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Abstract
There is a need for vehicles to maneuver when there are traffic jams, to overcome narrow streets and various obstacles. This
leads to increased requirements for dynamism and maneuverability of vehicles.
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The authors present the results of the development and research of the steering control of the vehicle, which provides increased
maneuverability. Such circumstances significantly affect the increase in maneuverability of wheeled vehicles, including tractors, for
which the use of front suspension axles is possible in terms of layout. The use of a front swing axle with electric motor-wheels with
separate control will increase the maneuverability of a two-axle vehicle and minimize the steering effort when turning.

When solving the task, a mathematical model of the movement of the vehicle on a turn was created. The forces in the contact of the
wheels with the road surface were determined, which made it possible to determine the forces and moments of resistance to the rotation of
the front axle. Rational laws of control of turning the front axle, providing minimal resistance to the movement of the vehicle, were obtained.

A vehicle turning control option is proposed, in which the wheels of the outer and inner sides are alternately braked when
the vehicle enters and exits the turn. In addition, it is possible to alternately create a torque difference on the wheels of the outer and
inner sides of the front axle. Using the proposed turn control options, it is possible to create a multi-axle vehicle with a rocking axle.

The materials of the article on the controllability of vehicles depending on the design of the steering and front axle are of
interest to researchers, designers of mobile equipment, graduate students and students of engineering specialties.
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1. Introduction

Motor vehicles perform a large number of tasks, such as: the transportation of passengers
and goods, ensuring the reliable functioning of the logistics network, ensuring the competitiveness
of national economies, road safety, etc. The intensive development of road transport at the present
stage has required a significant increase in speeds and traffic intensity, especially in urban con-
ditions [1]. In such conditions, vehicles need to maneuver in case of traffic jams, overcome narrow
passages of streets and various obstacles. This leads to increased requirements for the dynamics
and maneuverability of vehicles [2]. In addition, recently, electric vehicles and vehicles with a com-
bined electromechanical drive of the driving wheels have become widespread.

For a number of wheeled vehicles and special wheeled technological machines, it became
possible to make the front axle swivel.

An urgent issue in the construction of steering with a front swivel axle with built-in elec-
tric motor-wheels is the choice of the type of electric motor. The best type of electric motors
are valve [3]. BLDC motors combine the best qualities of AC motors and DC motors. But due to the
relatively high cost of these motors, the most widely used in practice are synchronous three-phase
brushless electric motors with permanent magnets on the rotor [4].

It is possible to use controllers — three-phase frequency converters with an operating voltage
of 400 V, 600 V and 800 V. It is necessary to provide power depending on the mass of the vehicle
in the range from 10 kW to 150 kW.

Traction batteries are used with power from 15 to 100 kW, depending on the vehicle class.
Lithium batteries of various modifications are mainly used [5].

Depending on the class of the vehicle, there are no features of the choice of electric motors.
Traction calculations of a vehicle or other mobile equipment, including those using a front swing
axle, do not differ depending on the purpose or class. The calculation method is the same and de-
pends on the mass of the machine, the maximum speed, the moment of resistance to the rotation of
the front axle or some other in the case of a multi-axle machine.

The use of a front swivel axle instead of the front swivel wheels allows to increase maneu-
verability and improve vehicle handling. This is especially important for wheeled vehicles with
a track that changes during operation (tractors, self-propelled chassis, utility and road vehicles).
The use of an electric motor-wheel with a separate adjustable drive on the front swivel axle makes
it possible to minimize the control force when turning.

A significant amount of scientific research has been devoted to the problem of improving the
maneuverability of vehicles. In [6, 7], a fundamental analysis of the maneuverability properties of
a vehicle and a road train was carried out, their classification was given, which became the basis for
further research. The theory of rotation of wheeled and tracked vehicles, including the dynamic me-
thod of rotation due to the creation of a difference in torques on different sides of the vehicle, was de-
veloped in [8]. In [9], the controllability of a vehicle is considered more broadly than the controllability
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on a turn. The concept of controllability is extended to control all the dynamic properties of the vehicle.
This idea was supported by the work [10], which introduced a generalized definition of the concepts
of stability and controllability of a vehicle from the standpoint of their modern technical equipment.
The theory of motion of multi-axle vehicles was proposed in [11]. In this study, the influence of the la-
teral elasticity of tires on the stability indicators of multi-axle vehicles was determined. General issues
of maneuverability, as well as controllability and stability of the vehicle were developed in [12—-16].
At the modern level, the issues of vehicle dynamics, handling and stability are presented in [17].

It should be noted a new scientific direction, proposed in [13], is the stability of the vehicle
against yaw. The author, among other factors influencing the stability of the vehicle against yaw,
considered the influence of the imbalance of the steering wheels. The influence of the imbalance of
the steering wheels on the stability of the vehicle is also considered in [18, 19].

The dynamics of a wheeled vehicle with a front swivel axle was studied in [12, 20, 21]. The
scheme of rotation of a two-axle vehicle in plan and the scheme of the action of forces on it with
the front swing axle are shown in Fig. 1, 2.
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Fig. 1. Scheme of turning a vehicle with a front swing axle
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Fig. 2. Scheme of the acting forces on a vehicle with a front swing axle in the transverse plane:
a — rear view; b — front view
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In [20], differential equations for the plane-parallel motion of a two-axle vehicle with a front
swivel axle were obtained:

do, V2 .
m| ——L ctg(o) —L—Z‘b tg? (o) | = Ry, + Ry, cos(at) — Rs, sin(at), o)
do, V.
m[d—ozb - % tg(oc)) = Ry, cos(at)+ Rs, + Ry, sin(at), 2
i dw, b )
m——==Rs, cos(o) - Rs, —+ Ry sin (o), A3)

where m — the mass of the vehicle; oz — the angular velocity of the vehicle in the plane of the road (Fig. 1);
dw,/dt = ®,— angular acceleration of the vehicle in the plane of the road; o — the angle of rotation of
the front swivel axle; V,, — the linear speed of the vehicle relative to the axis O, X}; a, b — the distan-
ces from the front and rear axles to the projection of the center of mass of the vehicle on the plane
passing through the indicated axles (Fig. 1), a+b = L; L — the longitudinal wheelbase of the vehicle;
iz — the radius of inertia of the vehicle relative to the vertical axis O,Z;; Rs,,Rs, — the total lateral
forces acting on the front and rear axles of the vehicle; Ry, , Ry, — the total tangential reactions on
the wheels of the front and rear axles of the vehicle (Fig. 1, R, # Ry, and the front driving wheels).

Equations (1)—(3) in [21] were obtained from the condition of equality of the tangential re-
actions on the left and right wheels (R, = Rf, Ri, = Rf,). In [21] without taking into account the
inertial moments of the wheels, the indicated tangential reactions of the road are determined. With
an equal distribution of torques between the left and right wheels:

0.5M,
R]% = _fR;U (4)
781
0.5M,
Ry = - [ R, ®)
781
0.5M,,
Ry, = - /R, (©)
Taz
0.5M,,
R, = -/ RZ, (7
7’32

where M, , M}, — the total torques on the wheels of the front and rear axles, respectively; 7, , 75, — the
dynamic radii of the front and rear wheels, 7 -r;,; f — the wheel rolling resistance coefficient;
R;, R, R;,, R;, —the normal reactions of the road on wheels.

However, the papers [12, 20] did not consider the use of the difference in tangential reactions
on the wheels of the front swivel axle to control the processes of entering and exiting the turn.
This was also not considered in [21] when assessing the ease of control of the front swivel axle of
a promising tractor self-propelled chassis. The use of an electric motor-wheels with separate control
on the front swing axle allows solving this problem.

Thus, there is an urgent need to determine the physical forces acting on the vehicle when
using a front swing axle with electric motor-wheels with separate control of the latter. In addition,
it is necessary to develop an optimal algorithm for managing such transport.

The aim of research is to increase the maneuverability of a two-axle vehicle by using a front
swivel axle with electric motor-wheels that have separate control.

To achieve this aim, it is necessary to solve the following objectives:

1. To determine the forces and moments acting on the front swing axle.

2. To develop an algorithm for controlling the tangential reactions on the wheels of the front
axle when turning the vehicle.
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2. Materials and methods

2. 1. Research of forces and moments acting on the front swivel axle of a two-axle vehicle

To calculate the maneuverability indicators of such vehicles, it is necessary to create a ma-
thematical model of the movement of a two-axle vehicle on a turn. With separate control of the
electric motor-wheels of the front swing axle, the forces in the contact of the wheels with the road
and the moments acting on the axle are determined.

Moment on the front swing axle (Fig. 1) — at the entrance to the turn:

B ” 4
M, :5(1%,61 -R},), ®)
where B — the track width of the front axle.

When creating a torque difference on the outer and inner wheels of the front swing axle (due
to the use of electric motor-wheels with a separate drive), equations (4), (5) will take the form:

M;j, ,

Ri=——~/R;, ©
7'31
M”

R ==~ /R, (10)

1

where M}, , M}, —the torques generated on the front inner and outer wheels, respectively; M}, # M, .
Normal road reactions on the inner and outer wheels of the front axle:

h
R, =0.5R, — Ry, B (11
h
R =0.5R, + RS‘E’ (12)
R, =R, +R7, (13)

where R,, — the total normal reaction of the road on the wheels of the front axle; /2 — the height of the
center of mass of the vehicle (Fig. 2).

After substituting expressions (11), (12) into equations (9), (10), and the resulting relation-
ships into equation (8), let’s obtain the final expression for the moment acting on the swing bridge:

Mj - M

731

M;=05B — JhRs,. (14)

Equation (14) can be written in the following form:

M1:Msw1 _Mre.sp (]5)

Mg, =0.5B———, (16)
7’3‘

Mres1 = th817 (17)

where My, — the moment turning on the front axle; M,.5; — the moment of resistance to the rotation
of the front axle.
When the inner wheel is braked M}, = -Mp, , expression (16) will take the form:
Mp + Mg,

M, =05B—— =" (18)
£}

1

Comparing expressions (16) and (18), it is possible to conclude that when braking the inner
wheel, the turning moment is greater than when creating a torque difference (M 50, > M, )
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It is obvious that at a steady angle of rotation of the front swivel axle o = const (Fig. 1) and
M, =0, equating the right side of equation (16) to zero, let’s obtain:

B
0.5—(Mf, - M}, )~ fhRs, = 0. (19)

Tal
From expression (19), let’s determine the required torque difference:
h
AM}, = M} - Mj, :ZfET«%RSr (20)

Analyzing equation (20), it is possible to see that at a steady turn, the required torque dif-
ference is proportional to the rolling resistance coefficient /, the geometric parameter /B, and the
dynamic radius of the front wheels 7, . In addition, the amount of the required torque difference
is affected by the total side force acting on the front axle R, .

In [18], the total lateral force acting on the front axle of the vehicle is determined:

do, b*>+i2+ fhb b h
Rs, = msec(oc)l: 7 f+Vf1 F(1+fz)tg(ot)]—Rkltg(oc). 21)

After substituting (21) into (20), let’s obtain the following equation:

h do, b>+i2 + fhb ) b h
AMk=2f§r& msec(ot) = f-’-vx‘ﬁ 1+fz tg(o) |- Ry tg(o)t. (22

With steady rotation dw, /dt = 0, equation (22) will be simplified:

h b+ fh
AMk=2f§1’31‘cg(0c)(77ﬂ/x21 ;f sec(oc)—Rk‘). (23)

The total tangential reaction of the road on the front wheels:
Ry, =R}, +RY. 24)
Taking into account equations (9) and (10), the tangential reaction is determined as follows:

M}, + My, M}, + My, b
Ry, =r——fRZ| =——mgfz. (25)
) T

1 1

After substituting (27) into (25), let’s obtain the following expression:

h b+ fh b My + My
AM;, =2f§r3'tg(a)(mVx21 7 sec(oc)+mgfz—TJ. (26)
It is obvious that AM}, = provided:
b+ fh b M +M
mv? 7 sec(oc)+mgfz—T=0, 27)
b+ fh
M, = M}, +Mf, = @(Vx{ Lf sec(ol) + gfb). (28)

When condition (28) is met, AM} =0 at the stage of steady rotation. For the case when the
vehicle exits the turn M, <0, expression (16) will take the form:
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My - Mj,
M = O'SBr—+ JhRs,. (29)
9
When creating a braking torque on the outer wheel:
My, =M. (30)
Expression (29) taking into account (30) will take the form:
My + M7,
M;=05B————+ fhRs,. 31

[P X

The influence of the turning parameters on the magnitude of the turning moment M, in the
unsteady stage of turning can be determined after substituting equation (21) into relations (14), (31),
but this will be considered in subsequent studies.

3. Results and discussion

3. 1. Results of application of algorithms for controlling tangential reactions on the
wheels of the front swing axle

Fig. 3, 4 show the diagrams of the action of forces on the vehicle with the front swing axle
on the outer and inner wheels when entering the turn and exiting the turn.

O % D G

DO = O Y
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Fig. 3. Schemes of the action of forces on the vehicle with the front swing axle at the entrance
to the turn: a — at the entrance to the turn; » — with a steady turn
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Fig. 4. Schemes of the action of forces on the vehicle with the front swing axle when exiting
the turn: @ — when exit from the turn; » — upon completion of the turn

At the turn of the wheel of the rear drive axle, a constant traction force is created (Fig. 3, 4),
Ry, which ensures the forward movement of the wheeled vehicle. If R, > Rf (entry into a turn),

a moment is created on the front axle that turns it in the direction of decreasing turning radius.
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If R}, < Ry, (exit from a turn), a negative torque is generated that turns the front axle in the direction
of the larger turning radius.

Fig. 5 shows, calculated using the formulas given above, diagrams of the change in torque
on the outer and inner wheels at the entrance to the turn, the steady turn and the exit from the turn.

The simulation package Autodesk Inventor was chosen for the numerical experiment. The
technology of digital prototypes proposed in it offers a flexible set of tools for instrumentation,
analysis and calculations. The following parameters were used as input parameters for the numer-
ical experiment: f7=0.054, m=190 kg; L=2.36 m; a.=45°, V=1.85 m, 2= 0.54 m. Calculations
were made in the speed range of 10-30 m/s (36—108 km/h), then the values were averaged and
reduced to relative units.
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Fig. 5. Diagram of torque changes on the front wheels

In principle, this diagram is a variant of the control of tangential reactions on the wheels by
changing the ratio of torques, which leads to an improvement in the controllability of the vehicle
when entering and exiting the turn.

In this case (Fig. 5), when entering a turn, a greater torque is created on the outer wheel My},
and a smaller torque on the inner wheel M. When exiting a turn, less torque is generated on the
outer wheel My, and more torque is generated on the inner wheel M.

The second option for solving the problem is that a difference in braking torques is created
alternately on the wheels of the outer and inner sides of the front swing axle. In addition to braking
torques, torques are also generated on the wheels of the front guiding swing axle.

Fig. 6 shows a diagram of the action of forces on a vehicle on the front swing axle when
entering a turn and during alternate braking of the inner and outer wheels.

At the same time, during the entry into the turn, the inner wheel is braked, and a torque is
created on the outer one (Fig. 6). To improve maneuverability in the steady state of turning the
wheeled vehicle, torques are created on both wheels of the front swing axle. The ratio of the torque
on the outer wheel of the front axle to the torque on the inner wheel of this axle is equal to the ratio
of the radii of movement of these wheels.

Fig. 7 presents calculated diagrams of changes in torque and braking moments on the outer
and inner wheels when turning. The diagram defines t;, — the time of entering the turn, Ty — the
time of the steady turn, t,,, — the time of exiting the turn.

During turn entry, the traction force Rj on the outer wheel and the braking force Ry, on the
inner wheel generate a torque that ensures that the front axle rotates through an angle a. While
reaching the angle of rotation, traction forces Rj, and Ry are created on both wheels, which are
equal to each other in magnitude.

During the set cornering, it is necessary to maintain a constant torque difference AM,
between the outer and inner wheels. The difference between the torques on the outer and inner
wheels in this case corresponds to the difference in the forces of their rolling resistance. This en-
sures that the steering angle of the front axle o is constant. At the exit of the turn, traction force Ry,
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is generated on the inner wheel, and braking force R7 is generated on the outer wheel. Due to the
creation of a negative torque, the front axle returns to the position o= 0. After reaching this position
of the front axle, the effect of the difference in torque and braking torques is suspended.

0 X

Fig. 6. Diagrams of the action of forces on the vehicle when entering a turn with alternate braking
of the wheels of different sides
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Fig. 7. Diagram of changes in torque and braking torques on the outer and inner wheels

At the moment, to confirm the theoretical calculations, experimental studies are being
carried out on a full-scale scale model. For their implementation, a theory of the choice of scale
factors has been developed. The analysis of the obtained results is supposed to be carried out in
the course of further studies.The results of the theoretical study, which are presented in the article,
are presented for special-purpose vehicles, mostly armored. Other types of vehicles (agricultural,
municipal, etc.) have their own design features, which require the search for new technical solu-
tions, including when choosing an electric motor-wheel.

In this study, the general case of control with the help of electric motor-wheels is con-
sidered, without taking into account the features of various types of electric motors. Further
studies will take into account the characteristics of existing electric motors, controllers and
traction batteries.
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4. Conclusions

It is shown that the use of the front swivel axle instead of the front swivel wheels can in-
crease the maneuverability and improve the controllability of vehicles. The use of an electric mo-
tor-wheel with a separate adjustable drive on the front swivel axle makes it possible to minimize the
control force when turning. In the course of the research, a mathematical model of the movement
of a vehicle with a front swivel axle on a turn was obtained. The turning process of the machine
is divided into three stages: the turn entry stage, the steady turn stage, and the turn exit stage.
Taking into account the forces that arise when the wheels come into contact with the road surface,
the forces and moments acting on the front axle in various stages of turning a two-axle vehicle are
determined. The results obtained can be used in the design of the steering of both two-axle and
multi-axle vehicles with swing axles without changes and additional calculations.

As aresult of the study, control algorithms for the front swivel axle of a two-axle vehicle were
developed. The sequence of creating the difference in the tangential reactions of the road on the front
wheels when the vehicle makes a turn is determined. Rational laws for controlling the front axle turn-
ing are obtained, which provide the minimum resistance to the movement of the vehicle. A variant of
vehicle turning control is proposed, in which the wheels of the outer and inner sides alternately brake
when entering and exiting the vehicle turn. In addition, it is possible to alternately create a torque
difference on the wheels of the outer and inner sides of the front axle. Using the proposed options
for steering control, it is possible to create a multi-axle vehicle with an oscillating axle. The deve-
loped mathematical models make it possible to conduct research without making additional changes.
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