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ABSTRACT: The proton exchange membrane fuel cell (PEMFC) and the hydrogen hybrid power system are studied
by the fuzzy-PID (FPID) control method and the fuzzy-PID control method by Artificial Bee Colony algorithm (ABC-
FPID), respectively. The results reveal that compared with the FPID control method, the temperature overshoot of the
PEMEC stack under the ABC-FPID control method is decreased by 0.6%. Moreover, the circulating water flow rate
within the full operating envelope (about 3 min) is reduced by 19.46 L, which means the ABC-FPID control method
is more effective in regulating the stack temperature. Then, the ABC-FPID control method is proposed to study the
hydrogen hybrid power system, and the system output power matching, operating characteristic curve of the fuel cell,
state of charge (SOC) of the lithium battery, system efficiency and hydrogen demand are obtained. The results indicate
that the maximum system efficiency reaches 46.3%, the average system efficiency is 33.8%, and the average hydrogen
demand is 0.192 kg/s. Overall, the ABC-FPID control method can efficiently ensure the stability of the fuel cell’s output
power, and actively prompt the lithium battery to fulfill the function of “peak shaving and valley filling” under variable
load power conditions.

KEYWORDS: Fuel cell; system efficiency; energy management control; thermal management system; hybrid power
system; lithium battery SOC

1 Introduction

According to statistics from the International Energy Agency (IEA), fossil fuels still dominated the
global primary energy mix with a share of approximately 80% as of 2024 [1]. Of note, energy-related carbon
emissions accounted for 85% of the world’s total carbon emissions, while the bulk of global electricity
generation remained heavily dependent on traditional energy sources including coal, oil, and natural gas.
This underscores that humanity stands at a critical crossroads of energy transition, confronted with the
dual pressures of global climate change and surging energy consumption [2]. Against this policy backdrop,
developing renewable energy and establishing a clean, efficient, and secure energy system has evolved into an
imperative priority for the global community to pursue sustainable development, as well as a pivotal strategy
for China to drive energy structure optimization and materialize its “carbon peaking and carbon neutrality”
(dual-carbon) goals [3].
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The hydrogen as an energy carrier offers significant advantages, including zero carbon emissions at
the point of use, high energy density per unit mass, high calorific value, and high conversion efliciency.
Consequently, hydrogen-powered system is widely regarded as a next-generation frontier in green propul-
sion technologies [4]. This momentum is driven in large part by the rapid expansion of renewable energy
under the global decarbonization agenda, which has accelerated the production of green hydrogen. Notably,
China’s national ‘dual carbon’ strategy—which aims to achieve peak carbon emissions before 2030 and carbon
neutrality before 2060—provides strong policy impetus for the development and adoption of hydrogen
energy. Among hydrogen utilization pathways, the hydrogen fuel cell represents a key energy conversion
device that directly converts chemical energy from hydrogen into electricity. It is characterized by high power
density and low environmental impact [5]. As documented in the literature, fuel cell technology exhibits
multiple features that align with the requirements of green power systems, such as high energy conversion
efficiency, high specific energy, low noise and infrared signature, reliable operation, zero operational
emissions, and long service life [6]. Moreover, compared with conventional internal combustion engines, a
fuel cell system operating on the same mass of fuel can extend power supply duration by two to three times.
When configured for combined heat and power applications, the overall fuel utilization efficiency can exceed
80% [7].

Although the hydrogen fuel cell has many advantages mentioned above, the problems of long start-
up time and slow power response speed of the stack are outstanding due to the thermal inertia of the
stack and the complexity of gas transport, diffusion and electrochemical reaction processes [6]. Therefore,
when hydrogen fuel cells are employed as power sources in diverse engineering fields, they are typically
paired with fast-response power devices (e.g., power batteries, lithium batteries, turbine engines, and
supercapacitors). By virtue of an optimized power allocation strategy, such hybrid power systems can
ultimately achieve optimal regulation of output power while satisfying the dynamically varying load power
requirements. Peng et al. [8] designed a hybrid power system integrating a proton exchange membrane
fuel cell (PEMFC), a lithium-ion battery (Li-battery), and a supercapacitor. Garcia et al. [9] evaluated the
application of a novel hybrid power system composed of fuel cells, battery packs, and ultra-capacitors in
tramway operations. Wang et al. [10] investigated the power management strategy for a 6 kW stationary
PEMEFC hybrid power system. Experimental validation demonstrated that the proposed power matching
strategy effectively enhances the stability, performance, and energy conversion efficiency of the system under
steady-state operating conditions.

Moreover, the thermal management strategy is of equal importance to the energy management system.
It primarily encompasses the regulation of the temperature field within the fuel cell stack as well as the
temperature control of associated components. In practice, the energy management system and thermal
management system should be considered in an integrated manner. Xing et al. [11] studied the thermal
management system of fuel cell hybrid vehicles and proposed a PID control strategy for regulating the cooling
water flow rate. This strategy successfully stabilized the stack temperature at 350 K under actual driving
conditions. Additionally, Xing et al. [12] proposed a new topology for a water-cooled fuel cell stack used
in automotive cooling systems. The cooling system model considers both stack cooling and the cooling
of compressed air through an intercooler, among which the stack loop cooling consumes 98.5% of the
cooling water. Chen et al. [13] applied the Ultrathin Vapor Chamber (UVC) heat dissipation technology
to the cooling of PEMFCs. Both simulation and experimental results indicated that the UVC improved
the temperature distribution of the fuel cell: the maximum temperature inside the stack decreased by 9°C,
and the temperature of the proton exchange membrane was significantly reduced at a current of 35 A.
Wang et al. [14] proposed an integrated energy system consisting of a PEMFC, an Organic Rankine Cycle
(ORC) system, and a Metal Hydride (MH) hydrogen storage system. The results demonstrated that compared
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with a single PEMFC, the overall performance of the integrated system was significantly improved. At
the system’s maximum power point, the output power, electrical efficiency, energy efficiency, and exergy
efficiency increased by 15.0%, 4.3%, 14.1%, and 4.9%, respectively.

From above reports, it can be found that there exist various approaches and methodologies to enhance
the thermal management performance of hydrogen energy hybrid power systems. In fact, the thermal
management system for fuel cell/lithium battery hybrid power is a highly nonlinear system, and researchers
at home and abroad have conducted extensive studies on the control strategies of this system. So, the
control method is also very important to improve the thermal management performance of hydrogen
energy hybrid power systems. Yun and Han [15] employed rule-based control, state machine control, and
fuzzy logic control strategies to study the thermal management performance, hydrogen consumption and
fuel cell efficiency of Urban Air Mobility (UAM) systems, and found that the fuzzy logic control strategy
performed best. Jia et al. [16] employed a comprehensive control framework for energy and thermal coupling
by constructing the electro-thermal coupling lifespan models of batteries and fuel cell systems, as well as
the dynamic thermal load model of the cabin. This framework optimizes vehicle energy consumption and
achieves the optimal balance among fuel economy, cabin comfort, and energy system durability. Ju et al. [17]
presented an integrated design and optimization approach for energy management strategy (EMS) and
thermal management strategy (TMS) in fuel cell-powered heavy-duty trucks, and designed an integrated
optimization scheme with 82 parameters. Then, with the help of an advanced hybrid population optimization
algorithm, the optimal performance in both energy efficiency and temperature regulation were obtained.
Saygili et al. [18] established a semi-empirical stack temperature management system; under the premise of
minimizing the operation of the cooling fan, the study found that proportional-integral-derivative (PID)
control applied to the water pump yields favorable results. Yu and Jung [19] compared the performance
of the traditional control algorithm and feedback control based on the stack temperature management
system, and the results indicated that feedback control can better reduce the power consumption of auxiliary
equipment and improve system efficiency. Chatrattanawet et al. [20] integrated predictive control with the
stack temperature management system, and the findings demonstrated that this method can effectively
stabilize the stack temperature at the target value. Fang et al. [21] investigated the causes of stack temperature
fluctuations based on an experimental platform and simulation model, and found that the combination of
extended Kalman filtering (EKF) and sliding mode control (SMC) can achieve excellent control over the stack
temperature. Li et al. [22] designed an active disturbance rejection controller (ADRC) to ensure the stability
of the stack temperature; the results showed that the controller can effectively maintain a slight variation in
the stack temperature under the interference of multiple internal and external factors. Hu et al. [23] proposed
a two-dimensional incremental fuzzy controller and applied it to the bypass valve, and the simulation results
verified that this method enables real-time and accurate control of the stack temperature. There exist various
approaches and methodologies to enhance the thermal management performance of hydrogen energy hybrid
power systems. Among these, fuzzy logic control has demonstrated favorable performance in both fuel cell
stack temperature regulation and hydrogen consumption control. Nevertheless, existing research has not
adequately addressed or analyzed the optimization of relevant parameters in fuzzy control, which is crucial
for further achieving the optimal regulation of thermal management systems.

The effective energy management and control strategy can significantly improve the performance of the
hybrid power system, so that the system changes from “available” to more “friendly” under the condition of
complex power demand rapid change. In general, fuel cell stacks can be cooled by two methods: air cooling
and liquid cooling. Air cooling has the advantage of not requiring the carrying of coolant, but at the same
time, its cooling effect is relatively poor, and it can only cool low-power stacks. Liquid cooling, on the other
hand, offers a better cooling effect; however, the need to carry coolant makes the system more complex
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and bulkier. Therefore, for liquid-cooled stacks, how to minimize the amount of coolant carried, reduce
system complexity, and accurately regulate the stack temperature are key challenges hindering the large-
scale promotion and application of this technology—especially the challenge of dynamic temperature control
under variable load conditions [24]. Based on the above reasons, the ABC-FPID method proposed in this
paper aims to optimize the traditional FPID algorithm through the Artificial Bee Colony (ABC) algorithm,
thereby improving the cooling efficiency of the fuel cell stack, reducing stack overshoot, and making up for
the shortcomings of the liquid cooling method. Firstly, four kinds of fuel cell and lithium battery hybrid
power system architecture are analyzed and compared, and the optimal architecture model is determined.
Then, the characteristics of fuel cell stack, such as stack temperature and cooling water flow, are analyzed
based on traditional fuzzy-PID (FPID) control method and the fuzzy-PID control method with artificial
bee colony algorithm (ABC-FPID), and the optimal control method is determined. Finally, the research
on energy management and control of fuel cell hybrid power system is carried out, and the changes of
system power distribution, lithium battery SOC control, system energy conversion efficiency and hydrogen
consumption rate under the full working envelope of the hybrid power system are analyzed, which provides
the model and method support for the application of fuel cell technology in hydrogen-powered system.

2 PEMFC/Battery Hybrid System Architecture and Model

Fig. la—d illustrates four typical topologies [6]. The primary distinctions among them lie in the
placement and quantity of DC/DC converters. The subsequent content will analyze the merits and demerits
of these four structures sequentially.
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Figure 1: Four topology diagrams of a fuel cell/lithium battery hybrid system: (a) system without DC/DC, (b) only
Li-battery with DC/DC, (c) only fuel cell with DC/DC, (d) fuel cell and Li-battery all with DC/DC.

In the topology illustrated in Fig. 1a, the fuel cell and lithium battery directly supply the load motor in
parallel without DC/DC converter. This configuration requires precise voltage matching between the fuel
cell and battery outputs. However, practical implementation reveals three critical limitations: First, inherent
voltage instability in fuel cell operation creates current backflow risks through the bus. Second, the absence
of DC/DC-based regulation eliminates real-time current control capability for both power sources. Third,
this architecture fundamentally restricts active power allocation, resulting in suboptimal passive power
distribution determined solely by the intrinsic voltage-current characteristics of the energy sources.

As depicted in Fig. 1b, a bidirectional DC/DC converter is interfaced with the output terminal of
the lithium battery. Following the series connection of the lithium battery and the DC/DC converter, the
converter is then connected in parallel with the fuel cell to power the load motor. Under normal operating
conditions, the DC/DC converter regulates the load bus voltage to match the output voltage of the fuel
cell. Nevertheless, the output voltage of the fuel cell is inherently coupled with its output current, rendering
it unstable. Such frequent voltage fluctuations not only compromise the operational efficiency of the fuel
cell but also significantly shorten its service life. To address this issue in this topology, a diode is typically
incorporated at the output of the fuel cell to ensure unidirectional current flow, safeguarding the fuel cell
from reverse current damage. Moreover, when the power demand of the load motor experiences a sudden
surge, the output power capacity required from the lithium battery expands accordingly. This necessitates
an increase in the power regulation range of the DC/DC converter, ultimately leading to higher costs for
both the lithium battery and the converter. Consequently, the overall system cost escalates, and its economic
viability diminishes.

The configuration illustrated in Fig. lc ensures that the bus voltage remains constantly aligned with the
output voltage of the lithium battery. Additionally, it enables precise control over the DC/DC converter to
regulate the output current of the fuel cell, allowing both the fuel cell and the lithium battery to operate stably
within their normal ranges. Since the lithium battery is directly connected to the load bus, power losses
associated with intermediate components are minimized, thereby enhancing the overall energy utilization
efficiency of the system. As the fuel cell stack functions solely as a power-outputting source, it can be
connected in series with a unidirectional DC/DC converter. This obviates the need for the bidirectional
DC/DC converter employed in the structure of Fig. 1b, resulting in a reduction in costs. Moreover, given
that the maximum output power of the fuel cell is fixed, selecting an appropriate DC/DC converter based
on this value further optimizes cost-effectiveness. In this study, the structure depicted in Fig. lc is selected
as the system’s topological configuration, and all subsequent research is conducted with this structure as
the foundation.
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The configuration presented in Fig. 1d offers notable advantages. It allows for highly flexible adjustment
of the output power from the two power sources. By precisely controlling the duty ratios of the two DC/DC
converters, the output powers of both the fuel cell and the lithium battery can be effectively regulated. This
control mechanism is straightforward to implement and ensures excellent operational stability. Nevertheless,
its drawbacks are equally pronounced. The concurrent utilization of two DC/DC converters elevates the
system’s structural complexity to a considerable degree. This increased complexity not only amplifies energy
losses during the power transmission process but also diminishes the overall operational efficiency of the
system. Additionally, it leads to a substantial surge in costs. Consequently, this topological design is only
a viable option when there are extremely stringent requirements for maintaining the stability of the load
bus voltage.

2.1 PEMFC System Model

A low temperature PEMFC is typically operated at a temperature of 60°C-80°C. Air and hydrogen
are supplied to the cathode and anode sides of a PEMFC, respectively, and hydrogen atoms are split into
protons and electrons by means of a catalyst layer. The protons permeate through the membrane and reach
the cathode while the electrons, and oxygen molecules generate water and waste heat at the cathode. The
output voltage of a single fuel cell can be defined as follows [25]:

Vcell = ENerst - Vact - Vohm - Vcon (1)

where V,.j; is cell voltage; En.s; is Nernst potential (open circuit potential); V., is cell activation polariza-
tion loss; V,p,, is cell ohmic polarization loss; V,,, is cell concentration polarization loss. The calculation
formula of En.,s; under standard conditions (1 atm, 298 K) is given as [26]:

st

RT,
EnNerst = 1229 — 8.5 x 107* x (Ty; — 298.15) + ( oF

) < In(Py, +0.5P,) @)

where Ty, is the stack temperature; R is the gas constant, generally 8.314 J/(kg-K); Py, is the partial pressure
of hydrogen; P, is the partial pressure of oxygen.

To simplify the model, the temperature distribution inside the stack is assumed to be uniform, and the
calculation of the heat generation model of the fuel cell stack can be described as follows [26]:

dT,
mstcp,std_tt = Qtot + Qin - Qout - ch - Qamb - Pst (3)

where Qo represents the total energy generated by the electrochemical reaction; Q;, and Q,,¢ represent the
energy of the input and output gas, respectively; Q represents the heat taken away by the cooling water; Qg
represents the heat exchange between the surface of the stack and the environment; Py, represents the electric
power of the stack; m; represents the mass of the stack; ¢, s represent the average specific heat capacity at
constant pressure of the stack; T, represents the temperature of the stack.

The total energy Q. generated by the electrochemical reaction can be calculated by multiplying the
molar flow rate of hydrogen participating in the reaction and the enthalpy of hydrogen by the following
formula:

th = AH x Nreacted (4)

an,H,

where AH represents the enthalpy of hydrogen combustion; N;ffgfd

hydrogen participating in the reaction. The details of the thermal model of the PEMFC can be found in
Ref. [26].

represents the molar flow rate of
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To verify the accuracy of the fuel cell voltage model, the polarization curve obtained from the voltage
model under steady-state conditions is compared with the experimental results in [27], as shown in Fig. 2.
The PEM fuel cell with active surface area of 7:2 x 7:2 cm was used for all experiments, and the details
of cathode, anode, membrane materials as well as the fuel cell test process and steps, can be referred
to in Ref. [27]. Moreover, the details of the parameters of the PEMFC model for simulation is also
available in Ref. [28], and not repeated here. As can be seen from the figure, the average error between the
simulation result and the experimental result is 1.33%, so it can be considered that the fuel cell model has
sufficient accuracy.
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Figure 2: Polarization curve for fuel cell model validation [27].

2.2 Li-Battery Model

Li-battery is regarded as the main power source for its high energy and power density, long life and
environmental protection. It is widely used in many industries, especially in portable electronic equipment,
electric vehicle and battery energy storage equipment. Considering that the equivalent circuit can realize the
identification experiment of model parameters and is convenient to analyze the mathematical model, the
equivalent circuit model is used to simulate the characteristics of lithium battery in this paper.

The open-circuit voltage (V,.,) and the resistance (R;,) of the lithium battery are determined by the
experimental data and are applied to the model by interpolation. The working current and working voltage
of lithium battery can be expressed as [29]:

Voev =/ VZ, — 4R2’71tt

2Rint

bat

(5)

Tpar =

Vbat = Voey — Rz}r;tt (6)

where V,, is the open-circuit voltage of the lithium battery; I, is the current of the lithium battery; Ribr;tt is
the internal resistance of the lithium battery; P is the output power of the lithium battery; Vi, is the lithium
battery voltage.

The open-circuit voltage (V,.,) and the resistance (R;,;) of the lithium battery are related to the state
of charge (SOC) of the battery. The specific determination is based on the characteristic data of the lithium
battery measured in the experiment.
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Vocv :fl (SOC) (7)

int _ |Ren = f2(SOC), charging
Rbat =

Ryis = f3(SOC) ,discharging (8)

where R, represents the lithium battery charge resistance; Ry;; represents the lithium battery discharge
resistance; SOC represents the state of charge of the lithium battery.

The state of charge (SOC) and lithium battery efficiency # can be expressed as [29]:

SOC = soc,-m-—f %dt (9)

Voev=IvarRais (10)

V. .
’1Ch - Vocv_;;:tRch ’ Charglng
n= . .
Nais = —2252474,  discharging
ocv

where SOC;,,; represents the initial state of charge of the battery, i.e., the initial electric quantity of the battery;
Q represents the battery capacity; # represents the charging and discharging efficiency of the lithium battery.
The details of the lithium battery model can be found in Ref. [17]. The details parameters of the hybrid fuel
cell system can be found in Table 1.

Table 1: Component parameters table for the hybrid fuel cell system.

PEMFC Number of cells 500
Operating pressure/Pa 101,325
Operating temperature/K 333-353
Stack current/A 2.09
Effective area of a single cell/cm? 225
Type Nickel-metal hydride
. Nominal voltage/V 336
Li-Battery Capacity/Ah 80
Number of modules 28

2.3 DC/DC Converter

Because the output voltage of the fuel cell varies greatly with the current and may not match the bus
voltage when used with lithium battery, it is necessary to connect a DC/DC converter at the back end of the
tuel cell to stabilize the voltage of the fuel cell and regulate the output power of the stack. There are various
types of DC/DC converters, which can be divided into boost type, buck type and buck/boost type. According
to the voltage change relationship, and can be divided into isolated type and non-isolated type according
to the input/output relationship. since the fuel electricity herein. The pool output voltage is approximately
500 V, whereas the DC motor is rated at 220 V, so a Buck-type DC/DC converter is required to reduce the
output voltage for normal operation of the motor.

The lithium battery needs to determine the charging and discharging state according to the required
power. When discharging, the lithium battery outputs power to the outside, and when charging, the fuel
cell inputs power to the lithium battery, so the lithium battery needs to be connected to the bidirectional
DC/DC converter. Since the voltage of the lithium battery is related to the SOC of the battery, if the SOC
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of the battery is small, the voltage may be lower than the rated voltage of the DC motor, so the buck-boost
DC/DC converter is selected.

3 Different Control Models and Control Effect
3.1 PID Control Method

The PID control algorithm is an algorithm that combines proportional control with additional integral
and derivative responses to help the system automatically compensate for variations, reading the sensor
information and controlling the actuator output, tuning the PID controller at different K;,, K; and K to
obtain the best results for the system. Traditional PID controller is widely used in industrial process control
because of its simple structure, high efficiency, and suitability for linear and nonlinear systems. The structure
diagram of PID controller is shown in Fig. 3.

PID Hybrid Power System
ity + e(?) q() 1()

u(t)= Kp(e(t) +
- heoa1, %D M (T11,

Figure 3: Heat management PID control schematic diagram of hybrid powertrain.

In Fig. 3, e(t) represents the error between the measured value and the given value, and its calculation
formula is:

e(t) =T (t)-r(t) (11)

where T'(t) represents a time-varying value of the battery temperature; r(t) represents a temperature set value.

In an industrial process, the governing equation of an ideal PID controller for a continuous control
system is:

u(t):Kp(e(t)+%fote(t)dt+Tdd;(:)) (12)

where K, is the proportional gain; T is the integral time constant; T; is the differential time constant; u(t) is
the output signal of the PID controller.

The above equation can be converted to:

u(t):KPe(t)+KiZk:e(t)+Kd [e(t) —e(t—1)] (13)

where the expression of the integral coefficient and the differential coefficient is:

=~
~

K= % (14)
K,T,

K;=-% 15

d T (15)

where K; is the integral coefficient; Kj is the differential coefficient.
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3.2 FPID Control Method

The PID controller is one of the simplest and most effective controllers, but it is not always applicable in
practical industrial process. For example, for nonlinear system, the internal parameters of nonlinear system
vary with the operating state of the system, and the control result of traditional PID cannot keep the system
running in a relatively stable state. If the PID parameters are set by the internal parameters of the original
system, the control result can meet the requirements when the internal parameters of the system change
relatively little; otherwise, the originally set PID parameters will no longer meet the system control, and the
most common case is that the control result has a steady-state error. How to solve this problem is an obstacle
in the industrial process.

The fuzzy control is different from the traditional quantitative mathematical model. It is based on fuzzy
mathematics and uses fuzzy theory to tune the three parameters of the PID controller, namely Kp, K; and
Kp, to enable the system to achieve good control effects,

Kp = I(pO + AKp
Kr = Ky, + AK; (16)
Kp = KDO + AKp

where Kpy, Kjp and Kpy are the PID gains before adjustment; AKp, AK; and AK) are the calculated gain
changes. The control principle of hybrid power system based on FPID control in this paper is shown in Fig. 4.
It can be found that the FPID controller includes three parts, the fuzzifier, the fuzzy inference engine and the
defuzzifier blocks. Compared with the traditional PID controller, the FPID controller has many advantages.

e(r) K,
Fuzzy Logic |

1
Ll
PID Hybrid Power System

nn + e(f) q(t) 1)

u(r) = K;(v(z) + N,
) a0, | om

Figure 4: Hybrid system thermal management with the FPID control schematic.

For the FPID controller, it not only calculates the error e between the stack temperature setpoint and
the actual temperature, but also calculates the physical quantity of error change rate é (t).

' de(t)
e(t) = ———= 17
(=" )
The working principle of FPID controller is easy to understand, and the detailed working principle is as
follows: (1) when e(t) > 0&é (t) > 0, e(t) is increasing, which indicates that the temperature of the stack is
rising continuously and the temperature change rate is fast, so it is necessary to increase the heat dissipation;
(2) when e(t) > 0&eé (t) < 0, e(t) is decreasing, which indicates that the temperature of the stack is dropping

continuously and the temperature change rate is fast, so it is necessary to reduce the heat dissipation.
The optimum operating temperature of the fuel cell is 60°C-80°C, i.e., 333-353 K, and the stack

temperature usually does not exceed 90°C, i.e., 363 K. According to experience, the fuzzy variation domain
of temperature error the error e, the error change rate e(¢) and the output fuzzy variables AKp, AK; and AKp
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are assigned in [-6, 6], [-3, 3], [-6, 6], [-3, 3], [-3, 3] and are described by seven membership functions
(MFs): Negative Big (NB), Negative Medium (NM), Negative Small (NS), Zero (ZO), Positive Small (PS),
Positive Medium (PM), Positive Big (PB).

3.3 ABC-FPID Control Method

Although fuzzy controllers can achieve good control effects, their design is highly challenging due to the
large number of parameters involved and the lack of effective tuning methods. As an excellent optimization
algorithm, the artificial bee colony (ABC) has been proven to better accuracy and robustness, and it can
efficiently tune fuzzy controllers. Based on this, this section will adopt the ABC algorithm to optimize the
parameters of the fuzzy controller, so that the fuzzy-PID control method with artificial bee colony algorithm
(ABC-FPID) can better maintain the stability of the stack temperature. The ABC algorithm had been used
to study the aerosol particle size distribution in our previous work [30]. For PEMFC system, the ABC
algorithm is used to optimize the five parameters of the fuzzy controller: the quantification factor of error e,
the quantification of error change ¢ and the PID parameters KP, KI and KD. The specific optimization strategy
of the ABC-FPID control method is shown as follow.

During the algorithm, each food source represents a possible solution to the concerned problem and
the abundant degree of the corresponding nectar implies the quality of the solution represented by the fitness
value. So, the bee colony usually divides to two equal parts. One half is the employed bees whose number is
the same as the number of food source, which make sure exactly one employed bee for every food source. The
other half is the onlooker bees. At first, the food source positions X; = [x;1,%;2,...,xin, ] (i =L2,...,SN)
are initialized randomly in the search space, which contains the food source sites [30]:

xi,j = low; + rand, (highj - lowj) ie{l,2,...,SN},je{l,2,..., Ny} (18)

where SN denotes the number of food source; N, denotes the dimension of unsolved problem; high i and
low | is the upper and lower limits of the search space S for the jth dimension problem; rand, is the uniformly
distributed random number in the range of [0, 1]. Evaluate X; and record current personal best food source
position P; and the corresponding fitness value of the best food source position pbest;. The employed bee
produces a candidate food source position V; = [v;1,v; 2, ..., Vi n, | according to

Vi:P,’+(/5,'(P,‘—Pk)i,k€{1,2,...,SN},i#k (19)

where ¢; is a uniformly distributed real random number in the range of [0, 1]. Evaluate the quality of V; and
calculate the corresponding fitness value Fit; [30]:

. [(Q+F)if F>0
Ft'_{1+abs(Fi)if F; <0 (20)

where F; is the cost value of the food source position V;, and F; can be obtained by the FPID model [26],

F,-:max{[)((tp)—)((too),O]}+ts|:X(ts) <0.05] (21)
X (teo)

where tps ts and f., represent the peak time, the setting time and the time required for the system to stabilize,
respectively; x (tp) is the calculation result obtained at the peak time ¢, in the system temperature control
process of the fuel cell; y (;) is the calculation result obtained at the setting time f; in the system control
process of the fuel cell; y (f ) represents the calculation result obtained after those results tend to be stable.
All the parameters in the FPID control method are set the same as the above.
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Comparing the Fit; of X; and that of V;, keep the one with more satisfactory fitness function value. If
X; cannot be improved, its counter holding the number of trials is incremented by 1, otherwise, the counter
is reset to 0. When the employed bees bring back the nectar information of the food sources, the onlooker
bees choose a food source depending on the probability P; [30]:

Fit;

Pi= . (22)

> Fit;

i=1

If a position of food source cannot be improved further after a predetermined number limit of cycles,
the food source will be abandoned. Assume that the abandoned source is X,,, n € {1,2,..., SN}, the scout
bee will discover a new food source as follow [30]:

x',j = low; + rand, (highj—lowj) (23)

n

where rand, is a uniformly distributed random number in the range of [0, 1]. At the end of every
generation, personal best position P; and corresponding fitness value pbest; of each food source are
recorded. Meanwhile, the global best position P, and corresponding fitness value gbest of all the food sources
are also recorded.

Table 2 lists the system control parameters for ABC algorithms. The SN denotes the number of food
source in the algorithm. The N,, denotes the dimension of unsolved problem in the algorithm. The M denotes
the maximum iterative number in the algorithm. The e denotes the tolerance of the fitness function in the
algorithm. The limit denotes the limit number for employed bee in the algorithm. The [low, high] denotes
the upper and lower limits of the search space in the algorithm.

Table 2: The system control parameters of the ABC algorithms.

Parameter value SN N, M £ Limit [low, high]
ABC 50 5 1000 10-16 100 [-10, 10]

3.4 Control Effect of Different Control Methods on Performance of Fuel Cell Stack
3.4.1 Dynamic Temperature Responses of the Stack

To compare the dynamic characteristics of fuel cell stacks under different control methods, the stack
temperature changes regulated by different control methods during power variations are studied. Fig. 5
bellow show the dynamic temperature responses of the stack with FPID and ABC-FPID control methods
under model parameters change. It can be observed that during the current variation process, when the
target temperature set at 343 K, the maximum overshoot obtained by FPID control method is about 1.5 K and
the time to reach stability is approximately 25 s. The maximum overshoot obtained by ABC-FPID control
method is about 0.3 K and the time to reach stability is approximately 10 s. The ABC-FPID control method
shows satisfactory dynamic regulation effect.
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Figure 5: The dynamic temperature responses of the stack with FPID and ABC-FPID control methods under model
parameters change.

3.4.2 Performance of Fuel Cell Stack under Load Power

One of the keys to ensure the stable operation of the fuel cell is to ensure that the fuel cell works
within a proper temperature range, and the catalyst of the stack will not lose activity or even damage the
stack due to the temperature rise of the stack. During the working process of fuel cell, the heat dissipation
requirement of the stack is not constant, and usually changes with the change of the load power of the
stack, so how to dissipate the heat generated by the electrochemical reaction of the stack in time so that the
working temperature of the stack does not change greatly is particularly important for maintaining the stable
operation of the stack. In this paper, the characteristics of FPID control method and ABC-FPID control
method on stack temperature are analyzed when the load power demand changes. Fig. 6a shows the load
power demand curve for the simulation time of 1800 s.
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Figure 6: (Continued)
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Figure 6: The performance of fuel cell stack under load power by different control methods: (a) Variation curve of fuel
cell load power, (b) variation curve of cooling water flows, (c) fuel cell temperature under abrupt load obtained

Fig. 6b is the change curve of cooling water flows under FPID control method and ABC-FPID control
method. Fig. 6¢ is the change of fuel cell temperature with time under the two control methods. The black line
represents cooling water flow and stack temperature under FPID control method, and the red line represents
cooling water flow and stack temperature under ABC-FPID control method. Table 3 shows the results of fuel
cell stack temperature regulation under two control models which are shown in Fig. 6. The fuel cell stack
temperature varies from 335.4 to 354.3 K under the FPID control model, and the maximum temperature
exceeds 353 K (80°C). The stack temperature varies from 336.1 to 352.2 K under ABC-FPID control method,
and the stack temperature under ABC-FPID control method is lower than that under FPID control method.
Within the entire operating envelope of the fuel cell, when using FPID control, the maximum overshoot
of the control model is 3.29%, while that of the ABC-FPID control model stands at 2.68%—a reduction of
approximately 0.6% compared to the former. At the same time, by comparing the usage of cooling water, it
is found that the applicable amount of cooling water under ABC-FPID control model is less than that under
FPID control model. From the whole working envelope, the circulating water flow rate under ABC-FPID
control strategy is 19.46 L (about 3.6%) less than that under FPID control measurement, which indicates that
ABC-FPID control method is more beneficial to the utilization of cooling water resources at this stage. To
sum up, the ABC-FPID control method is superior to FPID control method in the stack average temperature,
temperature control range and reasonable utilization cooling water.

Table 3: Comparison of two control methods on fuel cell stack temperature control effect.

Parameters FPID control ABC-FPID Difference
method control method between the two
Minimum stack temperature (K) 335.4 336.1 0.7
Maximum stack temperature (K) 354.3 352.2 =21
Max overshoot (%) 3.29 2.68 -0.61
Time to Peak (s) 49.47 49.47 0

Total circulating water flow rate (L) 546.96 52750 -19.46
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4 Calculation Results
4.1 Power Load Curve and Evaluation Index

This paper assumes multiple instantaneous high-power changes in power demand during a flight cycle
with start-stop midway, as shown in Fig. 7. The maximum load power is about 60 kW, and the maximum
SOCyax and minimum SOC,,;, of the lithium battery SOC are set to 0.8 and 0.2, respectively. To further
assess the control performance of the ABC-FPID control method, the hybrid system efficiency is defined as
the ratio of the load power and the heat value produced by hydrogen consumption to the output power of
the lithium battery. The system efficiency calculation formula is as follows:

}1/ _ Pload
Nreacted x AH + Pbat

anH,

(24)

where %’ represents the system efficiency; N ;;‘f}if;d represents the molar mass of hydrogen participating in
the reaction; AH represents the calorific value of hydrogen, usually taken as 242 kJ/mol; Py, represents the

net output power of the lithium battery.
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Figure 7: Demand load power curve.

4.2 Power Matching Strategy of Hybrid Power System

In this paper, the PEMFC is taken as the main power source of the hybrid power system, and the
Li-battery is taken as the auxiliary power. The energy balance of the system can be expressed as:

Pfc+Pbat = Pioad + Ploss (25)

where Py, represents the output power of the fuel cell; Py, represents the output power of the Li-battery; P44
represents the load power; P, represents the power loss, and the heat carried away by the cooling water in
the fuel cell and the balance of plant (BOP) are considered here.

Py, and Py, need to meet

c

i< Pygy < PP (27)

P}ncin < Pfc < prex (26)
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Fuel cell output power Py is calculated by Li-battery SOC and power demand Pjo,4, and the calculation
formula is as follows [29]:

o _p 1 SOC,.; - SOC 08)
= u +

fe = Tz 5T (SO Cmax — SOComin) /2

Pfc_fuzzy = f(SOC: Pload) (29)

0.6 ifSOC<05
SOC,.r=10.6 if SOC>0.7 (30)
SOC otherwise

where SOC,s is the reference state of charge of the lithium battery; SOC,,qx and SOC,;,, signify the peak
and trough values of the state of charge for the Li-battery, which are set as 0.2 and 0.8, respectively; Py sz,
represents the fuel cell power controlled by the fuzzy logic.

Fig. 8 is a block diagram of the energy management process. To avoid inefficient operating conditions
and make the hybrid system operate more efficiently. The maximum value P and the minimum value
P}Tn of the stack output power are set to 80 and 20 kW, respectively. To make the fuel cell system optimal,
operating in the working state, the state machine module is used in the Pfc module, i.e., the three states are
the lower limit model, the normal model and the upper limit model. The lower bound model means that if
the Pfc calculated by the formula is less than PJ’}?“, then Py, = P}Tn, to avoid operation in inefficient areas.
The normal model means that the Pfc determined by the formula is within the normal operating range, then
Pfc does not change. The upper bound model means that if Pfc is greater than PE*, then Py, = Pi*, which
also prevents the fuel cell system from operating in the low efficiency region.
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Figure 8: Flowchart of energy management processes.
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The procedure for simulation is as follows: (1) the power demand, energy management and control
strategy, and fuel cell stack temperature control requirements are determined; (2) with the goals of optimizing
the stack temperature and stabilizing the fuel cell output power, the ABC-FPID control method is finally
adopted to realize the regulation of the hybrid power system under variable working conditions, thereby
achieving the optimization of fuel cell output performance, system power, hydrogen consumption rate, and
other indicators. The varied parameters were the output power of the fuel cell, the output power and SOC
of the lithium battery, the hydrogen consumption status, the actual temperature of the stack, etc. The fixed
parameters were the power demand, energy management and control strategy, fuel cell stack temperature
control requirements.

4.3 Numerical Calculation

The numerical simulation results of power matching of fuel cell hybrid powertrain based on ABC-FPID
control method are shown in Fig. 9. Fig. 9 shows the simulation curve of ABC-FPID control method, mainly
including the curves of power distribution, lithium battery SOC and system efficiency. Fig. 9a is a power
distribution curve in which the blue line represents the required power, the red line represents the fuel cell
output power, and the green line represents the lithium battery output power. The fuel cell output power
varies in the range of 20-40 kW, and the two peak values respectively correspond to the high load in the
required power. That is, when the required power is high, the fuel cell can increase the output power by
increasing the amount of hydrogen entering, to meet the load demand. During these two peaks, the fuel cell
output increased to 40 kW. In the rest of the time except the two peaks, the fuel cell power fluctuates up and
down around 19 kW, and the floating curve also corresponds to the actual output power.
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Figure 9: (Continued)
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Figure 9: Simulation results of hybrid power system by ABC-FPID control method: (a) curve of power distribution,
(b) curve of SOC of Li-battery, (c) curve of system efficiency.

The power of lithium battery varies from —20 to 35 kW. The fuel cell power is stable in most cases. The
difference between the power and the required power needs to be supplemented by the output power of
the lithium battery. At the same time, when the required power is large, the power of the fuel cell increases
slowly and the dynamic response is poor, while the dynamic response of the lithium battery is faster, which
can supplement this deficiency and play the role of “peak clipping and valley filling”. For example, under
two peak powers, the output power of the lithium battery needs to be increased quickly to meet the load
demand in a short time. When the output power of the fuel cell reaches the maximum, the output power
of the lithium battery can be gradually reduced, and the excess power of the fuel cell can also be used for
charging the lithium battery. Therefore, the power conversion of the lithium battery in the figure is fast, and
the fluctuation is large, and the purpose is to meet the change demand of the load power.

Fig. 9b shows the SOC curve of the lithium battery. The SOC of the lithium battery varies within the
range of 0.65 to 0.71, which meets the optimal operating range of the lithium battery. When the SOC of
the lithium battery decreases, it means outward discharge. For example, it is about 250 s. Currently, it is the
first load peak, and the demand power is large. The lithium battery is discharged outwards to meet the load
power. Therefore, the SOC of the lithium battery decreases, and the SOC reaches the first trough near 400 s.
Subsequently, the load power decreases, and the output power of the fuel cell can meet the load demand, so
the lithium battery shifts to a state of charge, and the SOC gradually increases. A second load peak also occurs
at 1600 s, where the lithium battery also needs to be discharged and the SOC decreases. Finally, after the load
power demand is reduced, the fuel cell output power is greater than the load power demand, the excess power
is stored in the lithium battery, and the SOC gradually increases. The results also verify the finding in Ref. [31]
that accurately clarifying the correlation between the state of charge (SOC) and temperature of lithium-ion
batteries is of great significance for ensuring the safe operation of lithium-ion batteries and improving the
robustness of “peak shaving and valley filling” strategies.

Fig. 9c is a fuel cell hybrid system efficiency curve where the efficiency varies between 0 and 1, with an
efficiency of 0 representing a load power of 0. It can be seen from the figure that the maximum efficiency of
the hybrid system can reach 46.3%, and the average efficiency is 33.8%.

Fig. 10a shows the change curve of cooling water flow in the fuel cell hybrid power system under the

ABC-FPID control method, and Fig. 10b shows the corresponding change curve of fuel cell temperature.
When the stack is started, the heat dissipation of the stack is increased due to the sudden increase of the
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load demand, and at this time, due to the inertia of the system itself, the response of the cooling water flow
is delayed, and the temperature of the stack has an increasing trend. The flow of cooling water reaches a
large value at 50 s, and the temperature of the stack is well controlled. At 1580 s, the output power of the fuel
cell is increased due to the increase of the load power demand. At this time, the electrochemical reaction
in the stack will lead to more heat dissipation requirements. It is also necessary to increase the flow rate of
cooling water to ensure the stable working temperature of the stack. However, due to the thermal inertia of
the system, the cooling water is also delayed to reach the maximum value after a period. In general, although
the thermal inertia problem of the hybrid power system cannot be avoided, the ABC-FPID control method
proposed in this paper can still reasonably control the cooling water flow to ensure that the temperature of
the fuel cell stack is within a reasonable range. The average temperature of the fuel cell is 345.4 K, and the
average overshoot is 0.7%, meeting the operating temperature requirement of the fuel cell.
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Figure 10: Simulation results of cooling water flow of hybrid power system by ABC-FPID control method: (a) curve
of cooling water flow, (b) curve of fuel cell stack temperature change.

Fig. 11 shows the output results of fuel cell and lithium battery by ABC-FPID control method, including
fuel cell voltage and current and lithium battery voltage and current. Fig. 11a shows the fuel cell voltage,
which varies from 450-720 V. In 0-600 s, the fuel cell voltage gradually decreases from 720 to 480 V. After
600 s, the output voltage is stable at about 480 V. At 1600 s, the output voltage increases to 500 V to meet the

load demand due to the increased power demand, and then the voltage gradually decreases and stabilizes at
480 V.

Fig. 11b shows the fuel cell current, which varies in the range of 20-55 A and stabilizes at about 23 A most
of the time, where two peaks are experienced, corresponding to the peaks of 300 and 1600 s in the required
power. At the same time, the change trend of the fuel cell current is the same as the change of the output
power, because the control strategy of the fuel cell in this paper takes the current as the input and the voltage
and the power as the output, so the output power is regulated according to the change of the current.
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Figure 11: Simulation results of fuel cell and lithium battery by ABC-FPID control method: (a) fuel cell output voltage
(b) fuel cell output current (c) Li-Battery output voltage (d) Li-Battery output current.

Fig. 11c is the lithium battery voltage, which varies from 365 to 395 V, and Fig. 11d is the lithium battery
current, which varies from —50 to 100 A. Comparing the voltage and current variations of a lithium
battery, they are almost symmetrical about the horizontal axis. This is because the voltage of the lithium
battery is calculated according to the open-circuit voltage, current and impedance. The open-circuit voltage
of the lithium battery is obtained according to the SOC state. The open-circuit voltage varies within the range
of 370-395 V. The impedance can be divided into charge resistance and discharge resistance, which are also
related to SOC. According to the formula, the current increases and the voltage decreases. The lithium battery
part takes the power of the load required by the lithium battery as the input parameter, and takes the voltage
and current as the output parameter, so the current is calculated according to the formula. Therefore, the
lithium battery current is related to open-circuit voltage, power, and resistance, both of which are related to
the SOC state. If the SOC does not change, the open-circuit voltage and resistance do not change, and the
current of lithium battery is only related to power, so it can be seen from the figure that the change trend of
current and output power is the same.

Fig. 12 shows the hydrogen demand of hybrid power system by ABC-FPID control method. The figure
shows that the hydrogen demand of the fuel cell is kept at 0.18 kg/s for most time, and the average hydrogen
demand is 0.192 kg/s in the whole working period, but two maximum values occur at 300 and 1600 s,
respectively, and the maximum hydrogen demand is about 0.38 kg/s. The maximum values of the two
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hydrogen demand amounts correspond to two peak values in the required power, because the load power of
the fuel cell is increased, and the amount of hydrogen gas introduced into the cell needs to be increased to
meet the increase of the output power of the fuel cell, so the time corresponding to the negative power peak
value is the time when the maximum hydrogen demand amount of the fuel cell appears. The output power
of the fuel cell can be increased by increasing the amount of hydrogen introduced into the fuel cell, to meet
the sudden change of load power, so the maximum hydrogen demand occurs at 300 and 1600 s.
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Figure 12: Hydrogen demand of hybrid power system by ABC-FPID control method.

5 Conclusion

The research objective of this article is to optimize the power matching of fuel cell hybrid power systems.
The effects of the FPID control method and the ABC-FPID control method on the temperature control of
the fuel cell stack are analyzed and compared. The main conclusions of this paper are as follows:

(1) Compared with the FPID control method, the fuel cell stack temperature overshoot under the ABC-
FPID control method is reduced by about 0.6%, and the circulating water flow rate is reduced by 19.46 L.

(2) The research results of power matching of a fuel cell hybrid power system based on the ABC-FPID
control method show that the output power of the fuel cell and lithium battery can be regulated within a
reasonable range. The SOC of the lithium battery varies from 0.65 to 0.71.

(3) The maximum system efficiency of the hybrid electric propulsion system can reach 46.3%, the
average system efficiency is 33.8%, and the average hydrogen demand is 0.192 kg/s.

(4) In addition to the large variation of local power demand, the ABC-FPID control method can
effectively keep the output power of the fuel cell stable in the whole working profile range (meeting the
demand of slow response of fuel cell power), and actively mobilize the lithium battery to fulfill the function
of “peak clipping and valley filling” under variable load power. Therefore, the ABC-FPID control method
can well regulate and match the fuel cell hybrid power output.
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Nomenclature

Veell Cell voltage

Enerst Nernst potential

Vet Cell activation polarization loss

Vohm Cell ohmic polarization loss

Vieon Cell concentration polarization loss

T Stack temperature

R Gas constant, 8.314 J/(kgK)

Py, Partial pressure of hydrogen

P,, Anode pressure

Po, Oxygen partial pressure

Mg Represents the mass of the stack

Cp.st Represent the average specific heat capacity at constant pressure of the stack
Qrot Total energy generated by the electrochemical reaction
Qi Represent the energy of the input

Qout Represent the energy of the output

Qu Represents the heat taken away by the cooling water
Qumb Represents the heat exchange between the surface of the stack and the environment
Py Represents the electric power of the stack

N, ;il‘fgzed Represents the molar flow rate of hydrogen participating in the reaction
AH Represents the enthalpy of hydrogen combustion

Tpas The current of the lithium battery

R The internal resistance of the lithium battery

Voev The open-circuit voltage of the lithium battery

Viat The lithium battery voltage

Ry Represents the lithium battery charge resistance

Ryis Represents the lithium battery discharge resistance
SOCiy Represents the initial state of charge of the battery

K, The proportional gain

T, The integral time constant

Ty The differential time constant

u(t) The output signal of the PID controller

K; Integral coeflicient

K, Differential coefficient.

AKp The calculated gain changes

AK; The calculated gain changes

AKp The calculated gain changes

SN Denotes the number of food source

N, Denotes the dimension of unsolved problem

high,; The upper limits of the search space

low; The lower limits of the search space

rand, The uniformly distributed random number in the range of [0, 1]

vV, The employed bee produces a candidate food source position
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X; The food source positions

Fit; The corresponding fitness value

F; The cost value of the food source position V;

tp Represent the peak time for the system to stabilize

ts Represent the setting time for the system to stabilize

too Represent the time required for the system to stabilize

X (tp) The calculation result obtained at the peak time ¢, in the system temperature control process of the

fuel cell

x () The calculation result obtained at the setting time ¢ in the system control process of the fuel cell
x (too) The calculation result obtained after those results tend to be stable
rand, A uniformly distributed random number in the range of [0, 1]

P; Personal best position of each food source

pbest; Corresponding fitness value of each food source

P, Global best position of all the food sources

gbest Corresponding fitness value of all the food sources

Pioad Represents the load power

Py Represents the output power of the fuel cell

Pyoss Represents the power loss

Pyas Output power of the Li-battery

SOC,f Reference state of charge of the lithium battery

SOCax The peak values of the state of charge for the Li-battery

SOCpin The trough values of the state of charge for the Li-battery

Pre fuzzy Represents the fuel cell power controlled by the fuzzy logic
Greek symbols

o A uniformly distributed real random number in the range of [0, 1]
p Density of cooling water

n Represents the charging and discharging efficiency of the lithium battery
' Represents the system efficiency

Subscripts

cell Refer to battery

Nerst Refer to Nernst

act Refer to activation

ohm Refer to ohmic

H, Refer to hydrogen

an Refer to anode

0, Refer to oxygen

tot Refer to total energy

cl Refer to cooling water

st Refer to stack

ocv Refer to open-circuit voltage

bat Refer to battery
fe Refer to fuel cell

min Refer to minimum

max Refer to maximum
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