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A B S T R A C T

In this study, an adaptive optimization matching method of the air supply is developed to maintain the high-
efficiency operation of the automotive polymer electrolyte membrane fuel cell (PEMFC) system in the life cycle.
A 1-D non-isothermal model of the PEMFC stack with 150 kW designed power and a centrifugal air compressor
model are developed, considering the fuel cell performance degradation. The genetic algorithm (GA) is used to
optimize the overall system efficiency under various output powers to achieve adaptive matching. The 1-D stack
model is validated with the experimental test results at two states (before and after 800 h degradation), consider-
ing the effect of degradation on the matching strategies. Through the optimization method, the centrifugal air
compressor is adaptively matched with the stack of the proposed two states to develop the compressor matching
strategies under various stack conditions individually. It is found that the efficiency of the system with this opti-
mized method is 3.8% higher than that of the system without an optimized method under the full system power
range. In addition, the new matching strategy between the air compressor and the stack after degradation is ex-
ploited by the adaptive optimization method. With the help of this method, the efficiencies of the system and the
stack are 5.7% and 2.9% higher than that of the matching strategy without adaptive updating. It is shown that
this adaptive optimization method not only improves the output efficiency of the stack but also reduces the addi-
tional parasitic power consumed by the compressor.

1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) utilize the elec-
trochemical reaction of hydrogen and oxygen to produce electricity [1,
2]. Because of its advantages of zero-emission, high efficiency, high
power density, the PEMFC is regarded as one of the most potential en-
ergy conversion devices for automotive applications [3,4]. Extensive ef-
forts are needed to further reduce the cost and improve the durability of
PEMFC for large scale commercialization [5,6].

A comprehensive PEMFC system includes the air supply subsystem,
hydrogen supply subsystem, temperature control and humidifier sub-
system, and fuel cell stack [7,8]. The system performance is determined
not only by the stack but also by various auxiliary subsystems, making
system optimization much more sophisticated [9,10]. As the most im-
portant component in the air supply subsystem, the air compressor af-

fects the performance of the PEMFC system materially [11]. The air
compressor is a mechanical device with a relatively slow response,
which could cause a significant time delay during the air supply process
[12,13]. When the load current density changes suddenly, it may cause
cathode oxygen starvation, reducing the cells' output voltage further
and even accelerating the decay of fuel cell life [14]. During the opera-
tion of the fuel cell system, reasonable pressure and flow rate of the air
compressor are required to maintain the high efficiency of the fuel cell
system [15]. In general, when an automotive stack is in road use, the
fuel cell vehicle unavoidably requires frequent acceleration and decel-
eration, causing the stack to be subjected to variable load conditions for
extended periods, resulting in the stack’s degradation [16]. As the fuel
cell performance degrades, the exact matching strategy for the air com-
pressor as before will increase the additional power consumption of the
system, leading to the reduction of the fuel cell system performance and
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accelerating the degradation of the fuel cell life. To address these issues,
it is essential to design an adaptive matching method for the PEMFC
system that can be used to optimize the air compressor over the entire
life cycle of the fuel cell. The matching between the air compressor and
the fuel cell is to provide the appropriate amount of compressed air to
the fuel cell at a particular speed according to the different output
power requirements of the fuel cell, resulting in a high output efficiency
of the fuel cell system.

Excellent fuel cell air supply management is a key factor in achiev-
ing ideal fuel cell system operating conditions. The air compressor is
the most important component of the air supply subsystem, and the ap-
propriate amount of air supply can significantly improve the efficiency
and performance of the system. Recently, the PEMFC and air compres-
sor modeling methods have been widely proposed to investigate the de-
sign and control strategy of PEMFC system. Yang et al. [17] developed a
comprehensive stack model based on the integration of a multiphase
stack model and a flow distribution model. The flow distributions and
transport processes are considered. Shamardina et al. [18] expounded
the transport phenomena across the membrane and the oxygen deple-
tion along the flow channels in the multiphase PEMFC model. However,
the effect of membrane water content on the conductivity was ignored.
Deng et al. [19] proposed a nonlinear autoregressive moving average
with exogenous inputs (NARMAX) to develop a linear time-varying
equivalent model for an air compressor and employed recurrent neural
networks to estimate the time-varying parameters of the NARMAX
model. Zhang et al. [20] presented a 3-D multi-objective and multi-
point aerodynamic optimization and data mining method to create a
high-performance centrifugal compressor. The optimization signifi-
cantly improved the aerodynamic performance of the compressor.

Over the past few years, various control strategies for the air supply
subsystem composed of air compressors were proposed to effectively
regulate the oxygen excess ratio (OER) of the fuel cell to avoid oxygen
starvation and saturation. Zakaria et al. [21] proposed an algebraic-
observer-based output-feedback controller for the PEMFC air compres-
sor to estimate and regulate the OER in finite time properly. This con-
troller had finite-time convergence and high computational efficiency.
A novel approach to the analysis and controller design of a fuel cell gas
supply subsystem was proposed by Liu et al. [22] to control the OER of
the air compressor. Based on the model analysis, the similarity of the
system to the PEM fuel cell gas supply subsystem was demonstrated.
PEMFC air supply subsystem is commonly affected by system uncer-
tainty variables. To maintain optimal net power, Wang et al. [23] de-
veloped an observer-based discrete adaptive neural network controller

to control the OER of the PEMFC air supply subsystem. Proportional in-
tegral derivative (PID) control is extensively employed in the industrial
control field because of its excellent robustness and reliability. The per-
formance of PID control can be improved by artificial intelligence
methods (e.g., neural networks and fuzzy logic). A fuzzy PID hybrid
controller was presented to adjust the oxygen excess rate to prevent
oxygen deficiency and the fuel cell stack deterioration [24]. Sun et al.
[25] employed active disturbance rejection control, which is able to
handle the various difficulties in a data-driven manner. The control per-
formance could be improved under varying operating conditions with
less control effort and less wear to the compressor. The above research
primarily focuses on the short-term control of the fuel cell, with little
research into the design and matching strategies of the air supply sys-
tem to the PEMFC in the life cycle. However, a suitable matching strat-
egy of the air compressor to fuel cell is the fundamental goal of air com-
pressor design and development.

In the present study, an adaptive optimization method based on a
stochastic algorithm for air compressors is developed for the first time.
The proposed method couples the GA with the physical model of the
PEMFC system to develop the adaptive matching model, which opti-
mizes the efficiency of the fuel cell system under various output powers.
The physical model is validated by the experimental data of the Hydro-
gen Propulsion Technology Company's latest generation M4 stack. The
air compressor matching status is adaptively optimized under two
states, fresh from the factory and after 800 h degradation, to develop
matching strategies of air compressor for automotive PEMFC in the life
cycle. As a result, the design objectives are provided to the centrifugal
air compressor for design and optimization.

2. Methods

2.1. PEMFC stack model

The schematics of the comprehensive PEMFC system and the com-
putational domain of the stack model are shown in Fig. 1. The stack
properties and operating conditions are given in Table 1. The designed
power is around 150 kW. The structure of the fuel cell component in-
cludes anode and cathode channels (ACH/CCH), gas diffusion layers
(AGDL/CGDL), microporous layers (AMPL/CMPL), catalyst layers
(ACL/CCL), and polymer electrolyte membrane (MEM). The governing
equations are solved numerically to predict the stack performance
rapidly. Electrochemical, fluidic, and thermal physical phenomena are
also considered, and the model can accurately describe the multi-

Fig. 1. Schematics of the comprehensive PEMFC system and a single PEMFC with the structure of each cell component.
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Table 1
Physical parameters and operating conditions.
Parameters Symbol Unit Value

Designed power of stack kW 150
Number of single cells NA 370
Reaction area m2 0.03
Operating temperature [26] K 353.15
Height, and width of channel

[27]
mm 1

Thickness of GDL, MPL, CL,
MEM

mm 0.3, 0.04, 0.01,
0.0508

Porosity of GDL, MPL, CL
[26]

NA 0.6, 0.4, 0.3

Contact angle of GDL, MPL,
CL [27]

° 120, 110, 95

Intrinsic permeability of GDL,
MPL, CL [27]

m2 1.0 × 10−11,
1.0 × 10−12,
1.0 × 10−13

Ionomer volume fraction in
CL

S m−1 0.4,0.4

Sherwood number NA 4.86
Relative humidity of inlet

fuel/air
NA 1.0,1.0

Dry membrane density kg m−3 1980
Equivalent weight of

membrane
kg
mol−1

1.1

Anode/cathode reference
current density

A m−2 3 × 1011

,1 × 105

H2/O2 reference
concentration

mol
m−3

100,100

Entropy change [27] J mol−1

K−1
−163.3, 89.233,
−252.463

Thermal conductivity of GDL,
MPL, CL, MEM [27]

W m−1

K−1
1.7, 129, 100, 0.95

Universal gas constant [34] J mol−1

K−1
8.314

Faraday’s constant [34] C mol−1 96,487
Kinetic transfer coefficient NA 0.4
H2 diffusivity at reference

state [28]
m2 s−1 1.055 × 10−4

O2 diffusivity at reference
state [28]

m2 s−1 2.652 × 10−5

Water vapor diffusivity in
anode [28]

m2 s−1 1.055 × 10−4

Water vapor diffusivity in
cathode [28]

m2 s−1 2.982 × 10−5

physical processes inside the PEMFC. The reaction gas flow rate and the
pressure ratio parameters at the cathode inlet of the stack model are
provided by the air compressor model. Furthermore, the following as-
sumptions are made about the model:

(1) All gases follows the ideal gas law [26].
(2) The internal layers of the fuel cell are assumed to be isotropic

[27].
(3) Polymeric electrolyte membrane is assumed to be impermeable

to all gases.
(4) The phase change rate between liquid water and vapor is

assumed to be gigantic [27].
(5) Convection in the porous layer is not considered in fluid

transport calculation [26].

The proposed model operates with constant current condition and
the output power of the stack can be calculated as:

(1)

where (kW) represents the power output of stack, is the num-
ber of single cells, (A m−2) is the current density, (m2) is activa-
tion area, (V) is the fuel cell working voltage, which can be deter-
mined as:

(2)

where (V) is the reversible voltage, (V) is the ohmic loss of
fuel cell, (V) is the activation loss.

The reversible voltage can be calculated by the Nernst equation:

(3)

where (J mol−1 K−1) is the molar Gibbs free energy change,
(96,485 C mol−1) is Faraday's constant, (J mol−1 K−1) is the entropy
change, is the gas constant, (K) is the surrounding temperature,
(K) is the reference temperature, and (atm) are the hydrogen
pressure in ACL and oxygen pressure in CCL, respectively.

The ohmic loss is caused by ionic and electronic resistances of fuel
cell:

(4)

Where , and (V) are the ohmic loss of the bipolar
plates, porous layers, and polymer electrolyte membrane, respectively,

(A m−2) is the current density, and ( ) is the
surface resistance for electron transport in polar plates and porous lay-
ers, respectively, ( ) is the surface resistance for proton
transport.

The equation of activation loss can be obtained from the derivation
of the Butler-Volmer equation [27]:

(5

(6

where and (V) are the activation overpotential of anode
and cathode, is the charge transfer coefficient, (A m−2) is the ref-
erence current density, and (mol m−3) are the reference hy-
drogen concentration and oxygen concentration, respectively.

The diffusion of hydrogen and oxygen in the porous layer follows
Fick's law:

(7)

The hydrogen concentration in the anode catalyst layer can be cal-
culated as:

(8)

where and (mol m−3) are the hydrogen concen-
tration at the interface in the anode, (m2 s−1) is the effective dif-
fusivity of hydrogen in the anode catalyst layer, which is corrected by
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Bruggeman to , (m) is the thickness of the
catalyst layer.

The oxygen concentration in the cathode catalyst layer can be calcu-
lated as:

(9)

where and (mol m−3) are the hydrogen concen-
tration in the cathode, (m2 s−1) is the effective diffusivity of hy-
drogen in the anode catalyst layer. The governing equations of reaction
gas in the diffusion layer, microporous layer and channel can be solved
similarly.

The electro-osmotic drag (EOD) and diffusion of membrane water
are considered in the mode of water transport across the membrane.
The EOD coefficient represents the number of water molecules that
accompany each proton across the membrane from the anode to the
cathode:

(10)

The diffusivity of membrane water can be calculated as [28,29]:

where is the membrane water content in the catalyst layer. The
equilibrium water content was measured by Zawodzinski et al. [29] as a
function of water activity for the membrane:

(12)

(13)

where is water activity, is relative humidity, s is local liquid
saturation, (Pa) represents the saturated vapor pressure. The satu-
rated vapor pressure is the critical point between the evaporation and
condensation, which can be calculated as follows:

The conservation equations for liquid water and membrane water in
the anode catalyst layer [30]:

(15)

(16)

where (mol m−2 s−1) is the flux of vapor, and
(mol m−3) are the vapor concentrations at the interface,

(m2 s−1) is the effective diffusivity of vapor in the catalyst layer,
(kg m−3) is the density of membrane, (kg mol−1) equivalent

weight of membrane, and are the membrane water content in
the anode and cathode catalyst layer.

The conservation equations for liquid water and membrane water in
the cathode catalyst layer:

(17)

(18)

where (kg m−3) is the density of liquid water, (kg mol−1) is
the molar mass of liquid water, is the volume fraction in cathode
catalyst layer, is the porosity of catalyst layer, (m2) is the per-
meability of catalyst layer, (kg m−1 s−1) is liquid water viscosity,
(mol m−2 s−1) is the flux of liquid water. The water governing equations
in the diffusion layer, microporous layer domain can be solved simi-
larly.

The calculated relationship between the capillary pressure and
the volume fraction of liquid water in the porous layers can be calcu-
lated by the Leverett equation:

(19)
(20)

(21)

where (N m−1) is surface tension coefficient, (°) is contact an-
gle, the volume fraction of liquid water in each component of the fuel
cell is calculated by hydraulic pressure.

Besides the mass transport process, the proposed non-isothermal
model also considers thermal phenomena, which can be calculated by
the one-dimensional steady-state heat transfer differential equation:

(22)

where (W m−3) is the heat source, which corresponds to the heat
production of various fractions of the fuel cell, (W m−1 K−1) is the ef-
fective thermal conductivity. The heat source and the effective thermal
conductivity can be calculated as:

(23)

(24)

The Dirichlet boundary condition is adopted:

(25)

2.2. Air compressor model

Centrifugal air compressor is commonly adopted in PEMFC systems
because of its advantages of high specific power and efficiency, and the
air compressor model of the system is developed by the modeling
method of air compressor mass flow characteristics. This method identi-
fies the mass flow rate of the air compressor from its actual operating
parameters by coupling the functional equation between pressure,
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speed, and mass flow rate. For the air compressor model and the stack
model to be coupled better, the molar flow rate (mol m−2 s−1) of oxygen
at the inlet of the single cell is used to characterize the air mass flow
rate (kg s−1) of the air compressor. The conversion can be determined
as:

(26)

where (mol m−2 s−1) is the molar flow rate of oxygen at the inlet
of the single cell, (kg s−1) is the air mass flow rate of the air com-
pressor, (kg mol−1) is the molar mass of oxygen, N is the number of
the cells in the stack.

It is well known that the air mass flow rate is affected by the
speed and pressure ratio of the air compressor. The mass flow
characteristics of the air compressor are shown in Fig. 2. The
function between oxygen flow rate, pressure ratio and speed
can be derived using the polynomial fitting method from a large
sample of data. To improve the accuracy of the fit, the speed
and pressure of the samples are centered, and the multinomial
coefficients are given in Table. 2..

(27)

where (r min−1) is the speed of the air compressor,
(atm) is the pressure ratio.

It should be noted that the surge operating region and the region ex-
ceeding the maximum flow rate are also included. The surge line and
the maximum flow rate line are fitted for the air compressor boundary:

The efficiency of centrifugal air compressor corresponding to
different pressures, speeds and mass flows varies during the op-
erating process. As the two parameters of the compressor mass
flow rate characteristics are identified, the other one is also

Fig. 2. Characteristics of the air compressor.

Table 2
Multinomial coefficients of curving fitting results.
Parameter Value Parameter Value Parameter Value Parameter Value

−0.03913 0.9962 −0.5405 0.2404
0.6498 −3.255 2.633 −1.372

−0.5311 2.832 −3.886 2.874
−1.13 −0.6863 2.116 −2.604

2.148 −0.378 1.065
−0.8557 −0.1649

Note: The sum of squares due to error (SSE) is 0.005687, and the coefficient of determination (R-square) is 0.9898.

Table 3
Multinomial coefficients of curving fitting results.
Parameter Value Parameter Value Parameter Value Parameter Value

0.705 0.1554 −0.1121 0.03901
−0.0159 0.317 0.4251 −0.2732

0.02766 0.2048 −0.557 0.5521
−0.1549 0.00286 0.2882 −0.5373

0.2493 −0.07993 0.292
−0.1342 −0.06465

Note: The sum of squares due to error (SSE) is 0.005389, and the coefficient of determination (R-square) is 0.9962.

5



CO
RR

EC
TE

D
PR

OO
F

Z. Gong et al. Applied Energy xxx (xxxx) 119839

identified. The function between oxygen flow rate, pressure ra-
tio and speed can be derived by using the same method from a
large quantity of sample data, and the multinomial coefficients
are given in Table 3..

(29)

where is the efficiency of the air compressor, the com-
pression of the centrifugal air compressor is regarded as an isen-
tropic process and the power of the air compressor can be calcu-
lated as follows:

(30)

where (J kg−1 K−1) is the specific heat capacity of air, is
the ratio of specific heat of air.

2.3. Power and efficiency of PEMFC system

A comprehensive PEMFC system includes the air supply subsystem,
hydrogen supply subsystem, temperature and humidifier subsystem,
and fuel cell stack. The air supply subsystem is the largest power-
consuming device of the fuel cell system, and the power consumption of
the air compressor increases with the power of the stack. The power
consumption is also caused by auxiliary components such as the hydro-
gen circulation pump, water pump and cooling fan, but compared with
the power consumption of the air compressor, it is negligible and has
little effect on the output power of the fuel cell system. Consequently, in
this study, only the coupling between the stack and the air compressor
is investigated, while the effects of other auxiliary components are not
considered.

The system output power is calculated as the difference between the
effective output power of the fuel cell and the parasitic power consump-
tion of the auxiliary components:

(31)

Efficiency is the most important evaluation indicator of the fuel cell
system. The efficiency of the energy conversion process is determined
as the ratio of useful energy output to the total energy input. However,
the actual fuel cell stack efficiency is much lower than the theoretical
efficiency because of the fuel utilization losses and voltage losses due to
cell polarization, which can be calculated as:

(32)

where is fuel utilization, which is set as 99% in this study.
The fuel cell system efficiency takes the power consumption caused

by the auxiliary components of the fuel cell system into account, and is
calculated as follows:

(33)

2.4. Stochastic optimization algorithm

A stochastic optimization algorithm, genetic algorithm (GA), is
adopted to match the optimal compressor conditions in various power
ranges of the fuel cell for improving the system output efficiency in this
work. GA is a method to find an approximate optimal solution inspired
by a natural evolutionary process [31]. Fig. 3 shows the workflow of

Fig. 3. Schematics of the workflow of GA.

the GA, which is generally applied during the optimization process in
this work. The initial number of populations generated is set to 1000
and the number of iterations of evolution is set to 100. The current den-
sity of the fuel cell stack, the speed, the pressure ratio, and the mass
flow rate of the air compressor are the variables to be optimized. The in-
dividuals with a higher fitness level in the population are more likely to
be selected to reproduce the next generation with optimization, so the
best fitness individual is acquired by continuous iteration [32]. The fit-
ness function is used to evaluate the fitness of an individual, and the ef-
ficiency of the system predicted by the numerical model is adopted as
the fitness function in this paper. In addition, the penalty term is added
in the fitness function to increase the elimination possibility of individ-
uals which do not meet the constraints in the selection [33]. To guaran-
tee the prediction accuracy of the numerical model, the output power
ranges of the PEMFC system and the cathode stoichiometric ratio for
this optimization method should be within the restrictive ranges. The
cathode stoichiometry ratio (oxygen excess ratio) range is limited to
1.2–4.0 and the output power of the PEMFC system is divided into a se-
ries of ranges in Table. 4. The fitness function can be expressed as:

Table 4
Restrictive ranges of the PEMFC system power in the case generation.
No. Lower bound Upper bound No. Lower bound Upper bound

1 0 kW 5 kW 14 65 kW 70 kW
2 5 kW 10 kW 15 70 kW 75 kW
3 10 kW 15 kW 16 75 kW 80 kW
4 15 kW 20 kW 17 80 kW 85 kW
5 20 kW 25 kW 18 85 kW 90 kW
6 25 kW 30 kW 19 90 kW 95 kW
7 30 kW 35 kW 20 95 kW 100 kW
8 35 kW 40 kW 21 100 kW 105 kW
9 40 kW 45 kW 22 105 kW 110 kW
10 45 kW 50 kW 23 110 kW 115 kW
11 50 kW 55 kW 24 115 kW 120 kW
12 55 kW 60 kW 25 120 kW 125 kW
13 60 kW 65 kW 26 125 kW 130 kW
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(34)

The GA Optimization Toolbox developed by North Carolina State
University is used to conduct the optimization process in the current
work. The air compressor parameters and current density are optimized
in various intervals of output power to find the best operating condi-
tions for the fuel cell system efficiency, so the matching strategies for
the air compressor and fuel cell are developed. As the performance of
the stack degrades, the output performance of the degraded system is
adaptively updated by the GA. As a result, a new matching strategy be-
tween the air compressor and the fuel cell is developed in various out-
put power intervals of the degraded system.

3. Results and discussion

3.1. Physical model validation

To verify the accuracy of the model, the simulation results of the 1D
non-isothermal stack model are compared with the experimental data
from the latest generation of M4 stack produced by Shanghai Hydrogen
Propulsion Technology Co., Ltd. From these validations, the proposed
stack model is confirmed to predict the fuel cell performance with a cer-
tain degree of accuracy. As shown in Fig. 4, a comparison of the polar-
ization curve between the experimental data and simulation results is
presented in various states (before and after degradation) of the M4
stack. The experimental and simulation data before the degradation of
the stack are indicated by red symbols and lines, and the blue symbols
and lines are used to characterize the experimental and simulation re-
sults after the 800 h degradation test of the stack at variable load condi-
tions. It is obvious that reasonable agreements are achieved with a rela-
tive error of less than 2% in the comparison. Meanwhile, compared
with the data before and after the 800 h degradation, the output volt-
age of the stack after the degradation is 7.4% lower than the voltage be-
fore the degradation, which is significantly different from the experi-
mental data of the brand-new factory. In this study, the PEMFC model
will be calibrated based on the two operating conditions of the stack
(before and after the 800 h degradation) and will be adaptively opti-
mized to match the air supply system, respectively. So the air compres-
sor matching strategy for the various states of the stack is developed.

3.2. Effect of air compressor parameters on system efficiency

The variation in the characteristics parameters of the compressor
significantly affects the PEMFC system efficiency, so the system perfor-
mance can be greatly improved by a suitable compressor operating con-

Fig. 4. Comparison between simulation results and experimental data of M4
stack.

dition. The evolution of the system efficiency with current density for
various compressor pressure ratios and speeds can be shown in Fig. 5.
At the same compressor speed, the stack performance progressively im-
proves with increasing pressure ratio, leading to an improvement in the
maximum efficiency of the system. Nevertheless, the increase of pres-
sure ratio reduces the air mass flow with the fixed speed, and the suffi-
cient air flow cannot be provided by the compressor to meet the de-
mands of high current density conditions, resulting in the reduction of
limiting current density and the current density corresponding to maxi-
mum efficiency. Furthermore, both the pressure ratio and the air mass

Fig. 5. The evolution of the system efficiency with current density for various
compressor pressure ratios and speeds.
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flow rate are increased with increasing compressor speed, and the per-
formance of the stack is improved because of the high-pressure ratio
and the sufficient supply air flow, which is manifested in the increase of
the limiting current density. On the contrary, the parasitic power con-
sumption of the air compressor is increased at high speeds, resulting in
the reduction of the maximum efficiency of the system.

Fig. 6 shows the evolution of the system efficiency with the speed of
the compressor for different cathode stoichiometry ratios and the cur-
rent density of the stack. The stoichiometric ratio is measured as the rel-
ative relationship between the actual gas supply and the reaction rate,
the larger the stoichiometric ratio, the more abundant the cell gas. At
the same cathode stoichiometry ratio, the air mass flow rate of the air

Fig. 6. The evolution of the system efficiency and the pressure ratio with the
speed of the compressor for different cathode stoichiometry ratios and the cur-
rent density of the stack.

compressor is increased, and the pressure ratio is reduced with the in-
creasing current density, while the output efficiency of the stack will be
lower under the large current density conditions, resulting in the reduc-
tion in the maximum efficiency of the system. However, the corre-
sponding pressure ratio is increased as the speed of the compressor
rises. Despite of the improvement in the stack performance, the effi-
ciency of the system is reduced due to the power of the compressor. The
increase of the cathode stoichiometry ratio means that more air is sup-
plied to the stack by the air compressor, and the speed of the matched
compressor is higher under the same current density conditions, but the
variation of the optimum system efficiency is not obvious. The effect of
compressor characteristics and stack operating parameters on system
efficiency is relatively complex and cannot be summarized by a linear
relationship. Consequently, it is essential to investigate the matching
strategy of the air compressor and the stack to keep the system working
in an efficient and orderly operation.

3.3. Optimization results

The air compressor is one of the most essential auxiliary compo-
nents of the PEMFC system. The output power of the stack can be effec-
tively increased by increasing the air inlet pressure and flow rate. Nev-
ertheless, the parasitic power consumption of the air compressor in-
creases with the pressure and flow rate of the air, which decreases the
effective output power of the system. In this study, an adaptive opti-
mization method coupling the GA and the system model is employed to
find the maximum efficiency of the PEMFC system in different output
power ranges by adjusting the inlet flow, pressure ratio and speed of the
air compressor as well as the current density of the stack. Furthermore,
the adaptive matching strategy between the air compressor and the
stack is investigated.

Due to the random generation mechanism of the initial population,
the optimal solution by the stochastic optimization algorithm also
shows a certain randomness. The number of initial populations is a crit-
ical factor that will affect the optimization results. The initial popula-
tions and the number of iterations are 1000 and 100, respectively. In
this study, the fitness is set as the efficiency of the PEMFC system. The
evolution of the best fitness for the system power range of 0–5 kW is
shown in Fig. 7(a). The optimization significantly optimizes the best fit-
ness and gradually stabilizes after 30 generations. The system efficiency
is improved from 0.7535 to 0.78821 by evolution, an improvement of
4.6% is achieved.

The evolution of the efficiency of the system, stack and air compres-
sor under all system power ranges is shown in Fig. 7(b). The red lines
represent the system efficiency before and after optimization. The effi-
ciency of the PEMFC system is significantly raised by GA optimization,
with an improvement of 3.8% in overall power ranges. After optimiza-
tion, the maximum system efficiency can be close to 80% under low
current density conditions. In addition, the efficiency of the system and
stack will gradually decrease as the output power of the PEMFC system
increases. On the contrary, the efficiency of the air compressor is gradu-
ally improved as the system power increases. It is well known that the
output power of the stack increases with the current density until the
maximum output power is achieved, while the output voltage and the
efficiency of the stack will decrease with the current density, causing
the reduction of the system efficiency.

Fig. 8 shows the most suitable matching of the stack and air com-
pressor operating conditions for various system power output cases. As
shown in Fig. 8(a), the power of the stack gradually increases with the
requirement of the system output power until the maximum output
power of the stack is achieved. Similarly, the current of the stack is
positively correlated with the system output power and increases with
the requirement of the system power. The optimization results show
that the corresponding cathode stoichiometry ratio (oxygen excess ra-
tio) gradually decreases with the growing system power in the low-
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Fig. 7. Optimization results by GA, (a) optimization process of best fitness (the
maximum system efficiency), (b) evolution of efficiency (system/stack/com-
pressor) under total system power.

power output stage. In contrast, the cathode stoichiometry ratio is sta-
ble at around 1.3–1.4 as the required output power is further in-
creased. In this study, the assumption of single cells’ consistency is
proposed to ensure the efficiency of the model, so the value of the opti-
mization results represents the cathode stoichiometry of the stack. The
stoichiometric ratios of the different single cells will vary slightly from
each other in actual operating conditions, which is ignored. The opti-
mized air compressor operating conditions are shown in Fig. 8(b),
With the increasing system power, the corresponding air compressor
speed, pressure ratio, mass flow rate and air compressor parasitic
power are rising progressively. Meanwhile, the growth rates of air
compressor pressure ratio, mass flow rate and parasitic power are sig-
nificantly accelerated with the higher demand for system power. Par-
ticularly in the condition of system power above 120 kW, more air
flow and a higher cathode pressure ratio of the compressor are re-
quired, resulting in the acceleration of the corresponding compressor
power growth rate.

3.4. Adaptive optimization results after degradation

The performance of the on-board stack is significantly degraded by
the long-term varying load conditions during the vehicle driving cycle,
so it is not suitable to couple the matching strategy that has not been
updated with the stack. In this section, the strategy between the air
compressor and stack is adaptively optimized according to the practical
degradation state of the stack. And thus, a suitable matching strategy
for the air compressor can be developed. The evolution of the air com-
pressor working conditions is further investigated by comparing the
strategy before adaptive optimization with the strategy after optimiza-
tion.

The adaptive optimization results after stack degradation are shown
in Fig. 9.Fig. 9(a) shows the evolution of the PEMFC system efficiency
between the strategies before and after degradation. Fig. 9(b) shows the
evolution of the stack efficiency. Comparing the matching results of the
previous matching strategy and the adaptive optimization strategy
when the stack is in the 800 h degraded state, it is observed that the sys-
tem efficiency and the stack efficiency are significantly improved under
all-power conditions with the adaptive optimization strategy. Com-
pared with the results of the matching strategy before degradation, the
system efficiency is improved by 5.7% and the stack efficiency is im-
proved by 2.9% with the adaptive optimization strategy. The improve-
ment in system efficiency is much more significant than in stack effi-
ciency because the adaptive optimization strategy may improve the
output performance of the stack and affect the additional parasitic
power consumed by the air compressor.

With the above adaptive optimization method, the evolution of the
optimized compressor working conditions is further analyzed. The com-
parison of the compressor operating conditions with the previous
matching strategy and the adaptive optimization strategy is presented
in Fig. 10. The matched compressor speed is indicated by the black line
and the pressure ratio of the compressor is indicated by the red line. It
can be seen that the speed and pressure ratio of the air compressor with
the adaptive optimization strategy are much lower at the same output
system power compared to the air compressor conditions without the
updated strategy, which is particularly obvious when the system power
is lower than 100 kW. But as the system output power rises, the air
compressor is required to provide higher air inlet pressures and air flow
rates to meet the high-power requirements. Consequently, the variation
of the mass flow characteristics parameters of the air compressor with
the adaptive optimization strategy at high power is not noticeable com-
pared to the previous strategy. Meanwhile, the parasitic power con-
sumption of the air compressor with the adaptive optimization strategy
is also lower, which indicates that the matching strategy with adaptive
optimization can improve the output efficiency of the stack and reduce
the additional parasitic power consumption by the auxiliary compo-
nents. This method is expected to provide the design reference for the
optimization of centrifugal air compressors and system matching.

4. Conclusions

In this study, an adaptive optimization matching method of the air
compressor for the automotive PEMFC is presented to keep the system
in an efficient and orderly operation in the life cycle including the fuel
cell performance degradation. A case study of a detailed system is pre-
sented to demonstrate the framework procedure. The multiphase model
of the PEMFC system is developed and coupled with the GA to optimize
the efficiency of the system under various output powers. The main
conclusions are as follows:

(1) To verify the accuracy of the model, the 1-D stack model is
validated with experimental test results under two operating
conditions (before and after 800 h degradation), considering the
effect of degradation on the matching strategies. It is obvious
that a great agreement is achieved with a relative error less
than 2% in the comparations. Meanwhile, a comparison of the
data before and after the 800 h degradation is presented. It is
found that the performance of the stack without degradation is
7.4% worse than that of the stack after degradation.

(2) The variation in the characteristics parameters of the
compressor significantly affects the efficiency of the PEMFC
system, and the system performance can be significantly
improved by a suitable compressor operating condition. It is
found that the effect of compressor characteristics and stack
operating parameters on system efficiency is relatively complex
and cannot be summarized by a linear relationship.
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Fig. 8. The operating conditions of the stack and air compressor for full system power range, (a) the evolution of the operating parameters of the stack, (b) the evolu-
tion of the characteristic parameters of the air compressor.

Consequently, it is essential to investigate the matching strategy
of the air compressor and the stack to keep the system with the
efficient and orderly operation

(3) With the help of the optimization method, the centrifugal air
compressor is matched with the stack to develop the system
matching strategies. It is found that the system's efficiency with
this optimized method is 3.8% better than the system without the
optimized method under the full system power range. The
corresponding air compressor speed, pressure ratio, mass flow
rate and air compressor parasitic power are rising with the
increasing system power progressively. Meanwhile, the growth
rate of air compressor pressure ratio, mass flow rate and parasitic
power is significantly accelerated with the demand for system
power.

(4) In addition, the air compressor is adaptive matched with the
stack of the proposed two operating conditions to develop the
compressor matching strategies under various stack conditions
individually. The new matching strategy between the air
compressors and the stack after degradation is developed by the
adaptive optimization method. The efficiency of the system and
the stack is 5.7% and 2.9% better than that of the matching
strategy without adaptive updating. It is found that this adaptive
optimization method can not only improve the output efficiency
of the stack but also reduce the additional parasitic power

consumed by the auxiliary components, which could benefit the
durability and performance of the PEMFC system.
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Fig. 9. The adaptive optimization results of the stack after degradation, (a) sys-
tem efficiency, (b) stack efficiency.
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