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Abstract

The efficient operation of polymer electrolyte membrane fuel cells (PEMFCs)
significantly relies on the reliable control of air-feed system. The core control
objective in air-feed system is to track a pre-defined reference of the oxygen
excess ratio to avoid oxygen starvation and stack damage. In this paper, we focus
on the modeling of the air-feed system in a PEMFC and the robust nonlin-
ear controller design for the oxygen excess ratio tracking control. To facilitate
the subsequent nonlinear controller design, a specific affine-like, second-order,
control-oriented model of oxygen excess ratio dynamic behavior is developed,
and the modeling uncertainty is estimated and compensated by using an
extended state observer (ESO). The control-oriented model is verified via a
high-fidelity plant model. A nonlinear controller for oxygen excess ratio tracking
control is proposed based on the triple-step technique which is robust against the
system disturbances. The tuning rule of the controller parameters is discussed in
the scheme of the linear system. Finally, simulations are conducted to demon-
strate the effectiveness and advantages of the proposed controller under variant
operating conditions compared with baseline controllers.
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1 INTRODUCTION

Concerns of environmental impact and tightened fuel
economy regulations have motivated numerous technical
innovations for vehicles efficiency improvement, along
with the increasing penetration of fuel cell vehicles (FCVs).
Polymer electrolyte membrane fuel cells (PEMFCs)

technology, directly converting the chemical energy into
electrical energy with water byproduct only, is promising
for vehicles because of high power density, zero emission
and reproducibility [1–3].

The reliable operation of PEMFC is enabled by several
auxiliary systems, including an air-feed system, a hydrogen
supply system, a water and thermal management system
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and a power management system [4]. On one hand, the
air-feed system plays an important role on the efficient
operation of the PEMFC as it consumes nearly 20% of the
total energy in the system [5,6]. On the other hand, the
precise quantity of the air supply should be guaranteed
because the air starvation caused by insufficient air inflow
will reduce the cell life and potentially damage the stack
[7,8]. Therefore, it is essential to design a reliable air-feed
system control strategy to maintain the desired oxygen
excess ratio.

Until now, many control schemes have been applied
to air-feed control system. The classical solutions are
the proportional-integral-derivative (PID) control [9] and
its variants, e.g. neural PID [10] and fuzzy PID [9,11]
with improved control performances. For determination
of the tracking target, Becherif et al. propose to com-
pute the optimal value for the oxygen stoichiometry ref-
erence to maximize the fuel cell output power [12].
In [13], a linear quadratic Gaussian (LQG) regulator is
developed for cathode pressure tracking control. In [14],
a linear model predictive control (MPC) scheme with
multi-objectives is developed to optimize efficiency and
avoid oxygen starvation. Due to the complexity of air-feed
system, linear models obtained by linearization around
a specific operating point are often limited to repre-
sent all the nonlinear transients. To deal with the non-
linear characteristics, sliding mode controllers based on
a super-twisting algorithm are designed in [15,16]. In
[17], a robust control scheme based on adaptive sliding
mode feedback control is proposed to control the air sto-
ichiometry, air pressure and relative humidity. In [18],
to address the speed fluctuation problem, an heuristic
modification of the supertwisting algorithm is proposed
and the control performance is validated experimentally.
To enforce constraints, a nonlinear MPC scheme is pro-
posed to control the air inflow so as to guarantee the
desired oxygen supply in [19]. Although the air-feed sys-
tem control problem has been extensively studied, several
issues still require further consideration and clarifica-
tion: (i) Due to the high nonlinearity of air-feed system,
the nonlinear controller design procedure tends to be so
sophisticated that a gap has arisen between the algorithm
development in theoretical community and the solutions
implementation by engineering practitioners in industry;
(ii) Regarding controller tuning, specific parameter tuning
rules are required to guide the practical implementation;
(iii) A comprehensive closed-loop stability analysis is
suggested.

The investigation pursued in this paper is motivated
by the need for a robust control solution that addresses

issues arising in nonlinear control for the air-feed sys-
tem with uncertainties and the previous research on the
application of triple-step nonlinear control for automo-
tive powertrain control, see [20–22] and references therein.
We start by describing the physical structure of a PEMFC
and continue by deriving a control-oriented model in an
input-output-affine formulation with verified modeling
accuracy. We then formulate a nonlinear feedback con-
troller using triple-step method to guarantee the stability
and robustness of the closed-loop system. Finally, this
paper presents a specific control tuning rule and addresses
the potential issues towards implementation. The main
contributions of this paper are summarized as follows.

• To facilitate the subsequent nonlinear controller
design of oxygen excess ratio tracking control, a
second-order, affine-like, control-oriented air-feed
system model is derived and the modeling accuracy is
validated, where a disturbance observer compensates
the modeling discrepancies.

• An implementation-oriented robust nonlinear
air-feed system controller is designed followed by an
intuitive way by using the triple-step method, where
the stability and the robustness are guaranteed by
the Lyapunov method.

• A specific controller tuning rule is explicitly deter-
mined via linear system theory since the closed-loop
system is inherently arranged into a linear system
following by the sequential design procedures as sug-
gested by triple-step method.

The organization of this paper is as follows. Section
II briefly describes the PEMFCs system and presents a
control-oriented model of the air-feed system. Section III
presents the proposed robust controller design, the stabil-
ity analysis and the parameter tuning rules. Section IV
reports and analyzes the simulation results. Section VI
summaries the key findings.

2 SYSTEM DESCRIPTION AND
CONTROL- ORIENTED MODEL

2.1 System description and control
problem statement
The schematic diagram of a PEMFCs system is presented
in Figure 1. The safe and reliable operation of PEMFCs
are realized by four auxiliary systems including an air-feed
system, a hydrogen supply system, a water and thermal
management system and a power management system
[23]. A brief functional description of these four systems is
introduced as follows.
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FIGURE 1 Schematic diagram of THE PEMFC system [Color figure can be viewed at wileyonlinelibrary.com]

1. Air-feed system: This system provides the oxygen
flow to PEMFCs stack for the electrochemical reac-
tions, where the air flow in the cathode is adjusted by
an electric-driven compressor to achieve the desired
oxygen excess ratio.

2. Hydrogen supply system: This system provides the
hydrogen flow to PEMFCs stack for the electrochem-
ical reactions, where the hydrogen is induced from
a high-pressure hydrogen tank by a pressure release
valve and then adjusted into anode by a solenoid
valve.

3. Water and thermal management system: This sys-
tem is to manage the membrane hydration, humidity
and stack temperature in the PEMFCs stack. Water
injected into the air-path regulates the membrane
hydration while the humidifier adjusts the humid-
ity of membrane. The stack temperature is regulated
within a suitable range by the cooling system, includ-
ing a cooling fan and a pump, to guarantee operating
safety and reacting efficiency.

4. Power management system. This system manages
the power drawn from the PEMFCs. Auxiliary elec-
tric power devices are used to process and filter
the electricity to ensure smooth power delivery and
power demand following.

In this paper, we only focus on the air-feed control sys-
tem design and assume other systems are well designed.
The main control objective is to achieve rapid tracking
of a oxygen excess ratio reference with small overshoot
and without oscillation. Considering the nonlinearity and
the uncertainties in the air-feed system, the triple-step
nonlinear controller design technique will be applied. A
control-oriented model of the air-feed system is derived

in the following section which facilitates the subsequent
controller design.

2.2 Control-oriented model
Based on the the first principle [18,24], the nonlinear
dynamics of the air-feed system is expressed by

.wcp = −a1wcp + a2u − 1
wcp

(a3Pl
sm − a4)Wcp,

.
Psm = −(a5 + a6Pl

sm)(Psm − Pca − a7Wcp),
.
Pca = −a8Pca + a9Psm + a10 − a11Ist,

(1)

where u denotes the voltage applied to the compressor
motor which is the control input, wcp is the angular speed
of the compressor, Psm is the supply manifold pressure, and
Pca is the cathode pressure, Ist is the stack current treated
as a measurable disturbance (exogenous input), Wcp is the
air mass flow through the compressor associated with wcp
and Psm, a1 ∼ a11 are the system parameters, for details
please see Appendix and Table A1. The air mass flow Wcp
is described by a parametric model [5]

Wcp =
[

1 − e𝛽
(

𝜓

𝜓max
−1

)] 5∑
𝑗=1
𝛼𝑗w𝑗

cp, 𝑗 = 1, 2, … , 5, (2)

where 𝛼j, 𝛽, 𝜓 and 𝜓max are fitted variables given in Table
A2 in Appendix.

The oxygen excess ratio is defined as

𝜆O2 =
WO2,in

WO2,react
= c1(Psm − Pca)

c2Ist
, (3)

where WO2,in and WO2,react denote the supplied oxygen mass
flow and the consumed oxygen mass flow respectively,
coefficients c1 and c2 can be found in the Appendix.

http://wileyonlinelibrary.com
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According to (3), there exits a disturbance input Ist in the
denominator of 𝜆O2 . To avoid the mathematical complexity
introduced by directly differentiating 𝜆O2 in the controller
design process, we treat the pressure difference Psm − Pca
as the control output instead of 𝜆O2 . Thus, we define the
control output as

𝑦 = Psm − Pca = c2Ist

c1
𝜆O2 . (4)

Then, differentiating y and combining (1) lead to
.
𝑦 =

.
Psm −

.
Pca

= − (a5 + a8 + a6Pl
sm)𝑦 + (a5 + a6Pl

sm)a7Wcp

− (a9 − a8)Psm − a10 + a11Ist.

(5)

Again, differentiating (5) leads to an affine-like formula-
tion of the model as follows,

𝑦̈ = 𝑓1(p)
.
𝑦 + 𝑓2(𝑦, p)𝑦 + 𝑓3(p) + g(p)u + d(t), (6)

where p = [Psm,wcp] is the vector of the measurable states
in air-feed system, detailed expressions of f1(p), f2(y, p),
f3(p) and g(p) are given in (7), and d(t) sums up the model-
ing and external disturbances. Note that this paper focuses
on the air-feed system control in normal fuel cell operating
conditions where wcp ≠ 0. A special start-up control pro-
cess [25] for wcp = 0 is essential and should be carefully
designed which is out of the scope in this paper.

𝑓1(p) = −a5 − a8 − a6Pl
sm,

𝑓2(p) =
[

a6lPl−1
sm 𝑦 − 2a6a7lWcpPl−1

sm − (a5 + a6Pl
sm)a7

𝜕Wcp

𝜕Psm

+ (a9 − a8)
]
(a5 + a6Pl

sm),

𝑓3(p) = (a5 + a6Pl
sm)a7

{[
a6a7lWcpPl−1

sm

+ (a5 + a6Pl
sm)a7

𝜕Wcp

𝜕Psm

−(a9 − a8)
]

Wcp +
𝜕Wcp

𝜕wcp

[
− a1wcp

− 1
wcp

(a3Pl
sm − a4)Wcp

]}
,

g(p) = (a5 + a6Pl
sm)a2a7

𝜕Wcp

𝜕wcp
.

(7)

2.3 Disturbance observer
Modeling errors due to d(t) negatively impact the stability
and tracking performance of the controller. Therefore, to
improve the accuracy of the control-oriented air-feed sys-
tem model, a linear extended state observer (ESO) [26,27]
is applied to estimate d(t). The design of ESO follows a
general way as discussed in [28].

We define z1 = y, z2 = .
𝑦 and an extended state z3 =

d(t). Then, equation (6) can be rewritten as the following

state-space equations:
.z1 = z2,
.z2 = 𝑓1(p)z2 + 𝑓2(𝑦, p)z1 + 𝑓3(p) + g(p)u + z3,
.z3 = h(t),

(8)

where h(t) is assumed to be an unknown term.
Then, we define the estimation error as z̃1 = z1 − ẑ1.

Thus, the linear ESO can be described by
.
ẑ1 = ẑ2 + 3woz̃1,
.
ẑ2 = 𝑓1(p)ẑ2 + 𝑓2(𝑦, p)ẑ1 + 𝑓3(p) + g(p)u + ẑ3 + 3w2

oz̃1,
.
ẑ3 = w3

oz̃1,

(9)
where [3wo 3w2

o w3
o] is the vector of the observer gains

as suggested in [28] where wo is tuned according to the
convergence time. Hence, d(t) is estimated by

d̂(t) = ẑ3. (10)

The main contribution of the ESO is to improve the
modeling accuracy of fuel cell model and extend the
application of triple-step method to a specific system with
certain modeling uncertainties as discussed in section 3.

Combining (6) with the estimated disturbance in (10),
the control-oriented model is written as

𝑦̈ = 𝑓1(p)
.
𝑦 + 𝑓2(𝑦, p)𝑦 + 𝑓3(p) + g(p)u + d̂(t). (11)

Note that the delicately designed control-oriented
model (11) is with an affine formulation which facilitates
the controller design by applying the triple-step method as
discussed in section 3. However, the modeling procedure is
not unique, any delicately designed model which is able to
describe the system input and output with an affine form
will fit for the triple step method.

FIGURE 2 Stepwise changes in voltage and stack for current for
model validation [Color figure can be viewed at
wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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2.4 Model validation
The high fidelity model developed in [5] is used as the plant
model for model validation. The control input u and the
exogenous input are set as step changed signals as shown
in Figure 2. The modeling verification and the effective-
ness of ESO are shown in Figure 3 and Figure 4. It can
be seen that the ESO effectively estimates the modeling
errors and substantially improve the modeling accuracy.
Note that the initial condition of z1 in ESO is usually set as
the same as the plant model since the pressure difference,
Psm − Pca, can be calculated accurately by the measured
oxygen mass flow, WO2,in, and supply manifold pressure,
Psm, according to (3). The initial condition impact on the
observer is shown in Figure 5 assuming that the sensors
drift with a certain deviation in practice. It can be seen that
the observer is sensitive to the initial value deviation where
it needs a short period of warm-up time to reach the con-
vergence. For a case study considering 2000Pa deviation,
the adjusting time is less than 0.2s.

FIGURE 3 Model validation results for pressure difference
Psm − Pca [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Model validation results for the oxygen excess ratio
[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Initial condition sensitivity to the ESO [Color figure
can be viewed at wileyonlinelibrary.com]

3 ROBUST NONLINEAR
TRIPLE-STEP CONTROLLER
DESIGN

In this section, a nonlinear robust triple-step method is
proposed for the controller design for the air-feed system.
The triple step method was firstly developed to address
rail pressure control problem in a gasoline direct injection
engine [29] and later successfully applied to wide variety
of fields over automotive control system, e.g. transmission
control [20], vehicle dynamic control [30], et al. For oxy-
gen access ratio tracking control, the proposed controller
design followed by the triple-step method consists of three
parts: steady-state-like control, reference-variation-based
feed-forward control and robust error feedback control.
The detailed controller design procedure is described as
follows.

3.1 Controller design
Step 1: Steady-state-like control. Motivated by the
map-based control strategy that is widely used in modern
automotive application, we first set 𝑦̈ = 0 and .

𝑦 = 0 in (11).
Then, a steady-state-like control law can be obtained as

us = − 1
g(p)

[𝑓2(𝑦, p)𝑦 + 𝑓3(p) + d̂(t)]. (12)

The control law, us, depends on the control output y and
the measurable state vector p.

Remark 3.1. In normal fuel cell operating condition,
since 𝛾RakSM,outTa

VSM
a2a7 ≠ 0 and [1 − 1

𝜂cp
+ ( Psm

Pa
)l] ≠ 0, and

the air mass flow rate Wcp is monotonous associated
with compressor angular speed 𝜔cp, 𝜕Wcp

𝜕wcp
≠ 0, thus, it

is true that g(p) ≠ 0.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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Step 2: Reference-variation-based feed-forward
control. Applying the steady-state-like control only is
not enough to achieve satisfying performance if the sys-
tem dynamics transits through different operating points.
Reference variations of the control system needs to be
considered. Hence, retaining the steady-state-like control,
we augment the control as

u = us + u𝑓 , (13)

where uf is to be determined.
By substituting (12) and (13) into (11), the model can be

rewritten as

𝑦̈ = 𝑓1(p)
.
𝑦 + g(p)u𝑓 . (14)

By setting 𝑦̈ = 𝑦̈∗ and .
𝑦 = .

𝑦∗ in (14), we obtain the
following feed-forward control law,

u𝑓 = 1
g(p)

(𝑦̈∗ − 𝑓1(p)
.
𝑦∗) . (15)

Step 3: Robust error feedback control. Following
the two steps described above, the tracking error has not
been considered. To guarantee closed-loop stability and the
robustness of the system, a robust error feedback control
law is subsequently derived.

We introduce a new control action ue into the control
input (13). Thus, the control input becomes

u = us + u𝑓 + ue. (16)

Then, by substituting (12), (15) and (16) into (11), the
model can be rewritten as

𝑦̈ = 𝑓1(p)
.
𝑦 + 𝑦̈∗ − 𝑓1(p)

.
𝑦∗ + g(p)ue + d(t) − d̂(t). (17)

We define the reference tracking error and the compen-
sated disturbance, respectively, as

e =𝑦∗ − 𝑦,

d̃(t) =d̂(t) − d(t).
(18)

Then, we substitute (18) into (17) to obtain the tracking
error dynamics as

ë = 𝑓1(p)ė − g(p)ue + d̃(t). (19)

To restrain the steady-state error of the system, an error
integration term is introduced. We define e1 = e, e2 = ė

and 𝜒 = ∫ e1dt, and then the error state equation follows

ė1 = e2,

ė2 = 𝑓1pe2 − g(p)ue + d̃(t).
(20)

For (20), a specific Lyapunov function is selected as

V1 = k1

2
𝜒2 + 1

2
e2

1. (21)

Differentiating the Lyapunov function (21) with respect
to time, yields

.
V 1 = k1𝜒

2e1 + e1e2 = e1(k1𝜒 + e2). (22)

We enforce k1𝜒 + e2 = −k2e1 and k2 > 0 to satisfy

.
V 1 = −k2e2

1 ≤ 0, (23)

where the equality situation
.

V 1 = 0 only occurs when e1 =
0 [31]. Then, we can obtain

e2 = −k1𝜒 − k2e1 ≜ e2d. (24)

To ensure that e2 is asymptotically stable and converges
to e2d, we define a new error state e3 = e2d − e2. Then, an
additional Lyapunov function is defined as

V2 = V1 +
1
2

e2
3. (25)

By differentiating (25), we can infer
.

V 2 =
.

V 1 + e3(ė2 − ė2d)

= e1(k1𝜒 + e2) + e3[𝑓1(p)e2 − g(p)ue − ė2d + d̃(t)]

= e1(k1 + e2d + e3) + e3[𝑓1(p)e2 − g(p)ue − ė2d + d̃(t)]

= e1(k1 + e2d) + e3[e1 + 𝑓1(p)e2 − g(p)ue − ė2d] + e3d̃(t)

⩽ −k2e2
1 + e3[e1 + 𝑓1(p)e2 − g(p)ue − ė2d] + e3sign(e2)d̃max

= −k2e2
1 + e3[e1 + 𝑓1(p)e2 − g(p)ue − ė2d + sign(e3)d̃max],

(26)
where d̃max = sup d̃(t).

We further enforce e1 + 𝑓1(p)e2 − g(p)ue − ė2d +
sign(e2)d̃max = −k3e3, then (26) can be represented as

.
V 2 ⩽ −k2e2

1 − k3e2
3. (27)

With the choice of k3 > 0, the closed-loop tracking error
system is asymptotically stable [32].

Hence, a robust error feedback control law can be writ-
ten as follows:

ue =
1

g(p)
[k3e3 + e1 + 𝑓1(p)e2 − ė2d − sign(e3)d̃max]. (28)
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By substituting𝜒 = ∫ e1dt, ė1 = e2 and ė2d = −k1e1−k2ė1
into (28), the error feedback control law is given as

ue =
k1 + k2 + 1

g(p)
e1 +

k1

g(p) ∫ e1dt +
𝑓1(p) + k1 + 1

g(p)
ė1

− 1
g(p)

sign(e3)d̃max.

(29)

By combining (12), (15) and (29), the overall control law
is summarized as

u = us +u𝑓 +𝑓P(p)e1 +𝑓I(p)𝜒 +𝑓Dė1 −
d̃max

g(p)
sign(e3), (30)

with

us = − 1
g(p)

(𝑓2(𝑦, p)𝑦 + 𝑓3(p) + d̂(t)),

u𝑓 = 1
g(p)

(𝑦̈∗ − 𝑓1(p)
.
𝑦∗),

𝑓P(p) =
k1 + k2 + 1

g(p)
,

𝑓I(p) =
k1

g(p)
,

𝑓D(p) =
𝑓1(p) + k1 + 1

g(p)
.

(31)

The structural schematics of the proposed control law is
shown in Figure 6. The metrics of the proposed control law
is described as follows. Firstly, when the system reaches
a steady state, the steady-state control us dominates the
regulation. Secondly, considering the reference variation,
the feed-forward control law uf provides an anticipatory
control action which helps to improve the transient track-
ing performance. Thirdly, after extracting some of the sys-
tem nonlinearities through step 1 and step 2, we obtain
an explicit and affine expression for the error state system
where an error feedback law can be intuitively designed
with gain scheduling characteristics. The proposed con-
troller is concise and comparable to the structure adopted
for modern automotive control in practice. Although it
does require modelling efforts, it has significant advan-
tages in reducing the calibration workload and improv-
ing the transient control performance. Overall, it helps
to bridge the gap between theoretical nonlinear control

FIGURE 6 Schematics of the proposed triple-step control law
[Color figure can be viewed at wileyonlinelibrary.com]

methodologies and the corresponding engineering imple-
mentations.

3.2 Guideline for the control parameter
tuning rules
Substituting (24) and (30) into (11), the closed-loop error
system is obtained as

.
𝜒 = e1,

ė1 = − k1𝜒 − k2e1 − e3,

ė3 = e1 − k3e3 + d′,

(32)

where d′ = d̂(t) − sign(e3)dmax is the bounded disturbance
in the closed-loop error system.

From (32), it is indicated that k2 dominates the decay
of the tracking error e1 and k3 dominates the decay for e3.
Based on this consideration, k1 and k2 should be chosen as
large as possible. However, from (30) and (31), excessively
large k1 and k2 values will result in high gain issue which
should be dealt with carefully in practice.

In the following, we determine a specific guideline for
tuning rule by analyzing the tracking error under linear
control theory framework. Applying Laplace transforma-
tion [33] to (32) to obtain the transfer function of the
tracking error,

E1(s) =
1

(s + k2 +
k1
s
)(s + k3) + 1

D′(s). (33)

Through the use of the final-value theorem [34], we can
calculate the tracking offset as

E1(∞) = lim
s→0

s
⎡⎢⎢⎣ 1
(s + k2 + k1

s
)(s + k3) + 1

D′(s)
⎤⎥⎥⎦ . (34)

In such a case, the tracking error directly depends on the
disturbance d′. If d′ is an impulse signal or a step signal,
e1(∞) = 0. If d

′
is a ramp signal with a slope, d̄′, then the

tracking offset becomes

E1(∞) = d̄′

k1k3
. (35)

In general, with limited knowledge of disturbances, k1k3
tends to be selected as a sufficiently large number to reduce
the tracking offset. As a summary, we can follow the guide-
lines for parameters tuning as below:

• Choose k2 in accordance with the required decay rate
of e1, where a large k2 value corresponds to a fast
decay rate;

• Choose a large k1 value to achieve an acceptable
tracking offset;

http://wileyonlinelibrary.com
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• Choose k2 ≤ k1 for a trade-off between fast response
and oscillation while avoiding the potential high
gain.

4 IMPLEMENTATION ISSUES AND
SIMULATION RESULTS

In this section, potential issues towards implementation
are addressed and the performance of the proposed control
scheme is validated via simulation study.

4.1 Implementation issues
For practical implementation, we introduce a method for
signal processing and the calculation of the derivatives
which are necessary for the proposed control scheme.

According to (4), the reference y∗ can be calculated from
the reference oxygen excess ratio 𝜆∗O2

as,

𝑦∗ = c2Ist

c1
𝜆∗O2

, (36)

where 𝜆∗O2
= 2 is a conventional setup to maximize the

output power of a PEMFC.
To obtain .

𝑦∗ and 𝑦̈∗ from the reference trajectory y∗,
low-pass filters [35] can be used for the signal processing.
Let the reference be denoted by 𝑦̄∗. By passing 𝑦̄∗ through
a second-order filter, one can obtain

𝑦∗

𝑦̄∗
=

w2
n

s2 + 2𝜉wns + w2
n
. (37)

The block diagram of this second-order filter is shown in
Figure 7. Both .

𝑦∗ and 𝑦̈∗ are obtained as presented in this
figure.

4.2 Simulation results and analysis
The effectiveness of the proposed controller is validated
and compared with two PID controllers in a high fidelity
plant model developed in [5]. The PID controller is defined
as

upid = Kpe𝜆(t) + Ki ∫ e𝜆(t)dt + Kd
de𝜆(t)

dt
, (38)

FIGURE 7 Schematics of the second-order filter for input
shaping [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Step changing stack current [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 9 Simulation result for Psm − Pca tracking: transient
testing with nominal model parameters [Color figure can be viewed
at wileyonlinelibrary.com]

where e𝜆 = 𝜆∗O2
− 𝜆O2 . Note that the oxygen access ratio is

directly selected as the control output for PID controller to
make a ideal baseline controller for the subsequent com-
parisons. To verify of the effectiveness of the proposed
nonlinear controller, two PID controllers with different
well tuned control gains are considered. The first “PID1"
controller is designed to avoid tracking oscillation while
achieving fast adjustment, where Kp = 80, Ki = 1000 and
Kd = 0.2. By contrast, the second “PID2" pursues for the
fast adjustment with a small overshoot where Kp = 80,
Ki = 650 and Kd = 0.2. The parameter of the disturbance
observer is set as wo = 100. In accordance with the pro-
posed controller parameter tuning rule, the parameters of
the proposed controller are set to k1 = 15000, k2 = 1000
and k3 = 50.

To demonstrate the transient tracking performance of
the robust triple-step method, it is assumed that the
PEMFC system is operating with step-wise changed stack
current as shown in Figure 8. Figure 9 and Figure 10
present the control performance in terms of pressure dif-
ference, Psm − Pca, and the oxygen excess ratio, 𝜆O2 , respec-
tively. Figure 11 and Figure 12 show the zoom-in plots in
the time window of 3.5 − 5s accordingly. As shown in
Figure 9-Figure 10, the robust triple-step method can track
the oxygen excess ratio set-point faster with less overshoot

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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FIGURE 10 Simulation results for the oxygen excess ratio:
transient testing with nominal model parameters [Color figure can
be viewed at wileyonlinelibrary.com]

FIGURE 11 Zoom-in plot for Psm − Pca tracking during 3.5-5 s:
transient testing with nominal model parameters [Color figure can
be viewed at wileyonlinelibrary.com]

FIGURE 12 Zoom-in plot for oxygen excess ratio during 3.5-5 s:
transient testing with nominal model parameters [Color figure can
be viewed at wileyonlinelibrary.com]

compared with both of the two PID controllers. Appar-
ently, the fast transient performance of the nonlinear con-
troller is benefited by the applied reference variation-based
feedforward control and the feedback control with sched-
uled gains depending transient states. By contrast, the
“PID1" controller is able to track the desired set-point with-
out oscillations, but it requires the longest time to converge

FIGURE 13 Simulation result for Psm − Pca tracking: testing
with perturbed stack temperature [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 14 Simulation result for the oxygen excess ratio: testing
with perturbed stack temperature [Color figure can be viewed at
wileyonlinelibrary.com]

and has the largest overshoot. The “PID2" can achieve
rapid regulation, however, generates oscillations.

Next, the performances of robustness against parameter
varying condition are compared. In practice, parameters,
e.g. stack temperature, of PEMFCs may vary under differ-
ent operating conditions. In the simulation, we assume the
stack temperature is perturbed by Gaussian noise distur-
bance where the mean is 353K and the variance is 20K.
As shown in Figure 13 and Figure 14, for “PID1" and
“PID2" controllers, the oxygen excess ratios deviate from
the desired value in steady state due to stack temperature
drifts, whereas the proposed nonlinear controller achieves
very small steady-state error.

Overall, the proposed nonlinear controller has very good
tracking performance in transients and has robustness
against certain parameter drift.

5 CONCLUSION

This paper proposes a robust nonlinear controller for
oxygen access ratio tracking control in the air-feed sys-
tem of a PEMFC. A control-oriented model is introduced

http://wileyonlinelibrary.com
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that represents oxygen access behavior as an input-output
affine-like dynamic system where an ESO is collaborated
to compensate system uncertainties and disturbances.
Facilitated by the delicately derived control-oriented
model, a nonlinear robust controller is designed to stabi-
lize the system based on triple step method including a
steady-state like control, a reference-variation-based feed-
forward control and an error feedback control. A specific
control tuning rule is carried out in the scheme of lin-
ear control theory. The simulation results conducted in a
high fidelity model demonstrate that the proposed con-
troller achieves good transient tracking performance and
robustness against parameter drift. Future work will focus
on the development of a test-bench and the experimental
validation of the controller.
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APPENDIX A

a1 = 𝜂cmktkv

JcpRcm
, a2 = 𝜂cmkt

JcpRcm
, a3 =

CpTa

Jcp𝜂cp(Pa)
𝛾−1
𝛾

,

a4 =
CpTa

Jcp𝜂cp
, l = 𝛾 − 1

𝛾
, a6 =

𝛾RaTaKsm,out

Vsm𝜂cp(Pa)
𝛾−1
𝛾

,

a5 =
𝛾RaTaKsm,out

Vsm
(1 − 1

𝜂cp
), a7 = 1

Ksm,out
,

a8 = RaTst

Vca

[
Ksm,out

Ma(1 + Ω)
+ CDAT𝛾

1
2

𝜅
√

RaTst

(
2

𝛾 + 1

) 𝛾+1
2(𝛾−1)

]
,

a9 = RaTst

Vca

Ksm,out

Ma(1 + Ω)
, a11 = nRaTst

4FVca
,

a10 = RaTst

Vca

CDAT𝛾
1
2

𝜅
√

RaTst

(
2

𝛾 + 1

) 𝛾+1
2(𝛾−1)

Psat,

𝛼1 = Bb1, 𝛼2 = Bb2A, 𝛼3 = Bb3A2,

𝛼4 = Bb4A3, 𝛽 = b6A2w2
cp + b7Awcp + b8,

𝛼5 = Bb5A4, 𝜓 =
CpTa

[(
Pca
Pa

) 𝛾−1
𝛾 − 1

]
1
2

(
𝜋

60

√
Tr𝑓

Ta
wcp

)2 ,

𝜓max = b9A5w5
cp + b10A4w4

cp + b11A3w3
cp+

b12A2w2
cp + b13Awcp + b14,

Ω = Mv𝜙aPsat

Ma(Pa−𝜙aPsat)
, A = 𝜋dc√

𝛾RaTa

√
Tr𝑓

Ta
,

B =
𝜋2d3

c𝜌aPaTr𝑓

240TaPr𝑓
, c1 =

xO2,inKsm,out

1 + Ω
,

c2 =
nMO2

4F
.

TABLE A1 Compressor regression
coefficients

Symbol Value

𝜅 25.85 × 10−3

b1 2.21 × 10−3

b2 −4.64 × 10−5

b3 −5.36 × 10−4

b4 2.70 × 10−4

b5 −3.70 × 10−5

b6 1.76567
b7 −1.34837
b8 2.44419
b9 −9.78755 × 10−3

b10 0.10581
b11 −0.42937
b12 0.80121
b13 −0.68344
b14 0.43331
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TABLE A2 General parameters used for modeling

Symbol Parameter SI units Value

𝜂cm Mechanical efficiency of
the compressor motor

− 0.98

kt Motor constant Nm∕A 0.0153
kv Motor constant V∕(rad∕s) 0.0153
Jcp Compressor and motor

inertia
kg · m2 5 × 10−5

Rcm Motor constant ohm 0.82
Cp Specific heat of air J∕kg∕K 1004
Ta Atmospheric temperature Ta 298.15
Pa Atmospheric pressure Pa 1.013 × 105

𝜂cp Compressor efficiency − 0.8
Ra Gas constant of air J∕mol∕K 286.9
𝛾 Specific heat ratio of air − 1.4
Ksm,out Supply manifold outlet

orifice constant
kg∕s∕Pa 0.3629 × 10−5

Vsm Supply manifold volume m3 0.02
Tst Temperature of the

fuel-cell stack
K 353

Vca Single stack cathode
volume

m3 0.01

Ma Molar mass of air kg∕mol 28.97 × 10−3

CD Return manifold throttle
discharge coefficient

− 0.0124

AT Return manifold throttle
area

m2 0.002

Psat Saturation pressure Pa -
n Number of the cells in

fuel-cell stack
− 381

F Faraday constant A · s∕mol 96487
𝜌a Air density kg∕m3 1.23
Trf Reference temperature K 288
Prf Reference pressure Pa 1.01325 × 105

dc Compressor diameter m 0.2286
Mv Molar mass of vapor kg∕mol 18.02 × 10−3

𝜙a Average ambient relative
humidity of air

− 0.5

MO2
Molar mass of oxygen kg∕mol 32.0 × 10−3

xO2 ,in Oxygen mole fraction at
the cathode inlet

− 0.21
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