similarly, the
hydrogen flow controller managed to equalize the
pressure on both electrodes.

In addition, through a steady-state analysis, it
was possible to design a heat exchanger capable
of reducing the temperature of the air entering the
cathode to the levels required by the fuel cell.
The controller designed to regulate such temperature
achieved acceptably attenuate disturbances introduced
by changes in the flow and temperature of the fluid of
interest.

After adding the auxiliary equipments, the fuel cell
system is described with a total of thirteen differential
equations: three belong to the cathode, two to the
anode, two to the supply manifold, one to the return
manifold, three to the direct current electric motor, and
two further to the heat exchanger for the cathode.
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Abbreviations

E open circuit voltage, V
vaer  voltage due to activation losses, V
Vohm  voltage due to Ohmic losses, V
m mass , kg
n number of mono-fuel cells
Vit voltage produced by the stack, V
Iy current demanded by the load, A
i current, A
Pt net power, kW
Py total power, kW
p pressure, kPa
R resistance, w
L inductance, mH
T air temperature, K
w mass flow, kg/s
Greek symbols
Ao,  oxygen excess ratio

w cooling water

n efficiencies

f field

T torque, Nm

y relation of specific heats
Subscripts

a armature

ca cathode

an anode

in input

out output

cp compressor

(0)) oxygen

N> nitrogen

H> hydrogen

cm electric motor

sm supplied manifold
rm return manifold
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