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INTELLIGENT CONTROL OF IN-WHEEL MOTORS IN A VEHICLE 
WITH ANALYTICAL DETERMINATION OF TORQUE DISTRIBUTION

Purpose. To derive a closed-form analytical solution for the optimal distribution of drive torque between the left 
and right sides of an all-wheel-drive vehicle equipped with in-wheel motors. The proposed solution maximizes the 
instantaneous efficiency of the wheel propulsion system while accounting for load asymmetry and driving conditions.

Methodology. The study employs analytical methods based on a reduced energy model of the wheel propulsion 
system, quadratic optimization techniques, and simulation modelling in the MATLAB/Simulink environment to 
verify the performance of the proposed torque distribution law.

Findings. A closed-form analytical expression was obtained for determining the optimal torque distribution coef-
ficient between the left and right sides of the vehicle. Its application ensures the maximization of the instantaneous 
efficiency of the wheel propulsion system. It was demonstrated that the optimal torque distribution depends on the 
normal tyre-road reactions, vehicle geometric parameters, and driving conditions. Simulation results confirmed the 
effectiveness of the proposed control law under both traction and curvilinear driving conditions.

Originality. For the first time, the problem of torque distribution between the left and right sides of an all-wheel-
drive vehicle with independently driven in-wheel motors has been formulated as the problem of maximizing the in-
stantaneous efficiency of the wheel propulsion system. This made it possible to derive a control law suitable for real-
time implementation without the need for numerical optimization.

Practical value. The proposed analytical torque distribution law can be integrated into the upper-level control 
system of all-wheel-drive vehicles equipped with independently driven in-wheel motors. Its implementation improves 
vehicle energy efficiency without increasing the complexity of the control algorithms or the associated computational 
burden.
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Introduction. Intensification of transport electrifica-
tion processes and stricter requirements regarding the 
energy efficiency and environmental friendliness of ve-
hicles necessitate the development of new power archi-
tectures. One promising area is the use of in-wheel mo-
tors, in which the traction electric motor is integrated 
directly into the wheel, thereby eliminating the need for 
traditional mechanical transmission components.

The use of in-wheel motors enables independent 
control of torque on each wheel, opening up additional 
potential for improving handling, manoeuvrability and 
traction efficiency of the vehicle. At the same time, such 
architecture requires solving the problem of optimal 
torque distribution between the sides or axles, taking 
into account the conditions of driving, load and envi-
ronmental resistance.

Despite a large amount of research in the field of 
torque vectoring and regenerative braking, the issue of 
analytical rationale for energy-efficient torque distribu-
tion in all-wheel-drive vehicles with in-wheel motors 
remains insufficiently explored.

The purpose of the research is to develop an analyti-
cal method for determining the optimal torque distribu-
tion coefficient between the sides of an all-wheel-drive 
vehicle equipped with in-wheel motors, aimed at maxi-
mizing the instantaneous efficiency of the wheel propul-
sion system.

Literature review. The development of electric vehi-
cles with distributed drive systems and in-wheel motors 
has significantly expanded the possibilities for control-
ling the traction and braking modes of the vehicle. The 
presence of an independent drive for each wheel makes 
it possible not only to implement traction control and 
stabilization functions, but also to use torque distribu-
tion as a tool for increasing energy efficiency [1]. In [1], 
a parameterized torque distribution strategy for an all-
wheel-drive electric vehicle is proposed, focused on 
minimizing losses in power electric paths.

These approaches were further developed in [2, 3], 
where the torque distribution is treated as an optimiza-
tion problem based on the efficiency maps of electric 
motors. It is proven that load redistribution between 
drives reduces total electrical losses. However, in such 
studies, the focus is on electromechanical losses in 
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drives, while losses in tire-road surface contact and roll-
ing resistance are generally described in simplified form. 
Similar issues are also characteristic of research into the 
energy efficiency of electric rolling stock, where the op-
timization of modes of propulsion system operation is 
examined at a system level, taking operational factors 
into account [4].

At the same time, a significant number of studies are 
devoted to torque vectoring and vehicle motion stabili-
zation. In particular, [5 and 6] prove that torque distri-
bution can simultaneously improve handling and reduce 
energy consumption. In [7], it is shown that traction 
optimization in extreme manoeuvring conditions re-
quires a comprehensive consideration of both stability 
and energy efficiency. The issue of improving the effi-
ciency of braking modes as a tool for improving the op-
erational performance of transport systems was also ex-
amined in studies of rail transport. The impact of im-
proving service braking on the potential to increase train 
weights and the energy efficiency of the transportation 
process was proven [8].

Hierarchical control structures form a separate di-
rection, where the upper level provides dynamics and 
safety, while the lower level implements optimal torque 
distribution [9]. In [10 and 11], algorithms that combine 
energy optimization with road-wheel adhesion con-
straints are discussed. However, the implementation of 
such approaches is often based on numerical optimiza-
tion or predictive control, which complicates their use in 
real-time systems.

The problem of minimizing losses due to tyre slip-
page is actively investigated in [12 and 13], where it is 
shown that energy dissipation in the tyre can be compa-
rable to, or even exceed, losses in electric motors. Thus, 
the optimization of torque distribution should take into 
account not only the electrical, but also the mechanical 
components of the losses. In modern transport research, 
regression models and machine learning methods are 
used to assess the behaviour of loaded components and 
predict their service life [8], thus emphasizing the expe-
diency of taking into account variable dynamic loads 
and operational factors when forming control algo-
rithms [14].

Studies [15, 16] examine the use of optimization al-
gorithms (including heuristic and Model Predictive 
Control (MPC) approaches) to determine the torque 
distribution between wheels or axles. Such methods 
demonstrate reduced energy consumption under model 
conditions; however, their versatility and ease of imple-
mentation remain limited [17]. System-level modelling 
of transport processes and vehicle operation provides an 
effective means of improving transport system perfor-
mance by incorporating operational conditions into the 
analysis and enabling a more comprehensive evaluation 
of energy efficiency. Another promising research direc-
tion involves automated generation and continuous up-
dating of digital models of complex engineering systems 
using information obtained from sensor measurements 
and actuator states, thereby improving modelling accu-
racy and enhancing the adaptability of control algo-
rithms [18, 19].

Review papers [20, 21] systematize current approach-
es to torque distribution for in-wheel motor vehicles. 
The generalization shows that most strategies are fo-

cused either on driving stability or on minimizing losses 
in the power drive. An analytical determination of the 
distribution that directly maximizes the instantaneous 
efficiency of the wheel propulsion system, taking into ac-
count actual load asymmetries, is rarely examined.

Recent studies [22, 23] have attempted to account 
for both electrical and mechanical losses simultane-
ously; however, the solutions obtained are mostly based 
on numerical optimization or pre-tabulated depen-
dences. The cited sources do not provide a generalized 
analytical dependence, suitable for real-time imple-
mentation, for determining the optimal torque distribu-
tion between the wheels.

Thus, the analysis of current research indicates that 
the issue of an analytical rationale for optimal torque 
distribution between the wheels/axles of in-wheel motor 
vehicle in order to maximize the instantaneous efficien-
cy of the wheel propulsion system remains insufficiently 
explored. The existing approaches are mainly based on 
numerical methods or optimization of individual loss 
components, which complicates their generalisation 
and practical implementation. This research is specifi-
cally devoted to solving this problem.

Purpose and objectives of research. The purpose of 
this research is to analytically determine the law of total 
torque distribution between the left and right sides of an 
all-wheel-drive vehicle with in-wheel motors, which 
provides maximum instantaneous efficiency of the 
wheel propulsion system.

To achieve the set purpose, the following objectives 
should be achieved:

-	to develop an energy model of the instantaneous 
efficiency of the wheel propulsion system, taking into 
account rolling losses and elastic-deformation losses in 
the tyre;

-	to reduce the problem to quadratic function opti-
mization with respect to the distribution coefficient;

-	to find a closed-form analytical expression and 
prove the existence of a global maximum;

-	to verify the performance of the resulting law using 
simulation modelling.

In-wheel motor energy efficiency and torque distribu-
tion optimization. Instantaneous efficiency of a single in-
wheel motor. The energy efficiency of in-wheel motor is 
determined by its instantaneous efficiency, which is ex-
pressed as the product of two components – the power 
component and the elastic-deformation component 
[24, 25]

	 .mit mit mit
k fk prη = η η 	 (1)

The power component is determined as follows

	 1 ,fkmit
fk

k

M
M

η = - 	 (2)

where Mk is torque to the in-wheel motor, N · m; Mfk is 
rolling resistance torque, N · m.

Rolling resistance torque is specified by the ratio

	 Mfk = Rzk fr0,	 (3)
where Rzk is normal road reaction, N;  f is rolling resis-
tance coefficient; r0 is in-wheel motor dynamic radius, m.

The elastic component of the efficiency takes into 
account losses associated with tyre deformation
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where Ccirc is equivalent circular tyre stiffness.
Substituting (2 and 4) into (1), we can obtain the 

full expression for the instantaneous in-wheel motor 
efficiency
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Thus, the efficiency is determined as the ratio of the 
useful torque and losses to rolling and deformation.

In-wheel motor operation mode in the vehicle trans-
mission. The in-wheel motor is integrated directly into 
the wheel as a self-contained electromechanical drive 
unit, eliminating the need for intermediate mechanical 
transmission components. Such a configuration enables 
independent wheel torque control and provides an ef-
fective basis for energy-efficient torque distribution be-
tween the left and right sides of the vehicle.

This research is aimed at using Permanent Magnet 
Synchronous Motors (PMSMs) as a traction electric mo-
tor in in-wheel motors, since this type of electric motor has 
a high specific power factor, low rotor inertia, high torque 
at low speeds, and high efficiency in a wide speed range, 
particularly in the weakened field mode. The research fo-
cuses on improving the energy efficiency of multi-axle ve-
hicles by rationally selecting the torque distribution coeffi-
cient between the left and right sides of the vehicle.

Achieving the set purpose involves determining the 
dependence for calculating the efficiency of the wheel 
propulsion system in an all-wheel-drive multi-axle ve-
hicle. For a vehicle with independent control of the left 
and right sides, the total torque distribution between 
them should be taken into account.

Introduce the distribution coefficient
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where ML, MR is total torques of the left and right sides, 
respectively.

The instantaneous efficiency of the wheel propulsion 
system in an all-wheel-drive vehicle, following the 
transformations, can be expressed as a quadratic func-
tion with respect to βM
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where the coefficients are determined as follows
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where Mfl, MfR are rolling resistance torques of the left 
and right sides; Me is effective torque of the wheel pro-
pulsion system; Utr is transmission gear ratio; mit

trη  is in-
stantaneous transmission efficiency.

Formulation of the optimization problem. Since the 
expression (7) is a quadratic function with respect to βM, 
the problem of maximizing efficiency arises
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The first derivative is equal to
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Solution of the equation
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Proving the maximum. Second derivative
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Therefore, the function is strictly concave, and the 
value found corresponds to a single global maximum.

Closed-form analytical expression. (8 and 9) being 
substituted into (13), a compact result can be obtained
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At Mfl = MfR, βM = 0.5, which corresponds to a uni-
form distribution.

Relation to vehicle parameters. Rolling resistance 
torques are determined as follows

	 0 0; ,fl fR
b aM mfr g M mfr g
L L

= = 	 (17)

where m is vehicle mass; gis free fall acceleration; a, b are 
distances from mass centre to the sides; L is base be-
tween sides.

After substituting
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Form for steady-state motion. In steady-state motion 
mode
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Considering aerodynamic drag
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Finally obtain
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Since the optimization problem is solved in a closed-
form, the law (βM)opt can be applied in real time as a top-
level algorithm for forming torque commands on the 
sides based on the measured/estimated variables (m, Va, 
f, Cx, ρ, F ) and geometry (a, b, L).

For correct physical implementation, it is necessary 
to provide restrictions

βM ∈ [0.1],
that is, if the calculated value falls outside the interval, 
clipping is applied without altering the basic logic of the 
method.

The analysis of equation (22) shows that the opti-
mal torque distribution coefficient is a function of the 
vehicle parameters and its driving conditions, includ-
ing its mass, road conditions, geometric parameters 
and speed mode. As these parameters change during 
operation, the optimal torque distribution should be 
formed in an adaptive mode based on current measured 
or estimated values.

The use of vehicles with distributed electric drive 
and in-wheel motors enables controlled torque distri-
bution between the wheels or sides without the use of 
mechanical differentials. This creates the possibility of 
increasing the energy efficiency of vehicle motion by 
optimizing the operation modes of electric motors in 
real time.

Examine the steady-state motion mode of a vehicle 
with independent control of electric motors of the left 
and right side in-wheel motors, as well as the accelera-
tion mode. In the steady-state motion mode of a vehicle, 
the load of in-wheel motors will be
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where Va is linear speed of the vehicle, m/s.
After substituting (23) into (22), determine
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Dependence (24) shows that implementing the pro-
posed torque distribution law requires the use of an elec-
tronic control unit, which forms control actions on in-
wheel motors based on measured or estimated vehicle 
motion parameters, in particular the normal reactions 
of the bearing surface, driving speed and the effective 
power of the drives.

To minimise the number of required sensors, the ef-
fective power of the in-wheel motors can be estimated 
from its functional relationship with the total resistance 
to vehicle motion. In the following analysis, power loss-
es in the tyres are assumed to be incorporated into the 
overall transmission losses [26, 27]

	 ,mit
e tr w aN P Vη = ⋅ 	 (25)

where Pw is aerodynamic drag force of a vehicle; Cx is 
frontal aerodynamic drag coefficient
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2

x
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C
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where r is air density; F is front area of the vehicle. After 
substituting (26) into (25) and then into (24), have
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The proposed analytical torque distribution meth-
od is developed for vehicles equipped with Permanent 
Magnet Synchronous Motors (PMSMs) integrated 
into direct-drive in-wheel units. Each motor is con-
trolled independently, allowing the traction torque to 
be distributed between the left and right sides of the 
vehicle according to the derived analytical law. The 
upper-level controller determines the required torque 
allocation, while the motor control system ensures ac-
curate tracking of the commanded operating mode. 
Such a control architecture enables the implementa-
tion of the proposed torque distribution strategy in real 
time without the use of mechanical differentials or nu-
merical optimization.

Depending on each individual direction and speed of 
the wheel, the resulting combination of all these forces 
creates a total force vector in any desired direction, en-
abling movement in any direction. The speed of each 
motor is calculated as follows
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where ωi(t) is rotor speed of the i th wheel (i = 1‒4); vx(t), 
vy(t) are linear and angular velocities; Wz is vehicle turn-
ing speed left/right; l is distances between wheel contact 
points in the longitudinal and transverse directions; R is 
wheel radius.

The electric motor model is defined using the re-
quired operating and geometric parameters, including 
angular velocity, rotor diameter, and rotor mass. For 
simulation purposes, the operating cycle is divided into 
consecutive time intervals, each characterized by con-
stant speed or acceleration. The force acting during each 
interval is then calculated as follows

Fi = Fc,i + Fdyn,i,

where Fi is the resulting force at the i th time interval; Fc,i 
is the static force at the i th time interval, taking transmis-
sion losses into account, N; Fdyn,i is dynamic force at the 
ith interval.

The electric motor changes its speed throughout the 
entire movement; consequently, the force varies accord-
ing to a dynamic law. Calculate the dynamic force for 
each ith interval using the formula

Fdyn,i = mi ai.
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Static force is calculated based on the specific pro-
cess performed by the mechanism.

, .i i
c i

tr tr

G m g
F

i i
= =
η η

As the load diagram does not account for the inertia 
of the electric motor, the required rated power Pcalc is 
determined using a safety factor of kres = 1.1‒1.3 .

Pcalc = kres ⋅ Pe.
Generator mode and regenerative braking of the in-

wheel motor. The in-wheel motor, integrated into the 
distributed electric drive system of the vehicle, functions 
in two main modes: traction and generator. In the gen-
erator mode, the electric motor converts the mechanical 
energy of the vehicle motion into electrical energy, en-
abling regenerative braking.

The transition to generator mode occurs when an 
electromagnetic torque is created, directed against the 
direction of wheel rotation. In this case, the electrome-
chanical converter operates as a synchronous generator, 
and electrical energy is transferred through the power 
inverter to the traction battery.

From an energy point of view, the recuperation pro-
cess consists of two successive stages:

-	the conversion of kinetic energy of a vehicle into 
electrical energy in an electric motor;

-	accumulation of received electrical energy in 
chemical form in a battery.

Rational implementation of generator mode involves 
coordinating the electromagnetic braking torque with 
the permissible charge modes of the battery system and 
the limitations of the power electronics. Recuperation 
efficiency is determined by driving speed, the battery 
charge level and road conditions.

It is important to note that at low driving speeds, the 
efficiency of the generator mode decreases due to insuf-
ficient level of electromotive force, which limits the 
amount of current generated. Therefore, the regenera-
tive braking system must function together with the me-
chanical braking system to ensure the necessary driving 
safety level.

Thus, the integration of generator mode into the in-
wheel motor control system expands the functionality of 
the vehicle, ensuring the energetic feasibility of the 
braking process without disturbing the driving stability.

Integration with the control system. While the vehicle 
is in motion, signals from the accelerator pedal, as well 
as the left and right side control bodies (joysticks) are 
integrated into a single control circuit. The speed of the 
vehicle is determined by the angular velocities of the in-
wheel motor, and the control actions are formed ac-
cording to the specified driving modes.

The output signals of vehicle model, including the 
accelerator pedal position and the brake signal, are used 
as the upper-level input actions. The main upper-level 
output is the formation of an input speed signal for the 
FOC-controller of the in-wheel motors, both when 
moving in a straight line and when controlling the left 
and right sides (Fig. 1).

Research results. The resulting analytical expression 
(22) determines the optimal total torque distribution co-
efficient between the left and right sides of the vehicle, 

taking into account the asymmetry of normal reactions 
and rolling resistance torques. This means that, in the 
presence of an uneven load, even with the same require-
ment for the total traction torque, the optimal control 
action must be asymmetrical. This approach minimizes 
rolling losses and elastic-deformation losses in the tyres 
within the framework of the accepted energy model.

To test the performance of the proposed torque dis-
tribution law, simulation modeling was performed in the 
MATLAB/Simulink environment. The results 
(Figs. 2–6) indicate the correct functioning of the con-
trol system in different driving modes, namely:

-	coordinated formation of in-wheel motor torques 
and speeds in traction and recuperation modes;

-	stable practice of various speed commands for the 
left and right sides during turning modes without loss of 
controllability;

-	no significant static deviation between the com-
mand and actual in-wheel motor speed values in the 
studied modes.

Thus, the analytical determination of the torque distri-
bution coefficient (22) can be used as the upper-level com-
mand formation law for the side drives, while the FOC 
(Field-Oriented Control) circuit can be used as a low-lev-
el system for processing specified speed/torque signals.

Examine cases involving a controlled vehicle in dif-
ferent conditions, illustrating the initial results of the 
Simulink model showing the initial data for in-wheel 
motor speed and torque, the tracked vehicle speed, and 
the speed commands.

First case. The first simulation scenario represents 
straight-line vehicle motion controlled by the accelera-
tor pedal, including acceleration, regenerative braking, 
and steady-speed operation. The vehicle starts from rest 
under the maximum available drive torque. As illustrat-
ed in Fig. 2, the motor speed increases from zero during 
acceleration, followed by regenerative braking with neg-
ative torque, subsequent re-acceleration, steady-speed 
motion, and controlled deceleration before returning to 
a constant-speed regime. Throughout the simulation, 
the steering angle remains equal to zero (δ = 0). Fig. 2 
presents the commanded and actual motor speeds 
(rpm), Fig. 3 illustrates the phase current (A), and Fig. 4 
shows the electromagnetic torque together with the out-
put torque (N · m).

Fig. 1. Left and right side drive control system
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Second case. This case shows the initial vehicle reac-
tion, as well as the in-wheel motor commands and 
speeds as the vehicle moves in a straight line from a 
standstill, then accelerates at (T) < 2 and moves at a con-
stant speed in the range of 2 < (T ) < 4.5, and then ap-
plies a steering wheel rotation angle of δ = 4.5 to the left. 
In this case, the results show the vehicle speed (m/s) and 
the rotational speeds of the left and right in-wheel mo-
tors (rad/s) during steering.

Fig. 5, a shows the difference between the speed com-
mand signals of the two motors; Figs. 5, b, c show the 

Fig. 2. Speed command and rotor speed

Fig. 3. Linear Current (A)

Fig. 4. Load Torque and Eleсtromagnetic Torque (N · m)

Fig. 5. Simulation results for controlled left-side turning on a level road:
a ‒ the speed command signals of the two motors (rad/s); b ‒ command signal and rotation speed of the left vehicle motor (rad/s); 
c ‒ command signal and rotation speed of the right vehicle motor (rad/s); d ‒ vehicle speed, (m/s)

a b

c d

difference between the control signal and the rotation 
speed (rad/s) of the in-wheel motor on the left and right 
sides, respectively; Fig. 5, d shows the vehicle speed.

Third case. In this case, the output reaction of the 
vehicle speed and in-wheel motor speed, as well as the 
signals, is shown. When a vehicle is moving straight on a 
hard sandy road, at a time (T) > 3 s, and then turns right 
at an angle of δ = 0 to δ = -15 from T = 3.5 s to t = 5 s, the 
steering wheel is at a constant speed. At 7 < T < 8, the 
vehicle accelerates, while the steering wheel has an angle 
of δ = -15, and finally at T > 8, the vehicle rotates at an 
angle of δ = -15 at a higher constant speed. The results 
are presented in Fig. 6.

Quantitative generalization of modeling results. To 
summarize the results obtained from the graphs 
(Figs. 2–6), a comparative assessment of the main dy-
namic indicators of the left and right drive systems was 
performed in three modes: straight-line motion with ac-
celeration/braking, controlled turning on a level road, 
and turning on an uneven surface. The comparative in-
dicators obtained from the simulation results are sum-
marized in Table.

It should be noted that the maximum speed differ-
ence Δω values given in the table refer specifically to the 
value of divergence between the speed modes of the left 
and right sides, and not to their identity.

In turning mode (Figs. 5 and 6), the system forms dif-
ferent angular velocity values for the in-wheel motors: for 
example, around 26 rad/s for the outer side and around 
20 rad/s for the inner side. Thus, the speed difference 
(6 rad/s) provides the kinematic possibility of turning the 
vehicle without the use of a mechanical differential.

The sameness of the values given in the table for the 
left and right sides means that the control system oper-
ates symmetrically and there is no distortion between 
the control channels, while physically the angular ve-
locities of the wheels when turning are different.

It is therefore the controlled asymmetry of the speed 
in-wheel motor modes that ensures the maneuverability 
of the vehicle, rather than their equality.
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Fig. 6. Simulation results for right-side turning on an uneven road:
a ‒ the difference between the speed command signals of the two motors (rad/s); b ‒ command signal and output speed (rad/s) of 
the left-side in-wheel motor; c ‒ command signal and output speed (rad/s) of the right-side in-wheel motor; d ‒ vehicle speed, 
(m/s)

a b

c d

Table
Comparative indicators based on modeling results

Mode Indicator Left side Right 
side Note

Straight-line 
motion

Maximum motor speed ωmax, rpm 2,000 2,000 Plateau 2,000 rpm
Time to reach a steady state mode tst, s 0.3‒0.5 0.3‒0.5 After changing the speed command
Maximum electromagnetic torque 
Mem,max, N · m

300 300 Upper moment level on the graph

Minimum (recuperative) torque Mem,min, 
N · m

-120 -120 Negative torque in the braking phase

Maximum current Imax, A 450 450 Starting peak, scale ±500 A
Turning on 
a level road

Maximum speed difference Δωmax, rad/s 6 6 Commands diverge 26 vs 20 rad/s
Static speed deviation est, rad/s 0.3‒0.5 0.3‒0.5 “Command-fact” are almost identical
Speed re-adjustment σ, % 3 % 3 % A slight re-adjustment after acceleration/turning
Time to set after the change δ: tδ, s 0.4‒0.6 0.4‒0.6 After the point of command divergence (4.5 s)
Vehicle speed Vst, m/s 7.3‒7.6 – Plateau after acceleration

Turning on 
an uneven 
road

Maximum speed difference Δωmax, rad/s 4‒5 4‒5 Based on the graph of difference/divergence 
between commands

Time to set after a maneuver tδ, s 0.5‒0.8 0.5‒0.8 After a sudden mode change
(7‒8 s)

Maximum motor speed ωmax, rad/s 40‒41 40‒41 Plateau around 40 rad/s
Sign of steadiness steadily steadily No breakdown/run is visible
Vehicle speed Vmax, m/s 70 – Increase from 45 to 70 m/s

Results and discussion. The obtained modeling re-
sults confirm the performance of the analytical torque 
distribution law (22) as part of a hierarchical control sys-
tem for a vehicle with in-wheel motors. The proposed 
approach allows for the formation of controlled asym-
metry of torques and speeds of the left and right sides 
depending on driving conditions without disturbing the 
stability of the drive system operation.

In traction mode, the system provides coordinated 
formation of electromagnetic torque and in-wheel mo-
tor speed characteristics with minimal static deviation 
between the command and actual values. In turning 
modes, a controlled difference in the angular velocities 

of the sides is achieved, which corresponds to the kine-
matic maneuvering conditions.

The implementation of generator mode within the 
control structure enables regenerative braking without 
changing the torque distribution logic. The conver-
sion of kinetic energy into electrical energy occurs 
within the permissible operation modes of the electro-
mechanical system and power electronics. In this 
case, the combined operation of the electrical and 
mechanical braking systems ensures the necessary 
level of driving safety.

The proposed analytical torque distribution strategy, 
combined with the lower-level FOC controller, provides 
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an effective framework for improving vehicle energy ef-
ficiency while maintaining a simple control architecture 
and eliminating the need for numerical optimization.

Conclusions.
1. An analytical model for the instantaneous efficien-

cy of the wheel propulsion system of an all-wheel-drive 
vehicle with in-wheel motors has been developed, tak-
ing into account rolling losses and elastic-deformation 
losses in the tyres.

2.	 The problem of distributing the total torque be-
tween the left and right sides is reduced to optimizing a 
quadratic function relative to the distribution coeffi-
cient, which made it possible to obtain a closed-form 
analytical expression for a value that provides a global 
maximum of the instantaneous efficiency.

3.	 It has been proven that the optimal distribution 
coefficient depends on normal reactions, geometric pa-
rameters of the vehicle and driving conditions, which 
necessitates the adaptive formation of the control action.

4.	 The results of simulation modelling have con-
firmed the performance of the proposed torque distribu-
tion law in traction, turning and recuperative modes 
without loss of control system stability.

5.	 The analytical law obtained can be used as a top-
level algorithm for forming torque commands in vehicle 
control systems with independent electric drive on each 
side without the use of numerical optimization.
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Мета. Розроблення аналітичного методу визна-
чення оптимального коефіцієнта розподілу крутно-
го моменту між лівим і правим бортами повнопри-
відного автомобіля з мотор-колесами. Запропоно-
ваний метод спрямований на максимізацію миттє-
вого коєфіцієнта корисної дії колісного рушія з ура-
хуванням асиметрії навантаження й умов руху.

Методика. У роботі використані аналітичні ме-
тоди, засновані на застосуванні спрощеної енерге-
тичної моделі колісного рушія, методи оптимізації 
квадратичних функцій, а також імітаційне моделю-
вання в середовищі MATLAB/Simulink для пере-
вірки працездатності отриманого закону розподілу 
крутного моменту.

Результати. Отримано аналітичний вираз у за-
мкненій формі для визначення оптимального коє-
фіцієнта розподілу крутного моменту між лівим і пра-
вим бортами автомобіля, використання якого за-
безпечує максимізацію миттєвого коєфіцієнта ко-
рисної дії колісного рушія. Показано, що опти-
мальний розподіл крутного моменту залежить від 
нормальних реакцій опорної поверхні, геометрич-
них параметрів автомобіля й умов руху. Результати 
імітаційного моделювання підтвердили працездат-
ність запропонованого закону керування як у ре-
жимі реалізації тягового зусилля, так і під час руху 
автомобіля по криволінійній траєкторії.

Наукова новизна. Уперше задача розподілу 
крутного моменту між бортами повнопривідного 
автомобіля з незалежним приводом мотор-коліс 
сформульована як задача максимізації миттєвого 
коєфіцієнта корисної дії колісного рушія, що дало 
змогу отримати придатний для реалізації в реаль-
ному часі закон керування без застосування чи-
сельної оптимізації.

Практична значимість. Запропонований аналі-
тичний закон розподілу крутного моменту може 
бути інтегрований до верхнього рівня системи ке-
рування повнопривідними автомобілями із неза-
лежними електроприводами мотор-коліс. Його за-
стосування дає змогу підвищити енергоефектив-
ність руху транспортного засобу без збільшення 
складності алгоритмів керування й обчислюваль-
них витрат.

Ключові слова: мотор-колесо, повнопривідний 
автомобіль, швидкість руху, крутний момент, ре-
куперація


