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Abstract: The electrification of loader designs can utilise several power motor types. Hence, this
study investigates the operational performance of pure electric-powered loaders matched with three
types of motors. Firstly, for the ZLO08 loader, it is proposed that a pure electric-powered loader
structure adopts two motors to drive the walking and hydraulic systems separately. Secondly, the
dynamic parameters of the two motors were matched, and then, a joint vehicle dynamics model
of the control system, the Multi-Body Dynamics (MBD) module and the material Discrete Element
Method (DEM) module, was established. Finally, the performance of the walking system with
three motors was tested by inserting three materials and using accelerating and climbing methods.
The operating performance of the hydraulic system was tested by shovelling and unloading three
materials. Results show that when inserting difficult materials, the loader’s walking system with
switched reluctance motors is 9.74-21.2% deeper than that with the other two motors and 11.7-56.2%
faster at the same depth. The hydraulic system consumes 3-15.7% less energy when matched with a
permanent magnet synchronous motor than the other two motors. Pure electric loaders have the best
operating performance when the walking system is matched with a switched reluctance motor, and
the hydraulic system is matched with a permanent magnet synchronous motor.

Keywords: pure electric loader; dynamic model; co-simulation; performance analysis

1. Introduction

Wheel loaders are widely used for earth-moving work in construction projects, such
as roads, buildings, ports and mines, and are important machines, that are in construction
in large numbers [1]. With air pollution and oil shortages becoming increasingly seri-
ous, traditional diesel-powered loaders have gradually attracted attention due to their
weak emissions, high-energy consumption and low efficiency during operation. Electric-
powered drive technology is an effective energy-saving and emission-reduction technology.
Electric construction vehicles such as loaders using high-efficiency motors as power units
can effectively reduce energy consumption [2-4]. With reference to the types of electric-
powered vehicles [5], three routes are available if the loader is to be electrified according
to their different power sources, i.e., hybrid-electric loaders, battery-electric loaders and
fuel cell loaders. Of these, battery-electric and fuel cell loaders can be classified as purely
electric-powered loaders. Most researches have focused on hybrid-electric loaders. How-
ever, hybrid systems still use the engine as the power source, leaving the problems of oil
consumption and pollutant emissions unresolved. Pure electric technology has the advantages
of a wide range of power sources, less pollution, low noise and high efficiency [6,7], making
this source become the primary choice for energy saving and emission reduction [8].

The motor is one of the core components of all three types of electric loaders. Different
types of power motors have a special performance, and different choices will directly lead
to different working performances of the electric-powered loaders. Jin, Shi and Bian [9]
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designed and tested a power-distributed wheel loader with the travel and braking system
using two permanent magnet synchronous hub motors and the hydraulic system driven
by using an induction motor. Li, Liu, Zhao and Wang [10] designed a fuel-cell hybrid
loader with two AC synchronous motors to drive the walking system and the hydraulic
system respectively. Moreover, Liu, Liu and Chen [11] studied the application of switched
reluctance motors (SRM) in heavy-duty vehicles, such as loaders, and showed that SRM
can effectively improve the performance and reliability of heavy-duty vehicles. The above-
mentioned studies showed that permanent magnet synchronous motors (PMSM), induction
motors (IM) and SRM are all available options for electric loaders. However, previous
researchers did not quantitatively consider the impact of the motor type on loader perfor-
mances when designing the electric loader. They only summarise the advantages of the
selected motor and consider that the selected motor can meet the basic work requirements
of the loader. Currently, no literature investigates the most suitable motor for a loader’s
operational performance.

Therefore, this study examines the operating performance of a ZL08 electric-powered
loader under three types of motor drive, aiming to provide a theoretical basis for the design
of electric-powered loaders. The contribution of this paper is summarised as follows.
(1) The pure electrification of construction vehicles is currently in its infancy, and this paper
provides a feasible solution for the selection of motor types and parameters for pure electric
loaders. (2) Based on the “Matlab/Simulink-MBD-DEM” combined method, this paper
proposes a set of accurate and complete loader performance simulation test plan. The
vehicle performance can be known in advance before the actual vehicle manufacturing
of the loader. Compared with previous studies, the model established in this paper
comprehensively considers mechanical assembly, hydraulic system, multi-body dynamics,
material dynamics, etc., and the degree of simulation is more higher than before. Based
on this approach, key technologies such as parameter matching and control strategies can
also be further investigated to reduce the time-consuming and costly development of pure
electric engineering vehicles.

This paper consists of eight parts. Section 2 takes a ZL08 pure electric-powered
loader as the object of the study and makes a configuration design of the loader. Section 3
is a parameter matching of the power components of the pure electric loader which is
different from the traditional loader. Section 4 develops a simulation model based on
“Matlab/Simulink-MBD-DEM”. Section 5 designs several operating conditions, in which
the loader performance can be evaluated. Section 6 analyses the distinctions in the loader
performance among the different types of motor drives. Section 7 discusses the application
of the joint simulation approach proposed in this paper and the challenges faced by pure
electric loaders. Section 8 provides a summary of the study.

2. Drive Structure for Pure Electric Loaders

In this study, the diesel-powered ZL08 loader is used as a model to obtain the required
pure electric loader. The diesel-powered loader has a single engine as the power source.
Figure 1 shows its power transfer route. The hydraulics share engine speed with the
travel system, and the driver cannot independently control one of the two through the
throttle, gear change, brake and others [12]. However, the operating characteristics of the
loader walking system and the hydraulic system are quite different. It is unreasonable
for them to use the same input speed in working conditions such as shovelling and the
transportation between loading and unloading points. The driver’s efforts to meet the
demands of the loader driving system can indirectly lead to a mismatch between the actual
and the required flow in the hydraulic system, resulting in additional energy losses.

The power components of pure electric loaders mainly include power batteries, walk-
ing motors, transmission box, drive axles, hydraulic motors, hydraulic pumps, hydraulic
cylinders and others, as shown in Figure 2. The walking motor realises four-wheel walking
by driving the gearbox, axle and tires, whereas the hydraulic motor drives the hydraulic
system for work device movement and articulated body steering. This configuration decou-
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ples the hydraulic system from the travel system so that separate drive control strategies
can be designed for each system according to the loader’s working characteristics and
conditions, thereby improving performance.
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Figure 2. The pure electric loader power structure.

3. Dynamic Parameter Matching

Considering the different drive configurations from diesel-powered loaders, matching
the parameters of each of the two components of an electric loader is an important part
of the design. The right power parameters can avoid the degradation of the loader’s
performance due to under-power or the waste of energy due to over-power. In addition,
the right power parameters can keep the components working at high efficiency for as
long as possible. Parametric matching of the loader’s transmission system and hydraulic
system improves one or more indicators of dynamics and economy, including system
efficiency and performance [13]. The parameters of the same components of the electric
and diesel-powered loaders are kept as constant as possible during the parameter matching
process to reduce the cost and difficulty of retrofitting.
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3.1. Loader Parameters

The vehicle parameters of the loader are the basis for parameter matching of the
power system. Table 1 shows the vehicle parameters of the ZL08 pure electric loader
examined in this study. The data is based on the ZL08 diesel-loader provided by the
partner manufacturer.

Table 1. ZLO08 pure electric loader parameters.

Parameters Values Parameters Values

Loader quality /kg 3050 Rated load/t 0.8
First gear reduction ratio/ Second gear reduction ratio/

efficiency of the gearbox 7:34/083 efficiency of the gearbox 2.1/085
Main reduction ratio/efficiency 5.833/0.95 Wheel radius/mm 390
Maximum speed /km - h~! 40 Maximum climbing slope/° 23
Rolling resistance coefficient 0.04 Ground adhesion coefficient 0.65

3.2. Parameter Matching of the Walking Motor

The main parameters of the motor include peak power, rated power, peak speed,
rated speed, peak torque and rated torque. The walking motor converts electrical into
mechanical energy and applies the output torque to the wheels through the transmission
system to drive the vehicle forward and backward. Selecting the correct motor rating
parameters is important, as too much will cause the motor to run underload, reducing
operating efficiency and increasing the weight and capacity of the battery. Moreover, small
parameters will cause the motor to run in an overload state for a long time and reduce
the service life. When matching motor parameters, the main consideration is to meet the
dynamic requirements of the loader.

3.2.1. Power Matching

When a wheel loader is inserted into a material pile by the power of the walking
system, the loader is subjected to the largest resistance and demands the greatest power.
The traction force acting on the wheels after the power and drive trains may reach the
maximum traction force that can be provided by the ground. The peak power Py, of the
walking motor for the material insertion condition is calculated according to Equation (1).

P 7G.¢.vt
"X = 7000 - 7

where Py,qx is the peak power of the walking motor, kW; G is the loader’s gravity, N; ¥ is
the adhesion coefficient of the tyres to the ground; v; is the operating speed of the loader
when inserting material, taking 1 m/s [14]; #; is the efficiency of the mechanical drive
system in first gear.

The ratio of the motor’s peak power to its rated power is called the motor overload
factor. If the coefficient is large, then greater torque can be obtained at a certain speed, but
too much will increase the volume and cost of the motor. The motor overload coefficient
for electric passenger vehicles is generally 2-3. As loaders often operate with short loading
cycles and require frequent high-power operations, such as insertion of material, the
overload coefficient should be at a lower value. The rated power of the motor is calculated
based on the motor’s peak power and the overload factor.

M

P max
P, = (2)
e gp
where P, is the rated power of the motor, kW; ¢, is the motor overload coefficient, which
is 1.85.
According to Equations (1) and (2), the motor can be selected with a rated power of
13.5 kW and a peak power of 25 kW.
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3.2.2. Speed Matching

The peak motor speed is required to meet the maximum speed requirements of the
loader. The formula for calculating the maximum speed of the motor is as follows.

1g2 = 10 * Umax

MNmax = 03771 3)

where 71,0y is the peak rotational speed of the motor, r/min; i is the reduction ratio of the

gearbox in the forward second gear; iy is the main reduction ratio; v,y is the maximum

speed of the loader, km/h; r is the wheel’s rolling radius, m.

According to Equation (3), the peak speed of the motor can be calculated to be

>3332 r/min. The rated engine speed of the original diesel-powered loader is 1800 r/min,
which has been chosen as the rated speed of the travel motor in this document.

3.2.3. Torque Matching

The peak torque of the walking motor needs to meet the requirement for maximum
traction when the loader is inserted into the pile. The peak torque of the motor is calculated
according to Equation (4).

G-¢-r
Nt - ig1 - o

Tinax = 4
where T4y is the peak torque of the motor, N-m; ig1 is the first gear reduction ratio of
the gearbox.

The rated torque T, of the motor shall be calculated according to the rated power and
rated speed of the motor, as shown in Equation (5).

T, = 9550~ ®)
e
The peak torque Tj;qx of the walking motor is calculated to be >225 N-m, and the
rated torque T, is 72 N-m.
Based on the above calculations, three commonly used motors, SRM, PMSM and
IM, are selected for comparison in this study, with the parameters shown in Table 2. The
basic requirement of selecting a walking motor is to meet the power demand of the loader.
The peak power, peak torque, peak speed and overload coefficient should be identical
for the three motors selected. However, the characteristics of the SRM differ significantly
from those of the other two motors. The maximum output torque at lower than the rated
speed varies with speed, resulting in a peak torque of 34.78% higher than that of the other
two motors.

Table 2. Three walking motor parameters.

Type Rated Peak Rated Peak Rated Peak Supply
of Power  Power Speed Speed Torque  Torque  Voltage
Motor kW kW /r-min~!  /r-min—! /N-m /N-m /VDC
SRM 13.5 25 1800 4000 72 310 72
PMSM 13.5 25 1050 4000 122 230 72
M 13.5 25 1050 4000 122 230 72

As the walking motors work almost constantly on the outer characteristic curves in
the conditions set out later, the peak torque, peak power and efficiency curves for each
motor at 100% openness of the accelerator pedal are plotted, as shown in Figure 3. When
the speed is lower than the rated speed, PMSM and IM output constant torque (also the
maximum torque). Above the rated speed, the output power of PMSM and IM remains
constant. Under the rated speed, the maximum output torque of SRM increases as the
speed decreases. At speeds between 1000 and 1800 r/min, the utmost output power
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remains almost constant. Moreover, at above 1800 r/min, the peak power decreases as
the speed increases. In terms of efficiency, PMSM can reach up to 93%, IM 90% and SRM
approximately 87%. At speeds below 500 r/min, SRM’s efficiency is much lower than the
other two motors, with a minimum of 30%.
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Figure 3. Characteristics of three walking motors. (a) Characteristics of the switched reluctance motor
(SRM). (b) Characteristics of the permanent magnet synchronous motor (PMSM). (c) Characteristics
of the induction motor (IM).

3.3. Parameter Matching of the Hydraulic Motor

The hydraulic motor is selected according to the relevant parameters of the hydraulic
pump (Table 4). The motor’s rated speed n,, is equal to that of the hydraulic pump, and
the motor’s rated power is calculated according to Equation (6).
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.g-n-H
Py = ¢ 6q0~77

where ¢ is the matching coefficient, take 1.15; P, is the rated power of the hydraulic motor,
kW; g is the pump displacement, L/r; n is the pump rated speed, r/min; H is the pump
rated pressure, MPa; 7 is the total pump efficiency, take 0.85.

The rated torque T, is calculated from the rated power and rated speed of the hy-
draulic motor, as shown in Equation (7).

(6)

T = 955022 7)
Nen

The rated power of the hydraulic motor has been calculated to be >13 kW, and the
rated speed is 1800 r/min. Similar to the walking motor, one motor each with suitable
parameters from the SRM, PMSM and IM was selected as an alternative. Three hydraulic
motors with the same rated speed, rated power, rated torque and overload coefficient were
selected, as shown in Table 3.

Table 3. Three hydraulic motor parameters.

Type Rated Peak Rated Peak Rated Peak Supply
of Power Power Speed Speed Torque  Torque  Voltage
Motor kW kW /r-min~!  /r-min—! /N-m /N-m /VDC
SRM 13.5 25 1800 4000 72 310 72
PMSM 13.5 25 1800 4000 72 133 72
M 13.5 25 1800 4000 72 133 72

Figure 4 shows the efficiency map of the three hydraulic motors, where the efficiency
characteristics of the different motors vary considerably. The dark-red areas in the diagram
represent the top efficiency areas of the three motors. The SRM has a peak efficiency of 90%,
concentrated between 2500 and 3200 r/min, with a low percentage of the high-efficiency
area. The IM has largest efficiency of 94%, concentrated above 2000 r/min, with a moderate
percentage of the high-efficiency area. Furthermore, the PMSM has the tallest efficiency,
with a maximum efficiency of 96%. The range is between 1200 and 2200 r/min with the
highest percentage of high-efficiency area.

300 4

H

Y]

S
!

250

= N
@ S
3 ]
©
S
!

Torque (N-m)
3
L

Torque (N-m)
Torque (N-m)

H

)

]
!

w
3
L

@
3
!

o

0 T T T T T T T 1 0
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3300 4000
Speed (r/min) Speed (r/min) Speed (r/min)

AO 500 1000 1500 2000 2500 3000 3500
(a) Efficiency of SRM (b) Efficiency of PMSM (c¢) Efficiency of IM

Figure 4. Efficiency map of three hydraulic motors. (a) Effiency of SRM. (b) Effiency of PMSM.
(c) Effiency of IM.

4. Dynamical Models

The loader, as an engineering vehicle with operating and transport functions, is more
complex and difficult to develop than a passenger vehicle, specifically with regard to the
selection of the motor. The development process would be costly and time-consuming if
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to be conducted directly through real vehicle tests. Using virtual computer technology
to simulate the operational performance of loaders to optimise component parameters
can significantly reduce development time and costs. Simulation models of wheel loaders
include aspects of mechanical assembly, MBD, hydraulic systems and pile dynamics with
a high degree of complexity [15]. The bucket and pile are modelled as a 3-D rigid body,
non-linear contact multi-body system, making the development of accurate mathematical
simulation models difficult [16]. With the development of computer simulation technology;,
MBD-DEM provides the basis for accurate simulation of loader scooping and unloading
processes [17].

The dynamics model of an electric loader is divided into four parts: the walking
module, the hydraulic module, the body dynamics module and the material discrete
element module. This article builds the walking system module through the Powertrain
Blockset and Vehicle Dynamics Blockset in Matlab/Simulink, and the hydraulic system
module with Simscape. This paper adopts the form of forward simulation. The torque
output by the walking motor is amplified by the gearbox, final drive and other components
and then acts on the wheels. The hydraulic motor drives the hydraulic pump to rotate, and
the oil through the control function of the valve drives the hydraulic cylinder to extend
or contract. In addition, Simulink transmits information such as four-wheel-drive torque
and hydraulic cylinder displacement to the body MBD module. The MBD module built in
RecurDyn controls vehicle walking and work device movements after receiving control
information. The working device will make non-linear contact with the material DEM
module built in EDEM. The vehicle MBD module updates the loader’s force state according
to the resistance of the material from the EDEM and provides feedback to the travel and
hydraulic systems in Simulink. Figure 5 shows the framework for the joint simulation
model of a pure electric loader.

Battery Wheel driving force,
) 17 ) _l hydraulic cylinder
Mo lt;w 1 Motor2 displacement
Reducer Dulw D v g N 1 DEM module
l ¢ | P - \ V| mOBUcket
. p: y i 4 Ve
differential  valve Loader speed and ' ] Tent
l displacement, Vi \N& {
Jeel  Cylinder hydraulic cylinder !
Vhee ) resistance VN 3
. Matgyy. 3
Control module MBD module Aigging 1!
9 fo,-Ce

Figure 5. Joint simulation model framework for pure electric loaders.

Figure 6 describes the process of the three software combination of Matlab/Simulink,
RecurDyn, and EDEM. The joint simulation process includes the following four steps: build-
ing loader RecurDyn model, building walking system and hydraulic system in Simulink,
building material DEM model and simulation calculation. When the simulation is coupled,
the three software run simultaneously, and RecurDyn transfers data bi-directionally with
Simulink and EDEM, respectively. RecurDyn will transfer the bucket’s translation and
rotation information to the bucket geometry in EDEM in each time step. The movement of
the geometry in EDEM will cause the position of the material particles to change. At the
same time, EDEM will calculate the force and moment of the bucket, and transmit it to
RecurDyn. A load of hydraulic cylinder calculated in RecurDyn and the wheel’s movement
information are transmitted to Simulink in real-time. The hydraulic system calculates the
hydraulic cylinder’s displacement based on information such as the valve’s state and the
load on the hydraulic cylinder. The walking system updates the accelerator pedal and
brake pedal openings and gearbox positions based on the loader’s actual vehicle speed.
Finally, Simulink transmits wheel torque and hydraulic cylinder displacement to Recurdyn.
As the next time step begins, Recurdyn will combine the drive and load information to
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calculate the new speed, wheel status, and bucket motion. The information is transmitted
between RecurDyn and Simulink, RecurDyn and EDEM in order to complete the coupling
of the three softwares by the end of the simulation.

Matlab/Simulink
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and other components from

<}
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Build 3-D CAD model of loader
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Setdriving force

|
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Creator settings:
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Connect the walking system and RecurDyn and Simulink
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2. Date save

3. Simulator Grid

Export 3-D model of
RecurDyn and EDEM —+—
joint parts

Seisavar fifaimeren — Export m file for Simulink

P N Set simulation Turn on the EDEM Click the Run P N
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\ @ 2 s Simulink switch Simulink ySis \ @ 2

Figure 6. Matlab/Simulink-RecurDyn-EDEM joint simulation flowchart.

4.1. Walking System Model

Figure 7 depicts the walking system model built on the MATLAB/Simulink simulation
platform. The driver module obtains the target speed from the input conditions and the
actual vehicle speed from the dynamics model. According to the difference of speed, the
openness of the accelerator and brake pedals are obtained through PI control. In the PI
controller, the parameters P and I are 5 and 20, respectively. The shift strategy set out in this
document is to shift into the second gear at maximum motor speed in the first gear [18].
As the shifting strategy is not the focus of this study, this strategy is not optimal but does
not have a significant impact on motor selection and will therefore be further discussed
in subsequent studies. The motor determines the output torque based on acceleration
or braking information and the current speed, which is transmitted to the drive system.
The motor torque is amplified by the gearbox and the main reducer and is applied to the
wheels. The driving torque acts together with the frictional braking torque on the wheel,
and the resultant force is transmitted to the vehicle MBD in RecurDyn to drive the loader
forward or backward. Finally, based on the current mechanical power output of the motor
and its efficiency, the energy consumption for the entire working condition is calculated.
The torque flow of the components of the mechanical assembly is from the front to the rear,
and the speed flow is from the rear to the front, as shown in Figure 7.

4.2. Hydraulic System Model

Figure 8a shows the principle of the hydraulic system of a pure electric loader. The
system mainly consists of a fixed displacement pump, a bucket cylinder, a boom cylinder,
an accumulator and some control valves. Table 4 presents the main parameters of these
components. As the steering was not involved in the subsequent analysis of the scenarios,
the hydraulic model of the steering part was not established. The driver controls the
opening and closing of the bucket and boom valves by manipulating the bucket handle and
the boom handle. When the loader works, the output flow rate of the fixed displacement
pump is controlled by adjusting the motor speed, which drives the specified hydraulic
cylinder under the action of a control valve to produce the corresponding movement.
When the bucket valve is turned on to the right, the large chamber of the bucket hydraulic
cylinder is filled with oil and the bucket cylinder extends outwards, turning the bucket
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upwards; conversely, the bucket turns downwards. Similarly, when the arm valve is turned
on to the right, the large chamber of the arm cylinder is filled with oil, and the arm is lifted;
conversely, the arm is lowered. Figure 8b shows the structure of the working device and
two different postures of laying and unloading.
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Figure 7. Schematic diagram of the walking system.

Table 4. Parameters of the main components of the hydraulic system.

Hydraulic Components

Parameters and Values

Boom cylinder
Bucket cylinder

Fixed displacement pump

Hydraulic motor

Stroke: 426 mm
Stroke: 284 mm
Theoretical displacement: 20 mL/r
Rated speed: 1800 r/min
Rated speed: 1800 r/min

Cylinder diameter-Rod diameter: ¢70 mm-¢$40 mm
Cylinder diameter-Rod diameter: $80 mm-¢$35 mm
Rated pressure: 16 MPa
Speed range: 0~3000 r/min
Rated power: 13.5 kW

4.3. Discrete Element Model

Loaders often work with bulk materials, such as sand and gravel. To assess the perfor-
mance of loaders, excavation tests on different materials are an essential part of the process,
but real-life testing methods can be labour-intensive and inefficient. Discrete elements
allow the behaviour of bulk materials to be simulated more realistically and provide the
force acting on the equipment. The DEM is a practical solution for simulating the contact
of the loader bucket with the material and changes in the shape of the pile [19,20].

To assess the performance of pure electric loaders, three materials with widely vary-
ing parameters have been selected for operation according to the literature [19,21]: coal
briquettes, limestone pellets and iron ore, where Table 5 shows their properties. To simplify
the study, the material particles were modelled as triple spheres with a particle size of
72 mm, ignoring the differences in particle size and shape. To speed up the simulation,
the material is stacked in the simulation environment in bins of 2 m in length, width and
height. Then, the baffle facing the loader is removed, allowing the material to slide freely
and eventually reach a stable state with three sides stacked against the wall.
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Figure 8. Working principle of hydraulic system. (a) Schematic diagram of the hydraulic system.
(b) Working device structure.

Table 5. Material attributes.

Values
Parameters
Coal Limestone Iron Ore
Density/kg-m ™3 2178 2600 3883
Shear modulus/MPa 17.5 50 50
Poisson’s ratio 0.23 0.2 0.25
Recovery Coefficient of material 0.5 0.5 0.32
Coefficient of static friction of material 0.6 0.9 0.52
Coefficient of rolling friction of material 0.05 0.04 0.14
Recovery Coefficient of material and bucket 0.5 0.41 0.55
Coefficient of static friction of material and bucket 0.3 0.4 0.43
Coefficient of rolling friction of material and bucket 0.05 0.01 0.18

5. Simulation Working Condition Setting

Wheel loaders have unique operating characteristics that distinguish them from pas-
senger cars, and the performance of the loader can only be analysed if the simulation
is properly set up. The loader operating process can be divided into three parts: scoop-
ing, unloading and transport. The scooping stage has the biggest wear and tear on the
loader tires, with the tallest energy consumption and the highest demands on the loader
performance [21]. Increasing the efficiency of the shovelling section is one of the main
ways to reduce cycle times. Therefore, the shovelling section is the aspect of a loader’s
operational performance that is most evident. The shovelling phase can be subdivided
into the insertion of the material by the walking system and the lifting of the bucket by the
hydraulic system. The loaders encounter the greatest resistance when inserting material,
which rises as the depth of insertion increases. As a result, high demands are placed on the
dynamics of the loader, requiring the walking motor to output high torque at low speeds
to reach the required depth of insertion as quickly as possible.

During the operation of the loader hydraulic system, the hydraulic motor does not
operate at its peak torque due to the protection of devices, such as relief valves. The electric-
hydraulics of loaders place less emphasis on power performance and more on the economy.
The electric-hydraulic system design mainly aims to reduce the energy consumption of
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hydraulic systems and increase energy efficiency [22,23]. The hydraulic system of the
loader mainly operates during shovelling and unloading, which are the chief conditions
for determining the economic characteristics of the hydraulic system.

Acceleration and climbing ability are also important aspects of the dynamics of a
loader’s travel system. The short distance between the pile and the truck in a short loading
cycle makes transportation less challenging for the loader. Meanwhile, the widely used
long loading cycle involves two 400 m transport stages and even requires the loader to
climb steep gradients [24].

Therefore, in this study, three conditions have been set up to test the performance
of the travel system: insertion of material, acceleration and climbing, and the shovelling
and unloading conditions to test the performance of the hydraulic system. The following
conditions are sorted according to importance.

5.1. Insert Material Conditions

The insertion conditions are simulated by working with the three materials established
in Table 5. On the asphalt road surface, the shovel bucket is parallel to the ground and
slightly pressed down. The loader is inserted into the material pile at an initial speed
of 1 m/s and continues to go deeper. During this process, no power is provided by the
hydraulic motor until the loader can hardly move forward. The performance of the loader
with different motor drives is compared by the maximum depth of insertion of the loader,
the duration of insertion and others, which is calculated from the moment the bucket
makes contact with the pile.

5.2. Shovelling and Unloading Conditions

The scooping and unloading conditions also operate for the three materials mentioned
above. To prevent a shallow insertion of the loader into the pile and a low fill rate, the
particle shape of the material is modified to a single sphere, and the other parameters
remain unchanged. The resistance of the hydraulic system is greatest during the revolving
and lifting phases of the shovel, which is related to the material and the shovelling trajectory.
Depending on the trajectory of the bucket tip, the loader’s scooping methods can generally
be divided into one-time scooping, segregated scooping and compound scooping, with
the one-time scooping method having the highest resistance and energy consumption [21].
The extreme performance of hydraulic systems can be fully reflected, which is why the one-
time scooping method is used in the shovelling condition. In this study, the performance of
the hydraulic system is tested by combining shovelling and unloading into one condition,
which is divided into five stages. After the loader has been fully inserted into the pile,
stage 1 turns the bucket to dig, stage 2 lifts, stage 3 turns the bucket to unload, stage
4 retracts the bucket and stage 5 lowers the arm. Figure 9 shows the actual action of
the hydraulic cylinders.

5.3. Accelerated Conditions

This article tests the acceleration performance of the pure electric loader driven by
each of three travel motors. The setup is as follows: on a level, hard-packed field, the loader
starts in primary gear and shifts to the second gear when a maximum speed is reached
under the first gear. Uebel, Raduenz, Krus and Negri [25] noted that the maximum speed
recorded during the transport of loaders with long loading cycles is close to 25 km/h.
However, due to the short distance between loading and unloading locations in most cases,
loaders rarely work at a speed of 25 km/h. Therefore, this paper takes the acceleration
time of the loader to 15 km/h as one of the evaluation criteria.
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Figure 9. Hydraulic cylinder displacement.

5.4. Climbing Conditions

The loader is in the lowest gear with no load, approaches the starting point of the
climb at the lowest possible speed and then quickly presses the accelerator to a maximum
until the end of the experiment. The ramp length is 20 m, the initial gradient is 23° and the
gradient is gradually increased until the loader can hardly climb the slope. The climbing
performance of the loader with the three motors is evaluated by comparing the loader’s
climbing time, the travel motor’s power consumption and the maximum climbing degree.

6. Result Analysis
6.1. Insert Material Experiment Results

Table 6 shows the performance of the loader with three motors when inserting three
materials. The maximum insertion depth, insertion time of 0.5 m and insertion time of
1 m have been chosen as criteria for determining insertion performance. The fill rate is
the main indicator of a loader’s ability to dig. High fill rates are difficult to achieve if the
loader has a low depth of insertion into the pile, so the maximum depth of insertion is the
primary evaluation indicator for this condition. The other two factors represent the speed
of the loader’s insertion into the pile, and a reduction in the time required for continuous
insertion can improve excavation efficiency and reduce energy consumption. As the particle
density increases, the difficulty of insertion increases and the maximum depth of insertion
decreases. When inserting lumps of coal, the buckets of all three motor-driven loaders are
fully inserted into the pile to the largest depth of 1.320 m. For the other two materials, the
SRM-driven loader has the greatest depth of insertion, that is, 12.2% and 17.3% deeper
than the PMSM and 9.74% and 21.2% deeper than the IM, respectively. The SRM is slightly
faster than the other two motors due to the low difficulty of inserting coal blocks, but the
difference is within 5%. For limestone with medium insertion difficulty, a slight difference
exists between the three motors at 0.5-m insertion, but as the insertion depth increases, the
advantages of the SRM become more apparent. At an insertion depth of 1 m, the SRM takes
23% less time than the IM, whereas the PMSM is unable to insert to a depth of 1 m. For the
most difficult iron ore, the SRM is 11.7% faster than the PMSM and 56.2% quicker than the
IM. The SRM-driven loader, therefore, performs better in this condition. The reason is that
as the depth of insertion increases, the insertion resistance from the material pile becomes
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greater. Moreover, the motor speed decreases with loader speed, and the maximum output
torque of the SRM is greater than that of the other two motors.

Table 6. Performance of three kinds of motor insert working condition.

Materials Type of Whether to Maximum Insertion 0.5-m 1-m
Motor Fully Insert Depth/m Time/s Time/s
SRM Y 1.320 0.507 1.037
Coal PMSM Y 1.320 0.507 1.051
M Y 1.320 0.508 1.075
SRM N 1.104 0.516 1.124
Limestone PMSM N 0.984 0.516 -
M N 1.006 0.524 1.459
SRM N 0.794 0.684 -
Iron ore PMSM N 0.677 0.775 -
M N 0.655 1.562 -

6.2. Results of Shovelling and Unloading Experiment

Pure electric-powered loaders are powered by a power battery, and the electrical
energy is converted to mechanical energy by a hydraulic motor and then to hydraulic
energy by a hydraulic pump. If the motor is highly efficient, then the energy lost from
the motor is less and the loader will last long in operation under the same conditions.
The loader’s hydraulic system works mainly during shovelling and unloading. Figure 10
shows the relationship between motor operating points and efficiency when shovelling
and unloading three types of material. The motor operating points are predominantly in
the area below 2000 rpm and below 90 N-m torque, which is the most closely matched to
the tall efficiency area of the PMSM. The high-efficiency areas of SRM and IM are biased
towards the area above 2000 rpm. Even in most areas where the torque of SRM is above
100 N-m, the hydraulic system of the loader is difficult to fully utilise.

90
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Figure 10. Three motor efficiency maps with hydraulic motor operating points. (a) Position of
hydraulic motor operating point in SRM. (b) Position of hydraulic motor operating point in PMSM.
(c) Position of hydraulic motor operating point in IM.

Table 7 shows the energy consumption of the three motor-driven hydraulic systems
for shovelling and unloading three materials. The PMSM consumes the least energy, and
the SRM uses the most. The PMSM saves between 3% and 4% additional energy than
the IM, and between 10% and 15.7% more energy than the SRM. Therefore, the loader’s
hydraulic system is the most economical when matched with the PMSM.
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Table 7. Energy consumption for shovelling and unloading conditions.

Energy Consumption/k]J
Type of Motor -
Coal Limestone Iron Ore
SRM 81.40 98.64 116.21
PMSM 7111 87.1 104.20
M 73.41 90.65 108.23

6.3. Accelerated Experiment Results

Table 8 shows the results of the loader accelerating to 15 and 25 km/h in the shortest
time. When the loader is equipped with three kinds of motors, the acceleration time to
15 km/h is approximately 1.3 s, having a difference of less than 3%. In terms of energy
consumption, the energy consumption of the SRM-driven loader accelerating to 15 km/h
is 29.10 kJ, which is 8% and 11.4% less than the PMSM and IM, respectively. When
accelerating to 25 km/h, the SRM-driven loader takes 3.46 s, which is 8.8% and 7.8% slower
than a loader matching PMSM and IM, respectively. The reason is that at high speeds, the
maximum output torque of SRM at the same speed is lower than the other two motors.
The SRM consumes 90.47 k] when accelerating to 25 km/h, which is 8.7% and 3.1% more
energy than the PMSM and IM, respectively.

The loader’s operating cycle is mainly a short loading cycle, which only switches to
long loading conditions when the distance between the shovelling and unloading locations
is far, so its speed rarely reaches 25 km/h. Therefore, additional attention should be paid to
the acceleration performance up to 15 km/h. During the loader’s acceleration to 15 km/h,
a slight difference is observed between the three motors’ acceleration times. Therefore, a
slight difference may exist in their acceleration performance, with the SRM’s acceleration
performance being slightly stronger in comparison.

Table 8. Acceleration performance of three kinds of motor.

Type of Termination Acceleration Energy
Motor Speed/km-h~1! Times/s Consumption/k]
SM ” 46 o037
PV - s 523
M - 21 44

6.4. Results of the Climbing Experiment

Table 9 gives the results of the loader climbing a 23° to 25° slope with each of the three
motor drives. At a gradient of 23°, the steady speed of all three motor-driven loaders was
approximately 1.07 m/s. The SRM was 19.49 s for a climb length of 20 m, which is 9.9% and
10.9% faster than the PMSM and IM, respectively. The reason is the high-output torque of
the SRM at low speeds and the short time that the loader takes to reach the constant speed
from the start. In terms of energy consumption, the SRM-driven loader uses 590.31 k] for
a 20-m climb, which is 10.5% additional energy than the PMSM and 4.1% more energy
than the IM. The reason is that the SRM is slightly less efficient than the other two motors
at the same speed. The SRM-driven loaders can climb steadily on slopes of 24° and 25°,
whereas the PMSM and IM drive loaders cannot do so. This case is because the SRM has
a higher maximum output torque at low speeds than the other two motors. The overall
climbing performance of all three motors is thus better and worse, with the stable speed on
the identical gradient being almost the same, and the SRM being less efficient but capable
of handling larger slopes.
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Table 9. Climbing performance of three motors.

Type of Slope/° 20-m Climbing Steady Speed Energy
Motor P Time/s fm.s—1 Consumption/k]
23 19.49 1.07 590.31
SRM 24 21.44 0.97 651.89
25 23.34 0.88 713.01
23 21.63 1.08 534.04
PMSM 24 - - -
25 - - -
23 21.88 1.07 567.05
™M 24 - - -
25 - - -

7. Discussion

The loader performance test method based on co-simulation proposed in this paper

has the following application scenarios:

1.

Motor selection for pure electric engineering vehicles. In the case that the parameters
of the whole component are known, the motor is selected by studying the influence
of different motors on vehicle performance.

Performance tests. This paper provides a complete simulation-based vehicle perfor-
mance testing process for highly complex construction vehicles, such as loaders.
Parameter matching and strategy validation. This method can be used for the detailed
design and dynamic simulation of the basic components before the real vehicle system
is assembled. Under the guidance of the corresponding control strategy, the design
parameters of the corresponding components can be suitably improved to make the
overall vehicle performance meet the design requirements.

The design of pure electric loaders is still in its early stages and faces the following

challenges:

1.

Reliability. The pure electric loader in this paper uses a battery, an SRM and a PMSM.
However, batteries and PMSM are more sensitive to external conditions such as
temperature, and PMSM is also at risk of demagnetization. In operating environments
above 40 °C and below 0 °C, the reliability of purely electric loaders is challenged.
Energy storage equipment. The subject of this paper is a small tonnage loader where
the battery can be used as the sole power source. If this system is applied to a large-
tonnage loader, a large-capacity battery that can support the loader for a long-term
operation will be expensive, and there are also challenges in terms of volume and
weight. Mixing energy storage devices, such as batteries and super-capacitors, may
extend the working hours of the loader, and the development of associated energy
management strategy is also challenged.

Hydraulic system. The hydraulic system of a diesel loader shares engine speed.
However, the hydraulic system of the pure electric loader in this paper is driven by
an independent motor. There are still challenges in controlling the motor speed of
the hydraulic system. This paper still uses the same parameters as the original ZL08
diesel loader, and the matching characteristics of the hydraulic component parameters
to the motor are worthy of further study.

8. Conclusions

In this study, the dual-motor ZL08 pure electric loader is taken as the research ob-

ject. Through joint simulation, the material insertion characteristics, acceleration and
hill-climbing characteristics of the walking system with three motors, including the shovel-
ling and unloading performance of the hydraulic system with three motors, are analysed.
The following conclusions are drawn:
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1.  The SRM-driven walking system provides the loader with greater material insertion
capability than either of the other two types of motors, in terms of speed and depth of
insertion. This conclusion validates the findings of Liu, Liu and Chen [11] that SRM
torque at low speed and low currents is higher than that of AC motors and SRM is
more suitable for heavy vehicles.

2. When SRM is used, the walking system of the loader has a higher climbing grade,
and the acceleration is no less than the other two kinds of motors.

3. The PMSM-driven hydraulic system can effectively utilise the high-efficiency area
of the motor, which enables the loader to have good economic performance when
shovelling and unloading.

Currently, the development of electrification of construction vehicles such as loaders
is dominated by oil-electric hybrids. In recent years, the development goal of hybrid con-
struction machinery is to improve fuel utilization and reduce pollutant emissions through
energy management strategies, optimized control strategies and other methods [26,27].
However, the zero-pollution pure electric drive system based on large-capacity batteries
or FC may be the best choice for future construction machinery [26]. The development
of purely electric engineering vehicles is also limited by various key technologies such
as variable-speed control strategies, new electric drive hydraulic control strategies and
dynamic arm energy recovery [28]. This study provides a reference for the electrification of
construction vehicles, such as loaders. In the future, we will conduct corresponding experi-
mental validation and carry out the following studies to further improve the operational
performance of loaders and reduce energy losses.

1.  Optimize the component parameters of the loader’s walking system and the hy-
draulic system to reduce the power loss of the loader while still meeting the power
requirements.

2. As the hydraulic system is driven independently, future research in the control
strategy of the hydraulic motor is essential to further improve the performance
of the loader.
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Abbreviations

The following abbreviations are used in this manuscript:

Cp Walking motor overload factor

G Gravity of the loader (N)

n Total efficiency of the hydraulic pump

1t Drive train efficiency in first gear

H Rated pressure of the hydraulic pump (MPa)
ip Final reduction ratio

ig1 Reduction ratio of the gearbox in first gear
ign Reduction ratio of the gearbox in second gear
1, Rated speed of the walking motor (r/min)

) Rated speed of the hydraulic motor (r/min)
nmax ~ Peak speed of the walking motor (r/min)

P, Rated power of the walking motor (kW)

Py Rated power of the hydraulic motor (kW)

Puax  Peak power of the walking motor (kW)

q Rated displacement of the hydraulic pump (L/r)
7 Wheel rolling radius (m)

Te Rated torque of the walking motor (N-m)

Ty Rated torque of the hydraulic motor (N-m)

Tiax  Peak torque of the walking motor (N-m)

@ Matching factors for the hydraulic motor

Umax ~ Maximum speed of the loader (km/h)

v} Speed of the loader when inserting material (m/s)
P Coefficient of adhesion between wheel and ground
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