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ABSTRACT

To address the requirements for automation and intelligence of agricultural robots, this paper develops a 14-
degree-of-freedom dynamic model for wheeled agricultural robots. The model aims to provide a dynamic
modeling foundation under the framework of modern control theory for the automation and intelligence of
wheeled agricultural robots. It incorporates the Ackermann steering mechanism, MacPherson independent
suspension system, tire model, and deformable soil model based on Bekker's formula. The vertical tire
pressure is calculated using the deformable soil model via Bekker's formula, while tire forces are predicted by
combining the tire slip angle and slip ratio with the Magic Formula Tire Model. By analyzing the force
transmission effect of the suspension system, integrating the center-of-mass coupling effect analysis and the
robot body model equations, the precise prediction of the attitude and motion trajectory of the wheeled
agricultural robot is achieved. A co-simulation experiment using MATLAB and CarSim under the double lane
change (DLC) condition is designed for validation. Experimental results demonstrate that the proposed model
exhibits high consistency with the CarSim simulation results. The mean absolute errors (MAE) are 0.327° for
steering wheel angle, 0.677°/s for yaw rate, 0.691° for body roll angle, and 0.944 m/s? for lateral acceleration.
All errors are less than 1.5, meeting the requirements of dynamic simulation. This model can effectively predict
the body attitude of wheeled agricultural robots and lay a foundation for the subsequent development of optimal
control algorithms for agricultural robots.
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INTRODUCTION

Under the dual pressures of the escalating global food security crisis and the structural shortage of
agricultural labor, the automation of agricultural equipment has become a strategic technical approach to break
the bottleneck of agricultural productivity growth (Daum T., 2024). High-precision motion control of agricultural
robots directly determines field operation quality, and establishing a high-fidelity dynamic model is a
prerequisite for achieving precise control (Kayacan et al., 2015).

In recent years, agricultural robots have been widely applied in field operations such as seeding,
fertilization, weeding, and harvesting, with dynamic modeling being a core research focus. Existing studies on
agricultural robot dynamics can be categorized into three directions: simplified low-DOF models, multi-body
dynamics models, and soil-tire interaction models. For low-DOF models, Long et al., (2022), proposed a 2-
DOF steering dynamic model for agricultural tractors, which realizes basic path tracking but ignores vertical
vibration and tire-soil deformation, leading to significant errors in bumpy farmland.
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Nigwal et al., (2023), developed a 7-DOF full-vehicle vibration model, which improves ride comfort
prediction but lacks consideration of wheel rotation and lateral-longitudinal coupling effects. (Hassaan et al.
2015) established a 10-DOF multi-body coupling model, which enhances the description of body motion but
still fails to reflect the dynamic characteristics of agricultural tires on deformable soil.

For soil-tire interaction models, Rosca et al., (2022), proposed a traction model considering tire-soil
contact deformation, which accurately predicts traction force on soft soil but is difficult to integrate with full-
vehicle dynamics due to its complexity. Cha et al., (2024), optimized the tire model for high-speed handling,
but it is not applicable to low-speed agricultural operations on uneven terrain. In terms of application scenarios,
most existing models are verified on hard roads (e.g., asphalt pavement) rather than actual farmland, resulting
in poor adaptability to complex terrain such as weed-covered fields and gully-crossed plots (Reimpell et al.,
2001).

Although these studies have made progress in specific fields, there are still obvious limitations: (1) The
degree of freedom setting is overly dependent on highway vehicle standards, ignoring the vertical bouncing of
tires and the rotation of wheel axes under farmland conditions; (2) The tire model uses passenger car
parameters instead of agricultural tires, failing to reflect the traction and damping characteristics on deformable
soil; (3) The research on multi-field coupling (mechanical, soil, dynamic) is insufficient, leading to inaccurate
attitude prediction in actual operations. To address these issues, this study constructs a 14-DOF dynamic
model. By defining the vertical displacement degrees of freedom for the four sets of suspensions and
integrating the Bekker formula model to characterize the bearing and deformation properties of farmland soill,
a dynamic model tailored for farmland operation scenarios is constructed, which accurately simulates the
influence of complex and deformable farmland surfaces on the vehicle body attitude.

MATERIALS AND METHODS

The model proposed in this paper is mainly divided into four parts: the steering mechanism model, the
tire model, the suspension model, and the robot body model. The data relationships between these modules
are shown in the following figure:
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Fig. 1 - Inter-module data flows of a 14-DOF Wheeled Agricultural Robot

As shown in Fig. 1, the steering mechanism adopts an Ackermann steering configuration to control the
wheel angles. The sideslip angle can be calculated from the steering-wheel angle &, by accounting for the
effects of the steering mechanism and the MacPherson suspension system.

The tire model used in the figure adopts the Magic Formula Tire Model, which can predict the tire forces
F, neer @nd tire moments M,,;,..; based on the sideslip angle a and slip ratio . The slip ratio k is calculated from
the vehicle speed V,,, and wheel speed V,,;..;- The sideslip angle « is calculated from the front-left wheel angle
8, and front-right wheel angle &y;.

The tire forces must be transmitted to the robot body through the suspension system, and this process
involves the conversion between the tire forces F,, .., & tire moments M,, ..., and the suspension forces Fs,,.
In addition, it is necessary to consider the influence of the suspension on the camber angle, and predict the
suspension forces by combining parameters such as suspension height and suspension height rate.

The final suspension forces act on the vehicle body. The combined action of suspension forces, gravity,
wind resistance, and other external forces affects the position and attitude of the vehicle body.

In this process, it is necessary to consider the coordinate transformation of the suspension forces Fs,,
when transmitted to the body model, the coupling effect of the center of mass, and the solution of the rotation
matrix.
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Based on the above data flow relationships, a complete 14-degree-of-freedom (14-DOF) dynamic model
for the wheeled agricultural robot can be established. According to the model inputs, the ODE algorithm is
used for numerical solution of the model, enabling accurate prediction of the overall position and attitude of
the vehicle (Xie et al., 2024).

Steering System Modeling

In this paper, the steering system is modeled based on the Ackermann geometric steering principle. As
the primary input module of the overall system, the steering system plays a crucial role. The modeling of the
Ackermann steering system not only involves the calculation of the wheel angle §;, but also provides the
necessary data preparation for the subsequent tire model in terms of the sideslip angle « and slip ratio k
(Aggarwal et al., 2020). The specific calculation process is as follows:

Fig. 2 -Schematic Diagram of the Ackermann Geometry Steering System

Formula for Calculating Wheel Angles:

2tan8y(Ls + L,) } 0

2(Ls + L) — Bytand,
2tands(Ls + Ly) }
2(Ls + Ly ) + Bytand

8p1 = arctan{

8 = arctan{ 2)
where:

0, denotes the steering wheel angle, Ly and L, represent the distances from the robot's center of gravity to the
front axle and rear axle, respectively, and B, is the front axle width. §¢, and &, represent the wheel angles of
the left front wheel and right front wheel, respectively.

Based on the obtained wheel angles, the wheel sideslip angles can be solved.

Vy fi
ap = — <6ﬂ — arctan S > (3)
Vx_fi
v
Apy = — <5fr — arctan M) (4)
Vx_fr
Vy ri
a,, = arctan 2 (5)
Vx_rl
v
Ay = arctan 2=~ (6)
VX_TT

where:

as as- ay @nd a,,. represent the sideslip angles of the left front wheel, right front wheel, left rear wheel, and
right rear wheel, respectively. v, ¢ vy ¢ Vi i Vi represent the lateral velocities of the left front wheel, right
front wheel, left rear wheel, and right rear wheel, respectively; v, ¢ v, ¢ vy vy . denote the longitudinal
velocities of the left front wheel, right front wheel, left rear wheel, and right rear wheel, respectively.
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The velocity values in the sideslip angle formula are obtained from the following formulas:

Table 1
Formula for Wheel Center Velocity
Longitudinal Velocity of Wheel Center Lateral Velocity of Wheel Center Resultant Velocity
B
f = —
VxfL = Ve T Wz Vy s =Vy + L, V= Vf,fz + sz,fz
v = +& v =vy,+ Lrw Ve = [VZ . V2
x_fr — Vy 2 Wy y_fr y f Lz fr x_fr y_fr
= B Vy 1 =Vy— Lrw = [v2 2
Vxri =Vx — 7(’-’2 yrl — Vy r%z V= Vit Vy ri
Vyrr = Vx + %wz Vyrr =Vy — Lrw, Vrr = VJ%J"T + V321 rr

Formula for Solving Slip Ratio:
K = w_ijw_ij wx_ij i = f,T ] — l,T‘ (7)
max(a)w_inw,vwx_ij)

where: w,, ;;denotes the tire angular velocity, R,, is the effective tire radius, and v, ;; represents the tire lateral
velocity.

Tire Model

Since the Magic Formula Tire Model is a semi-empirical formula based on experimental data, it not only
exhibits high fitting accuracy within the range of conventional experiments but also remains applicable under
certain extreme working conditions (Cha et al., 2024). Therefore, this model is selected for tire modeling to
predict the magnitude of forces acting on the robot body model, which is further used to derive the pose of the
robot body. The Magic Tire Formula (Magic Formula) consists of nine components, Longitudinal Force (pure
longitudinal slip), Lateral Force (pure side slip), Aligning Torque (pure side slip), Longitudinal Force (combined
slip), Lateral Force (combined slip), Overturning Couple, Rolling Resistance Moment, Aligning Torque
(combined slip), Vertical Load.

input variable output variable

Longitudinal slip rate Kk Longitudinal Force E, [N]
slip angle a [rad] Lateral Force I,  [N]
cambery [rad] *| Magic Tire Formula l_’ Overturning Couple M,, [Nm]

Rolling Resistance MomentM,, [Nm]

Vertical load F;[kN] Aligning Torque M, [Nm]

Fig. 3 - Relationship Between Input and Output Variables of the Magic Formula Tire Model

Based on the input-output relationship of the Magic Formula Tire Model illustrated in Fig. 3, the data
conversion mechanism of the model can be briefly understood. The model involves the introduction of
dimensionless parameters and intermediate derivation formulas, which are detailed in Egs. (8—19). For the
complete set of parameter definitions and detailed derivations of these formulas, refer to the third edition of
the Pacejka Magic Formula, as reproducing all intermediate equations of this well-established tire model is
unnecessary herein.

Under pure slip conditions, the relationship between the tire longitudinal force F,,, longitudinal slip ratio x,
and tire vertical load F, can be described as follows:

Fyo = Dysin|Cyarctan{Byk, — E,(Byk, — arctan(Byk,))}] + Syx (8)

Under pure slip conditions, the relationship between the tire lateral force F,,, tire sideslip angle a and
tire vertical load F, can be described as follows:

E,, = Dysin [Cyarctan {Byay —E, (Byay - arctan(Byay))}] + Syy 9)
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Under pure slip conditions, the relationship between the tire aligning torque M,,, tire sideslip angle «
and tire vertical load F, can be described as follows:

My, = My + My, (10)
M, denotes the tire trail (Rosca et al., 2022)

Méoz_tO'Fyo (11)
M,,., denotes the residual torque:
Mzro = Mzr(ar) = DrCOS[CrarCtan(Brar)] (12)
Under combined working conditions, the relationship between the tire longitudinal force F,, longitudinal
slip ratio a, and tire vertical load F, can be described as follows:
Fy = Gya " Feo (13)
Under combined working conditions, the relationship between the tire lateral forceF,, tire sideslip angle
a, and tire vertical load F, can be described as follows:

E, = Gy Fyo + Syyi (14)
Overturning Couple:
M, = FR, - (Qle — Qsx2V" + CISx3Fy/FzIo) " Amx (15)
Rolling Resistance Moment;
M, = ER, (QSylarCtan(vr/vo) + qsyZFy/Fz’o) '/1My (16)

Under combined working conditions, the relationship between the tire Aligning Torque M,, tire sideslip
angle a, and tire vertical load E, can be described as follows:

M, = M, + M, + sE, (17)
M}, denotes the tire trail:
M; =—t-E (18)
M,, denotes the residual torque:
My = My (@yeq) = Dycos|[Crarctan(B,a, o4 )] (19)

Furthermore, it has been found useful to introduce F, and F, interaction terms in the vertical stiffness
(Reimpell et al.,1986). For farmland scenarios involving deformable soil, the normal force calculation is
optimized by integrating the Bekker formula (Bekker, 1960)—a classic model describing soil-bearing
characteristics and tire-sinkage behavior. The revised formula for the normal force, incorporating horizontal
force interaction, soil deformation effects, and overall stiffness functions, is proposed as follows:

2
To Fx
Fy = |E| = {1 + CIV2|Q|V—O— (CIch1 Eo)
2

FA\2 P B (20)
- <QFcy1 _y) } (szl + QFZ3V2) = + Arz2 _z on
on To To

In Eq. (20) p, = max((ro — 1+ Ar)cosy + 1.(1 — cosy), 0), Ar = qy110(Qrp /V,)?
Here, 1, denotes the radius of the free non-rotating tire, r; the loaded radius (distance between wheel centre
and contact centre) and Ar the increase in free tyre radius due to wheel rotation velocity. The non-dimensional
parameter gy, governs the influence of tyre growth, gy, the stiffness variation with speed, g ,: the
interaction with horizontal forces and qr,4 , 5 the stiffness and non-linearity of the force deflection characteristic
at zero speed and zero horizontal forces.

In Eq. (20) F,, is derived from the Bekker formula model that describes the bearing characteristics and
settlement laws of deformable soils (such as farmland and sandy land).

The specific formula is as follows:

k
Fo=75 kg 7" (21)

Here, F,, denotes the soil bearing pressure (kPa); k. the cohesive modulus of soil (kN/m?); k¢ the frictional

modulus of soil (kN/m*); b the width of contact area (m); z the soil sinkage (m); n the sinkage exponent
(dimensionless), depending on soil type (e.g., (n=0.5) for cohesive soil, (n=1.0) for sandy soil).
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Suspension Model

The interaction forces derived from tire force calculation need to be transmitted to the robot body model
through the suspension system, and this process affects the response of the robot body part to the tire forces.
In this paper, a linear suspension model (Li et al., 2024) is adopted. This model calculates the suspension
force based on the relative height between the tires and the wheeled robot body, and the magnitude of the
response force acting on the robot body part can be obtained through this model.

FWZa,t = ona + kza (Zva‘t - Zwa,t + mhsteera|65teera,t|) + C(Z.va,t - Z.wa,t) (22)

where F,,  is the vertical suspension spring preload, k,_ is the spring constant, mc.r, is the slope of the
steering angle's influence on vertical force, §seer,, is the wheel steering angle, c is the vertical damping
constant, z, , and z,,, are the vehicle relative displacement and velocity, respectively, and z,,,, and z,,_, are
the tire relative displacement and velocity, respectively.

It is assumed that the suspension is weightless, and the displacement and velocity of the suspension

wheel are equal to the longitudinal velocity and lateral velocity of the vehicle, respectively. Thus, the following
formula can be derived:

Table 2
Formulas for Force, Moment, Displacement-Velocity Relationships Between Tires and Wheeled Robot Body
Force Moment Displacement Velocity
vaa,t = waa_t vaa,t = MWXa,t + Fwya,t (Rewya_t + Ha,t) Xvge = Xwgy xva,t = xwa,t
F"J’a,t = FWZVa,t MVYa,t = MWZVa,t + FWZVa,t (ReWZVa,t + Havf) y”a,t = yWa,t yva,t = yWa,t
FI]Za't = P‘WZa,LL MUZa't = MWZa't

where: Re is the effective tire radius, and H is the suspension height.

In addition, the suspension also affects the variation of the wheel camber angle, and their relationship is
given by the following formula:

sza,t = )/zoa + mhcambera (Zva‘t - Zwa,t + mhsteera|6‘steera,t|) (23)

+ mcambersteera |6steera,t |
where y,,, is the initial camber angle, m,.qmper, is the slope of the relationship between the camber angle and
the suspension height of front axle, myg..r, is the slope of the relationship between the steering angle of
axle a and the vertical force, and mcqmpersteer, 1S the steering angle slope relative to front axle.

Robot Body Model

Since most agricultural robots are currently in the preliminary development stage, this study assumes
the robot body model is a rigid body. Based on the forces and moments obtained from the steering system and
tire model, these quantities are transmitted through the suspension system and then substituted into Eqgs. (24—
25) to solve for the state of the robot body model at each time step.

From the linear momentum theorem, the following expression can be obtained:

E, Uy — Vyw, + v,w,
F,=|F|= m(ﬁb + o X 5b) = |V — Vwx + Uy, (24)
F, U, — Uy Wy + Uy,

From the angular momentum (moment of momentum) theorem, the following relationship can be
obtained:
—_ L .
M, =|M| =18+ & x (@)
N . :
Lix @y — Liy@y — L, @0, — wyw,(Ly — 1) — L (0f — 0Z2) — wy(L,wy — Lyw,)]  (25)
= Iyyay - Ixyax - Iyzaz - wxwz(lzz - Ixx) - Ixz(wzz - w;%) - wy(lxywz - Iyzwx)

L@y — Ly, — Ly — wxwy, (Lex — Iy ) — Ly (02 — 02) = 0, (L0, — Lyw,)
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In the right-hand side of the formula, the mass m and inertia tensor matrix | in Eqs. (24) and (25) need
to be calculated separately.

The entire wheeled robot body is divided into 7 parts as shown in Fig. 4.

Fig. 4 - Schematic diagram of centroid mounting position and vehicle parameter dimensions
of the wheeled robot

The centroid mass and centroid position of each part are measured respectively. The centroid position Ris
solved using the following formula:

- n -
z m;Xx;
i=0
X n
R = [3’] = Zmﬂ’i (26)
z i=0
n
Zmizl

The calculation formula for the inertia tensor is:

Ixx _Ixy _Ixz
=Ly Ly ~IL,
_Ixz _Iyz Iz

f f(zylz +27)d,d, —ff(xl-yl-)dxdy —ff(xizi)dxdz 27)
= _fj(xiyi)dxdy Jf(yl'z +z{)dyd, _fJ(Yizi)dydz
| - f f (xz)ded, — f f iz))dyd, f f i +2z)dyd, |

The inertia tensor I is the sum of the inertia tensor of the centroid relative to the geometric center and
the inertia tensor of the particle system relative to the centroid.

I = lcenter + Im (28)

On the left-hand side of Eqgs. (24—25), solving for the resultant external force ﬁb and resultant external
moment M, yields:
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R Fx Fdx ng Fextx FFLx FFRx FRLx FRRx
F, = Fy = de + Egy + Fexty + FFLy + FFRy + FRLy + FRRy (29)
Fz Fdz Egz Fextz FFLZ FFRZ FRLZ FRRZ
Mx de ng Mextx MFLx MFRx MRLx MRRx
Mb S My = Mdy + ng + Mexty + MFLy + MFRy + MRLy + MRRy + MF (30)

Mz Mdz Mgz Mextz MFLZ MFRZ MRLZ MRRZ

In Eq. (28), the calculation formula for Gravity qu is:

Fgx
Fy=|Fgy|=DCM -m-g (31)
Fyz
In Eq. (29), the calculation formula for Gravitational Moment 1\79 is:
Mg,
Mg: ng :I'—’:gXR (32)
Mg,

R denotes the centroid position; DCM denotes the direction cosine matrix.
In Eq. (28), the calculation formula for Wind Force 13,1 is:

—— C4AfP
-~ 1
Fd = de = ZTR —0C AfPabs(W) (33)
Fdz
- ﬁ C.lAfPabs(W)2 ]

In Eq. (29), the calculation formula for Wind Moment M, is:

CrmAfPabs (w)?(a + b)

M ~ 2TR
. dx 1
My = Mdy = ZTR CpmAf abs(W) (a+b) (34)
Mdz
| ZTR CqufPabs(W) (a + b)_
In Eq. (32-33), the relative wind speed is used
W= \/ G —wo)? + (7 —wy)" + (w,)? (35)

where C;, Cs, C; are aerodynamic drag coefficients; C,,,, Cpm, C,um are aerodynamic drag moment
coefficients; Ay is the unit frontal thrust; Py, is the ambient absolute pressure; T is the ambient air

temperature; R is the atmospheric specific gas constant; and a, b are the distances from the robot’s geometric
center to the front and rear wheels, respectively.

The tire forcesﬁFL, ﬁFR, ﬁRL, ﬁRR are derived from the Magic Tire Formula Eq. (8-21).

In Eq. (29), IWF is the moment derived from the Magic Tire Formula.
The tire moments MFL, IWFR, IWRL, IWRR are derived from 13”, ﬁFR, ﬁRL, ﬁRR and Eq. (20)

—_

Mi = ﬁi X ﬁi (36)

RESULTS

The modeling object selected in this study is the Ackermann front-steering drive-by-wire chassis Hunter
SE developed by AgileX Robotics Co., Ltd., which has undergone secondary development to adapt to research
needs. The AgileX wheeled robot has an overall mass of 100 kg, with a wheelbase of 890 mm and a track
width of 350 mm; its chassis adopts a full electric drive configuration, powered by four in-wheel motors (one
for each wheel), and is equipped with a 48 V 50 Ah lithium battery power supply system (with a maximum
operating voltage of 54.6 V and a discharge cut-off voltage set at 43 V to avoid over-discharging). For on-
board computing, the robot is fitted with a unit featuring an AMD Ryzen 7 4800H processor, 16 GB RAM, and
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a single NVIDIA GeForce GTX 1650 Ti GPU—this setup supports real-time motion control, multi-sensor data
processing, and algorithm operations such as autonomous navigation. The specific structure of the chassis is
shown in the following figure.

A

Fig. 5 - Exterior of AgileX Robotics Mobile Chassis

Aiming at the problem that standard tire parameters can only characterize the dynamic characteristics
of vehicles on hard road surfaces and are difficult to truly reproduce the dynamic responses under actual
farmland conditions, it is necessary to construct a tire parameter model suitable for farmland scenarios through
data collection and fitting under farmland conditions before simulation. Specifically, motion parameters such
as tire rotational speed and wheel angle are collected by sensors, and mechanical sensors are arranged at
the connection between the tire and the suspension to obtain wheel force data; based on the collected multi-
dimensional data, the least squares method is adopted to complete the fitting of key tire parameters, and the
unification of this parameter model with the tire model parameters in Carsim is realized simultaneously, which
provides support for the accuracy of vehicle dynamics simulation under farmland conditions.

Double lane change (DLC) maneuver was selected, and a co-simulation comparison experiment using
MATLAB and CarSim was conducted to verify the accuracy of the wheeled agricultural robot model. The figures
below present the time-history curves of the steering wheel angle, yaw rate, vehicle body roll angle, and lateral
acceleration, respectively.
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Table 3
Error Table of Simulation Results Between MATLAB and CarSim
Mean Absolute Error (MAE)
Steering wheel angle 0.327°
Yaw rate 0.677°/s
Vehicle body roll angle 0.691°/s
Lateral acceleration 0.944 m/s?

CONCLUSIONS

To address the limitation that simplified traditional agricultural robot models poorly adapt to complex
farmland terrains and dynamic scenarios, this study proposes a 14-degree-of-freedom (14-DOF) wheeled
robot model. By constructing four sub-modules (steering mechanism, tire, suspension, robot body) and
establishing inter-module data flow, the model accurately predicts the robot’s pose at any time, laying a
theoretical foundation for optimal control.

Validation against CarSim (a widely recognized simulation tool) shows the mean error between the
proposed model and CarSim is <1: steering wheel angle (0.327°), yaw rate (0.677°/s), lateral acceleration
(0.944 m/s?), and body roll angle (0.691°). The maximum error is 1.5, with an error fluctuation range of +0.3,
meeting current simulation requirements.

Future work will derive an optimal control strategy based on this model to improve control robustness.
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