Feb. 2010, Volume 4, No.2 (Serial No.27)

Journal of Energy and Power Engineering, ISSN 1934-8975, USA

~USLISHING

Nonlinear State Feedback Control of PEM Fuel Cell

Systems

E.S. Kim! and C.J. Kim?

1. Department of Control and Instrumentation Engineering, Halla university, Wonju, 220-712, Republic of Korea

2. Department of Control and Instrumentation Engineering, Halla university, Wonju, 220-712, Republic of Korea

Received: January 4, 2009 / Accepted: February 4, 2010 / Published: February 28, 2010.

Abstract: In this paper, the nonlinear state feedback controller has been developed to control the pressures of the oxygen and the
hydrogen in the PEM(Proton Exchange Membrane) fuel cell system. Nonlinear model of the PEM fuel cell system was introduced to
study the design problems of the state observer and model based controller. A cascade observer using the filtering technique was used
to estimate the pressure derivatives of the cathode and the anode in the system. In order to estimate the pressures of the cathode and the
anode, the sliding mode observer was designed by using these pressure derivatives. To estimate the oxygen pressure and the hydrogen
pressure in the system, the nonlinear state observer was designed by using the cathode pressure estimates and the anode it. These results
will be very useful to design the state feedback controller. The validity of the proposed observers and the controller has been

investigated by using a Lyapunov’s stability analysis strategy.
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1. Introduction

Fuel cell systems are under intensive development
for mobile and stationary power applications. In
particular, PEM fuel cells are currently in a relatively
more mature stage for ground vehicle and stationary
power applications [1-3]. Despite a large number of
studies on fuel cell modeling, relatively few are
suitable for control and observation studies. The
transient phenomena captured in the model include the
flow and inertia dynamics of the compressor, the
manifold filling dynamics (both anode and cathode),
and membrane humidity. These variables affect the
fuel cell stack voltage, and thus fuel cell efficiency and
power [1, 3]. A two-dimensional along-the- channel
mass and heat transfer model for a PEMFC(Proton
Exchange Membrane Fuel Cell) is described in [4].
This model is used for calculation of cell performance
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(i.e., cell voltage against current density), ohmic
resistance and water profile in the membrane, current
distribution and variation of temperature along the gas
channel. This model is useful for the analysis of cell
performance. In [5], an adaptive nonlinear observer
was designed to estimate the partial pressure of
hydrogen in the anode channel of a fuel cell. By
treating the slowly varying inlet partial pressure as an
unknown parameter, an adaptive observer was
developed that employs a nonlinear voltage injection
term. However, this study does not treat an overall

system dynamics of PEMFC.
In this paper, a nonlinear fuel cell system model

suitable for designing the controller and the observer is
introduced to estimate the transient response and also
the steady state response. And a cascade observer [2]
with filtering technique is designed to estimate the
pressures of the cathode and the anode. The oxygen
pressure in the cathode and the hydrogen pressure in
the anode will be estimate by using nonlinear feedback
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Fig. 1 Simplified fuel cell reactant supply system [1].

observer. The validity of the proposed observers will
be investigated by using a Lyapunov’s stability
analysis method. And nonlinear state feedback
controller will be designed to regulate each pressure.

2. System Dynamics of PEMFC

The system studied in this paper is shown in Fig. 1. It
is assumed that the cathode and anode volumes of the
multiple fuel cells are lumped as a single stack cathode
and anode volumes.

2.1 Cathode Pressure Model

This model includes the air compressor dynamics,
the supply manifold dynamics and the cathode
dynamics. The cathode dynamics is developed using
the  mass principle and the

thermodynamic and psychrometric properties of air.
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2.2 Anode Pressure Model

This model is quite similar to the cathode pressure
model. In this model, it is assumed that pure hydrogen
gas is supplied to the anode from a hydrogen tank.
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3. Nonlinear Observer Design

The cathode and anode pressures influence the
voltage generated in fuel cell stack. Those also affect
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the efficiency and the power of the fuel cell. However,
it is difficult to directly measure these variables [1].
This problem can be solved using a nonlinear observer.
The observation of those variables is needed to design
of the suitable controller. The filtered supply manifold
pressure is used to design the sliding mode observer for
the cathode and anode pressures. The nonlinear state
observer for Oxygen and air pressures in the cathode is
designed by using the estimated cathode pressure. The
estimates of the anode pressures are similar to the
cathode it.

3.1 Cathode Pressure Observer

In order to estimate the cathode pressure, we rewrite
(2) as follows :

dp
d_stm + Psm — aca,Zch (10)

Pca = 8ca1
where aca1(=Van / RaTsuksmout ) aca2(=Tep /Tsmksmout) are
known parameters. The supply manifold pressure psm
and the mass flow rate of compressor ch(= kcpq)“’cp)
are also known variables measured via those sensors.

However, their derivatives may not be known
directly.

To solve this problem, we use the cascade observer
proposed in [2]. Using the cascade observer [2], we can
estimate the derivative of the supply manifold pressure

psm and also design the open loop observer for the
cathode pressure p., as follows :

N dp
Peca = aca,l%+ Psm — aca,2Wep (11)

Defining the observation error as §., = p.y — pea » WE
obtain the equation as follows :

dﬁsm
dt (12)
As shown in the above, the observation error may
not converges to zero, even though the cascade
observer [2] guarantees an asymptotic stability. Since
the open-loop observer dose not guarantees the
asymptotic stability, we construct the cathode pressure
model as follows :

Pca = Acay

Pfca= m Pca (13)

where ‘s’ denotes the Laplace transform and #f is a
low pass filter constant. Using (10), we obtain the
cathode pressure observer model as follows [2]:

dpy, dp
dtca =—Pfcataa1 0 cp (14)

And we can design the sliding mode observer for the
cathode pressure model (14) as follows [2]:

Mg + Pgm —8ca,2W

Hi dpdft'w =—Pg ca ™t aca,ldz% + Psm — 8ca,2Wep
_lf,caﬁf,ca_ﬁé(ﬁf,ca) (15)
1, >0
E2)=1216 , 622>-5
-1, -0>z (16)
where p(>0) and s(>0) are design parameters.

Defining the observation errors as Pfca =Pfca = Pfca,
we obtain the error equation as follows :

dps. - dp -
dtca :_(1+|f,ca)pf,ca +aca,ld_stm_ﬁ§(pf,ca) (17)

And also we obtain the residual error set as follows

[2]:

Hi

< Htca1Vsm0 V< Hfdca17sm0

‘Ef,ca‘ Vo=
Egy = V,\/vﬁf,ca V(1+If,ca+§J 2(1+|f,ca+§J

JUELEAY (18)

As shown in the above, we can recognize that the
sufficiently small #:.6 and reasonably large At ca
guarantee the smaller error bounds. As the time

increasing, we can show that ‘ﬁf,ca*pf,ca‘zo(ﬂf):

f)f,ca —> Ptea and Bf,ca -0,
3.2 Anode Pressure Observer

The anode pressure model is as follows [1] :
dPsm,an

Vsm,an
dt + sm,an

Pan

RHz-l—sm,anksm,an,out
_a dPsm.an +p

an,1 dt sm,an (19)
The anode pressure observer model is as follows

[2]:

dpf,an -—p +a dpsm,an +p
Hi —dt f,an an,1 —dt sm,an (20)
Defining the observation errors as
Pran=Pfan~Pfan and as Pay =Pan— Pan , WE can

design the sliding mode observer for (20) as follows:
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where p(>0) and s(>0) are design parameters, and
&(Br.an) is the same as (16). Using the above observer
(21) for the observer model (20), we obtain the error
equation as follows :
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Defining the Lyapunov function candidate as
V =(u; 12)Ps an » the residual error set is as follows :

‘5f,an‘ < ﬂfaan,ﬂ/sm,sz'ﬁ V< ﬂfaan,lysm,anﬂz?
Ertan = Vvvvﬁf,an V(l+lf’an+§j 2(1+Ifyan+§j

, ’V‘ < aan,l?’sm,an5 (23)
. As shown in the above, we can

0

psm,an

Where 73myan =

recognize that the sufficiently small #:.6 and
reasonably large 5.t guarantee the smaller error

bounds. As the time increasing ‘f)f,an_pf,an‘zo(/‘f)v

ﬁf,an — ptan and also 5f,an -0,

3.3 Nonlinear Oxygen Pressure Observer

Defining =[x x xl-[n, Py Pl -  and
u" =[pgm 1s)» We rewrite (3)~(5) as follows :
X =AX+Bu+d;
yp =Cx (24)
where  d," =[agsprm @ugPrm asss (Pyan JPvan +assPrm]
A eR*®, B er* and c=[t 1 1]. We design the
observer for the above model as follows :
X=AR+Byu+dy +& +K(J; - yy)
¥, = CX (25)
where Kk is the observer gain matrix, & =g.cT&(y),
V=9 -y, and &(@3,) is the same as (16). Defining the
observation error x =% -x, we obtain the error equation
as follows :

y; =Cx (26)
where A=A +KC . We can assume that |y is

bounded and its upper bound 4, (> |a,]) is known.

Defining  Pmin. Pmax are the minimum and the
maximum eigenvalue of the matrix p, we get the
following conclusions.

Theorem 1 : If there exist p(: pT >o) and Q(: Q' >0)
satisfying pa +ATP=—Q and 3Pmin|¥1| < [PX] < 3Pmax|V1],

then the observer in (25) for the system (24)
guarantees the asymptotic stability of the observation
error system (26), and the observation errors in (26)
decay to zero exponentially fast.

Proof: Defining the positive definite function as
v =x"Px, its 1st time derivative is as follows :

P TS > 1_ o B1Pmin |5
V <-X"QX +614 pmax|yl|_6%|yl| @
where g, (>0) and s,(>0) are the design parameters
satisfying the inequality /5, > pmaxAd / Pmin -
V < -XT QX ~6pmin {ﬂ— o P } < Loy
1 Pmin AP (28)

Therefore v,V are exponentially stable, and

%, X, y, decay to zero exponentially fast.

3.4 Nonlinear Hydrogen Pressure Observer

Defining % =l %l=lpn, Pl and
U," =[pgman 1), We rewrite (7)~(8) as follows :
Xo = ApXy +Bousy +d,
y2 =Cax; (29)
where  d" =[agasPea 2777 (PucalPvea +arausPeal » As <RZ?,
B, eR>? and c,=[1 1]. We design the observer for
the above model as follows :

Xp = PgRy +Bouiy +d, + & + Ky (§; - y7)

Y2 =CaXy (30)
where K, is the observer gain matrix, &, = 5,C," &(%,).
V2=9,-vy, and &(y,) isthe same as (16). Defining the
observation error %,-%,-x, , we obtain the error
equation as follows :

Xy = A%y +d; + &

Y2 =CoXy (31)
where A=A, +K,C, . We can assume that [dz] is
bounded and its upper bound Zs2(>]dz]) is known.
Defining  poin, pmax  are the minimum and the
maximum eigenvalue of the matrix p, we get the
following conclusions.
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Theorem 2
Q(: Q' >0)
3Pmin|Y2| <[ PX2 | <3Pmax|V2| »

then the observer in (30) for the system (29)
guarantees the asymptotic stability of the observation
error system (31), and the observation errors in (31)
decay to zero exponentially fast.

Proof: Defining the positive definite function as
V=%, PX,, its 1st time derivative is as follows :

If there exist P(: PT>O) and

satisfying PA, +ALP=-Q and

V < —X5' QX, + 6442 pmaX|92|_6ﬂzc?—2mm|yz| (32)

where g,(>0) and s,(>0) are the design parameters
satisfying the inequality g, /5, > praxAa2 ! Pmin -
V <-%," QX, —Gpmin{&——i"2 Pmax } < —ﬂQ—m‘"V
62 Pmin P (33)
Therefore v,v are exponentially stable, and
X, X, ¥, decay to zero exponentially fast.

4. State Feedback Controller Design
4.1 Oxygen Pressure State Feedback Controller

For the system (24), we choose the reference model
as follows:

Xm = AmXm + By (34)
where A, <rR>® is asymptotically stable, B, < R¥>? is
input matrix. We choose the control input as follows:

U=0%+Qr+7 (35)
where ® e R?® consists of adjustable parameters and
Q" eR?? such that

BIQ =By (36)
We assume that a constant matrix ® exists such
that
A +BO = A, (37)
Substituting (35) into (24), we obtain the error
equation as follows :

é=Ane+d; +Bi7g (38)
where e=% —x,,and z isas follows:
2 =-pié(e)
1 , e>d

é(e): 8/51 y 51262—51
-1, -6 >e (39)

where g (>0) and s(>0) are design parameters.
Defining v =eT e, its derivative is as follows :
v < —e" Qe +[[Pd e -[[PBad ] (40)

where |Pdy|| < |PByd,|, |z <|d.|.and ATP+PA =-Q.

V<-e'Qe (41)
Therefore v, v are exponentially stable, and ¢
decay to zero exponentially fast.

4.2 Hydrogen Pressure State Feedback Controller

For the system (29), we choose the reference model
as follows :

Xm2 = Am2Xm2 + Bmal? 42)

where A, e R?? is asymptotically stable, B, e R>?

is input matrix. We choose the control input as
follows :

Uy =©,% +Q 1 + 2, (43)
where ©, e R?? consists of adjustable parameters and
Q, «R?>? such that

B2Q; =B (44)
We assume that a constant matrix e exists such
that
A +B0; = App (45)
Substituting (43) into (29), we obtain the error
equation as follows:

€ = Amzez +dp + B2y (46)
where e, =%, - x,;, @nd z, is as follows :
25 =—Pré(er)
1 , €y > 0o
lep)=1e218, , Sy2e;2-5,
-1, —d>e (47)

where p,(>0) and &,(>0) are design parameters.

Defining V, = e,' P,g, , its derivative is as follows :

Vz < -&5' Qzez +[[Podafllez] - [PBadz 2] (48)
[Poda| <|P2Bode| +  AlPo+PAR=-Q and

22l <[e2] -

where

V, <-e," Qe (49)
Therefore V,,V, are exponentially stable, and
e,,6, decay to zero exponentially fast.

5. Conclusions
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We have studied the control problem of the oxygen

pressure and the hydrogen pressure in the PEM fuel
cell system. We have designed a cascade observer and
the sliding mode observer to estimate the pressure and
its derivatives of the cathode and the anode in the
system. To estimate the oxygen pressure and the
hydrogen pressure which will be necessary to the state
feedback controller, we also have designed the
nonlinear state observer using the cathode pressure
estimates and the anode it. And finally, we have
shown the validity of the proposed controller with the
pressure estimates of the oxygen and the hydrogen.
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Appendix:
Parameters
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Nomenclature

Atc = Fuel cell active area (sz)
A = Valve opening area ( m2)

Cp = Throttle discharge coefficient
Cp = Specific heat (J -kg ™ - K1)

Psati

D,, = Membrane diffusion coefficient (cm? /sec )

E = Fuel cell open circuit voltage (V )

13



Nonlinear State Feedback Control of PEM Fuel Cell Systems

F = Faraday's number (Coulombs)
| =Stack current (A )

J = Rotational inertia (kg - m?)
M = Molecular Mass (kg / mol )
P = Power (Watt)

R = Gas constant or electrical resistance ({2 )

T = Temperature (K )

V =Volume (m3 )

W = Mass flow rate (kg /sec)

a = Water activity

¢ = Water concentration (mol /cm®)
dCp = Compressor diameter (M)

i = Current density (A/cm?)

m = Mass (kg )

N = Number of cells

Ny = Electro-osmotic drag coefficient

p = Pressure (P, )

t = time (sec)

t,, = Membrane thickness (Cm)

U = System input

V= Voltage (V )

X = Mass fraction or system state vector
y = Mole fraction or system measurements

¥ = Ratio of the specific heats of air

n = Efficiency

A = Excess ratio or water content
p = Density (kg /cm®)

7 =Torque (N -m)

¢ = Relative humidity

@ = Rotational speed (rad / sec)
K, K, R.m = Motor constants

17em = Motor mechanical efficiency
Subscripts

act = Activation Loss

air - pjy

an = Anode

ca = Cathode

conc = Concentration Loss
cp = Compressor

gen _ Generated

in = Inlet

m = Membrane

membr = Across membrane
ohm = Ohmic loss

out = Outlet

rm = Return manifold

Sm = Supply manifold

V = Vapor

W = Water



