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Abstract: The high-gap plant protection machine is taken in this paper as the research object to ensure the good driving power
and safety of the high-gap plant protection machine, and the control strategy of inter-shaft torque distribution is established
under different working conditions to improve vehicle power and lateral stability. The anticipated demand torque is initially
determined based on the structural characteristics and operational principles of the plant protection machine. Subsequently, a
hierarchical control framework is devised by incorporating a formulated switching control strategy. Finally, a simulation model
for torque distribution control strategy between shafts is developed on the Matlab/Simulink platform, followed by simulation
and experimental verification. The results are presented as follows: the inter-shaft torque distribution strategy established in this
paper increases the average longitudinal acceleration by 0.13 m/s* and 0.14 m/s* under the control of low and high to low
adhesion road surfaces, respectively. Under the control of the single-line shifting condition, the yaw velocity can successfully
follow the expected value with a maximum value of 0.61 rad/s. The side deflection angle of the center of mass does not exceed
2.8°, which can follow the ideal trajectory and improve power and safety.
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1 Introduction

In modern agriculture, the efficiency and reliability of
agricultural machinery are crucial for enhancing crop yield and
quality!. Particularly in field environments, upland clearance
planting machines encounter challenges such as poor traveling
stability and a high rate of seedling injury due to fluctuating road
conditions”. In the face of these complex and diverse operating
environments, an accurate torque distribution system can ensure the
stable operation of plantation protection machines under various
working conditions, thereby enhancing operational efficiency™.
Therefore, rational torque distribution not only ensures operational
quality and improves crop protection effectiveness but also
enhances operational safety and mitigates potential risks®”. Current
research of domestic and foreign experts on torque distribution and
driving mode switching mainly focuses on electric vehicles®™. Li et
al.”’ proposed an optimal torque distribution method for electric
vehicles equipped with four independent wheel motors to improve
vehicle controllability and stability. Dizqah et al.'” indicated that
the optimal torque distribution was formulated as a solution to the
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parameter optimization problem, which can save a considerable
amount of energy compared with the traditional torque distribution
strategy. Cao et al.'V introduced a multi-objective optimal torque
distribution strategy considering the changes in load transfer and
adhesion characteristics of the front and rear axles. Yan et al.!"”
proposed a hybrid four-wheel driven tractor and developed a torque
distribution control strategy based on fuzzy control. Peng et al.!
adopted fuzzy recognition to identify the driver’s intention
and developed different torque distribution control strategies for
various intentions.

Analysis results of the above research content of domestic and
foreign torque distribution strategies revealed that domestic and
foreign scholars have conducted in-depth studies on the dynamic
characteristics and torque distribution control strategies of various
four-wheel driven vehicles under straight-line and turning
conditions. However, most of these control strategies are based on
the inter-wheel torque distribution control approaches established
by electric four-wheel driven vehicles!”. Moreover, the control
strategy of torque distribution between shafts under multiple
working conditions is rarely studied, and in-depth research is
needed"”.

This paper will start from the inter-shaft torque distribution
device of the timely four-wheel driven system of the high-clearance
plant protection machine and analyze its structure and working
principle of each component. The dynamic characteristics of the
vehicle under dynamic operation are obtained, and the appropriate
driving mode is selected in accordance with different working
conditions to improve the power and safety of the vehicle!'*'”. The
target torque in the high-efficiency range is taken as the multidrive
mode switching point based on the timely four-wheel driven system
of the high-gap plant protection machine®. Compared with the load
torque, the vehicle must overcome under a certain working
condition, the drive mode selection and switching are conducted,
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and the torque is optimized to improve the utilization of power and
safety!'".

2 Vehicle chassis drive system

A timely four-wheel driven system is adopted by the high-gap
sprayer based on the rear-drive vehicle, as shown in Figure 1. The
main driving wheel is the rear wheel, the longitudinal form is held
by the engine in front, and the transmission output and rear shafts
are connected with the front shaft through the inter-shaft clutch
device. Thus, the steering bridge is sufficiently shaped into a wide
structural form by the sprayer™. The steering structure of the high-
gap sprayer is constituted by the front and rear steering bridge, the
spray locomotive wheel, and the main body of the frame. A special
tread design of paddy field is adopted by the spray locomotive
wheel”'!, which can effectively improve the wheel grip in the field.
The same structure is observed in the front and rear steering
bridges, which include a supporting bridge and a rotating support
device. The rigid body of the fully welded door is mainly found in
the steering bridge. The rigidity of the steering bridge and the
adaptability of the sprayer to the environment are both optimized by
the aforementioned structural design®.
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Figure 1

Transfer case
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Structural diagram of the timely four-wheel driven
chassis drive train

The speed ratios of the front and rear shaft reducers are irand i,
respectively. These reducers mainly aim to change the direction of
torque transmission while slowing down and increasing torque'*.
The torque distribution device can achieve the locking function by
meeting the following requirements:

i =1 1
Different driving states for the timely four-wheel driven system
studied in this paper are required under various working conditions.
The rear-drive mode is indicated by driving on a good road surface.
Vehicle turning and trapping are facilitated by the road surface with
a low adhesion coefficient®!. The vehicle drive is created in
accordance with the necessary special conditions to effectively use
the output power of the engine and maintain good power and
stability™. The rear-drive mode is then switched to the four-wheel-
drive mode to help the front wheels obtain some power™".

3 Torque distribution control method

3.1 Demand torque analysis of timely four-wheel driven
system

In the actual vehicle, the vehicle speed is controlled by the
driver through the accelerator and brake pedals, and the necessary
energy to meet the torque demand of the driver is addressed by the
energy management controller. The speed is constantly changed
according to the input/output torque of the power components®”. In
addition, the driver’s required torque is predicted by a combination
of factors such as accelerator pedal opening/opening rate of change.

Based on the above advantages, the relationship between the driver’
s demand torque and speed can be transformed using the vehicle
longitudinal dynamics equation®™®. The vehicle longitudinal
dynamics is used to obtain the longitudinal speed of the vehicle as
follows:

MV =T i ()iot, /Ry = Fy = F,, (2)

where, M is the maintenance mass, kg; 7, is the engine torque,
N'm; y is the transmission gear, i, is the transmission ratio
corresponding to the gear; #, is the mechanical transmission
efficiency; i is the transmission ratio of the main reducer; Ry is the
wheel radius, m; F, is the braking force, N; F. is the sum of the
driving resistance, N.

The demand torque of the driver is finally predicted. The
exponential function prediction formula is as follows:

Tk +i) = T (kK)exp(—i/T,) i = 1,2,....T, (3)

where, T,q(k+i), which is the required torque at time k+1, is
predicted for time &, N-m; 7, is the decay factor of the exponential
function.

Root mean square error is selected as the evaluation index to
determine the accuracy of torque prediction, and the expression is

RU)= (| D (Tae+ i) =T+ )T, )

L
> R(/L (%)
k=1
where, R(k) is the root mean square error of torque in the time
domain predicted at time k; Re is the root mean square error of
torque in the entire cycle condition (a small prediction error

indicates a high prediction accuracy); T='(k+1i) is the required

req
torque at time k+1 predicted at time k, N-m; T} (k+1) is the actual
demand torque at k+1 moment, N-m; L is the total step length of the
cycle condition; and 7, is the predict step size.

Figure 2 shows the root mean square of torque error predicted
based on exponential function. The figure reveals that R, will
continue to increase with T, due to the irregular change in the driver’s
demand torque with the rise in the predicted step length, and the
prediction accuracy decreases. In the same prediction time domain,
increasing R, can gradually reduce T,; however, with the increase in
T,, the amplitude of R, reduction will also decrease and gradually
remain as a fixed value.
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Figure 2 Prediction result of exponential function

The driving mode switching is mainly based on the size of the
required torque A of the current operation mode of the high-gap
plant protection machine, and the current best driving mode is then
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selected. The specific process is as follows:

In the first stage, the system self-test is successfully passed by
the vehicle controller; if no serious fault is detected, then the plant
protection machine is started”!. The operating state of the vehicle is
determined by the interaction between the vehicle and lifting device
controllerst*.

In the second stage, the speed sensor is used to collect changes
in the traveling speed of the plant protection machine in real time.
The load torque that the vehicle must overcome is analyzed and
predicted by the vehicle controller according to the collected
information such as the speed and soil specific resistance. The load
and target torque of the high efficiency range are then compared
using the controller.

1) If the load torque 7 to be overcome is less than the target
torque T, (i.e., T, <T,), then it must be in the rear-drive mode which
considers power and economy.

2) If the load torque 7} to be overcome is greater than the target
torque T, of the rear axle (i.e., 7,>T,), then switching the mode and
entering the four-wheel driven mode is necessary to ensure the
power performance of the plant protection machine.

3) According to the real-time feedback sensor data of the
system, when it is recognized that the planting machine try load
torque 7 is less than the target torque 7, of the rear axle, (i.e.,
T, <T,), then the system is adjusted from 4WD mode to rear drive
mode to reduce energy consumption.
where, T;is the load torque, N-m; 7, is the target torque, N-m.

In the third stage, the angle change of the plant protection
machine is collected by the angle sensor in real time, and the
working condition of the vehicle is analyzed and calculated by the
vehicle controller according to the collected information such as
vehicle angle 6 and soil specific resistance K. The turning action in
place is finally completed by the controller.

The overall mode switching process of the entire upland gap
plant protection machine drive system is shown in Figure 3.

System self-test

N—»
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¥
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Figure 3 Mode switching process of the driver system

3.2 Timely four-wheel driven system torque distribution
strategy

When the high-gap plant protection machine is in four-wheel
driven mode, the torque of the front and rear axles should be
distributed in accordance with the load torque that must be
overcome by the plant protection machine as follows. First, the load
torque of the plant protection machine is obtained in accordance
with the method in Section 2. Then, combined with collected
parameter estimation and vehicle signals, the vertical load ratio of
front and rear axles”*, slip rate, and speed difference of front and
rear axles are determined, and the layered control framework is set
according to the performance requirements of timely four-wheel
driven vehicles under different working conditions, as shown in
Figure 4.

The hierarchical control framework is mainly divided into three
parts: condition identification, feedback control and torque
distribution®>**. The top layer recognizes the working conditions by
monitoring the wheel angle, vehicle speed, pedal opening and other
parameters to determine the working conditions of the machine, and
transmits the relevant information to the middle layer. The middle
layer formulates the control mode and determines the torque signal
according to the operating conditions and transmits it to the bottom
layer to provide the latter with specific control strategies. The
bottom layer relies on sensor data and control algorithms to
transform the strategy provided by the middle layer into the actual
torque distribution scheme, thus realizing the precise control of
vehicle power output. The organic combination of the three layers
not only improves the stability and reliability of the system, but also
ensures the high efficiency of the distribution strategy.

The electronically controlled clutch in the torque manager has
two states: slip and lock. The switching logic of sliding and locking,
where T4 is the target torque value calculated based on dynamic
friction, is shown in Figure 5.

The calculation of the locking critical torque 7, is realized by
identifying the clutch state, as shown in the sliding and locking
switching logic in Figure 5. When the clutch is locked, the
following relationship is demonstrated by the input and output
angular speeds of the torque manager:

— (©6)

where, w, is the torque manager input, rad/s; w, is the output axial
angular speed rad/s.
When the clutch is locked:

T. =T (7

According to the wheel dynamic balance equation:

Tp—F.pfr—Fqr=1Ip, ®)
Ty =Fpfr=Fyr=1Iy, )
T,—F.,fr—F,r=1pWw, (10)
T,—F..fr=F.,r=1I,b, (11)

where, T}, is the critical torque locked by the torque manager,
N'm; Ty, T, Ty, T, are the driving torques of the front left, front
right, rear left, and rear right tires, respectively, N-m; T\, Ty, T,
T,

xrr

are the longitudinal forces of the front left, front right, rear left,

and rear right tires, respectively, N-m; Ty, T4, T, T, are the

zrr

vertical loads of the front left, front right, rear left, and rear right
tires, respectively, N-m; wy, wy;, w,, w,, are the angular speeds of
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=1y =1y=1, (16)
Overall, the locking critical torque is:
Ty—(Fy—F)fr=(Fy-F,)r
Tlock = - = . ( 1 7)
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Figure 5 Switching logic of clutch friction plate sliding
and locking

| Mode=slipping |

the front left, front right, rear left, and rear right tires, respectively
rad/s; I, I, I,;, 1,, are the moments of inertia of the front left, front
right, rear left, and rear right tires, respectively, N-m.

The relationship of the front and rear axle drive torque is
respectively shown as follows:

i To—T,

T, =T, =120 "k (12)

’ 2i,

irToc
T,=T,= % (13)

The angular velocity relation is:

Wo+w,
= 14
Wy 2i, (14)
_ watwn)i, (15)

2

The difference in inertia of the four driving wheels is ignored.

2i,
The timely four-wheel driven torque distribution relationship
slipping) is as

when the clutch is in the slipping state (mode

follows:
T, =T, M (1 8)
I
T, =i(T. — LyerW,) (19)
Tc = Sign(wf _Wr)|Tc| (20)

where, Lo lyer are the moments of inertia of the front and rear
axes of the torque manager, respectively, N-m.

When the clutch is in the locked state (mode = lock), the front
and rear connection shafts of the four-wheel driven system are
rigidly connected in time, and the torque transmission
characteristics are related to the angular stiffness K, of the
connection shaft and the damping D, The front and rear torque
distribution relationship is as follows:

Tf =T,— . (2 l)

Ly
Tr = ir(Tt.orsion - Iaxlefwr) (22)
Tlorsion = Kz(af - gr) + Dr(wf - Wr) (23)

where, Tion 18 the torsional torque of the drive train under locked
condition, N-m.

4 Simulation analysis

4.1 Simulation model construction
In the simulation software, the simulation platform of the
transmission system of the high-gap plant protection machine is
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established. Torque/speed prediction, model predictive control,
engine, battery, transmission, and longitudinal dynamics modules

are included in the vehicle model, and the relationships among each

module are shown in Figure 6.
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Figure 6 Schematic of vehicle model

The load torque calculation module is comprised by the
following three parts: demand load torque acquisition, drive pattern
recognition, and torque distribution modules. The calculation of
demand load torque and the optimal torque distribution of the high-
gap plant protection machine is realized by this module under
different working conditions, as shown in Figure 7.
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Figure 7 Torque distribution model

4.2 Simulation and analysis of straight-line driving conditions

Under different driving conditions, the torque distribution is
adaptively adjusted by the timely four-wheel driven plant protection
machine to improve the dynamic performance of the entire vehicle.
The torque distribution strategy is then triggered only when the load
torque overcome by the driving wheel is greater than the target
torque in the straight-line driving process. The two-wheel driven
state is used by the timely four-wheel driven plant protection
machine under normal circumstances. Therefore, typical working

conditions (timely four-wheel driven plant protection machine from
high to low adhesion road surface) are designed, the data obtained
under such working conditions are analyzed, and a conclusion is
finally drawn.

When driving on the high to the low adhesion road surface, the
static state is the starting point of the timely four-wheel driven plant
protection machine, and the variable adhesion road surface is
entered by the plant protection machine at 17 s. The adhesion
coefficient of the road surface is changed from 0.6 of the high
adhesion road surface to 0.2 of the low adhesion road surface. When
the timely four-wheel driven plant protection machine is running in
a straight line, the simulation curves of various parameters of the
road surface from high to low adhesion plant protection machine are
varied, as shown in Figures 8a-8d. In the starting stage of the plant
protection machine, the top working condition is selected as the
starting working condition, and the forward distribution torque is
determined in accordance with the ratio of front and rear vertical
loads. The forward distribution torque is extremely large at this
time. However, the speed difference between the front and rear axle
is zero, thereby meeting the driver’s demand for rapid acceleration
under the starting working condition. Moreover, the speed of the
front and rear wheels is low, and the rolling radius difference
between the front and rear wheels is small. At this time, the tire
damage is low when the front and rear axle speed difference is zero.
At 12.3 s, the vehicle speed is greater than 10 km/h, and the plant
protection machine is changed from the starting condition to the
straight-line driving condition.

In the straight-line driving condition, the speed difference
between the front and rear axle is zero, indicating that the torque
distributed to the front axle is excessively large; thus, the torque
should be reduced. The forward torque should be gradually
reduced in accordance with the set decline step. In addition, when
the front torque is gradually decreased to zero, the rear wheel slip
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rate is maintained within the range of the best slip rate, indicating a
large road adhesion. The power demand of timely four-wheel driven
plant protection machine under the rear-driven state is addressed
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Figure 8 Linear condition simulation results

At 17 s, the high to the low adhesion road surface is traveled by
the front wheel of the plant protection machine under the two-wheel
driven state. The forward distribution torque is zero under the two-
wheel driven state. Therefore, the front wheel slip rate is zero, and
the front wheel speed remains unaffected by the road adhesion. The
rotational speed difference between the front and rear wheels does
not change significantly. When the rear wheel is driven from the
high to the low adhesion road surface, the front and rear wheels are
in the low adhesion road surface. Under the same slip rate, the
longitudinal force provided by the rear wheel road surface will also
decrease, and the slip rate of the rear wheel will increase, gradually
extending the speed difference between the front and rear axle.
When the rear wheel slip rate is increased to 0.18 and the optimal
slip rate is exceeded, the plant protection machine is changed from
the two-wheel driven to the four-wheel driven state, and the torque
is slowly increased forward. The size of the increased torque is
determined by the feedback based on the ratio of front and rear
loads and the speed difference between the front and rear axles. The
actual forward transmitted torque is gradually increased in
accordance with the set step length until it coincides with the
calculation curve of feedback. The speed difference between front
and rear is controlled within the allowable range, and the current
forward output torque is maintained. When the set threshold is
exceeded by the plant protection machine at 17 s in the holding
stage, the forward output torque is decreased in accordance with the
step length, the rear torque is increased, and the speed difference
between the front and back is extended. In the process of forward
output torque reduction, the rear wheel slip rate is increased to

approximately 0.14, the optimal slip rate is exceeded, and the
forward transfer torque is not zero at this time. This condition
indicates that the road adhesion is low at this time, and the power
demand of the current plant protection machine cannot be addressed
by the adhesion force provided by the rear wheel road surface.
Moreover, the forward transfer torque is increased to the calculated
value of feedback by step length. The rear wheel slip rate
is controlled back to the best slip rate range, and the speed
difference between the front and rear axles is maintained within the
allowable range.

4.3 Simulation analysis of turning conditions

The timely four-wheel driven plant protection machine was set
to start from the static state with a 0.06 road surface adhesion
coefficient to reflect the influence of torque distribution on lateral
stability. The plant protection machine was driven in the two- and
four-wheel driven states based on the turning control strategy during
the turning process after 12.8 s. The simulation results were then
compared and analyzed, and a conclusion was drawn.

The timely four-wheel driven plant protection machines
were driven in the two- and four-wheel driven states based on the
turning control strategy under the above turning conditions, and the
speed changes in the plant protection machines are shown in
Figures 9. If the plant protection machine turns in the two-wheel
driven state, then the speed difference between the front and rear
axle rapidly increases, and the yaw speed shifts to —0.6 rad/s,
resulting in side-sliding and tail dumping and reducing the speed. In
this case, the risk of poor lateral stability is substantial, as shown in
Figure 10.
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Figure 10  Simulation results of turning condition

When the timely four-wheel driven plant protection machine is
turned based on the turning control strategy after 12.8 s, the
machine enters the feedback adjustment control based on the speed
difference between the front and rear axle because the speed
difference between these axes is outside the permissible range. The
forward distributed torque is then gradually changed to the target
value according to the set step length and the torque signal output
value, and the speed difference between the front and rear is stable
at 1 rad/s. The figure shows that the value is maintained within a
reasonable range. The actual yaw speed peak value of 0.46 rad/s for
a timely four-wheel driven vehicle equipped with a turning control
strategy is lower than that of 0.6 rad/s for a rear-drive vehicle. The
trend of the actual yaw speed is similar to that of the ideal yaw
speed, and the difference between the actual and ideal yaw speeds is
small in the entire process. This value is close to the ideal turning
state, wherein tail dumping is absent and the stability is higher than
that of the rear-drive plant protection machine.

Overall, when the timely four-wheel driven plant protection

machine is driving in turning conditions, the incremental feedback
control on the rotational speed difference of the front and rear shafts
is conducted in accordance with the torque distribution strategy
formulated in this paper. Compared with the rear-drive plant
protection machine, the lateral stability of this machine can be
effectively improved. The feasibility of the formulated torque
distribution strategy in turning conditions is verified on the basis of
these results.

5 Whole vehicle test

5.1 Straight line driving test

The dynamic performance of four-wheel driven vehicles
equipped with four-wheel driven controllers is verified using the
linear working condition test. Therefore, the main vehicle dynamic
test project is conducted to assess the evaluation indicators of
dynamic performance. The rapid acceleration start tests of low and
high to low adhesion road surfaces are performed in this paper to
investigate the vehicle dynamics after control.

The torque distributor is opened or closed in advance according
to the test requirements, while all four wheels of the plant protection
machine are pressed on the road and maintained at rest, as shown in
Figure 11.

Figure 11  Straight line driving test diagram

When the test personnel are ready, the plant protection machine
is driven in a straight line on the low adhesion road surface. As
shown in Figure 12a, the peak longitudinal acceleration of the plant
protection machine is only 0.26 m/s*> under the two-wheel driven
condition and its average longitudinal acceleration is approximately
0.17 m/s’, as visually demonstrated by the comparison of
longitudinal acceleration signals in the rapid acceleration start test
on low adhesion road surface. Meanwhile, the peak longitudinal
acceleration of the plant protection machine under the four-wheel
driven condition can reach 0.51 m/s>. The average longitudinal
acceleration reaches approximately 0.30 m/s’. The comparison
results of longitudinal acceleration show that the dynamic
performance of the four-wheel driven plant protection machine is
superior to that of the two-wheel driven plant protection machine.
The effectiveness and feasibility of the longitudinal control strategy
in the four-wheel driven control strategy in this paper are also
verified by the test results.

The comparison results of the longitudinal acceleration curve in
the rapid acceleration start test on the high to low adhesion road
surface revealed minimal differences in longitudinal acceleration
between the four- and two-wheel driven modes within the range of
0.8-2.2 s, as shown in Figure 12b. That is, when the plant protection
machine has not entered the low adhesion road surface, the peak
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longitudinal acceleration was approximately 0.48 m/s’. However,
when the plant protection machine began to enter the low adhesion
road surface (that is, after 2.2 s), the average longitudinal
acceleration of the plant protection machine in the four-wheel
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driven mode was approximately 0.28 m/s’>, while that of the plant
protection machine in the two-wheel driven mode was only
approximately 0.12 m/s’. The power performance of the four-wheel
driven mode was superior to that of the two-wheel driven mode.
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Figure 12 Straight-line driving test results

5.2 Turning driving test

As shown in Figure 13, the initial speed of the plant protection
machine is 6 km/h in the single-line shifting condition. The front
wheel angle is transformed into sinusoidal input turning condition
test after driving for 2 s.

Figure 13 Turning driving test diagram
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As shown in Figure 14a, a large deviation from the expected
value of up to 0.73 rad/s is demonstrated by the yaw velocity and
side deflection angle of the center of mass of the plant protection
machine under the single-line shifting condition in the absence of
control. The expected value cannot be successfully tracked, and a
stable state can be reached after a long time.

Figure 14b shows that the maximum side deflection angle of
the center of mass can reach 4.13°, at which time the plant
protection machine almost loses stability. This phenomenon easily
causes the driver to panic and produces further misoperation, and a
large deviation is displayed by the driving trajectory of the car.
After the control is applied, the yaw speed of the plant protection
machine can successfully follow the expected value, the maximum
is 0.61 rad/s, the side deflection angle of the plant protection
machine is restrained, and the side deflection angle of the center of
mass is not more than 2.8°. The plant protection machine can
effectively follow the intentions of the driver, travel according to
the ideal trajectory, and improve the lateral stability of the plant
protection machine. The results show that the torque distribution
control strategy can maintain the lateral stability of the plant
protection machine during lane changing at high speed.
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Figure 14 Turn driving result

6 Conclusions

Taking the timely four-wheel driven system of the high-gap
plant protection machine as the object in this study, the load torque

of this machine was analyzed under several typical working
conditions, the selection of the vehicle drive mode under different
working conditions was emphasized, the torque distribution under
the timely four-wheel driven mode was examined, and an effective
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control strategy was formulated. The following conclusions were
obtained through simulation analysis:

1) A layered control framework was established. In this
framework, the top layer was used for working condition
identification, the middle layer was for torque signal determination
and control mode selection, and the bottom layer was for torque
calculation. The corresponding torque distribution strategy between
shafts was formulated in accordance with the performance
requirements under different working conditions.

2) Tire skid was effectively avoided, road adhesion was
utilized, and vehicle power was improved using the formulated
control strategies of the starting and straight-line driving conditions.
The lateral stability of vehicles was efficiently enhanced by the
control strategy by the turning condition.

3) The simulation verification of the drive system revealed that
the power components of the entire drive system can successfully
work together. The working characteristics of the high-gap plant
protection machine in various modes were reflected by the
aforementioned findings, and the drive mode switching control
strategy and torque distribution were found to be reasonable and
effective under different working conditions.
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