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Abstract

:

Facing the challenge that the single-motor electric drive powertrain cannot meet the continuous uphill requirements in the cold mountainous area of the 2022 Beijing Winter Olympics, the manuscript adopted a dual-motor coupling technology. Then, according to the operating characteristics and performance indicators of the fuel cell (FC)–traction battery hybrid power system, the structure design and parameter matching of the vehicle power system architecture were carried out to improve the vehicle’s dynamic performance. Furthermore, considering the extremely cold conditions in the Winter Olympics competition area and the poor low-temperature tolerance of core components of fuel cell electric vehicles (FCEV) under extremely cold conditions, such as the reduced capacity and service life of traction batteries caused by the rapid deterioration of charging and discharging characteristics, the manuscript proposed a fuzzy logic control-based energy management strategy (EMS) optimization method for the proton exchange membrane fuel cell (PEMFC), to reduce the power fluctuation, hydrogen consumption and battery charging/discharging times, and at the same time, to ensure the hybrid power system meets the varying demand under different conditions. In addition, the performance of the proposed approach was investigated and validated in an intercity coach in real-world driving conditions. The experimental results show that the proposed powertrain with an optimal control strategy successfully alleviated the fluctuation of vehicle power demand, reduced the battery charging/discharging times of traction battery, and improved the energy efficiency by 20.7%. The research results of this manuscript are of great significance for the future promotion and application of fuel cell electric coaches in all climate environments, especially in an extremely cold mountain area.
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1. Introduction


With the deteriorating global environmental problems and the tough carbon neutrality goals, non-polluting and zero-emission hydrogen energy has been paid increasingly more attention in recent years, among which hydrogen fuel cell electric vehicles (FCEV) have become vital to solving this problem. Fuel cells with high energy density are an ideal energy supply system that can be combined with lithium batteries to generate the energy required for FCEVs [1,2]. Lithium traction batteries in FCEVs can provide fast dynamic loads, absorb braking feedback energy, reduce fuel cell (FC) power supply load and power fluctuations, and prolong system life [3,4,5].



However, hydrogen FCEVs are still in the initial stage of commercial application [6,7,8], and market promotion still faces many challenges [9,10]. The cold temperature tolerance of critical components of FCEVs deteriorate under low-temperature conditions [11,12]; in particular, the charging and discharging characteristics of the power batteries decline [13,14]. The capacity and service life are also reduced [15], which might lead to a significant decrease in vehicle driving range and vehicle power performance [6,16].



Over the past few years, to develop a fuel cell electric intercity coach suitable for the 2022 Beijing Winter Olympics, the R&D team has focused on overcoming the start–stop problem of the vehicle in extremely cold mountainous areas with high steep slopes and continuous turns to ensure the dynamic performance of the vehicle [16,17]. For this kind of FCEV, in all climate and complex regional application scenarios, the team completed the matching design of the vehicle power system architecture in a targeted manner, and formulated appropriate energy management strategies (EMSs). To maximize the utilization of the two energy sources, the strategy ensures that the lithium traction battery can provide a fast dynamic load, absorb regenerative braking energy, and reduce the power load and power fluctuation of the FC, then improves the efficiency of both batteries, thereby improving the durability and economy of the vehicle.



EMSs are generally classified as rule-based or optimal [18]. Rule-based strategies are normally designed using engineering hunches and experience to perform power allocation by following a map or set of rules [19]. Optimal strategies, derived from the optimal control theory, always involve minimizing some cost function, and then using mathematical optimization means, such as the Pontryagin minimum principle, dynamic programming, and nonlinear programming [20,21]. Optimal strategies were usually used to diminish hydrogen fuel consumption, and to increase FC lifetime and driving range. In contrast, rule-based approaches were generally utilized to determine the involvement of the energy storage system systems all the time, and it was the most normal method to realize real-time management in FCEV applications [22]. Currently, the most common rule-based EMSs for FCEVs mainly include the state machine control strategy equivalent consumption minimization strategy and the fuzzy logic control strategy [23,24]. Ettihir et al. [25] put forward an optimal strategy based on the Pontryagin minimum principle, which used a PI controller to adjust the co-state value and keep the battery state of charge (SOC) within a feasible range. Fletcher et al. [26] created a multidimensional lookup table using random dynamic programming, which could be used for airborne applications. Mehroze et al. [27] compared these three common strategies in the field of hydrogen consumption and analyzed the connection between driving performances and hydrogen consumption. Geng et al. [28] suggested an EMS for vehicles based on the fuzzy logic strategy. Guo et al. [29] developed a model prognostic control structure to integrate speed into energy management. Hu et al. [30] offered a concept of predictive model control to lengthen the lifetime of FCEVs. Ravey et al. [31] projected an EMS in line with fuzzy logic and optimized it with a genetic algorithm. This method protrudes the potential of an optimized rule-based strategy. However, among these strategies, the lifetime of FCs was usually ignored. Due to previous research, the vehicle power demand and traction battery SOC were mainly selected as the input variables in light of the driving conditions, and the FC output power as the output variable. Although these EMSs could ensure the stability of the traction battery, the following performance of the FC with the motor power output lagged significantly, and the overall hydrogen fuel economy was low as well.



Therefore, on this basis, the manuscript proposed an optimized EMS of an FC electric intercity coach in line with fuzzy logic control, which took the difference value between the power demand of the whole vehicle and the power generated by the FC generator at the current speed, took the SOC of the traction battery and the motor speed at the current speed as the input variables, and took the power command of the FC system as the output variable. Thus, the power output fluctuation of the traction battery and FC system could be controlled more accurately and sensitively. In the end, the performance evaluation of the whole vehicle was completed through the operation of the actual FC electric intercity coach under the C-WTVC standard cycle and compared with EMSs which are common in the current market.




2. Integrated Design of Powertrain System


In hydrogen FCEVs, the drive motor, FC, and traction battery are the core components of the power system. When designing the hydrogen FC electric intercity coach, its power system structure needed to be selected according to market demand and the current technical level. The target vehicle proposed in this manuscript was a 16.4-ton commercial coach. The requirements of vehicle parameters and performance indicators are shown in Table 1, and the power mechanism of the vehicle is shown in Figure 1.



2.1. Selection and Matching


The parameter matching of core powertrain components of the FC electric intercity coach was mainly based on the power balance equation of the vehicle operation. It took the peak power required by the vehicle’s performance indicators, including maximum speed, maximum grade ability, and acceleration time, as the selection basis. The specific selection matching process is shown in Figure 2, and the longitudinal dynamics of the vehicle are depicted in Figure 3. The resistance acting on the vehicle was mainly related to the rolling friction Froll, the road slope α, and the aerodynamic resistance Fdrag. The parameter names are shown in Nomenclature. Due to the large mass mg of the coach, the force mgsinα could not be ignored as is usually assumed for light-duty vehicles.



2.1.1. Drive Motor System


For the drive motor of the vehicle, generally, when the speed of the motor was lower than the rated speed, the motor worked in the state of constant torque; when the speed of the motor was higher than the rated speed, the motor worked in the state of constant power. Therefore, when matching the parameters of the drive motor, the parameters that should be determined include the rated speed, peak speed, peak power, and peak torque of the drive motor.



The peak speed Nm and rated speed Nr of the drive motor were calculated by Equations (1) and (2), respectively.


   N m  =    v m  r   0  . 377 i     



(1)






   N r  =    N m   β   



(2)







The peak power Pm of the drive motor was calculated according to the energy balance Equation (3). In general, Pm usually included three parts: the value P1 calculated by maximum speed, the value P2 calculated by maximum climbing, and the value P3 calculated by acceleration time from 0 to 50 km/h. They were determined by Equations (4)–(6), respectively.


   P m  =  1   η t    (   mgf   3600    v +    mgi   3600    v +     C d  A   76140    v 3  +    δ m    3600   v   dv   dt   )  



(3)






   P 1  =  1   η t    (   mgf   3600    v m  +    C d  A   76140      v m   3  )  
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   P 2  =  1   η t    (    mgfcos α    3600    v +     mgisin α    3600    v +     C d  A   76140    v 3  )  
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(6)







Constraints:


Pm ≥ max{P1, P2, P3}



(7)







The peak torque Tm of the drive motor was calculated by Equations (8) and (9).


   T r  =      9550 P   r     N r     



(8)






   T m     = λ T   r   



(9)







Aiming at the problem that the single-motor drive system could not meet the continuous uphill slope in the cold mountainous area of the 2022 Beijing Winter Olympics, the manuscript adopted the dual-motor coaxial propulsion (DMCP) system because it had multiple working modes to adapt to the complex working environment, to meet the particular application scenarios of the 2022 Beijing Winter Olympics [32,33]. The system greatly simplifies uninterrupted gear shifting. The basic parameters of the drive motor are shown in Table 2, and the configuration of the DMCP system is shown in Figure 4, which was chiefly composed of a traction motor (TM) and an auxiliary motor (AM). To reduce the torsional vibration of the system, the motor power shaft and the system output shaft were arranged in the same straight line. In this way, it was similar to the traditional single-motor system, which ensured that there was no power interruption during the vehicle’s operation, especially during the shifting process.




2.1.2. FC System


The hydrogen FC system should meet the power demand of FCEVs at the expected speed. In this manuscript, the common speed of the intercity coach was 40–60 km/h, and the power output Pfc of the FC system was calculated by Equation (10).


   P  fc   =  1     3600 η    motor    η t   η  DC        mgfv +     C d  A   21  . 15     v 3       + P    aux    



(10)








2.1.3. Traction Battery System


The traction battery provided instantaneous power upon driving the vehicle, which played the role of “peak cut” to make the FC system work as stably and efficiently as possible and reduce the fluctuations of its power output. To meet the power requirement of the vehicle in real time, the hydrogen FC intercity coach should drive at least 100 km at the speed of 40 km/h under a pure electric state. At this time, the power output Pb of the traction battery was expressed in the following equation.


   P b  =  1     3600 η    motor    η t   η  bat        mgfv +     C d  A   21  . 15     v 3     



(11)







The energy required for the process, Eb:


   E b     = P   b  ·  t =     P b  · S  v   



(12)







The relationship between the power battery capacity C and the total electric energy consumption:


   C =       1000 E   b     U 0     



(13)










3. The Energy Management Strategy


3.1. Effective Working Range of the FC and Traction Battery


The efficient working range of the FC system and the traction battery SOC should be determined before formulating the EMS. For the FC system, the effective working interval was mainly evaluated according to its working efficiency, and the power efficiency curve of the selected FC system is shown in Figure 5a. For the traction battery, the practical working interval was determined to realize the purpose of shallow charge and shallow discharge as much as possible, to extend its service life. The voltage characteristic curve for a single battery is shown in Figure 5b, wherein the voltage axis represents an efficiency axis.



In Figure 5a, the FC maintained a high working efficiency in the range of 40–100 KW, and then decreased slowly. To ensure that the FC operated in the high-efficiency range as much as possible, the traction battery needed to realize the function of “cut the peak and fill the gap” when the demand power of the vehicle was higher than 100 KW or less than 40 KW. Figure 5b shows that the voltage maintains a stable output when the SOC of the traction battery was in the range of 40~80%. When the SOC of the traction battery was too high or too low, the voltage was too high or too low as well, which may affect the performance of the battery. In this manuscript, the expected value SOC of the traction battery was chosen as the average of 40% and 80%, that is, SOC* = 60%.




3.2. Control Method


According to the power mechanism of the vehicle shown in Figure 1, the FC system directly met the power demand of the drive motor as far as possible, according to the requested power that was sent to the drive motor by the whole vehicle. The traction battery mainly recovered the braking energy. What is more, when the FC system could not meet the power demand for the driving motor, the traction battery supplemented the energy for the requested power of the driving motor at this time. That is, the traction battery achieves the aim of “peak load shifting”. This power mechanism could reduce the power fluctuation of FCs and traction batteries, improve energy utilization, and extend the service life of power systems. The basic concept of optimized EMSs on the basis of fuzzy logic control is shown in Figure 6. Firstly, the required torque Tr of the whole vehicle was calculated and the power demand Pw of the whole vehicle was obtained from the torque and motor speed according to the selected operating conditions and vehicle speed. Then, the fuzzy logic controller adjusted the power output Pfc of the FC system according to the SOC of the traction battery and the real-time power demand Pd of the whole vehicle.



Fuzzy logic control included three main parts: input variable, fuzzy logic controller, and output variable. Its working principle is shown in Figure 7. The power difference ΔP, the SOC of the traction battery, and the motor speed n were selected as three inputs in the fuzzy logic controller. ΔP was the power difference between the vehicle’s power demand and the FC system’s requested power at the real-time speed. ΔP ∈ [−1, 1], SOC ∈ [0, 1], n ∈ [0, 1]. The membership function of ΔP was defined as more negative (MN), negative (N), ZERO, positive (P), or more positive (MP). The membership function of the SOC was defined as {lower, low, optimal, high, higher}. The membership function of n was defined as {low, high}. (2) Rule base: Table 3 shows the rule base of the fuzzy logic controller, which was a typical type of the A+B+C→D (if A, B, and C, then D) mode, where A denoted the fuzzy sets of n, B denoted the fuzzy sets of SOC, C denoted the fuzzy sets of ΔP, and D denoted the fuzzy sets of the power output Pfc of the FC system. (3) Fuzzy reasoning and anti-fuzzification: fuzzy logic calculation was performed using the Mamdani method. To ensure the control accuracy and calculation speed, the fuzzy controller always used the weighted average method for defuzzification, which was extensively applied in industrial control.





4. Experimental Results and Discussion


4.1. Normalized World Transient Vehicle Cycle


The actual intercity bus designed in this study is shown in Figure 8. Firstly, the speed curve of the vehicle was drawn according to 1800s World Transient Vehicle Cycle (C-WTVC) conditions, with the sampling time as 1s, as shown in Figure 9. Under this condition, the performance of the drive system, FC, and traction battery before and after the optimization of the EMS was compared. Then, the optimized EMS was used for actual operation on low-temperature mountain roads, and the relevant data on the vehicle’s climbing ability and hydrogen consumption economy were obtained.



4.1.1. Vehicle Power Demand


Compared with the driving motor power, the power load of other electrical equipment in the vehicle was relatively low. On the premise of not affecting the overall result, the driving motor power was used to represent the power demand of the vehicle by default in this manuscript. Based on this assumption, the vehicle economy of the optimized EMS and the original EMS was analyzed by contrast.



Figure 10 presents the real-time results of the required power of the vehicle. It is concluded that the proposed EMS improved the transmission efficiency of the drive system, thereby reducing the power demand of the drive motor and reducing the power fluctuation under the condition of guaranteeing required power during the vehicle’s operating modes. On the contrary, for the EMSs which are common in the current market, the power demand of the whole vehicle fluctuated sharply. This result reveals the efficiency of the optimized EMS.




4.1.2. Powertrain System Performance


During the operation of the hydrogen FC intercity coach, the traction battery was used as an auxiliary energy source, which was charged by the FC to offer energy for the whole vehicle, and recovered the braking energy when the vehicle was braking. Therefore, the charge and discharge performance of the traction battery was an essential aspect of the economic evaluation for the hydrogen FC intercity coach.



In Figure 11, the relationship of the SOC change of the traction battery with time is shown during the operation of the whole vehicle under C-WTVC conditions, when the initial SOC was 70%. For the original EMS shown in Figure 11, the traction battery was in a charging state for a long time under the condition of a high SOC, hardly participated in the energy distribution of the whole vehicle, and did not make full use of its high power density characteristics, even exceeding its optimal working efficiency range. Therefore, this strategy might easily lead to overcharging of the traction battery.



While in the optimized EMS, the traction battery actively undertook most of the vehicle’s power demand under the condition of a high SOC until its value recovered to about 60%, then the FC system started to generate electricity to supplement the vehicle’s power demand. It could be concluded that the traction battery played a function of supplementing differential energy and recovering braking energy in the optimized strategy. Moreover, it also shows that the strategies took full advantage of the operating characteristics of the two energy sources in a hydrogen fuel cell hybrid system.



Furthermore, for the EMS commonly used in the current market and the EMS proposed in this manuscript, the power output of the FC and traction battery with operating conditions under these two strategies were compared. According to the results in Figure 12, to meet the power performance requirements of the whole vehicle, with the release of battery energy, the SOC gradually decreased to a suitable value when the SOC was at a high level such as 70%, while the FC actively increased the power output according to the strategy. When the SOC of the traction battery reached the expected value, the FC began to provide most of the demand power for the entire vehicle. The traction battery fluctuated around the expected value to compensate for the rapidly changing demand of the instantaneous driving cycle. Thereby, the traction battery was overcharged under this strategy. However, although the SOC was still at a high level, the FC always had a high power output under the original EMS to achieve the power demand of the vehicle. Then, the FC system did not send a load shedding request, and the traction battery also did not start to stop continuous charging until the SOC approached 75%.



The corresponding power output and current curve of the traction battery under C-WTVC working conditions are shown in Figure 13. Under two different EMSs, the output power of the traction battery and the changing trend of current during charging and discharging were similar. However, in most cases, the optimized EMS effectively reduced the peak value and peak number of the power output of the traction battery, and reduced the charging and discharging times and current fluctuation range of the traction battery. In Figure 13c,d, it can be intuitively seen that the discharge peak of the battery current was reduced by 23.7% from 220.4 A to 168.1 A, and the charging peak was reduced by 44.7% from −298.3 A to −164.9A. In summary, the proposed strategy makes full use of the transient characteristics of the traction battery to play a “peak load shifting” role for the FC system, while the strategy applied in the current market had a serious hysteresis effect and could not fully utilize the operational characteristics of the two energy sources in high-efficiency synergy. What is worse, it was easy to cause the traction battery to explode and reduce the safety and economy of the vehicle due to overcharging when the vehicle was driving in harsh environments.



Furthermore, the output energy curves of the hydrogen FC and power traction under the C-WTVC conditions were analyzed, as shown in Figure 14. The traction battery initially released excessive power to provide the vehicle’s power demand under the optimized EMS. When the SOC reached the expected value, the energy output curve of the traction battery showed a declining trend, and the energy demand of the whole vehicle was mainly supplied by the hydrogen FC through an adaptive adjustment at this time. On the whole, the energy output curve of the FC had a high degree of coincidence with the demand energy curve of the vehicle, and the error part of the energy was provided by the traction battery. In addition, the energy curve of the traction battery fluctuated with a small amplitude near the zero reference line, which guaranteed that the SOC of the traction battery could be stabilized near the expected value and reduced the amount of charging and discharging of the traction battery. However, the traction battery continued to maintain the state of input energy when the initial SOC was 70% under the original EMS, resulting in the output energy provided by the FC always being higher than the actual energy demand for vehicle operation, which may cause the traction battery to explode due to excessive energy storage. The comparison between these two data groups showed that the optimized EMS proposed in the manuscript has successfully achieved the design goal.





4.2. Actual Road Conditions in the Extremely Cold Mountain Area


4.2.1. Application Scenarios


The 2022 Beijing Winter Olympics National Alpine Ski Center was located in a mountainous area with a complex and changeable climate. The temperature in winter was as low as minus 30 °C. In addition, mountain roads have many steep slopes and many turns, which posed a huge challenge to the operation of service vehicles. The operation conditions of the vehicle in the competition area are shown in Figure 15.




4.2.2. Climbing Performance


Based on the actual road conditions, the acceleration performance and hill climbing performance of the vehicle under full load were simulated and analyzed. For the traditional single-motor drive configuration, the vehicle was prone to power interruption during the acceleration process of 0–50 km/h. In this paper, the dual-motor coupling variable-speed drive configuration was adopted. It can be seen from the speed change curve shown in Figure 16 that the vehicle does not experience power interruption during the acceleration process of 0–50 km/h, delivering excellent driving performance, which fully meets the high-sloped mountain operating environment.




4.2.3. Hydrogen Consumption


The hydrogen consumption of the whole vehicle during the actual road conditions is shown in Figure 17. Compared with the un-optimized EMS, the hydrogen consumption was significantly reduced under the optimized EMS, which benefited from the optimized fuzzy logic control strategy. The traction battery provided most of the demand power of the vehicle when the SOC value was high, until it dropped to the expected SOC value, at which time the requested power was supplied by the FC system. The vehicle’s hydrogen consumption per 100 km was 4.48 kg under the optimized EMS. For the original EMS, despite the high SOC value, the traction battery still executed the charging command. Accordingly, the FC needed to increase the load to ensure the operation of the vehicle demand and the charging of the traction battery. Therefore, the hydrogen consumption per 100 km was 5.65 kg at this time. In summary, the optimized EMS can improve the energy transfer efficiency of the vehicle compared with the original EMS, and increase the economic benefit of hydrogen consumption by 20.7%.






5. Conclusions


In this manuscript, an approach to the powertrain system design of the PEMFC battery HEV was presented, and an optimized EMS for the FC intercity coach on the basis of the fuzzy logic control approach was optimized simultaneously. With the presented method, the optimal dimensions of the core components and the optimal control parameters for the operation of the powertrain were determined. To develop the performance and durability for the FC intercity coach, the suggested EMS allows the FC to operate efficiently to the maximum extent, consequently limiting the power output dynamics of the FC and saving hydrogen consumption.



Furthermore, the optimized EMS could effectively cut down the usage of traction batteries and reduce the variation of the DC bus voltage. Then, it could more actively ensure that the SOC of the traction battery was guaranteed at around 60% during the regular FC intercity coach operation. The results of the above comprehensive optimization represent a balanced method with an extended PEMFC and traction battery lifetime. Furthermore, the FCEV applied in the cold mountainous area had completed the performance test of the low-temperature and complex slope road conditions, and the power performance of the vehicle, the driving performance, and the hydrogen consumption economy were investigated. The results show that the developed vehicle can achieve an excellent driving performance with no power interruption during the acceleration process with the dual-drive coupled power system. At the same time, the hydrogen fuel consumption per 100 km was reduced by 20.7%, from 5.65 kg to 4.48 kg. In conclusion, the practical approach for EMS optimizations proposed in this study might lay the foundation for commercialization and broad application of the highly energy-efficient technology for FC intercity coaches. Furthermore, in addition to meeting the rapid response of power required, the control target of the vehicle’s FC system must also consider the impact of the control strategy on the durability of the FC, which is also the development direction of further breakthroughs in the future. It is expected that the product performance of the fuel cell system will be significantly improved after several rounds of technical iteration.
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Nomenclature




	v
	Velocity



	n
	Speed



	r
	Wheel rolling radius



	Pm
	Peak power



	Nm
	Maximum rotational speed



	Nr
	Rated rotation speed



	g
	Gravity acceleration



	A
	Windward vehicle area, m2



	ηt
	Total mechanical transmission efficiency



	Paux
	Power consumption of the whole vehicle auxiliary electrical equipment



	β
	Expand the constant power region coefficient



	Pr
	Power rating



	Tm
	Peak torque



	Tr
	Nominal torque



	λ
	Motor overload coefficient



	ηDC
	Working efficiency of DC/DC



	U0
	Power battery rated voltage



	ηmotor
	Efficiency of motor and inverter



	S
	Range, 100 km



	m
	Maximum total mass of the vehicle



	δ
	Rotation mass conversion coefficient



	ηbat
	Efficiency of traction battery discharge
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Figure 1. The architecture of the power system for an FCEV. 
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Figure 2. Flowchart of FC powertrain system matching. 
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Figure 3. Scheme of vehicle longitudinal dynamic. 
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Figure 4. Scheme of the drive system and efficiency diagram of the motor. 
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Figure 5. Performance of optional FC system and traction battery. (a) Power efficiency curve of the FC. (b) Voltage characteristic curve of a single battery. 
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Figure 6. The basic concept of the optimized EMS based on fuzzy logic control. 
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Figure 7. Schematic diagram of the FC fuzzy logic controller. 
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Figure 8. The actual intercity coach designed in the study. 
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Figure 9. C-WTVC driving conditions. 
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Figure 10. Power demand of the vehicle. 
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Figure 11. SOC change of the traction battery. 
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Figure 12. The power output of the FC. 
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Figure 13. Traction battery output characteristics. 
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Figure 14. Output energy curve. (a) Original strategy. (b) Optimized strategy. 
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Figure 15. Application scenario. 
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Figure 16. The grade ability of the vehicle under full load. 
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Figure 17. Hydrogen consumption. 
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Table 1. Parameters and performance indexes of the FCEV.
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	Parameter
	Symbol
	Value





	Maximum gross mass
	m
	16,400 kg



	Tire size
	
	11R22.5



	Drag coefficient
	Cd
	0.52



	Rolling friction coefficient
	f
	0.008



	Maximum speed
	vmax
	120 km/h



	Acceleration time from 0 to 50 km/h
	t
	15 s



	Maximum grade ability
	α
	20%



	Starting temperature
	T
	−25–40 °C



	Driving Range
	
	500 km



	Hydrogen consumption per hundred kilometers
	
	7 kg
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Table 2. Basic parameters of the drive motor.
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	Parameters
	Value





	Peak torque of traction motor
	1084.82 Nm



	Peak torque of auxiliary motor
	856.09 Nm



	Peak power of traction motor
	147.93 KW



	Peak power of auxiliary motor
	116.74 KW



	Efficiency
	84%
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Table 3. Fuzzy logic control rules.
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Fuzzy Control Rules for Low Motor Speed




	
Pfc

	
SOC State




	
Lower

	
Low

	
Optimal

	
High

	
Higher






	
ΔP

	
MN

	
optimal

	
optimal

	
smaller

	
smaller

	
smaller




	
N

	
big

	
optimal

	
small

	
small

	
small




	
ZERO

	
bigger

	
big

	
optimal

	
optimal

	
optimal




	
P

	
bigger

	
bigger

	
big

	
big

	
optimal




	
MP

	
bigger

	
bigger

	
bigger

	
big

	
big




	
Fuzzy control rules for high motor speed




	
ΔP

	
MN

	
optimal

	
optimal

	
smaller

	
smaller

	
smaller




	
N

	
big

	
optimal

	
small

	
small

	
small




	
ZERO

	
bigger

	
big

	
optimal

	
optimal

	
optimal




	
P

	
bigger

	
big

	
big

	
optimal

	
optimal




	
MP

	
bigger

	
bigger

	
bigger

	
big

	
optimal
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