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Abstract

:

When the pure electric mining dump truck is working, it mainly ascends the slope at full load and descends the slope at no load. The loading state of the vehicle and the slope of the road will directly affect its axle load distribution and braking force distribution. In this paper, the slope dynamics analysis of the pure electric double-axle four-wheel drive mining dump truck was carried out. Based on the regenerative braking priority strategy, four regenerative braking control methods were developed based on the Matlab/Simulink platform and ADVISOR 2002 vehicle simulation software to study the ability of regenerative braking energy recovery and its impact on vehicle economic performance. The simulation results show that the regenerative braking priority control strategy used can maximize the regenerative braking force of the vehicle; the regenerative energy recovery capability of pure electric mining dump truck is proportional to the regenerative braking force that can be provided during braking; the two-axis braking strategy based on the I curve and the β line can make full use of the front and rear axle regenerative braking force when the braking intensity is large, and recover more braking energy; under road drive cycle, the single-axis braking force required to the braking strategy based on the maximized front axle braking force is the largest among all strategies, the motor braking efficiency is the highest, and the recovered braking energy is the most. For the studied drive cycle, the regenerative braking technology can reduce the vehicle energy consumption by 1.06%–1.56%. If appropriate measures are taken to improve the road surface condition and reduce the rolling resistance coefficient from f = 0.04 to f = 0.02, the regenerative braking technology can further reduce the vehicle energy consumption to 4.76%–5.73%. The economic performance of the vehicle is improved compared to no regenerative braking. In addition, the vehicle loading state and the driving motor working efficiency also directly affect the regenerative braking energy recovery capability of the pure electric mining truck.
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1. Introduction


Pure electric mining dump truck (pure electric mining truck) is fully driven by electricity which is supplied by on-board batteries or power wiring. It does not need to burn diesel oil, and can recover regenerative braking energy when braking with high efficiency and no pollution. The traditional electric wheel mining dump truck adopts diesel-electric drive technology. When driving, the chemical energy is converted into mechanical energy by the diesel engine to drive the generator to generate electric energy to be transmitted to the motor to drive the wheels to rotate. When braking, the vehicle kinetic energy is transmitted from the wheel to the motor. The electric motor acts as a generator to convert the braking energy into electrical energy and then it is converted to heat by the braking resistor [1]. Regenerative braking is an important feature of pure electric mining trucks that distinguish traditional mining trucks. When braking, the drive motor is switched to the power generation state to generate the braking torque. The vehicle kinetic energy is recovered and stored in the vehicle energy system, which has a significant effect on improving the driving range and economic performance of the vehicle [2].



There are many studies on regenerative braking of pure electric vehicles [3,4,5,6,7,8,9,10,11,12,13], hybrid vehicles [14,15], electric buses [16,17] or electric light trucks [18]. However, there are few studies on regenerative braking of pure electric mining dump trucks. The existing literatures basically take a single-axis driven vehicle as the research object [3,4,5,6,7,8,9,10,14,15], and analyzes it based on the horizontal road driving mechanics model [3,5,6,7], ignoring the vehicle wind resistance, rolling resistance and slope resistance during driving. These resistances, especially the rolling resistance and slope resistance, are often not negligible for large-load mining dump trucks. In this paper, a self-weight 45 t with full load 100 t pure electric double-axle four-wheel drive mining dump truck is taken as the research object. Through the vehicle slope dynamics analysis, the front and rear axle load and braking force distribution models are established. The regenerative braking priority control strategy is adopted to establish four regenerative braking strategies: Based on vehicle speed, I-curve, β-line and front axle braking force maximization. The characteristics of regenerative energy recovery storage control are studied on the Matlab/Simulink platform combined with the vehicle simulation software ADVISOR 2002.




2. Principle Analysis of Regenerative Braking Control System


In order to ensure the stability and safety of the brake, the pure electric mining truck brake control system studied in this paper keeps the mechanical brake system [19] and adds the regenerative brake system on the front and rear axles, as shown in Figure 1. During braking, the brake ECU calculates the braking force demand according to the brake pedal signal and transmits it to the vehicle ECU. The vehicle ECU performs regenerative brake through the motor ECU, and feedbacks the regenerative braking force to the brake ECU. The brake ECU compares the required braking force with the regenerative braking force, determines the magnitude of the friction braking force, and adjusts the hydraulic pressure to achieve compound braking of regenerative braking and friction braking.




3. System Model and Control Strategy


3.1. Drive Motor, Battery and Regenerative Braking Force Model


The drive motor and battery parameters directly determine the vehicle’s regenerative braking force and regenerative energy recovery and storage capacity [20].



3.1.1. Drive Motor Mechanics Model


The maximum torque that the motor can provide at a certain speed is determined by the external characteristics of the motor. The rated power of the motor and the base speed of the motor determine the power characteristics of the motor. In this paper, the permanent magnet synchronous motor is used, the maximum speed is 3600 r/min, and the torque-speed relationship curve is shown in Figure 2. The positive part of the torque indicates the drive, and the negative part indicates the brake.



When the motor is working, whether it is in driving or braking operation, there will be power loss due to iron loss, copper loss and friction loss. This loss can be measured on the motor test bench. The specific method is to let the motor run stably at a certain angular velocity and torque, and measure the power of the motor, so that the relationship between the motor efficiency and the angular velocity and torque of the motor can be obtained, as shown in Figure 2.



When the motor speed is lower than the base speed ωb, the constant torque is maintained, and the power is proportional to the speed; when the motor speed is above the base speed, the constant power is maintained, and the output torque decreases as the speed increases:


Tmmax={(1)TN ωm≤ωb(2)PNωm  ωm>ωb 








where Tmmax is the maximum torque that the motor can provide; TN=2500N·m is the rated torque of the motor; PN200kW is the rated power of the motor; ωm is the angular velocity.



From Figure 2, we can clearly see that when the motor rotates at a certain speed, whether it is the driving state or the braking state, when the motor torque is too small, and the motor operating point will fall in the low efficiency region of the figure. At this time, the motor efficiency is low.




3.1.2. Battery Model


Lithium batteries are currently the most mature energy devices available for pure electric vehicles. The truck uses a large-capacity lithium iron phosphate battery (LiFePO4), rated voltage 2.7 V, AC internal resistance ≤ 0.7 mΩ, capacity 100 Ah, weight 3.15 ± 0.1 Kg. Figure 3 shows its internal resistance model.



During regenerative braking, the relationship between battery charging power Pbreg, motor charging power Pmreg, battery charging current I, battery resistance Rint, and vehicle accessory power Pacc is:


Pbreg=Pmreg−I2Rint−Pacc



(3)







In the above formula, the power generated by the motor should be less than the sum of the allowable charging power of the battery and the power loss of all accessories and circuit lines. When the battery is fully charged, if the output power is negative (charging), limit the battery charging power to zero, do not charge the battery. The vehicle brake is realized by mechanical braking or energy consumption braking.




3.1.3. Regenerative Braking Force Model


When the vehicle brake speed is low or the wheel is locked, the motor has a small electromotive force due to the low motor speed, which is insufficient to charge the battery. In order to prevent the back electromotive force from being too small at low speeds to provide sufficient regenerative braking force, mechanical friction braking should be used. Therefore, for reliable braking, the speed influence factor Kωm [21] is introduced. At the same time, in order to prevent overcharging of the battery, it is necessary to consider the influence of the battery SOC. This paper assumes that the maximum allowable charging power and charging current of the battery can meet the actual generating current and generating power of the motor. The regenerative braking torque that the motor can generate during regenerative braking is:


Tmreg_avail=TmmaxKωm



(4)




where Tmreg_avail is the braking torque that the motor can provide, the regenerative braking force that the motor can provide at the axle is:


Fmreg_avail=Tmreg_avail·i0·igηt·r



(5)




where Fmreg_avail is the axle braking force that the motor can provide; i0 is the main reducer ratio; ig is the transmission ratio; ηt is the transmission system efficiency; r is the wheel radius.





3.2. Vehicle Dynamics Model


3.2.1. Normal Reaction Force on the Front and Rear Wheels of the Vehicle when Braking


Figure 4 shows the distribution of braking force during braking. According to the balance condition, the torque is obtained for the grounding points of the front and rear wheels respectively:


{(6)FZ1=GL(bcosα+hg(z−sinα)) (7)FZ2=GL(acosα+hg(sinα−z))   








where FZ1 is the front axle ground normal force; FZ2 is the rear axle ground normal force; G=mg is the vehicle gravity, m is the vehicle mass, g is the gravity acceleration; L is the wheelbase; a is the distance between the truck center of mass to the front axle center; b is the distance from the center of mass of the truck to the rear axle center; hg is the height of the truck’s center of mass; z is the braking strength.



It can be seen from Equations (6) and (7) that as the braking strength increases, the normal reaction force acting on the front axle by the inertial force increases, and the normal reaction force acting on the rear axle decreases. In order to make full use of the ground adhesion, the front axle braking force demand will increase, and the rear axle braking force demand will decrease. Studies have shown that on horizontal roads, for single-shaft driven pure electric vehicles, using the front axle to drive can recover more regenerative braking energy than using the rear axle to drive [22].




3.2.2. Front and Rear Axle Braking Force Distribution


When the brake system braking force is sufficient, the braking process may occur in the following three situations:




	(1)

	
The front and rear wheels are both locked and dragged.




	(2)

	
The front wheels are locked and dragged first, and then the rear wheels are locked and dragged.




	(3)

	
The rear wheels are locked and dragged first, and then the front wheels are locked and dragged.









Situation 1: The ground adhesion utilization is the best, it is the ideal braking situation; situation 2: It is a stable situation, but the steering ability is lost, and its ground adhesion utilization is not as good as situation 1; situation 3: The rear axle may have a side slip, which is unstable and should be avoided [23].



1. I curve (ideal braking force distribution curve)



The braking force distribution curve that satisfies situation 1 is called the ideal braking force distribution curve (I curve), as shown in Figure 5. The I curve is expressed as:


{(8)Fμ1+Fμ2=Gz−Fr−Fi  (9)Fμ1Fμ2=Fz1Fz2=bcosα+hg(z−sinα)acosα+hg(sinα−z)  








where Fμ1=φFz1 is the front axle braking force; Fμ2=φFz2 is the rear axle braking force, and φ is the adhesion coefficient.



The solid line in Figure 5 is the horizontal road surface I curve with α=0. It can be known from Equations (8) and (9) that compared with the horizontal road, the slope sliding force will lead to the front and rear axle load transfer. When the slope is uphill, the front axle load is reduced and the rear axle load is increased. The I curve is offset upwards around the coordinate origin, and the downhill is just the opposite. When the front and rear axle braking force distribution points are above the I curve, it will cause dangerous conditions in which the rear axle is first locked and dragged.



2. f-line



The braking force distribution curve that satisfies situation 2, called the f-line, is expressed as:


{(10)Fμ1=φGL(bcosα+hg(z−sinα))  (11)Fμ2=Gz−Fr−Fi−Fμ1  











As shown in Figure 5, like the I curve, compared with the horizontal road f curve, the braking force that causes the front axle lock becomes small due to the slope sliding force. The f-line will shift to the left as a whole when the vehicle is uphill, and to the right when downhill.



The UNECE brake regulations (developed by the United Nations Economic Commission for Europe) do not cover vehicles with design speed <25 km/h. The maximum speed of the vehicle studied in this paper is 15 km/h, so this paper does not discuss the UNECE curve.



Assume that the maximum gradient of the pure electric mining vehicle road drive cycle is 10%. According to (8)–(11), the I curve and f line of the vehicle on the horizontal, uphill and downhill roads can be drawn, as shown in Figure 5. In the figure, the braking force is the ratio of the front and rear axle braking force to the vehicle load, which has no unit. So do Figure 6 and Figure 7.





3.3. Regenerative Braking Strategy


This paper adopts the regenerative braking priority strategy, that is: Under a certain braking intensity, regardless of how the front and rear axle braking forces are distributed, each axle is given priority to use the regenerative braking force: Comparing the axle demands braking force with the regenerative braking force that the motor can provide, if the braking force provided by the motor is greater than or equal to the braking force required for the shaft, the regenerative braking is completely used, and the friction braking force is 0; if the braking force provided by the motor is less than the required braking force of the shaft, the electromechanical composite braking is adopted, the electric braking force takes the braking force that the motor can provide, and the insufficient part is supplemented by the friction braking force; when the vehicle speed is slow or the emergency braking is performed, in order to ensure the reliable braking, the regenerative braking is turned off, and the mechanical braking is completely adopted.



Based on the above principles, this paper develops the following four regenerative braking priority braking strategies.



3.3.1. Vehicle Speed based Braking Strategy


The vehicle speed based braking strategy is a parallel braking control strategy based on vehicle speed, using regenerative braking and mechanical braking combined braking. The higher the vehicle speed, the more regenerative braking force is assigned, as shown in Figure 6. The axle regenerative braking force distribution coefficient and friction braking force distribution coefficient are determined by the vehicle speed.




3.3.2. I Curve based Braking Strategy


Compared with the single-shaft drive electric vehicle, the two-axis four-wheel drive pure electric mining dump truck studied in this paper can fully utilize the fast response characteristics of the motor and freely distribute the front and rear axle braking forces [24], and easily distribute the braking force according to the I curve [25]. As shown in Figure 5, when the vehicle is going uphill, if the horizontal road I curve is used for braking, the curve is below the actual I curve, which makes the front axle use the adhesion coefficient to be large, and the rear axle uses the adhesion coefficient to be small, this situation does not make good use of ground adhesion; when the vehicle is going downhill, the curve is above the actual I curve, when the ground adhesion coefficient is small, there will be unstable conditions in which the rear axle is locked and dragged first. Therefore, the I curve regenerative braking strategy is developed in this paper, the front and rear axle load transfer caused by the slope slip force is introduced, and the front and rear axle braking force distribution is performed according to the actual I curve.




3.3.3. Regeneration Braking Strategy based on β Line


In this strategy, the ratio of the front and rear braking force of the strategy is a fixed value, which is usually expressed as the ratio β of the front axle brake braking force Fμ1 to the total brake force Fμ of the vehicle, and is called the front axle brake braking force distribution coefficient:


β=Fμ1Fμ



(12)







The β line is a straight line passing through the coordinate origin on the braking force distribution map, the slope is tanθ=1−ββ, and the intersection point φ0 of the β line and the I curve is the synchronous adhesion coefficient as shown in Figure 7.



β of the studied vehicle is 0.55 when fully loaded on horizontal road, and the corresponding synchronous adhesion coefficient φ0_load= 0.45. It can be seen from Figure 7 that if the vehicle is braked according to the β line of the horizontal road, the synchronous adhesion coefficient φ0 is bigger when the vehicle is going uphill, the β line is far away from the actual I curve, the vehicle braking efficiency is low; when going downhill, the synchronous adhesion coefficient is smaller, and the β line will be closer to the actual I curve, however, if the ground adhesion coefficient of the road is low, the rear axle will always be locked first when braking, and it is easy to skid. Here, the variable β line is used, and the synchronous adhesion coefficient φ0 remains unchanged regardless of the slope during the running of the vehicle, φ0_load= 0.45 at full load and φ0_unload= 0.47 at no load.




3.3.4. Maximizing Front Axle Braking Force Strategy Ffmax


For the mining truck under study, when the front wheel is independently braking without being locked, the braking strength z is greater than 0.2, which satisfies the braking demand of the vehicle road drive cycle (Figure 8). Therefore, when the braking strength is less than 0.2, the front axle braking force is used only, and the rear axle braking force is zero. When the braking strength is greater than 0.2, the front and rear axles are used for common braking.






4. Simulation Analysis


The above different control strategies are established on the Matlab/Simulink platform and embedded in the vehicle model of the pure electric double-axis four-wheel drive mining dump truck established in the vehicle simulation software ADVISOR 2002. The main parameters of the vehicle are shown in Table 1. The maximum vehicle speed is 15 km/h and the maximum climbing ability is 15% (3.5 km/h).



In addition to the influence of vehicle parameters, the vehicle’s potential regenerative energy recovery capability is also affected by road drive cycles [26]. Figure 8 shows the road drive cycle during operation. When going uphill, the mining truck is fully loaded and away from the loading location, after 799 s, it climbs to an unloading location with a relative altitude of 34.6 m, the average speed is 9.64 km/h, and the maximum speed is 14.48 km/h, the maximum slope is 8%, the driving distance is 2.14 km. When going downhill, it takes 735 s to return to the loading location after unloading, the average speed is 10.79 km/h, the maximum speed is 14.99 km/h, the maximum slope is 8%, and the driving distance is 2.21 km.



4.1. Simulation of Different Braking Strength on Horizontal Road at Maximum Vehicle Speed


Assume that the vehicle is running at maximum speed v0 = 15 km/h at full load and no load, braking with braking strength z = 0.05, z = 0.1 and z = 0.15 (Because the vehicle speed is low, the braking strength of the road drive cycle is smaller than 0.15, the vehicle reserves the mechanical brake, during emergency braking, pure mechanical braking is adopted and the brake is safe and reliable. Therefore, the case which the braking strength z > 0.15 is not discussed).



4.1.1. Comparison of Braking Energy Recovery


It can be seen from Figure 9 that when the vehicle is fully loaded, when the braking intensity is z = 0.05, z = 0.1, the braking strategy based on Ffmax recovers the most energy, and the second is the I curve based and the β-line based braking strategy; when z = 0.15, the energy recovered by braking strategies based on the I curve and the β line is the most, followed by the braking strategy based on the vehicle speed, the Ffmax strategy recovers the least energy.



It can be seen from Figure 10 that when the vehicle is under no load, the braking strategy based on Ffmax recovers the most energy under the three braking intensities, then it is the strategy based on the I curve and β line, the strategy based on vehicle speed recovers the least energy recovery.



Regardless of the braking strategy used, the braking energy recovered by the vehicle increases with the increase of the braking strength. This is mainly due to the large rolling resistance of the mining vehicle. When the braking intensity is small, the required braking force is small, the braking time and the braking distance are long, and the vehicle needs more energy to overcome the rolling resistance, so that less regenerative braking energy can be recovered.



Table 2 shows the energy recovered of the same braking strategy under different braking strengths. It can be seen that, except for the Ffmax strategy, the vehicle’s braking energy recovery efficiency increases with the increase of braking intensity, regardless of the full load or no load. The energy recovery rate can reach up to 59.6%. For the Ffmax strategy, when the braking strength is large (z = 0.15), the regenerative braking force cannot meet the full load braking force requirement, and the energy recovery efficiency decreases. However, at no load, its regenerative braking force can meet the braking demand, and the energy recovery efficiency is still the highest.




4.1.2. Comparison of Braking Force Distribution


Taking the braking strength of z = 0.15 as an example, the braking force and regenerative braking force of the front and rear axles of different braking strategies are studied when the vehicle is full and no load, as shown in Figure 11.



For I curve and β line based braking strategy, the braking force is simultaneously provided by the front and rear axles, the braking force can be provided by the regenerative braking force totally regardless of the loading conditions.



For the strategy, the braking force is all provided by the front axle. When braking starts, the motor speed is high, it can be known from Equation (2) that the motor is in the constant power operation phase, the torque that the motor can provide is small. When the vehicle is fully loaded, the required braking force is large, the motor torque is not enough to provide the required braking force (Figure 11d full load); when the vehicle is in no load, the braking force required is small, and the regenerative braking force can meet the front axle braking force requirement (Figure 11d no load).



The braking force required for the vehicle speed based strategy is always provided by the front and rear axle regenerative braking force and mechanical braking force simultaneously. When the vehicle speed decreases, the distributed and provided regenerative braking force decreases.



It can be seen that the more the regenerative braking force distributed during braking and the regenerative braking force that the regenerative braking system can provide, the more regenerative braking energy the vehicle can recover.





4.2. Simulation of Road Drive Cycle


4.2.1. Comparison of Braking Energy Recovery


Table 3 shows the recovery of braking energy when the vehicle is fully loaded and unloaded under road drive cycle with different braking strategies. For the road drive cycle, the braking strategy based on Ffmax recovers the most energy and has the highest energy recovery efficiency. The strategies based I curve and β line are the second, and the parallel braking strategy based on the vehicle speed is the worst. Table 3 also shows that for the same braking strategy, the braking energy recovery rate at full load is greater than that at no load. This is mainly due to the fact that under the same braking intensity, the required braking force is small when the vehicle is under no load, and the required motor regenerative torque is also small. At this time, the motor works at a low efficiency (Figure 2), resulting in a decrease in energy recovery efficiency.



Table 4 shows the braking efficiency of the front and rear wheel drive motors for different braking strategies. It can be seen that the Ffmax braking strategy uses the front axle to brake independently, compared with the two-axis braking, its motor efficiency is higher. When under road drive cycle, the vehicle speed is low, the braking strength is also small, and the front axle regenerative braking force can fully meet the braking force demand. Therefore, the Ffmax strategy can recover the most braking energy and has the highest energy recovery efficiency. Table 4 also shows that for the same braking strategy, the motor regenerative braking efficiency at full load is greater than that at no load.




4.2.2. Vehicle Energy Consumption and Battery SOC Changes


Table 5 shows the energy consumption of the vehicle when the vehicle is fully loaded and unloaded at road drive cycle. It can be seen that if the vehicle uses regenerative braking, compared with no regenerative braking, the energy consumption of a complete drive cycle is reduced by 1.06%–1.56%. Compared to passenger cars, the vehicles studied have lower speeds and lower braking strength, as well as greater rolling resistance. However, the use of regenerative braking can still reduce the energy consumption of the vehicle and improve the economic performance of the vehicle.



Figure 12 shows the changes of the battery SOC when the vehicle is traveling once under the road drive cycle. It can be seen that when there is no regenerative braking, the battery SOC drops the fastest, followed by the braking strategy based on the vehicle speed, strategy based on the Ffmax drops the slowest and the energy saving effect is the best.



If appropriate measures are taken on the road surface for improvement and maintenance, it is assumed that the rolling resistance coefficient of the road surface is reduced to f = 0.02. Table 6 shows the energy consumption of the pure electric mining truck under study in this road drive cycle. Obviously, compared with the road rolling resistance coefficient f = 0.04, the maximum vehicle energy consumption decreased from 188,645 kJ to 129,142 kJ, a decrease of 31.54%; the minimum value decreased from 185,708 kJ to 121,743 kJ, a decrease of 34.44%. After the road surface is improved, the regenerative braking technology can reduce the energy consumption of the whole vehicle by 4.76%–5.73%.



In fact, when the road rolling resistance coefficient is large, the power used by the vehicle to overcome the road rolling resistance (Fr) is large. Figure 13 shows the braking power demand when the vehicle is fully loaded on roads with different rolling resistance coefficients. It can be seen that when the rolling resistance coefficient is large, the vehicle kinetic energy (Fa) and potential energy (Fi) are mainly used to overcome the road rolling resistance (Fr) when braking or downhill. At this time, the recoverable energy is limited, as shown in Figure 13a. When the road surface is improved and the rolling resistance coefficient is reduced, more vehicle kinetic energy and potential energy can be recovered. See Figure 13b. Wind resistance (Fw) is negligible compared to rolling resistance.



Improving the road surface can not only reduce the energy consumption of the whole vehicle, but also protect the vehicle tires, extend the use of the tires, and reduce the maintenance and use cost of the vehicles. Therefore, it is necessary for the mine to improve and maintain the haul roads.



In addition, the vehicle loading state and the driving motor working efficiency also directly affect the regenerative braking energy recovery capability of the pure electric mining truck. Table 3 and Table 4 show that when the vehicle is fully loaded, the motor efficiency is higher than that at no load, and the regenerative energy recovery rate is also high. It can be seen that the vehicle full load downhill can recover more regenerative braking energy than the no-load downhill.






5. Conclusions


This paper adopts the regenerative braking priority strategy to develop four braking strategies based on the Matlab/Simulink platform, embeds them in the simulation model of pure electric double-axis four-wheel drive mining dump truck developed by ADVISOR 2002 to study the characteristics of regenerative braking energy recovery of the pure electric mining dump truck.



The simulation results show that the regenerative braking priority strategy adopted can make full use of the regenerative braking force that the vehicle can provide and recover more braking energy. The regenerative braking energy that the vehicle can recover is proportional to the regenerative braking force it is assigned to and can provide. For the pure electric double-shaft four-wheel drive mining dump truck studied in this paper, the working speed is low, the braking strength is not so big, the required braking force is small (especially when the truck is empty and downhill), which leads to low regeneration efficiency of the motor. Adopting the Ffmax strategy based on the front axle braking force maximizing, compared with the I curve and the β-line braking strategy which front and rear axle are braking simultaneously, the braking efficiency of the motor can be improved and more braking energy can be recovered. For the low-speed pure electric mining truck, the rolling resistance is much bigger than passenger cars and it will consume more vehicle kinetic energy and potential energy during the small braking intensity of the vehicle and the long downhill process, so, the recoverable braking energy is reduced. In this case, adopting regenerative braking strategy, the vehicle can still reduce the energy consumption by 1.06%–1.56% (when the rolling resistance f = 0.04) or 4.76%–5.73% (when the rolling resistance f = 0.02), which makes the economic performance of the vehicle improve. Of course, if the vehicle is fully loaded downhill, the regenerative braking energy recovered will be more.
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Figure 1. Regenerative braking control system. 






Figure 1. Regenerative braking control system.



[image: Wevj 10 00039 g001]







[image: Wevj 10 00039 g002 550]





Figure 2. Motor characteristic curve. 
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Figure 3. Battery internal resistance model. 
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Figure 4. Vehicle force diagram. 
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Figure 5. Vehicle front and rear axle braking force. (a) Full load; (b) no load. 
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Figure 6. Brake force distribution map based on vehicle speed. 
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Figure 7. β line and I curve & f line. (a) Full load; (b) no load. 
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Figure 8. Road drive cycle. (a) Vehicle speed; (b) elevation; (c) slope. 
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Figure 9. Different strategies recover energy at full load. (a) Based on vehicle speed; (b) based on I curve; (c) based on β line; (d) based on Ffmax. 
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Figure 10. Different strategies recover energy at no load. (a) Based on vehicle speed; (b) based on I curve; (c) based on β line; (d) based on Ffmax. 






Figure 10. Different strategies recover energy at no load. (a) Based on vehicle speed; (b) based on I curve; (c) based on β line; (d) based on Ffmax.



[image: Wevj 10 00039 g010]







[image: Wevj 10 00039 g011a 550][image: Wevj 10 00039 g011b 550]





Figure 11. Different strategy braking force distribution at full load and no load. (a) Based on vehicle speed; (b) based on I curve; (c) based on β line; (d) based on Ffmax. 
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Figure 12. Comparison of SOC changes at road drive cycle. 
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Figure 13. Power requirements for braking with different rolling resistance coefficients (full load, uphill) (a) f = 0.04; (b) f = 0.02. 
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Table 1. Main parameters of mining truck.
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	Parameters
	Value





	Vehicle curb mass (m1)
	45,000 kg (Include batteries)



	Load capacity (m2)
	55,000 kg



	Center of mass height (hg)
	1.8 m (Full load), 1.5 m (No load)



	Wheelbase (L)
	6 m



	Front wheelbase (a)
	2.45 m (Full load), 1.78 m (No load)



	Rear wheelbase (b)
	3.55 m (Full load), 4.72 m (No load)



	Wheel radius (r)
	0.95 m



	Rolling resistance coefficient (f)
	0.04



	Ground adhesion coefficient (φ)
	0.6



	Motor rated power (Pe)
	200 kW



	Number of motors (N)
	2 (Four-wheel drive)
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Table 2. Energy recovery under different braking strengths [kJ].
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Strategy

	
Braking Strength




	
z = 0.05

	
z = 0.1

	
z = 0.15




	
Full Load

	
No Load

	
Full Load

	
No Load

	
Full Load

	
No Load






	
Speed based

	
Energy covered

	
17.7

	
0.0

	
310.1

	
117.9

	
392.3

	
163.4




	
Vehicle Kinetic energy *

	
868.1

	
390.6

	
868.1

	
390.6

	
868.1

	
390.6




	
Proportion [%]

	
2.0%

	
0.0%

	
35.7%

	
30.2%

	
45.2%

	
41.8%




	
I curve

	
Energy covered

	
56.5

	
0.0

	
411.4

	
165.4

	
517.5

	
221.7




	
Vehicle Kinetic energy *

	
868.1

	
390.6

	
868.1

	
390.6

	
868.1

	
390.6




	
Proportion [%]

	
6.5%

	
0.0%

	
47.4%

	
42.3%

	
59.6%

	
56.8%




	
β line

	
Energy covered

	
56.5

	
0.0

	
411.3

	
165.0

	
517.4

	
221.0




	
Vehicle Kinetic energy *

	
868.1

	
390.6

	
868.1

	
390.6

	
868.1

	
390.6




	
Proportion [%]

	
6.5%

	
0.0%

	
47.4%

	
42.2%

	
59.6%

	
56.6%




	
Ffmax

	
Energy covered

	
105.0

	
21.4

	
445.3

	
199.9

	
383.1

	
232.9




	
Vehicle Kinetic energy *

	
868.1

	
390.6

	
868.1

	
390.6

	
868.1

	
390.6




	
Proportion [%]

	
12.1%

	
5.5%

	
51.3%

	
51.2%

	
44.1%

	
59.6%








* Vehicle kinetic energy calculation formula: Ek=12mv02.
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