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ABSTRACT This paper addresses an adaptive temperature control problem for preventing the membrane
dehydration and electrode flooding of nonlinear proton exchange membrane fuel cells (PEMFCs). Compared
with the previous thermal control results of PEMFC temperature systems, the main contributions of this paper
are two-fold: (i) nonlinear thermal management systems with nonlinear coolant circuit dynamics are firstly
adopted in the temperature control field of PEMFCs and (ii) temperature constraints are considered to avoid
the membrane dehydration and electrode flooding phenomena of PEMFCs. It is assumed that all system
parameters and nonlinearities of thermal management systems including nonlinear coolant circuit dynamic
are unknown. A recursive control design methodology is presented to guarantee the robust regulation and
constraint satisfaction of the stack temperature. From the Lyapunov theorem, the stability of the resulting

closed-loop system is analyzed.

INDEX TERMS Thermal management systems, nonlinear coolant circuit dynamics, temperature constraints,
adaptive control, proton exchange membrane fuel cells (PEMFCs).

I. INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have been
regarded as one of the most attractive alternative energy
sources in the future because of their advantages such as low
operating temperature, high energy efficiency, short charging
time, and less noise [1], [2]. The PEMFCs are interconnected
by multiple subsystems consisting of the hydrogen flow,
the humidity, the air supply, and the thermal management
systems. Among these subsystems, the control of thermal
management system is important for the general operation
of PEMFC in the electrochemical reaction. The temperature
range for the general operation of the fuel cells is 50-100°C
while an optimal temperature is 80°C [3]. Maintaining the
optimal temperature against the abrupt change of the external
load leads to improve the performance of thermal manage-
ment systems and to increase the lifetime of fuel cells [4].
Thus, the control problem of thermal management systems
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has actively appeared. The optimal temperature control prob-
lem using the relative humidity was addressed for PEMFCs
[5]. In [6], an active disturbance rejection control design was
developed for achieving precise temperature regulation of
thermal management systems in PEMFCs. In [7], an adap-
tive thermal control method was presented to control the
stack temperature in a certain range. Recently, a fault-tolerant
control approach using the sliding mode technique was pre-
sented for thermal management systems of PEMFCs with
sensor faults [8]. However, these control strategies [5]—[8]
were established without the consideration of coolant circuit
models that are important for adjusting the stack temperature
of PEMFCs.

Basically, PEMFCs provide electricity by an electrochem-
ical exothermic reaction using the oxygen and hydrogen, and
the heat generated at this time should be removed by a cooling
system [9]. Therefore, the thermal management considering
the coolant circuit model is essential for the optimization of
stack performance and contributes to the PEMFC technology
that is reliable for more practical applications [10]. Despite
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this importance, some limited results have been reported
for the temperature control in the presence of the coolant
circuit model of PEMFCs. A proportional-integral tempera-
ture control design based on a thermal circuit was presented
in [11]. In [12], a proportional-integral-derivative controller
was used to validate the experimental data of water-cooled
PEMFCs. A linear-quadratic-regulator-based control scheme
for the minimization of the parasitic power of automotive
fuel cell cooling systems was introduced in [13]. In [14],
a model reference adaptive control problem was investigated
to deal with system uncertainties and to control the stack and
coolant inlet temperature in PEMFCs. In [15], the modular
thermal modelling and model predictive control methods
of water-cooled PEMFC systems were presented. However,
the existing control strategies [11]-[15] are based on the
linearized model of PEMFC systems and thus are only reli-
able in the neighborhood of the specific operating point. For
more practical applications, there have been some attempts
to develop thermal controllers for nonlinear PEMFC sys-
tems. The fuzzy-based PEMFC temperature and circulating
coolant inlet temperature were controlled by adjusting the
coolant flux and bypass valve [16]. In [17], a sliding mode
control design using an extended Kalman filter was studied
to regulate the temperature of PEMFCs. Despite these efforts,
the aforementioned results [11]-[17] have two limitations as
follows.

(L1) The existing results [11]-[17] did not consider the
dynamics of the coolant pump, namely the coolant flux
effects were only considered in thermal management Sys-
tems. In [16], the coolant pump model reduced to the steady
state input-output representation was only considered and the
stability of the closed-loop systems was not proved theo-
retically. Because the coolant flux for controlling the stack
temperature can be adjusted by the dynamics of the coolant
pump [18], the nonlinear dynamics of the coolant pump
should be considered for the temperature control of PEMFCs.

(L2) The previous works [11]-[17] cannot deal with the
temperature constraint problem to prevent the membrane
dehydration and electrode flooding phenomena. The high
stack temperature of the fuel cells may interrupt the transport
effects of the reactants and cause the membrane dehydration
that deteriorates the cell performance. In addition, the low
stack temperature decreases the electrochemical reaction rate
and may lead to the water condensation and the electrode
flooding that degrade the performance of PEMFC systems
[1], [9]. Thus, the total stack temperature should remain
within some reasonable ranges to avoid the membrane dehy-
dration and electrode flooding phenomena while controlling
the stack temperature of PEMFCs.

Motivated by these limitations, we present an
approximation-based temperature control design to deal with
the membrane dehydration and electrode flooding problems
of uncertain nonlinear PEMFCs. In thermal management
systems, a nonlinear coolant circuit dynamics is combined
with the nonlinear dynamics of the total stack temperature
where temperature constraints are considered. All system
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parameters and nonlinearities of the thermal management
systems are assumed to be unknown. An approximation-
based adaptive temperature control scheme is designed by
employing the barrier Lyapunov function technique [19] and
the dynamic surface design technique [20]. Through the
Lyapunov stability analysis, it is shown that temperature
constraints are satisfied to avoid the membrane dehydration
and electrode flooding and the robust regulation is achieved
against unknown system parameters and nonlinearities.

The contributions of this paper are two-fold:

(1) To the best of our knowledge, there are no tempera-
ture control studies for dealing with the nonlinear coolant
circuit model in the nonlinear thermal model of PEMFCs
although the dynamic property of the coolant pump influ-
ences the cooling stack highly. Hence, compared with the
existing works [5]—[8], [11]-[17], this paper firstly considers
the coolant-circuit-based uncertain nonlinear thermal man-
agement systems in the temperature control field of PEMFCs
where all system parameters and nonlinearities are unknown.

(i) Compared with the existing control designs [5]-[8],
[11]-[17], this paper addresses the membrane dehydration
and electrode flooding prevention problem in the temperature
control of PEMFCs. Thus, the constraints of the total stack
temperature are combined with the thermal control problem
of PEMFCs and an adaptive control methodology is devel-
oped to ensure the stability of the closed-loop system and the
constraint satisfaction of the stack temperature.

The rest of this paper is organized as follows. The stack
temperature and coolant circuit models of PEMFCs are
introduced in Section II. In Section III, the constrained
temperature control problem is formulated for the thermal
management systems with the nonlinear coolant circuit
dynamics. In Section IV, an approximation-based adaptive
control design is presented using the Lyapunov stability anal-
ysis. The simulation result of the resulting control system is
provided in Section V. Section VI gives the conclusion of this

paper.

Il. THERMAL CHARACTERISTICS OF PEMFC

A. THERMAL MANAGEMENT MODEL OF NONLINEAR
PEMFC

The thermal management model is established using molar
conservation principles, the energy balance, and empirical
equations [6], [16]. The dynamics of the total stack tempera-
ture T is defined as

dT _ Win — Wour + Wreqg — Wie — Wamp — Pfc (1)

dt My Cp.s

where W;, and W,,; are the input and output of the gas
energy flow rate, respectively, W,,, is the total power from
the electrochemical reaction, W,,,. denotes the rate of the heat
removal, W,,,, is the rate of heat loss at the stack surface,
Py, is the output power of the PEMFC, my, is the mass of the
PEMFC stack, and ¢, is the specific heat of the PEMFC.
Each variables in (1) are defined as follows.
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TABLE 1. System parameters of the thermal management model.

Symbol Parameter Value SI units

Ac Active area of cell 280 em?

F Faraday constant 96487 A.s-mol~!
AH Hydrogen combustion enthalpy 285,500 J-mol~1
Mt PEMEC stack mass 17.5 Kg

Tomb Ambient temperature 298.15 K

n Cathode inlet gases temperature 323.15 K

Tin Anode inlet gases temperature 323.15 K

Tin Inlet chilling coolant temperature 328.15 K

To Standard temperature 298.15 K

dm Membrane thickness 0.0178 cm

P, Cathode pressure 2 atm

P, Anode pressure 2 atm

R Thermal resistance 0.145 K- -w-1

Cp. Hy Specific heat of hydrogen 28.944 J-mol~1. K1
CZ.HQO Specific heat of gaseous water 33.59 J-mol~ . K1
CL‘H2O Specific heat of liquid water 78.53 J-mol~t. . K~1
Cp.Os Specific heat of oxygen 29.696 J-mol~ 1. K1
Cp.No Specific heat of nitrogen 29.03 J-mol~t. . K~1
Cp.air Specific heat of air 20.8 J-mol=1. K1
Cp.s Specific heat of PEMFC 4000 J-mol~ 1. K1
Jeom Moment of inertia of pump 2.7 x 1073 Kg -m?

Juw Moment of inertia of water 1.2 Kg -m?2

C Physical parameter 0.095 N-m-A-1
T Physical parameter 0.043 N-m

AH, Utilization of hydrogen 1.25 -

Ao, Utilization of oxygen 2.5 -

n Number of cells in fuel-cell stack 381 -

kel Physical parameter 55.5 -

(1) Definition of W;,: The input gas energy flow rate W;,
is obtained as

Win = <QZ%HZCP<H2 + O 0 H20> (T - TO)

+< cnatrcl’ air T Qc H,0€ < H20> (Tm - TO) (2)

where QZfHZ and i”mr denote the hydrogen molar flow

rate and the cathode input air molar flow rate, respectively,
o H,0 and Q’C”H o are the input vapor molar flow rates of the
anode and cathode, respectively, and ¢, g,, ¢p. air» € p 05 T} in
in in
T!",and T are defined in Table 1. Here, Qa 1 9 i 0
and Q’C' 1,0 are defined as

in _ rea
Qa.Hz - )\'HZQG-HZ

e = 021%0,00,

c.air
o B Py (T, ")Qa Hy
@0 P — Py (Tim)
; t(T”’)Q
Qm — W c.air (3)
¢H20 ™ P — P (Tim)
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where Ap,, Ao,, P4, and P. are defined in Table 1, the
saturation pressure function P4 (x) is given by [3]

log Pyar (x) = —20.92 4 0.143x — (3.39 x 1074)x?
+(3.85 x 107 )x — (1.69 x 10719x*  (4)

and Q) and Q7 denote the reacted hydrogen molar flow
rate and the reacted oxygen molar flow rate, respectively, and
are defined as [’fg = 2Q’“’ = nlg /(2F) with the number
of the cells n, the PEMFC load current I, and Faraday
constant F.

(ii) Definition of W,,;: The output gas energy flow rate
Wy considering the water generated in the liquid state is
represented by

_ 8
Wour = (Qa 1 CpHy + 00 H,0%.m0 T 02'6,¢p.05
out out
+0: N, Cp.N, + Qc.Hzo 0 T 0% H20Cp Hzo)

X <Tst - To)- &)

g ! .
yvhere Cp.Hy» Cp 00 €p.02» Cp.No» and Cp 0 Are dt:flned
in Table 1, each electrode vapor output molar rates with the
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saturated cell inner vapor are defined as

out __ Ain rea
Qa.H2 - Qa.Hz - Qa.Hz
rea
out _ in . PS(JI(TSI‘) a.Hp
HO — HO
a2 a2 P, — P&at(Tst)
out __ pin rea
QC.02 - QC.02 - QC.02

ou, = 0.790™"

c.air
out _ Ain P sat(Tst)Qfgz
.H - HO —
a.H20 cH0 Pc - Psat(Tst)

with 2’_’02 = X0, (’f"oz, the function Py, defined in (4), and
S0 = 1l /(2F).
(>ii1) Definitions of W,.,, W,,., and W,,,;,: The total fuel
energy W, is derived from the electrochemical reaction as
follows:

Wrea = ng?-b AH (6)

where AH is the hydrogen combustion enthalpy constant and
w11, 18 the reacted hydrogen molar flow rate defined in (3).
Since the output coolant temperature is the same as the
temperature of the stack (i.e, T4 = Ty) [6], the rate of heat

removal by the coolant W, is obtained as
Wive = ket Wclcﬁ,_Hzo(Tvt - T\,lvré) @)

where k. is a physical parameter,W,; is the coolant flux, and

¢l 1,0 and T are defined in Table 1.

The heat loss rate W,,,,;, at the stack surface is expressed as

Wamb = (Txt - Tamb)/Rt (8)

where R, and T, are the thermal resistance and ambi-
ent temperatures, respectively and their values are defined
in Table 1.

(iv) Definition of Py.: The output power of entire PEMFC
is expressed as

R}"c = nlyV.. 9

where 7 is number of the cells and I;; > 0 is the load current
of the fuel cell. Here, the operating voltage V. of the fuel cell
is defined by combining all voltage drops associated with the
activation loss and ohmic loss as follows [21], [22]:

Ve=E — Vaet — Vohm
where the open circuit voltage E is defined as

E = 1229 — 85 x 1074(Ty, — 298.15) + 4.3085 x 107>
1
x Tt ( In(Py,) + 5 ln(P02)>

- 1.334
Pry = [Pa/(Pyar (Ts)e" Oy — 1Py (T
Po, = (Pe — Pyar(Ty))/(1 + 3.762¢021/T5")
with the current density i = Iy /A, defined by the PEMFC
current Iy, and the active area A, the activatiqn overvoltages
Vaer is given by Vo = Vo + V(1 — e71%) [22], and the
ohmic overvoltages V,,, is defined as Vyp, = iRonm. Here,
the values of Vy, V,, and their coefficients can be derived
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from the empirical process [22] and the ohmic resistance
Ronm = dp/om 1s proportional to the membrane thickness
d,, and inversely proportional to the membrane conductivity
om = (5.139 x 10734,, — 3.26 x 1073)e(1-155=350/Ts0) with
the membrane water content A, = 14 [3].

Using Definitions (i)—(iv), the thermal management sys-
tem (1) can be represented by

dTy
dt

where a, ¢1(Ty, L), and ¢ (T, ) are defined as

=aly + $1(Ty, Iy) — do(Ts)Wey (10)

a = [(Q1 + Q)(T™ — To) + Qo To + Qr1/(mgcps)

3nc® P (T
p.H20 sat (Tst)

= Ty — To)l
o1 |: 4F <Pc — Psat(Tst))( st 0yt

—(Qolst + Ry DTyt + Tamp Ry
—Ve(Ty, Ist)nlst:| /(mstcp.s)

$2 = keich 0Tt — Tit) /(mgiCp.s) (11)

with

01 = AHCp.Hy + AOCp.air-

Pyt (T nAH
g sat\1 ¢
= )\, —_—, = .
@ = Gmoriop —p iy ¢ T oF
nAH, nio,
M= —2, Ao = ——22— Ago=Ag + A
T T T
n
QO = E(Z(A‘Hz - l)cp‘Hz + ()‘*02 - l)cp.OZ
+3.76).0,¢p.N, + 2c11,_H20
Pyar(T(™)
g sat\£ ¢
+Cp'H20—PC — Pmt(T'é-n)(z)‘Hz + }\02/0-21)>

Vo(Ty, Iy) = 0.95 + (1.2545 x 107°)T,
—va1(1.79P, — 0.79P0 (Tr))?

—va2(1.79Pc - 0-79Psat(Tst))
dmls,e(_l'155+350/T”)

~ A.(0.0051392,, — 0.00326)
val(Tsr) = (1.618 x 1072)(1 — 1073Ty,),
var(Ty) = (1.8 x 1074 T, — 0.166,

va3(Ts) = (—5.8 x 107HTy, + 0.5736

—Va3

and their physical parameters are given in Table 1.

B. NONLINEAR COOLANT CIRCUIT DYNAMICS WITH FLUX
AND PUMP MODELS

In [18], the dynamic model of the coolant circuit with the
36V motor centrifugal pump was derived based on the fun-
damental relationships among the motor-armature current,
motor speed and coolant flow rate. In this model, the coolant
flux can be manipulated using a variable speed pump without
a control valve. Thus, the weight and complexity of the
system can be reduced [18]. The dynamics of the coolant
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TABLE 2. Parameters of the coolant system [18].

Parameters | values ‘ Parameters ‘ values
c1 8.295961 c4 0.9638
[ 0.060204 cs 35.681
c3 0.0001167 c6 0.2372
cr 0.006531
management system is given by
dW, 1
2 2
=W, —aoaWio, + o, — —
dt cl ct®r r Ty
doy 2 2
o = Gaer +csWi + ceWeiwr — 7wy,
T C
- =, (12)
Jcom Jcom

where W, is the coolant flux, w, is the angular velocity of the
coolant pump motor, I, is the input motor-armature current
of the coolant pump, the constants Jy,, Jeom, Tr, and C are
given in Table 1, and the coefficients cy, ..., c7 are given
in Table 2.

lIl. PROBLEM FORMULATION

A. THERMAL MANAGEMENT SYSTEMS WITH NONLINEAR
COOLANT CIRCUIT DYNAMICS

Let us define the variables x; = Ty, xo = W¢, x3 = w,,
8 = Iy, and u = I,,. Then, the thermal management system
with a 75-kW fuel cell stack and a 36V motor centrifugal
coolant pump (i.e., (10) and (12)) can be rewritten by the
following state-space model

X1 = ad + ¢1(x1, 8) — p2(x1)x2

X = ¢3(x2, x3)

X3 = P4(x2, x3) + bu

y=x (13)

where ¢3 = clxg —cyWowy +C3a)3 —1/Jy,and ¢pg = cax3+
csxg + cexpx3 — C7x32 — 17 [Jeomand b = C [Jcop.
Assumption 1: The system parameters a, b and the func-
tions ¢1, ¢2, @3, and ¢4 are unknown.
Lemma 1 [23]: The inequality || < ptanh(u/k) +
0.2785k is ensured for any constant k > 0 and u € R.
Lemma 2 [24]: For the interval —k, < z < k. with any
z € Rand k; € R, it holds that

lo kcz < <
& k2—z22) T k2 -2

B. CONSTRAINED TEMPERATURE CONTROL PROBLEM

The temperature management has been recognized as one
of significant technical challenges of PEMFCs. The high
cell temperature causes membrane dehydration because of
the insufficient water supply to PEMFC and the low cell
temperature may lead to electrode flooding caused by water
condensation, consequently to hinder reactant mass transport
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with a resultant voltage loss [1], [9]. Based on [3], the optimal
value of the total stack temperature is y, = 353K. Thus,
it is important to consider the regulation problem of thermal
management control systems with temperature constraints.
To this end, the constraints of the total stack temperature y
are considered as

yr—ke =y =<yr+ke, Vt=0. (14)

where the constant k. denotes the physical temperature con-
straint to prevent the membrane dehydration and the electrode
flooding of PEMFCs. If the initial stack temperature y(0)
does not remain within the constraints, it means that PEMFCs
are under the membrane dehydration and electrode flooding
phenomena at the initial time. This is not reasonable for the
stable operation of PEMFCs. Thus, it is assumed that the
initial stack temperature y(0) satisfies the constraints (14).

Property 1: For system (13), there exists an unknown pos-
itive constant ¢, such that 0 < ¢, < ¢».

Proof: The function ¢»(x1) is defined as ¢a(x1) =
kdcll)' o1 — Tin)/ (mgcps). In Table 1, it holds that
mycps > 0, ¢h o > 0, kg > 0,and Tj. > 0. Addition-
ally, since the output coolant temperature is the same as the
temperature of the stack and is larger than the inlet chilling
coolant temperature 7% [3], x; > T." is ensured. Therefore,
Property 1 is satisfied. [ ]

Problem 1: Consider the uncertain thermal management
system (13) with temperature constraints (14) of the PEMFC.
The main control problem is to find approximation-based
adaptive control law u so that the system output y follows the
optimal value y, within the constraints (14).

Remark 1: Contrary to the previous temperature control
methods  for thermal management systems of
PEMFCs [5]-[8], [11]-[17], the nonlinear coolant circuit
dynamics (12) with flux and pump models is firstly consid-
ered with the nonlinear stack temperature dynamics (10) for
the temperature control problem of PEMFCs. Furthermore,
the temperature constraint problem is addressed to prevent the
membrane dehydration and electrode flooding of PEMFCs.
Therefore, a solution on Problem 1 cannot be suggested in
the previous works [5]-[8], [11]-[17].

IV. ADAPTIVE TEMPERATURE CONTROL IN THE
PRESENCE OF NONLINEAR COOLANT CIRCUIT DYNAMICS
A. RADIAL BASIS FUNCTION NEURAL NETWORKS

For the online approximation of unknown nonlinear functions
Wi, i = 1,2, 3, to be defined in the controller design, radial
basis function neural networks (RBFNNG5) are used. Using the
universal approximation property of the RBFNN [25], [26],
for continuous real-valued function W;(g;) : Dy, — R with
a compact set Dy, C R%, there exists the ideal weight vector
67 with a sufficiently large g; such that

Wiloi) = 6 &i(01) + wior) (15)

where i = 1,2,3, 0; = [Q,;],...,Q,-,qi]T € Dy, and
are the input vector and the network reconstruction error,

83487



IEEE Access

B. M. Kim, S. J. Yoo: Approximation-Based Adaptive Control of Constrained Uncertain Thermal Management Systems

respectively, 67 € R’ is the optimal weightirlg vector
defined as 0 = argminéi[supgieDg’_|Wl-(Qi) — Ql.Téi(Qi)|]
with the node number ; > 1 and the estimate éi of
67, and &) = [§1(00, &i2(0): - &inoD]T € R
& (o) = ele=eiil™/i; i — 1, ..., r; denotes the Gaus-
sian function with the center of the receptive field ¢;; =
[Cijts s Cijg)" € R% and the width ¢; j € R.

Assumption 2 [25]: The optimal weighting vector and
reconstruction error are bounded as |16 || < 0; and ;| < /8
with unknown constants 6; > 0 and ¥ > 0, respectively.

B. DESIGN OF ADAPTIVE CONTROLLER

In this section, an approximation-based adaptive controller
design strategy is presented for system (13) with the out-
put constraint (14). For the dynamic surface design [20],
the error surfaces and the boundary layer errors are
defined as

A=Y=V

2 =X — o

73 = X3 —ayf

€] = a1y — o

€ =y —ay (16)

where 71, zp and z3 are control error surfaces, €; and €, are
boundary layer errors, o and «» are the virtual control laws,
and oy and oy are the signals derived from the first-order
filters with the time constants vy, vy > 0 as follows:

viay +ayr = ay,  oyr(0) = o1(0)

vayy +ay = oz, ay(0) = az(0). (17)

The recursive control design consists of three steps. In the
first step, the adaptive virtual control law ¢ is designed to
stabilize the dynamics of the first error surface z; for the
regulation of the stack temperature x; while the stack tem-
perature constraints (14) are satisfied. To this end, the Lya-
punov stability analysis strategy using a barrier function is
established. In the second step, the adaptive virtual control
law o is designed to stabilize the dynamics of the second
error surface z» based on the flux dynamics of the nonlinear
coolant circuit (12). In the third step, the adaptive actual
control law u denoting the input motor-armature current of
the coolant pump is designed to stabilize the dynamics of
the third error surface z3. For the stable control design, the
Lyapunov stability theorem [27] is used in these design steps.
In addition, the first-order low-pass filters (17) based on the
dynamic surface design technique are employed to avoid the
calculation of the time derivative of the virtual control laws
in the recursive design.

Step 1: The time derivative of z; along the first equation
of (13) is given by

21 = ad + ¢1(x1, 8) — P2(x1)x2. (18)
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The output constraint problem (14) can be redefined as the
constraint problem of z; as follows:

—ke < z1(t) < k. (19)
From (19), we consider the following barrier Lyapunov
function
1 k2

V, = 3 log 2 :Z% (20)
2

where log denotes the natural logarithm.
Differentiating V;, with respect to time yields

o an
— 22 2\
(kc2 - Z])

where p, = zl/(kf — z%). Then, VZI along (16) and (18)
becomes

= peil 2n

<1

Vo = pe(ad + ¢1(x1, 8) — da(x1)(z2 + €1 + a1)). (22)
From Lemma 1, it holds that

pcad < |pclad

0c tanh (&>a5 + 0.2785adx¢

IA

K0

IA

pe tanh (&>a5@ +0.2785a8k0 2 (23)
ko) ¢, ¢,

where x¢ > 0 is a constant.
Then V, becomes

Vm = ,0c¢2< —2—€ —ay+ dﬁ + tanh <&>a5)
10) Ko

+0.2785a8kodr  (24)

wherea = a/¢,.
Now, the Lyapunov function Vj is considered as
1 (1 1% 1 1~
Vi=—V, + —(9177/1 Wi+ W+ 1a2>
®2 2
where 1 = 0f — 01, Y1 = Y — v, a = a—a 01, ¥,
and a are estimates of 91*, ‘ﬁik’ and a, respectively, y; > 0 is
a tuning matrix, and y» > 0 and y3 > 0 are tuning constants.
The time derivative of V| along (24) and (23) becomes

V1 = pc< — 720 — €1 — o1 + Wi(o1) + tanh (%)aa)
0

—6, v 01 — vy Wy — vy laa+0.2785a0k0  (25)

where Wi(01) = ¢1/¢2 — (¢2/pcd3)Vz; 01 = x1. Based
on (15) and Assumption 2, the unknown nonlinearity W is

estimated by Wi(01) = 0} "€ + 1.
From Lemma 1, it holds that

o < IPCIW

< petanh (&) U+ 02785197 (26)
K1
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where «1 > 0 is a constant. Then, (25) becomes

Vl = ;OC(_ZZ—Gl — o] —i—tanh( )aS
Ko

e —i—tanh( )%)

—0, y{‘el —y, "Wl -y laa+ ¢ (27)

where C1 = 0.2785adk( + 0.2785« 1y}
The first adaptive virtual control law o with adaptation
laws for 0y, Y1, and a is presented as

1
aj —5121+2,0c+91 $1+tanh< >1ﬂ1
Pc \ ~
+ tanh <—>a8 (28)
Ko
b1 = yi(pct1 — 0161) (29)
1}1 = y2<,oc tanh ('O—j) - Uzl&]) (30)

a=y <,0ctanh( )5 — a;a> (31)
Ko

where ¢1 > 0 denotes a design parameter and o7 > 0,02 > 0,
o3 > 0 are the design parameters for o-modification [28].
Substituting (28)—(31) into (27) yields

Vi < —Cipezt — — pc(z2 + €1)

1y
2"
40160, 01 + 0291 Y + ozaa + Cr. - (32)

Following the inequality |p.€1] < ( 1/2),0C2 +(1/ 2)6%, we
have

; 1, 5TA
Vi = —fipeat = peza + €1 + 0101 01
o201 + o3aa+Cr. (33)

Remark 2: The adaptive virtual control law (28) with the
adaptive laws (29)—(31) is designed in the first step where
the barrier Lyapunov function (20) is employed to deal with
the stack temperature constraint problem. From the Lya-
punov stability analysis, the adaptive laws (29) and (30) are
derived to tune the weighting vector of the neural-network-
based function approximator érél and to compensate for
the unknown reconstruction error 1, respectively. In addi-
tion, the adaptive law (31) is derived to compensate for the
unknown parameter a.

Step 2: Consider xo = ¢3(x2, x3). The time derivative of zo
is 22 = ¢3(x2, x3) — a1¢. Using the mean value theorem [29],
the function ¢3 is represented by

$3(x2, x3) = P3(x2, &™) + hy(x3 — ™) (34)

where hy (Xy) = 0¢3(x2, X3)/0x3 |3 =xy Withxy = Fx34+(1—
Ma*; kg = [x2,x9]7,0 < ©® < 1 and a*(xz) is a smooth
function.

Property 2: The sign of the unknown function Ay is pos-
itive, and it is satisfied that 0 < hy, < hy where hy, is an
unknown constant.
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Proof: From the definition of ¢3, we have d¢3/(dx3) =
—c2xp + 2c3x3. Based on the prediction data given
in Table 2 of [18], it is ensured that d¢3/dx3 > 0 in the
practical operation range of the coolant circuit dynamics (12).
Additionally, 0 < hy, < hy is ensured with an unknown
constant /. u

Assumption 3: There exists an unknown constant sy, >
0 such that |h,9( ) < hy, forall Xy € @, C R? with the
compact region 2.

Using the implicit function theorem [27], a*(xp) satisfies
¢3(xp, a™) = 0. Thus, 2o becomes

2 =hy(zz+ e+ ar —a®) —ayy. (35)

Consider the following Lyapunov function V;

1 1
V, = T 2+ = (92 Va0 +ys ¢2> (36)

where y4 > 0 is a tuning matrix, s > 0 is a tuning gain, and
92 =07 — 92 and ¢2 wz wz, 92 and Wz are estimates of
05 and Y5, respectively.

The time derivative of V, is obtained as

Vo = 22(z3 4+ €2 + an + Wa(02)) — 52TV4_152
—vs Wndn (37

where W(02) = —a* — (a1 — ayr)/(vihy) + (hﬁd/Zh )225
02 = [x2, (a1 —arif)/vi, 2217 owing to éyy = (o —Oélf)/vl
From (15) and Assumption 2, the nonlinear function W5 is
approximated by W(072) = G;Téz + Y.

Then, using the inequality

Y2 < |2ly;

< ztanh < )1//2 +0.2785k (38)

with a constant k; > 0, (37) becomes
Vo= 22<Z3 +e+ar+65 T& 4+ tanh ( >1//2)

0y — v W+ G (39)

where C = 0.2785k2V/ .
_ The virtual control law « with the adaptation parameters
6, and yrp is chosen as

@ = —62 + pe — 0, & — tanh ( )Wz — 5 (40)

by = ya(atr — oubs) @l
v = s (Zz tanh (Z—z) — 05 I/Afz) (42)
K2

where {> > 0 is a control gain and o4 > 0 and o5 > 0 are the
design parameters for the o-modification [28].
Using (40)—(42), Property 1, and Assumption 2, (39)

becomes
- 2 1,
Vo < =025 + peza — 3% + 22(z3 + €2)
+ouby 0 + o5y + Co. (43)
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Using the inequality |z2€2| < (1/2)z3 + (1/2)€3, we have

. 1
Va < —025 4 per2 + 253 + 56%
+U49~2T9Az + (751/;21/}2 + G (44)

Remark 3: In the second step, the controllability of the
nonaffine nonlinear function ¢3(x2, x3) is analyzed by using
the mean value theorem and deriving Property 2. Then,
the adaptive virtual control law (40) with adaptive laws (41)
and (42) is constructed using the Lyapunov stability analysis.
In the Lyapunov-based control design, the adaptive laws
(41) and (42) are derived to tune the weighting vector of
the neural-network-based function approximator 6‘? & and to
compensate for the unknown reconstruction error yr,, respec-
tively.

Step 3: Consider x3 = ¢a(x2, x3) + bu. A Lyapunov
function candidate V3 is chosen as

V= gbd g (0006 0+ 0 4B 69
where 03 = 05 — 05, 1}3 = VY5 — 1@3, and b = b — b; 03,
1&3, and b are estimates of 03, ¥3, and b = 1/b, respectively,
¥6 > 0 is a tuning matrix, and y7 > 0 and yg > 0 are tuning
gains.

The time derivative of V3 gives

V3 = z3(u + W3(03) — biryy)
—03 vg '03 — v ' — v 'Bb (46)

where W3(03) = b¢a(03); 03 = [x2,x3]".
By substituting W3 = 9;‘T§3 + 3 into (46) and using the
inequality

3¥3 < z3 tanh (?)w;‘ + 0.2785k35 47
3

with a constant k3 > 0, (46) becomes
. z =,
V=23 <u + Q;TS:; + tanh <K—3)¢; — bOlzf)
3

—03 v 103 —yy sl — v Db+ C3 (49)
where C3 = 0.2785k3v/3 .
Finally, we derive an adaptive actual control law u as
follows:

~ 23\ ~
U= —0z3—20— 9;53 — tanh (E)W

+hE N (49)
1%}
03 = yo(z3&3 — 0663) (50)
X z o
V3 =y (p tanh (é) - 071/f3) (51)
A o — N
b= m( —za% - 0819) (52)
2

where ¢3 > 0 is a control gain and o¢, 07, 0§ > 0 denote the
design parameters for the o-modification [28].
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Substituting (49)—(52) into (48), we get
Vi<—0d—22 +06§3Té3 +0793Ys+osbb+Cs. (53)

Remark 4: In the third step, the actual control law (49)
with adaptive laws (50)—(52) is designed using the Lyapunov
stability theorem. In the Lyapunov-based control design, the
adaptive laws (41) and (42) are derived to tune the weighting
vector of the neural-network-based function approximator
é; & and to compensate for the unknown reconstruction
error Y3, respectively. Furthermore, the adaptive law (52) is
designed to compensate for the unknown parameter b.

Remark 5: The previous temperature control
results [11]-[17] for PEMFC thermal management systems
did not consider the dynamic property of the coolant pump
and the temperature constraint problem to prevent the mem-
brane dehydration and electrode flooding. However, we con-
sider the nonlinear dynamics of the coolant circuit (12) with
the non-affine and affine nonlinearities ¢3 and ¢4 in the
constrained thermal management systems (13). By deriving
two physical properties (i.e., Properties 1 and 2) for the
recursive control design, we construct the approximation-
based adaptive temperature control scheme (i.e., (28)—(31),
(40)—(42) and (49)—(52)), as shown in Fig. 1. Moreover, all
system parameters and nonlinearities can be compensated
by the proposed adaptive approximation control scheme,
compared to [11]-[17].

C. STABILITY ANALYSIS

This section focuses on the stability analysis of the proposed
control system. The dynamics of the boundary layer errors
are follow as

. €] A~

€= + Ni(z1, 22, €1, 61, Y1, @)
1

. € N

€@ =-" + Na(z1, 22, 23, €1, €2, 01, 02, Y1, Y2, @) (54)
2

and

. Pe A AT Oc\ Pe »
N = —tiz1— 5 =05 — 0] & — sech2<—”>—cwl
2 K1/ K1
— tanh <&>1ﬁ1 — sech2<&> e s
K1 Ko / ko

— tanh <&>&5 — tanh <&>&8
Ko Ko

. LA AT 2\ &

N> = 02 — pe + 0, & + 6, & + tanh (E>¢2

2\22 » 1,

+sech2<—2) —zwz + =2.

K2 ) K2 2

Consider the following total Lyapunov function V
1o, 1,
V=V1+V2+V3+§el+§ez. (55)

Remark 6: The total Lyapunov function V in (55) consists
of the Lyapunov functions Vi, V;, and V3 used in the design
steps and the boundary layer errors €] and e, for the first-
order filtering of the virtual control laws. The function V is
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FIGURE 1. Block Diagram of the proposed adaptive control system.

defined to analyze the stability of the controlled closed-loop
system. The inequalities (33), (44), and (53) induced from the
control design steps are used for the stability analysis in the
proof of the following theorem.

Theorem 1: Consider the uncertain nonlinear thermal
management system (13) with the temperature constraint
(14). For any initial conditions satisfying V(0) < [ with
aconstant [ > O and y, — k. < ¥(00) < y + k., the
proposed adaptive control scheme consisting of (28)-(31),
(40)—(42) and (49)—(52) ensures that all the signals in the
closed-loop system are uniformly ultimately bounded and the
control error converges to a neighborhood of the origin while
the stack temperature remains within constraints.

Proof: From (33), (44), (53), and (54), the time deriva-
tive of V becomes

1
—612+61N1

V < —{ipezr — §2z§ - §3z§ - 3

1
—€]2 +
Vi
93 .9

- — Ny — — 16,11 — =¢? —
€5+ —€5 + 2\ 2||1I| 2% 5

%) 2
04 =~ 5 059 06 =~ 5 07,
—2G, 0% = 202 — 226,12 = 2L
5 ([} > 15 > 1651l > V3
08 ~ o] = (o)
——8b2 + S0 T+

o3 ) 04 =2
2 24T an
o7
7(1/@)2 +

2
(wz Y + —93

+C1 + Cy + C3. (56)

Consider the set IT := {(1 /¢2) log(kz/(kz ) + z2
Z3"’91 Y1 191+V2 w] +rs ‘a2 +92 Va 92+V5 Wz
93 Ye ~16, + v, ‘ﬁ3 + ¥5 ~1p? +e1 +e2 < 2I}. Since IT is
compact in R10+71+72473 N | < B is satisfied on IT where
B > 0 is a constant. From the inequality ;N; < Ni2el-2 /2 +
1/2,i=1,2, (56) becomes

/1 1 N?
Vo< — o2 .2 11 2
< —&1pz1 — $225 — §3%3 ;1 (Vi 573 ) ;
o115 112 03 P 52 9552
— 16,11 = 0 =
> 161 1] 1// || 2| > 2
06,5 12 72
LY N Sy < e 57
> 631l 5 1/f3 > + (57)
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where C = C) + Co + C3 + 1 + (1/2)[67 + (¥7)* + a* +
02 + (Y3)? + 62 + (i) + b?1.

From Lemma 2, we have —¢1p.z1 < —g'lz%. Then, choos-
ing 1/v; = 1/2 + Bl.2/2 + v; with a constant v; > 0 and
i =1, 2, we obtain

2
. 2 2 2 -2 01,5 2
V < —81z2] — 275 — {325 — Z‘)ifi - ?”91 I
i=1

~ 03 04  ~ o5 ~ 06~
——I/fl =@ = S0l = 03 = 165
2 2
2 2 2 2
07 27 0839 N\ Bi¢
——g - 2B - 1—— )= 4+ cC. (58
753~ 2 z( )5 e 6y
Then, 1% < —KV 4+ C is satisfied on V = [ where K =

min{2¢16,, 262, 223, 291, 01/ Cemax (v§ 1), 0212, 03y3, 04 /

Cmax(7” ). 0575, 06/ (max (V). 0777, 08Ys). When K >
C/l,V < 0thatleads to the uniform ultimate boundedness of
all closed-loop signals. Since V;, is bounded, the stack tem-
perature constraint —k, < z1(¢) < k. is satisfied for all # > 0.
The boundedness of x1 yields |¢o| < q_bz. From V < —KV +
C, we have V,, /g2 < V(1) < e K'V(0) 4 (C/K)(1 — =K,
Then, we have |¢.| < V1 — 2620V KH(C/K) 1=K A
t — 00, [pe|l < V1 — e=(2#2(C/K)) Thus, the control error z
can be reduced by adjusting design parameters. [ ]

Remark 7: Based on the proof of Theorem 1, some guide-
lines for the choice of the design parameters are given as
follows.

1) As 1, {2, and ¢3 increase, K increases. Thus, the bound
V1 — e=262(C/K) of . can be reduced, namely, the control
error z; is reduced.

2) As k; decreases, C is reduced. Subsequently, the bound
V1 — e=262(C/K) of . can be reduced, namely, the control
error z; is reduced.

3) The adaptive parameters éi, I/A/i, a, and I;, i=1,2,3,
can be tuned rapidly by increasing y; and fixing o; as small
constants.

V. SIMULATION RESULTS
Consider the nonlinear thermal management system (13)
with the nonlinear coolant circuit dynamics. Different from
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FIGURE 3. Comparison of temperature control results.

the existing temperature control methods [S]-[8], [11]-[17],
the proposed adaptive thermal controller firstly deals with
the nonlinear coolant circuit dynamics of PEMFCs. Thus,
the controller [6] considering only the thermal management
model (10) is used for the simulation comparison about the
temperature constraint satisfaction. The load current § is
shown in Fig. 2 and the initial values of the state variables
are x1(0) = 353, x2(0) = 0.2, and x3(0) = 100. For the
temperature constraint, we choose k. = 0.5. The design
parameters for the proposed controller are adopted as §; = 1,
& =400, =0.1, v = v, =0.01, k; = 5, y; = diag[0.5],
2 =10, y3 = 1, ys = diag[50], y5 = 1, 6 = diag[0.01],
y7 =01,y = 1077, 0; = 1073, 03 = 0.005, 05 = 0.1,
07 =0.1,andog = 10° wherei =0, ...,3andj = 1,2, 4, 6.

The adaptive regulation results of the stack temperature to
vy = 353 are compared in Fig. 3. While the temperature
response using the controller [6] violates the temperature con-
straint according to the change of the load current, the output
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FIGURE 5. Control input of the proposed control system.

response of the proposed adaptive thermal control system
is ensured within stack temperature constraints. The coolant
flux and motor speed of coolant circuit of the proposed
adaptive control system are depicted in Fig. 4. The pump
motor current for the control input of the proposed control
system is displayed in Fig. 5. Fig. 6 shows the outputs of
the RBFNNs and the parameter estimates used in the pro-
posed control system. In these figures, we can see that the
proposed adaptive control has good regulation performance
while the stack temperature remains within constraints for
preventing the membrane dehydration and electrode flooding
of nonlinear PEMFCs. Furthermore, the control result reveals
that the dynamic load current and the parametric and non-
parametric uncertainties can be overcome by establishing the
approximation-based adaptive control strategy although the
uncertain nonlinear coolant circuit dynamics is considered in
the thermal management systems.
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VI. CONCLUSION

The paper has established the adaptive temperature con-
trol strategy for avoiding the membrane dehydration
and electrode flooding of uncertain thermal management
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systems with nonlinear coolant circuit dynamics of nonlinear
PEMEFCs. The coolant circuit model including the nonlinear
coolant flux and pump dynamics has been firstly combined
with the nonlinear stack temperature dynamics in temperature
control field. Then, an adaptive temperature control scheme
has been constructed to guarantee the robust temperature reg-
ulation within the stack temperature constraints even though
all system parameters and nonlinearities are unknown and the
external load changes suddenly. A Lyapunov-based analysis
method has been derived to prove the convergence of the
control error while all closed-loop signals remain bounded.
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