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In this paper, a multi-level hierarchical control method for enhancing electric vehicle
(EV) stability with four independent in-wheel motors is proposed. In the high-level
motion controller, a sliding mode controller is used to calculate the total desired force
and yaw moment, and in the low-level control allocation, an optimal energy-efficient
control allocation scheme is presented to provide optimally distributed torques for four
in-wheel motors. Moreover, both handling performance and energy savings are
investigated in this research and evaluated via a co-simulation approach using
MATLAB/Simulink, and CarSim. With a torque distribution algorithm based on
energy efficiency optimization, the EV is controlled with and without a controller in J-
turn and lane change maneuvers. The simulation results show that the proposed torque
control system and torque distribution algorithm can maintain stability, reduce energy
consumption, and track the desired values of yaw rate and longitudinal velocity of the

vehicle in the mentioned maneuvers

1. Introduction

As far as environmental pollution is concerned,
electric vehicles (EVs) which are also known as
zero-emission vehicles play a central role in
transportation systems all over the world. With
the current bottleneck in the increase of battery
energy density, effective driving energy
management has become critical for enhancing
the driving range of electric vehicles and
achieving energy conservation. The development
of advanced drive technologies for EVs may lead
to the implementation of high-efficiency driving
energy management strategies, which could
further enhance their driving range [1]. A novel
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layout used for EVs is to exploit electric motors
in the inner space of each wheel. In EVs equipped
with in-wheel motors, a wheel torque controller
allows for the independent allocation of driving
and braking torques among the vehicle wheels.
The highlighted advantage of in-wheel motors
EVs is accompanied by a strong emphasis on
stability management for these vehicles. As a
result, recent research endeavors primarily strive
to enhance the lateral stability of EVs during
critical maneuvers.

When it comes to vehicle lateral dynamics
control, the yaw rate is the primary control
variable. Moreover, the sideslip angle of the
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vehicleis another control variable kept limited by
controlling the vehicle angular velocity of the
vehicle in this paper. Thus, a corrective yaw
moment generated by the direct yaw moment
control (DYC) system is designed to track the
desired vehicle yaw rate which in turn keeps the
vehicle sideslip angle restricted. In general, DYC
systems are categorized into two main systems
which are differential braking system (DBS) and
torque vectoring (TV) system which use
asymmetric braking and driving longitudinal
forces respectively to create the corrective yaw
moment required to ensure that the vehicle's
states remain at the desired values. From the point
that the driving and braking torques of in-wheel-
motor EVs can be controlled independently for
each wheel, this type of electric powertrain is the
best choice for designing a DYC system.
Therefore, electric vehicles have been the focus
of interest among researchers in recent years [2].

Mashadi and Majidi [3] proposed the idea of
using two electric motors embedded in the rear
wheels to apply the direct yaw moment to
improve the vehicle stability at different

maneuvers. The idea has advantages over
conventional ESC systems including solving the
braking problem, which affects the wvehicle
longitudinal dynamics.

In reference [4], a control algorithm is proposed
for optimizing driving efficiency, satisfying
driver demands, and considering tire slip and
vehicle cornering. Besides, a fuzzy controller was
used to calculate the appropriate time for each
distribution strategy to interfere with the vehicle
movement. Simulation results under complex
driving conditions showed that the proposed
algorithm was verified to improve both the
driving stability and fuel economy of the in-
wheel vehicle.

Research conducted by Dizagah et al. [5] has
provided an analytical relationship to calculate
the range of torque required by a vehicle. It has
been shown that adjusting the torque of the
motors on one side of the vehicleis sufficient in
most cases. They claim that their torque control
strategy reduces energy consumption by up to 5%
compared to the single-axle vehicles and the
energy consumed on the corner is significantly
reduced.
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Koehler et al. [6] have implemented an
optimization methods to find the yaw rate and slip
angle, which minimizes energy consumption
when EV is cornering. Then, by applying optimal
control, they create the conditions for the vehicle
to follow the desired values. They showed that
energy consumption is reduced by about 10% on
average acceleration at different conditions.

Phillips et al. [7] used the torque vectoring control
of EVs with the aim of improving performance
and reducing energy consumption. They showed
that further significant energy consumption
reductions can be achieved through the
appropriate tuning of the reference understeer
characteristics of the vehicle.

Sun et al. [8] investigated the effect of the torque-
vectoring on traction energy conservation during
cornering for a rear-wheel-independent-drive EV
using an optimal torque vectoring control strategy
based on genetic algorithm. Simulation results
demonstrated that the  torque-vectoring
contribution can reach up to 1.7% in the tractive
energy conservation of EVs.

Xu et al. [9] presented a novel braking torque
distribution strategy for a EV with four in-wheel
motors equipped with the regenerative braking
system. Based on model predictive control
(MPC) theory, the proposed torque distribution
controller can maximize the regeneration
efficiency by determining the hydraulic braking
torque and motor braking torque. The simulations
and the real-time test demonstrated the
effectiveness of the optimal control strategy
presented.

Hu et al. [10] proposed a stability-guaranteed and
energy-conserving torque distribution strategy
for the EVs according to the driver’s dynamic
demand and actuator constraints based on MPC
theory. The motor efficiency map is used in the
objective function to reduce energy consumption
while improving and balancing motor efficiency.
The proposed torque distribution strategy showed
an increment of energy saving under double lane
change and straight acceleration maneuvers
respectively, while the power loss does not
exceed 8%.

In reference [11], an optimal torque vectoring
control strategy based on a two-level distribution
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formula was proposed to reduce energy
consumption while ensuring handling stability.
By considering motor efficiency, the vehicle total
torque is optimally distributed to the front and
rear axles based on MPC. Then, based on the
front/rear axle distribution ratio, the left/right
torque vectoring is revised to produce a suitable
additional yaw moment to improve the handling
stability. The simulation and hardware-in-the-
loop experimental results demonstrate that the
proposed control strategy can reduce energy
consumption while ensuring vehicle stability.

Wanget al. [12], designed an energy management
strategy for four-wheel independent-drive
electric vehicle (4WIDEV) based on multi-
objective online optimization. The weighted yaw
rate tracking error and electric drive system
efficiency, tire slip losses and wheel torque ripple
are included in the torque distribution strategy.
The simulation results showed that the proposed
four-wheel torque distribution strategy based on
the multi-objective online optimization is more
effective than average distribution strategy and
offline optimization strategy.

The research paper [13], presents a proposed
torque vectoring architecture intended to control
the four electrical machines of a four-wheel-drive
(4WD) formula-type competition vehicle. The
architecture includes a newly developed yaw-rate
controller, as well as an innovative optimal torque
distribution algorithm. The design of both
controllers utilizes an extended bicycle model
that has been validated using experimental data.
The simulation results demonstrate that the
proposed control scheme is effective in
enhancing energy efficiency, comering speed,
and stability, even in high-demanding working
conditions.

Zhang et al. [14], proposed a hierarchical chassis
control strategy for 4WIDEV that enhances
vehicle economy and safety. The upper-level of
the control strategy involves a vehicle dynamics
model based on multiple agents and a distributed
model predictive control (DMPC) method to
track the center-of-mass torque of the demanded
velocity trajectory and stability parameters. The
bottom-level involves a multi-objective torque
distribution  strategy that weighs safety,
dynamics, and economy based on multi-agent
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theory. This strategy comprehensively considers
motor efficiency and tire energy loss. The
proposed method was verified using a hardware-
in-the-loop (HIL) simulation platform, and the
results show that it is effective in tracking the
desired trajectory and enhancing vehicle stability
under various conditions.

In the research paper [15], an integrated torque
distribution ~ strategy was proposed that
simultaneously considers vehicle safety and
dynamic power allocation. In the upper layer, the
integrated yaw stability and active front steering
controller are developed to maintain vehicle
stability. In the lower energy distribution layer,
the motor efficiency and dynamic tire-slip power
are simultaneously optimized to maintain EV
energy conservation. The results demonstrate that
the energy consumption of the powertrain is
reduced by 13.4% and 14.2% under the steering
and straight driving conditions, respectively.

Sun et al. [16] suggested a direct yaw moment
control (DYC) for energy-efficiency and a DYC
for stability of EVs. A switching principle for
alternating between the two DYCs was designed
based on the yaw rate and slip angle for
evaluating the criticality of the vehicle's working
state. During non-safety-critical comering
maneuvers, it is shown that DYC for energy
efficiency can save considerable percentage of
energy compared to both equal torque driving and
the DYC for stability. During comering
maneuvers containing both non-safety-critical
parts and safety-critical parts, the simulation
results showed that the combination of two DYCs
can give 12% to 18% energy savings compared to
the DYC for stability only for the vehicle and
maneuvers studied.

The authors of a research paper, Deng et al. [17],
have proposed a novel torque vectoring control
(TVC) method for electric vehicles with four in-
wheel motors. This method combines safety and
energy-saving  performance  using  deep
reinforcement learning (RL). The proposed
control structure comprises two layers: an active
safety control layer and a torque allocation layer
based on RL. The paper includes numerical
experiments to test the effectiveness of the
proposed TVC method under different driving
conditions. The results of the study show that the

Automotive Science and Engineering (ASE) 4039


https://www.sciencedirect.com/topics/engineering/optimization-strategy
https://www.sciencedirect.com/topics/engineering/power-allocation
https://www.sciencedirect.com/topics/engineering/powertrain
http://dx.doi.org/10.22068/ase.2026.725
https://ijae.iust.ac.ir/article-1-725-en.html

[ Downloaded from ijae.iust.ac.ir on 2026-08-04 ]

[ DOI: 10.22068/ase.2026.725 ]

Lateral Motion Control of In-Wheel Motor EVs via Optimal Energy-Efficient Control

proposed TVC method outperforms existing
control methods in enhancing vehicle safety and
energy efficiency while also reducing driver
workload.

In reference [18], MPC methods for energy-
efficient torque vectoring of four in-wheel motor
electric vehicles, while ensuring stability are
proposed. The methods use adaptive weighting
factors based on exponential functions that vary
with lateral motion and steering input. The
predictive controller can be represented as either
a Linear Parameter-Varying MPC (LPV-MPC) or
Nonlinear MPC (NMPC), depending on the
optimal control problem formulation. LPV-MPC
decouples longitudinal and lateral motions, while
NMPC exploits the coupled dynamics of the two-
track model. The methods are compared and
demonstrated in three driving scenarios using
CarMaker simulation software, resulting in fuel
efficiency improvements of over 2-3% on
average with guaranteed yaw stability, compared
to the built-in [PG driver in CarMaker.

In this paper, a sliding mode controller (SMC) is
used to calculate the required total longitudinal
force and yaw moment for an EV with four
independent in-wheel motors to track the desired
yaw rate and longitudinal velocity for improving
the vehicle stability during the severe maneuver.
Then, an optimal control allocation scheme is
presented to provide optimally distributed
torques of four in-wheel motors which can
minimize the energy consumption and produce
the longitudinal force and yaw moment
calculated by the upper layer.

The remainder of this paper is organized as
follows. Section 2 describes the vehicle model
and electric motors. Section 3 details the design
of the sliding mode controller and the optimal
torque allocation scheme. Section 4 presents
simulation results and discusses the performance
of the proposed strategy. Finally, Section 5
concludes the paper and outlines future research
directions.

2. Vehicle Modeling

Dynamic control of a vehicle requires
mathematical modelling of its dynamic behavior.
For this purpose, vehicle modelling is essential to
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simulate the dynamic behavior of the vehicle.
Extensive research has been done on the
dynamics of automotive modelling to achieve the
parameters and variables that play a crucial role
in controlling vehicle movement.

CarSim is the standard and convenient vehicle
dynamics simulation software, and its computing
power is more than three to six times faster than
the actual situation. It can be used to realize the
simulation analysis of vehicle response to the
driver, road surface, and aerodynamic input. It
can be used to achieve a simulation analysis of
important indexes in vehicle handling stability,
ride comfort, dynamic property, braking
performance, and economy. CarSim software can
define the simulation environment and simulation
process according to the needs of developers. It
can set the simulation parameters and
characteristic files of vehicle control systems by
itself. For simulating vehicle dynamic behavior in
this study, a model of a four-in-wheel motor
electric vehicle (as depicted in Figure 1) is
developed in CarSim. The existing vehicle
dynamics simulation models in CarSim software
are designed for traditional internal combustion
engine vehicles. The distributed drive EV model
that we need to build is driven directly by in-
wheel motors, which means that the original
default engine, gearbox, differential, and other
transmission systems in the CarSim model need
to be deleted, as shown in Figure 1.

According to the vehicle parameters in Table 2,
the dynamic model of the whole distributed drive
EV is built. At the same time, the drive torque
output model of an in-wheel motor is built to
replace the original transmission system and
realize the actual distributed drive EV modelling.

o Frot Dt Gorare G
L€ et campact B

Figure 1: EV modeling in CarSim.
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3.1.Electric motors

Permanent magnet synchronous motors (PMSM)
have gained attention for in-wheel applications.
The drive motors located at the empty space of
the wheel are considered as a part of the un-
sprung mass. Most electric motors on the market
are too heavy to be installed in drive wheels. For
an electric motor to be applicable in an EV with
in-wheel motors, the low mass and high torque to
mass ratio are two key factors [19]. Because the
rotor in PMSM is a permanent magnet, the copper
loss and magnetizing current present in the rotor
of conventional DC motors are removed. Other
than that, direct control of motor torque is easily
accessible, which has brought great benefits to
the in-wheel EVs. Because the motor drives
dynamic response much faster than wheel
dynamics, the electric motor and its controller can
be simply modelled as a first-order delay system
as the following transfer function:

G(s)=tn =

T (L/R)s+l M

Where R, L are the resistance and inductance
of motor winding, respectively. 7'(¢) and 7 ()

are the command torque obtained from torque
distribution controller and the actual torque motor
applied to the wheel, respectively.

150

Driving Torque
Braking Torque

100 -

50 [

Motor Torque (N.m)
o

150 . . . . .
0 1000 2000 3000 4000 5000 6000

Motor Speed (rpm)
Figure 2: Driving torque and regenerative
torque characteristics of in-wheel motor.

The PMSM used in this research is selected with
the maximum speed of 6000 rpm, with a peak
torque of 128 Nm, and the maximum power of 25
kW to meet the vehicle performance. As shown
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in Figure 3, the driving/braking torque limitation
for each in-wheel motor is function of motor
speed. Due to high-speed of selected electric
motor, a speed reduction is used with reduction
ratio of 2.

3. Controller Design

To improve the vehicle handling and stability, a
multi-layered control system has been developed
which consists of two layers, as illustrated in
Figure 3. High-level is responsible to generate the
total longitudinal force and yaw moment for
every input command from the driver as well as
yaw rate and longitudinal velocity signals from
the vehicle. The control inputs generated from
high-level controller are sent to low-level
controller to be applied to the vehicle, which
includes a torque allocation algorithm. This
algorithm, based on the energy consumption of
the in-wheel motors, determines the optimal
torque applied by each of the motors so that the
longitudinal force and yaw moment obtained
from the high-level controller are produced in the
vehicle.

3.2.Desired values generation

As the upper-level controller should minimize the
difference between the vehicle response during
maneuvers and the desired response, one of the
most essential parts of the controller design is
determining the desired response for the vehicle
during the maneuver. Therefore, the two-degree-
freedom model has been used to determine the
desired values of yaw rate and longitudinal
velocity of the vehicle. So a reference bicycle
model is used as follows [20]:

u, =u0+.|.0axd(z')dr 2)
4o 3)

r, = :

¢ l+KgM2

Where u, and r, are desired longitudinal
velocity and yaw rate, respectively. K, is the

understeer gradient is determined by coefficients
of the tire cornering stiffness at different vertical
loads and road conditions, and &, is the front

wheel angle. u, is initial longitudinal velocity and

Automotive Science and Engineering (ASE) 4941
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a , represents the longitudinal acceleration based
on the driver's input.

3.3.Upper-level controller design

Since the EV is a non-linear system operating
under uncertain conditions such as changing the
vehicle parameters and road conditions, the SMC
technique is used for designing the high-level
controller. To control the longitudinal and lateral
vehicle dynamics, the longitudinal velocity and
yaw rate of vehicle must be controlled in order
that the actual values of these variables follow the
desired values described in previous section. In
order to design the SMC, the simplified equations
for longitudinal and yaw motions of vehicle are
used as follows:

= (F, ~0.5C, 4, p,1°)

T “)
r=—M

I zd

The sliding mode surfaces are designed in the
longitudinal motion and the yaw motion of the
vehicle, respectively, to follow the desired
vehicle status mentioned above, which are
defined as:

S =u—u, +/11.[(u—ud)dt
()
S,=r-r, +lzj(r—rd)dt

The sliding mode control objective is to reach and
remain in the sliding surface such that $=0
based on equation (5). So, the control laws u, and
u, are directly derived from the sliding surfaces
[21]. To have better control performance
regarding the chattering phenomenon, the
saturation function instead of the sign function is
adopted in the process of control design, which is
given by:
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5 = —knsat(%) Vne{l,2}

n

N

% if
sat(>r) = 7
" sgn(;—") if]s,| 2 4,

N

n

<4, (6)

The coefficient &, is a positive constant

determining the approaching rate of the system
state on the sliding surface, the coefficient ¢, is

used to smooth the control discontinuity in the
law of sliding mode and also determines the
tracking errors. The larger the value, the less the
chattering, but the convergence rate of the system
is slower. According to the principle of SMC, the
control laws are ultimately given by:

u=F,=m(a, _klsat(%)_/%(u —u,))

1 2
+ECDAfpau (7)
B 3 axd(l—Kgu2)5f B sy
U, _Mzd - z[( (Z+Kgu2)2 ) k2sat(¢2)
_ﬂz(r_rd)]

where F, and M , are obtained to pursue the
best tracking performance; meanwhile, they act
as inputs of the low-level controller, which
generates the desired driving/braking torque
commands for the four electric motor controllers.
The control parameters of the sliding mode
controller are listed in Table 1, through a lot of
simulation results.

Table 1 Parameters of the sliding mode controller.

Coefficient  » », ¢ ¢ A4 4
Value 2 23 01 01 05 0.5

3.4.Lower-level controller design

Because the control inputs obtained from the
upper-level controllers are corrective yaw
moment and total longitudinal force, to apply
these control inputs to the vehicle, the lower-level
controllers must be used. The task of the lower-
level controller, which is an optimal control
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allocation, is to properly distribute the wheel
torques based on the torque distribution
algorithm. The control torques obtained from the
lower-level controller, as reference torques, are
considered separately for the electric motor
controllers of each wheel. Then, the output of
these electric motor controllers is the torque
applied to the vehicle wheels. The torques of the
in-wheel motors produce the required
longitudinal forces in the wheels, which
ultimately achieve the desired total longitudinal
force and yaw moment obtained from the upper-
level controller.

The control allocation method is usually used
when the number of system actuators exceeds the
number of states intended to control. As the
number of actuators of vehicles (four in-wheel
motors) is greater than the number of states
intended to control (longitudinal velocity and
yaw rate of the vehicle), the EV with four
independent in-wheel motors is an over-actuated
system. So, the task of the control allocation
algorithm is to distribute command torques to the
controllers of the four in-wheel motors. In the
method presented in this paper, the torque
allocation algorithm, based on the energy
consumption of the electric motors, determines
the optimal torque applied by each of the electric
motors, so that total longitudinal force and yaw
moment obtained from the upper level are created
in the vehicle. According to Figure 4, and
assuming the small steering angle, the total
longitudinal force and the yaw moment can be
expressed as the following relations:

F;cd = F;cﬂ + F;g/i‘ + F;crl + F;crr (8)
! t
M, = (_F;ﬂ + Eqr ) é + (_ij +F, ) Er )

The above equations are used as two equality
constraints in energy consummation optimization
described in following section.

Milad Sarani et al.

Y 7/
y ¢ cz,.'—,rj Uy
.- [
oLy, e
[ ----- Vri "’\
...... L I
c - A, v, x
3 L -7
IF h \r/"/ a " /f;
..... \Mz L‘, <3 A
Z s il v vpy
(.r'”f'xrr
Vri

Figure 4. Schematic of four-wheel vehicle model

3.4.1. Torque distribution algorithm based
on energy consumption optimization

In this section, according to the desired
longitudinal force F, and the yaw moment M,

at each time step calculated by the upper-level
controller, the proposed energy-efficient method
minimizes the electric motor power consumption
subject to the two equality constraints (8) and (9).
In addition, the driving torque should be allocated
adequately such that each of the driving or
braking force produced in each wheel do not
exceed maximum motor torque as well as the
maximum value of road adhesion force which is
equal to tire vertical force multiply by tire-road
friction coefficient. When the vehicle works in an
acceleration mode, the vertical load will transfer
to the rear wheels from the front wheels, and vice
versa during the deceleration process. Therefore,
under different conditions, the maximum of road
adhesion force is changed by load shift, which
can be considered a constraint in the optimization
model [22]. Therefore, the allocation problem
based on energy efficiency is transformed into a
nonlinear optimization problem, the energy
optimization function and constraints are
described mathematically in the following
section, assuming that the efficiency map of four
electric motors is the same with identical power
consumption characteristics.

The energy efficiency optimization problem of
distributed drive EVs can be converted into
minimal instantaneous power consumption,
which can be represented as a function of the

Automotive Science and Engineering (ASE) 4943
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four-wheel torques. The power of motors is
directly related to their torque. The motor torque
on the wheel as the optimization variable is
expressed as T=[T, , T, T, T

m— fi —r m—rr 1,
which represents the motor torques on the front
left wheel, front right wheel, rear left wheel, and
rear right wheel respectively. Because the in-
wheel motor can perform in motor or generator
mode, they can generate both driving and braking
torque. According to that, the electric power
consumption of in-wheel motors at each wheel
are given by:

Lo if T. >0
P(T)= n,.(@,T,) (10)
meng(a)’ m) lf‘ T;n<0

Where 7, is the efficiency in the motor mode
and 7, is the efficiency in the generator mode.

The power consumption of all four electric
motors is expressed as follows:

c_ total( m— 1/) ZP(Tm y) (11)

i=f,r
J=Lr

Electric motor efficiency contour of the selected
PMSM is shown in Figure 5.

160 T
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Figure 5. Electric motor efficiency contour
Since only the efficiency in the motor mode can

be obtained from this contour, one can calculate
the efficiency in generator mode from efficiency
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in the motor mode by assuming equal power loss
in motor and generator mode:

STo(—-D=T,w(-7,)
77”1 (12)

P

loss,m

=P

loss,g

=>n,=2- €

M
In general, the cost function can be designed as
follows:

J=minP_, (T, )= > PJ(T,) (13)

i=fl, fr,rl

The constraints of the energy efficiency
optimization problem consist of equality and
inequality constraints. The two equality
constraints meet the demands of the upper-level
controller, including the desired longitudinal
force F, and the yaw moment M _,.The
equation (8) and (9) are rewritten according to
motor torque and speed reduction ratio as
follows:

n
( m— /I S +Tm—rl +Tm—rr) (14)

w

”é[ T, ,~T, )+= (T, =T, (1)

w

Where r, is the radius of the wheels assuming it

is a constant when driving and n, is the electric
speed reduction ratio, ¢,and ¢, are front and rear

vehicle track, respectively. As mentioned before,
inequality constraints, limitations of the motor
capacity and road adhesion force are considered.
The limitations of the motor capacity are
expressed below:

_Tm _j_ max(a)) m i _Tmiijimax(a)) (16)

Where T

which is function of motor speed according to
Figure 4. The vertical force of each wheel can be
calculated as following equations:

is the maximum motor torque
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f

7 _ mgl _maxhg m_ba}hg

A ) B A
' (17)

mglf maxhg ma ayhg

where F, is the vertical tire force, mis the

vehicle wheelbase, m is the total mass of the
vehicle, a and a, are the vehicle longitudinal

and lateral acceleration, £, is the vehicle CG
height, /,and [ are the distances from vehicle

CG to the front and rear axles. According to the
cost function and the constraints, the energy-
efficient optimization scheme is described as:

min J = 2 P.;

i=fir, flrl,rr

m-rr

n
Frd:_g(Tm—ﬂ+Tm—fr+Tm—rl+T )
rn’ »

n, t, t,
Mzd = r_:[?f (Tmfﬁ - Tmﬁﬂ) + E(Tmfrr - T;nfrl )] (1 8)
7:n_i_min (wmi) < T;n_i (a)mi ) < Tm_i_max (a)mz)
ng T;nfi S /’vazfil/;v

Through the above analysis, the optimization
allocation scheme is formulated as a nonlinear
programming problem, which is expressed in
equation (18), which is solved using the
MATLAB function finincon, with the Sequential
Quadratic Programming (SQP) method as the
solution algorithm [23]. For comparing the
performance of the proposed control allocation
algorithm, another toque distribution algorithm
based on the dynamic tire vertical load is
presented as following section.

3.4.2. Torque distribution algorithm based
on dynamic load distribution

Due to dynamic weight transfer based on
longitudinal and lateral accelerations, vertical tire
forces are not equal when driving and comering.

Milad Sarani et al.

Furthermore, the maximum longitudinal force
that can be generated in a tire is directly pertinent
to tire-road friction as well as its vertical force.

Therefore, the impact of vertical forces in the
control allocation algorithm should be taken into
consideration because the more a tire can
generate longitudinal force in terms of its vertical
force, the more torque can be applied to that tire
and vice versa. In this case, the individual
longitudinal force of each tire can be used
effectively. In this approach, the corrective yaw
moment and total longitudinal force obtained
from the upper-level controller are distributed in
terms of vertical force of each tire. So, we have:

F F
S L 19
Fr,rl F;rl pL ( )
F . F.
=t 20
F, £, " 20

where p,and p, are the front to rear vertical tire

force ratio of left and right side of vehicle
respectively. The equations (14) and (15) and
(19) and (20) can be rewritten as:

_ E{d rw

Tm_ﬂ + Tm—ff + Tm—rl + Tm—rr - (21)
g

2 t t t M_r

S S oy _p  _THw (DD

2 m— fr 2 m—fl 2 m—rr 2 m—rl ng ( )

Tmfﬂ _pL T;nfrl = 0 (23)

T;"*ﬁ’ ~ Pr Tmfrr =0 (24)

The equations (21) to (24) can be rewritten as
following matrix form and solved for obtaining
the command torque of four in-wheel electric
motor controller:

_ - xd"w
1 1 1 1
t, ot e -
_ L —f — t; Z_r T:nfﬁ‘ MZd rW_
) ) ) 2 = (25)
Tm—rl ng
P “Ir 0
0 0 1 _pR m—rr
L - | 0 |

4. Simulation Results

To verify the effectiveness of the proposed
control algorithm, two maneuvers, including J-
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turn and lane change, are investigated by
MATLB/ Simulink and CarSim simulation in
similar road conditions.

Table 2 Vehicle and electric motor parameters

Parameter Parameter
(unit) Value (unit) Value

m(kg) 850  p,(kg/m’) 1.206

I(kgm®) 930 A, (m*) 1.6
I, (m) 0.81 C, 0.4
rad.s*

Lm) 099 K, ) 0.004
m
I(m) 18 P, (kW) 25

h, (m) 051 T (Nm) 128

v, (m) 0.26 L.(H) 0.003
t,(m) 1.415 R.(Q) 0.3
t.(m) 1.375 n, 2

The typical A-class sedan vehicle model is
chosen from CarSim database. In the CarSim, a
vehicle model was built by making use of its own
sub models. The CarSim vehicle model has been
validated with the experimental results of an
actual vehicle. The specific part of vehicle data
that is used in the CarSim simulations is given in
Table 1.

4.1.J-turn maneuver on dry road

In this maneuver, the vehicle travels at a constant
speed of 60 km/h on a dry road with the tire-road
adhesion coefficient of 1. A J-turn is then initiated
by a steering wheel angle input of 90°. Figure 6
shows the responses of controlled and
uncontrolled vehicles for this type of input. As

4946  Automotive Science and Engineering (ASE)

Figure 6(b) shows the sideslip angle of the
uncontrolled vehicle has a large maximum value,
which means the vehicle is in an undesired
condition.
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Figure 6. Vehicle simulation in J-turn maneuver on dry
road; (a) vehicle longitudinal velocity (km/h), (b)
sideslip angle (deg), (c) yaw rate (deg/s), (d) lateral
acceleration (g).
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(b)

T
Thr | |
T
Trr |1

Four in wheel driving/bracking Torques(N.m)

Time(sec)

(c)

Figure 7. Vehicle simulation in J-turn maneuver on dry
road; (a) corrective yaw moment (Nm), (b) motors
power consumption (kW), (c) driving/braking torques
of each wheel.

4.2.Lane change maneuver on slippery road

In this maneuver, the EV performs a lane change
maneuver while accelerating on slippery road
with friction coefficient of 0.5. The driver
steering wheel angle applied by driver is shown
in Figure 8(a). The longitudinal velocity, yaw
rate, sideslip angle, lateral acceleration of the
controlled and uncontrolled vehicle are shown in
Figure 8(b) to 8(e). As shown in Figure 8(b), the
longitudinal velocity of controlled vehicle is
increased with acceleration of 0.1g while the
uncontrolled vehicle longitudinal velocity is
decreased because the sideslip angle of
uncontrolled EV increases rapidly during lane
change as shown in Figure 8(c). It also
demonstrates that the sideslip angle of the
controlled vehicle is kept small and the vehicle
perform lane change maneuver in a stable region.
Figure 8(d) shows that the controller can trace the
desired yaw rate during lane change maneuver
while the uncontrolled vehicle cannot follow the
desired yaw rate and slides in second section of
maneuver. Figure 8(e) also shows that the lateral
acceleration of the controlled vehicle is like the
driver steering wheel demand while the
uncontrolled vehicle lateral acceleration become
saturated due to low road friction coefficient. The
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motor torque applied to each wheel and motors

power consumption are shown in Figure 9.

100

80

60 -

40

20

-20

40 F

Steering Wheel Angel(rad)
o

-60

-80

-100

2 4 6 8 10 12
Time(sec)

(@)

75

Longitudinal Velocity (km/h)

65

60 [

55

---------- Uncontrolled
= = = Controlled
= Desired

Sideslip Angel (deg)
(2]

4948

Time (sec)

©

Automotive Science and Engineering (ASE)

Yaw Rate (deg/s)

Lateral Acceleration (g)

-0.1

-0.2

-0.3

-0.4

-0.5

T T I .

---------- Uncontrolled
Desired

= = =Controlled |

(d)
T -3 T
------ - \
\ ]
|
\ ]
|
1 ]
1
\
\ ]
.
4‘1 f; l; 1‘0 12
Time (sec)
(©

Figure 8. Simulation results in lane change on
slippery road; (a) steering wheel angle (deg), (b)
vehicle longitudinal velocity (km/h), (c) yaw rate
(deg/s), (d) sideslip angle (deg), (e) lateral
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Figure 9. Vehicle simulation in lane change

maneuver on slippery road; (a) front left motor
torque (Nm), (b) front right motor torque (Nm), (c)
rear left motor torque (Nm), (d) rear right motor
torque (Nm), (e) corrective yaw moment (Nm), (f)
motors power consumption (kW).

The controller performance to track the desired
longitudinal velocity and yaw rate in two
simulations are shown in Table 3. As shown in
Table 3, the root mean square (RMS) errors of

Time(sec)

(d)

tracking the desired longitudinal velocity and
yaw rate are small.

Table 1 Tracking error of controller

RMS error Vqlomty Yayv rate
tracking error  tracking error
J-turn 1.5 deg/s 0.5 km/h
maneuver
Lane-change 58 joos 1.5 km/h
maneuver
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The power consumption of electric motors during
lane change maneuver with constant longitudinal
velocity of 70 kph with two torque distribution
algorithms is compared in Figure 10. Figure 10
showed about ten percent improvement in energy
saving for the proposed torque distribution
compared to conventional dynamic load
algorithm.

20

N
T

Power(kw)
>

@
T

Time(sec)

(2)

N
T

Power(kw)
>

Time(sec)
(b)

Figure 10. Vehicle simulation in lane change

maneuver on slippery road; (a) motors power

consumption in torque distribution algorithm
based on energy consumption optimization, (b)

motors power consumption of the torque
distribution algorithm is based on dynamic load
transfer.

5. Conclusions

An energy efficiency optimization allocation
method to reduce power consumption, from the

4950  Automotive Science and Engineering (ASE)

electric motor drives of a distributed EVs with
equal drivetrains on the front and rear axles, has
been proposed during various maneuvers at the
low-level controller. Furthermore, at the high-
level controller, the desired torque and yaw
moment are figured out based on sliding mode
control. Moreover, energy regeneration has
accounted for a large proportion of the total
energy consumption, which should be utilized
sufficiently. Through the analysis of simulation
results under different conditions, the conclusion
that theoretically, under all normal driving or
braking conditions, the total torque should be
distributed evenly to four motors to minimize
motor power consumption is drawn. Future
control allocation algorithms should take
different sources of dissipation into account, such
as tire slip, which is an important factor at
significant acceleration levels.

List of symbols

a, Longitudinal acceleration

a, Lateral acceleration

F, Desired longitudinal force

F Longitudinal force

F, Lateral force

L, Distance from C.G. to front axle
[ Distance from C.G. to rear axle
M_, Corrective yaw moment

n, Reduction gear ratio

g Gravitational acceleration

u Longitudinal velocity

r, Tire rolling radius

r Yaw rate

m Vehicle mass

A, Front area

t Vehicle track

o Steering angle

7] Friction coefficient

w Wheel angular velocity
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