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PARAMETER MATCHING CHARACTERISTICS OF
HEAVY-DUTY CRAWLER VEHICLE AND ITS DRIVING

MOTOR
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To further improve its’ working performance, it is necessary to precisely
match the tracked vehicle-drive motor parameters. Based on the theoretical analysis
of the main parameters of the crawler driving motor, a motor control system model
is built using Matlab/Simulink. At the same time, a three-dimensional model of the
crawler vehicle is created using RecurDyn. At last, a joint vehicle-motor simulation
model is established in Matlab. Taking a certain type of heavy-duty crawler vehicle
as an example, its parameter matching characteristics are analyzed and discussed
under three typical operating conditions. The results show that the driving speeds
eventually reach near the set value under three operating conditions, after that the
vehicle starts to travel at a constant speed (vi = 8 m/min, v; = 5 m/min and vs = 3
m/min). In addition, the load torque fluctuates around the analytical torque and the
displacements appear a linear increase after the requirements has been reached. In
summary, the established crawler vehicle-motor coupling model in different working
conditions can control the motor speed effectively, and meet the actual working
requirements of the vehicle. The results can provide theoretical support for the
selection of drive motor parameters for the tracked vehicles, and can also provide

some reference for the design of heavy-duty vehicles.
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1.Intorduction

Heavy-duty crawler vehicles play an irreplaceable role in engineering
construction [1-3]. Driving motors are usually regarded as the core component of
the crawler walking system. The reasonable parameter matching between the
crawler vehicles and driving motors are important to improve the control accuracy,
power and economy performances as well as other performances such as the
acceleration and deceleration of the whole vehicles [4].

To address the above problems, the researchers have done many efforts.
For example, WANG et al. designed a special robust controller for the tracked
vehicle M 113 and verified the performance of the controller [5]. Cao used a novel
direct-torque control technique, and the effectiveness and robustness of the
proposed control approach was verified [6]. Niu proposed a novel model
predictive control for a three-phase permanent magnet synchronous motor
(PMSM) with enhanced robustness against parameter variation and higher current
control precision [7]. Sun et al. used RecurDyn and Matlab/Simulink to jointly
simulate the whole vehicle travelling device and proposed a kind of torque control
strategy [8]. The literature [9] presented a control strategy for induction motor
which optimized both efficiency and torque response under the transient and
steady state. Chen Shuyong et al. used RecurDyn, Matlab/Simulink and vector
control to model and simulate the motor system and predict the motion
performance of the studied vehicle [10]. Xiao established the stochastic dynamic
model of vehicle-track-bridge (VTB) [11]. In addition, the vertical dynamic
interaction between a travelling railway vehicle and a slab track is simulated in
the time domain by using an extended state-space vector approach [12]. Zhan et al.
analyzed dynamic stability of the electric crawler in the typical working
environments [13]. Wang et al. developed a kinematic model for a high-speed
tracked vehicle, considering the effect of steering friction and track sliding on the
vehicle [14]. The steering control strategies considering the slip which can
improve steering control accuracy was verified through simulations and
experiments in the literature [15].

From the above literature review, it can be seen that most of the current
research are focused on military high-speed tracked vehicles, while there is less
research on heavy-duty mining vehicles. Mining vehicles are an important ground
or underground equipment for the transportation of minerals. Now, higher
requirements on their power and economy performance have been proposed. To
tackle the challenge of performance parameter matching heavy-duty equipment on
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the mining, this paper established the analytical model of the driving motor
parameters, and after that the motor’s speed control model is built using
Matlab/Simulink software. Then, the dynamics model of the crawler travelling
mechanism is conducted in RecurDyn software. At last, the control model and
dynamic model are co-simulated to study the parameters matching characteristics
of vehicle-motor under typical working conditions. The results of this paper could
provide the helpful reference for the designs of various vehicles.

1 Analytical model of the driving motor

The related parameters of driving motor mainly include rated and maximum
power, speed, torque.
1.1 Rated power P, and maximum power Pmax
The rated power P, at the maximum travelling speed is calculated as [16]:
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where #¢, is transmission efficiency between the motor to driving wheel; 7, is
Crawler travel unit efficiency; f is the rolling resistance coefficient; G is the
vehicle weight; vme 1s the maximum travelling speed; C. is the Air drag
coefficient and A4 is the positive projected area of the vehicle.

The crawler vehicles are often steered by skid steering whereby the tracks on
either side of the vehicle are rotated at different speeds. Here, the maximum speed
of the outer track is required to be no less than the maximum speed of the vehicle.
Therefore, the maximum power Pmax1 at this time is gotten as [17].
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where k;, is the motor overload ratio; F is the tractive force of the outer track; vy
is the travelling speed of the outer track; L is ground contact length of crawler; v,
is the forward velocity; a. is the lateral acceleration; B is the Track centre distance;
u is the steering friction coefficient; pmax 1s the maximum steering friction
coefficient (for a relative turning radius p=0.5).

In addition, when the vehicle need to climb a slope, it is affected by slope
resistance, air resistance, rolling and other resistance. At this point the maximum
power Prax2 18 given by:
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where opmax 1S the maximum climbing angle. Therefore, in this paper, the
maximum power of the driving motor is chosen by Pmax=max{Pmaxi~ Pmax2}.
1.2 Rated speed n. and maximum speed 7max
According to the external characteristics of the motor [18-19], the
relationship between its maximum speed nmax and rated speed n. is described as:
, = O
C B
where f is extended constant power area of motor.
1.3 Rated torque 7. and maximum torque 7max
The rated torque of the motor 7. can be calculated from its rated power. The
maximum torque Tmax 1S gotten in two cases [20]. The first is considered for
driving on a 1:10 slope, where the maximum value of the one-sided power factor
Dimax 18 expressed as:
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The second is considered for one-sided track travel on a flat road with
two-sided power steering, at this time, the maximum value of the power factor
Dymax 1s described as

HoL
Dwmax = + (6)
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where ppo 1s the unilateral power steering friction coefficient.
Therefore, the maximum torque 7Tmax for tracked vehicles is gotten as:
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where Dmax=max { Dxmax~ Dwmax }; 7 1s the working radius of the driving wheel; i is
travel drive motor gearbox ratio and sq is the Start-up factor.

2 Coupled modeling of tracked vehicle and motor

2.1 Motor speed control system model
Three-phase asynchronous motors are used in the crawler vehicle. It is
difficult to establish the mathematical model of driving motors owing to their
highly strongly coupled characteristics. Here, the motors are modelled using the
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Clark and Park transform. The equations for the induction motor are written as:
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where o is the rotor speed, w,=2nf1s the magnetic field rotation speed, np is pole
pair, Ls is the stator winding inductance, L; is the rotor winding inductance, Lm is
the mutual inductance between the stator and rotor windings, 71 is the load torque,
J is the motor moment of inertia, Rs the flux stator resistance, R: is the rotor
winding resistance, isd, isq are the rotor winding current, ¥, ¥sq are the stator
fluxes, usd, usq are the stator voltages, o=1-(Lm%/ L:Ls) is the motor magnetic
leakage coefficient, 7:= L: / R, is the rotor electromagnetic time constant.

According to equation (8), a motor control system model is built using
Matlab/Simulink, which is shown in Fig. 1. The input and output in the Fig. 1 are
the actual and theoretical motor speed, respectively.

The control module of the motor includes asynchronous motor module,
motor measurement module, coordinate transformation module, and various
corresponding adjustment module. In the Simulink software, the motor control
simulation model is built and the related parameters of the motor module are set.
At the same time, the speed regulation system is established. The speed regulation
system of the motor includes triple-phase asynchronous motor, current hysteresis
tracking PWM generator, speed regulation module, power supply, and control
unit.
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Fig. 1 Motor speed control system
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2.2 Tracked vehicle model

The model of the heavy tracked vehicle is created in RecurDyn. The model
consists of a simplified vehicle body and a travelling mechanism.

The dynamics model of the travelling mechanism includes the Caterpillar
chassis and the crawler chains on both sides. The Caterpillar chassis system
includes suspension, driving wheel and so on. The crawler chain is composed of a
closed loop structure connected by pin shafts at both ends. The three-dimensional
Digital Mock-Up of the crawler vehicle are established by SolidWorks software
and imported into RecurDyn software. Constraints and friction are added in
RecurDyn, and simulation parameters are set. The adjacent crawler plates are
connected by rotating pairs, and the attachment coefficient between crawler plates
and soil is set to 0.6. Geometric parameters and constraints between other
components are set to complete the dynamic modeling of the vehicle. The fixed
coordinate system selected for model is the geometric center of the driving wheel.

2.3 Vehicle-motor coupling simulation model

According to 2.1 and 2.2, a joint vehicle-motor simulation model is
established in Matlab, which is shown in Fig 2. The input of the crawler vehicle
model in RecurDyn is set to the speed of the crawler driving wheels on both sides,
the center of the drive wheels on both sides is selected as the reference coordinate
system, and the output is the speed and displacement of the center of the driving
wheels on both sides. The simulation files are output as ‘.m’ files. And the
Matlab/simulink control program is used as the main program for joint simulation.
Considering that for heavy vehicles the independent motors are often used to drive
for both sides of the tracks, and that the traction motors and drive systems are
identical on both sides, the motors on both sides are controlled in the same way.
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Fig. 2 Vehicle-motor simulation model Fig. 3 Spreader structure diagram
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3 Parameter matching characteristics in typical operating conditions

3.1 Crawler mechanism-motor parameters
Taking a certain type of spreader in China (as shown in Fig 3) as the research
object, its maximum speed is 8 m/min, the maximum driving wheel speed is 0.159
rad/s and the maximum climbing gradient is 1:10. The basic parameters of the
track mechanism are shown in Table 1.

Table 1
Basic parameters of the crawler mechanism
Parameter name Numerical values
Transmission efficiency between motor and driving wheel 7 0.95
Crawler travel unit efficiency 7. 0.85
Rolling resistance coefficient f 0.2
Maximum wind speed borne by the spreader/mes’! 22
Air drag coefficient Cy, 1.0
Track centre distance B/m 10
Ground contact length of crawler L/m 8.6
Start-up factor s, 1.2
Extended constant power area of motor S 2.4
Travel drive motor gearbox ratio i 1 000
The calculation results of the drive motor are shown in Table 2.
Table 2
Drive motor matching parameters
Motor parameters Matching values
Rated power P./kW 35.53
Maximum Power Prax/kW 75
Rated torque n./Nem 385
Maximum torque Tmax/Nem 1035
Maximum speed/radss! 159

3.2 Simulation analysis under typical operating conditions
The speeds, displacements and load torque (the driving wheel torque) of the
crawler mechanism under three typical operating conditions including going
straight along a flat road, turning (single-sided power, double-sided opposite
power) and climbing a slope are analyzed, respectively. The simulation time is set
to 10 s. The speed at which the spreader travels (the ideal speeds of the driving
wheels) are set as v,=8 m/min (0.159 rad/s), v,=5 m/min (0.0 994 rad/s) and v;=3

m/min (0.0 596 rad/s).
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3.2.1 Going straight along a flat road

The simulation results when the tracked vehicles go straight along a flat road
are shown in Fig 4. As can be seen from Fig 4(a) that the speeds of the driving
wheels rapidly increase to a maximum value within 0.15s, where v, increases to
0.640 rad/s, v» reaches 0.628 rad/s and vz becomes 0.598 rad/s. Subsequently, vi
decreases to 0.032 rad/s, v» decreases to 0.030 rad/s and vs decreases to 0.023
rad/s. What’s more, the consuming time of reaching a minimum speed are t,,=
0.39s, #2= 0.36s and #,,=0.32s respectively. This phenomenon is due to the poor
track tension pulley of the spreader as a heavy equipment, with less resistance and
a sharp increase in speed during the initial speed-up phase, after that the tension
pulley are tightened and the speed returns to normal. At the same time, the
simulated speed-time relationship for the three different speeds is approximately
linear from the lowest speed to 1.3 s. At this time, the driving wheel speed is in a
state of uniform forward acceleration, and the speed fluctuates from 1.3 to 1.6 s.
After that, it stabilizes around 0.159 rad/s(v,), 0.0994 rad/s(v,) and 0.0596

rad/s(v;), indicating that the spreader starts to walk at the giving speed.
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Fig. 4 The driving state under going straight along a flat road

At the same time, it can be seen from Fig 4(b) that the displacement
variations are almost zero in the initial phase from 0 to 0.2 s. The displacement
then increased slowly to 146 mm (v1), 95 mm (v2) and 65 mm (v3) for the three
different travel speeds. And the displacements increase approximately linearly
after 1.3 s and from this time the vehicle moves at a constant speed. After the
simulation finish for about 10s, the driving distances at three speeds are 1 015
mm(v,), 563 mm(v,) and 278 mm(v,), respectively. After the crawler vehicle
reaches a stable driving condition, the driving wheel torque is equal at different
speeds. Verification is based on the maximum speed. Fig. 4(c) shows the load
torque fluctuates around the analytical value in maximum speed. In the data, the
maximum value is 582.92kN-m and the minimum value is 91.03kN-m.
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3.2.2 Turning working conditions

(1) Single-sided power turning

The final speeds of one-sided driving are 0.159 rad/s (v1), 0.0 994 rad/s (v2)
and 0.0 596 rad/s (v3). As is shown in Fig 5(a), the speed variation of the driving
wheels at the three different speeds follows the same trend as the speed profile
when driving straight on a flat road. Taking v as an example, the zero-power side
(v1r) which drives in the opposite direction of travel has the same trend as the
power side (v1 1), but its speed is lower than that of the power side at the same
moment, because the track structure is complex and the two sides are coupled to
some extent, which affects the motion between the two sides. The speed of the
zero-power side finally tends to stable around 0.047 rad/s, with a ratio of 3.4
between the power side and the zero-power side, and the speed of the zero-power
side fluctuates much less. At the same time, it can be seen from Fig 5(b) that the
bilaterally displacement variations of the tracked vehicle at three different travel
speeds are basically the same as those of going straight. The distances at the end
of calculation are 1,018 mm and 298 mm (v1), 615 mm and 194 mm (v2) and 313
mm and 105 mm (v3), respectively. Fig. 5(c) shows the load torque fluctuates
around the analytical value when the speed is maximum speed and the maximum
value is 996.53kN-m, the minimum value is 90.39kN-m.
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Fig. 5 The driving state under single-sided power turning
(2) Double-side powered turning
In this operating condition, the final speeds of the tracked vehicle driving
wheels are set to be of equal magnitude and in opposite directions. As is shown in
Fig. 6(a), when the reference speed v. =0, the final speed is still around 0.159
rad/s for the example of vi. For the three different speeds, the trend of the speed
change on both sides is symmetrical along the time axis, the unilateral speed curve
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is the same as speed curves of going straight, the bilateral speed curve contrasts in
magnitude and the speed finally stabilizes around 0.159 rad/s (vi), 0.0 994 rad/s
(v2) and 0.0 596 rad/s (v3) respectively. Meanwhile, Fig. 6(b) shows that the
magnitudes of bilateral displacements at different velocities are essentially equal.
Fig. 6(c) shows the load torque fluctuates around the analytical value in maximum
speed. The torque variation pattern is the same on both sides. In the data, the
maximum value is 1026.46kN-m and the minimum value is 307.18kN-m.
Comparing the torque values, the double-side powered turning is larger than going
straight along a flat road, and the difference with single-sided power turning is
within 5%.
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Fig. 6 The driving state under double-side powered turning

3.2.3 Climbing slope
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Fig. 7 The driving state under climbing slope

As is shown in Fig 7(a), the driving speed in 0-0.6 s is similar to that of
going straight along a flat road, and basically shows a straight upward trend in the
0.6-6.6 s period, with the track in a state of uniform acceleration, and the drive
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speed stabilizes around the requirements at 6.6 s, after which the vehicle is
maintained in a state of uniform motion. The maximum travel distances in Fig 7(b)
are 630 mm (v1), 422 mm (»2) and 235 mm (v3), which are significantly lower
than the final value of the displacements under the working condition of going
straight in the flat road. Fig. 7(c) shows the load torque fluctuates around the
analytical value in maximum speed and the maximum value is 1026.46kN-m, the
minimum value is 307.18kN-m. The torque value is higher than that of the going
straight along a flat road and lower than that of the turning working conditions.

At last, from Figs 4(a)-7(a), the drive speeds eventually reach near the set
value under three operating conditions, after that the vehicle starts to travel at a
constant speed. Figs 4(b)-7(b) show a linear increase in displacement after the
requirements has been reached, indicating that the vehicle can travel steadily
under these typical operating conditions. As shown in Figs 4(c)-7(c), when the
crawler runs stably under typical operating conditions, the driving wheel torque
fluctuates around the analytical value. In all typical operating conditions, the
maximum torque is double-side powered turning and the minimum torque is
going straight along the flat road. In summary, it can be seen that the established
crawler vehicle-motor coupling model in different working conditions can control
the motor speed effectively, and meet the actual working requirements of the
vehicle. The parameters match between the vehicle and its driving motor is
reasonable.

4. Conclusion

Taking a certain type of heavy-duty crawler vehicle as an example, its
parameter matching characteristics are analyzed and discussed on the basis of
coupled vehicle-drive motor modelling. The conclusions are summarized as
follows:

(1) A coupled tracked vehicle-motor simulation model is established. In this
case, the tracked vehicle model consists of a simplified body and a travelling
mechanism. At the same time, a motor control model is built in Simulink
software.

(2) The final speeds of the tracked vehicle after the motor speed regulation
system meets the requirements under three typical operating conditions. Under the
going straight and climbing conditions, the speed fluctuates around the
requirements (vi = 0.159 rad/s, v» = 0.0 994 rad/s and v3 = 0.0 596 rad/s) in the
steady state. Under the unilateral power turning condition, the power side velocity
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fluctuates at the requirements during steady state, with the ratio of zero power side
to power side velocity around 3.4. In addition, when the vehicle turns with the
condition of bilateral opposite power, the speeds of two tracks fluctuate around
the requirements in steady state with equal velocities and opposite directions. The
tracked vehicle driving wheel displacement increases steadily after the motor
speed regulation in different working conditions, which meets the requirements.
In the maximum speed condition, the torque fluctuates around the analytical value,
which is in line with the actual situation.

The results can provide theoretical support for the selection of the crawler
vehicles drive motor parameters, and can also provide some reference for the
design of various heavy-duty vehicles.
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