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ABSTRACT

High specific indicators of power and torque of modern electric motors, as well as the relative ease of implementation of
electric drive system, determines the feasibility of using in electric vehicles independent drives for two or more wheels. The
configuration of pure electric vehicles with two driving front wheels, which is considered in this paper, is still uncommon, but it has
the advantage of a radical simplification of transmission and steering mechanism. A specific feature of this configuration is the
ability to perform by front-wheel drive systems, in addition to the main function of traction and braking by the low-level of control, a
number of additional functions at the high-level of control. In addition to the previously developed functions of the electronic
differential, electric strengthening of steering and damping of spring oscillations of the steering mechanism, this paper also adds the
function of lateral vehicle stability control in electric vehicles cornering. The article considers a seven-degree of freedom
mathematical model of dynamics of a four-wheeled vehicle and shows how this model can be simplified to a two-degree of freedom
model describing the dynamics of an two-wheeled vehicle. This model is sufficient to assess the lateral stability of electric vehicles in
cornering and for formation the reference of additional yaw-moment, which would regulate the yaw-rate to prevent the electric
vehicles skidding. On this basis, the structure of the lateral vehicle stability system was developed, which corrects the
electromagnetic torques of the drive motors of the front wheels to form the desired yaw-moment. For the studied electric vehicles
with the set parameters, the dependences of the allowable yaw-rate on the set by a driver electric vehicles speed and angle of wheels
turn in different traction conditions of wheels with a roadway are calculated. A general functional model of a front driving by two
independent motors electric vehicles with a two-level control system that performs all the above functions has been developed. In the
Matlab/Simulink environment, a computer mathematical model of this electric vehicle was built and simulation studies were

conducted, which demonstrate the operation of the proposed lateral vehicle stability system.
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INTRODUCTION

Unlike a car, drivetrain subsystems of electric
vehicles (EV) can have different configurations,
which opens up new opportunities to improve the
quality of control, reliability of the EV mechanical
part and its simplification. In particular, interesting,
but still little studied, is the configuration of front-
driving EV with two independent wheel motors or
in-wheel motors, which simplifies the transmission
and steering systems and thus significantly increases
the reliability of the EV and reduce its cost [1]. In
addition to a gearbox and clutch, this configuration
also does not include a mechanical differential, the
functions of which are performed by an electronic
differential. Due to the control of electromagnetic
torques of the wheel motors, as well as their speeds,
you can not only effectively ensure the cornering of
the EV, but also perform other functions, such as
power steering, damping of spring oscillations in
mechanical connections of the steering mechanism,
EV stabilization in cornering [2, 3].
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LITERATURE REVIEW

In a front-driving EV with two independent
driving wheels, the control system of electric drives
has 2-level structure [2, 4]. Low-level controllers
provide a high-speed control of the electromagnetic
torques of the wheel motors, and a high-level one
performs additional control functions — formation
the references for the low-level controllers. The first
main function is to control the speed of movement,
i.e. to adjust the references for the electromagnetic
torques of the wheel motors in accordance with the
position of an accelerator set by a driver. The second
function should ensure the equality of the
electromagnetic torques of the motors regardless of
the angular velocity of the wheels in cornering, i.e.
an electronic differential replaces the traditional
mechanical one. In addition, it is advisable and quite
realistic to put on the high-level control system the
third function — strengthening of the steering in the
EV cornering, which allows you to get rid a complex
and powerful car device — hydraulic or electric
power steering. In the front 2-wheel independent
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driving EV, the latter function is called “power
steering control” [5]. In our works [6, 7], the second
function of the high-level control system of two
electric drives of the front wheels is implemented
based on the Ackermann-Jeantaud steering
geometry. The third function of this system, which
also provides the damping of spring oscillations of
the steering mechanism, is implemented based on of
the approach described in [5].

In EVs with two or four driving wheels, it is
advisable to put on the high-level control system
additionally one more function — to ensure a lateral
vehicle stability (LVS) in EV cornering. High-speed
and accurate control of the electromagnetic torques
of drive motors, which can providing by modern
control systems, allows to achieve much better
efficiency of the LVS system compared to similar
work of such systems in cars, where they are
implemented through their braking systems. To date,
a lot of research has been done on the development
of LVS systems for EVs, but they usually concern
the EVs with two rear-wheel independent drives [2,
4] or all-wheel drive EVs with four independent
drives [8, 9].

THE PURPOSE OF THE ARTICLE

This paper shows how we can develop our
already created in [6, 7] control system for the front
2-wheel independent driving EV in the direction of
providing the LVS function, namely to ensure the
control of the EV yaw-rate to prevent lateral sliding
of its wheels in cornering.

MAIN PART.
MATHEMATICAL MODELING OF EV
DYNAMICS

Dynamics of EV body with wheels

Currently, many mathematical models have
been developed that describe the movement of the
EV body with four wheels [2, 3], [4]. They differ in
the degree of detail of description and, accordingly,
the number of degree of freedom (DOF), which is
taken into account when describing the EV
dynamics. Their number ranges from 2 to 14.
However, the most common is the 7-DOF model of
body movement, which is quite accurate.

The 7-DOF model of EV body motion includes
the equation of force balances according to the
Newton's second law with respect to the longitudinal
x and lateral y axes of body motion, its rotational
motion relative to the vertical z axis, and the
rotational motion of each wheel. Deviations of the
body from the vertical axis (roll) in this model are
not taken into account. Fig. 1 shows in the x-y plane

the kinematic diagram of a 4-wheeled EV with the
designation of the forces acting on each of its wheels
during the skidding of the EV in the turn. Under the
action of these forces, the linear velocities of the
front and rear wheels vij have directions that deviate
from the longitudinal axes of the wheels at angles
aij. The linear velocity of the center of mass of the
EV body v also deviates from the longitudinal axis
of the body by the angle of lateral sliding f (side slip
angle) causing the rotation of the body relative to the
vertical axis z passing through its center of mass
with angular velocity y. This movement of the body
is called yaw.

Using the kinematic diagram of 4-wheel EV
(Fig. 1), the mathematical 7-DOF model of its
dynamics can be represented by the following
equations [3, 4]:

— longitudinal movement of the body (relative to
the x axis)

m(V;‘—FVJ”Y) = (Fxfr+Fxfr) oS0 - (1)
(Fyfr+Fyﬂ) sind +F. xr1+F xrr;
— lateral movement of the body (relative to the y
axis)

m(vy+vyy) = (Fyg+Fyq) cosd - @
(Fxfr—i_Fxfl)Sin8 + Fyrl + Fyrr;
— rotational movement of the body - yaw
(rotational movement relative to the z axis)

J4=a(F,q+F,q)cosd +0.5d(F,q-F ) sing -
B(Fyy+Fyp J0.5d (Fi+Fyp) cosd +  (3)
+ a(F g tFyq)sind + 0.5d(F o tFy);

— rotational movement of each of the four wheels

Jw®;=Myjj - Myjj - Foji I, (@)

In equations (1)-(4) it is denoted (see Fig. 1): m

is the equipped EV mass, v, and v, are the
longitudinal and lateral speeds of the EV body, F\;;
and F,,; are the components of forces acting on the
EV body from the wheels (i=f,r — front, rear,
j =1, — left, right wheels) along the x and y axes, &
is the angle of turn of the front EV wheels, a and b
are the sections from the center of mass to the front
and rear axes of the EV, d is the distance between
the left and right wheels, J, is the moment of inertia
of the body relative to the vertical axis z passing
through the center of EV mass, J,, is the moment of
inertia of the wheel, w;; are the angular velocities of
the wheels, 7; are the driving torques of wheels, 7;

are the braking torques of driving wheels, and r, is
the radius of rolling of the wheel.
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Fig. 1. Kinematic diagram of 4-wheeled vehicle in x-y reference frame
Source: [3]

Tire dynamics in aturn

The movement of the EV body depends on the
forces generated by the wheels and the linkage of the
wheels with the road surface. These factors allow
you to change the direction and speed of the vehicle.
The longitudinal and lateral forces are created by
each wheel due to the deformation of its tire at the
point where it interacts with the road during
acceleration, braking and cornering. Due to
nonlinear relationships between variables, wheels
are the most complex element for mathematical
modeling [10].

In the absence of lateral force, the wheel moves
directly along its plane. However, when
maneuvering in cornering, the area of direct contact
of the wheel slides sideways, creating the lateral
force F), acting on the wheel. The angle between the
direction of motion and the plane of the wheel is
called the sliding angle of the wheel o. Because the
resulting force acts slightly behind the center of the
wheel (pneumatic track), it generates torque that
aligns the wheel in the direction of travel. Normal
maneuvering in turns occurs at small sliding angles,
low lateral force and minimal wheel slip. At large
sliding angles, the lateral force increases and reaches
a maximum, then the wheel begins to slide. Beyond
this point, the lateral force decreases but continues to
maintain a relatively constant value. For small
values of a, less than about four degrees, the ratio of
lateral force to sliding angle is almost constant and is
characterized by the tire stiffness in rotation C. As
the sliding angle increases, the maximum alignment
torque decreases because the pneumatic track
decreases.

There are several wheel models that describe
the full range of wheel behavior outside the linear
domain. The Pacejka model is commonly used in
studies of car dynamics [4, 10], [11]. This wheel
model provides a method for calculating the
longitudinal, lateral forces of the wheels and the

equalizing torque for a wide range of vehicle
operating conditions. This model is also called the
“Magic Tire Formula” because it is based on
experimental data. The Pacejka model is a special
function obtained in accordance with experimentally
measured data on wheel behavior. Each function has
eight coefficients, the value of which depends on the
type and characteristics of the tires, and four
parameters such as stiffness, shape, maximum and
curvature factors, which, in turn, are variables of the
vertical pressure force on the wheel.

Dynamics of the wheel drive

To develop an EV motion stabilization system,
the wheel drive model can be simplified. Since
modern AC drives used in EV, asynchronous and
synchronous, are built on the vector principle, their
work is closer to the drive system based on a DC
motor [12]. For such a motor, the relationship
between the electromagnetic torque and its input
voltage can be represented by a known dependence

_ (KM/Ra) u
* 1H(Ly/Ry)s "

where: Ky is the motor constant; R, is the resistance
of the armature winding; L, is the inductance of the
armature winding and «, is the armature voltage.
The relationship between the motor torque T
and the longitudinal force F of the wheel is
Ti

F, ) (6)
R

W

()

where i is the gear ratio (if any).
LATERAL EV STABILITY CONTROL
SYSTEM
Construction of the master model

The main task of the LVS system is to generate
the desired values of the yaw-rate and the side slip
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angle depending on the angle of turn of the front
wheels and the speed of the EV [3, 4], [9]. To
simplify the determination of the desired values of
these variables, we make the following assumptions:
the forces acting on the side of the EV wheels are
described by linear dependences on the amount of
slip, the longitudinal speed of the vehicle is constant,
and the angle of lateral deviation of the wheel from
its longitudinal axis o is small. Under these
assumptions, the 7-DOF model of a 4-wheeled
vehicle can be reduced to its 2-DOF model, as
shown in Fig. 2 [2, 4].

Fyr Vy Fyf

Fig. 2. Kinematic diagram of 2-wheeled vehicle in

x-y reference frame
Source: [3, 4]

For the 2-wheeled EV model instead of (1)-(3)
we can write the following equations:

Mty y) = Frp 088 - Fypsind +Fe s (7)
m(vy+vyy)=Frcosd - Fyp sind + F, ; ®)
Jy=a(F ;sind +F ¢ cosd) - bF,. . ©)

If the turn angle of the front wheels 6 is small,
we can assume that cosd =1 and siné= 0, and
equations (7)-(9) are reduced to the following form:

m(v)}+vyy) = Fxf +Fxr ; (10)
M(V)'/+VX’Y):Fyf + Fyr 5 (11)
Jy=aF - bF,, . (12)

The term v,y in the first equation is the product
of two small variables, so it can be neglected. Then
equation (10) is reduced to the form

(13)

Equation (13) is not related to other two
equations (11) and (12) and can be used to study the
acceleration of EV in linear motion.

If we consider the speed of vehicle v, as one of
the DOF, the resulting system of equations (11)-
(12) is reduced to finding the lateral speed v, and the

yaw-rate y.

mvx:Fxf+ xr -

Knowing that under normal driving conditions
the sliding angles are usually less than four degrees,
the 2-wheeled model allows you to express the
lateral forces acting on the EV wheels during the

cornering in a linear manner:
Fyf:_ch ay, Fyr:'zcr A (14)

where Cy, C; are the angular stiffness of the tires of
the front and rear axles during cornering.

Substituting expressions (14) in equations
(11)—(12), we obtain:

m(vytvy)=-2Cr ap - 2C; @ (15)

J,7=2aC; os + 2bC; o . (16)

The values of the sliding angles can be written
from the 2-wheeled model as follows:

+ o+
ap =8 -arctan (22— ) = § -2 (17)
f Vx Vx
- b
o, =-arctan (—VV - Y) = . ' (18)

Substituting (17) and (18) in equations (15) and
(16), we obtain:

[ 2(Ce+C)  2(aCe- bCy) o] [-2Ci]
v'y]z mv, mv, vy | om |8 19
[y 2(aCs-bC,)  2(a2Cy + b*C,) [v] 2aCe| ™" (19)
1,v, Ly, 1, J

The side slip angle of the vehicle B is defined as
the angle between the longitudinal axis of the
vehicle and the velocity vector in the center of EV
mass:

B =arctan (Vy /VX) . (20)

From the linear system of equations (19) we
can obtain the transfer function between the yaw-
rate y and the angle of front wheel turn 3 [12]:

2

amv’
(— oG s+vxj6(s)

r

S)=
Y ml v? 6 (C, +C)lv, +mv, (a’C, +b’C)) -
4LC,C, 2LC,C,
2 )
™ _(aC,—bC,)+1 (21)
2LC,C,

where L = a + b is the EV wheelbase.

The stability of the system described by the
transfer function (21) depends on the coefficients of
the characteristic polynomial; in particular, the third
term should not be negative:
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m V)2C

2LCEC,

(aCs-bC,) +1>0 . (22)
Analyzing condition (22), we can draw the
following conclusions:

1) if aCe>bC,, or |aCe <|bC,|, then the
cornering angle is not large enough, and the
vehicle remains stable;

2) if aCy= bC,, then the vehicle is in neutral and
also remains stable;

3) if aCy<bC,, or |aCy| > |bC,|, then under such
conditions there is a skidding on the turn, and
the vehicle loses its stability.

Based on condition 2, you can calculate the
desired yaw-rate depending on the angle of turn of
the front wheels [14, 15]:

Vv

X

Yo = L(1+ va)8

(23)

m (bC; - aCy)

where K=— (L

The lateral acceleration of the vehicle can be
written as

(24)

where R is the radius of cornering trajectory.

Since the lateral force cannot exceed the total
coupling force between the wheel and the road surface,
m|a,| <mgu, where p is the relative coefficient of
friction between them, then |a,| <gp. Substituting
this constraint in (24), we obtain: |y| < g u/v,. From
here, entering a 15 % margin, you can get the upper
limit of the yaw-rate in the form of [3]

_ 0.85gu

max
VX

(25)

However, compliance with the desired yaw-rate
should not be carried out at any cost, as the second
purpose of the LVS system is to limit the side slip
angle of the vehicle. Thus, the side slip angle is
another indicator of the EV stability. During normal
driving, the side slip angle does not exceed +2°. The
driver usually loses control of the vehicle at large
values of the side slip angle. When the steering
wheel rotates, the lateral forces of the wheels create
an EV yaw-moment, the magnitude of which also
depends on the side slip angle. Therefore, the
desired side slip angle is chosen equal to zero: §,=0
[3, 4].

Development of the LVS system structure

From the analysis of the conducted researches,
two main structures of LVS systems are known,

which correct the torques of EV wheel motors in
turns: the first simpler structure, which controls only
the yaw-moment [13, 14]; the second is a more
complex structure that controls both the yaw-
moment and the side slip angle [3, 4].

As part of the general EV motion control
system with two front driving wheels, the LVS
system receives information on the current value of
the EV yaw-rate y from a corresponding special
solid-state sensor of the angular velocity of the
vehicle body. The current value of the side slip angle
B can also be measured using, for example, an
accelerometer paired with GPS [3]. However, due to
the complexity, the current value of the angle B is
often calculated using a special observer [3, 4].

Given the available capabilities of computer
simulation, this paper considers the first simple
structure of the LVS system.

Functional diagram of the front 2-wheel
independent drive EV control system with electronic
differential and the first structure of the LVS system
is shown in Fig. 3 [13]. As can be seen from the
diagram, the electronic differential system sets the
values of the torques for the right T" and left T

Driver

T
8 L

Electronic
7| differential

lT.,‘Tf

Y LVS system [« !

*

A4

VT

Wheel torques
control

T, T

Y y

Electric vehicle

LT

Y w1,
‘ Y

EV speed estimator [«

Friction coefficient
estimator

<)

~

Y Y H

)
4>| 2-DOF EV model

v

Fig. 3. Functional diagram of the general EV

movement control system
Source: [13]
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wheels. The LVS system corrects these torque tasks
by increasing one and decreasing other on such
value ATs to provide the yaw-rate vy, which measured
by the appropriate sensor mounted on the EV, on the
set value y*. Because of this correction, new values
of the reference electromagnetic torques of the

motors are obtained, respectively for the right T"

and left T"" wheels. The currently required reference

yaw-rate y" is calculated according to the 2-DOF
driving model according to the driver-specified

wheel turn angle & at the actual EV speed V
calculated by a speed estimator and the relative
coefficient of friction between the wheels and the
road surface (i, calculated by a corresponding

estimator too.

The scheme of realization of this LVS system
as the system of the high-level control of EV
movement is shown in Fig. 4 by colors. The
additional driving or braking torques of the front
right and left wheels required to provide the desired
yaw-moment 7, and formed at the output of the
controller are calculated as follows:

oT 2T,
ATﬂ =—F Fo s ATfr =—— o - (26)
d d

. tf\ T'x; g

T O (=R
- ‘ ‘ | y

+ ﬁ-_'

7+0 Controller

Fig. 4. Scheme of implementation of the LVS

system
Source: [13]

Actual driving or braking force is limited by the
maximum value of coupling between the wheel and
the road surface. The choice of driving or braking
torque for the wheel depends on the trajectory of the
maneuver and the error of the yaw-rate. For
example: in the case of EV cornering to the right,
when the actual yaw-rate is greater than its reference
value, to maintain the lateral stability, according to
(26), AT: must be added to the front right wheel and
the same value ATs must be subtracted from the front
left wheel. In the process of controlling the LVS, as
a rule, the brake system on the rear wheels is
involved. For the specified example, at the same
time, braking by the rear left wheel is carried out
also.

COMPUTER MODELING AND RESEARCH
OF EV MOVEMENT CONTROL SYSTEM

Development of functional scheme of the general
model of studied EV movement

In the functional scheme of the general model
of EV movement (Fig. 5) the driver uses the
acceleration and brake pedals to set the total torque
of the driving EV wheels 7, which is evenly
distributed between the right and left wheel drives.
To make a turning, the driver turns the steering
column applying to it the torque Tq. As drives of the
right and left wheels, the wvoltage controlled
brushless DC motors with closed-loop by current
(torque) control systems are used. The steering
control system was developed by us in [6, 7] based
on Ackermann-Jeantaud geometry taking into
account the springiness of the steering rods. The
mathematical model of this system generates the
turn angle of the front wheels & based on the
following input values: the torques of the right and
left wheels T, and T, their linear speeds v; and vj, and
the torque applied by the driver to the steering wheel
Ta. In real EV, the values of the linear speeds of the
wheels are determined by their angular velocities,
which are usually measured by appropriate sensors,
such as encoders used in control systems for the
wheel drives. The change in linear speeds of the
wheels in cornering depending on the angle of their
turn 6 is described by the following expression
obtained from the model presented in [6]:

-1
AV =vsind<sin* arctg i+i —
tgd 2L

sin™| arct 1 _d )
g - -
tgd 2L

The high-level control system, which controls
the EV movement (EVCS) and includes the control
system of the steering mechanism and the LVS
system, highlighted in Fig. 5 by dotted frame.

The control system of the steering mechanism,
developed by us in [6, 7], ensures the operation of
the electronic differential and performs damping of
spring oscillations of the steering mechanism. To do
this, the output of this system forms a task for the
corresponding correction torque AT, that is added
to the reference motor torque of the wheel, which
moves over a larger radius of turning, and subtracted
from the reference motor torque of the wheel, which
moves over a smaller radius of turning.

(@7)
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Fig. 5. Functional scheme of the general model of motion of the studied EV
Source: compiled by the author

The LVS system developed in this paper based
on the real signals at its input relative to the turn
angle of the wheels & and the EV speed v. This
system also forms at its output the task of the
corresponding corrective yaw-moment AT, which
acts similarly to the previous one in order to prevent
EV drift.

The model of body motion with wheels must
correspond to the mathematical 7-DOF model of a
4-wheeled vehicle, which is presented in previous
section together with a rather complex empirical
mathematical model of wheel behavior. As shown in
Fig. 3, according to the results of this model with the
help of special sensors or estimators, it is possible to
obtain the current values of the EV speed ¢ in real
road conditions with the friction coefficient of the
wheel [i. The whole part of the mathematical model

is quite complex and its implementation is
practically possible only in a specialized computer
modeling environment, for example, in the CarSim
[15]. Due to the lack of access to such an
environment, in this study, the model of movement
of the body with wheels is significantly simplified,
that only allows showing how the LVS system
works. To do this, the EV body with wheels is
represented only by a single-mass mechanical
system shown in Fig. 6. The value of the total
traction torque of the EV, which is developed by the
drives of two driving wheels, including turning, can
be expressed by the following equation:

T, =T,(1+ O’5dJ+T, [1— O’Sd],
Rm Rm

where Ry = L / sind is the average value of the
turning radius.

(28)

T l Froll
e | B & v
29) ——— 1/m —= 1/s ]f
Kara un2
Tr T Farag i

Fig. 6. Functional scheme of a single-mass model

of the movement of the EV body with wheels
Source: compiled by the author

At the same time, the EV develops the total
traction force

F=lx (29)

There are two resistance forces acting on the
EV during its movement — the rolling resistance Fron
and the aerodynamic resistance Famg. Then, the
equation of balance of forces acting on the EV has
the form

mv= FZ _(Froll + I:drag)'

(30)

The forces Fron and Famg are calculated by
known expressions

I:roll =m g kr ; Fdrag = 05 p Af Cd Vz ’ (31)
where: k; is the coefficient of rolling resistance; p is
the air density; At is the EV frontal area and Cq is the
coefficient of aerodynamic drag of the EV body.

According to the functional scheme shown in
Fig. 5, the general computer model of movement of
the studied EV is constructed in Matlab/Simulink
environment.
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Table 1. Parameters of the studied EV

Parameter Value
Equipped weight, m [kg] 1200
Frontal track, d [m] 1.47
Distance from the center of mass 1.05
to the front axle, a [m]
Distance from the center of mass 1.355
to the rear axle, b [m]
Angular stiffness of the front axle 72150
tires when turning, Cr [N/rad]
Angular stiffness of the rear axle 81102
tires when turning, C, [N/rad]
Frontal area, As [m?] 2.05
Aerodynamic drag coefficient of 0.3
the EV body, Cq
Tire radius, rw [m] 0.293
The moment of inertia of the 1.8
wheel, Jw [kg m?]
Rolling resistance coefficient, k; 0.015

Source: compiled by the author

Parameters of studied EV and its LVS system

Necessary for modeling parameters of the
studied EV, which were obtained according to the
similar data from the literature, are given in Table 1.

The electric drives of the wheels are realized
based on the brushless DC motors, which are
commutated by the signals of the built-in Hall
sensors. Parameters of permanent magnet motors:
number of pole pairs 10, active resistance and
inductance of the armature winding 0.15 Ohm and 8
mH respectively, and magnetic flux linkage of the
armature winding with one pair of poles of
permanent magnets 0.2Wb. The motors are
connected to the wheels via gearboxes with a gear
ratio of 2.65.

For listed in Table 1 EV parameters, according
to (23), the dependences of the desired yaw-rate yq
on the EV velocity v for different values of the turn
angle of the front wheels & were obtained and shown
in Fig. 7 (for the studied EV, the value of K =
7.0256-:10%4). It also shows the constraint curves
ymax(v) for a road with different coefficients of
coupling (dry and wet) obtained according to (25).
The values of the relative coefficient of friction
between the wheels and the road surface p are taken
as the maximum for the critical slip in different
weather according to [8]. Analysis of the curves in
Fig. 7 indicates the need to limit the yaw-rate of the
EV even at relatively low speeds. For example, if
you turning on 15° at a speed of 25 km/h, the
maneuver will be safe on a dry road. However, in
wet road, such a maneuver will lead to the EV
skidding. To prevent it, it is necessary to operate the

dry road
(u=1.0)

wet road
(L=0.)

Yaw-rate (rad/s)

5 10 15 20 25 30 35 40
EV speed (km/hour)

Fig. 7. Dependence of the desired yaw-rate yq on
the EV speed v and the turn angle & of the wheels

Source: compiled by the author

LVS system, which by adjusting the torques of the
front wheels will generate additional yaw-moment
T,, which will reduce the yaw-rate and thus prevent
of the EV skidding.

SIMULATION RESULTS

In the simulation, the studied EV accelerated
for 7 s to a speed of 25 km/h and then moved at this
constant speed. In the time interval from 15 sto 24 s,
the driver set the right turn of the EV wheels at an
angle of 20° and, in the time interval from 30 s to 39
s, he set the left turn at the same angle. From the
time diagrams in Fig. 8a, it is seen that the
developed steering control system clearly fulfilled
this task.

According to the dependences calculated for the
studied EV and shown in Fig. 7, which characterize
its lateral stability, under the specified traffic
conditions in the turn, the skidding of the vehicle
will be take place, even on dry roads. In order to
avoid it, the LVS system generates a task for the
additional yaw-moment T, (Fig. 8b), which, in
accordance with (26), is differentially distributed
between the torques of the wheel drives to reduce
the EV yaw-rate.

Under the action of the additional differential
torque, the electromagnetic torques of the drive
motors of the right and left wheels in their turns
change as can be seen from the obtained time
diagrams shown in Fig. 8c.

Correction of wheel torques is such that the
outer wheel in turning slightly reduces its
propulsion, and the inner one, on the contrary, adds
its propulsion, that should reduce the side slip angle
to zero and thus stabilize the EV movement. The EV
speed set by the driver does not change, which can
be seen from the time dependences of the
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Fig. 8. Results of computer simulation:
a — the front wheels turn angle 8" set by the driver and its working off by the steering system;

b — the task for the additional yaw-moment; ¢ — the electromagnetic torques of the right and left wheel
drive motors in turns without and for (index K) inclusion of the LVS system operation; d — the angular
velocities of the right and left wheels in turns without and for (index k) inclusion of the LVS system
operation; e — the driver-set turn angle of the front wheels 8"« and its operation by the steering system
during the operation of the LVS system; f — the torque applied by the driver to the steering wheel in
turns without and for inclusion (index k) of the LVS system
Source: compiled by the author
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angular velocities of the wheels for cases of EV
movement in turns without and for (index k)
inclusion the LVS system (Fig. 8d). The turn angle
set by the driver does not change too (Fig. 8d). Thus,
the operation of the LVS system makes actually no
changes in the parameters set by the driver of the EV
movement and does not pose a threat of an
emergency, but, on the contrary, only eliminates the
threat of violation of the EV movement stability.
However, when the LVS system is turned on, the
steering wheel recoil on the driver increases, so he
needs to apply more torque to the steering wheel, as
can be seen from the time diagrams in Fig. 8e.
However, such an impact on the driver has a positive
effect — it further draws his attention to the
threatening situation.

CONCLUSIONS

The following conclusions can be made from
the results of research.

1. Unlike a car, an EV can have more
configurations of drivetrain system. In particular, the
configuration of front-driving EVs with two inde-
pendent electric motors that drive their wheels or
two in-wheel motors is promising. This
configuration greatly simplifies the mechanical
transmission of the EV and thus increases its
reliability and reduces cost, as well as allows you to
put additional functions on the control systems of

the wheel drive motors to improve the controllability
and safety of the vehicle.

2. In addition to the gearbox with clutch, the
studied EV does not require the mechanical
differential too. Its function performs the electronic
differential — appropriate control of torques and
speeds of the front wheels. The steering system
developed earlier and wused in this study
simultaneously performs the functions of electronic
differential, damping of mechanical oscillations in
the steering system and strengthening of steering.

3. Detailed elaboration of the regularities of
complex nonlinear dynamics of vehicle movement
made it possible to outline the option of constructing
the LVS system for the studied front-driving EV
with independent wheel motors, in which this
function relies on high-speed systems of the
electromagnetic torques control of the drive motors.

4. The computer simulation of the studied front-
wheel driving EV in the Matlab/Simulink
environment showed the efficiency of the proposed
solutions for the construction of the electronic
differential and the LVS control system. However,
adequate modeling, simulation of work, as well as
visualization of the movement of EV in different
situations are possible in the environment of the
specialized computer program CarSim.
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CHUCTEMA KYPCOBOI CTABLJIIBAII PYXY EJJEKTPOMOBLIS 3 IBOMA
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AHOTALIS

Burcoki nuTOMi TMOKa3HUKH MOTYKHOCTI Ta MOMEHTY Cy4acHHX EJIEKTPOJBHTYHIB, @ TaKOX BIJIHOCHA MPOCTOTA peaizaril
CHCTEMH €JIEKTPOIPHBOY 3yMOBJIIOIOTH JOLIJIBHICTh 3acTOCYBaHHs B enekTpomMobini (EM) okpeMux mpuBO/iB ABOX 1 OiiblIe KOJIicC.
Kondirypamis mosroro EM 3 1BomMa BenydnMu MepelHIMH KOJECAMH, KA PO3TIIAETHCSA Y I poOOTI, € me MaIOIOMUPEHOIO,
npote iii BlacTHBa MepeBara II0J0 KapAWHAIGHOTO CIPOLICHHS TpaHcMicii Ta KepMoBoro MmexaHiamy. OcoOnuBicTio i€l
KOH(]Irypamii € MOXIJIMBICTh BUKOHAHHS CHCTEMaMH IPHBOJIB MEpEeIHIX KOJIC, KpiM OCHOBHOI (yHKIIi 3a0e3ledeHHs TATH i
raJIbMyBaHHSI Ha HIDKHbOMY PiBHI KepyBaHHS, 1€ IO HU3KK JOAATKOBUX (hyHKIUiil BUIIOTO PiBHS. Y JOMOBHEHHS 10 BXKE paHille
po3pobieHrx HaMH (QYHKIIIH eTeKTpOHHOTO qu(epeHIfiaia, eeKTPUIHOTO MiACKICHHS KepMa Ta IeMII(pyBaHHs NPYKHUX KOJIUBaHb
KEPMOBOTO MEXaHI3MYy, Yy aHii poOOTi JOa€THCS TaKOK QYHKIIIS KypcoBoi cTabimizalii pyxy B HIOBOPOTaxX eIeKTPOMOOLIs. Y cTaTTi
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PO3TIIsIHYyTa MaTeMaTHYHA MOJENb 3 CIMOMa CTYIEHSMH BUIBHOCTI, L0 OIUCYE AMHAMIKY PyXy YOTHPHUKOIICHOTO TPAaHCIOPTHOTO
3aco0y, Ta MOKa3aHo, SIK I MOJIEIb MOXKe OyTH CIIpOIIeHa 1O ABOCTYIIEHEBOI MOJENI, IO ONHCYE AWHAMIKY PyXy ABOKOJICHOTO
TpaHcnopTHoro 3aco0y. Lliel Moxeni ocTaTHBO ISl OLIHKK CTIHKOCTI pyXy eleKTpoMoOili B MOBOPOTax Ta JOPMyBAHHS 3aBIAHHSI
Ha JI0JaTKOBUI MOMEHT, SIKHii OM PEryioBaB KyTOBY IIBHAKICTh HHIIMOPCHHS Ky30Ba JUIsl 3al00iraHHs 3aHOCY €ICKTPOMOOLTIB B
noBopoTtax. Ha 1iif 0cHOBI po3po0IeHO CTPYKTYpY CUCTEMH KYpCOBOi CTabimi3amii pyxy, fika KOPEKTye eIeKTPOMarHiTHIi MOMEHTH
MPUBIIHUX JBUTYHIB NEPEAHiX Kojic i (GopMyBaHHS MOTpiOHOrO MoOMeHTy HummopeHHs. i mocmigHoro EM i3 3amanumu
napaMeTpamMu pO3paxoBaHi 3alIeKHOCTI JOMYCTHMOI KyTOBOI LIBHAKOCTI HHUINMOPEHHS 3a 3aJaHUX BOIIEM IIBHIKOCTI pyXy i KyTa
MOBOPOTY KOJIIC €JeKTPOMOOITIB B Pi3HUX YMOBaX 34YEIUICHHS KOJIC i3 ZOPOXKHIM MOJOTHOM. Po3pobieHo 3araibHy QyHKIIOHATBHY
MOZENb IepeTHBONPUBIIHOTO JBOABUTYHHOTO €JIEKTPOMOOUIIB i3 JIBOPIBHEBOIO CHCTEMOIO KepyBaHHS, SKa BHKOHYE YCi
Buileckasani GyHkuii. ¥ cepemoBuini Matlab/Simulink mo6GymoBaHa koM’ IoTepHa MaTeMaTHYHA MOJIENb BOTO EIEKTPOMOOLTIO Ta
MIPOBEACHO CHUMYJIILIHHI JOCHI/DKEHHS, SIKI JEeMOHCTPYIOTH pPOOOTY CHCTEMH KypcoBOi crabimizamii pyxy elIekTpoMoOini B
MOBOPOTAX.

KuirouoBi ciioBa: enektpoMo0iib; iHAWBIIyalbHHA NPHBOJ IBOX IMEPEIHIX KOJIIC; MOTOP-KOJeco; Oe3LTKOBUI IBHIYH
MIOCTIHHOTO CTYMY; eIeKTpOHHHM nudepeHIiian; cucreMa KypcoBoi cradimizanii pyxy
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