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Abstract

A dynamic thermal transfer model of a proton exchange membrane fuel cell (PEMFC) stack is developed

based on energy conservation in order to reach better temperature control of PEMFC stack. Considering its uncertain
parameters and disturbance, we propose a robust adaptive controller based on backstepping algorithm of Lyaponov
function. Numerical simulations indicate the validity of the proposed controller.
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1 INTRODUCTION

Non-polluting energy conversion and power gen-
eration technology is proposed for the environmen-
tal problems brought by normal fuels, and proton ex-
change membrane fuel cell (PEMFC) is a good choice
for its non-polluting character. PEMFC is a device for
energy conversion with high efficiency. It directly con-
verts chemical energy into electric energy via electro-
chemical reaction. PEMFC has become a new gener-
ation of power technology, which has been developing
in many countries.

In the past decades, researchers focused on opti-
mizing PEMFC stacks so as to improve their perfor-
mance and cost, which is vital to compete with normal
energy conversion devices. The thermal management
is one of key factors that affect the performance of
PEMFC stack, since the temperature within PEMFC
stack rises quickly with the heat produced by elec-
trochemical reaction and the heat brought by humid
reactant gas. As the temperature goes higher than
100°C, the output performance of the stack will be re-
duced due to losing water from the membrane and in-
creasing vapor pressure. In particular, excessive ther-
mal stresses may cause rupture of the membrane. On
the contrary, excessive low temperature will limit the
mass transport in the stack and decrease electrochem-
ical reaction rates. Therefore, it is important to keep
the stack thermal balance under given operating tem-
perature (in general 80°C), which ensures better per-
formance of the stack.

For getting a better thermal management of the
PEMFC stack, it is necessary to develop the thermal
transfer model, and find the suitable control method
on the basis of this transfer model. Some authors(!~?!
have proposed many thermal models for a single cell,
which account for various physical processes, but do
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not fit for temperature control in stack. However, the
thermal model of PEMFC stack is seldom reported.
Lee et al.l®, carried out work on a stack which was
divided into a lot of computational elements and the
thermal balance for one of them was analyzed, then
the temperature distribution in the stack was obtained
by summing all elements according to the boundary
conditions. However, the calculations increased with
power and model accuracy increased. Amphlett et
all"l developed a thermal transfer transient model of
stacks and analyzed the transient temperature varia-
tion with load current. However, they did not con-
sider thermal radiation and Ohmic heat. In addition,
the literatures on the temperature control of stack are
scarce. Lee et all®l. based on the model of Lee et
al.l%l presented a controlling algorithm of limited am-
plitude. The temperature in stack was controlled by
comparing the operating temperature with the maxi-
mum and minimum values of temperature allowed (the
values was not given in Ref. [8]). Although this con-
trolling algorithm was simple, the temperature control
accuracy may be not high (the controlling results are
not given). H. L Lee et al.®) made use of PID algo-
rithm to control temperature in stack, and the con-
trolling accuracy was low.

For all problems mentioned above, it is necessary
to develop a simple model for dynamic thermal trans-
fer, and find suitable control method for it. In this
paper, we develop a more perfect dynamic thermal
transfer model of PEMFC stack based on the mod-
elling of Amphlett et al.l”). This model will be non-
linear with uncertainties and disturbances as shown
later. The main reasons are as follows. (1) There are
many physical parameters to be determined by exper-
iments, and every parameter may be different greatly
under different conditions. Therefore, they are pro-
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cessed as uncertainties in this paper. (2) It is difficult
to analyze the thermal transfer in a stack due to its
complicated construction, so accurate thermal trans-
fer model may not be established. (3) There exists
load disturbance (the variation of load current). Ac-
cording to these characteristics and comparing various
control algorithms, we propose a robust control algo-
rithm to fit to an inaccurate model with uncertainties
and disturbances. At the same time, in order to better
control temperature in a stack some uncertain param-
eters are estimated on line. Thus, the scheme in this
paper is a robust adaptive control algorithm.

2 DYNAMIC THERMAL TRANSFER
MODEL OF A PEMFC STACK

Before describing the formulation of this model, a
brief description of the operation of a PEMFC stack
will be given. Diagram of a typical section of the stack
is shown in Fig.1(a). A single cell, which can be de-
scribed as membrane electrode assemblies (MEA), is
composed of a membrane electrolyte sandwiched be-
tween two porous electrodes. Bipolar plates (graphite
plate), with electrical conduction, separate the MEAs
as well as provide a means for delivery of the fuel (Hz)
and oxidant (air) to the reaction sites located at the
electrode membrane interface. The basic unit is re-
peated to build up a stack. Considering the difference
of stack power, a complete multi-cell stack may in-
clude cooling plates, which are specially designed in
bipolar plates.

In addition, in order to ensure the uniformity of
temperature distribution for a stack, we consider that
cooling plates are not collocated uniformly. In the
middle part of a stack, the cooling plates are collo-
cated as shown in Fig. 1(b), and on both sides in the
stack as illustrated in Fig. 1(c).

2.1 Dynamic thermal transfer of PEMFC stack

In this section, the dynamic thermal transfer
model of PEMFC stack is developed according to
the energy conservation principle. For simplification,
some necessary assumptions are given as follows: (1)
All gases are ideal gases and fully saturated with wa-
ter vapor. (2) The membranes are fully hydrated. (3)
The produced water is in the liquid phase. (4) Since
the temperature distribution in a stack is not uniform,
in the model, the temperature in stack is known as the
highest temperature within the single cell in the stack.
(5) The flow of cooling water in the stack is laminar.

Under steady state, the stack energy equilibrium
is between the input and the heat produced and the
heat released. The input and heat produced include
the heat brought in by reactant gas, the heat produced
by electrochemical reaction and Ohmic heat produced
by stack resistance. The releasing heat includes the

radiation from the surface of stack, the heat brought
out by exhaust gas and water produced, and the con-
vection between stack and cooling water. Consider-
ing the transient heat variation, the dynamic thermal
model can be described as follows

d7

MCH = Gact + Gresis T+ Gin — Jout — Jeonv — Grad (1)
’,

where ga.t denotes the heat produced by electrochem-
ical reaction, gresis denotes Ohmic heat produced by
stack resistance, g;, the heat brought in by input gas,
gour the heat brought out by exhaust gas and produced
water, geonv the convection between stack and cooling
water, ¢raq the radiation from the surface of stack, T}
is the stack temperature, M denotes the stack mass,
and C is the average specific heat of stack.
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2.1.1 calculation of gact

The generation of heat is due to entropy change as
well as irreversibilities related to the charge transfer
in a single cell.

Jact = [E%;.A_S_) + nact] AZE (2)

where 7..¢ can be obtained by the following Butler-
Volmer equation

i=itef [ 22 |ex ol —ex _oF
=% CE‘;: P RT, Mact P R Nact
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The oxygen concentration in cathode diffusion layer
can be expressed as follows!10]

_ Po, _ o[l + 0 — Bexp (vi)]

02 = RTy RT, )
where
_ Pc — Psat _ P _ RT, )
=18 VT iFw w_ELd(pc“psat)
" 1

= TZLﬁ[psat/(PcDOg—HzO) + (Pc "psat)/(pcDOz—Nz)]

The heat produced by electrochemical reaction on an-
ode is neglected due to less heat produced.
2.1.2 Calculation of gregis

According to Ohmic law, Ohmic heat is calculated
as

?;2

Qresis = ; (5)

where & is the resistance coefficient of a stack, and is
composed of those of membranes, diffusion layers and
bipolar plates. They are determined by experiment
and vary with operation conditions.
Let
b=, then guoss =01i° (6)

where #; can be estimated on-line, which will be in-
troduced latter.
2.1.3 Calculation of g

The heat brought into a stack by input gas can be
described as

Qin = Ga,in + Qe in (7)

where
Qajin = (Min, 1, CH, +Ma,in,H,0CH,0)(Tain—T1)Z (8)

e in = (Min,airCair + Mec in,H,0CH,0) (Tein —T1)Z (9)

e, = G4 - Pea
in,Hz — 2F_ H a,in,Ha O Pa __p_sa.t in,Hz
(10)
P— AairGairAi m. : — Psat .
in,air 2F,8_ ’ c,in,Hz O Pe — Deat in,air
(11)

2.1.4 Calculation of gout

In general, the difference in temperature between
cathode and anode export is very small, so we consider
that the temperatures of the cathode and anode ex-
port are equal to the temperature in the stack. Thus
the heat brought out by exhaust gas and water pro-
duced is calculated by

Jout =(mout,wcw + mout,chﬂz + mout,aircair)

(Tl - Tsur)z (12)
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where

Mout,w =Mout,c,w T Mout,a,w

i-AGH Psat (/\air )
=N — 1)z Poat | (Zair 4.
( Ha ) 2F Pa — Psat )6
iAGair Psat
—_— 13
4AF Pc — Psat ( )
1AG
Mout,Hy = Min Hy — 2FH= y
1AGg;
Mout,air = Min,aic — 4;“- (14)

2.1.5 Calculation of qaq
On the basis of thermal radiation principle, the
radiation heat of stack is expressed as

Grad = ¢A86(Tii - T:ur)

2.1.6 Calculation of gcony

According to the thermal convection principle!!!,
the heat exchange surface of stack is assumed to be
constant surface temperature. Thus the convection
between the stack and cooling water is calculated as

T2 + Tsur
2

(15)

Geonv = Aph (T1 — (16)

In actual situation, k is difficult to be determined, so

we let 8, = h, and 6> will be estimated latter.

2.2 Dynamic thermal transfer of cooling water
Similar to the stack thermal model, the dynamic

thermal transfer of cooling water is described as

dT;

chw_at_ = Geonv — Geool (17)
The heat brought out by the cooling water is
Jeool = Cwmw(TI.’ - Txur) (18)

Substituting Egs. (2), (5), (7), (12}, (15), (16) into
Eq.(1) and substituting Eqs.(16) and Eq.(18) into
Eq. (17), we get the following expression for the tem-
perature model of PEMFC stack

T]l = —G'._'[Tl - azTii + b]_T‘z + a3z + C19]_+
(cg — T1)02 + (@41 + asTy InT + ag)i
T3 = =0T + (b — b3Ta)my, + (T — c2)62
y="T
(19)
where the stack temperature 77 and the cooling water
temperature T5 are state variables, the cooling water
flux m,, is the control input, the stack output current
density i is a measurable disturbance, which varies
with the load, the stack inter-resistance coefficient 6,
and heat exchange coefficient #; between the stack
and cooling water are unknown constants, a; ~ as,
by ~ b, c1, and ¢, are constant coefficients.
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In particular, if there is no heat exchange in the
stack, Eq. (19) reduce to

Tl =—a;17 — ang + 6,13 + az + 16, +
(CL;T] + asT]_ ].I'IT]_ =+ aﬁ)f (20)
y="T1

We find that Eq.(19) is a single-input single-
output (SISO) nonlinear system with uncertain pa-
rameters (e.g. 6;, 62) and disturbance.

3 DESIGN OF THE ROBUST ADAPTIVE
CONTROLLER

Recently, the problem of robust adaptive control
for uncertain nonlinear systems of different forms has
been studied widely[!2~15] based on the backstepping
method of Lyaponov function, which has been applied
in robot and electric power. In this section, a robust
adaptive control algorithm (RACA) for Eq.(19) will
be developed.

In the RACA, the uncertain parameters (e.g. 6,
02) will be estimated and adjusted on-line so that the
output of system converges to the reference output sig-
nal within required precision and all closed-loop sig-
nals should be bounded.

For a clear description, rewrite Eq. (19) as

Ty =bTe+ fL + 6T + i
Ty = fo + Bmw + 0%, (21)
y="T

where
fi = —a1Ty — axT} + as,

J— C]_
Y= ¢z — T]_ H

=[61 62,
f2 = =bT3,
Y =aq41) + asTy InT] + ag,
B = by — b3T3,

|0
P2 = Tl_cz

For design of the controller, we describe it as the fol-

lowing steps

Stepl: let
6=60-0, n=T1-w=y-u

where @ denotes the estimated parameter of vector ,

y, denotes the reference signal, and z; is the tracking

error.

With z; = Ty —ay, V] is a positive definite function
1 1 - .
V= 5::;{ +5(6- )T -8) (22)

The derivative of V) along the trajectory of Eq. (21)
is given by

Vl =213 — éTé
=zn(mz +aron + fi + éTﬁﬁ + ¥l — )+
8" (210, - 0) (23)
With

T1 = z19; — llé,

—Yit+y)  (24)
where [; and ¢; are known constants, and w; =
min {cl, %}, we have

1 ~T
ap = a("clh -fi—6 ¢

. l -T P

Vi € —2b Vi + E‘Heu2 +arz122+0 (11 -80) (25)

Sep 2: Define a positive definite function V; as
Ve=Vi+ 34

then its derivative is

Vo =Vi + 202 < —2u1 V4 + -—[|9[{2 + a1z122+
8" (n —-é)-l- 22 [ﬁmw+f2 +8" (‘Pz - 3;1 ‘P1)
(e S
St + 5ot ) ] (26)
Defining

T2 =T1+ 22 (‘Pz

1 ~T 1 da
My =3 [—cm —mzn—fo—0 (‘Pz T aTl‘Pl) +
80:1 1 80:1 3051 . 8&1 .
3T1 T2 + ay (3$1 fl + ET—li’b + -a_ﬁ-
da;. Oay,. 0Om H
U+ 5t —=T 28
0y; v 0y, Y o8 2 (28)
and setting ws = min{w;,¢;} and %”9”2 < M, we
obtain
Va = Vi + 2232 < — 2waVa + ﬂne||2 +8 (2 - 0)+
22 day
Ty — 9 29
2% (ra-) (29)
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Let

9:1’2,

then

. l
Vo =Vi+ 2242 < —2w3Vo + ;‘f—uouz < =2V + M

(30)
From Egq. (30), we can obtain
n<liluo-Ees @)
w2 W

where V,(0) denotes the initial value of V2.
Since M and w, can be chosen arbitrarily, we give
€ > 0 and let M/w, < €%/2, then

2 2
%‘é%ﬁh [Vz(o}-;M;]e‘“2‘<% Vt>T>0
(32)
Hence |y — y;| < ¢, for V¢ > T and by Eq.(32), [|@]],
|5 and |}z;]|( = 1,2) are bounded such that ||@|], ||5]|

and ||z|| are also bounded.

4 NUMERICAL SIMULATION
4.1 Simulation parameters of the stack

The, parameters used in numerical simulation of
the stack are shown in Table 1.

Table 1 Stack parameters for numerical simulation

Parameter Value
stack power, kW 5
inlet gas temperature, Ti,, °C 80
stack mass, M, kg 43
stack size(lengthxwidthxhigh), cm 38 x 21 x 21
stack weight specific heat, MC, kJ-K~1 35
snigle-cell number, Z 35
single-cell active area, A, cm? 232
entropy change of cathode side reaction, AS,

J-mol~1-K~! —326.36
fuel side pressure, pa, Pa 1.013 x 10°
air side pressure, pc, Pa 3.039 x 10°
air stoichiometric flow ratio, Auir 3

fuel stoichiometric flow ratio, An, L5
inlet nitrogen-oxygen mole ratio, 3 3.76
TLq 0.149
ely 0.026
reference current density, i5*f, A-cm™2 4.4 x 10~7
reference oxygen concentration, cg:, molem™3 4.6 x 10~
stefan-Boltzmann constant, o, W-m™~2.K~4 5.67 x 10~8
emissivity, ¢ 0.8
environmental temperature, Tyyr, °C 20

The tracking value of stack temperature here is
taken as a constant and set to 80°C (353 K). In prac-
tice, the cooling water is supplied to the stack when
the stack temperature is over 67°C (340K) and the
controller works simultaneously. The initial condition
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of the stack are Tyo = 343K, Ty = 333K, 810 = 6,

4.2 Results of simulation

Figures 2 and 3 show the simulation results of
the RACA. Fig. 2(a) shows simulative current density.
The typical values of simulative current density are
determined as 0.2, 0.6 and 0.7 A-cm™2. The reason is
that, from the view of present technique, the current
density is scarcely over 0.7 A-cm™2 when air is used
as the oxidant. On the contrary, stacks need not cool,
because at very low current density the input heat and
produced heat are less than the released heat.

Figure 2(b) shows that the temperature can better
track a given temperature reference value. The tem-
perature fluctuations of stack only occur when current
density varies suddenly, then the fluctuations attenu-
ate gradually and achieve the controlling accuracy af-
ter a short period of time. The accuracy of the stack
temperature in steady state is within 0.2°C under var-
ious loads (stack current density).

In the simulation, the data of cooling water flux
obtained by the RACA include negative values and
the flux curve shows high frequency vibration, so these
data are processed by the limited amplitude and filter-
ing algorithm before they are used to control the tem-
perature in stack, that is, replacing negative values
with zero, limiting the maximum value according to
the scale of flux adjustor and filtering high-frequency
signal. Fig.2(c) shows that the flux varies with cur-
rent density. In Fig.2(c), the flux curve is zero at
the beginning because the data are negative and the
temperature within the stack does not arrive the set-
ting value. Then the cooling water flux increases with
stack temperature. When the temperature reaches to
the setting value, the Huctuation of cooling water flux
appears and keeps for a period of time, then goes grad-
ually to steady state. Fig.2(c} also shows the cooling
water flux increases with current density.

Figure 3(a) shows that the inter resistance coeffi-
cient &, increases with current density in steady state.
Because the increase of current density results in an in-
crease of water produced by electrochemical reaction,
the water also increases in the membrane, diffusion
layers and channels. Hence the resistance of mem-
brane and diffusion layers and the contact resistance
between channels and diffusion layers decrease, then,
according to Eq. (2.6), 8, increases.

Figure 3(b) shows that the heat exchange coeffi-
cient &, is nearly invariable with the current density
in steady state. Because heat exchange coefficient de-
pends on the conditions in the boundary layer of heat
exchange, which depend on the surface geometry and
the nature of the fluid motion, etc, but it does not
relate to the current density.
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Figure 2 The temperature and the cooling water
control curve under different current density based on
robust adaptive control algorithm

25

0 100 200 300 400
[

(a)

1 1 1

200 300 400
8]

(b)
Figure 3 The inter-resistance coefflcient and the

heat exchange coefficient between the stack and the
cooling water with the different current density

[=]
g

In addition, from the results of Figs.2 and 3, the
fluctuations of parameter curve caused by increasing
current density are greater than those caused by de-
creasing current density.

In addition, Lee et al. has used PID algorithm to
control the temperature in stack for different current

densities (0.2A-cm~2, 0.4A-cm~2, 0.6 A-cm~2)],
The results are as follows: (1) The temperature value
given is 65°C; (2) The minimum error of steady state
is zero, the maximum error is 13°C, and the average
error is 4°C. By comparing RACA with PID algorithm
in literature [9], it is obvious that the controlling ac-
curacy of temperature is higher for RACA. Therefore
the RACA is superior to the PID algorithm, and the
simulation results show that the RACA is valid for
PEMFC temperature control.

5 CONCLUSIONS

In order to better control the temperature of a
PEMFC stack, a dynamic thermal transfer model of a
PEMFC stack is developed based on the energy con-
servation of a stack. Since the model is a nonlinear
model with uncertain parameters and disturbance, a
robust adaptive control algorithm (RACA) is given
and a controller is designed based on the backstep-
ping method of Lyaponov function. Numerical sim-
ulations show the validity of the proposed controller.
By comparing the RACA with the PID, it is shown
that RACA is obviously superior to PID for the tem-
perature control of a PEMFC stack. On the other
hand, RACA can also be used for other system like
Eq. (21).

In future, the dynamic thermal transfer model will
be improved further by considering the non-uniformity
of temperature distribution. In addition, other pa-
rameters (e.g. stack specific heat) still are difficult
to be determined, and also need to be estimated on-
line. However, the complexity of designing such ro-
bust adaptive controller will be increased drastically,
and that need further research.

NOMENCLATURE

active cell area, cm’
surface area of stack, cm?
specific heat, J-kg=1.K~1
concentration, mol-cm—3
diffusion coefficient, cm?-s
Faraday constant, C-mol—!

molecular weight, kg-mol~1

heat exchange coefficient, W-m~2.K~1
current density, A-cm™2

thickness of diffusion layer, cm

stack mass, kg
mass flux, kgs™
molar flux of diffusion, mol-em™=2.5~1

number of electrons transferred

pressure, Pa

oxygen partial pressure of channel/diffusion interface,
atm

heat transfer rate, W

universal gas constant, J-mol™1.-K~1

AS  entropy change of cathode side reaction, J-mol~1.K~!
T temperature, K
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Z number of single cell
o transfer coefficient
B Inlet nitrogen-oxygen mole ratio
e porosity of gas diffusion
n overpotential, V
A stoichiometric flow ratio
o Stefan-Boltzmann constant, W-m~2.K—4
T tortuosity of diffusion layer
& Emissivity
Superscripts
ref reference
Subscripts
a anode
act activation
air air
c cathode
conv convection
in input
H2 hydrogen
H20 vapor
N2 nitrogen
Oz oxygen
out output
rad radiation
resis resistance
[ surface area
sat saturation
sur environment
w liquid water
1 stack

2, cool cooling water
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