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Abstract: Proton exchange membrane fuel cells (PEMFC) are vulnerable to oxygen starvation when
working under variable load. To address these issues, a cascade control strategy of slidingmode con‑
trol (SMC) and Proportion Integration Differentiation (PID) control is proposed in this study. The
goal of the control strategy is to enhance the PEMFC’s net power by adjusting the oxygen excess
ratio (OER) to the reference value in the occurrence of a load change. In order to estimate the cath‑
ode pressure and reconstruct the OER, an expansion state observer (ESO) is developed. The study
found that there is a maximum error of about 2200Pa between the estimated cathode pressure and
the actual pressure. Then the tracking of the actual OER to the reference OER is realized by the SMC
and PID cascade control. The simulation study, which compared the control performance of sev‑
eral methods—including PID controller, adaptive fuzzy PID controller and the proposed controller,
i.e., the SMC and PID cascade controller—was carried out under various load‑changing scenarios.
The outcomes demonstrate that the proposed SMC and PID cascade controller method really does
have a faster response time. The overshoot is reduced by approximately 3.4% compared to PID con‑
trol and by about 0.09% compared to fuzzy adaptive PID. SMC and PID cascade control reference
OER performs more effectively in terms of tracking compared to PID control and adaptive fuzzy
PID control.

Keywords: PEMFC; oxygen excess ratio; SMC and PID cascade control; expansion state observer

1. Introduction
In recent years, the ecological environment has suffered greatly due to factors such

as global warming, energy shortages and excessive carbon emissions [1]. Therefore, the
research and promotion of renewable energy has become the focus of social attention.
PEMFC is a type of power‑generating equipment that converts chemical energy directly
into electrical energy. Since it has high energy density, stable energy output, environmen‑
tal friendliness and low operating temperature, among other advantages, it is viewed as a
promising energy converter in the fields of aerospace, automotive and other industries [2].

However, PEMFC is a complicated system with strong time‑varying, nonlinear and
multi‑coupling characteristics. Because of its delay characteristics, the air compressor will
not respond immediatelywhen the load changes quickly. The output voltage of the PEMFC
will drop quickly if the supply air flow is insufficient. If this continues, the proton ex‑
change membranes may degrade, lowering the lifetime of the PEMFC [3,4]. On the other
hand, if the air compressor supplies too much airflow, the compressor’s power consump‑
tion increases, and the PEMFC’s net output power production declines [5,6]. To ensure
the PEMFC supply system’s reliable and effective performance, modern control technol‑
ogy is demanded [7]. The net power and service life of PEMFC are directly affected by
the gas supply system. As a result, controlling the oxygen excess ratio (OER) of PEMFC
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has grown to be a crucial technique. The issue of excess parasitic power brought on due
to excessive oxygen in PEMFC ought to be resolved. So researchers have conducted vari‑
ous studies on mechanism modeling and control strategies of air supply system. In terms
of mechanism modeling, Pukrushpan constructed a complex ninth‑order model [8]; the
high‑order model includes many states and complex models, making it challenging to de‑
sign a controller and demanding a large amount of computation. The reliable operation
of air compressors, air supply manifolds, humidifiers, coolers, etc. is the basis for guaran‑
teeing the efficient operation of the PEMFC air supply system. The researchers simplified
the ninth‑order model to a fourth‑order model and a third‑order model, assuming other
subsystems are well controlled in Refs. [9,10]. Through experiments, the reliability and
accuracy of the simplified model are verified. The design of the controller is made easier
by the simplified model. Many researchers base their studies on the control of the PEMFC
oxygen supply system on the simplified third‑order model.

For fuel cell gas supply systems, there are already various control techniques available.
The LQR (Linear Quadratic Regulator) controller is employed to address the problem of
controlling the air compressor voltage in the oxygen supply system, which in turn con‑
trols the cathode air intake volume and improves the net power of PEMFC [11,12]. The
literature proposes to employ PID parallel control and series control of model predictive
control (MPC) andMPC to prevent oxygen starvation and improve the net output power of
PEMFC [13,14]. Since the linearized operating points are chosen based on practical factors
and particular points are reached within the stacked working range, the accuracy of the
linearizedmodelwill be impactedwhen the load dramatically changes. Because linear con‑
trollers inevitably introduce linearization mistakes, the effect of linearized control might
worsen. Nonlinear control studies have been carried out as a consequence. The OER of the
PEMFC gas supply system would be reconstructed by using a higher‑order sliding mode
observer proposed by Deng et al. Additionally, they employ a cascade adaptive sliding
mode control for air compressor voltage to increase PEMFC’s net output power [15]. Ac‑
cording to the literature [16], the gas supply system is controlled by a second‑order sliding
mode control strategy to increase fuel cell net output power and prevent oxygen starvation.
A nonlinear controller is designed based on the gas supply system model to control OER
through feedback linearization, and the results demonstrate that the proposed nonlinear
controller has better transient response in ref. [17]. The OER is adjusted by using PID con‑
trol and fuzzy PID control on the fourth order oxygen supply model in ref. [18]. However,
neural networks are a powerful modeling and control tool that is widely employed in bat‑
tery warning and fuel cell control [19,20]. In terms of PEMFC control, Damour et.al [21]
proposed a model with artificial neural networks. This method enables self‑tuning of the
PID control strategy; the controller avoids a calculation burden while accounting for the
process’ nonlinear behavior. In a word, the various controllers aforementioned have their
own advantages in fuel cell control application.

The focus of this work is on the regulation of the OER to obtain the greatest net out‑
put power in PEMFC. To solve the difficult challenge of measuring cathode pressure, this
method employs an ESO to increase the accuracy of the control model by estimating the
cathode pressure. This proposal is based on the application of observers in the field of fuel
cells [12,19,22]. This study’s contribution is to control the air compressor’s input voltage
by efficiently adjusting the OER to the reference value when the load varies. The oxygen
starvation in PEMFC systems is improved by using this method, which also increases the
service life of fuel cells.

The rest of this study is as follows: Themodeling and control objectives of the PEMFC
system are presented in Section 2. The cascade control of sliding mode and PID and ESO
are designed in Section 3. The advantages of different control strategies are briefly com‑
pared in Section 4. The results are presented in Section 5.
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2. PEMFC SystemModeling and Control Objective
The components of the air system include air flow meters, air compressors, intercool‑

ers, humidifiers, stacking throttles composed of stack‑out throttle pipeline, etc. The cath‑
ode air system provides pressure, flow, temperature and air, with suitable humidity par‑
ticipates in the reaction. The system composition is shown in Figure 1.

An object‑oriented PEMFC third‑order control mechanism model was established in
this study to serve as a model for research on air loop coordinated control. The model
makes the following acceptable assumptions:
1. Suppose all gasses meet the law of ideal gasses;
2. Consider the intake gas to be air at standard atmospheric pressure;
3. It is assumed that the supplymanifold’s intake andoutlet temperatures are equivalent;
4. Presume that the cathode’s internal gas is ideally humidified, with a 100% humidity;
5. Consider that there is only the composition of nitrogen and oxygen in the dry gas;
6. Suppose that the anode hydrogen is sufficient and the anode pressure changes with

the cathode pressure;
7. It is hypothesized that the system humidity and temperature are maintained at the

desired value by means of humidifiers and coolers.
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Figure 1. PEMFC system composition diagram.

2.1. Air Supply System Modeling
2.1.1. Air Compressor Model

The drive motor and air compressor components make up the air compressor. vcm is
mainly employed to control air intake air flow. By using motor torque balance equation,
the air compressor model is as follows [23].

Jcp
dwcp

dt
= τcm − τcp (1)

where Jcp is the compressor moment of inertia; wcp is the compressor speed; τcp and τcm,
respectively, are the compressor motor drive torque and load torque.

The motor drive torque equation and resisting moment equation for air compressors:

τcm = ηcm
kt

Rcm

(
vcm − kvwcp

)
(2)

τcp =
Cp

wcp

Tatm

ηcp

( psm

patm

) γ−1
γ

− 1

Wcp (3)

The above expressions: kt, kv, Rcm are the motor constant; vcm is the motor terminal
voltage ηcm is motor efficiency; ηcp is compressor efficiency; CP is the specific heat capac‑
ity coefficient of air; Tatm and patm are correspondingly inlet air temperature and inlet air
pressure; Wcp is the compressor outlet flow, which is influenced by the supply manifold
pressure and the compressor speed; the Wcp details specific is found in Ref [8].
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2.1.2. Air Supply Manifold Model
The manifold connecting the fuel cell stack and the air compressor is symbolized by

the supply manifold. The dynamic change model of the gas pressure in the supply mani‑
fold is built using the law of conservation of energy and the ideal gas law as follows:

dpsm

dt
=

RTcp

MatmVsm

(
Wcp − Wca,in

)
(4)

where Wca,in is the air mass flow rate of the cathode inlet; Vsm is the volume of the gas
supplymanifold; R is the air gas constant; Matm is the air molar mass. Tcp is air compressor
outlet gas temperature; it can be calculated using the formula below.

Tcp = Tatm +
Tatm

ηcp

( psm

patm

) γ−1
γ

− 1

 (5)

because there is a small difference in gas pressure between the cathode and the air supply
manifold, the gas pressure in the fuel cell stack is relatively low. Employing the linear
nozzle equation can aid in reducing calculations.

Wcain = ksmout(psm − pca) (6)

where pca is cathode pressure ksmout is the supply pipe outlet constant, it reflects the resis‑
tance of the pipe to the airflow [9].

2.1.3. Stack Cathode Gas Model
The equation of state for each gas at the cathode is calculated using the rules of mass

conservation and ideal gases [21].

dpO2

dt
=

RTst

MO2Vca
(WO2in − WO2out − WO2react) (7)

dpN2

dt
=

RTst

MN2Vca
(WN2in − WN2out) (8)

where MO2 is oxygenmolarmass; MN2 is nitrogenmolarmass; Tst is the stack temperature;
Vca is the cathode flow channel volume. The mass flow of incoming and outgoing gas is
shown by the symbols Win and Wout, respectively; WO2react is the reaction mass involved
in oxygen.

WO2in =
xO2atm

1 + watm
Wcain (9)

WO2react = MO2
nIst

4F
(10)

WN2in =
1 − xO2atm
1 + watm

Wcain (11)

xO2atm =
yO2atm × MO2

yO2atm × MO2 + (1 − yO2atm)× MN2
(12)

watm =
Mv

Matm
× ϕatm psat(Tst)

patm − ϕatm psat(Tst)
(13)

where xO2atm is the mass fraction of oxygen in the inlet gas; watm is gas humidity; yO2atm
is the molar fraction of oxygen in the air; n is the number of fuel cells in the stack; ϕatm is
the relative humidity of the inlet gas; psat is saturated water vapor pressure [8]. The mass
flow of oxygen and nitrogen out of the cathode of PEMFC is shown below.

WO2out =
MO2 pO2

MN2 pN2 + MO2 pO2 + Mv psat
Wcaout (14)
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WN2out =
MN2 pN2

MN2 pN2 + MO2 pO2 + Mv psat
Wcaout (15)

Wca,out =


CD AT pca√

RTst

(
patm
pca

) 1
γ

{
2γ

γ−1

[
1 −

(
pamm
pca

) γ−1
γ

]} 1
2

, patm
pca

>
(

2γ
γ+1

) γ
γ−1

CD AT pca√
RTst

γ
1
2

(
2

γ+1

) γ+1
2(γ−1) , patm

pca
≤
(

2γ
γ+1

) γ
γ−1

(16)

γ is air specific heat ratio; F is Faraday constant; CD is cathode outlet flow coefficient.
The saturatedwater vapor pressure is taken into account as a constant value, and only

the oxygen and nitrogen in the air are taken into account. The cathode of the stack should
also adhere to the following formula:

κpca = MN2PN2 + MO2PO2 + MvPsat (17)

According to Equations (1)–(17), the state variable [x1, x2, x3] =
[
wcp, psm, pca

]
is se‑

lected to derive the control model and establish a third‑order control model as follows [24]:

.
x1 = −c1x1 −

c2

x1

[(
x2

c3

)c4

− 1
]

Wcp(x1, x2) + c5u (18)

.
x2 = c6

[
1 + c7

[(
x2

c3

)c4

− 1
]][

Wcp(x1, x2)− c8(x2 − x3)
]

(19)

.
x3 = −c9x3 + c10x2 + c11 − c12 Ist (20)

The individual parameters are shown in Tables A1 and A2 of Appendix A.

2.2. Control Objective
Themain control goal of this studywas to adjust the OER to the reference OER, which

is defined as follows:
λO2 =

Wcain
WO2react

(21)

OER is defined as the ratio between the flow of air entering the cathode and the flow of
oxygen consumed by the cathode. The PEMFC stack will suffer from oxygen starvation
and significant damage if the OER value is too high, but the air compressor’s power con‑
sumption will increase if the OER value is too low, which will reduce the PEMFC’s net
output power [25]. Consequently, the main control goal of the gas supply system is to
adjust OER to the reference OER and prevent oxygen starvation in PEMFC and improve
PEMFCnet output power under various loads. The ideal OERfitting curve is in accordance
with Ref. [26].

λO2 ref = 5 × 10−8 Ist
3 − 2.87 × 10−5 Ist

2 + 2.23 × 10−3 Ist + 2.5 (22)

3. Controller and Observer Design
In this section, unmeasurable state variables will be introduced, and ESO will be es‑

tablished for real‑time estimate. According to the ESO estimated cathode pressure to re‑
construct the OER. SMC and PID cascade control are designed to be employed to complete
the tracking of the reference OER.

3.1. Observer Design
OERvalue is significantly influenced by the cathode pressure and air supplymanifold

pressure. Since it is difficult to measure the cathode pressure, the ESO must be employed
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to reconstruct the OER curve to improve the PEMFC’s gas supply regulation’s accuracy.
The ESO is structured as follows:

.
x2 = c6

[
1 + c7

[(
x2

c3

)c4

− 1
]][

Wcp(x1, x2)− c8x2
]
+ c6

[
1 + c7

[(
x2

c3

)c4

− 1
]]

(c8x3) (23)

c6

[
1 + c7

[(
x2

c3

)c4

− 1
]][

Wcp(x1, x2)− c8x2
]
= g(x1, x2) (24)

c6

[
1 + c7

[(
x2

c3

)c4

− 1
]]

(c8x3) = X (25)

Making X1 = z1, X = z2 then rewrite it as follows:
.
z1 = g(x1, x2) + z2 (26)

The ESO is as follows:
.
ẑ1 =

.
ẑ2 + g(x1, x2)− β1(ẑ1 − z1).

ẑ2 = −β2(ẑ1 − z1)
(27)

The characteristic polynomial can be designed to be:

f (λ) = λ2 + λβ1 + β2 = (λ + w0)
2β1 = 2w0β2 = w0

2 (28)

p̂ca =

.
ẑ2

c6c8

[
1 + c7

[(
x2
c3

)c4 − 1
]] (29)

λ̂O2 =
Wcain

WO2react
=

ksmout(psm − p̂ca)

MO2
nIst
4F

(30)

where λ̂O2 is the value of reconstructed OER and p̂ca is the value recorded by ESO. In
conclusion, Figure 2 shows the actual and estimated values of the cathode pressure as
load changes.
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The biggest difference between the estimated cathode pressure by ESO and the actual
cathode pressure, as shown in Figure 3, is approximately 2200 Pa, which is within the
permitted range. The OER can be reconstructed using cathode pressure estimated by the
ESO, and the compressor input voltage is controlled by using reconstructed OER.
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3.2. Controller Design
Due to its simple structure, low calculation and easy design, second order sliding

mode controllers are broadly employed in fuel cell and automotive control. Algorithms
like super‑twist and twisting are extensively adopted in second‑order sliding mode con‑
trol. Because the super‑twist algorithm is different from other second‑order slidingmodes,
the derivative of the sliding model surface does not need to be understood, which low‑
ers the system’s computational complexity. As a result, the super‑twist method is cho‑
sen to cascade with PID in order to manage the PEMFC gas supply system. The flow
chart for the OER control method is illustrated in Figure 4 and the block diagram of SMC
and PID cascade control algorithm is given in Figure 5. The air compressor voltage is
input Vcm = u + u2; the error of λO2ref and λO2 is chosen as the sliding model surface
s = λO2re f − λO2; the control function of the super‑twist method is as follows [7]:{

u = −c
∣∣s∣∣ρsign(s) + u1.

u1 = −αsign(s) (31)

The following conditions must be met by αβ c, which are constants that guarantee the
supertwist algorithm converges in a finite amount of time:

α > H
Km

c2 > 2 αKM+H
KM

0 ≤ ρ ≤ 0.5
(32)

The s fits the required to control although it fluctuates easily. The saturation function
Sat(s) is used in place of the S to reduce fluctuation [27].

sat(s/φ) =

{
s/φ if |s/φ|⩽ 1
sgn(s/φ) if |s/φ|> 1

(33)
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where u is the output of the SMC controller and tracking OER to reference OER is the
eventual goal of the SMC and PID cascade, which is designed in response to the real‑time
feedback from the oxygen supply system and the error of the controller parameters.

PID controllers are commonly employed in engineering because of their simple struc‑
ture [28]. kd is equal to zero because the noisy systems are prone to instability when the
erroneous rate of change is introduced; u2 is the output of the PID controller; and e(t)
represents the error between the OER value and the OER reference value.

u2 = kpe(t) + ki

∫ t

0
e(t)dt + kd

d(e(t))
dt

(34)

where kpkd and kd are proportional constants, integral constants and differential con‑
stants, respectively.
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4. Simulation and Analysis of Results
This section contrasts simulations of PID controller, adaptive fuzzy PID, SMC and

PID cascade control [27]. The advantages of fuzzy logic control include quick response
times and strong robustness for nonlinear, time‑varying and incomplete model systems.
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Modern control theory’s fuzzy reasoning and linguistic rules are the basis of fuzzy logic
control, an advanced controlmethod and new technology. Combining PID and fuzzy logic
offers a possiblymore potent remedy for the subpar control performance of PID controllers
for nonlinear and time‑varying systems [28].

Next, several comparative simulationswere performed, which proved that the control
OER tracks the reference OER under different operating conditions. The load changes of
the PEMFC are shown in Figure 6.

Energies 2023, 16, x FOR PEER REVIEW 10 of 14 
 

 

times and strong robustness for nonlinear, time-varying and incomplete model systems. 
Modern control theory’s fuzzy reasoning and linguistic rules are the basis of fuzzy logic 
control, an advanced control method and new technology. Combining PID and fuzzy 
logic offers a possibly more potent remedy for the subpar control performance of PID 
controllers for nonlinear and time-varying systems [28]. 

Next, several comparative simulations were performed, which proved that the con-
trol OER tracks the reference OER under different operating conditions. The load changes 
of the PEMFC are shown in Figure 6. 

 
Figure 6. The load of PEMFC. 

PID control, fuzzy adaptive PID control and SMC and PID cascade control are system-
atically compared and analyzed in simulations with varying loads. OER could be controlled 
in comparison to the three control strategies, as demonstrated in Figures 7 and 8. 

  
(a) (b) 

Figure 6. The load of PEMFC.
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Figure 8. (a) OER results of PID and SMC controller cascade control and Fuzzy adaptive PID control
under various loads are compared in simulation. (b–d) are local magnifications of simulation OER.

Figures 7 and 8 demonstrate the comparison of OER results between SMC and PID
cascade control, PID control and adaptive fuzzy PID control, respectively, where Figures
7 and 8b–d is a local enlarged image. The OER could converge quickly; the control time
is approximately 1s. However, the OER is unable to closely match the reference OER be‑
cause of a steady‑state error that cannot be completely eliminated throughout the control
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process. Figures 7 and 8 illustrate that, based on this issue, the steady‑state error of the
control approach proposed in this study is lower than that of PID control and adaptive
fuzzy PID control. According to the simulation, it can be concluded that SMC and PID cas‑
cade control perform better dynamically than PID control and fuzzy adaptive PID control.
Hence, the overshoot under fuzzy adaptive PID control is 0.9% higher than the overshoot
under SMC and PID cascade control, and the overshoot under PID control is 3.4% higher
than that under SMC and PID cascade control. Compared to fuzzy adaptive PID control
and PID control, the response time is quicker. PID controller has the advantages of simple
control and simple design when PID control and SMC control are combined; the system’s
robustness is increased, but jitter is also increased. However, the controller is better able
to mitigate the impacts of nonlinearity and time variation on PEMFC gas supply.

Overall, the proposed SMC and PID cascade control has some robustness and good
transient tracking performance.

5. Conclusions
For the PEMFC supply system, which is strongly time‑varying, nonlinear and multi‑

coupling, a cascaded control with an ESO‑based SMC and PID is proposed to make OER
track the reference OER in order to increase the net output power of PEMFC and prolong
the service life. A control‑centric third‑ordermodel is established because the higher‑order
model is really quite complex. Since the difficulty in measuring cathode pressure, an ESO
is developed. The accuracy of the ESO is confirmed by simulation, which demonstrates
that there is a maximum error of approximately 2200 Pa between the estimated cathode
pressure and the actual value. The overshoot of the proposed SMC and PID cascade con‑
trol is reduced by about 3.4% and 0.09%, respectively, in comparison to the PID control
and adaptive fuzzy PID control strategies. Additionally, simulation comparison results
demonstrate that it has a quicker response time and better OER tracking result.

In the future, it needs to be taken into account how the PEMFC’s gas supply system
affects net power when stack temperature changes.
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Appendix A

Table A1. The main parameters of the third‑order model.

c1 =
ηcmktkv
Jcp Rcm

c2 =
CpTatm
Jcpηcp

c3 = patm c4 = γ−1
γ

c5 =
ηcmkt
Jcp Rcm

c6 = RTatm
Ma,atmVsm

c7 = 1
ηcp

c8 = ksm,out
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Table A1. Cont.

c9 = RTst
Vca

(
ksm,out
MO2

xO2 atm
1+watm

+ ksm,out
MN2

1−xO2 atm
1+watm

+ 1
k

CD AT√
RTst

γ 1
2

(
2

γ+1

) γ+1
2(γ−1)

)
c10 = RTst

Vca

(
ksm,out
MO2

xO2, atm
1+watm

+ ksm,out
MN2

1−xO2atm
1+watm

)

c11 = 1
k

RTst
Vca

CD AT√
RTst

γ
1
2

(
2

γ+1

) γ+1
2(γ−1) c12 = nRTst

4FVca

c13 = ksm,out
xO2atm

1+watm
c14 =

nMO2
4F

Table A2. The main physical parameters of PEMFC.

Symbol Value Symbol Value Symbol Value Symbol Value

n 381 Jcp 5 × 10−5kg.m2 MO2 32 × 10−3 kg/mol Cp 1004 J/Kg/K

patm 1.0135 bar kt 0.0153 Nm/A MN2 28 × 10−3 kg/mol ksmout 3.629 × 10−4 kg/sa

Tatm 298 K Rcm 0.82 Ω Mv 18.02 × 10−3 kg/mol CD 0.0124

Tst 353 K kv 0.0153 v/(rad/s) AT 0.002 m3 γ 1.4

ϕatm 0.5 ηcp 0.8 F 96485 c/mol κ 0.02585

ηcm 0.98 Vca 0.01 m3 Vsm 0.02 m3
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