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A R T I C L E  I N F O

Introduction

Over the past decade, the trends in the development of 
agricultural production in all countries have been shaped 
by one of the most critical global challenges facing 
humanity—the need to meet the growing demand for food 
products. Addressing this challenge necessarily implies 

The article discusses the issue related to the development of a multifunctional 
horticultural robot platform. The previous article in this series substantiated the 
necessity of designing a robot platform for integrated cultivation of inter-row, inter-
tree (inter-vine), and near-trunk areas in vineyards and orchards, taking into account 
the specific soil and climatic conditions of the Republic of Armenia.A structural 
schematic of the robot platform has been developed, and a kinematic analysis has 
been conducted, the results of which served as the basis for programming the robot›s 
control system. Tests of the prototype of the developed robot platform demonstrated 
that, in order to create a fault-free, four-wheeled robot platform with independently 
controlled wheels, additional kinematic and dynamic studies are required. As a result 
of the conducted analyses, mathematical expressions were derived that enabled 
adjustments to be made in the robot platform’s control software with respect to its 
kinematic parameters. Specifically, the program for controlling the robot platform’s 
turning motion now accounts not only for the correlation between the wheel axes’ 
rotation angles around the vertical axis, but also for those between the angular velocities 
of the wheels rotating around their own axes.  The dynamic studies produced accurate 
expressions for determining lateral forces, which will enable the development of the 
robot platform’s running and suspension systems that not only minimize soil damage 
but also ensure high operational reliability and durability.
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the preservation and improvement of land resources, 
compliance with environmental requirements, an increase 
in production volumes, the production of environmentally 
friendly products, the complete mechanization of 
agricultural production, and—most crucially today—the 
reduction of energy consumption in performing these tasks 
(Bak, 2003; Abrosimov, 2022).
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It is evident that the comprehensive resolution of this 
issue is objectively limited when relying solely on existing 
technologies and technical means. The various sensors 
and detectors used in fieldwork are quite expensive and 
generally inaccessible to farmers, particularly in large 
quantities. Soil analysis is mostly performed manually, 
and disease observation and assessment require the direct 
involvement of an agronomist (Abrosimov, 2022). 

This is perhaps the reason why two fundamental trends 
have recently come to the forefront of technological 
processes in agricultural production worldwide:

• The most prominent and relevant direction of the past
decade in agricultural production has been precision
agriculture, which is scientifically grounded in the
objective fact that even within the boundaries of a single 
field, significant heterogeneity exists. To detect, record,
and assess these heterogeneities, advanced technologies
are used, including global positioning systems (GPS,
GLONASS, Galileo), specialized sensors, aerial
photography, and agro-management software based
on geographic information systems (GIS) (Abrosimov,
2022).

• The second direction, without which it is impossible
to effectively utilize the data obtained from the
aforementioned technologies, is robotized farming.
This means that agricultural production must transition
toward the cultivation of crops that are comparatively
easier to manage using robotic systems, including for
harvesting operations. This, in turn, necessitates a
specialized approach to the design of fields, which
significantly facilitates the development of agricultural
robots (Bak, 2003; Zagazezheva, 2021; Skvortsov,
2018).

The stages of robotics development, the rapidly increasing 
scale of its application in agricultural production, the 
expansion of functional capabilities, and the technical 
and agro-technological requirements associated with 
these advancements were thoroughly discussed in a 
previous study (Tarverdyan, 2024). The mentioned 
article, demonstrated that a critical aspect—namely, 
the development of the running gear—requires further 
investigation.

For the proposed robot platform, a fundamentally 
new running gear and suspension system is being 
developed. To perform the necessary calculations for 
this system, it is essential to determine the vertical and 

tangential components of the forces acting on the wheels.

Though the global robotics market is developing at an 
unprecedented pace—having expanded nearly twentyfold 
over the past five years (Bak, 2003; Godin, 2020; 
Exclusive Report, 2024; Navone, 2025, Fountas, 2020)—
their application in Armenia’s agricultural sector remains 
highly limited. This is largely due to the high market 
cost of such technologies, making them inaccessible to 
most local business entities/producers. Additionally, the 
structural features of existing robotic systems are designed 
for other soil and climatic conditions, and their operational 
reliability is relatively low when used on Armenia’s soil 
types (Tillett, 1991; Tarverdyan, 2024).

These circumstances suggest that the issue can be 
addressed in one of two ways: either by making structural 
modifications to existing robots or by developing a new, 
cost-effective, and universal robot platform that is better 
adapted to the local terraincharacterized by the presence of 
stones of various sizes and a rugged relief.

For all agricultural mobile robots, the mobile platform 
is a critical component that plays a significant role in the 
overall performance of the system.

Researchers have focused much of their efforts on the 
development of robust mobile platforms for agricultural 
robots [Qiu et all, 2018], as well as on improving their 
control and positioning accuracy, since these aspects 
are essential and fundamental in precision agriculture 
[Lipiński et all, 2016; Bayar et all, 2015].

Among the various agricultural mobile platforms, the 
four-wheel independent drive (4WID) configuration 
represents the most widely used kinematic solution. The 
4WID configuration provides high mobility flexibility 
to the mobile platform, while simultaneously increasing 
the complexity of coordinated motion control. For this 
reason, some researchers often prefer a four-wheel-
driven configuration in which the four wheels are not 
independently steered; instead, a mechanical steering 
linkage is established between the front and rear wheel 
pairs, meaning that these wheel pairs are mechanically 
coupled through a steering mechanism (Qiu et all, 2018; 
Akimov, 2017; Blasco, 2002; Cho, 2002).

The conceptual design of the proposed robot platform is 
based on the technical-technological requirements applied 
to modern agricultural robots. It consists of the following 
main systems: a base platform with four independently 
driven and controlled wheels and suspension units; an 
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electronic computer-based control unit; and various tools 
and implements for executing a wide range of agro-
technological operations (Bak, 2003; Tarverdyan, 2024; 
Toda, 1998; Orebäck, 2003; Cho, 2002).

The present article discusses the results of the kinematic 
and dynamic analysis of the robot platform’s running gear, 
aimed at accurately determining the parameters necessary 
for the robot’s development

Materials and methods

As previously mentioned, for the robot-platform intended 
as a transport vehicle for performing agrotechnological 
operations, the preferred configuration is a four-wheel 
drive system with independently controlled wheels. The 
platform’s ability to move smoothly in parallel directions 
allows for high maneuverability in certain scenarios, 
eliminating the need for turning maneuvers. 

Though the use of four independently controlled wheels 
results in a non-linear vehicle behavior and makes control less 
straightforward, given the relatively low operational speeds 
(2–6 km/h), even simple control systems can be effective 
(Agricultural Robots Market Worth $11.9 Billion by 2026 – 
Exclusive Report by Markets, Tarverdyan, 2024; Cho, 2002). 

A schematic diagram of the proposed and under-development 
robot-platform is presented in Figure 1. The system consists 
of: 1. a frame-platform to which various devices and tools for 
performing agrotechnological operations can be attached; 2. 
four independently driven and controlled motorized wheels; 
3. an electronic control system for managing the movement
of the drive wheels;4. a mechanism for steering the wheels;
and, 5. a pneumo-hydraulic damping suspension system.

The electronic-computerized wheel module controls the 
rotation (axial turning) of the wheels around a vertical axis, 
based on a software algorithm for the kinematic correlation 
of the wheel turning angles. It also manages the torque (or 
current) of the electric motors driving the four wheels. The 
servo-drive electronics used for steering control provide 
feedback based on the turning angle of rotation. This is a 
fundamental principle in the structural scheme of agrorobots 
(Bak, 2003; Torii, 2000; Toda, 1999; Litvinov, 1971). 

As previously mentioned, the first step in the development 
and design of the agrorobot was to identify the relationship 
and values of the kinematic parameters of steady motion 
and turning that would eliminate lateral wheel slippage—a 
highly undesirable phenomenon.

The robot-platform’s straight parallel motion is achieved 
and maintained in a stable condition through software-
supported control and synchronization of the same torque 
and angular velocity on all four independently driven 
wheels. As for the turning motion of the robot-platform, 
it presents particular interest from the perspective of the 
issue under discussion.

A schematic of the robot-platform’s turning motion using 
all steerable wheels is presented in Figure 2. 

The previous article (Tarverdyan, 2024) presented the 
results of the kinematic analysis of the robot-platform’s 
drive module/running gear. Specifically, the relationship 
of the wheel turning angles   was derived:

   
1 2

2 ,Bctg ctg
L

θ θ− = ±   (1)

where θ1  is the steering/turning angle of the outer wheel 
on the front axle (θ1=θ3, θ3  is  is the steering angle 
of the outer wheel on the rear axle), θ2 is the steering 
angle of the inner wheel on the front axle(θ2=θ4, θ4   is the 
steering angle of the inner wheel on the rear axle). The 
relationship between θ1 and  θ2 expressed in equation (1), 
forms the basis for programming the control model of the 
robot-platform’s turning motion. 

The average turning angle and angular velocity of the turn 
have also been determined:

             2 .
2
L V V tgtg and
R R L

αα ω ⋅
= = =             (2)

The diagram of the forces acting on the wheels of the robot 
platform during turning (Fig. 2.b) has been discussed, and 
expressions for determining the slip angles of the wheels 
have been derived.

Figure 1. Schematic diagram of the running gear of the proposed 
robot-platform (composed by the authors).
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It has been established that, given the geometric and 
kinematic parameters of the robot platform under 
development and design, and assuming the use of rigid 
wheels, the slip angles of the wheels are approximately 
15 times smaller than the average turning angle 
(Tarverdyan, 2024). 

Figure 2. Kinematic diagram of the all-wheel-steering robot 
platform’s turning (composed by the authors).

Figure 3. Diagram for determining the angular velocities of the 
robot platform’s wheels during turning (composed by 
the authors).

However, it should be noted that tests of the prototype model 
of the robot platform revealed a significant deviation between 
the theoretically obtained and experimental data, which 
naturally implies the need for further research to refine the 
values used in the programming of the control system.

Results and discussions

As already mentioned, preliminary tests of the prototype 
model of the robot platform under development showed 
that, during turning, incorporating the relationship 
between the rotation angles of the inner and outer wheels 
into the programming of the driving system is important 
but not sufficient for developing and designing a reliable 
driving mechanism that ensures high maneuverability and 
eliminates the phenomenon of wheel slip. This aspect 
becomes extremely important, as the resulting optimal 
parameters are used as the basis for programming the 
control systems of the robot platform’s driving mechanism.

Since all four wheels of the robot platform are controlled 
independently in terms of both the driving torques applied 
to the wheel axles and their rotation angles around the 
vertical axis during turning, the angular velocities of 
each wheel’s rotation around its own axis must also be 
programmatically controlled.  

Otherwise, slippage and spinning/skidding in place may 
occur, which has a highly negative effect— not so much 
in terms of potential damage to the soil, but rather due to 
unacceptable deformations and wear of the driving system 
components, thereby undermining operational reliability 
and durability.

Let us assume that the robot platform makes its turn at the 
end of rows of trees or other crops along a circular arc with 
a constant velocity V, which is equal to the speed of the 
aggregate’s linear motion (Figure 3).

The angular velocity of the turn is: 
c

V
R

ω = ⋅ Considering 

that in the case of four steerable wheels, during turning:  

V1=V3=ω·RA and V2=V4=ω·RD, the angular velocities of 

the wheels around their own axes will be:

1 2
1 3 2 4

1 2

, ,

; ,A D

V V or
r r

R R
r r

ω ω ω ω

ω ωω ω

= = = =

= =
(4)

where r is the radius of the outer ring of the wheels.
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According to the diagram (Fig․ 3):

RA=Rc+0.5B;  RD=Rc-0.5B or 

RA=0.5Lctgθ1;   RD=0.5Lctgθ2. 

Therefore: 

1
1

2
2

0.5

,
0.5

Lctg
r
Lctg
r

ω θω

ω θω

⋅ = 
⋅ =


                    

(5)                

the relationship between  will be:

2 .j
dM m
dt
ωρ= (6)

In addition to expression (1), expression (6) must also be 
incorporated into the programming base. 

To determine the force factors acting on the driving system 
of the robot platform, an analysis was carried out of the 
forces acting on the wheels, and consequently on the frame 
during turning.

The task is reduced to determining the total lateral reaction 
forces F₁ and F₂ acting on the conditionally defined front 
and rear wheels.

The diagram of the forces acting on the robot platform in 
the horizontal plane is  presented in Figure 4. 

b

Figure 4. Diagram of the forces acting on the robot platform (composed by the authors).

During turning, the robot platform is subject to several 
forces: the tangential forces of all four wheels - X1, X2, X3  
and X4 , which result from the driving torques generated 
by the motors; the lateral (slip) forces of the wheels Y1, Y2, 
Y3  and Y4 ;  the normal and tangential components of the 
inertial forces - N and T; the resultant torque caused by the 
differences in forces acting on the wheels - 0 ,i m

k

K iX M
r

η⋅ ⋅
=

and the inertial moment - Mj .

The resultant of the tangential forces (Xi) at the contact 
surface between the wheels and the ground is determined 
as follows (Litvinov, 1971):

0 ,i m
k

K iX M
r

η⋅ ⋅
= (7)                                                                                                       

where Mm  is the driving torque developed by the motor 
(Nm); K is the torque distribution coefficient (in this case, 
K = 1, as the motors driving the wheels are of equal 
power and operate independently);  i0 is the gear ratio, in 
case of direct transmission , i0=1, η- is the transmission 
efficiency;  rk is the radius of the wheel (in meters).

As mentioned above in the case of rigid wheels, the slip 
angle (ε) is significantly smaller than the average turning 
angle (α). Taking this into account, the forces X₁ and X₂, as 
well as X₃ and X₄, can be represented with their respective 
resultants P₁ and P₂, which can be applied at points E and 
A of the frame, respectively. Specifically:  P1=X1+X2; 
P2=X3+ X4. Using the same logic, the resultant lateral 
forces (F₁ and F₂) can also be applied at the corresponding 
points.
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To identify the phenomenon of lateral slipping of the 
robot platform’s wheels during turning, it is necessary to 
examine the conditions of its relative equilibrium. In this 
context, equilibrium refers to a stable and uniform motion 
regime. 

Let us consider the equilibrium conditions in the 
coordinate system x1, o1, y1, where the origin is aligned 
with the center of gravity (CG),  x1  and y1 axes coincide 
with the longitudinal and transverse axes of the platform. 
The equilibrium equations will be:

ΣX1=0; P1Cosα1-F1sinα1-T+P2Cosα2+F2sinα2=Pb. (8)                            

ΣY1=0; N-P1sinα1-F1Cosα1+P2sinα2-F2Cosα2=0. (9)

ΣMz=0; (Z axis passes through point  o1 and is 
perpendicular to the x1 o1  y1 plane),

Mź+Mj-P1asinα1-F1aCosα1-P2asinα2+F2aCosα2=0. (10)

In the case of the robot platform’s presented diagram and 
rigid wheels, we can assume that: α1=α2=α, P1=P2=P, 
F1=F2=F.  In that case, expressions (8), (9) and (10) will 
take the following forms:

2Pcosα-T=Pb .               (11)

N-2F1 cosα=0 .   (12)

Mz ́+Mj – 2Pasinα=0 .   (13)                           

In the last three expressions, it is necessary to present the 
force components Mz ́; Mj; N and T in explicit form.

The moment  Mz ́  results from the parallel displacement of 
the driving tangential forces of the four driving wheels (X1, 
X2, X3  and  X4) from their original points of application to 
points E and A.

As a result of this parallel displacement of forces, 
additional moments are generated, the values of which will 
be as follows (see Figs. 3 and 4):

1 1 1 2 2 2

3 3 3 4 4 4

cos ; cos ;
2 2

cos ; cos .
2 2

z z

z z

B BM X M X

B BM X M X

θ θ

θ θ

′ ′= − = −

′ ′= − = −     

(14)

Considering that the vectors  X1, X2, X3  and  X4 are equal in 
modules, in the moment expressions (14), we can assume 
them to be equal to each other and denote them as  X. 
Additionally θ1=θ3; θ3=θ4 . The total moment Mz ́ will be 
determined by the following expression:

 Mz ́   =XB(cosθ2 – cosθ1).  (15)

The inertial moment (Mj) acting on the robot-platform 
during the turn is determined by the following well-known 
expression:

2 ,j
dM m
dt
ωρ= (16)                                                                    

where m is the total mass of the robot-platform ( Gm
g

= ,

where G is the weight of the robot-platform), ρ is the 

radius of gyration of the robot-platform’s mass m with 

respect to the vertical axis (Z), d
dt
ω - is the angular

acceleration of the robot-platform in the turning zone (in 
the general solution of the problem, it is assumed that the 
robot-platform is moving with acceleration).

The inertial forces N and T are determined by the products 
of the robot-platform’s mass (m) and the normal and 
tangential accelerations of the center of gravity (CG).

The acceleration components of the gravity center have 
been determined by considering the platform’s motion 
along a circular arc as a rotational movement around the 
center O within the xOy coordinate system (Figs. 3 and 
4). Let us assume that in the current position, the radius 
from the origin to the center of gravity (OCG) has rotated 
by an angle φ relative to its initial position (Figs. 3 and 4); 
in that position, the velocity vector V forms an angle of 
(90° − φ) with the Oy axis.

The components of velocity (V) along the y and x axes 
will be:

Vy=Vsinφ; Vx=Vcosφ. (17) 

Considering that the angular velocity is 
d
dt
ϕω =   and 

the angular acceleration is d
dt
ωε = , by differentiating 

expressions (17), we obtain the components of the 

acceleration of the gravity center.

  
sin Cos

.
Cos sin

y
y

x
x

dV dVW V
dt dt

dV dVW V
dt dt

ϕ ω ϕ

ϕ ω ϕ


= = + ⋅ ⋅ 


= = − ⋅ ⋅


   

                                                                            
(18)                           

By projecting the acceleration components along the y 
and x axes onto the X₁ and y₁ axes passing through the 
platform’s center of gravity (O1, or CG), we obtain:
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          ( )
( )

cos Cos 90
.

Cos 90 os
n y x

t y x

W W W

W W W c

ϕ ϕ

ϕ ϕ

= − − 


= − − − 

                
(19)                

Substituting the values of Wy and  Wx   from expressions 
(18) into (19), and after transformations, we obtain:

.
n

t

W V
dVW
dt

ω= ⋅ 



= − 

  (20)

It should be noted that the ‘sign’ of Wt is determined by 
the nature of the motion—whether it is accelerating or 
decelerating—but in the problem under consideration, it 
does not play any role, as it has no effect on the lateral forces. 

In the general case, for the inertial forces, we will have:

N=mωv;     
dVT m
dt

= ±  .   (21)                                                                                        

After determining the force factors, by considering the 
equilibrium conditions of the system with respect to 
the vertical axes passing through points A and E of the 
platform (Fig. 4), we determine the lateral forces F₁ and F₂:

ΣMz(A)=Mz ́+Mj+Na–F1 Lcosα–P1 Lsinα=0,   

wherefrom:  

1
1

sin
cos

z jM M Na PL
F

L
α

α
′ + + −

=
 
.    (22) 

ΣMz(E)=Mz ́+Mj–Na–P2 Lsinα+F2 Lcosα=0,

wherefrom: 

2
2

sin
.

cos
z jNa P L M M

F
L

α
α

′+ − −
= (23)

The slip angles of the front and rear wheels of the robot-
platform will be:

ε1=K·F1;  ε2=K·F2,

where K is the slip coefficient of the wheels. 

Thus, as a result of a more detailed force analysis of 
the robot-platform, refined expressions (22) and (23) 
have been obtained for determining the lateral forces 
of the wheels, which will make it possible to introduce 
appropriate adjustments in the programming process of the 
running gear control system, with the aim of reducing the 
lateral forces acting on the running gear.  

Conclusions

1.	 To achieve stable turning performance of the
multifunctional horticultural robot platform,
independent wheel-control programming is required.
The control logic is defined strictly by analytical
relationships between the wheel-steering angles and
their angular velocities.

2. Dynamic analysis of the platform’s turning motion
yielded analytical expressions that guide for designing
of the chassis and suspension system. These results
eliminate wheel lateral skidding and ensure reliable and
durable operation.
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