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Featured Application: The model and analysis results established in this paper can be used for
dynamic analyses of the autonomous driving control of articulated steering vehicles, as well as
for the design of hybrid or pure electric power articulated steering vehicles.

Abstract: Articulated steering vehicles (ASVs), with brilliant maneuverability and efficiency, are
being widely applied in mining, construction, agriculture, and forestry. However, their special
structures result in them having complex dynamic characteristics, but there are no reliable models
for further research. This study established a simulation platform with the dynamic model of ASVs,
where the subsystems of the power train, steering systems, tires, and frames were also included. The
dynamic model was validated with field test data of typical working cycles, in which the focus was
on longitudinal and lateral motions and the characteristics of steering and power train systems. Then,
the distribution of hydraulic and drive power was revealed using the simulation platform and test
data. For a load-haul-dump (LHD) vehicle with a 6 m® capacity, the maximum power of the system
was about 289 kW; the power of the motor accounted for the majority of the power at the beginning
stage of loading, being about 74%, and then the hydraulic power dominated in the later stage of
loading. During the transport stage, the power of the motor accounted for about 79% of the total
power. Finally, the influence of the dynamic parameters on lateral and longitudinal motions was
analyzed based on the validated platform.

Keywords: articulated steering vehicles (ASVs); dynamic model; steering hydraulic system; power
distribution; simulation platform

1. Introduction

Articulated steering vehicles (ASVs), which include different vehicles, such as load—
haul-dump (LHD) vehicles [1], wheel loaders [2,3], and dump trucks [4], are widely used in
underground mines, the construction industry, and forestry [5], as shown in Figure 1. Their
special steering structure brings about excellent maneuverability and efficiency advantages,
but it also causes complex, dynamic problems.

Two frames can cooperatively rotate along the vertical direction during steering and
non-steering maneuvers; however, relative oscillation is inevitable and will cause the
problems of sideslip and handling stability, i.e., running like a snake. In addition, ASVs
always run and work in harsh environments, such as in underground mines, with a high
humidity and high temperatures, and in dusty construction sites. Autonomous ASVs [6] are
urgently needed for these driving [7] and working processes [1,8]. Thus far, these involved
needs and problems have been solved with reliable models and via further research on
commercial vehicles, as these solutions are also applicable to ASVs [9]. For example,
a path that follows an autonomous function is based on the kinematic model of target
vehicles. Additionally, lateral stability control is based on the dynamic model [10] of target
vehicles [11].
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Figure 1. Typical applications of ASVs.

However, the kinematics and dynamics of ASVs are quite different from those of
conventional commercial vehicles. For ASVs, the structure contains two frames, which are
articulated with each other, and each frame is equipped with an axle. They are usually
all-wheel drive in order to obtain an excellent power performance. The steering function
is realized by the articulated motion of the frames in the vertical direction. During the
process of steering, the frames form a specific geometric relationship, and the kinematic
model of ASVs can be obtained by assuming no slip [12]. However, lateral slip is always
inevitable during the steering process. Oscillation, snake-like running, jack-knifing, and
related problems are considered to be dynamic instability. Although some models could be
used to analyze the stability of ASVs, the transient characteristics of the steering system
have not been covered. He et al. [13] researched the stability of ASVs based on a two-degree-
of-freedom (DOF) and a three-DOF model, in which the difference of the two models was
the yaw freedom of frames. The results stated that the leakage of hydraulic fluid affected
stability in different modes of instability. Therefore, the impact of the steering system on
dynamic responses is particularly critical, and the model should be detailed.

The steering system of an ASV is usually powered by a hydraulic cylinder, which is
controlled by a hydraulic valve. The model involves the coupling of a hydraulic system
and the connected frames. Gao et al. [14] developed a 12-DOF model of ASVs with
Adams/View software, in which the detailed hydrostatic steering control unit was involved.
The instability of snaking and oscillation was confirmed, and improvements were made
with the yaw moment and driving force distribution control. Although this research mainly
focused on lateral responses, the validation also concentrated on lateral motions. The
research of [15] indicated that the lateral response also depended on longitudinal velocity
ranges. In addition, the valve-controlled steering system is more universal. Therefore,
a universally applicable model of ASVs should be presented holistically [16], and the
validation of the model should be performed comprehensively [17].

Although traditional diesel-engine-driven ASVs provide excellent power and mobility,
exhaust emissions are inevitable. In addition to the increasing cost of fuel, the requirement
of environmental quality has also eliminated the usage of this type of ASV. Such as in
underground mines, many pieces of ventilation equipment are needed to deal with the
emissions of ASVs, i.e., of LHD vehicles, articulated trucks, drilling rigs, and so on. Some
plug-in ASVs have been used in the working faces of underground mines; although
the power was guaranteed by the towed cable, the mobility of the ASVs was severely
restricted [18].

In order to address emission problems, the power of ASVs was improved with hybrid
or pure electric power structures [19]. For hybrid power ASVs, the diesel engine is used to
drive the generator, and the battery, supercapacitor, or both are used to store the energy of
the power system [20]. For pure electric power ASVs, only the battery and some auxiliary
accumulators are used to provide the energy, and the replacement or charging of the
battery is executed after the power is exhausted [21]. The driving power of the motor
and the hydraulic power of the working mechanism must be satisfied no matter which
structure is adopted. The average power during the working cycle is not high, while the
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instantaneous power is very high, especially during the loading process. The driving and
working mechanism power can be used to cover the bucket resistance force during the
loading process. Therefore, the power distributions of ASVs are very important for the
proper design of the power system and the energy management system. Many ASVs have
been used in underground mines, where LHD vehicles are the most common [22]. LHD
vehicles possess the most complex and changeable working conditions and determine the
production efficiency of the whole mine [23].

Based on the above-mentioned problems and research studies, this article establishes a
simulation platform of ASVs with the dynamic model. Additionally, the power distribution
of an ASV is uncovered using the platform and test data of a typical working cycle. The
main contributions are summarized as follows:

(1) An ASV simulation platform is established with the detailed dynamic model, and the
dynamic responses of different systems in different directions are presented and validated.

(2) The power distribution of a typical ASV, i.e., an LHD vehicle, is uncovered based
on the platform and test results from typical working cycles.

(3) The effects of the model parameters on the lateral and longitudinal dynamic
responses are analyzed and presented.

The remainder of the work is structured as follows: The dynamic model of ASVs is
presented in Section 2, and the subsystems of the frames, tires, the power train, and steering
are included. In Section 3, an ASV field test is performed, and the validation results are
presented. A discussion of the results is also included in this section. We conclude this
paper in Section 4.

2. Dynamic Model of ASVs
2.1. Dynamic Model of Frames

LHD vehicles, which are typical ASVs and whose structure is shown in Figure 2, are
usually used to transfer heavy goods or mine materials, and, thus, it is necessary to avoid
the large vertical motion of the chassis as caused by any vertical load variations. Therefore,
the suspension is normally absent in the chassis of an ASV. The dynamic motion of an ASV
can be revealed with planar motion, i.e., the plane parallel to the ground. According to
Figure 2, the tire forces, originating from the tires, act on the front and rear frames, and the
hydraulic-driven steering system drives the two frames to fold around the articulated point.
Therefore, the dynamic model of ASVs can be divided into three models, i.e., the model of
the frames, the model of the tire forces, and the kinematic constraints of the frames.

F,

Figure 2. Typical structure of ASV.



Appl. Sci. 2023, 13, 5099

40f 15

2.1.1. Model of Frames

The motion of the frames can be described with the two sets of frames: the ISO (the
longitudinal forward direction of the vehicle is defined as the X axis, the vertical downward
direction is defined as the Z axis, and the Y axis is in the right-hand coordinate system)
front frame (X;Y1Z;) and the ISO rear frame (X;Y2Z) [24]. The motion in the XY plane is
focused on considering the target in this paper. According to Newton's second law, the
dynamic model of ASVs in the XY plane can be expressed as follows:

my (bxl - Z)ylwzl) = thf +F+ stf

m2(bx2 - Z)yZWZZ) = Fixy — Fycos ¢ — Fy sin @ + Foyxr

1
MUy (ﬁz + wZZ) = Fryr + Fycos ¢ — Fysin ¢ + Fsyr

Liw, =B (thfl - thfr) -
(Fyst + Fiype )Lyt + Mz + FyLpo ®

IZZ(';)ZZ = B(thrl - thrr) - (Ftyrl + Ftyrr) Li—
Mszr 4 (Fycos ¢ — Fysin@)Ly»

where subscripts 1 and 2 denote the front and rear frames, respectively; ¢ is the articulation
angle; B is half of the wheel track; m; and m;, are the masses of the front and rear frames,
respectively; I;1 and ;> are the moments of inertia in the z direction; F, and Fy are internal
forces at the central point; stf, Fsyf, Fsxr, Fsyr, Mszf/ and M, are the forces and moments
caused by the steering cylinder; Fy, Fiyf, Frxr, Fryr, Fixfis Fiafrs Fiari, and Frarr denote the front
and rear tire forces in the x and y directions; Ly and L, are the distances between the mass
center of the front and the rear frames (as well as the corresponding axles), respectively;
and Ly, and Ly, are the distances between the mass center of the front and the rear frames
(as well as the central articulated point), respectively.

2.1.2. Model of Tire Forces

Many tire models have been developed for different conditions and purposes, includ-
ing theoretical models, empirical models, and semi-empirical models [24]. In this paper,
the brush model is used due to the conditions of ASVs and the purpose of this paper.
The longitudinal force and the lateral force of the tires under the comprehensive working
condition of the brush model can be expressed as

{ Fx_ij = CxKxFij/K ®)
Fy_,‘]‘ = CyKyFij/K

where F, jj—Fy g, Fx i, Fx_y, and Fx_p—is the force of the different wheels in the longitu-
dinal direction; Fy ii—Fy g, Fy g Fy n1, and F,_,—is the corresponding lateral force for the
different wheels; and Cy and Cy are the corresponding stiffnesses.

The other correlation coefficients can be expressed as follows:

[ K% /3UF; i+ &2 /27)PF2 ;K < 3uF, “
! VFZJj K> SI/lFZJ']'
where the coefficient x can be expressed as
k= \/Ci3 + g
ke =1/(1+17) (5)

Ky = tana/(141)
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where « is the tire slip angle, and 7 is the tire slip rate; thus, it can be expressed that

I”dl']'wi]' - vxij /rdwl-]- x 100% Drive

i~ (6)
7 r4ijWij — Uxij ) /xij X 100%  Brake

where the rolling radius, the angular speed, and the speed of the frames are denoted by r;;,
wjj, and vy, respectively. The corresponding speed of the two structures can be written as

{ Oxflyr = Uxf + szf @)
Uxrly = Uxr £ Bwsr

The sideslip angle can be expressed as

{061,2 = (Uyl - Lflwzl) /(vx1 £ Bw1) ®)

N34 = (Uyz - Lr1wzz) / (V2 & Bwy)

2.1.3. Kinematic Constraints of Frames

According to Figure 2, the two frames are connected to each other at the central
articulated point. The motions of the frames are related to each other in the longitudinal
and lateral directions. The detailed constraints of the two frames in different directions can
be given by

Uyx2 = Uy COS @ — (vyl - szwzl) sin ¢
Vyp = U1 SiNQ + (vyl - szwzl) cos ¢ — Lypwz

)

Additionally, the heading angles of the frames are constrained by the articulated angle,
which is expressed as

P=191—12 (10)

where 11 and 1, are the heading angles of the front and rear frames.
The kinematic constraints in Equation (9) can be processed with differentiation, and
the acceleration constraints can be obtained:

Uxp = Uy COS @ — (byl — szcljz1) sin @—
(le sin ¢ + vy1 cos ¢ — Lppw; cos (p) (w1 — wy)
Dy2 = Uyp sin @ + (z}yl — szwzl) Cos p—

Lyowy + (le Cos ¢ — vy1 Sin @ + L ppw; sin q)) (W21 — wy)

(11)

2.2. Model of Steering System
2.2.1. Hydraulic System

The steering maneuver of an ASV is performed with hydraulic cylinders, and the
hydraulic cylinders are arranged on both sides of the articulated point [25]. The rod and
rodless cavities of the two cylinders are connected crossly to obtain a cooperative steering
moment, as shown in Figure 3a. A steering valve, with the pressure compensation in front
of the spool, is used to control the direction of the steering, and its flow is decided by the
control current. The articulated steering hydraulic system and the geometric relationship
are shown in Figure 3b. Then, the flow and force balance equations of the two steering
cylinders can be expressed as follows:

QL = AIXL + PLlVLl /K+ Ciy(Pr1 — Pra)
Qrz2 = A2XR + PraVr2/K + Ciyy(Pr2 — Pri)
Qr1 = A1XR + PriVr1/K + Cip(Pro — Pr1)
Qr2 = AyXp + P1oVia/K + Cip(Pro — Pr1)

(12)
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{ F, = APy — AyPro — stL (13)

Fr = AyPry — A1Pr1 — fsXR

where the flow, volume, and pressure of the two chambers of the two cylinders are repre-
sented by Qij (i=LR;j=12), Pij (i=L,R;j=1,2),and V,'j (i=L,R;j=1,2), respectively. A4
and Aj, as well as X and X, are the corresponding action areas and displacement values,
respectively, whereas f; is the coefficient of dynamic friction.

Figure 3. The ASV steering system. (a) The hydraulic circuit of the steering system; (b) the geometric
relationship of the system.

2.2.2. Kinematic Model

According to the geometric relationship of the steering system in Figure 3b, the forces
of the cylinders act on the front and rear frames, and, thus, different angles are formed
when the articulated angle ¢ changes, causing these angles to affect the action arm of the
cylinders. The different angles between the cylinders and the frames can be expressed as

71 = arcsin(sin(¢ + 7w/2)Yr/ X1) (14)
B1 = arcsin(sin(7t/2 — ¢)Yr/ XR)

Tt+e="7 15

ek 1

where 7; and B; (i = 1, 2) denote the angles between the left and right cylinders and the
front and rear frames, respectively. Additionally, the length of the cylinders X; and X and
the intermediate variables Y] and Y can be expressed as

X, = \/OP} + OR3 — 20P,0R; cos(go + ¢)

(16)
Xg = \/OP22 + OR2 — 20P,0R; cos(gg — @)
Yy, =b— (a/cos @ — ctan ) (17)
Yr = b — (a/cos ¢ + ctan ¢)

According to Equations (12)—(17), the force and moment acting on the front and rear
frames can be obtained, which can be expressed as follows:

M, ¢ = (Fpcos 1 + Frcos B1)B—
(Fpsiny + Fr sinﬁl)Lfl

M, = (—Fp cos vy + Frcos B2) B+
(—Fpsinyy + Frsin2)L,q

stf = (FLCOS'Yl +FRCOS.31)

Fsyf = (Frsiny1 — Fr Sinﬁl)

Foxr = ( Fp cos vy — FRCOS,BZ)
Foyr = (—Fpsinyz + Frsin )

(18)
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Then, by substituting Equations (3)—(11) and (18) into Equations (1) and (2), the
dynamic model of ASVs in the XY plane can be obtained. The tire force in the lateral and
longitudinal directions originates from the steering maneuver and the power train system.
The model of the power train is given in the next subsection.

2.3. Model of the Power Train

The target ASV, an LHD vehicle, is driven with an electric motor, and the relationship
between the main components in the power train is shown in Figure 4. The arrangements
of the front and rear driving systems are the same, and two driven motors are used in the
power system. The characteristics of the motor are shown in Figure 5, and the maximum
speed and torque are 3000 r/min and 2500 Nm, respectively, with a maximum power of
200 kW. According to the curve in Figure 5, during 0~500 r/min, the maximum torque
remains constant, and the power gradually increases during this period.

- T -

Rear fr )/
ear frame 34\ ~ Front frame
Final dri X
inal drive — \—@
reducer 6 . \i@

Rear axis— A/ Front axis
\ )

Torque
Power

2400 {00

1600

E] Pow er (ki)

Torque (N

a00

Wy THO0 wiop— ©
Speed({rev/min)

Figure 5. External characteristics of driven motor.

An LHD vehicle always runs in a narrow area, and its turning radium is very short.
During steering maneuvers, the speed difference between the inner and outer wheels is
very large; therefore, the differential mechanism is necessary for the drive axle of this ASV.
According to this principle, the model of the differential mechanism can be expressed as

Ci)in]i_n + WinCin = 77fTin - Tin_r
witwe =T~ T, (19)
wr ]y +wrey =Ty — Tr_r

where [;;;, J;, and J; are the rotational inertia of the input axle, left output axle, and right
output axle, respectively; Tj,, Tj, and T, and wjy,, w;, and w; are the corresponding torques
and angular velocities. c denotes viscous damping. T}, ., T; ,, and T, , are the resistance
torques of the different axles.

The out torque of the differential mechanism is transmitted to the wheel with a half
axis, and the model can be given by

T, = (WTIJ - TC)/Z
T, = (77Tr7r + Tc)/2 (20)
Wiy = W(wl err)/z
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where T is the clutch torque, and 7 is the gear ratio, which is 55 in this LHD power train.
The final drive torque in the wheel overcomes the rolling resistance force and braking
force to produce the longitudinal driving force, and the detailed model can be expressed as

Lywt = Tjj — frFeijraij — Fixijraij (21)

where I, is the rotational inertia of the wheel, and Tj; (i =, r; j = I, r) is the corresponding
driving torque. f; is the rolling resistance force, which can be expressed as

fr = 0.00792 + 0.00025v vy #0 (22)
fr =0 Ux = 0

3. Results and Discussion

After determining the process in Section 2, we established a simulation platform with
the dynamic model of ASVs using Matlab/Simulink software. The system contained a
power train system, a steering system, a braking system, and the lateral and longitudinal
dynamic responses of the frames. The inputs were the signals of the acceleration pedal,
the braking pedal, and the steering handle, just as in a real LHD vehicle. The simulation
interval was set as 0.01 s, i.e., 100 Hz, and the parameters are shown in Table 1.

Table 1. Main involved parameters.

Parameters Value

1 12,850 kg
1y 15,650 kg
I 307,420 kg-m?
I 380,320 kg-m?2
B 0.993 m

Ly 0.19 m

Ly 1.94 m

Ly 0.16 m

Ly 1.59 m

In order to validate the embedded dynamic model, we performed a field test on a
load—haul-dump vehicle. A diagram of the field test system is shown in Figure 6. The
states of the frames, steering system, and power train were recorded. The data involved
during the field test, including velocity, angular velocity, articulated angle data, torque,
and pressure, were recorded, and the sample rate was set to 100 Hz. An LMS SCADAS (@,
SCMO5) was used to record the data during the field test. Two inertial measurement units
(IMUs) (@), 3, SC-AHRS-200A) were installed in the front and rear frames. Two kinds of
encoders were used to measure the articulated angle of the frame (®, MIRAN WOA-C)
and the speed of transmission (&), SCHMEASAL IFL 5-18M-10P). Pressure sensors ((®),
AE-H) were installed to measure the pressure of the steering system and the braking system.
The acceleration pedal and the state of the motors were recorded in the controller of the
LHD vehicle.

Figure 6. Field test system of target ASV.
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The obtained input signal of the test vehicle was input into the simulation model, and
the responses were compared with the test results to validate the model. For the ASV, off-
road conditions were used for the running ground in order to examine a compacted earth
road, with a standard road roughness of level E. If the road conditions are not modeled
accurately, then differences between the field test and simulation are inevitable.

3.1. Longitudinal and Lateral Responses

The input of the acceleration and braking pedal is shown in Figure 7a, and a compar-
ison of the longitudinal velocity results is shown in Figure 7b. According to the results
in Figure 7, the test vehicle accelerated with small and intensive maneuvers between ap-
proximately 3 and 8 s, and fast acceleration occurred at 10~20 s and 25~39 s. The pressure
of the braking system remained constant, around 10.3 MPa, when there was no braking
motion, and it decreased rapidly to 4.1 MPa when the brake was triggered around 21~24 s.
According to the results in Figure 7b, the longitudinal velocity in the field test and the
simulation varied for the same trend and amplitude. The two results almost coincided
during the acceleration and braking maneuvers, and only minor differences appeared
during the free-running period, i.e., 39~41.8 s, while the same difference also occurred
around 9.2~10.1 s. This error was brought on by the rolling resistance force model. The
used resistance force model was established based on the paved road condition, while the
test road was an unpaved road. The maximum velocity of the test was about 7.1 km/h,
and the corresponding result was about 6.9 km/h. Therefore, the model can reveal the
longitudinal dynamics of an ASV.

40 T T T T 16 10 T T T
Acceleration Test i
Brake g - = = - Simulation
E8 a
$30 - 112 i3
5 g =2
i n = %o :
2 °
520 ez 2
= 2 —Z
© ] © -
ks 8 c4
g3
<10 148 B
a 52 T
|
0 L L 0 0 | N
0 10 20 30 40 50
Time(s) 40 50

(a) (b)

Figure 7. Longitudinal input and responses. (a) Input signal; (b) longitudinal velocity comparison results.

The lateral responses were analyzed with the yaw velocity of the two frames during
steering maneuvers. Additionally, the longitudinal velocity was kept constant during the
test to avoid the effects of acceleration and braking. The yaw velocity results are shown in
Figure 8. According to the results in Figure 8, the yaw velocity of the two frames varied
differently during the unsteady steering process and varied identically during the steady
process, where the variations in the tests were —13~11° /s and —14~9°/s, respectively, and
the corresponding results of the simulation varied between —15 and 10°/s and between
—15 and 17°/s. Although the maximum values were different, the trends were almost
the same during the steering process, and the transient peak difference only existed for a
moment according to the detailed graphs in Figure 8.

In addition, around 4.5~6 s, the steady yaw velocity was different, which was caused
by the longitudinal velocity difference between the test and the simulation. According
to the kinematic model of ASVs, the steady yaw velocity is decided by the longitudinal
velocity and the articulated angle. Additionally, the frequent fluctuation of the curves in the
test also indicated the yaw oscillation after the steering process. In contrast, the simulation
results were more smooth. During the field test, the running road was uneven, and the
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constant external force caused the variation. The mean values of the simulation and the
test coincided well during the steady steering process.

0l 0 \ Front_te.st o 30le ‘ Rear_test i
@ 5 m /MWNM Front_simulation - \fw) ‘»ﬂ Rear_simulation
S (g 2 Wi
g 20k . \ | / J\ Jl{ U \J \ 4 g 20k 'WLM‘ uKJ\W( Ww\ J
%} 10 95 100 105 11.0 115 120 125 130 4 é) 10 - 10 12 4
; i | )
>(E i J ln r ) TN ,J >“-, I ™
o Tl il I it
" [ ; ¢
A0} \,\j' q J ] A0} Y ]
‘ 0 10 20
0 Tin;lg(s) 2 Time(s)
(a) (b)

Figure 8. Lateral responses. (a) Front frame responses; (b) rear frame responses.

3.2. Dynamic Responses of Steering System

The steering system of an LHD vehicle is essential for establishing its excellent maneu-
verability, as the system contains the hydraulic power components, i.e., steering cylinders.
The variation in the articulated angle is the result of steering. Therefore, we focused on
the dynamic responses of the steering system based on the articulated angle and pressure
of the steering cylinder. The articulated angle results are shown in Figure 9. Figure 9a
shows the control current of the main valve, and the signal, including the continuous and
directional steering operations, was input into the simulation model. According to the
comparison results in Figure 9b, the angle varied between —10° and 5°, and the simulation
result was the same as the test result. Only a tiny difference occurred after the steering,
which was about 0.3° according to the detailed figure. In addition, according to the results
in Figure 8, the two frames oscillated after the steering maneuver, and the fluctuation
of the articulated angle also supports the results. However, the angle did not fluctuate
dramatically, which meant that the relative and cooperative oscillations of the two frames
occurred at the same time.

< ' ' ' '
= 1r ]
C
o
5
S0
°
5
o -1r 7
1 1 1 1
a
~ 10 T (.) T Dynamic model
o 5[ ---- Field test
(o))
% ......
- OfF b
2 \
S 5¢ \
3 1
2 \
€ 0}k —
<C 10 ". 1 1

0 5 (1% Time (31)5 20 25

Figure 9. Articulated angle results. (a) Steering signal; (b) articulated angle.

According to the structure of the hydraulic pipes in Figure 3, the rodless chamber of
the left cylinder is connected to the rod chamber of the right cylinder and vice versa for
the other chambers. Therefore, only the pressures of the two chambers obviously varied.
Additionally, we compared the results of the two chambers and found that the trends and
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amplitudes were almost same. Therefore, only the rodless chamber pressure of the left
steering cylinder, shown in Figure 10, was analyzed. As it can be seen, the steering pressure
varied between 0.1 and 14 MPa. During the steady steering process, the valve was closed,
the pressure oil was cut off, and all chambers of the cylinders were closed. The pressure
might remain constant at a different level, which is reasonable and independent of the
dynamic model accuracy at this stage. During the steering process, between 10 and 13 s, the
simulation results coincided well with the test results, causing the small trend according
to the detailed figure. The results of the analysis indicate that the established simulation
platform can simulate the dynamic responses of the steering system well.

Left_test
q Left_simulation]

20 - M/‘ﬁ \/1\ N Q

Pressure(MPa)
3

‘g

<

SES
=
Af“;“u -
=

<
y

10 20
Time(s)

Figure 10. Pressure results of steering system.

3.3. Power Train Results

In order to validate the power train model, we recorded the torque information of the
front and rear motors during the test, and the torque of the two motors was the same; thus,
only the front motor is shown and compared with the simulation results in Figure 11. As it
can be seen, the maximum torque was about 780 Nm during the presented test interval,
and the maximum torque was about 650 Nm in the simulation, meaning that they occurred
at the same time. Additionally, a large difference occurred during the slow reduction stage,
i.e., at 11~17 s and 26~29.5 s. In the simulation model, the motor was considered to be a
table with two parameters, the acceleration pedal and speed. The resulting torque might be
slightly different from the actual characteristic of the motor. During the other stages, the
simulation and test results coincided well, especially during the low-torque stages.
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Figure 11. Torque result of driving motor.
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Not only does the power train of an LHD vehicle provide the power of the driving
and steering system, but it also provides the power of the working mechanism, which is
normally powered by hydraulic oil like the steering system. Meeting the power demand
is essential to the productivity of an LHD vehicle, and, thus, the power demand should
be uncovered. In order to analyze the power distribution of a typical working cycle, we
recorded the pressure and flow of the steering pump and working pump, and the current
and voltage of the driving motor during three working cycles, in which the short-running,
loading, running, dumping, and running-back processes were included.

Then, the power of the motor and hydraulic system was calculated, and the total
power was obtained via the sum of the two parts, as shown in Figure 12. For the first
working cycle, during 0~30 s, the ASV was run to load the mining material, and then it
transported the material to the dump point between 30 and 75 s. The model validation
was performed with the data from this process. The model-based calculation results of the
motor power and hydraulic steering power also indicate correctness. The dump and return
processes occupied the time interval of 75~125 s.
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Figure 12. Power distribution of typical working cycle: (a) global distribution; (b) power distribution

in running condition.

The data of the model validation were extracted in the interval of 30~80 s, and the
power distribution is shown in Figure 12b. As it can be seen from the results in Figure 12a,
the maximum power during the typical cycle varied from 260 kW to 289 kW, and the motor
power accounted for a large part, about 203 kW. When the ASV loaded the material, the
vehicle was driven to insert the bucket tip deeper into the pile, and the motor power was
used to cover the resistance force during the process. For the interval of model validation,
which is 0~45 s in Figure 12b, the maximum power was about 48 kW, and the hydraulic
power was the steering power, which was less than 10 kW.

Detailed information of the load and dump processes is shown in Figure 13a,b. For the
results in Figure 13a, after the insertion of the bucket tip, the hydraulic power raised sharply
due to the retraction of the bucket [26]. The motion needed to cover the stacking resistance
force of the material pile. After that, i.e., the time after 23 s, the hydraulic power raised
again, but it was less than 150 kW. During this process, the bucket and boom cylinders were
cooperatively driven to load the material. In the dump process, the bucket needed to firstly
be lifted and tilted. Then, the bucket returned to the original place with the cooperative
control between the bucket and boom cylinders. Therefore, multiple fluctuations in the
hydraulic power were involved. The maximum power of the dump process was less than
82 kW according to Figure 13b. After the dump process, the LHD vehicle was driven back
to the load point, and the motor power and hydraulic power, i.e., the steering system,
dominated in this region.
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Figure 13. Power distribution of loading and dumping conditions: (a) loading condition distribution;
(b) dumping condition distribution.

3.4. Model-Based Analysis

In the dynamic model of these vehicles, the motions in the lateral and longitudinal
directions depend on the tire force. Therefore, the parameters of the tire affected the
dynamic responses of the vehicles significantly [27]. The model of ASVs also confirmed
this characteristic. However, the tires used in ASVs are usually off-road tires, and the
parameters cannot be obtained with a test rig, as even the producer cannot provide the
related parameters. Therefore, the method of trial and error with the test data was deemed
suitable. We obtained the proper stiffness of the tires with the longitudinal velocity and
torque data, and the results are presented in Figure 14. Additionally, the order of magnitude
of tire stiffness can be estimated with the mass of the frames. According to Figure 14a,
when the longitudinal stiffness was too small, the acceleration and braking processes were
insensitive, which meant that the tires could not provide enough longitudinal force. The
results in Figure 14b indicate that the lateral stiffness affected the dynamic responses of
the steering process. When the lateral stiffness was too large, the final yaw velocity and
the resulting heading angle were also too large; i.e., oversteering occurred in the ASV.
In contrast, when the value was too small, the ASV could not steer with the proper yaw
velocity; i.e., it understeered. The tires were too soft to provide enough lateral force. The
simulation results show that the articulated angle was not affected, which meant that the
lateral slip of the tires occurred.
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Figure 14. Model-based analysis results: (a) effects of longitudinal stiffness of tires; (b) effects of
lateral stiffness of tires.



Appl. Sci. 2023, 13, 5099 14 0of 15

4. Conclusions

This study established a simulation platform for ASVs with a dynamic model. In the
dynamic model, the power train, steering, tires, and frames were considered, and the tire
parameters were obtained via trial and error. The field test of one type of ASV, an LHD
vehicle, was performed over a typical working cycle. The longitudinal responses coincided
well for the acceleration and braking maneuvers, with an error of less than 0.5 km/h, and
the large error that occurred during the free-running period was about 1.2 km/h. The
lateral responses of the simulation and test all indicated oscillation in the yaw motion. The
oscillation was more severe owing to the real complex force in the field test. The response of
the steering system model was very accurate, with the error of the articulated angle being
less than 0.3° in about a 15° variation range. For the power distribution of the LHD vehicle,
the maximum power of the system was about 289 kW; the power of the motor accounted
for the majority of the power at the beginning stage of loading, being about 74%, but then
the hydraulic power dominated in the later stage of loading. During the transport stage,
the power of the motor accounted for about 79% and the hydraulic power accounted for
about 21% of the total power. The power of the system was less than 82 kW. In the future,
the energy storage system will be embedded into the platform. The simulation platform
can be used for dynamic control and energy management research.
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