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Abstract—This paper presents an Energetic Macroscopic Repre-
sentation (EMR) of Electric Vehicles (EVs) with dual-motor all-
wheel drive (AWD). The dynamic process of the tire-road system
is considered to provide the traction force for each wheel of the
studied EV. The two traction motors of the studied system including
the induction motor (IM) and the permanent magnet synchronous
motor (PMSM) are detailed by dynamic models. The studied EV is
organized to describe the model and to design the control scheme in
a more convenient way using EMR. This model is used in simulation
for studying the slip phenomenon of EVs in different scenarios. The
traction force is presented and analyzed for a dual-motor vehicle.

Keywords-component—Electric Vehicle, dual-motor all-wheel
drive, longitudinal motion, dynamic model of motor, EMR

I. INTRODUCTION

The most remarkable advantages of electric vehicles (EVs)
over internal combustion engine vehicles from the motion
control point-of-view reside in the use of electric motors.
This can be summarized as (1) instant and accurate torque
delivery for improved acceleration and responsiveness, (2)
easily measurable output torque for enhanced handling and
stability, and (3) regenerative braking for increased braking
performance. Therefore, we should take full benefit of these
advantages in the motion control design [1], [2]. To save cost
and time in these studies, a dynamics model of EVs needs
to be implemented to develop motion control strategies to
compensate for the controllable behaviour of the vehicle.

This paper focuses on motion control of a dual-motor all-
wheel drive (AWD) for EVs. The dual-motor setup of AWD-
EVs provides independent control of each axle, allowing for
precise control of torque distribution to each wheel. With
the ability to precisely control the amount of torque going
to each wheel, the AWD-EVs can operate more efficiently,
using only the amount of power needed to achieve the desired

performance [3], [4]. In literature, there are also some motion
control studies on this configuration with various conditions
on the surface road [3]- [5]. However, the number of studies
on motion control and anti-slip for this configuration is still
limited.

Introduced in 2000 for research in electromechanical sys-
tems, Energetic Macroscopic Representation (EMR) has been
continuously developed into various energetic domains. EMR
uses kinetic and potential variables based on the action-
reaction principle to divide the system into comprehensively
mathematical subsystems. The product of these variables on
each side of a subsystem represented by EMR, is homoge-
neous to the power unit [6]. This approach is helpful for a
complex system whose subsystems are controlled by apply-
ing the inversion-based method. Therefore, it has the great
advantage of its clearness and simplicity of control design.
However, the existing EMR with a focus on energy studies
merely simplifies the vehicle dynamics without considering
the dynamic process of the tire-road system. Furthermore, to
acquire high-performance motion characteristics, the traction
force of the motor should be regulated to maintain good trac-
tion behavior. Therefore, a dynamic model of EVs using EMR
that considers the effect of the tire-road friction coefficient is
needed to complete studied about energy and motion control.

In this paper, the AWD-EVs model considering the tire-
road interaction is described by EMR. Here, dual-motor is also
represented by a dynamic model in EMR. They are presented
in Section II. Next, the maximal control organization and
the estimation using the inversion-based method by EMR is
depicted in Section III. Section IV provides the simulation
results. The conclusion and future work are given in Section V.
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Figure. 1. Modeling of studied vehicle dynamics.

II. CONFIGURATION AND MODELLING
A. Configuration of the studied vehicle

The model of the studied EV is presented in Fig. 1, in which
the kinematic variables of this EV model are denoted as fol-
lows: v., is the vehicle velocity at the center of gravity (CG);
dy and d, are front and rear wheel-tracks, respectively; [y and
[, are the distances between the vehicle CG and the front and
rear axles, respectively; and [ is the vehicle wheelbase.

The studied vehicle uses two different electric motors
(EMs), the induction motor (IM) and the permanent magnet
synchronous motor (PMSM), in the front and rear axles of
this vehicle, respectively. In order to minimize the number of
equations presented, the later part of this paper will present
variables and equations commonly to similar elements of the
front and rear axles, where the subscript “4” stands for “1” and
“2” as a function of the elements of the front and rear axles,
respectively. In addition, this paper also uses the subscript “;”
to denote “1” and “2” corresponding to the variables of the
left and right wheels of each axle, respectively. The dynamic
variables are denoted as follows: torque developed by motors
T, angular speed of motors w,, ;, torque of wheels T;;,
angular speed of wheels w;;, traction forces on the wheel Fy ;;.

B. Modelling of the Studied EV System

The EV model using EMR is given in Fig. 2. All the
mathematical equations for modeling are provided in Table I.

1) Battery: The battery cell electrical model u.e;; can be
modeled by (1). The cell open-circuit voltage ucc;,0c is a
non-linear function of the state-of-charge (SoC) and r.¢y is
the equivalent series resistance. The Coulomb counting is used
to calculate the SoC of each cell SoC\.;;. Because the cells
are connected in series and parallel, the relationships of the
voltage and current of the battery and a cell can be given by
(2); in which ng is the number of cells connected in series
and n, is the number of parallel branches. The battery pack
is depicted by EMR source element green oval pictogram that
outputs the voltage upq: and inputs the current %y, in Fig. 2.

2) Parallel Connection: The parallel connection being used
to supply two EMs with only one battery pack, the voltage
supplied to the inverters of EMs is wuq; (3). The battery current
1pqt 18 €qual to sum of the inverter currents Z;,,, ; and are given
by (3). These currents ;,,, ; are split depending on the demand

TABLE. 1
EQUATIONS FOR MODELLING OF THE STUDIED EV SYSTEM

Modelling of the Studied EV System
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of each EM. In Fig. 2, this parallel connection is described by
a coupling element stacked orange squares pictogram in EMR.

3) Inverter and EM: The inverter and EM form an electrical
drive system that converts electrical energy into mechanical
energy. Thus each electrical drive is represented by a multi-
physical conversion element orange circle pictogram in EMR
(Fig. 2), and will be modelled in detail in Fig. 3. These
two motors in the studied EV described by the mathematical
equations in Table II. In these traction motor models, some
variables will be bold to indicate that they are the vectors or
the matrices.

The two voltage source inverters are used to convert a DC
input voltage into their AC to supply two motors. The inverters
output voltage w;y,, ; and the DC input current %;,, as shown
in (14) are proportional to the DC voltage of the battery
Upq: and the AC currents of the motor 2., ;, respectively;
in which m,, ; is the amplitude modulation of each inverter,
and 7g4,; is the efficiency of the drive system including the
inverter and the electric motor. Each voltage source inverter
is represented by mono-physical conversion element orange
square pictogram in EMR (Fig. 3).

For motor model analysis, the stationary a-b-c frame is
converted to the rotating d-q frame and vice versa using Park
transformation. Hence, the voltage and current transforms can
be given by (15)-(16); where wuq;, Uq,i, %d,i» tq,s Symbolize
the voltages and currents in the d-q frame transformed from
a-b-c frame according to the rotor position 0;; T pc, Tcp,
T,, and T, are the frame transformation matrices [7]. This
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Figure. 2. EMR and control scheme of studied vehicle.

TABLE. 1I
EQUATIONS FOR MODELLING OF THE STUDIED EMS

Modelling of the Studied EMs
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Figure. 3. EMR and control scheme of studied motors.

is represented as a mono-physical conversion element orange
square pictogram in Fig. 3.

Based on the mathematical modelling of IM and PMSM
in d-q frame, the relation between current, voltage and back-
electromotive-force (EMF) of each motor is described as (17);
in which R, ;, Lsqs, and Ly, ; are define as the resistance, d-
axis inductance and g-axis inductance of the stator (armature
winding), respectively. For IM, Lsq1 = Lsq1 = oLgg,
0 =1—1L2 /(Ls1Ly1); with Ly, Ly and Ly, ;1 are the
stator, rotor and magnetisation inductance of IM. The EMF
in the stator is expressed in (18)-(19); in which wy ; is the
synchronous speed, p,,; is the number of pole pair, R, ; is the
rotor resistance of IM, \,.q 1 is the rotor flux of IM, ®,. 5 is the
rotor flux from permanent magnets of PMSM. The armature
element of the motors is depicted as an accumulation element
orange rectangle pictogram with diagonal in EMR (Fig. 3).

The rotor position §; is modeled by (20). The motor torque
T'.i is then generated by the interaction between the induced
flux in the rotor of IM (or the permanent magnet in the rotor
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of PMSM) and the stator current, which can be represented as
(21). This dynamic equation is described by a multi-physical
conversion element orange circle pictogram in Fig. 3.

4) Gearbox: The gearbox converts the mechanical power
coming from the EM to the differential (mono-physical conver-
sion element orange square pictogram in EMR). These gearbox
blocks are expressed by (4), which is dependent on the ratio
of the gearbox kg ;, the gearbox efficiency 14 ; (assumed to
be constant), the angular speed of the differential w;, and the
power flow direction indicator k;, ;.

5) Differential: The differential distributes the mechanical
power coming from the gearbox to the wheel (coupling
element stacked orange squares pictogram in EMR). These
differential blocks are modelled by (5), which is dependent
on the distribution ratio of the differential kg;f,; (assumed
here to be 0.5), the differential efficiency 74;¢,; (assumed to
be constant), the angular speed of the wheel w;;, and the power
flow direction indicator ki ;.

6) Wheel: The torque and angular speed from each dif-
ferential are converted to the torque and angular speed of
each respective wheel. The angular speed of each wheel w;;
is computed using the equivalent dynamic equation for each
wheel (6); in which Jij = Juwh,ij + Jm.ikey ;KGipi; 15 the
equivalent rotational inertia moment of each wheel plus the
equivalent rotational inertia moment of each EM and Ty ;;
is the torque of each wheel depending on the longitudinal
force of each wheel Fy ;;. This dynamic equation is described
by an accumulation element orange rectangle pictogram with
diagonal in EMR (Fig. 2).

The “magic formula” proposed by Pacejka in [8] is used to
generally describe longitudinal forces, as (7); in which p;; is
the friction coefficient, and B, C' and E are the shape factors
in the “magic formula” tire model. The vertical force F, ;;
which is the load transfer caused by longitudinal acceleration
are calculated as (8); in which m is total mass considered as
the sum of the studied EV net weight and the driver, g is the
gravity acceleration, a denote the longitudinal acceleration of
the vehicle, hcog is the height of CG, k, = —1if i = 1,
ky=1ifi=2,; =1 ifi=11=1fifi=2.

The slip ratio \;; is defined as (9) which is produced by
a difference between the tire rolling velocity and its travel
velocity. In (9), Av;; is the difference between vehicle velocity
Ve and wheel velocity (10), Ryp,i; is the radius of the wheel
(e is a small positive value to avoid division by zero).

A source element green oval pictogram in EMR (Road)
is used to describe the interaction between the wheel (tire)
and the road surface in Fig. 2. This element output is the
longitudinal force Fy;;, and the input is the slip velocity
of each wheel Av;;. The mono-physical coupling element
stacked orange squares pictogram in Fig. 2 is described by
(10) in which the power balance is confirmed by the existence
of the item dissipated power Av;; Fyg;; [9].

7) Chassis: After the forces applied in each wheel Fy ;;
are determined, the total traction force Fj ;. applied to the
vehicle at the chassis coupling can be calculated by (11). This
is represented as a mono-physical coupling element in Fig. 2.
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Applying the second Newton’s law to the vehicle chassis
dynamic equation, v., is computed based on the total traction
force and the resistant force given by (12). The vehicle chassis
dynamic block is described as a accumulation element stacked
orange squares pictogram in EMR.

8) Environment: Rolling resistance force, air drag resis-
tance force, and gravity resistance force generated by slope
make up the total resistance force imposed by the environment
on the vehicle given by (13), with k,.,; the rolling resistance
coefficient, g the acceleration due to gravity, « the slope rate,
p air density, ¢4 the air drags coefficient, v,;,q the wind
velocity and A, the equivalent frontal area of the vehicle.
The environment is represented as a source element green oval
pictogram in Fig. 2.

With the mathematical equations in Table I and Table II, the
EMR of the studied EV and the two motors is built starting
from the battery pack to the environmental forces using the
EMR rules [10]. Fig 2 presents the complete EMR of the
studied EV.

III. ESTIMATION AND CONTROL EV

A. Estimation

The gearbox torque and speed (75, &;), and the wheel torque
and speed (Tij,djij) is estimated from (4) and (5).

Next, the observers are employed to obtain driving forces
for the feedback loops. In this study, the basic disturbance ob-
server (22) in Table III is directly inverted from the equivalent
dynamic equation for each wheel, in which a low-pass filter
(LPF) is used to suppress the high harmonics of the sensors.

The stator current in d-q frame of the EMs is estimated
through the measurement of the AC current of the motor and
coordinate transformation (23). The values of the EMF &4, ;,
the rotor flux of IM /A\del, the rotor position éi, and the motor
torque 7}, ; can also be estimated from (18), (19), (20), and
(21), respectively.

B. Control Organization

To develop the control scheme for the studied EV, the tuning
path (T, = T; = Tij = wij = Fuij = Fator = Vey) is
defined following the EMR formalism (Fig. 2). The controlled
variable is v,. Based on the causality principle, the force ap-
plied to each wheel Fg ;; should be controlled during traction.
Therefore, the tuning variables are the reference torques for
each powertrain 77 ..

The control scheme can be systematically performed by
the inversion-based control of the powertrain with the starting
point being the controlled variable [6]. From there, the control
scheme is defined by backwards inverting of each block found
in the tuning path until each tuning variable has appeared on
the control path (v;, — Fj,,, — Fy,; — wi = T} —
T — Ty, ;). The equations given in this subsection are the
results of the above modelling, and they are used to create the
control organization of the system in Table III.

In the control of vehicle dynamics, (12) is the first element
to be inverted to obtain the velocity control loop. Since an
accumulation element cannot be directly reversed, (12) is
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TABLE. III
EQUATIONS FOR CONTROL OF THE STUDIED SYSTEM
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indirectly inverted into an proportional-integral (PI) velocity
controller that is given by (24), where Fj, , is the reference
of the total force applied to the vehicle, k7, and kp, are the
PI coefficients, Fres is the resistant force of the environment
which is assumed to be measurable or estimable using (13),
and v}, is the reference velocity. This is a closed-loop control
with the measurement of the vehicle velocity v, as the
feedback signal. The PI velocity controller is represented by
an indirect inversion in EMR.

Then, F ;’tot is distributed into the reference traction forces
of each wheel as (25). In which kg ;; are the distribution
ratios which depends on vehicle operating conditions. This
is described by a coupling inversion in EMR.

Due to the use of “magic formula”, its model cannot be
directly inverted, indirect inversion is demanded. The reference
angular speed w;; is defined by the equivalent dynamic equa-
tion for each wheel (26) that is illustrated by indirect inversion
in EMR, with the estimated traction force FM as the feedback
signal. The reference angular speed w;; is expressed by (26).
The indirect inversion of (6) is performed by a conventional
proportional-integral (PI) angular speed controller, which is
shown as (27), where kp,, and k., are the PI coefficients.
This is a closed-loop control with the estimation of the wheel
angular speed @;; from the angular speed of motor wy, ; as
the feedback signal. The traction force of each wheel Fy ;; is
estimated by (22) and is used as a feedforward signal. This
is symbolised by an indirect inversion in EMR. Then, the
reference torque 77 of each wheel is used to calculate the
reference torque of each gearbox T (28) and the reference
torque of each motor T7;, ; (29).

The bottom part of Figr. 2 shows the maximal control orga-
nization for the studied vehicle. Similar to control organization
for the studied vehicle, the control structure for traction motors

TABLE. IV
PARAMETERS OF ECOMMANDER PLATFORM

Parameter [Unit] Value
Equivalent vehicle mass m [kg] 857

Height of the center of gravity hog [m] 0.85
Distance of front axle from CG [y [m] 0.865
Distance of rear axle from CG [, [m] 1.058
Front wheels track width of the vehicle dy [m] 1.257
Rear wheels track width of the vehicle d,- [m] 1.219
Effective radius of tire Ry, ; [m] 0.318
Equivalent inertia moment of the wheel J,, ; [kg X m?] 0.55
Drag coefficient cg4 0.65
Equivalent frontal area A, [m?] 2
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Figure. 4. Longitudinal speeds of the body vehicle and the wheels.

in Fig. 3 was designed using an the inversion-based control
principle. Here, the reference d-axis current 7, ; is obtained
by the optimal flux-weakening strategy with IM [11] or by the
maximum torque-per-amp (MTPA) strategy with PMSM [12].

1V. EVALUATION TEST AND DISCUSSION
A. Simulation Setting

In this section, the simulation is carried out in the
MATLAB/Simulink® environment to evaluate the perfor-
mance of developed model of AWD-EVs. The parameters of
the studied vehicle are listed in Table IV, and its modeling
is depicted in Fig. 2. The reference speed of EV is a part of
the new European driving cycle (NEDC) test. The longitudinal
speed v, is shown in Fig. 4. The speed v., is divided into
four stages: acceleration (2.5 m/s? in 0 ~ 6s, 2 m/s? in 36
~ 40s, 3 m/ s? in 64 ~ 70s), constant speed, deceleration and
zero speed. In the case of this study, the tire friction coefficient
was low in the middle of the acceleration stages. As shown
in Fig. 4, the road friction coefficient reduces from the high
value of 0.807 to the low value of 0.360 for three times.

B. Results and Discussion

Fig. 4 depicts not only the velocity response of the studied
EV v, but also the speed of the wheels v, ;; = Ry, ijwi;-
In which v, 1; is the speed of the front wheels and v, o; is
the speed of the rear wheels. When the friction coefficient
of the road surface p;; decreases, this causes the frictional
force to fall. As a result, the vehicle velocity v, will reduce
so it is smaller than the reference velocity v},. As depicted
in the control structure in Fig. 2, the velocity controller will
rise Fy ., which produces the required torque of each motor
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also increased. Therefore, the wheel speeds v, ;; will increase
dramatically on the low-friction coefficient of the road shown
in Fig. 4. The vehicle will lose stability if the low-friction track
is long and the EV is not equipped with an anti-slip system.

The different stages in the case of this study are evident
in the slip ratio of the wheels in Fig. 5, in which Ay; is
the slip ratio of the front wheels and Ap; is the slip ratio
of the rear wheels. In the road with good friction coefficient
(ns5 = 0.807) and stable vehicle speed, the slip ratio of the
wheels is always less than 0.004. When the studied vehicle
is accelerating or decelerating on a good friction road, the
magnitude of the slip ratio is raised but always less than |0.03].
However, the slip ratio of the wheels will increase suddenly
if the vehicle is accelerated on a slippery road surface. As in
the case of this study, the slip ratio of the two front wheels
increased to 0.35 when the vehicle had an acceleration of
3m/ s2 at 66 s in the low-friction track. On the other hand,
when the friction coefficient was lowered at the time 2 s and
37 s, the slip ratio only grew to 0.07 in this study. This is
because the studied vehicle acceleration in these two times is
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only 2.5 m/s? and 2 m/s? at 2 s and 37 s, respectively.

The traction forces and its estimated value of each wheel
on the front axle are shown in Fig. 6. Meanwhile, Fig. 7
describes the same variables on the rear axle. At a constant
vehicle velocity, each wheel only needs to maintain a small
traction force, which is less than 150 N in this study. However,
the traction forces of each wheel need to increase when the
EV accelerates. The larger the desired acceleration value,
the larger the traction forces. For example, when the studied
vehicle needs an acceleration of 3 m/ s2 at 65 s, the traction
force of each wheel should be about 800 N.

V. CONCLUSION AND FUTURE WORKS

This paper presents modelling of an AWD-EV controlled
in longitudinal motion. Besides the description of the dynamic
components and the tire-road interaction of the studied vehicle,
the paper also provides in detail the dynamic model of the
dual-motor including IM and PMSM. The EMR is used to
represent the system, so that control design and strategy
development are intuitive and systematic. The model is used
in simulation on MATLAB/Simulink® on the road with a
variable coefficient of friction. In the future, the model will
be validated by comparing with the data obtained from a
commercial software and experiments. Then, it can be used
to develop different motion control techniques.
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