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Abstract:



Research demonstrated that the application of a multi-speed transmission could improve the dynamic and economic performance of electric vehicles. This paper deals with a novel multi-speed transmission for the electric dump truck (EDT) operating on the structure route (SR), which has a definite starting point and end point without complex traffic conditions. To optimize the gear ratio and shift schedule to reduce energy consumption in such conditions, the mathematical model of the transmission and the dynamic model of the EDT are initially required. Following this, the shift schedule is presented according to the motor efficiency map. After that, the gear ratio optimization is carried out by a particle swarm optimization (PSO) algorithm. Moreover, the proposed EDT is compared with an EDT with a single-speed transmission. The simulation results show that the energy consumption is reduced by 6.1%.
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1. Introduction


Hybrid Electric Vehicles (HEV) and Battery Electric Vehicles (BEV) are appropriate substitutes for internal combustion vehicles, as a means of reducing harmful emissions and saving energy. At present, many studies have been devoted to the application of a multi-speed transmission on the BEV to improve the economic and dynamic performance [1,2,3,4]. However, most applications are related to passenger cars, with a lack of research for electric heavy vehicles such as dump trucks and construction vehicles, which have a broad application prospect. These kinds of vehicles usually operate in a structure route (SR) environment. The SR is a kind of road with foregone road information such as slope, curvature, the location of the start point and with destination locates on the closed areas such as mine sites, construction sites, and harbor sites. Generally, the energy consumption proportion is large on these occasions. Correlational research shows that the energy consumption of the dump trucks accounts for 32% of the total energy consumption in a typical open-pit mine site [5,6,7,8]. Oh et al. [9] focused on the gear ratio and shift schedule optimization of a wheel loader transmission in the V-pattern working cycle, and the results show that the energy savings can reach up to 8%. In addition, the fluctuation of the slope of mine roads is remarkable, leading to an important change in motor load [10]. Thus, the optimization of a multi-speed transmission for mining dump trucks can improve the efficiency of the driveline system, which has a significant impact on reducing the operation cost.



The application of a multi-speed transmission for electric cars includes Automatic Manual Transmission [11], Double Clutch Transmission (DCT) [12], multi-speed planetary transmission [13], as well as dual motor multi-speed EV transmissions [14]. Each form has its own advantages and disadvantages. Additionally, some algorithms for the improvement of the economic performance, which concentrated on the passenger cars on road condition, have been presented. Datong et al. [15] presented a method of gear ratio optimization via Genetic Algorithm (GA), which only aimed at minimizing the energy consumption. Wu et al. [16] built a Battery Electric Vehicle model with Matlab SIMULINK and AUTONOMIE and used Dynamic Programming (DP) to find the optimal gear ratio, taking added weight and lower transmission efficiency into consideration. Sorniotti et al. [17] and Morozov et al. [18] established the multi-objective optimization model of the two-speed transmission for electric delivery step van in different ways, taking the economic performance and dynamic performance into consideration at the same time. However, the optimization processes were carried out based on the hypothesis that different ratio combinations obey the same shift schedule. Gao et al. [19] presented a way to define the shift schedule of several different drive cycles via the maximum overlapping area of gear operational points, which exhibits a strong robustness, as the schedule is the compromise of the optimal operating point under different cycle conditions.



This paper designed a two-speed transmission for the electric dump truck (EDT) in particular, which consists of two planetary sets instead of parallel axis gear trains. Generally speaking, planetary gears are more suitable for heavy-duty trucks as the epicyclic gear train has the advantages of reduction volume, light weight, compact structure and high power density [20,21]. Following this, the mathematical model and the EDT dynamic model are developed for simulation. Based on the efficiency map of the motor, the dynamic shift schedule has been proposed and applied to the EDT simulation model. Following this, a gear ratio optimization strategy for the novel transmission has been proposed, based on the classical dump truck working cycle of an iron mine in China. The simulation results show that the transmission with an optimized gear ratio can improve the energy conversion efficiency while maintaining the satisfactory acceleration ability. The paper is organized as follows: Section 2 is devoted to the model development of the transmission and the EDT. The shift schedule is presented in Section 3. Section 4 shows the optimization solutions and simulation results. Finally, the summary and conclusions are given in Section 5.




2. Modeling and Analysis of Electric Dump Truck


In this paper, the developed simulation model of the EDT, established in the Matlab/Simulink (R2016b) with state flow, consists of the environment information, road spectrum, energy and powertrain system, vehicle control system and driver system, which is a proportional-integral-derivative (PID) control model that allows for the reference velocity to be followed, as shown in Figure 1. The overall status information is collected by the vehicle control system, and the corresponding information is fed back to the driver model. Some of the basic parameters related to the EDT are shown in Table 1 [22].


Figure 1. Vehicle model schematic (acc, acceleration signal; dec, deceleration signal; SOC, state of charge).
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Table 1. Basic parameters of the electric dump truck (EDT).





	Parameter
	Symbol
	Value





	Vehicle mass
	[image: ]
	20,000 kg



	Load mass
	[image: ]
	28,000 kg



	Full load mass
	m
	48,000 kg



	Wheel radius
	r
	0.74 m



	Maximum speed
	[image: ]
	60 km/h



	Maximum ascendable grade
	G
	40%



	Coefficient of rolling resistance
	[image: ]
	0.017



	Coefficient of air resistance
	[image: ]
	0.8



	Main reducer ratio
	[image: ]
	7.3



	Face area
	[image: ]
	5 m2



	Battery capacity
	[image: ]
	220 Ah



	Maximum motor speed
	[image: ]
	4000 rpm



	Maximum motor torque
	[image: ]
	5000 Nm









2.1. Dynamics of the Transmission


As shown in Figure 2a, the novel transmission is composed of two planetary sets and two brakes with two sun gears installed on the same shaft and connected to the input shaft, while the 1st carrier and 2nd ring gear are joined together. The gear position is determined by the states of the two brakes, as illustrated in Table 2. The engagement process is performed by the screw clutch, shown in Figure 2b. The worm is driven by a motor, and the rotational motion of the worm gear is subjected to the guidance of the spiral line to produce an axial displacement to press the brake disc.


Figure 2. The layout of the transmission: (a) Schematic diagram; and (b) the designed transmission in SolidWorks ( MG, motor/generator; 1, drive motor; 2, 1st sun gear (S1); 3, 1st planet gear (C1); 4, 1st brake (B1); 5, 1st ring gear (R1); 6, worm shaft; 7, worm gear; 8, 2nd ring gear (R2); 9, 2nd planet gear (C2); 10, 2nd sun gear (S2); 11, 2nd brake (B2)).
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Table 2. Brake states for gear.





	Gear
	B1
	B2





	1st gear
	engaged
	disengaged



	2nd gear
	disengaged
	engaged



	Null
	disengaged
	disengaged









A planetary gear is made up of a sun gear, a carrier, a ring and four planet gears. Supposing [image: ] to be the angular velocities of the sun, planet, carrier and ring gears, respectively, the kinematic constraints can be expressed as follows in the hypothetical situation of pure rolling between each two contacted elements [23].


[image: ]



(1)






[image: ]



(2)




with


[image: ]



(3)




[image: ] stands for the number of teeth of the corresponding gear. Besides, considering the physical connections between the two planetary sets, there are several extra constraints:


[image: ]



(4)
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(5)






[image: ]



(6)




where [image: ] represents the angular velocity of the input shaft.



Applying the D’Alembert principle [24], the torque balance equations of the relevant components can be established as shown below, assuming all elements to be rigid bodies.


[image: ]



(7)
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(8)






[image: ]



(9)




with [image: ] denoting the torque applied to the corresponding element, [image: ] referring to the respective angular acceleration, and [image: ] presenting the moment of inertia of the related element.



Finally, substituting Equations (5) and (6) into Equations (2) and (3), and arranging the rest of the equations, the final mathematical model of the transmission is established as below.




[image: ]



(10)






2.2. Battery Model


The Li-ion battery, which is known as the energy storage system for the electric vehicle, forms a significantly complicated nonlinear and time-varying system with plenty of related research [25,26,27]. As this paper does not focus on the study of battery performance or cycle life, a simplified model is applied in the simulation experiment to speed up the calculation. Thus, the static equivalent circuit model, which considers both the degree of simplicity and accuracy, is considered in the simulation, ignoring the dynamic characteristics of the battery. The mathematical expression of the battery can be expressed as:


[image: ]



(11)




where [image: ] stands for the battery terminal voltage, open-circuit voltage, instantaneous current and internal resistance, respectively. The relationship between the internal resistance and the state of charge (SOC) is shown in Figure 3, with the solid line presenting the discharging resistance and the dashed line presenting the charging resistance, assuming the temperature is constant during the working cycle; meanwhile, the tendency of the battery open-circuit voltage with SOC is presented in Figure 4. Additionally, the operating range of the battery SOC is limited from 0.3 to 1 according to the battery management strategy.


Figure 3. The relationship between the battery internal resistance (per cell) and state of charge(SOC).
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Figure 4. Open-circuit voltage (OCV)–SOC curve.
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2.3. Powertrain System


The mechanical powertrain model is the crucial part of the model, involving the energy storage unit, a permanent magnet synchronous motor (PMSM), the two-speed transmission and the final drive. Figure 5 describes the overall arrangement of the powertrain in simulink.


Figure 5. Block diagram of the powertrain.
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3. Shift Schedule and Gear Ratio Optimization


For the sake of applying the two-speed transmission in the EDT powertrain system, the gear ratio and shift schedule have in this section been developed via the optimization algorithm to reduce the energy consumption during the working cycle.



3.1. Shift Schedule


The shift schedule can influence the energy consumption to a degree. To achieve the energy conservation goal, the shift schedule basis of the economic performance, similar to the internal combustion vehicle shift schedule, is designed. The pedal position and motor speed are considered the shift parameters. Initially, the efficiency curves of each gear in different pedal positions are plotted according to the motor efficiency map. The motor efficiency map and efficiency curve are shown in Figure 6 and Figure 7, respectively. Following this, the intersection of the 1st gear curve and the 2nd gear curve is designed as the shifting point. The shift schedule changes with the change of gear ratio in the iteration to make the optimization results more accurate. Figure 8 shows two different shift schedules with different gear ratios. The red line presents the shift schedule under the ratios 4.5 and 1.7, while the blue one represents the ratios 3.5 and 2. As shown in the figure, the shift schedules are quite diverse due to different gear ratios. Moreover, to avoid shifting frequently, there is a speed interval between the upshift and downshift schedules.


Figure 6. The motor efficiency map.
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Figure 7. Efficiency curves on different pedal positions.
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Figure 8. Shift schedules under different gear ratios.
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3.2. Gear Ratio Optimization


There are many algorithms for gear ratio optimization. Additionally, the common method is the enumeration algorithm, in which the global optimization result can be ensured. However, the accuracy of enumeration is limited to the step length and computing capability. In this paper, a gear ratio optimization algorithm is put forward based on the improved particle swarm optimization algorithm (PSO). The PSO algorithm is a kind of swarm intelligence optimization algorithm, in which the random particles generated by the initialization are iterated to search for the optimal solution. In each iteration, the particle location is updated by tracking the current local optimum and the global optimal solution. Additionally, the termination condition is generally set to achieve the maximum cycle number or to meet the minimum error condition [28,29]. To prevent the PSO algorithm from falling into the local optimal solution, a random variation factor is introduced to the algorithm. If it meets the trigger condition, the particle location generates a random offset. The flow of the PSO algorithm can be described in the following steps:



Step 1 (Initialization): Set the time counter [image: ] and generate [image: ] particles randomly, [image: ], with a uniform probability over the parameter feasible region. Similarly, the initial velocities of all particles, [image: ], is generated randomly with a uniform probability. The initial particles are evaluated via the objective function, [image: ]. Search for the best value as [image: ]. Set the particle related with [image: ] as the initial global optimal position, [image: ], and set each particle as the initial local optimal, [image: ], respectively.



Step 2 (Time updating): Update the time counter [image: ].



Step 3 (Velocity updating): Using the global optimum and local optimum of each particle, the velocity is updated according to the following equation:


[image: ]



(12)




where [image: ] and [image: ] are positive coefficients, and [image: ] are two random values belonging to (0, 1).



Step 4 (Position updating): Each particle updates its position based on the updated velocity:


[image: ]



(13)







Step 5 (Local optimal position updating): Each particle is evaluated according to its updated position. If [image: ], then update the local optimal position as [image: ] and [image: ].



Step 6 (Global optimal position updating): Search for the minimum value [image: ] among [image: ], where min is the index of the particle with a minimum objective function. If [image: ], then update the global optimum as [image: ].



Step 7 (Stopping): If one stop requirement is satisfied then stop; otherwise, go to Step 2.



Figure 9 shows the flowchart of the gear ratio optimization procedure in the Matlab/Simulink environment.


Figure 9. Optimization flow chart.
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3.3. The Objective Function


The objective function is essential in optimization problems. The correct selection of the objective function can guarantee the rationality of the optimization results. Gao et al. [18] and Wu et al. [15] combined the solution of an optimal gear ratio and dynamic programming (DP) together; in their research, the minimum energy consumption of the whole working cycle is taken as the objective function. Moreover, an extra term is introduced to penalize the shift frequency, which can suppress the sudden shift cases effectively in the DP progress. Sorniotti et al. [16] described the optimization procedure based on both the dynamic performance and energy consumption cost that conduct both the unladen and fully laden vehicle cases. Additionally, an estimation of the additional power that would be required to track the velocity profile is added to the objective function to filter out the unbefitting ratios. In this paper, the objective function is made up of the acceleration time, which can to a certain degree represent the time cost for vehicles under an SQ situation, and of the energy consumption, in relation to the work condition characteristics of the dump truck. Moreover, related research shows that the scale of the two gear ratios can influence the electrotype of the motor. The larger the scale, the faster the response that is required. To control the cost of the powertrain system, the scale of the two ratios should be limited to a reasonable range using a penalty term. The details of the objective function are shown below:



First, the energy consumption of the whole cycle is used as the economic performance objective function. In this simulation, the whole cycle is divided into N segments by time interval. In every tiny span, the energy consumption is calculated by integration of the demand power, after which the total energy consumption is obtained by accumulation. The mathematical expression is:


[image: ]



(14)







Following this, the dynamic performance is determined via the acceleration time of 0 to 60 km/h as being a straight path, given that the maximum speed of the EDT is 60 km/h. Thus, the dynamic objective function consists of the acceleration time during the first gear stage, acceleration time during the second gear stage and shifting time. The time consumed at each stage can be calculated via the integral of the velocity. Consequently, the function can be expressed as:


[image: ]



(15)




where [image: ] represent the driving force in first gear and second gear, respectively; [image: ] is the auto rotary mass coefficient; [image: ], which is the shifting time, is 1 s; and [image: ] represent the air resistance and rolling resistance, respectively.



Finally, if there is a disparity between the two gears, the difficulty of shifting would increase and the ride comfort performance could not be guaranteed. As it shows the more noticeable difference, the faster response speed of the motor is required, and it would influence the cost of the motor significantly. Thus, a penalty term is applied to limit the ratio of the two gears:


[image: ]



(16)







To guarantee the uniformity of magnitude between different objective functions, normalization is necessary. Therefore, by defining the corresponding performance indicators of the single speed transmission dump truck as the reference values, the final objective function can be expressed as:


[image: ]



(17)




where [image: ] on behalf of the optimization variables; [image: ] and [image: ] represent the reference energy consumption and reference acceleration time, respectively; [image: ] and [image: ] represent the energy consumption and acceleration time in each iteration; and [image: ] is the disparity between the two gears in each iteration. [image: ] are the weight coefficients of different objective functions. In combination with the demand characteristics of the mining operation, the selection of the weight coefficients is:


[image: ]












3.4. Inequality Constraints


During the optimization procedure, it is essential to set inequality constraints to ensure the basic dynamic performance of the vehicle and safe operation of the motor and battery. Additionally, the mechanical structure of the planetary sets could restrict the ratio within a certain range.



In this optimization, the constraints are therefore determined by the maximum vehicle speed, maximum climbing degree, adhesion limit and planetary rows structure. To ensure the maximum speed as well as the torque demand at the maximum speed, the inequality constraints for [image: ] can be expressed as follows:


[image: ]



(18)




where 0.377 is the unit conversion factor.


[image: ]



(19)




where [image: ] is the gravity acceleration, [image: ] is the transmission efficiency at second gear, and [image: ] is the air density.



The value of [image: ] is related to the maximum ascendable road grade of the vehicle, so the constraint is:


[image: ]



(20)




where [image: ] is the driving efficiency of the transmission at first gear.



To retrain the driving force under the tire adhesion limit, [image: ] should not exceed the threshold:


[image: ]



(21)







Additionally, according to the design principles of the mine dump truck, the characteristic parameters of the planetary sets of the transmission ([image: ]) should be limited to a reasonable range:


[image: ]



(22)







Once the structure of the planetary set of the transmission is given, as shown in Figure 2, the mechanical system equation of each gear can be determined as follows:


[image: ]



(23)






[image: ]



(24)







Combining Equation (22) with Equations (23) and (24), the available range of the two ratios is:


[image: ]



(25)







In addition, Figure 10 shows the achievable [image: ] and [image: ] by varying [image: ] and [image: ] from 4/3 to 5.


Figure 10. The available values of ig1 and ig2.
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Following this, the ultimate ratios feasible region is obtained by the comprehensive dynamic constraints and the structural constraints of the transmission:


[image: ]



(26)









4. Simulation Results


4.1. Driving Cycle Analysis


Most of the current standard driving cycles, such as NEDC, UDDS, and FTP75, are designed for passenger cars, while a small part is also designed for heavy trucks, during which the vehicle mass is usually constant given that the cycles are established without considering the variation in load. Thus, the existing standard driving cycles are not applicable to EDT. The EDT, cooperating with the help of shovels or other loaders, run on SR in areas full of long-distance uphill and downhill situations. In addition, during a holonomic cycle condition, full load and empty load situations occur alternately, having an obvious influence on the energy consumption calculation. A SR driving cycle for EDT is introduced in this paper, designed based on the road condition of some iron mines, which are typical mines in China, as shown in Figure 11, integrating the classical working conditions of the EDT. The information on the vehicle speed, load and road ramp of the driving cycle are shown in Figure 12.


Figure 11. Iron mine.
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Figure 12. Driving cycle information: (a) velocity; (b) road grade; and (c) vehicle mass.
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As indicated in Figure 12, the whole cycle takes 1329 s with a distance of 8.5 km, and the maximum slope is 8%. According to the working condition of the vehicle, the driving cycle can be divided into three stages. The first stage is from 0 to 480 s, during which the dump truck sets out from the ore inventory and arrives at the loading point through a downhill road. The second stage is the loading time from 580 s to 680 s. During the last stage, from 680 s to 1329 s, the truck runs toward the ore inventory through an uphill road after the loading process finished. The strategy can also be applied on an unmanned dump truck, as the engine control unit (ECU) has full control over the throttle, which means that it can follow the speed curve accurately.




4.2. Optimization Results


The improved PSO algorithm described above is used to determine the optimal values of the gear ratio. Setting the size of the population to 5 and the iteration number to 100, the fitness values generated during the iteration process are shown in Figure 13. The iteration result illustrates the optimal values of the gear ratio for certain driving conditions. The optimal ratio for first gear is 4.65, while for second gear it is 2.21.


Figure 13. Fitness values in the optimization process.
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4.3. Performance Analysis


The simulation results of EDT with optimal multi-speed transmission are shown in Figure 14. Figure 14a shows that the actual speed can follow the demand speed almost all the time; that is, the optimal ratio can meet the dynamic demand of the designed working condition. The battery SOC variation tendency is illustrated in Figure 14c. There are some tiny fluctuations in SOC, where it is charging as the braking energy recovery system intervenes during the downhill situation. The gear control sequence is shown in Figure 14e indicating that the shift schedule is reasonable and there is no frequent shifting or error gear situation.


Figure 14. Simulation results: (a) velocity comparison; (b) road grade; (c) SOC curve; (d) pedal position of acceleration and brake; and (e) gear control sequence.
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To verify the effect of the optimal ratio, the simulation results are compared with the battery electric dump truck equipped with a single gear transmission, [image: ], for both economic and dynamic performances. Figure 15 shows the comparison of the acceleration time from 0 to 50 km/h in full load condition. As shown, the acceleration ability increases when compared to EDT with a single speed transmission. The increment is related to the weighting coefficient of the objective function. The energy consumption comparison is shown in Figure 16. The initial value of SOC is 0.88 in the simulation, supposing that the energy recovery efficiency is 30%. The final values of SOC are 0.717 and 0.727, respectively, which means that the energy consumption has been reduced by 6.1% in relation to the application of the two-speed transmission. In combination with the velocity curve, we can see that between the two transmissions, there is little difference in the energy consumption in low speed operating areas. Meanwhile, the gap tends to be obvious after 80 s when the EDT speeds up to a high speed running state. Following this, the change of SOC tends to synchronize during 300 s to 700 s as the truck slows down. The disparity becomes further obvious as the truck accelerates after 700 s. Thus, the two-speed transmission improves the energy utilization efficiency in high speed operating areas, mainly because the overtop speed leads to lower motor efficiency.


Figure 15. Acceleration time comparison.
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Figure 16. SOC comparison.
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Figure 17 and Figure 18 show a more intuitive explanation of the reasons for the difference in energy consumption. Figure 17 reveals the operation point distribution on the motor efficiency map of the single-speed transmission. Figure 18 shows the distribution of the two-speed transmission. The red areas represent the most concentrated areas of the operating points while the blue represents the relatively sparse areas. Cooperating with the single-speed transmission, the motor operates in a large range of speed with most of the operating points distributed in the efficiency range of 80% to 92%. The distribution of the operating point with a two–speed transmission is more concentrative in comparison. Most of the points are located in the efficiency range of 92% to 95%. This is because the motor with a single-speed transmission needs a larger speed range to follow the required velocity during the cycle, while overlapping areas of the operating points can be found when the motor is equipped with the two-speed transmission which concentrated more operation points within the high-efficiency area of the motor map. This means that the motor efficiency is not necessarily sacrificed to achieve high speed. It should also be noted that the overall efficiency of the driving system has been improved.


Figure 17. Operating point distribution on the motor efficiency map of the EDT with a single speed transmission.



[image: Energies 11 01324 g017]





Figure 18. Operating point distribution on the motor efficiency map of the EDT with a two-speed transmission.
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5. Conclusions


This paper presents shift schedule design and a gear ratio optimization algorithm for a novel multi-speed transmission of the electric dump truck on a structure route. The mathematical model of the novel transmission is established based on the d’Alembert principle. Following this, a general and useful shift schedule are proposed. Moreover, the confirmation of the available gear ratio regions is based on the dynamic performance and planetary structure. The ratio optimization is then carried out via the improved PSO algorithm to find the optimal ratio for a better economic and dynamic performance. The iteration result demonstrates that the best ratio for first gear is 4.65 and the best ratio for second gear is 2.21.



The energy consumption has been calculated based on a typical mine working cycle, which is obtained from the road condition of some iron mines in China. The simulation models of the dump truck allocated with a single-speed transmission and two-speed transmission are constructed based on vehicle dynamics in a Matlab/SIMULINK environment. The dynamic performance and energy consumption of the electric dump truck are analyzed via simulation models. The simulation results indicate that the truck equipped with a two-speed transmission can improve its acceleration ability and reduce its energy consumption by 6.1%. This illustrates that the presented optimization algorithm and simulation method for electric dump trucks can be applied for feasibility studies to improve the economic performance of electric dump trucks, which provides the basis for further applications of the electric unmanned dump truck.
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