Selection of a rational layout of an electromechanical transmission for a mining dump truck using mathematical simulation
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Abstract
The article describes the existing problem of using electromechanical transmissions in the design of mining dump trucks, which consists in the irrational use of electrical energy for movement. The main ways of increasing the energy efficiency of electric mining dump trucks are outlined, the developed models of movement with various schemes of transmissions are presented, conclusions are formulated about the advisability of using one or another scheme.
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1 Introduction
Modern problems in the field of ecology lead to the need for all areas of the industry to develop carbon dioxide emissions into the atmosphere. This is especially true for mechanical engineering. A large amount of harmful products of diesel fuel combustion occurs due to the operation of mining equipment. According to [1], 70-80% of diesel fuel is used in mining vehicles, which leads to serious environmental pollution during mining. Severe gas contamination of the quarry, a large volume of consumed fuel, problems with transporting diesel fuel to quarries, creating conditions for fuel storage in cold regions, where the quarries are developing, leads to attempts to switch the quarry transport to electric traction.
One of the ways to increase the efficiency of dump trucks in quarries and reduce environmental pollution is the use of dump trucks powered by overhead wires. The efficiency of the trolley trucks is considered in [2]. It is possible to reduce operating costs by 20%, as well as improve the environmental situation in the quarry due to the use of trolley trucks. The main disadvantage of such structures is the need of using lines of contact wires throughout the entire path of movement. It is most expedient to use trolley trucks with a long time of quarrying, since their cost pays off within two years. An example of the work of a trolley truck in a quarry is shown in Fig. 1.
[image: Картинки по запросу "троллейвоз"]
Figure 1 - Trolley trucks BelAZ-524 in the open pit
With the improvement of electric traction motors and batteries, it became possible to eliminate the disadvantages of trolley trucks by abandoning overhead power lines and completely switching dump trucks to electric traction powered by batteries, which makes it possible to reduce operating costs when dump trucks are working. The batteries are charged by recuperating the energy generated during the braking of the dump truck and by operating of an electric generator. The work of the dump truck is associated with movement along the developed cyclic route, on which the unloaded dump truck descends into the lower part of the quarry and can generate energy when braking.
At the moment, leading companies which involved in the production of mining equipment, are actively developing a range of electric dump trucks. One of the most advanced examples of an electric dump truck is Komatsu's eDumper, shown in Fig. 2.
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Figure 2 - Electric mining truck eDumper Komatsu
The layout and kinematic scheme of an electric dump truck is significantly differing from the traditional version with an internal combustion engine. In fig. 3-5 layout schemes of dump trucks are presented:
- with one electric motor and an installed transfer case;
- with two electric motors installed on each axle of the dump truck and connected directly to the main gears;
  - with engines installed in each wheel of the dump truck.
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Figure 3 - Layout of the transmission of a dump truck with one electric motor:
GEN - generator; ICE - internal combustion engine; Battery - traction rechargeable battery; TEM - traction motor; Axle1 - front axle; Axle 2 - rear axle
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Figure 4 - Layout of the transmission of a dump truck with two electric motors
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Figure 5 - Layout of the transmission of a dump truck with electric motors in each wheel
The most important performance characteristics of mining dump trucks with an electromechanical transmission are energy efficiency indicators. This paper evaluates the energy efficiency of mining dump trucks with various options for electromechanical transmissions, shown above in Figures 3-5. The object of the study is a mining dump truck, shown in Figure 6, with a 6x6 wheel arrangement and a gross weight of 75 tons with an electromechanical transmission, which being developed at the Bauman Moscow State Technical University in the framework of the project "Development of a model range of unmanned dump trucks for operation in the extractive industries of the Russian Federation", carried out under the Agreement on the provision of subsidies dated September 26, 2017 No. 14.577.21.0272.
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Figure 6 - Dump truck being developed at BMSTU 
As indicators for assessing the energy efficiency of a mining dump truck, the following are taken in this work:
- the energy expended on moving through the career;
- the amount of energy recovered by the electric motors operating on the descent in the generator mode.
2 Dump Truck Mathematical Model
To solve this problem, models of dump trucks movement, based on the approach described in [3], were developed. It make possible to theoretically study the movement of a dump truck, assess its mobility, track the dynamics of battery discharge along the way, and calculate the energy consumed while dump truck is moving. A general view of the block diagram of a dump truck with one electric motor, made in MATLAB \ Simulink, is shown in Fig. 7.
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Figure 7 - Block diagram of a dump truck with one traction motor
The developed block diagram includes the following number of subsystems:
- traction battery module, which is a block diagram that regulates the supply of current to the traction motor, calculating the power consumption of the dump truck, taking into account the losses for heating the batteries;
- a generator module, which is a block diagram that regulates, depending on the power consumption, the degree of pressing the pedal for supplying fuel to the internal combustion engine;
- a module of an internal combustion engine, which contains the torque characteristics of an engine, installed on a prototype of a dump truck;
- a traction motor module, which contains an external characteristic of an asynchronous motor installed on a developed experimental model of a dump truck, which regulates the value of the torque required to overcome external conditions and maintain the required speed of the dump truck;
- transmission model, which is a standard block used in Matlab / Simulink software and takes into account the gear ratios and transmission efficiency of the experimental model of the dump truck;
- a chassis model, which is a block diagram that describes a mathematical model of a dump truck movement, graphs of changes in the road slope, rolling resistance, sample mass, as well as a model of the interaction of a wheel with a support base and consists of a two-support model of a dump truck movement;
- a braking module, which is a block diagram that controls the magnitude of the braking torque along the path of the dump truck.
  The following assumptions are made in the model:
- the model implements the movement of a dump truck along a rectilinear trajectory, since the influence of dynamic processes occurring during curvilinear movement on the discharge of batteries are insignificant;
- the dump truck chassis model takes into account the redistribution of reactions on the wheels, while the elastic and damping suspension elements are not taken into account;
- the model of interaction of a wheel with a support base, described in [4], is applied in the work;
- the route of the dump truck is 10 km and has equal ascent and descent sections. On the rise, the dump truck moves with a full weight (75 tons), on the descent - with a loaded weight (30 tons).
- the track of the dump truck is divided into several sections with different values ​​of the coefficient of resistance to movement, the slope of the road profile, the average speed of the dump truck, determined from the safety requirements [5, 6, 7].
A similar model of dump truck movement is described in the article [8, 9, 10].
The developed block diagram is based on a mathematical model of the movement of a three-axle all-wheel drive mining dump truck. The design scheme of the dump truck movement, shown in Figure 8, is described by the following equations of motion:

where: i = 1 ... 3; m is the mass of the dump truck; V ̇ - longitudinal acceleration of the center of mass of the dump truck; Rxi - longitudinal reaction of the wheel with the support base; Jki - moment of inertia of the i-th wheel; (wi) ̇ - angular acceleration of the i-th wheel; Mki - torque supplied to the i-th wheel; rd - distance from the wheel axis to the road surface; Mfi - rolling resistance moment of the i-th wheel; g is the acceleration of gravity; Pw - force of air resistance.
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Figure 8 - Design scheme of the mining dump truck movement:
Pw - Force of air resistance; Rx1, Rx2, Rx3 - forces of interaction of the wheels with the support base; Rz1, Rz2, Rz3 - vertical reactions in the spot contact of the wheels with the supporting surface; G - dump truck weight; Mf1, Mf2, Mf3 - rolling resistance moment of wheels; Mk1, Mk2, Mk3 - torques supplied to the wheels; α is the ascent angle; rd - distance from the wheel axis to the road surface
In the course of the project, digitization work was carried out, during which the driving cycle of the dump truck and the average values of the road slope were determined. The average speed of the dump truck on different sections of the track was determined from the requirements for the safety of transportation. The graphs of changes of these parameters are shown in Figures 9, 10, 11, respectively.
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Figure 9 - Change of the rolling resistant coefficient
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Figure 10 – Slope angle changing
[image: ]
Figure 11 – Average dump truck speed changing 
3 Experimental technique
The dump truck's route is divided into several sections, characterized by a certain set of parameters.
In the first section, the dump truck starts moving at a speed of 20 km/h with a full weight, which characterizes the start of the dump truck movement after a full load. The slope of the road increases gradually, while the driving speed is maintained at 20 km/h. The maximum slope of the road is 5%. The length of the section is 10% of the total path.
On the second section of the track, the dump truck drives to a section of the track with a smaller slope and accelerates to 30 km/h. After acceleration to the required speed, the slope of the support base increases, while the speed continues to be maintained at 30 km/h. The maximum slope is 3%, the length of the second section is 10% of the total travel distance of the dump truck.
In the third section, similar to the second, the dump truck drives onto a section of the track with a small angle of inclination and accelerates to 40 km/h, after which the slope of the support base increases. The length of the section is also 10% of the total path.
The fourth section describes the ascent of the dump truck to the unloading point and is characterized by the largest lifting angles. The maximum slope on the site is 9%, while the dump truck is moving at a speed of 20 km/h. The length of the section is 20% of the total route.
At the fifth section, the dump truck begins to move with a curb weight with an initial speed of 20 km/h, which describes the beginning of movement from the unloading point down into the depths of the open pit. The movement follows the same path as the ascent, therefore the slope values ​​of the road are similar to the previous four sections, but taken with the opposite sign. The length of the section is the remaining 50% of the total path of the dump truck, and the first 20% of the path the dump truck overcomes at a speed of 20 km/h, then accelerates to 40 km/h and moves at this speed for the next 10% of the path length, after which the speed decreases up to 30 km / h. At this speed, the dump truck covers another 10% of the distance. The last section of the route, characterizing the final descent to the place of loading, the dump truck overcomes at a speed of 20 km/h.
When a dump truck is moving, the time spent on loading and unloading is not taken into account, since the dump truck currently does not consume electricity, which does not affect the energy efficiency rating in any way.
Electric motors for each of the dump truck models are selected in such a way that the total power consumption is the same, while the travel time must be the same.
The transmission parameters of the considered mining dump truck with one traction electric motor are shown in Table 1.
Table 1 - Parameters of the transmission of the considered dump truck
	Parameter name
	Value

	Gear ratios for high and low gears, respectively
	1
3,36

	Transfer case transfer ratios with high and low gears, respectively
	0,893
1,583

	Front wheel reduction gear ratio
	21,27

	Rear wheel reduction gear ratio
	21,8

	Dump truck wheel static radius, m
	0,864


The dump truck model with two electric motors is distinguished by the absence of a gearbox and transfer case.
In the model of the movement of a dump truck with electric motors on each wheel, wheel reduction gears are used. The steering action on all wheels is the same.
The most energy efficient electromechanical transmission for a mining truck is determined by comparative analysis of the following series of parameters:
- total energy expended to overcome the path;
- the amount of energy generated by the generator for the entire route;
- the amount of energy recovered by braking.
The energy consumption for overcoming the path is determined by integrating the power developed by the traction motors over time:


where Ubat is the voltage taken from the storage batteries; Ibat - battery current.
The mechanical work of the traction electric motor along the path is determined by integrating the mechanical power of the electric motors over time:


where Mk is the torque on the dump truck wheel, w is the angular frequency of the wheel rotation, depending on the speed of the dump truck.
As a result of virtual studies of the movement of a dump truck in a cycle, a number of parameters are calculated: the electric power of the batteries, power losses and their efficiency, generator power and efficiency, the mechanical power of the brake system, the share of recovered energy from braking, and a number of other parameters.
4 Research results
The results of virtual studies of the movement of a dump truck with various options for electromechanical transmissions are shown in Table 2. 








Table 2 - Results of studies of the movement of a dump truck
	Parameter name
	with one TED
	with two TED
	with TED in each wheel

	Energy consumed by traction electric motor (electric), kWh
	109,4
	107,04
	102,29

	TED operation (mechanical), kWh
	106,5
	100,16
	100,81

	TED (electric) energy generated, kWh
	13,15
	14,778
	15,186

	Generated energy by the generator, kWh
	100,3
	100
	93,7

	Taken from battery energy, kWh
	-4,952
	-7,463
	-6,594

	Energy recovered, %
	14,08
	14,755
	15,06

	Time taken to overcome the route, s
	1521
	1525
	1518


The travel time for dump trucks with different types of transmission is almost the same.
Figures 11, 12, 13 show graphs of changes of the speed of dump trucks with various transmission options.
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Figure 11 - Graph of the change of the speed of a dump truck with a transmission with one TED
[image: ]
Figure 12 - Graph of the change of the speed of a dump truck with a transmission with two traction motors
[image: ]
Figure 13 - Graph of the change of the speed of a dump truck with a transmission with motor-wheels
5 Conclusions.
Based on the results of virtual studies of the movement of a dump truck with various options for electromechanical transmission, the following conclusions can be drawn:
1) The greatest energy recovery is realized by an electromechanical transmission with motor-wheels;
2) The least amount of energy is expended when using a transmission with motor-wheels;
3) According to the calculation results, the transmission with one TED is the least energy efficient;
4) The most energy efficient transmission is with traction motor on each wheel.
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