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ABSTRACT

To address the issue of increased fuel consumption and reduced efficiency caused by excessive slip of the
drive wheels during tractor ploughing operations, this paper considered the time-varying, uncertain, and highly
nonlinear characteristics of the tractor-operating unit. A nonlinear dynamic model was constructed and a
nonlinear slip control method for the drive wheels was designed using sliding mode variable structure control
(SMVSC). The method was validated and tested on both the MATLAB/Simulink platform and a hardware-in-
the-loop (HIL) simulation platform based on dSPACE. The HILS results indicated that, compared to the fuzzy
PID algorithm, under varying soil specific resistance pulses, the mean absolute deviation of slip rate was
reduced by 0.013, and the response time decreased by approximately 1.3 seconds with the SMVSC method.
In case of pulse variation in slip rate, the SMVSC method reduced the tracking response time by approximately
0.8 seconds and the average control overshoot by about 0.03. Under both experimental conditions, the
SMVSC method demonstrated superior control performance, ensuring more stable tractor operation. These
findings provide valuable insights for drive slip control in tractor ploughing operations.
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INTRODUCTION

With the intelligent and intensive development of modern agriculture (Giller et al., 2015), the heavy
tractors have become important tools for efficient operation in field planting (Janulevicius et al., 2019).
However, excessive slip of the drive wheels during ploughing operations can significantly reduce the field
operation efficiency of heavy tractor unit and negatively affect soil quality (Rahmati et al., 2020). With the
deepening of the concept of “Green Agriculture” and the continuous improvement of soil protection
requirements (Wang et al., 2020; Holthusen et al., 2018), the introduction and enhancement of intelligent slip
control for tractor drive wheels will substantially improve tillage efficiency and optimize soil conditions.

At present, the research on the slip rate is mainly focusing on the measurement and identification
method, mathematical modelling, control algorithm, etc. For example, there are relative researches on real-
time monitoring of slip rate but not involving automatic control (Pranav et al., 2010), and the traction resistance
is adjusted by changing the plough depth at the level of force to meet the purpose of controlling slip rate within
a certain range, that it is mainly used by PID, fuzzy control and other methods (Zhang et al., 2016). In the
process of mathematical modelling, most of the existing researches employ linearization methods to
approximate the nonlinear characteristics of tractor, electro-hydraulic hitch system or operating unit.
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Although there have been some further researches on more accurate drive anti-slip control, the strong
nonlinear characteristics of the large complex inertial system are not completely considered (Watanabe M. and
Sakai K., 2019), resulting in limited accuracy. Sliding mode variable structure control (SMVSC) is a control
method which can solve the nonlinear problem. It is mainly used in the field of agricultural machinery automatic
control, such as tractor automatic steering (He et al., 2023), path tracking control (Ji et al., 2023) and trajectory
tracking considering slip (Zhang et al., 2022; Ding et al., 2022).

In the research on heavy tractor control, the experimental method is also an important part. Due to the
difficulty in verifying the real-time execution capability of controllers through offline simulations, field
experiments are often relied upon. However, these experiments are influenced by factors such as seasonality
and crop growth cycles. Hardware-in-the-loop simulation (HILS), which runs simulation models on real-time
processors, can simulate dynamic changes under various experimental conditions and evaluate the
performance of control systems and controllers (Li et al., 2007; Paksoy et al., 2020). Now it is gradually trying
to provide test solutions for special equipment in the agricultural field. Raikwar et al., (2019), developed a set
of HILS test platform based on the automatic test of tractor embedded system to detect and evaluate the faults
or defects of tractor electronic control units and control functions. Wu et al., (2019), developed a hardware-in-
loop test platform using digital space as a tool to test and verify the efficiency of the power system management
unit of electric tractor. Xu et al., (2021), proposed a layered multi-loop robust control architecture (LMLRC) for
tractor path following control, and built a hardware-in-the-loop simulation platform with MicroAutoBox, PXI
hardware, LabVIEW and other tools, based on which the dynamic effectiveness of the proposed controller was
verified. Zhang et al., (2023), tested the proposed active torque distribution control strategy on the dSPACE
hardware-in-the-loop simulation platform, demonstrating the controller's obvious advantages in reducing
tractor slip, improving traction energy efficiency, and reducing motor energy consumption.

Based on the research of the "tractor-tool-soil" system, this paper has developed a dynamic model of a
high-power tractor with electro-hydraulic hitch system during ploughing operations. A slip rate control strategy
has been proposed based on this model and the SMVSC theory. Finally, offline simulations and hardware-in-
the-loop tests have been conducted on the MATLAB/Simulink and dSPACE platforms, respectively, using a
fuzzy PID control method for comparison. The experimental results of both methods have been compared,
leading to the optimization of the anti-slip control for the drive wheels of high-power tractors.

MATERIALS AND METHODS
Description of the HILS

The HILS test platform is composed of two parts: software and hardware. The software part
encompasses the mathematical model of a half-vehicle, the control algorithm, and the MATLAB-Simulink
software. On the hardware side, the platform is equipped with a dSPACE DS1007 serving as the main
processor, along with a power supply, an AD conversion board DS2002, a DA conversion board DS2103, a
CAN module DS4302, and a controller based on the Freescale MC9S12XS128MAL. The schematic diagram
of the entire system is presented in Figure 1.
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Fig. 1 - Schematic diagram of HILS Fig. 2 - The human-machine interface of HILS

The specific functions of the system are as follows: the Tractor simulation model runs in the dSPACE
real-time operating environment to simulate the dynamic response characteristics of the tractor under different
working conditions; the test management software based on ControlDesk runs in the PC environment of the
host computer to provide a good human-computer interaction interface, which can monitor system running
state and controller performance in real time, display and dynamically modify system model parameters, and
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realize workflow management and test automation. The dSPACE real-time processor interfaces with the
controller through I/O interface (CAN bus) to realize the signal communication between the real-time model of
tractor and the actual controller. In addition, the human-machine interface (as shown in figure 2) is designed
based on the ControlDesk, including the functions of adjusting control parameters, displaying the status of the
control system (tractor slip rate, tillage depth, etc.), tracking process response curve, etc.

The half-tractor model

In the mathematical modelling of heavy tractor electro-hydraulic hitch operation units, it is considered
that the tractor works in the field mostly in a straight-line motion, and the field road environment is relatively
flat. Therefore, the tractor’'s motion is simplified to linear motion in the longitudinal plane along the tractor's
forward direction, ignoring the lateral movements such as sideslip and roll during forward movement. As shown
in figure 3, the centre point of the rear axle is used as the coordinate origin to establish the xo-O-yo motion
coordinate of the tractor's electro-hydraulic hitch operation units.

1 3wbs Yw
7w [
Mwg [ Mwawx Ry

{(-Srv
Mwawy” gy, 4]
f

SRH

Xp

Fig. 3 - Simple diagram of kinematic and dynamic analysis for heavy tractor

® Kinematics analysis

The motion of the heavy tractor electro-hydraulic hitch operation unit is simplified into two parts: one is
the tractor's translational motion in the forward direction with the base point O, the other is the rotational motion
of the tractor's linkage around the base point O in the longitudinal plane, and the relative position relationship
of the tractor's main points is expressed by the tractor's relative position relationship when driving on the flat
ground. According to the basic theory of kinematics, for each main node of tractor and its linkage, its velocity
can be expressed as the velocity projection component of the point and the base point O in the line direction,
and its acceleration can be expressed as the vector sum of the acceleration of the base point O and the
rotational acceleration of the point around the point O.

Vo Vs
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Fig. 4 - Rolling kinematics model with wheels slipping

When the tractor is ploughing, it has the characteristics of approximately constant speed linear
operation, so its motion state is generally a rolling motion state with slip, as shown in figure 4. Assuming that
during the movement, the instantaneous centre point of the speed of the tractor drive wheel is always above
the soil ground in the field, the wheel slip rate of the rear-wheel drive tractor can be expressed as by equation
(1):

S = Vor =Vo _ To® =@ zl_r_K
Vo fo®x fo

1)
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where: Vo and Vo are respectively the theoretical speed and instantaneous speed of the drive wheel in the
forward direction, m/s; ro and rx are respectively the geometric radius and dynamic radius of the drive wheel,
m; wk is the angular speed of the drive wheel, rad/s.

As shown in Fig. 5, based on the analysis of the geometric relationship model between the piston
displacement of the lifting hydraulic cylinder and the position of hitch pole with changes of the farm tools’ depth,
the relationship between above three can be approximately obtained. On the basis of abovementioned geometric
relation, the displacement of lifting hydraulic cylinder is x.=x.o when the farming tool is in the predetermined tillage
depth. The first-order and second-order differential relation of the angle and movement displacement of each member
can be derived. Due to space limitations, the differential equations are no longer listed here.
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(a) Lifting hydraulic cylinder and lifting arm (b) The lifting and drag rob, farm tools
Fig. 5 - Simple diagram of kinematic and dynamic analysis for heavy tractor
NCD is the lifting arm; DE is the lifting rod; MG is the drag rob; BV is the horizontal bar; G and V are the hitch points connecting the upper
and lower pull rods and farm tools; W is centroid of farm tools; x, is the displacement of hydraulic cylinder piston; xw, yw are the horizontal
and vertical distances from the rear wheel axis O to the centroid, m; ac, ap, ay, dg, By are the angles between the corresponding member
and the horizontal direction, rad; Ba, Bb, Bc are the angles between the corresponding member and the horizontal direction, rad.

® Dynamic analysis

In Figure 3, the force analysis of the tractor's electro-hydraulic hitch operation unit shows that the
external forces received by the tractor (including the hitch mechanism) mainly include: the tractor's gravity mg,
the farm tools' gravity mwg, the front wheels' vertical ground reaction Yki, the horizontal rolling resistance Xk
and the corresponding driving force Fii, the rear wheels' vertical ground reaction Yk, the horizontal rolling
resistance Xk and the corresponding driving force Fg, and the farm tools' soil resistance Ry and Ry, the force
Fe, Fu and Fyy of the tool on the linkage at the upper and lower hitch points. Therefore, with the point O as the
centre, the force and moment balance equations in the horizontal and vertical directions have been set up, as
shown in equation (2).

Yo +Y—R, =m; (g +ap, )+m, (g+a,,)

Fe + Fa = X« = Xy =Ry = mpag, +mya,,

Ry (rK Yo~ Sk, )~ Ry (XP *Sg, )_(FK + FKl)rK + XK1y01_YK1X01

+My (g +ar, ) Xp —Myar, Yy =My, (G + @y, ) Xy +Myay, Yy = Jrdy + 34,5

According to the above relevant kinematics and dynamics analysis, and referring to the previous
research results and modelling methods, the kinematics and dynamics equations of each subsystem such as
the tractor body, wheels, hitch mechanism and agricultural tools are brought into equation (2). The dynamic
differential equations of tractor electro-hydraulic hitch ploughing unit are obtained, as shown in formula (3). In
this formula, Yk and Yak are intermediate variables; So1 and S, are respectively the compression deformation
of front and rear tires, m; zo1 and z, are respectively the soil subsidence caused by vertical load of front and
rear tires, m; Axx and Ak are the grounding area of front and rear tires, m?; Bx: and Bk are respectively the
grounding width of front and rear tires, m. The coefficients such as my, ¢, iy, vy, /' x aer lagFc@re respectively
the intermediate equivalent mass, equivalent moment of inertia and other equivalent coefficients appearing in
the process of solving the equation system, which can be expressed as expressions of known variables or
constants. This study based on the author's previous work, utilizing the key dimensions and structural
parameters of the tractor operating unit as outlined in reference (Zhang et al., 2020). Due to space constraints,
further details are omitted.

)
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Through the analysis of the movement characteristics of the heavy tractor ploughing unit, it can be seen
that when the soil conditions change suddenly, the tractor slip rate changes greatly, which will seriously affect
the tractor's traction performance. Therefore, in view of the nonlinear characteristics of the heavy tractor
electro-hydraulic hitch unit, considering the tractor traction efficiency, according to the slip rate control
requirements under different ploughing conditions and considering the uniformity of ploughing depth, a slip
rate control method with the optimal slip rate do=0.2 as the control target was designed in this paper. The
operation principle of the slip rate control system based on the optimal target is shown in figure 6. In this paper,
the sliding mode variable structure control method is used to study, and the fuzzy PID control method is added

to compare.
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Fig. 6 - Diagram of control system working principle
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® Research on the SMVSC algorithm

Because there are a lot of physical parameters and uncertainties which are difficult to obtain accurately
in the tractor dynamics model, and the system equation has strong nonlinearity, the sliding mode variable
structure control method is a nonlinear control method which adapts to the strong nonlinearity and is insensitive
to the external disturbance, and has better robustness and higher reliability.

First, the output error is defined as:

&= 0k — Oy 4)
According to the sliding mode variable structure control theory, the switching function is defined as:
S(t) =Ce= C(5K _5opt) (5)

where:
C is the sliding mode coefficient, and C >0, setting C =1.
The design of the sliding mode variable structure controller consists of two main aspects: on the one
hand, it needs to be ensured that any position in the phase plane can reach the switching function s=0 in a
finite time, and on the other hand, it needs to be ensured that it can converge to an equilibrium point on the
switching function. According to the defined switching function and the basic principle of SMVSC, in the phase
plane composed of the slip rate and the derivative of the slip rate, the switching line is a straight line with a
slope of - C and passing through (dqpt, 0). The basic idea of SMVSC is to select an appropriate control variable,
so that during the operation of the tractor, its phase trajectory (6, &) continuously slides along the switching
line to the control target (dopt, 0) by a predetermined control law. Derivation of equation (5) gives:
$(t) =Cé =5, (6)
Based on the requirement that points in the state space need to be allowed finite time to reach the
termination point on the switching function $=0, the following conditions must be satisfied when designing the
controller: when s(t)>0,
$(t) = Cé =6, <0 @)
When s(t)<0,
$(t) =Ceé=5,>0 ®)
Substituting the first-order differential equation expression of the slip rate that has been derived from
the dynamic model into equation (6) gives:
a)K

S(t)_(1—§ ) — = SO + 1 mXOXL P AL+ i +i mxo><|_ R
. “Now =5 ) oc(lb=5)(m+m,) | m - o R .

X e
m m m m
s : XoXL i i XoXL : i XoXL : i XoXL 9)
(IXOR\/ + Ix,_R\, m } RV LIXOFK Ix,_FK m ] FK + (IXOYK IxLYK m jYK + [IXOYKl Ix,_YK1 m JYKl
X e X e X e X e

m m m m
XoXL ' ' XoXt | w2 XX, |o ' XX | =2
- meg m g+ (mxoxL - mx,_e m J X+ (mxoaTxL - meaTe m J X Oy _(‘]xoaT + ‘]x,_aTe m ]aT
XL e X € XL e X €

In order to ensure the stability of the sliding mode motion and the working quality, the dynamic effect of
the convergence motion is improved by using the exponential approach law, and constant velocity approaches
law is introduced to determine the convergence speed to be a certain non-zero speed when s(6) continuously
approaching 0, which ensures that the control system arrives at the switching manifold as soon as possible
with this speed. The exponential approach law used is shown in equation (10).

$(t) =—&sgn(s(t)) —ks(t) (10)

where:
€ represents the law of constant velocity approach of the moving point, and £>0; k represents the law of
exponential approach, and k>0; sgn(s(t)) represents the sign function.

Combine the vertical (9) and (10), and select the piston pressure pLAL in the oil chamber of the lifting
hydraulic cylinder as the equivalent control quantity, and get:
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It can be seen from equation (11) that the expression is extremely complex. According to the dynamic
characteristics of the motion of the electro-hydraulic hitch system and the characteristics of the sliding mode
variable structure control theory, it is assumed that the tractor ploughing operation in the field is approximately
constant speed operation, that is, the slip rate is kept near the optimal value with small fluctuation. Assume
that the tractor engine speed is constant. Assuming that the tractor's pitching motion in the forward longitudinal
plane is small, it is considered that the hydraulic cylinder push rod extends at a nearly uniform speed. Through
simulation analysis and calculation, it can be further simplified:

PLA =k, *(-esgn(s(t))-ks(t)) +k,v, + KRy +K,R, + ks Fe +KgYy +K, Y, (12)
where: ki, kz, ks, ks, ks, ks and ks are the coefficients related to tractor structural parameters, which are
specifically expressed as follows:

k = mXLe k m Kk =—ij H mXLe
L = ol (M +my,) , =r.s$, — —=(my +my, ), 3——|XLRH—|XORHm ,
XoXL XoXL XoXL
T S I S VgL
4 X Ry XoRy 1 5 T Ixg Rk X Fe? 6T X Yg XoYk ' 7 7 %X Yk XoYk1
XoXL XoXL XoXL XoXL

The Lyapunov function is constructed based on the positive definite function to test the stability of the
system employing the exponential convergence rate, and the Lyapunov function is:

V = %sz (13)

Derivatives can be obtained:
V':liszzss<—g|s|<o (14)
2dt

where: £>0.

According to Lyapunov stability theory, it can be concluded that the designed control system is stable.

When the system enters the sliding mode motion and continuously switches along the sliding mode
surface, in order to suppress the system "shaking" as much as possible, the continuous saturation function
sat(s) is used instead of the traditional constant velocity approach rate discontinuous symbol function sgn(s),
which is defined as follows:

1 s>y
sat(s)=1s/w, |s|<w (15)
-1, s<-y

where: y is the thickness of the boundary layer.

The expression of the equivalent control variable pLAL has been derived. The self-developed threaded
plug-in proportional control valve was used for indoor testing. Based on the dynamic and static characteristics
of the proportional control valve, the opening pressure of the proportional relief valve connected to the oil outlet
of the proportional control valve was adjusted. The pressure difference between the load pressure of the
proportional lowering control valve and the return oil pressure was controlled to maintain approximately 4 MPa
and 9 MPa, respectively. By varying the input voltage of the proportional amplifier (driver), the steady flow of
the proportional lowering valve under different driving voltages was obtained. Similarly, the steady flow of the
proportional poppet under different driving voltages was measured. Through regression analysis and fitting of
the test results, the relationship between control voltage and output flow was determined as follows:
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where: Uy, is the driving voltage of proportional poppet, V; Udwn is the driving voltage of the proportional
lowering valve, V; Qup is the flow of hydraulic oil from the proportional lift valve into the hydraulic cylinder during
the lifting process of the hydraulic cylinder, m3/s; Qqown is the flow from the hydraulic cylinder into the
proportional descent control valve during the descent of the hydraulic cylinder, m3%/s; Ap is the pressure
difference between the two ends of the proportional directional valve, and the value has been set 1.5MPa; p.
is the load pressure of the hydraulic cylinder, Pa; po is the return oil pressure, value 0 Pa; p is the density of
hydraulic oil, kg/ms3.

The flow continuity equation of hydraulic cylinder is shown in equation (18):

p|_ :&(qL_ALXL_CtL pL) (18)
VL
gL can be obtained by combining equation (12) and equation (18). When the poppet valve is open, .=qup (U);
when the drop valve is open, L=-(d¢own(U). From the equations (16) and (17), the control voltage U of the
electro-hydraulic proportional control valve can be obtained to implement the control.

® Incremental fuzzy PID control method

In order to highlight the advantages of SMVSC, PID control algorithm which is widely used in control
field is selected for comparison. The fuzzy PID controller can improve the robustness of the system in the
control process, taking the deviation € and the deviation change rate €. of the slip rate as the input, and the
three parameter correction quantities AKp, AK| and AKp of the PID as the output. The domains of e and e; are
taken as [-0.6, 0.6], and the output variables AKp, AK,, AKp are set according to experience as [-5, 5]. The
tuning principles of PID controller parameters are:

(1) When e is larger and e¢ is larger, in order to reduce the system response time and avoid system
integral saturation, increase Kp and decrease K;

(2) When e decreases gradually, in order to shorten the dynamic adjustment time, reduce overshoot
and steady-state oscillation, Kp is reduced and K; is increased;

(3) When the system begins to approach the target and enters steady-state, in order to obtain a good
steady state, improve the ability to resist disturbance, increase Kp.

The fuzzy subsets of e, e;, AK; and AKp are taken as {NB, NM, NS, ZO, PS, PM, PB}, representing
{negative big, negative middle, negative small, zero, positive small, positive middle, positive big}, and the
membership functions of all subsets are Gauss membership functions. Use MATLAB’s fuzzy inference toolbox
to build a fuzzy inference system and edit the membership of input and output variables.

RESULTS AND ANALYSIS
Offline simulation and analysis of control algorithm

According to the established system dynamics model and the designed control algorithm, the
corresponding simulation model of slip rate control system is established in MATLAB/Simulink, and the entire
system is analysed by off-line simulation. During the simulation process, the disturbance rejection
characteristics of the sliding rate control system, that is the change of soil specific resistance input, and the
dynamic response characteristics of the control target when the input setting value changes, are mainly
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concerned. After several adjustments, the parameters of SMVSC are determined as €=1.2, k=0.01, @=0.01,
and the initial parameters of fuzzy PID controller are Kp=12, K|=0.5, Kp=1.5. The initial conditions of the
simulation are set as follows: the tractor gear is B2 gear, the initial displacement of the hydraulic cylinder piston
rod is 8.83 cm, the initial ploughing depth of the tractor operation is 20 cm, and the simulation time is 50
seconds.

® Soil specific resistance with pulse change

The simulation takes 0,x=0.2 as the control target, takes the change of soil specific resistance as the
external disturbance input, and sets the steady-state value of the soil specific resistance to 30000 N/m2. At the
beginning of the simulation, the soil specific resistance is added as a pulse signal with an amplitude of 8000
N/m2, a period of 10s and a duty cycle of 50%. When the soil specific resistance changes, the simulation
results are shown in Figure 7.
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Fig. 7 - Simulation results of soil specific resistance with pulse change

According to Fig. 7 (a), when the specific resistance of soil changes step by step every 5 seconds,
through the fuzzy PID control method, after a response time of about 1.5s, the slip rate can be basically
controlled around 0.2, but the fluctuation is large, and the maximum error reaches 0.02. The results by the
SMVSC method show that the sliding rate can be well controlled at 0.2, and the response time is very short,
there is almost no overshoot at the beginning of the control. And the same time, the control target can be
continuously and stably tracked in the control process, which can better resist the influence of soil specific
resistance disturbance. In addition, when the specific resistance of soil is within 30000N cycle, the dynamic
performance of tractor will be affected by random road excitation disturbance, so the fuzzy PID control
algorithm can be adjusted according to the magnitude of deviation at any time. The slip rate has been near the
target value of 0.2 by large steady-state error. But the SMVSC method has been proven to have a low steady-
state error and better robustness against external disturbance, maintaining stability at 0.2 with almost no
overshoot. The simulation results showed that when the soil conditions were changing, compared with the
fuzzy PID control method, the SMVSC method had better disturbance rejection characteristics and faster
response to the external disturbance, which verified the effectiveness and superiority of its control.

® Control target value with pulse change

In order to further understand the tracking performance of the control algorithm for the control target,
the control target value input by the control system is varied under fixed soil conditions, and the dynamic
response characteristics of the control system are analysed when the input undergoes a pulse change. The
soil specific resistance is set to 30000 N/m?, the initial value of the slip rate control target is 0.2, the control
target change amplitude is 0.1, the period is 10s, and the pulse signal has a 50% duty cycle. The simulation
results are shown in Figure 8.
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Fig. 8 - Simulation results of control target value with pulse change

In the control process, the response time of fuzzy PID control was about 1.8s, and the maximum
overshoot was 0.05, with a steady-state control error of about 0.01; there was almost no overshoot and steady-
state control error by the SMVSC method. When the control target changed periodically between 0.2 and 0.3,
the results showed that it reached the control target more quickly by the SMVSC method, the tracking
performance of the control target is faster, and the error is smaller. It can be seen that, under certain conditions
of the soil without external disturbance, when the control target changes, the dynamic tracking performance to
the control target of the SMVSC is better, the response time is shorter than the fuzzy PID control, and there is
almost no steady-state error, further proving the SMVSC method superiority.

HILS test and analysis of control algorithm

The HILS test system is used to experimentally investigate the slip rate control for a half-tractor model.
According to the test conditions of off-line simulation, based on the HILS real-time simulation test platform, two
different algorithms by SMVSC and fuzzy PID control are respectively carried out in the hardware-in-the-loop
simulation test, corresponding to the analysis of the sliding rate control when the soil specific resistance pulse
changes and the sliding rate control when the control target pulse changes.

) Soil specific resistance with pulse change
Setting the same test conditions as the offline simulation, the test duration is 30s, and the results are

shown in figure 9.
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Fig. 9 - HILS results of soil specific resistance with pulse change

The absolute value deviation and variance of the mean value are used as the measurement indicators
to evaluate the control effect of the slip rate, and to compare control accuracy of the two different control
methods. At the same time, in order to better reflect the status of the ploughing operation under the control of
slip rate, the data statistics of ploughing depth, hydraulic cylinder displacement and horizontal traction force
were analysed. The analysis results are shown in table 1.

Table 1
Analysis about HILS results
. Tillage depth Displacement Horizontal traction
Slip rate
[cm] [cm] [N]
Methods Mean
Absolute | Variance Max Min Max Min Max Min
Deviation

SMVS 0.014 0.0002 25.22 11.92 9.67 8.81 7067.78 6350.24
PID 0.027 0.0011 31.46 9.70 9.81 8.40 8783.37 5224.83

By the SMVSC method, the maximum deviation of the slip rate control is 0.041, the mean absolute
deviation is 0.014, and the slip rate variance is 0.0002. And by the fuzzy PID control method, the maximum
deviation of the slip rate control is 0.121, the average absolute deviation is 0.027, and the slip rate variance is
0.0011. Although the slip rate was controlled around 0.2 through both algorithms, the deviation of the slip rate
average absolute value under the SMVSC algorithm is reduced by 48%, the response time is reduced by about
1.3s, and the control deviation is smaller, and the fluctuation amplitude is far smaller than the fuzzy PID control
algorithm. In addition, by the SMVSC, the adjustment change of plough depth is 5.26 cm, which is far less than
7.21 cm of fuzzy PID control, reducing about 27%; the adjustment change of hydraulic cylinder displacement
is 1.15 cm, which is far less than 1.8 cm of fuzzy PID control, which is about 36%; the adjustment change of
horizontal traction force is 1293.35 N, which is less than 2217 N of fuzzy PID control, which is about 42%.
When the tractor realizes the optimal value control of slip rate, the adjustment amount is small, which makes
the tractor keep in a more stable working state.

® Control target value with pulse change
The test conditions are set as above, and the results are shown in figure 10.
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Fig. 10 - HILS results of control target value with pulse change

When the slip rate control target changes between 0.2 and 0.3, both algorithms can effectively track the
dynamically changing slip rate target value, but the tracking response time of SMVSC method is reduced by
about 0.8s less than that of fuzzy PID control, the average control overshoot is reduced by about 0.03, and the
control deviation and fluctuation range are also significantly reduced. At the same time, the results by the
SMVSC method show that, the displacement of the tractor hydraulic lift cylinder and the adjustment depth of
the ploughing depth are significantly smaller than those obtained by the fuzzy PID control, and the fluctuation
range of the horizontal traction force is also significantly reduced.

Compared with the integrated traction-slip ratio control method previously proposed by our team (Zhang
et al., 2016), the slip ratio control strategy developed in this study achieved superior target slip ratio tracking
performance while maintaining minimal fluctuations in tillage depth and traction force. The proposed SMVSV
method demonstrated significant improvements over existing slip ratio control approaches (Bai et al., 2012;
Soylu et al., 2021), reducing the system response time to within 1 second, decreasing the mean absolute
deviation of slip ratio to 0.014 under soil specific resistance with pulse change, and significantly minimizing slip
ratio overshoots along with fluctuations in tillage depth and traction force during target slip ratio adjustments
with pulse change.

It can be seen that the method based on SMVSC has shorter response time, smaller control overshoot,
and better dynamic tracking performance in the slip control process. As a robust control method, the control
process of SMVSC method is independent of the state of the system and external disturbances, it has the
advantages of parameter disturbance insensitivity and simple implementation. In view of the strong nonlinear
and complex coupling characteristics of heavy tractor ploughing unit, SMVSC method has certain control
advantages and better control effect than fuzzy PID control. While controlling the slip rate to the target value,
the adjustment amount is smaller, which can maintain a more stable tractor field working condition.

CONCLUSIONS

(1) For the ploughing operation conditions, considering the nonlinear characteristics of the complex
coupling system of the "tractor-tools-soil", a time-varying nonlinear dynamic model of the tractor's electro-
hydraulic hitch system was developed, and the nonlinear motion characteristics of the system were clarified.

(2) Based on the theory of Sliding Mode Variable Structure Control (SMVSC), considering the strong
nonlinearity, time-variability, and uncertainty characteristics of the dynamic system, the piston pressure in the
hydraulic cylinder was selected as the control variable. A slip control algorithm for the tractor's drive wheels
was designed, with a fuzzy PID algorithm used as a comparative benchmark. Simulations and analyses were
conducted in MATLAB/Simulink.

(3) A hardware-in-the-loop simulation (HILS) test platform was developed to over-come the limitations
of field experiment and to evaluate the real-time execution capabilities of the control algorithm. The results
indicated that the SMVSC algorithm effectively achieved optimal slip rate control and a more stable operational
state within the electro-hydraulic hitch system, characterized by reduced adjustment amplitudes. This
advancement is significant for minimizing energy consumption and enhancing the quality of ploughing activities
during operations.
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