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Abstract: In order to improve fuel economy and enhance operating efficiency of fuel cell hybrid
vehicles (FCHVs), fuzzy logic control (FLC) strategies are available and suggested for adoption.
In this paper, the powertrain of a fuel cell hybrid vehicle is designed and the parameters of the
motor, battery, and fuel cell are calculated. The FLC strategy and the power following control
(PFC) strategy are designed for the studied FCHV. A secondary development for Advanced Vehicle
Simulator (ADVISOR) is implemented based on the standard driving cycles, and a Chinese typical
city driving cycle is imported. Simulation results demonstrate that the proposed FLC strategy is
more valid and reasonable than the traditional PFC strategy. The proposed FLC strategy affects the
vehicle characteristics significantly and contributes to better performance in four aspects: fuel economy,
efficiency of battery and fuel cell system, battery state of charge (SOC), and battery life. Hence, the FLC
strategy is more suitable for the energy management strategy for fuel cell and battery hybrid vehicles.

Keywords: FCHV; powertrain system; energy management strategy; secondary development; fuzzy
logic control

1. Introduction

In the past few decades, fossil fuels have been widely used as the power source of ordinary internal
combustion engine, which has caused lots of negative effects, such as the gradual depletion of oil
resources, the deepening of the global energy crisis, the aggravation of air pollution, and the rise of global
temperature. Therefore, a series of new energy vehicles emerge at a historic moment. Many studies
have been done on fuel cell vehicles for their convenient, efficient, and clean energy utilization.

A fuel cell is the main power source, and the battery or ultra-capacitor is the auxiliary power source
to provide power for the fuel cell hybrid vehicle (FCHV) when FCHYV is in operation. This hybrid
power distribution method has been widely used in FCHV. Therefore, the hybrid power distribution
mode of FCHYV has been the focus of a lot of research, in which the energy management strategy
of controlling the fuel cell system and energy storage system are their key topics. In this research,
different energy management strategies are used to improve the economy of FCHV and optimize their
dynamic performance.

In recent years, a variety of energy management strategies have been applied to hybrid
vehicles [1-16]. Guenther et al. [1] used the method of sampling optimizations to explore the
feasibility of decreasing the cost of fuel cell vehicle (FCV). Montazeri-gh et al. [2] set the rule to improve
fuel economy based on multiple input variables. Djerioui et al. [3] proposed Grey Wolf Optimizer
(GWO) for the hybrid power system to address the management of fuel cell and supercapacitor hybrid
power source. Hong [4] proposed an energy management strategy based on dynamic following
coefficient (ECMS_DMC) for FCHYV, which maintained the efficiency of the fuel cell hybrid power
system above 44% and extended the battery life. Chen et al. [5] proposed an online, efficient, and
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practical rule-based energy strategy to manage the energy distribution of a hybrid fuel cell/battery
vehicle. Carignano et al. [6] proposed a new energy management strategy based on the estimation
of short-term energy demand and aiming at maintaining the state of energy of the supercapacitor
between two limits. Xu et al. [7] provided an adaptive control strategy for fuel cell and battery hybrid
bus based on the equivalent minimum consumption strategy, so as to satisfy complex urban conditions.
Bendjedia et al. [8] presented a classic method based on frequency separation. Aouzellag et al. [9]
presented a novel control strategy that ultra-capacitor control power was realized indirectly through the
direct current bus voltage regulation and an algorithm with filtering power vibrations was developed
for fuel cell power demand. Lv et al. [10] summarized the effectively influence of genetic algorithm
to choose the optimized parameters and objects. The optimal control strategy increased the energy
utilization efficiency and prolonged the life of the fuel cell. A real-time and approximately optimal
energy management based on Pontryagin’s minimum principle (PMP) was proposed by Song [11] et al.,
and it positively solved the problems of fuel economy and power source durability. Li [12] et al. studied
an energy management system based on Pontryagins’s Minimal Principle for FCHV. The simulation
results under three driving cycle verified the effectiveness of the presented strategy. Aiming at
improving power performance and fuel economy a hierarchical energy management system based
on low-pass filter and equivalent consumption minimization (ECMS) was developed by Fu [13] et al.
To reduce the hydrogen consumption and battery contribution Odeim et al. [14] proposed a real-time
strategy based on an offline algorithm. Hu et al. [15] employed multi-objective optimization strategy
to improve the fuel economy and system durability. Zhang et al. [16] presented a multi-mode method
based on equivalent consumption minimization strategy to decrease fuel consumption.

Compared with other control methods, fuzzy logic control (FLC) strategies were adopted to optimize
vehicle performances based on its inherent advantages [17]. Li et al. [18] presented the FLC strategy
for FCHYV to optimize the energy management system with both dynamic and economic performance
under different cycle conditions. Zhang et al. [19] established the FLC strategy for a fuel cell and battery
hybrid locomotive. An adaptive controller based on FLC was proposed for FCHYV, so that fuel cell output
can reach the load power more smoothly [20]. In order to select the optimal fuzzy controller, genetic
algorithm was adopted to adjust the control parameters [10,21,22]. Ahmadi et al. [21] presented the FLC
strategy and utilized genetic algorithm (GA) to adjust the control parameters. Fu et al. [22] presented
an optimized frequency decoupling energy management strategy that utilized the fuzzy logic control
and adopted genetic algorithm to optimize the performance of the FCHV.

In this paper, the powertrain of the FCHV and selection of the power source are presented in
the section of FCHV configuration and calculations. A fuzzy logic control (FLC) method is proposed
to design appropriate energy management strategy, vehicle performance including fuel economy,
efficiency of battery and fuel cell system, battery SOC, and battery life are analyzed. Further, a model
of fuel cell and battery hybrid vehicle is developed and Chinese typical city driving cycle is added into
ADVISOR platform. To comprehensively examine the proposed energy management system, four
cycle conditions are selected to evaluate and analyze the FCHV performance.

2. FCHV Configuration and Calculations

FCHYV configuration generally includes drive structure and vehicle parameters. According to
the principle of automobile dynamics, a power system with fuel cell and battery as power source was
designed. The maximum power Py, the ratio of the main reducer, the power of the battery and the
parameters of the motor are calculated. The vehicle parameters and design goals are clearly shown in
Table 1.
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Table 1. Main vehicle parameters and design goals.

Vehicle Parameters Value Design Goals Value
Mass (kg) 1800 Maximum gradeability at 30 km/h (%) >30
Coefficient of air resistance 0.31 Maximum speed (km/h) >150
Coefficient of rolling resistance  0.016 0-50 km/h acceleration time (s) <8
Frontal area (m?) 2.68 0-100 km/h acceleration time (s) <15
Wheelbase (m) 2.67  Equivalent oil consumption (L/100 km) 6
Wheel rolling radius (m) 0.35

2.1. Drive Structure of FCHV

Fuel cell vehicle was originally a vehicle powered by fuel cell solely. Since the output voltage
of the fuel cell was not very stable during operation, a DC-DC converter was connected in series on
the electric circuit to ensure that the output voltage could be a constant value when the input voltage
fluctuated within its range [23]. Then, a battery which acts as auxiliary power was connected with the
fuel cell system. A large part of the energy is spent on braking, especially on urban roads, when the car
is in motion. In recent years, it has been proposed that the ultra-capacitor parallelly connected with
the DC bus can recover the braking energy of emergency braking. What is more, it can also improve
the cold start performance of FCHV and optimize the acceleration performance. However, due to the
complexity of structure and control objects, ultra-capacitor technology is not quite mature, so it has
not been popularized [24]. In this paper, the widely used PEMFC (Proton Exchange Membrane Fuel
Cell) is selected as the main power source of the FCHV and the lithium-ion battery as the auxiliary
power source.

2.2. Parameter of Motor

The power provided by the motor must meet the needs of vehicle gradeability, acceleration and
maximum speed. The following parameters should be taken into consideration: peak power Py,
rated power P,, maximum speed 71,5y, and rated speed n,.

2.2.1. Maximum Power and Rated Power

The motor may require maximum torque when the vehicle is climbing, accelerating, and driving
at maximum speed. When the vehicle drives at the maximum speed, the required power is P,;;,41; when
the vehicle climbs the slope at the required speed, the required power is P;;,x2; when the vehicle reaches
the corresponding speed in the specified time, the required power is Py,3. The balance equation is
shown as follows:

Pinax = max(Puax1, Pinax2, Pmax3) (1)

(1) Maximum power P,y based on maximum speed 1,4y is shown as follows [25]:

CDAM2
max ) (2)

Umax
p = mgf + —f————
paxl 3600m( TR
where m is car mass, g is gravity acceleration, f is coefficient of rolling resistance, Cp is coefficient of

air resistance, A is frontal area, and ); is transmission efficiency.
(2) Maximum power P,y based on gradeability is expressed as follows:

CpAu?
IRER

Ui

P> = m(mg fosttyay + MgSintyay + (3)

where 1;=30 km/h and a5 =arctaniygy.
(3) Maximum power P,,,3 based on acceleration performance is shown as follows:
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The acceleration of automobile is represented by Equation (4).

U= tnm(—) 4)

where x is fitting coefficient, t,, is acceleration time of start, and u,, is end speed.
If the vehicle accelerates on a flat road, according to the dynamic equation, the total power of the
transient process can be calculated as Equation (5).

du CpAud
a Tmfut s

Pyy =Pj+Pg+Py = ) ®)

——— (6mu
36007; (
where Py is total power during acceleration, P is accelerated power, Py is rolling resistance power,
and Py, is air resistance power.

The power source usually outputs the most power at the end of the acceleration. Therefore, the
maximum power during acceleration is obtained according to (4-5):

SMoy, tm—dt\] mgfom  CpAuvj,
m — Um +

—m 6
36001, | 36007 76140n; ©)

Pull_mux = Pall(t)lt:tm = f
m
where dtf is step-size. According to ideal acceleration characteristic, the output power at the end of
acceleration is close to its average power. Therefore, P),y3 can be calculated by Equation (7) as follows:

CpAv?
Ut D t
1.5T+ 21.15X2.5T) @)

2
(Y
Pz = om—L
maxd = 300y, Mg TS

According to Equations (1)—(7), the required power can be obtained at the specified final speed and
the specified acceleration time. The power provided by the motor must satisfy the following formula:

Piotal = Prgx = max(Pmaxll Prx2, Pmax?)) (8)

Considering the economy and maximum speed which is 120 km/h in China, the required power
that was calculated is 28.4 kW. The maximum power is 90.960 kW. Because motor maximum power
should not be lower than 90.960 kW, 95 kW was considered as motor maximum power and 30 kW as
rated power.

2.2.2. Maximum Speed and Rated Speed

The motor speed is represented by Equation (9).

Z),‘igio
"= 0377

)

in which 7 is motor speed, v; is vehicle speed, i, is final drive ratio, iy is reduction ratio (iy = 1), and r is
wheel rolling radius.

Considering lightweight and motor adjusting the speed, this article omits the transmission.
The final drive ratio is 9 after reading lots of literature. After calculation, maximum speed is
10,231 r/min, so 11,500 r/min is taken as the maximum speed. The rated speed of the motor is generally
the speed at the cruising speed of the vehicle. In this paper, the cruising speed is 70 km/h and the rated
speed is 4774 r/min, so that 4800 r/min is taken as the motor rated speed.

2.2.3. Maximum Torque and Rated Torque

The maximum torque is usually provided when the car is climbing, so according to Equation (10):
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Ti ioT]t
G = gr (10)

where T is maximum torque and 1 is overload coefficient.

The torque of motor is 158 n-m. The overload coefficient of the motor is generally between 1.5-2.4,
and the overload coefficient chosen is 2. Then, calculation was done, and rated torque is 80 n-m.
Considering that the maximum torque has some redundancy when climbing the hill, the maximum
torque is 210 n-m.

2.3. Fuel Cell Power

As the main power source of fuel cell vehicles, it is not the case that the greater the power of fuel
cell is, the better the vehicle performance is. It needs to combine the driving state of the vehicle at
120 km/h with the road conditions in ordinary cities. The fuel cell required power is represented by
Equation (11).

Pr=Pu+P, (11)

where is fuel cell required power, is motor rated power, and is auxiliary equipment power. When the
DC-DC converter is considered an ideal model, its conversion rate is 1. After calculation, fuel cell
required power is 32 kW. However, due to the fact that voltage conversion will consume amount of
power in the actual operation process, in order to ensure that the fuel cell can operate at the rated
power, it is necessary to leave some redundancy. Therefore, the rated power of the fuel cell is 35 kW.

2.4. Battery Power

Fuel cells and batteries provide different kinds of power under different strategies during vehicle
operation. Therefore, the maximum power of the battery should be greater than the difference between
P,u and P £,80 the maximum power of the battery is 60 kW. Since it takes some time for fuel cell to start
up, the battery can provide the torque required by the motor at startup. Because the parking position
of the car may be on the uphill and other reasons, the motor may need a relatively large instantaneous
power. Only in this way, can it be ensured that the battery has a certain redundancy. The maximum
power of the battery is selected as 65 kW. After calculation, lithium-ion battery (3.8 V/6 Ah) was
selected as the auxiliary power source of FCV. The rated voltage of the motor selected in this paper
was 320V, so the required number of batteries was 85.

Finally, parameters of motor, fuel cell and battery are briefly presented in Table 2.

Table 2. Parameters of motor, fuel cell and battery.

Motor
Rated power (kW) 30 Maximum power (kW) 95
Rated speed (r/min) 4800 Maximum speed (r/min) 11,500
Rated torque (n'm) 80 Maximum torque (17-m) 210
Fuel cell
Type PEMEC Rated power (kW) 35
Battery
Type Lithium-ion Number 85
Rated capacity (Ah) 6 Capacity (Ah) >8.0
Maximum discharge rate 30C Rated voltage (V) 3.8

3. Energy Management Strategy for FCHV

3.1. Power Following Control (PFC) Strategy

The main purpose of power following control (PFC) strategy is to keep battery SOC between
minimum value and maximum value to achieve higher charge efficiency. In order to reduce the
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electricity consumption, this strategy limits the output power of the fuel cell within a certain range and
adjusts the output power to meet the power demand. The fuel cell determines whether to turn on
or off according to the battery SOC and the bus required power Py, so that the battery can be kept
in the best working area for a long time. The researchers set an expected charge range for the power
battery. When the actual charge of the power battery is higher than the set range, the battery provides
the power required by the bus. When the actual charge is lower than expected, the fuel cell needs to
store power for the power battery while satisfying the power required by the bus. When the actual
charge is within the set range, the fuel cell only needs to provide the power required by the bus, and
the power battery provides the insufficient power. When the vehicle slows down or brakes, the motor
which acts as generator provides power for battery.

3.2. Fuzzy Logic Control (FLC) Strategy

3.2.1. Selection of Input and Output Variables

The fuel cell hybrid vehicle (FCHV) is selected in this paper, so the fuel cell and battery should be
considered in power distribution. Therefore, the FCHV required power is selected as an input variable
p, and another input variable is the battery SOC. And one output variable K which represents the ratio
of the output power of the fuel cell to the required power. The fuzzy field scope of the vehicle required
power is set as [0,95,000], the fuzzy field scope of SOC is set as [0,1], and the fuzzy field scope of output
variable is set as [0,1.6].

3.2.2. Fuzzy Field Scope

The fuzzy subset of p is divided into seven fuzzy sets: ZR (zero), ZX (negatively small), ZS (small),
S (positively small), SX (medium), B (big), and BP (positively big), the fuzzy subset of SOC is classified
into three fuzzy sets: L (low), M (medium), and H (high), the fuzzy subset of K is fuzzified into {0, 0.3,
0.4,05,06,0.7,08,1.1,1.2,1.3,14, 1.5, 1.6}. These values are obtained by identification method
based on literature review and a large amount of input and output test data [26-28]. Heterogeneous
distribution subject function is selected as the membership function of FLC. It can improve the
sensitivity of fuzzy control. The membership functions of input variables are shown in Figure 1.

(a) (b)
Figure 1. Membership functions of input variables: (a) fuzzy subset of p and (b) fuzzy subset of SOC.
3.2.3. Fuzzy Reasoning Rules

The dynamic and economic performance of automobile is paid much more attention to by
consumers. The FLC strategy designed in this paper should meet the following design requirements:

(1) The sum of the power provided by the fuel cell and the battery must meet the bus required power.
(2) The battery can always work in the ideal working area that SOC is between 0.6 and 0.8, and the
fuel cell can work in the efficient area that the efficiency is more than 40%.
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®)

The equivalent fuel consumption of fuel cell is reduced, and the economic performance of the
vehicle is improved.

According to the above requirements, the required fuzzy rule base is developed, as shown in
Table 3.

Table 3. Fuzzy logic control (FLC) rule base.

SOC P
ZR ZX ZS S SX B BP
L 16 15 14 13 12 11 11
M 0 0 03 04 04 04 06
H 0 0 0 03 04 06 07

4. FCHV Modelling and Simulation

The designed energy management system (EMS) based on FLC under the environment of
Matlab/Simulink is adopted as Figure 2 shown. This model was embedded to replace PFC. The block
diagram of the whole vehicle equipped with FC, battery and so on is shown as Figure 3.
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Figure 3. Simulation model of the vehicle.
Simulation Parameters

Different drive cycles require different output power of the motor. In view of the large number of
cars in China and the increasing number of cars in county cities, it is necessary to establish a suitable
driving cycle condition. In consideration of this reality in China, this paper introduces Chinese Typical
City Driving Cycle.

However, to study the performance of FCHYV that uses FLC strategy, instead of specified cycle,
the tests are done under four different cycles. Chinese Typical City Driving Cycle (China), Economic
Commission for Europe and Extra Urban Driving Cycle (ECE+EUDC), Urban Dynamometer Driving
Schedule (UDDS), and New Europe Driving Cycle (NEDC) are chosen as four driving cycle for
comprehensively evaluating the vehicle performance. The main parameters are shown in Table 4.
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Table 4. Parameters of driving cycle.

Parameters China ECE+EUDC UDDS NEDC
Time (s) 1314 1225 1369 1184
Distance (km) 5.94 10.93 11.99 10.93
Average speed (km/h) 16.27 32.10 31.51 33.21
Maximum speed (km/h) 60.35 120 91.25 120
Average acceleration (m/s?) 0.30 0.54 0.50 0.54
Average deceleration (m/s?) —-0.43 -0.79 -0.58 -0.79
Maximum acceleration (m/s?) 0.92 1.06 1.48 1.06
Maximum deceleration (m/s?)  —1.05 -1.39 -1.48 -1.39
Idle time (s) 381 339 259 298
Number of stop 14 13 17 13
Grade (%) 0 0 0 0

5. Results and Discussion

In order to compare the indexes of acceleration tests, economy and grade, Chinese Typical City
Driving Cycle is selected. The simulation results of PFC strategy and FLC strategy are compared and
analyzed. Table 5 compares the dynamic and economic performance of FCHV.

Table 5. Test results of dynamic and economic characteristics.

Dynamic Property PFC FLC Design Goal
0-50 km/h Acceleration time (s) 4 44 8
0-100 km/h Acceleration time (s) 11.1 13.5 15
Maximum speed (km/h) 156.8 157.3 150
Maximum gradeability at 30 km/h (%) 40 32 30

Economic Property

Hydrogen consumption (L/100 km) 79.6 74.1
Gasoline equivalent (L/100 km) 55 5.0 6

According to Table 5, the dynamic and economic performance of PFC strategy and FLC strategy
can satisfy the design requirements. From the perspective of dynamic performance, the maximum
speed of FCHV using the FLC strategy can reach 157.3 km/h, slightly higher than that of the original
PFC strategy. The acceleration time of 0-50 km/h and 0-100 km/h decreased by 9% and 17%,
respectively. The maximum gradeability at 30 km/h was reduced by 8%. In view of the economic
performance, hydrogen consumption and the equivalent oil consumption of FCHV utilizing FLC
strategy is respectively 74.1 L/100 km and 5 L/100 km. Compared with the vehicle that uses PFC
strategy, hydrogen consumption and the equivalent gasoline consumption reduces 6.9% and 9.1%
respectively. Obviously, FCHV becomes more economical.

According to Table 6, fuel economy, FCS/battery efficiency and ASOC are the main targets that
should be studied. It’s obvious that the FLC for FCHV has lower hydrogen consumption and equivalent
energy than PFC. Therefore, the proposed FLC strategy not only satisfies the requirement of FCHYV, but
also improves the economic performance. And the efficiency of FLC for FCHYV is higher than that of
PFC in terms of fuel cell system and battery. Moreover, as a significant index of FCHYV, the SOC of the
battery is more stable.

Comparison of SOC in two different strategies are shown in Figure 4. It can be seen from the curve
that fluctuation range of both strategies is in good charging and discharging area. In comparison, the
variation range of SOC using PFC strategy is relatively larger, while utilizing FLC strategy is more stable
and belongs to the type of shallow charge and shallow discharge, which effectively improves the battery
life and decreases the cost of vehicle maintenance that is the most critical issue of people’s concern.
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Table 6. Simulation results for different driving cycles.

9of 14

Cycle Parameter PFC FLC
China Hydrogen consumption (L/100 km)  79.6 741
Gasoline equivalent (L/100 km) 5.5 5.0
Eff FCS 52.54 53.26
Eff Bat 96.15 97.45
ASOC 0.08 -0.03
ECE+EUDC Hydrogen consumption (L/100 km) 704  65.8
Gasoline equivalent (L/100 km) 4.8 45
Eff FCS 55.54 55.78
Eff Bat 95.32  95.48
ASOC 0.07  —0.04
UDDS Hydrogen consumption (L/100 km) 716  66.9
Gasoline equivalent (L/100 km) 4.8 45
Eff FCS 56.22  56.92
Eff Bat 95.16 96.53
ASOC 0.06 -0.03
NEDC Hydrogen consumption (L/100 km) 71 65.4
Gasoline equivalent (L/100 km) 4.8 4.4
Eff FCS 54.61 55.32
Eff Bat 95.44 95.87
ASOC 0.09 -0.04
Eff FCS: Fuel cell system average efficiency. Eff_Bat: Battery average efficiency ASOC: The difference between final
and initial SOC.
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Figure 4. SOC in different driving cycles. (a) Chinese Typical City Driving Cycle (China), (b) Economic

Commission for Europe and Extra Urban Driving Cycle (ECE+EUDC), (¢) Urban Dynamometer Driving
Schedule (UDDS), and (d) New Europe Driving Cycle (NEDC).
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Figures 5 and 6 show the efficiency curves of charging and discharging components in different
strategies. Through the comparison of working efficiency points, it can be clearly seen that the charging
and discharging efficiency points of FLC strategy are more concentrated. As can be seen from Table 6,
efficiency of FCS and battery under FLC strategy is higher. Since the extremely high cost of FC, the
improvement of efficiency is of great significance. Through a thorough comparison, the increase in
economic performance and operating efficiency of FCHV indicates the priority of FLC strategy.
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Figure 5. Energy storage system efficiency of charging: (a) China, (b) ECE+EUDC, (c) UDDS, and
(d) NEDC.

As shown in Figure 7, when FLC strategy is utilized, the initial SOC of the battery is 0.7 and the
battery can provide enough power for the motor during the startup. After a short time, the fuel cell
comes into operation and charges the battery. Therefore, the working life of battery is improved and
the external battery charger is not required. In order to ensure that the fuel cell can work in the efficient
zone, fuel cell and battery rarely output the power together. Figure 8 shows hydrogen consumption in
four cycle conditions. It’s clear that the hydrogen consumption of FLC for FCHV is lower. Therefore,
this strategy has a better performance in terms of fuel economy.
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6. Conclusions

In this paper, the powertrain of an FCHYV is designed and the parameter of the main components
obtained. The simulation software ADVISOR is secondly developed and a Chinese typical city driving
cycle is introduced. Since energy management strategy plays a vital role in vehicle performance, the
FLC strategy and PFC strategy are designed for the studied FCHV.

Both PFC and the proposed FLC strategy can meet the requirement of dynamic performance of the
studied FCHV. Moreover, fuel economy, efficiency of power supplies, battery SOC and battery life are
some significant outcomes achieved by the FLC strategy. In four driving cycles, the FLC for FCHV has
lower consumption and higher efficiency than that of the PFC strategy. Hence, in terms of economy and
operating efficiency, the FLC strategy is better. Furthermore, the charging and discharging efficiency
under the FLC strategy is more stable and the SOC under the FLC strategy is smoother than that of
the PFC strategy. Therefore, the battery life can be extended and the cost of vehicle maintenance can
be decreased. When FLC strategy is utilized, the battery can provide enough power for the motor
during the startup and the fuel cell comes into operation and charges the battery after a short time.
Since the battery is continuously charged during the driving cycles, there is no need to provide an
external battery charger.

The FLC strategy is more suitable for the energy management strategy for fuel cell and
battery hybrid vehicles. Research results and proposed FLC strategy can be referenced for further
such researches.
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