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Abstract

:

The thermal decay of the brake has a great impact on the long downhill braking stability of pure electric commercial vehicles. Based on the road slope and using the fuzzy control method, the motor regenerative braking force and friction braking force distribution strategies were designed to reduce the friction braking force, improve the braking stability and recover the braking energy. By establishing road driving conditions with different slopes, numerical analysis methods are used to verify the proposed control strategy. The results show that the vehicle maintains a constant speed downhill at 30 km/h under the condition of 6% constant slope driving, and the braking energy recovery rate reaches 50.93% under 60% initial battery SOC, 50.89% under 70% initial battery SOC, and 50.81% under 80% initial battery SOC. The speed of the vehicle fluctuates slightly under the driving condition of an 18 km long variable slope distance, but the power torque of the electric mechanism can still be maintained at a constant speed of 30 km/h by adjusting the electric mechanism, and the braking energy recovery rate reaches 49.96%. During the downhill driving at a constant speed, the friction braking force does not participate in braking, and the recuperation rate of braking is determined by the slope and the magnitude of braking deceleration.
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1. Introduction


Nowadays, the development trend of new energy vehicles is rapid, and pure electric commercial vehicles have attracted much attention in terms of energy saving, environmental protection and economy. With the continuous development of electric motor technology, the speed and torque that can be provided by automotive electric motors are also increasing, which enables the electric motor to provide continuous braking for a long period of time when the commercial vehicle is driving downhill for a long period of time so that the friction braking force can be reduced, the brake thermal degradation can be reduced and the braking energy can be recovered, which improves the energy utilization rate [1].



The braking energy recovery rate is mainly determined by the driving conditions of the vehicle and the energy recovery control strategy. Control strategies can be formulated based on different driving conditions of the vehicle to distribute the frictional braking force of the front and rear axles and the regenerative braking force of the motor in order to improve the braking energy recovery rate. Chenghu Ni et al. [2] proposed to use the drive motor back-dragging torque as the auxiliary braking torque when the vehicle is traveling long downhill and verified the feasibility through a dynamic model. Haichao Lan et al. [3] proposed a dynamic planning-based joint braking control strategy for long downhill driving of electric commercial vehicles using a hierarchical control method for the braking force to effectively reduce the braking load to be borne by the brake. Jiujian Chang et al. [4] proposed an EMB-based braking energy recovery control strategy for pure electric vehicles to maximize the recovery of braking energy and effectively improve the braking energy recovery rate. Peilong Shi et al. [5] proposed a method for constructing and recognizing the long downhill braking conditions of heavy-duty trucks, which provides a basis for the continuous braking system to intervene or withdraw from the active control, and the results show that it is able to effectively identify the braking status of the vehicle. Takuya Yabe et al. [6] established a simulation model of the whole vehicle based on Matlab/Simulink to clarify the influence of motor capacity and battery current on the regeneration energy. By connecting the speed difference between the vehicle and the motor, it is assumed that in the ideal condition, the lateral motion of the vehicle is not considered, and the variable transmission ratio is selected to optimize the braking energy recovery rate of the vehicle. In the study of Wei Zhang et al. [7], based on Matlab/Simulink and ADVISOR, the vehicle model is established, and the regenerative braking priority control strategy is adopted to distribute the axle load and braking force on the uphill and downhill road slope to maximize the recovery of braking energy. In the study of Zhe Li et al. [8], based on the driver’s braking intention, the braking mode is determined by fuzzy theory and logical threshold method, and the braking energy is recovered by fuzzy control rules with road slope, braking intensity and speed as input parameters and braking force proportional coefficient as output parameters. Longlong Wei et al. [9] proposed a brake power distribution control strategy for front and rear wheels based on braking intent recognition, which takes the effect of retarder on brake power distribution into account and maximizes the braking energy recovery.



In the above studies, there is a lack of research for rear-axle drive, continuous braking by electric motors and between friction braking. Most of the traditional commercial vehicles need to be equipped with retarders to provide auxiliary braking and absorb part of the kinetic energy of the vehicle when traveling downhill. In contrast, pure electric commercial vehicles are themselves driven by electric motors, which directly provide auxiliary braking to avoid the need for retarders that can reduce the vehicle’s own mass and recover braking energy. While the electric motor acts as an auxiliary braking device, the friction braking force of the front and rear axles of the vehicle is distributed in a variable ratio to make it close to the ideal braking force distribution curve, which can improve the braking efficiency compared with the traditional fixed-ratio distribution method. In this paper, a brake force distribution control strategy based on the rear-axle-drive vehicle is proposed, which divides the long downhill braking into two processes,: firstly, the vehicle decelerates to the long downhill constant driving speed in the shortest possible time, and then the electric motor provides the main braking force, and the friction brake provides the residual braking force, which then controls the vehicle to go downhill at a constant speed.




2. Long Downhill Braking Control Strategy


This paper focuses on the study of continuous braking for long downhill driving of pure electric commercial vehicles, where the main braking force is provided by the electric motor and the overall control strategy of long downhill braking is proposed with the main purpose of reducing the friction braking force [10], as shown in Figure 1. The overall strategy is divided into three parts: braking force calculation, braking force distribution and actuation control.




	(1)

	
Braking force calculation: Referring to the vehicle dynamics model, calculate the required braking force of the entire vehicle based on the road slope I;




	(2)

	
Braking force distribution: A fuzzy controller is established by taking the braking strength z, vehicle speed v and the state of charge (SOC) of the battery as inputs, and the proportion of regenerative braking force of the motor to the required braking force of the entire vehicle k as output, and the remaining required braking force is distributed to the front and rear axles;




	(3)

	
The regenerative braking force and friction braking force of the motor are input into the established model, and the control strategy is verified by joint simulation using Simulink and Cruise(R2019.2) software.









2.1. Vehicle Demand Braking Force


When driving downhill for a long time, the vehicle is mainly subjected to slope force, frictional resistance, air resistance and inertial force [11]. Therefore, the required braking force for the entire vehicle is as follows:


   F  request   =  F i  −  F f  −  F w  +  F j   



(1)







In the formula, Frequest is the required braking force for the entire vehicle; Fi is the slope force; Ff is the frictional resistance; Fw is the air resistance; and Fj is the inertial force.




2.2. Fuzzy Control


The continuous braking of pure electric commercial vehicles on long downhill slopes studied in this article is a nonlinear relationship between the regenerative braking force provided by the motor and the frictional braking force working together. Fuzzy control is used to control nonlinear systems through existing experience and knowledge, without the need to know the specific structure and mathematical model of the controlled object [12]. Therefore, fuzzy control is considered. A fuzzy controller is established with braking strength z, vehicle speed v, and battery SOC as inputs and the proportion of regenerative braking force of the motor to the required braking force of the entire vehicle k as output.



The fuzzy subset of braking strength z is {L, M, H}, and the domain is [0, 1]. The fuzzy subset of vehicle speed v is {L, M, H}, with a domain of [0, 100]. The fuzzy subset of battery SOC is {L, M, H}, with a domain of [0, 1]. The fuzzy subset of the proportional coefficient k for the regenerative braking force of the motor is {LL, L, M, H, HH}, and the domain is [0, 1]. The membership functions of braking strength z, vehicle speed v, battery SOC and motor regenerative braking force ratio coefficient k are shown in Figure 2. Based on a large number of experiments and theoretical analysis, fuzzy control rules have been formulated as shown in Table 1.




2.3. Calculation of Regenerative Braking Force for Motor


A synchronous motor has four-quadrant operating characteristics, can work as a generator when the vehicle braking, and its external characteristic curve is similar to the motor [13]. When the motor operating speed is lower than the rated speed is, the motor operating power is lower than the rated power motor regenerative braking torque determined by the rated torque of the motor, and when the motor operating speed is higher than the rated speed, the motor regenerative braking torque is determined by the rated power of the motor. From this, the mathematical model of motor regenerative braking force can be derived as follows:


   F e  =        T e   i 0   η t   r  , 0 < n <  n e        9550  P e   i 0   η t    n r   , n ≥  n e       



(2)







In the formula, Fe is the regenerative braking torque provided by the motor; Te is the rated torque of the motor; i0 is the transmission ratio; ηt is the transmission efficiency; r is the radius of the wheel; Pe is the rated power of the motor; n is the motor speed, and ne is the rated motor speed.




2.4. Remaining Demand Braking Force Distribution


When the vehicle brakes on a long downhill slope, the motor bears the main braking force. When the required braking force of the entire vehicle is higher than the maximum braking force that the motor can provide, the remaining required braking force is provided by the friction braking force of the front and rear axles [14].



If the vehicle demand braking force is all provided by the friction braking force, at this time the vehicle overall force shown in Figure 3.



If the front- and rear-axle wheels are locked at the same time, the ground normal reaction forces Fz1 and Fz2 on the front and rear axles are as follows:


       F   z 1    =   G [ b cos α   +    h g  ( z   +   sin α ) ]  L       F   z 2    =   G [ a cos α   −    h g  ( z   +   sin α ) ]  L       



(3)







The front- and rear-axle braking forces of the vehicle at this point on a long downhill road with any coefficient of adhesion are the following:


       F   x 1    = φ  F   z 1         F   x 2    = φ  F   z 2         F   x 1    +  F   x 2    = G φ cos α      



(4)







In the formula, Fz1 is the front normal reaction force; Fz2 is the rear normal reaction force; Fx1 is the front-axle friction braking force; Fx2 is the rear-axle friction braking force; Hg is the height of the car’s center of mass; L is the distance from the front axle to the rear axle; a is the distance from the front axle to the center of mass; b is the distance from the rear axle to the center of mass; G is the vehicle’s gravity; α is the slope angle of the road; and φ is the coefficient of adhesion on the road surface.



According to Equations (3) and (4), the distribution curves of front and rear axle friction braking force are drawn as shown in Figure 4.


       F   x 1    = z  F   z 1    =   G z [ b cos α   +    h g  ( z   +   sin α ) ]  L       F   x 2    = z  F   z 2    =   G z [ a cos α   −    h g  ( z   +   sin α ) ]  L       



(5)







The braking strength of point A on the I curve is z = 0.22. According to Equation (5), the coordinates of point A are (Fx1A, Fx2A), and the slope of the OA line segment is KOA = Fx2A/Fx1A. Therefore, the distribution of frictional braking force on the OA line segment is as follows:


       F   x 1    =   G z cos α   1   +    K  OA          F   x 2    = G z cos α   −    F   x 1         



(6)







The braking strength of point B is z = 0.53. Similarly, according to Equation (5), the coordinates of point B are (Fx1B, Fx2B), and the slope of line segment AB is KAB = (Fx2B − Fx2A)/(Fx1B − Fx1A). Therefore, the distribution of frictional braking force on line segment AB is the following:


       F   x 1    =   G z cos α   1   +    K  AB     +    K  AB    F  x 1 A     −    F   x 2 A      1   +    K  AB          F   x 2    = G z cos α −  F   x 1         



(7)







Point C is located at the β line, the braking strength z = 0.7 satisfies the following relationship:


         F   x 2       F   x 1      =   1   −   β  β       F   x 1    +  F   x 2    = G z cos α      



(8)







In the formula, β is the distribution coefficient of friction braking force for the front and rear axles.



According to Equation (8), the coordinates of point C are (Fx1C, Fx2C), and the slope of the BC line segment is KBC = (Fx2C − Fx2B)/(Fx1C − Fx1B). Therefore, the distribution of frictional braking force on the BC line segment is as follows:


       F   x 1    =   G z cos α   1   +    K  BC     +    K  BC    F   x 1 B      −    F   x 2 B      1   +    K  BC          F   x 2    = G z cos α −  F   x 1         



(9)







When the braking strength is z > 0.7, it belongs to emergency braking and exits the braking energy recovery mode. In order to distribute the braking force quickly and accurately to the front and rear axles, it is necessary to follow the β Line allocation:


       F   x 1    = G z β cos α      F   x 2    = G z cos α −  F   x 1         



(10)








2.5. Execution Control Constraint


In order to improve the service life of the vehicle’s power battery, when the SOC of the battery is higher than 90%, it exits the regenerative braking mode, switches to friction braking and provides all the braking power [15].



When the vehicle speed is very low, the speed of the motor is also very low, and the charging current generated is very small, which is not enough to charge the battery effectively. So in order to stop the vehicle as soon as possible, when the vehicle speed is lower than 5 km/h, it exits the regenerative braking mode and switches to friction braking and provides all the braking force [16].





3. Establish Control Strategies and Vehicle Models


In order to verify the feasibility of the proposed control strategy and the effect of braking energy recovery, a pure electric commercial vehicle was selected [17], and the parameters of the whole vehicle are shown in Table 2. Utilize MATLAB/Simulink to build a control strategy model, as shown in Figure 5, use Cruise (R2019.2) software to build a vehicle model, use the General Map module in Cruise (R2019.2) software to set the slope of different driving sections and compile and generate DLL files written in Simulink and embed them in the vehicle model, as shown in Figure 6.




4. Results and Discussion


4.1. Analysis of Driving Conditions and Results of Fixed Slope and Long Downhill Driving


According to the requirements of the commercial vehicle braking test in GB12676-2014, the initial speed of the vehicle on a long downhill is 60 km/h, the constant speed of a long downhill is 30 km/h, the road slope is 6%, and the driving distance is 6 km. Because the different SOC values of the battery have different effects on energy recovery, the road slope and driving distance are kept unchanged, and the initial SOC values of the power battery are set to 60%, 70% and 80%, respectively. The test results are shown in Figure 7, Figure 8 and Figure 9.



As can be seen from Figure 7, when the vehicle enters the long downhill driving, the vehicle speed is reduced from 60 km/h to 30 km/h within 200 m, and then the motor regenerative braking force provides all the braking force, maintains the constant speed of the vehicle at 30 km/h and completes the long downhill driving condition of 6 km.



As can be seen from Figure 8, during the period when the vehicle speed is reduced from 60 km/h to 30 km/h, the vehicle has deceleration, the motor provides a larger regenerative braking torque, the battery SOC rises rapidly, the motor regenerative braking torque tends to be stable after the vehicle speed is stable, and the battery SOC basically rises linearly steadily, from the initial 60% to 63.3%, from the initial 70% to 73.15% and from the initial 80% to 82.98%. When the initial value of battery SOC is 60%, the braking energy recovery rate reaches 50.93%, when the initial value of battery SOC is 70%, the braking energy recovery rate reaches 50.89%, and when the initial value of battery SOC is 80%, the braking energy recovery rate reaches 50.81%. With the increase in the initial SOC value of the battery, the braking energy recovery rate decreases because when the battery SOC value is high, the charging rate will decrease when the battery SOC value is lower. As a result, the recuperation rate of braking energy is reduced.



In the process of downhill driving at a constant speed of 30 km/h, the frictional braking torque is always zero, and the data of the first 500 m driving distance are selected in Figure 9 to plot the change of frictional braking torque. At the beginning of the test, as the driver presses the brake pedal, the friction braking torque and the motor regeneration braking torque rise rapidly, as the vehicle speed decreases, the driver relaxes the brake pedal, the friction braking torque gradually decreases to zero, and no longer participates in braking, and the motor bears all the braking torque at the same time.




4.2. Analysis of Driving Conditions and Results of Variable Slope and Long Downhill Driving


The 18 km long road in the 122 km~140 km mileage section of National Highway 318 was selected as the test road condition, and the 2% downhill distance in the road section was 3 km, the 3% downhill distance was 4 km, the 4% downhill distance was 3 km, the 5% downhill distance was 3 km, the 6% downhill distance was 2 km, the 2% uphill distance was 2 km, and the 3% uphill distance was 1 km. The road slope information is shown in Figure 10. The initial speed of the vehicle is set to 60 km/h, and the initial SOC value of the power battery is set to 60% [18]. Test results are shown in Figure 11, Figure 12 and Figure 13.



As can be seen in Figure 11, when the vehicle enters a long downhill drive, the vehicle speed is still reduced from 60 km/h to 30 km/h within 200 m. Since the gradient of the beginning section of the road is 3%, the motor provides a small regenerative braking torque to keep the vehicle driving at 30 km/h. When the vehicle enters different gradient sections, the speed of the vehicle fluctuates slightly because the regenerative braking torque of the motor cannot be increased or decreased instantaneously. At the same time, the regenerative braking torque of the motor is also adjusted accordingly with the change of the road gradient, which can keep the vehicle traveling downhill at a constant speed of 30 km/h.



As can be seen in Figure 12, the first 6 km are all downhill sections, and after the vehicle speed is stabilized, the battery SOC are all basically rising at a uniform rate. When driving into the uphill section, the motor drives the vehicle in order to enter the downhill section again, without friction braking to reduce the vehicle speed and still maintaining the speed of 30 km/h driving, which can reduce energy consumption. When the vehicle is traveling on the same slope section, the regenerative braking torque provided by the motor is basically equal. The growth rate of the battery SOC is determined by the road gradient and the size of the regenerative braking torque; when the road gradient is larger, the motor needs to provide a larger torque, and the growth rate of the battery SOC is also increased. When the road gradient is small, the motor only needs to provide a smaller torque, and the growth rate of the battery SOC decreases. After the vehicle has traveled the 18 km section, the battery SOC value increases from 60% to 63.75%, and the braking energy recovery rate reaches 49.96%.



As can be seen from Figure 13, the friction braking torque and the regenerative braking torque provided by the motor are smaller than those in Figure 9 because the gradient of the road that the vehicle starts to enter are smaller, so the ramp force to which the vehicle is subjected decreases, the braking torque demanded by the whole vehicle decreases, and the deceleration distance required decreases accordingly, but the overall trend of change in braking force remains unchanged.





5. Conclusions


When pure electric commercial vehicles brake on long downhill slopes, the braking load rapidly increases, and the brakes are prone to thermal degradation. Based on the braking strength and the fuzzy control method, a braking force distribution strategy is designed. The following conclusions are drawn from the results of the long downhill driving condition:




	(1)

	
Under the condition of constant slope driving, the motor provides continuous braking so that the vehicle can maintain a constant speed of 30 km/h downhill driving, and the braking energy recovery rate reaches 50.93% under the initial 60% battery SOC. The braking energy recovery rate reaches 50.89% under the initial 70% battery SOC, and the braking energy recovery rate reaches 50.81% under the initial 80% battery SOC. It is concluded that when the battery SOC reaches 80%, the braking energy recovery rate will decrease, and in order to improve the battery service life, the braking energy recovery will be stopped when the battery SOC reaches 90%;




	(2)

	
Under the condition of variable slope driving, the motor regenerative braking torque is determined by the size of the road slope: when the slope changes, the regenerative braking torque decreases, and the braking energy recovery speed decreases. When the slope increases, the regenerative braking torque increases, and the braking energy recovery speed increases. At the same time, after adjusting the power torque of the electric mechanism, the vehicle can still be kept at a constant speed of 30 km/h, and the braking energy recovery rate reaches 49.96%;




	(3)

	
When the vehicle is kept at a constant driving speed of 30 km/h, the friction braking force is no longer involved in braking, which can effectively prevent the brake from generating thermal degradation phenomenon and improve the braking stability of the vehicle;




	(4)

	
The continuous braking joint control strategy for pure electric commercial vehicles mentioned in the introduction mainly utilizes the electric motor to take part of the auxiliary braking to reduce the temperature of the retarder, and the main continuous braking part is still provided by the retarder. Compared with this paper, it is more complicated in structure and the braking energy recovery rate is not very high. The use of motor anti-drag characteristics for sustained braking is theoretically possible; there are authors using simulation to verify this, but in the case of high battery SOC for sustained braking is still lacking. In order to avoid overcharging the battery and still need the motor for sustained braking, the vehicle will inevitably need to be retrofitted with other energy storage devices or direct energy directly provided to the vehicle’s horn, air conditioning and other equipment.
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Figure 1. Long downhill braking control strategy. 
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Figure 2. (a) The membership functions of braking strength z; (b) the membership functions of vehicle speed v; (c) the membership functions of battery SOC; (d) the membership functions of motor regenerative braking force ratio coefficient k. 
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Figure 3. Analysis of vehicle downhill braking forces. 
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Figure 4. Front- and rear-axle friction braking force distribution curve. 
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Figure 5. Control strategy model. 
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Figure 6. Vehicle model. 
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Figure 7. Vehicle speed and motor regenerative braking torque under constant gradient conditions. 
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Figure 8. Battery SOC and motor regenerative braking torque under constant gradient conditions. 
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Figure 9. Front- and rear-axle friction braking torque and motor regenerative braking torque under constant gradient conditions. 
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Figure 10. Road slope. 
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Figure 11. Vehicle speed and motor regenerative braking torque under variable gradient conditions. 
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Figure 12. Battery SOC and motor regenerative braking torque under variable gradient conditions. 
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Figure 13. Front- and rear-axle friction braking torque and motor regenerative braking torque under variable gradient conditions. 
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Table 1. Fuzzy control rules.
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	Number
	z
	v
	SOC
	k





	1
	L
	L
	L
	HH



	2
	M
	L
	L
	H



	3
	H
	L
	L
	M



	4
	L
	M
	L
	H



	5
	M
	M
	L
	M



	6
	H
	M
	L
	L



	7
	L
	H
	L
	M



	8
	M
	H
	L
	L



	9
	H
	H
	L
	LL



	10
	L
	L
	M
	HH



	11
	M
	L
	M
	H



	12
	H
	L
	M
	M



	13
	L
	M
	M
	H



	14
	M
	M
	M
	M



	15
	H
	M
	M
	L
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Table 2. Vehicle parameters.






Table 2. Vehicle parameters.





	Parameter
	Value
	Parameter
	Value





	Vehicle curb weight m/t
	3.05
	Rolling resistance coefficient f
	0.08



	Vehicle full weight m1/t
	6.15
	Main reducer reduction ratio i0
	7.05



	Vehicle test mass m2/t
	4.05
	transmission efficiency ηt
	0.95



	Wheelbase L/m
	4.96
	Motor peak power pm/kw
	320



	Distance from front axle to center of mass a/m
	2.05
	Motor peak torque Tm/N·m
	500



	Distance from rear axle to center of mass b/m
	2.91
	Rated power of motor pe/kw
	250



	Centroid height hg/m
	0.94
	Rated torque of motor Te/N·m
	420



	Windward area A/m2
	5.3
	Maximum battery voltage U/V
	480



	Drag coefficient CD
	0.67
	Minimum battery voltage U/V
	400



	Wheel radius r/mm
	515
	Number of battery packs
	8
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