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Abstract: As an important part of the fuel cell subsystem, the air supply system of the proton
exchange membrane fuel cell (PEMFC) plays an important role in improving the output performance
and durability of fuel cells. It is necessary to control the oxygen excess ratio of fuel cell systems in
the process of variable load, preventing the oxygen starvation in the loading process and excessive
parasitic power consumption caused by oxygen saturation. At this time, the modeling of fuel cell
systems and the development of control strategies are critical. The development of a control strategy
depends on the construction of the control model. Aiming at the difficulty of air supply system
modeling, this paper uses radial basis function (RBF) neural network and state equation method to
establish the dynamic model of air supply systems. At the same time, PID, fuzzy logic plus PID (FL
+ PID), feedforward plus PID (FF + PID), fuzzy feedforward plus fuzzy PID (FF + FLPID) control
strategy are proposed to control the oxygen excess ratio of the system. The simulation results show
that fuzzy feedforward plus fuzzy PID (FF + FLPID) has the best effect and the oxygen excess ratio
can be followed in 1 s.

Keywords: PEM fuel cell; oxygen excess ratio; RBF neural network; fuzzy feedforward plus fuzzy PID

1. Introduction

The PEMFC air supply subsystem is mainly composed of an air filter, air compressor,
intercooler, humidifier, pipeline and variable nozzle, as shown in Figure 1. A large number
of studies have been proposed on system model and control strategies of PEMFC systems.
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Figure 1. PEMFC air supply system.

A widely accepted fuel cell air supply system model was proposed by Pukrushpan et al. [1],
in which the air compressor model adopted the Moraal et al. [2] semi-mechanistic and semi-
empirical model. Sankar et al. [3] established the dynamic equation of the air supply system
by using the conservation law. Since there is a coupling relationship between the mass flow,
speed and pressure ratio of the air compressor, the mass flow was directly fitted by polynomial.
Baroud et al. [4] fitted the empirical formula of compressor mass flow based on experience and
measured data. Michael et al. [5] used the equivalent circuit to simulate the air supply system
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and established a dynamic model. Most of the above are empirical fitting or polynomial fitting
of the compressor model, but it is difficult to fit the nonlinear coupling relationship between the
flow rate, pressure ratio and speed of the compressor in these ways, so this paper proposes the
method of RBF neural network fitting.

The control of oxygen excess ratio at the cathode side has always been a point of
concern. PID control [6] and model predictive control [7] have a lot of computation, sliding
mode control [8] can be used but sometimes there will be chattering, robust control [9] and
feedback linear control [10] depend on modeling accuracy and fuzzy control [11] and are
used in air supply systems.

In this paper, RBF neural network combined with measured data is used to build an
air compressor model, which is used in the fuel cell air supply system. Fuzzy PID control
of excess oxygen ratio based on fuzzy feedforward compensation is proposed for the first
time. The paper is organized as follows: in Section 2, the PEMFC air supply system model
and control problems are established. In Section 3, four control strategies are designed
and the controller performance is verified through simulation. Finally, conclusions are
presented in Section 4.

2. Materials and Methods
2.1. PEMFC Air Supply System Model

The fuel cell air supply system model includes an air compressor model, pipeline
model, intercooler model, humidifier model, cathode model, and outlet flow model. The air
supply system model is built based on three assumptions: 1. The gas satisfies the ideal gas
law; 2. The temperature of the stack can be controlled to an ideal value and the temperature
of the gas entering the stack is equal to the operating temperature of the stack; 3. The gas
can be humidified to the ideal humidity.

2.1.1. Compressor Model

The mass flow, compression ratio and speed of air compressor are coupled with each
other, so it is difficult to use polynomial to accurately fit the relationship between them.
At the same time, the accuracy is not high. The fitting error of using radial basis function
(RBF) neural network is less than 4%.

For RBF neural network with multiple inputs and single outputs, the principle is
shown in Figure 2. The control input is x = [x1x2 · · · xn]

T, hj is the output of the neuron
with hidden layer number j, hj expression is shown in Equation (1):

hj = exp

(
−
‖ x− cj ‖2

2b2
j

)
(1)

where cj =
[
ci1cj2 · · · cjn

]
is the center point vector value of the mesospheric neuron num-

bered j, b = [b1b2 · · · bn]
T is the width of the Gaussian function applied,w = [w1w2 · · ·wn]

T

is the weight of the neural network. The output of RBF neural network is shown in
Equation (2).

y = w1h1 + w2h2 · · ·wnhn (2)

The MAP in Figure 3 shows the data measured by adjusting the outlet back pressure
at the same time every 10,000 r/min in the interval from 50,000–100,000 r/min of the
compressor. There are altogether 53 groups of data, 43 groups as training sets and 10 groups
as test sets, and RBF neural network is used for fitting. The fitting error is shown in Figure 4.
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Meanwhile, when establishing the control-oriented fuel cell air supply system model,
the compressor needs a certain response time in the process of changing load. In order to
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replace the response time of air compressor speed with first-order inertia link, the dynamic
response of the compressor is shown in Figure 5. The trained air compressor neural network
module and first-order inertia link together constitute a complete air compressor model,
which provides a basis for subsequent control strategy development.
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2.1.2. Pipeline and Cathode Modeling

Inside a PEMFC, the pressures of oxygen are related to the inlet mass flow rates, the
reacted mass flow rates and the outlet mass flow rates of the gases. The equations of state
are established according to the law of conservation of mass and the law of ideal gas. Some
formulas are as follows:

dpsm
dt

=
RTcp

MatmVsm

(
Wcp −Wca,in

)
(3)

dpca
dt

=
RTca

MatmVca
(Wca,in −Wca,out −Wreact) (4)

Wca,in = kca,in
(
psm − pca

)
(5)

Wreact = Mo2 ×
nIst

4F
(6)

where psm and pca represent inlet pipe pressure and cathode pressure, R is the universal
gas constant, Matm is molar mass of the atmosphere, Tcp and Tca represent compressor
outlet temperature and cathode temperature, Vsm and Vca represent intake pipe volume
and cathode volume, Wcp and Wca,in represent compressor outlet flow and cathode inlet
flow, Wreact and Wca,out represent reaction flow rate and cathode outlet flow rate, kca,in
represents inlet mass flow rate coefficient, Mo2 is the molar mass of oxygen, n is number of
single batteries, Ist is current, F is the Faraday’s constant.

2.1.3. Intercooler and Humidifier Modeling

After passing through the air compressor, the air becomes high temperature and high
pressure gas with low relative humidity. Direct entry into the stack will lead to dry film,
enlarged ohmic impedance and other adverse effects. Therefore, it is necessary to humidify
and cool the compressed gas. At this point, it is assumed that the intercooler is an ideal
component. When the gas enters the intercooler, the gas flow rate and pressure do not
change, and the gas can be cooled to the ideal temperature. Meanwhile, since the relative
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humidity is related to the temperature and pressure of the gas, the mathematical model of
the intercooler is established as follows:

ϕ1 =
Pv1

ps
(7)

log10
(
ps
)
= −1.69× 10−10T4 + 3.85× 10−7T3 − 3.39× 10−4T2 + 0.143T− 20.92 (8)

d1 =
mv1

ma1
=

Mv

Ma

pv1
pa1

(9)

ϕ1 = d1
Ma

Mv

pa1
ps

(10)

where ϕ1 represents the relative humidity, Pv1 is the partial pressure of water vapor in the
gas, pa1 is the partial pressure of dry air, ps is the partial pressure of water vapor saturation
at the current temperature, Mv and Ma represent the molar mass of water vapor and dry
air, respectively, T is the temperature of the intercooler after cooling.

In the study of the dynamic response of air supply, it can be assumed that the gas
is humidified to the ideal relative humidity. During this process, the temperature and
pressure of the gas do not change.

ϕ2 =
pv2
ps

(11)

d2 =
mv2

ma1
=

Mv

Ma

pv2
pa1

(12)

Wcp2 = (1 + d2)Wair (13)

Winj = Wcp2 −Wcp (14)

where Wcp is air flow into the humidifier, Wair is dry air flow and the water vapor flow is
Wv. After humidifying to the ideal relative humidity, the moisture content also changes, at
this time ϕ1 becomes ϕ2, the moisture content changes from d1 to d2, at this time the total
gas flow becomes Wcp2, the mass of water added is Winj.

2.1.4. Out Flow Modeling

The nozzle flow equation is often used to model the outlet flow, the formulas are
as follows:

Wout =
CDATpca√

RTst

(
patm
pca

) 1
γ

 2γ
γ− 1

1−
(

patm
pca

)γ−1
γ


1
2

patm
pca

>

(
2

γ+ 1

) γ
γ−1

(15)

Wout =
CDATpca√

RTst
γ

1
2

(
2

γ+ 1

) γ+1
2(γ−1) patm

pca
≤
(

2
γ+ 1

) γ
γ−1

(16)

where Wout represents the export gas flow, AT is the nozzle area, CD is the flow coefficient,
γ is adiabatic coefficient, R is universal gas constant, T is stack temperature, pca is cathode
pressure, patm is atmospheric pressure.

2.2. Four Different Control Strategies

In order to solve the control problem of oxygen excess ratio, PID, fuzzy logic plus
PID (FL + PID), feedforward plus PID (FF + PID), fuzzy feedforward plus fuzzy PID
(FF + FLPID) are used for simulation.

2.2.1. PID Controller

PID control is widely used in the industrial field because of its robustness to both
linear and nonlinear systems. The schematic is shown in Figure 6, the formulas are as
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follows, where et is taken as the deviation, the deviation between the optimal oxygen
excess ratio and the return value of the oxygen excess ratio.

upid(t) = kpe(t) + ki

∫
e(t)dt + kd

de(t)
dt

(17)

e(t) = λopt − λ (18)
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2.2.2. Feedforward plus PID Controller (FF + PID)

In order to make its response faster, the proportional coefficient kp will be increased.
However, a high proportional coefficient will easily lead to overshooting and even instabil-
ity of the system. If the proportional coefficient is reduced, the response will be too slow.
The feedforward relationship can be determined according to the change of current Ist. The
feedforward relationship can be determined by fitting formulas or looking up tables. The
schematic is shown in Figure 7.
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2.2.3. Fuzzy PID Control (FL + PID)

Fuzzy logic control is a modern control theory based on language rules and fuzzy
reasoning in modern control theory. It combines human experience into actual control
through language, and has the characteristics of fast response speed and strong fault-
tolerant ability for nonlinear time-varying system. The system structure of fuzzy PID is
shown in Figure 8.
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Fuzzy control is generally composed of three steps. The first step is fuzzification,
which converts clear input into fuzzy value. The second step is fuzzy reasoning, so that
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each appropriate input can get a certain result according to the rules. The third step is
defuzzification and converting the combined results into specific control output values.
The schematic diagram of fuzzy PID is shown in Figure 9, where kp is the quantization
factor, u1, u2, u3 is the scaling factor, and the fuzzy rules are matched through scaling
transformation. The membership functions of input and output are shown in Figure 10,
and fuzzy rules for fuzzy PID shown in Table 1.
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Table 1. Fuzzy rules for fuzzy PID.

e KP Ki Kd

NB VL L S
NS L M L
Z S S M
PS L M L
PB VL L S

2.2.4. Fuzzy Feedforward plus Fuzzy PID (FF + FLPID)

On the basis of feedforward control and fuzzy PID, the feedforward part is treated
by fuzzy processing, and the fuzzy feedforward can be used instead of the common
feedforward to realize the on-line adjustment. By obfuscating input data and adding fuzzy
PID, a fuzzy feedforward control scheme is established. The system structure of fuzzy
feedforward plus fuzzy PID (FF + FLPID) is shown in Figure 11.
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3. Results

In order to verify the robustness and effectiveness of the simulation results, four
control strategies of the fuel cell air supply system were simulated based on the established
fuel cell air supply system model, and the simulation results were compared and analyzed.
At the beginning, the oxygen excess ratio was set as 2. Since the optimal oxygen excess ratio
was different under different working conditions, Zhang, H.K [12] proposed the following
relation between the optimal oxygen excess ratio and the current, which is shown in
Equation (19), to explore whether the four control strategies were still applicable in the
case of changing the oxygen ratio, and to verify the effectiveness of each control strategy.

λO2,ref = 5× 10−8I3
st − 2.87× 10−5I2

st + 2.23× 10−3Ist + 2.5 (19)

Four different control strategies were used to control the oxygen excess ratio, in order
to compare the control effect, given the current disturbance as shown in Figure 12, the
current is perturbed every 5 s, ranging from 80 A to 180 A. Firstly, the oxygen excess
ratio was controlled as 2, the dynamic responses of PID, fuzzy logic plus PID (FL + PID),
feedforward plus PID (FF + PID), fuzzy feedforward plus fuzzy PID (FF + FLPID) are
shown in Figure 13. At the same time, the enlarged images of two typical moments at 10 s
and 40 s are given, the two typical working conditions in which the current jumps from
100 A to 120 A and the current jumps from 140 A to 120 A. In order to pursue the optimal
net power output under different working conditions, the simulation figure of oxygen
excess ratio according to Equation (19) is shown in Figure 14. Since the control effects of
each control strategy at different operating points are basically the same, the control effects
at a typical operating point of 10 s are shown in Table 2.
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Table 2. Control effects of different control strategies at 10 s.

Controllers Overshoot (%) Settling Time (%5) (s)

PID 17.5 2.51
FL + PID 17 1.08
FF + PID 17 1.63

FF + FLPID 16 0.65

4. Discussion

It can be seen from Figure 12 that the system disturbance is the current once every 5s
step, and the range of the current varies from 80 A to 180 A. When the oxygen supply cannot
immediately catch up with the load, the oxygen excess ratio is flushed down. According
to the simulation results of the four control strategies, using PID to control oxygen excess
ratio reaches steady state in about 3.5 s. PID plus feedforward control (FF + PID) and
fuzzy PID (FL + PID) control have better effects. Steady state is reached in 2.0 s and 1.5 s,



World Electr. Veh. J. 2021, 12, 181 10 of 11

respectively. Fuzzy feedforward and fuzzy PID (FF + FLPID) control effect is best, about 1 s
can achieve steady state. At the same time to meet the net power output the oxygen excess
ratio needs to change. Four control strategies were used for research, the simulation results
are shown in Figure 14. The fuzzy feedforward and fuzzy PID control had the best effect
too, and the steady state could be reached after about 1s. The reason for the best effect of
fuzzy feedforward and fuzzy PID (FF + FLPID) is that a point close to the required speed
after variable load is obtained through the fuzzy feedforward online coarse adjustment.
Then, the specific speed value is obtained by using fuzzy PID on-line fine adjustment, so
the response time and overshot are reduced.

5. Conclusions

In this paper, a model of PEMFC air supply system was established by using neural
network and equation of state, the accuracy of air compressor modeling was greatly
increased by using RBF neural network. The response problem of cathode oxygen excess
ratio under variable load was described. Based on this model, four control strategies were
designed to control the oxygen excess ratio, which are PID, fuzzy logic plus PID (FL + PID),
feedforward plus PID (FF + PID), fuzzy feedforward plus fuzzy PID (FF + FLPID) The
simulation results show that the fuzzy feedforward and fuzzy PID (FF + FLPID) control
have the best effect, and the response time of oxygen excess ratio is reduced to 1 s. At the
same time, in order to seek the maximum net power output the oxygen excess ratio needs
to change. The following effect of fuzzy feedforward plus fuzzy PID (FF + FLPID) control
still shows a more excellent effect.
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