{: SCISPACE

formerly Typeset

@ Open access « Journal Article - DOI:10.1109/TIE.2016.2535118
Robust Model-Based Fault Diagnosis for PEM Fuel Cell Air-Feed System
— Source link 4

Jianxing Liu, Wensheng Luo, Xiaozhan Yang, Ligang Wu

Institutions: Harbin Institute of Technology, King's College London

Published on: 26 Feb 2016 - IEEE Transactions on Industrial Electronics (IEEE)

Topics: Fault detection and isolation, Robustness (computer science) and Residual

Related papers:

Extended State Observer-Based Sliding-Mode Control for Three-Phase Power Converters
Adaptive-gain second-order sliding mode observer design for switching power converters

Observer-based higher order sliding mode control of power factor in three-phase AC/DC converter for hybrid
electric vehicle applications

Reliable Filter Design for Sensor Networks Using Type-2 Fuzzy Framework

Dissipativity-Based Sliding Mode Control of Switched Stochastic Systems

Share thispaper: @ ¥ M ™

View more about this paper here: https:/typeset.io/papers/robust-model-based-fault-diagnosis-for-pem-fuel-cell-air-
3ifbdzyc99


https://typeset.io/
https://www.doi.org/10.1109/TIE.2016.2535118
https://typeset.io/papers/robust-model-based-fault-diagnosis-for-pem-fuel-cell-air-3ifbdzyc99
https://typeset.io/authors/jianxing-liu-2g8k1pnb7c
https://typeset.io/authors/wensheng-luo-3218qd2bvt
https://typeset.io/authors/xiaozhan-yang-54mtxh4kpk
https://typeset.io/authors/ligang-wu-3975divq55
https://typeset.io/institutions/harbin-institute-of-technology-302t21lg
https://typeset.io/institutions/king-s-college-london-1zpc3ckw
https://typeset.io/journals/ieee-transactions-on-industrial-electronics-364nx2x4
https://typeset.io/topics/fault-detection-and-isolation-kg05mkoj
https://typeset.io/topics/robustness-computer-science-gkpqgcat
https://typeset.io/topics/residual-216506r5
https://typeset.io/papers/extended-state-observer-based-sliding-mode-control-for-three-3cqp1mmnjt
https://typeset.io/papers/adaptive-gain-second-order-sliding-mode-observer-design-for-57mr2wa3n7
https://typeset.io/papers/observer-based-higher-order-sliding-mode-control-of-power-bztsq12qg9
https://typeset.io/papers/reliable-filter-design-for-sensor-networks-using-type-2-2zqzexotg9
https://typeset.io/papers/dissipativity-based-sliding-mode-control-of-switched-32cm7pj5pd
https://www.facebook.com/sharer/sharer.php?u=https://typeset.io/papers/robust-model-based-fault-diagnosis-for-pem-fuel-cell-air-3ifbdzyc99
https://twitter.com/intent/tweet?text=Robust%20Model-Based%20Fault%20Diagnosis%20for%20PEM%20Fuel%20Cell%20Air-Feed%20System&url=https://typeset.io/papers/robust-model-based-fault-diagnosis-for-pem-fuel-cell-air-3ifbdzyc99
https://www.linkedin.com/sharing/share-offsite/?url=https://typeset.io/papers/robust-model-based-fault-diagnosis-for-pem-fuel-cell-air-3ifbdzyc99
mailto:?subject=I%20wanted%20you%20to%20see%20this%20site&body=Check%20out%20this%20site%20https://typeset.io/papers/robust-model-based-fault-diagnosis-for-pem-fuel-cell-air-3ifbdzyc99
https://typeset.io/papers/robust-model-based-fault-diagnosis-for-pem-fuel-cell-air-3ifbdzyc99

ING'S
OPEN (5" ACCESS College
LONDON

King’s Research Portal

DOI:
10.1109/TIE.2016.2535118

Document Version .
Peer reviewed version

Link to publication record in King's Research Portal

Citation for published version (APA):

Liu, J., Luo, W., Yang, X., & Wu, L. (2016). Robust Model-Based Fault Diagnosis for PEM Fuel Cell Air-Feed
System. IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, 63(5), 3261-3270. [7420651].
https://doi.org/10.1109/TIE.2016.2535118

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 30. May. 2022


https://doi.org/10.1109/TIE.2016.2535118
https://kclpure.kcl.ac.uk/portal/en/publications/robust-modelbased-fault-diagnosis-for-pem-fuel-cell-airfeed-system(5f754368-4488-4109-b68a-490649f942f6).html
https://kclpure.kcl.ac.uk/portal/en/persons/xiaozhan-yang-yang(85a8f08e-da07-4095-982d-ed0610d0adba).html
https://kclpure.kcl.ac.uk/portal/en/publications/robust-modelbased-fault-diagnosis-for-pem-fuel-cell-airfeed-system(5f754368-4488-4109-b68a-490649f942f6).html
https://kclpure.kcl.ac.uk/portal/en/publications/robust-modelbased-fault-diagnosis-for-pem-fuel-cell-airfeed-system(5f754368-4488-4109-b68a-490649f942f6).html
https://kclpure.kcl.ac.uk/portal/en/journals/ieee-transactions-on-industrial-electronics(db85c7eb-80b5-4b1f-81a4-182a39acad4a).html
https://doi.org/10.1109/TIE.2016.2535118

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Robust Model-Based Fault Diagnosis for PEM Fuel
Cell Air-Feed System

Jianxing Liu, Wensheng Luo, Xiaozhan Yang and Ligang Wu, Senior Member, IEEE

Abstract—In this paper, the design of a nonlinear observer-
based fault diagnosis approach for polymer electrolyte membrane
(PEM) fuel cell air feed systems is presented, taking into
account a fault scenario of sudden air leak in the air supply
manifold. Based on a simplified nonlinear model proposed in the
literature, a modified super-twisting (ST) sliding mode algorithm
is employed to the observer design. The proposed ST observer
can estimate not only the system states, but also the fault signal.
Then, the residual signal is computed on-line from comparisons
between the oxygen excess ratio obtained from the system model
and the observer system, respectively. Equivalent output error
injection using the residual signal is able to reconstruct the fault
signal, which is critical in both fuel cell control design and fault
detection. Finally, the proposed observer-based fault diagnosis
approach is implemented on the Matlab/Simulink environment
in order to verify its effectiveness and robustness in the presence
of load variation.

Index Terms—PEM fuel cells; fault diagnosis; super-twisting
algorithm.

NOMENCLATURE
Mem Motor mechanical efficiency
Mep Compressor efficiency
vy Ratio of specific heats of air
Watm Relative humidity of the ambient air
Weajn  Relative humidity of the inlet air
Ap Operating area of the nozzle
Age Active area
Cp Discharge of the nozzle
Cp Constant pressure specific heat of air
F Faraday constant
Jep Compressor inertia
k¢ Motor constant
keain  Cathode inlet orifice constant
M, Vapor molar mass
My, Nitrogen molar mass
Mo, Oxygen molar mass
n Number of cells in fuel cell stack
Patm Atmospheric pressure
R Universal gas constant
Toatm Ambient temperature
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Ty Temperature of the fuel cell
Vea Cathode volume
Vim Supply manifold volume

I. INTRODUCTION

ODERN complex industrial systems can not be oper-

ated safely without reliable fault diagnosis and isolation
(FDI) schemes in place [1]-[4]. Such systems including PEM
fuel cells are vulnerable to system failure or mechanical faults
that can lead to catastrophic consequences. Among different
kinds of fuel cells, PEM fuel cells are suitable for both
stationary and automobile applications due to the ongoing
development of PEM technology [5].

One of the main problems in the PEM fuel cell operation is
the so-called oxygen starvation phenomenon during fast load
variation. Accurate regulation of the oxygen excess ratio is
required in order to avoid oxygen starvation [6]. This is a
challenging task which comes from two aspects, on one hand,
it is difficult to measure the oxygen excess ratio value, on the
other hand, the fuel cell systems suffer from various faults,
such as sudden air leak in the air supply manifold. Hence,
from the point view of fault tolerant control (FTC), only FDI
is not enough, the fault signal should be reconstructed and
then its effect on the system performance can be compensated
during active FTC design.

During the last decades, different kinds of model based
techniques have been widely studied in the areas of FDI,
health monitoring and complex industrial systems [4], [7]-
[13]. Sliding mode based approach is one of the most attractive
techniques due to its robustness against external disturbances,
high accuracy and fast convergence [14], [15]. Several sliding
mode observer (SMO) based FDI approaches have been pro-
posed for linear systems [16], [17], but only few works have
been reported for nonlinear systems, especially for nonlinear
uncertain systems [15], [18]. However, 1-st order sliding mode
algorithms are employed in the above works that require low
pass filters to generate the ouput injection signals and induce
undesirable chattering effects. Furthermore, the employment
of low pass filters will introduce some delays which results
in inaccurate estimates or even instability of the sytem. In
recent years, higher order sliding mode technique has been
widely studied due to the reasons that it does not require any
low pass filters while keeping all the good properties of the
standard sliding mode [19]-[21]. This technique can also be
used to alleviate the chattering effect because of its continuous
output signal.

From the application point of view, PEM fuel cell systems
have also been the subject of many FDI studies. In [22], a
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hydrogen leak detection method based on a control oriented
model was developed and the relative humidity sensors were
not required. Escobet et al. [3] proposed a fault diagnosis
methodology based on the PEM fuel cell model including
several kinds of faults. The residual signals are computed from
the comparisons of measured inputs and outputs. Based on the
work [3], a linear parameter varying (LPV) model of the PEM
fuel cell system is derived by considering model parameter
variation around its operating point, then a linear LPV observer
based fault detection approach is implemented to detect several
pre-defined fault scenarios [23]. Zhang et al. [24] proposed a
state space model based fault detection method for a hybrid
system which consists of three DC power sources, fuel cells,
photovoltaic and batteries. More recently, Dotelli et al. [5]
proposed a diagnostic approach for detecting PEM fuel cell
drying and flooding by analyzing the current ripple generated
from the switching power converters. It should be noted that
the model used in the above works are obtained from Jacobian
linearization approach around pre-defined operating points
of the system. However, these operating points are varying
according to the operating conditions such as temperature,
humidity and air flow rate of the fuel cell power systems [25],
[26].

In this paper, a robust fault diagnosis approach based on a
modified ST sliding mode algorithm is studied for a class of
nonlinear uncertain systems. The modified ST sliding mode
algorithm which consists of two nonlinear terms and two
linear terms [27], is employed to estimate the system states
and reconstruct the fault signal, simultaneously. Then, the
fault signal is reconstructed from the equivalent output error
injection term calculated on-line from the outputs of the
system model and the observer. The time scaling method
proposed in [28] is used to determine the error injection
term’s parameters so that the observer design is considerably
simplified. Finally, the proposed fault diagnosis approach is
applied to the fuel cell air-feed system. A simplified nonlinear
model which sufficiently describes the dynamics of the fuel
cell air-feed system, namely, oxygen pressure, total cathode
pressure, compressor speed and supply manifold pressure, is
used for the observer design [29]. This considered model has
been experimentally validated on a 33-kW PEM fuel cell in a
wide operating range with less than 5% relative error [30]. A
fault scenario, i.e., sudden air leak in the air supply manifold is
considered. Its effect is simulated with an increment of supply
manifold outlet flow constant, which presents a mechanical
failure in the air circuit resulting in an abnormal air flow [3].

The rest of this paper is divided as follows: the model of
the PEM fuel cell air-feed system and problem formulation
are described in Section II. Section III presents the proposed
ST SMO-based FDI approach. In Section IV, the proposed
ST SMO-based fault diagnosis method is applied to the PEM
fuel cell air feed system, and simulation results are provided to
demonstrate the feasibility and effectiveness of the proposed
method. Finally, some major conclusions are presented in
Section V.

II. DYNAMIC MODELLING OF PEM FUEL CELL

A typical PEM fuel cell system is shown in Fig. 1 which
consists of four main subsystems, i.e., the air feed subsystem,
the hydrogen supply subsystem, the humidify subsystem and
the cooling subsystem. In order to achieve high efficient oper-
ation, a set of auxiliary elements (valves, compressor, sensors,
etc.) are needed to make the fuel cell work at the optimal
operating point. In this study, we will focus on the controller
design of the air compressor for the air feed subsystem. The
air compressor used to supply the oxygen to the cathode side
is the core component and can consumes the power generated
by the fuel cell up to 30% [31]. Therefore, efficient control
of the air compressor is critical for the whole system and
effects the system’s efficiency directly. A typical PEM fuel
cell polarization curve is shown in Fig. 2.

As is widely known, the dynamics of the PEM fuel cell sys-
tem are with highly nonlinearities. Therefore, suitable control-
orient model taking into account the dynamic behaviors of
the cathode partial pressure dynamics, the air supply manifold
dynamics and the compressor dynamics is needed for the
controller design. Some assumptions are made to simplify the
nonlinear model of the fuel cell system while keeping the
dynamic behaviors of the air-feed subsystem [32]. Mainly, it
is assumed that the temperature of the cathode inlet flow is
regulated to a constant value through a heat exchanger. This is
reasonable because the response time of the stack temperature
is slow [33]. The relative humidities of both anode and cathode
sides of the fuel cells are regulated to the desired relative
humidity through an instantaneous humidifier. The hydrogen
pressure in the anode side is regulated to follow the cathode
pressure by the anode valve. Only vapor phase is considered
inside the cathode and extra water in liquid phase is removed
from the channels. The compressor motor current dynamics are
neglected because the electrical time constant is very small as
compared to the mechanical dynamics [34].

A. Cathode flow model

The thermodynamic properties and mass conservation are
used to model the behavior of the air inside the cathode. The
dynamics of the oxygen, nitrogen and vapor partial pressures
are described by the following equations:

dpo RT;

= o, V (Woin — Wos.ont — Wo,.react) s "
dpn. RT,

dtz = MN2 ‘c/ca (WNz,jn - WNQ,OU() bl

where Tj. is the FC stack temperature, V., is the lumped
volume of cathode and Mp,, My, are the molar mass of
oxygen and nitrogen, respectively.

The inlet mass flow rates of oxygen and the nitrogen
Wo, in, Wi, in can be calculated from the inlet cathode flow
Wca,in,

W02 Jin =
Whyin =

TO, Wca,im

(1 — TO, )Wca,im @
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where zo, is the oxygen mass fraction of the inlet air, and
the mass flow rate entering the cathode W, iy,

1
1+ wam

Mv (bcapsat (Talm)

. . M cajin Patm - ¢capsal. (Tam)
ratio, kc,in is the cathode inlet orifice constant, pg, and

Dsat(Tam) are supply manifold pressure and saturation pressure
at the atmospheric temperature, respectively. The cathode
pressure pg, is assumed to be spatially invariant, which is
the sum of oxygen, nitrogen and vapor partial pressures, i.e.,

Pca = PO; + PNy + Dsat (ch)~

Wca,in = kca,in (psm - pca)a (3)

where Wam

is the humidity
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Fig. 2. Typical fuel cell voltage.

The outlet mass flow rates of oxygen and nitrogen
Wo, outs Wi, .ot are given as:

M02p02
Mo,po, + Mn,pN, + Mypsat
W _ Mp,pN,
Ny ,out —
M02p02 + MNQpNQ + Mvpsat

W02 out = Wca,out 5

“4)

Wca,oul I

PEM Fuel Cell Stack

in which the flow rate at the cathode exit W, oy is calculated
by the nozzle flow equation proposed in [35],

Wca,out = kca,oul\/ Pca — Patm- (5)

The mass flow rate of oxygen consumption Wo, react 18
expressed as follows:

nISt

Mo, (6)

W02 ;react —

B. Air Compressor Model

The air compressor is driven by a torque controlled per-
manent magnet synchronous motor (PMSM), which provides
oxygen to the fuel cell cathode side. The dynamic of the
compressor angular velocity w,, is described by the following
equation,

dwep 1

ar Tcp (Tcm - 7-cp) 5 @)

where 7., and 7., are compressor motor torque and load
torque, respectively. These two variables are calculated as
follows:

k
Tem = ncmRit(Ucm - kvwcp);
a1 3)
e = Cp Tatm [(psm) T 1] ch,
Wep Tlep Patm

where vy, is the compressor motor input voltage, ky, Rem, Ky
are motor constants and W, is the compressor flow rate.

C. Supply Manifold Model

The supply manifold model is described by the following
equation
RaTcp,out

dpsm
d; = Vi (ch - Wsm,out) s 9
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where T¢;, ou 18 the compressor’s air temperature and is calcu-
lated as follows:

y—1

<p““)w 1] . (0
Patm

where 1), is the compressor efficiency (its maximum value is
80%).

Due to the small pressure difference between the supply
manifold pg, and the cathode p,, a linear nozzle equation is
given as follows:

Tatm
Tlep

Tcp,out = Tym +

Wsm,oul = ksm,out (psm - pca) . (11)
D. State Space Representation

In view of Egs. (1-11) and define the state variables

r = [xla T2, T3, $4]T = [p027 PNy, prv psm]T' Then,
the nonlinear dynamics of the fuel cell air-feed system are

expressed by the following equations:
t=Fx)+G-ut+¥-¢, (12)

where

bi(rs — X) — 21 fr(z1,22)
bi(rs — X) — w2 fi(z1,22)

b1z
F(Z‘) = —C9I3 — @ [<x4> - 1] f2($3,$4) ’

z3 | \bu
f3(z4) x [f2(9€3,334) — by (74 — X)}
0 —b7
S Y B B

0 0
in which X = 1 + 22 + be, fi(z1,22)
b4171‘|'zz332‘|'l76wbt fa(s,24) = Wep and fa(wq) =
bia [ 1+ b5 (Zﬁ) — 1| |. The stack current £ := I is
considered as the external disturbance and the control input
U = Uy 18 the motor’s input voltage. The outputs and

performance variables of the system are given by:
T T

] ch V;t}

:| T

[Psm

[yl Y2 Y3

[Zl Z2}T = [Pnet )\02

y:

)

13)

z = B

where P and Ao, are fuel cell net power and oxygen excess
ratio, respectively.

The fuel cell net power P, is the difference between the
power produced by the stack Py and the power consumed by
the compressor. Thus, the net power can be expressed as:

Pnet = Pqtfpcpy (14)

where Py = IV and Py, = Temw,p are the stack power and
compressor power, respectively. The oxygen excess ratio Ao,
is defined by the following equation:

WOz,in

Xo, = -

b16 (psm - pca)
WOg,reacl

b7 Ly

5)

The parameters b;, i € {1,---,17} are defined in Appendix
A1l. More details on this model are available in [6], [29].

Remark 1: As is well known that a set of auxiliary are
needed to make the fuel cell work at its optimal operating
conditions. Particularly, due to it is essential to regulate the
oxygen excess ratio close to 2 in the presence of fast load
variation and fault scenario [36], [37]. The level of Ao, is
critical because fast load demand will result sudden decrease
of the oxygen flow rate. On one hand, once the value of
oxygen excess ratio decreases to a critical value (normally less
than 1), oxygen starvation phenomenon which leads to the FC
degradation occurs. On the other hand, higher value improves
the fuel cell stack power but also result in higher power
consumption of the air compressor. Therefore, the problems of
oxygen excess ratio estimation and fault reconstruction arise
due to the reasons of safety and high efficiency.

In the following section, we will design an ST SMO based
FDI approach for the fuel cell air-feed system using the infor-
mation of the system outputs. Then, based on the proposed ST
SMO, the fault signal is reconstructed via equivalent output
error injection method.

III. ST SMO-BASED FDI DESIGN
A. ST SMO Design

Consider a nonlinear system given as follows:

2 = Az+g(z,u) + D(y,u) f(t),

) s (16)

where z = [z1,20]7 € R", 23 € RP, 2, € R"P, is the
system state vector, u(t) € U C R™ is the system input

which is assumed to be known, y € Y C RP? is the output
A;pr Aépfl)X(pfl)

vector. A = € R™"™ in which Ay

-1 -1
AgXp Aip )x(p—1)

is Hurwitz stable and C' € RP*"™ are constant matrices with
C of full rank (¢ < p < m). The known nonlinear function
g(z,u) € R™ is Lipschitz with respect to z uniformly for
u € U, D(y,u) € R**? is assumed to be a smooth and
bounded function depending on the system inputs and outputs.
The smooth fault signal vector f(t) € R? satisfies

IO < o ||f0)] < oo

where the positive constants p; and ps are known.
By reordering the state variables, (16) can be rewritten as

a7

2 = Az + Asze + g1(z,u) + Di(y,u) f(t),
Z2 = Aszz+ Aszz + g2(z,u), (18)
y o= 2,

where g(z,u) = [g;gz: Zg] , D(y,u) = D1(g, ) and

D(y,u); is a bounded nonsingular matrix in (y,u) € Y X U
Assumption 1: The known nonlinear terms g;(z,u) and
g1(z,u) are Lipschitz continuous with respect to zs, i.e.,

llgi(z1, z2,u) — gi(21, 22, u)|| < 7villze — 22f,  (19)

where 7;, i € {1,2} are known positive constants [38].
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Consider the system (18), a ST SMO is designed as follows:

?1 = A+ A% +9i1(2u) +uly— 1),
20 = Aszy+ Aszs+ g2(2,u), (20)
Q - A‘34'17

where v(+) is the output error injection term generated by the
modified ST algorithm [19]:

t
k1|s|%sign(s) + kg/ sign(s)dr
0

t
+kss + k‘4/ sdr,
0

v(s) =
21

where k;, i € {1,2,3,4} are positive constants to be deter-
mined.

Denote e, = y — § and ez = 23 — 2, subtract (20) from
(18), the error dynamical system is given by:

€y = _U(ey) + Ases + Agi + Di(y,u) f(t), (22)

€a = Ages+ Aga, (23)
where Agr = gi(z,u) — g1(Z,u) and Agy = ga(2,u) —
92(2,u).

Proposition 1: Suppose that Assumption 1 holds, the error
dynamical system (23) is exponential stable if there exists
a positive definite matrix W, which satisfies the following
inequality

1
ATV + WA, + gxInIJT +evalnp+ol,_, <0, (24)

where ¢ and o are two small positive constants.
Proof: Consider a Lyapunov candidate function W =
eQT\I/e2, its first time derivative is calculated as follows:

W = el (ATU + WA, )ey + 2T T Ay,

1
< el (ATU + WA ey + g@‘“’TW + &3 fleal?

1 25
<el (A4T\I/ + WA, + EWT + mgln_p) e (25)
g
< —0'6562 S —mw

Hence, the conclusion can be directly obtained from (25), i.e.,
tlggo ez(t) = 0. [ |

In view of (23), we can conclude from the results of
Proposition 1 that és is bounded. Under the conditions (17)
and (19), the time derivative of the nonlinear term in (22)
Ages + Agr + D1(y,uw) f(t) is bounded:

Jo0 = 3 (haca+ 20+ Do) <5, o)

where § is a positive constant.

Theorem 1: Suppose that (26) holds, the trajectories of the
error dynamical system (22) converges to zero in finite time if
the designing gains k; in the modified ST algorithm (21) are
formulated as

ki =
ks =

kioVL, kya = kxlL,

2
ksoL, ki = kaol?, 7)

where k;o, @ € {1,2,3,4} and L are positive constants which
satisfy

dkooksy > 8k32,0k20 + 9k%0k§0’ (28)
5||Q1||2 )\maX(P)
)\min(P) )\min(Ml)
Proof: The system (22) can be rewritten as
i
€y = —kiley|?sign(e,) — ksey + ¢, (30)
g = *kQSigH(By) - k4ey + ¢(t)

In order to perform Lyapunov analysis, the following state
vector is introduced

T
§ = L%|ey|%sign(ey),Ley,5} . (31)
The system (30) is rewritten as
. L
§ = @Flf + LEYE + F3, (32)
A 1 k
Fooal [
where F1 = 0 _)\0 ol F2 = 0 _k)\o 1
—ag 0 0 0 —koy, O

and F3=1[0 0 (b(t)]T. The following candidate Lyapunov
function is chosen for the system (32)

vV =T Pe, (33)
4]{320 + k%o klOkSO _klo
where the matrix P = = | kjokso k3 + 2kso  —k3o
—k10 —ks30 2

is symmetric positive definite due to the fact that its lead-
ing principle minors are all positive given that 4keoksy >
8k3oka0 + 9kTok3,-

Taking the time derivative of (33) along the trajectories of
(32),

L
1]

where 1 = [-\o  —ky, 2], My =FP+PF and M, =
FI P+ PF, are positive definite matrices under the condition
(28).

It follows from the inequality A (P[] < V <
Amax (P)||¢]|* that

Vo= ETM€& — LET Mo + qio(t)E, (34)

Vo< _plmn) oy (M) Sl g
Amax (P) Amax (P) Amin (P)
C(p2en@0) el )y Aen()
VAmax(P) v/ Aumin(P) Amax(P)
< v (35)
Amin(M1) Sl

where n = L

is a positive constant

. \/)\max(.lj') \/Amin(P) .
according to the condition (29). Therefore, it follows that the

comparison principle that £ converge to zero in finite time
[39]. Thus, Theorem 1 is proven. |
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B. Fault Reconstruction

In this part, a ST SMO based fault reconstruction approach
will be designed for the system (16) via equivalent output
error injection technique [16]. Theorem 1 shows that e, and
¢, converge to zero in finite time, thus, the following equation
is obtained during the sliding motion ¢y, = ¢, = 0

v(ey) = Azes + Agi + Di(y,u)f(1). (36)
According to the results of Proposition 1, we have
Jim [[Ases + Mgy < (ol +70) lex(®)] = 0. 3T)

Therefore, provided that the matrix D; (y, u) is invertible, the
fault signal f(¢) can be approximated by

f(t) = D'y, u)vley,).

Remark 2: It should be pointed out that the calculations
required for the modified ST algorithm (21) are slightly more
intensive than those of the proportional integral (PI) algorithm.
However, from the practical point of view, the correction term
v(s) entails low real-time computational burden due to high
computational capabilities of digital computers.

(38)

IV. SIMULATION RESULTS

The proposed ST SMO-based FDI approach has been im-
plemented on the Matlab/Simulink environment. The physical
system parameters used in simulation test are given in Table
L.

TABLE I
PHYSICAL PARAMETERS OF THE SYSTEM

Assumption 2: Suppose that the following equation
(39)

holds in the operation domain for some positive constant k.
Fig. 3 shows the exact value of x and its constant approxima-
tion value [30], [40].

Under the Assumption 2, the model of the feul cell air feed
system (12) can be rewritten as follows:

c4x1 + 5o +co = KX,

X bl(l’4fX)7(be2)f1(X)7b1£

o | _ | bi(ws — X) =22 f1(X)

3 | | —cors— fa(ws,x4) + bigu ’
Ty f3(wa) % [fa(w3,24) — b16 (x4 — X)]

(40)

b1o Ty biz
where f4(l‘3,l‘4) = — (b) -1 f2($3,£4).
11

xs3

A. Model validation

The fuel cell stack model is obtained from a single-cell static
characteristic [41]. The stack output voltage V is calculated
as follows

Vae =n (E — Vact — Uohm — /Uconc) 5 (41)

where E is the open circuit voltage, vact, Vohm and vconc are
the losses of activation, ohmic and concentration, respectively.
Those losses are strongly linked to the current density and can
be calculated as follows

Vo + Vg (1 — eib”‘) ,

Vact

Uohm

. by
. . ) (42)
1Rohm, Veone = 1 <b3 ) )

Tmax
where i is the current density, Ag. is the active area, vg is
the voltage drop at zero current density, bs, by and ip,y, Vg
and b are positive constants and R,y is the fuel cell internal

electrical resistance [33].

Symbol Parameter Value

n Number of cells in stack 90

¥ Ratio of specific heats of air 14

bea Relative humidity in cathode inlet 1.0

GPatm Relative humidity in ambient air 0.5

R Universal gas constant 8.314 J/(mol-K)

96485 C/mol
1.01325 x10° Pa

F Faraday constant

Patm Atmospheric pressure

Tt Temperature of the fuel cell 35315 K

Tatm Atmospheric temperature 298.15 K

Cp Specific heat capacity of air 1004 J/(Kg-K)

Cp Discharge of the nozzle 0.0124

YOq,atm  OXxygen molar ratio at cathode inlet ~ 0.21

Mg, Air molar mass 28.9644x 103 Kg/mol
Mo, Oxygen molar mass 32x1072 Kg/mol

My, Nitrogen molar mass 281072 Kg/mol

My Vapor molar mass 18x10~3 Kg/mol

Vea Cathode volume 0.01 m?>

Vem Supply manifold volume 0.02 m?

Ar Opening area of the nozzle 0.002 m?

Jep Compressor and motor inertia 5 x 107° Kg-m?

Nep Compressor efficiency 80%

Nem Motor mechanical efficiency 98%

k¢ Motor constant 0.0153 N-m/A

ko Motor constant 0.0153 V/(rad/sec)

Rem Motor constant 0.82 Q

ksm,out Supply manifold outlet constant 0.3629x10~° Kg/(Pa-s)
kca,in Cathode inlet constant 0.3629x107° Kg/(Pa-s)
Kca,out Cathode outlet constant 0.2177x107° Kg/(Pa s)

The stack voltages obtained from the 4-th order model (40)
and the 9-th order model [6] are shown and compared in Fig.
4. In view of Fig. 4, it can be seen that the output stack voltage
computed from the 4-th order model is very close to that from
the 9-th order model, i.e, with relative error less than 2.5%.
Thus, we can conclude that the performance of the 4-th order
model replicates the dynamics of the 9-th order model with
sufficient precision.

For the simulation purpose, the initial errors of the states are
set at 20% of maximum deviation from the 9-th order model.
The initial values were chosen as

po, = 0.09 bar, Py, = 0.7 bar,
wcp =750 RPM, ﬁsm — 1.1 bar.

During the simulation tests, the stack current was varied
between 100 A and 300 A in order to demonstrate the fuel cell
model characteristics, as shown in Fig. 5. A static feed-forward
controller is used to control the compressor voltage so that the
oxygen excess ratio level is close to 2. It can be seen from
the Fig. 5 that a step load increase (i.e. ¢ = 20 sec) causes
a sudden drop in the oxygen excess ratio. The performance
variables (P, Ao,) in Fig. 6 and the states variables (po,,

(43)

DN » Weps Psm) in Figs. 7 and 8 show that the four states model
matches well with the 9-th order model’s outputs.
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B. Fault scenario

The fault scenario of a sudden air leak in the air supply
manifold is considered, which is simulated with a parameter
increment Acig in the supply manifold outlet flow constant

C16

‘= ksm,out- This effect is translated into a change in

the outlet air flow in the supply manifold: Wiy o = (c16 +
Acig) (g — x1) [3], [12], [23]. The fault signal f(t) is given

as
Aclgl X (£E4 — xl), if t e [30, 60)
f(t) = A0162 X (1'4 — 1’1)7 if te [60, 90)
0, else
in which Aclgl = 0-2016 and ACle = 1.0016.

(44)
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Based on the proposed ST SMO, oxygen excess ratio is
estimated via the system outputs (cathode pressure, supply
manifold pressure, output stack voltage), as shown in Fig.
9. It is easy to find that this value decreases at t = 30 sec
and t = 60 sec, respectively. It happens because of the fault
occurrence at that time instant, which results in decrease of the
oxygen flow rate supplied to the cathode. Taking into account
the effect of the fault, the air compressor needs to increase the
air flow supply, in order to ensure the fuel cell’s safe operation.
It should be noted that at time ¢ = 60 sec, the oxygen excess
ratio is less than its critical value (normally 1), which indicates
that the oxygen starvation phenomenon occurs. In this case,
the fuel cell should be shut off immediately to protect the fuel
cell. Based on the equivalent output error injection technique,
this fault signal is reconstructed faithfully as shown in Fig. 10.
It is clear that the proposed scheme is capable of reconstructing
fault signal and state estimation simultaneously in the presence
of load variation.

V. CONCLUSIONS

This paper has proposed a robust fault diagnosis method
for the PEM feul cell air-feed system. The residual signals are
generated by comparing the output variables of the fuel cell
air feed system model and its corresponding estimate provided
by observers. The proposed observer design is based on the
modified ST sliding mode algorithm which consists of two
nonlinear terms and two linear terms. This observer is able to
estimate not only the system states but also fault signals, in

the presence of external disturbances. Once the sliding motion
is achieved, the obtained equivalent output error injection was
computed online to reconstruct the possible faults in the sys-
tem. The proposed fault diagnosis approach was successfully
implemented on Matlab/Simulink environment, where sudden
air leak in the air supply manifold is considered as the fault
scenario. We have found that when the magnitude of the fault
signal increases to a certain value, the oxygen excess ratio will
decrease to its critical value, which means that the oxygen
starvation phenomenon occurs inside the fuel fell stack. Thus,
the air flow supplied by the air compressor needs to increase
in order to increase the supply of oxygen flow rate, or even
the FC stack should be shut off immediately.

APPENDIX
RTickeain 0,,am
by — , 2, . by = Py
! MOQ Vea 1+ Wam 27 P
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