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Abstract: Front-wheel direct-driven dua motors of an electric vehicle (EV) with a single controller
configuration offer great potential and flexibility for improving system performance, efficiency and safety.
The objective of the paper isto design a new load torque estimator of Direct Torque Control (DTC) by
merging the electrical model with the mechanical model of an EV traction system to improve the dual
motors single controller configuration. The electrical model utilise Space Vector PWM (SVPWM) DTC
control of dual induction motors fed Five-leg Inverter (FLI) while the mechanical model takes the 14DOF
vehicle dynamic model as its main structure. The new technique used is by integrating lateral force with
longitudinal force produced at the touch point of a tyre with road surface as the input to the new load
torque estimator of DTC. The new load torque estimator technique results were, then, compared with the
standard load torque estimator that used the voltage and current feedback only. The findings showed that
while torque estimator of conventional DTC had no effect of steering angle on the speed, torque and current
performance of the motors, the new load torque estimator showed a significant impact. The speed, torque
and current responds of the motors now have precisely been estimated; following the trajectory of the
steering angle. Hence, for future research the new load torque estimator with the accurate and precise speed
and torgue response can further be utilized in stability, dip and skid and traction control or even for
electronic braking system.

Key words: Traction control % Direct Torque Control (DTC) % Multi-machine single converter % Load torque
estimator % EV modelling % Electric differential

INTRODUCTION vehicle (EV) control system. The purpose is to find a

solution of dependencies on one single traction motor.

Presently, two wheels traction motor drives have  The drawback of using only asingle motor to drive an
gained increasing interest in the studies of electric EV with a weight of around 3000 kilogramme isthat it
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Fig. 1: Dua inverters to supply dual motors EV traction
drive configuration (IM: Induction Motor, VSI:
Voltage Source Inverter, ES: Energy Storage, ECU:
Electronic Controller Unit).
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Proposed EV traction drive with five-leg inverter
fed two separate IM configurations (FLI: Five-leg
Inverter as power converter).

Fig. 2:

needs a special design motor with a high current and
low voltage which cannot be found at common industrial
shops. This study uses the dual standard utility supply
induction motors. Previous research on dual motors
applications on current distribution control of dual
directly driven wheel motors have been conducted [1].
While Tabbache et al. [2] proposed an adaptive electric
differential to the dual wheels drive for electric vehicle
motion  stabilization. Hartani et al. [1] used the
behaviour model control as the vehicle stability
enhancement control for electric vehicle with dual motors
drive and Nasri et al. [4] utilized sliding mode control.
Most studies focus on the multi-motor multi-converters
systems (MMS) which use two norma three-phase
inverters to independently control these two motors
separately as shown in Figure 1. Hence, the system’s
stability and robustness are attained. However, the MM S
presents several drawbacks such as the increase in
space, cost, weight and issues related to the efficiency
of theinverters.
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Emadi [5] discussed and emphasized the importance
of reducing the cost of manufacturing and also the
dependencies of material that is unsustainable and in
the uncertainty condition like permanent magnet motor
of an EV which can be commercialised. The cost can be
reduced by eliminating or reducing the sensors and/or
the inverter. Hence, this study uses a five-leg inverter
which serves the dual motors of traction wheel drive for
electric vehicle. The dual inverters have been replaced
with asingle inverter system as illustrated in Figure 2.
In addition, the unit of power supply can also be
reduced. Therefore, the complexity of communicating
and transferring control signal can be reduced and
thus, increased the efficiency of the working system.
In industrial automation research area, multi-motors
single drive systems have been introduced as one of the
solutions for these MMS drawbacks. Few techniques
have been proposed and some have been experimentally
proven. For example, wind and unwind dua motors
centre-driven using afive-leg inverter [6-7].

As for EV traction motor control, there are also
other attempts done to reduce the number of inverters
to control multi-motors by reducing the components;
for example, reducing the switch count [8] from 6 to 4,
but the motor used only two-phase power supply, the
third leg was connected to both motor by capacitors.
Jain et al. [9] introduced the idea of having FLI to
control the dual motors in EV but to date, no findings
was reported. Yaakop et al. [10] introduced electric
differential (ED) in FLI traction drive system to
independently control the stability of EV, but without
merging it with the vehicle model. The system was tested
by varying the speed command to evaluate the motor
control model and ED. Driveline with dual motors
requires independent control and an ED to avoid
skidding and ensure stability both during the straight
and cornering regime. By using ED, the usage of gear and
mechanical differential could be avoided [2]. The ED
system together with FLI will improve the reliability and
efficiency of the overall proposed traction system.

Many studies on EV and EV motor control have
examined the state-of-the-art in the scope of stability,
slip control, traction control, electronic braking and even
electronic stability programmes but none of them really
shows how to integrate the two models namely the
motor controlled part and the vehicle dynamic model
part clearly for the simulations to be performed.
The arising issue is how to connect the two models
accurately. The previous research does not show clearly
the correlation of the steering angle, longitudinal and
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lateral forces with the motor drive control algorithm.
An effective and accurate simulation platform for
simulating the electric motor control especially for the
dual motors traction wheel drive of an EV application is
strongly needed. Thus, the success of this integrate
model and simulation can be applied to electronic
stability programmes and electronic braking system for
EV. Furthermore, the modelling technique used to model
motor controller, dynamic vehicle and magic tyre model
have been tested and validated [12-16]. This study
proposed a new technique by integrating lateral force
with longitudinal force produced at the touch point of
a tyre with road surface as the input to the new load
torque estimator of DTC.

MATERIALSAND METHODS

Electric Differential: According to Magallan et al. [11]
speed or torque is the main performance criterion that
shows the stability condition of an EV during the straight
path and cornering. The two different wheels during the
straight path regime should maintain the synchronous
speed and have different speed reference during
cornering regime. Magallan et al. [11] creates the easiest
way of an ED which is known as “equal torque strategy”
whereby the principle of this method is to emulate the
behaviour of a mechanical differential. Thus, it will
aways apply the same torque to both driven wheels for
all vehicle manoeuvres.

For the straight-path regime, the motor rotation speeds
are:

D
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For the second regime, cornering regime is shown in
Figure 3. The rotation speed for each motor is different.
For example, in the right turning way, the speeds are
expressed as
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Fig. 4: Main circuit topology of two three-phase IM fed
by FLI

Where )T is the speed difference between the inner
wheel and outer wheel. For example, while performing a
right turn, the right wheel is the inner wheel while the
left wheel isthe outer wheel [19].

A Five-Leglnverter Topology: A five-legtwo-motor drive
structure offers a saving of two switches when
compared with the standard dual three phase VSI.
Thus, it offers a reduction in the inverter structure
complexity and aso it enables the control of two
three-phase  AC motors with only one DSP.
This advantage can be utilized in the dua traction
motors of an EV and there is a possibility of reducing
the drivelines  structure  complexity and devices.
Figure 4 shows the main structure of the FLI.

Both motors need three inputs. While the C leg
works as a common leg, leg Al and B1 are connected to
phase U and V of motor 1 (M1). Leg A2 andB2are
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connected to phase U and phase V of motor 2 (M2),
respectively. Switching functions, Si (i=1, 2, 3, 4, 5), are
defined as Si = 1 when the upper switchisonand Si =0
when itis off. A total of 32 switching states (2°) in a
five-leg VSl is available for controlling the two motors
[2]. The maximum voltage value at termina of an open
switch is always equalled to the DC voltage V. (i.e. at
rated operating range of one motor can be achieved).
This voltage must be greater than the greatest phase-to-
phase voltage. Thus, the capability of FLI leads to a
reduction of the supply voltages for the IMs. As the
results, speed range and load disturbances in which the
motors can handle are also reduced.

Direct Torque Control and Induction Motor Model:
The behaviour of IM in DTC drives principal can be
described in terms of space vectors by the following
eguations, written in the stator stationary reference frame
[17-18]:

ns:rsis+% 3
o:myjmh+%ﬁ 4)
j s =Lds+ Ly ©®)
i =L + Ljs (6)
T =P igsnd (7)

Where P isthe number of pole pairs, T, istherotor electric
angular speed in rad/s, L, L, and L, are the motor
inductances, r. is the stator resistance, [ohm] S and * is
the angle between the stator flux linkage and the stator
current space vectors. Based on (1) the d*- and ¢g*- axis

stator flux in the stationary reference frame can be
written as:

jod= dvs,q3 - isydsrs)dt 8
5= Quaa®- iggrs) ot (9)

In terms of switching states S,, S, and S (which
can either be 0 or 1) the voltage vectorsin (7) are given

by:

(10)

s
Vs,d

Va5 50 8)

Vs,dS = %Vdc(zso - Sc) (11)
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Table 1: Induction Motor parameters (for both motors)

Parameter Unit
Stator resistance, Rs 7.83S
Rotor resistance, Rr 7.55S
Stator self inductance, Ls 0.4751H
Rotor self inductance, Lr 0.4751H
Mutual inductance, Lm 0.4535H
Number of poles, p 4
Stator flux rated 0.954 Wb
Torque rated 13Nm
Power 1.5 kw
Speed 1460rpm
o T V' s
Lyl
sw
>

Stationary

Flux & torque estimator

Fig. 5: Block diagram of normal DTCSVPWM three-phase
IM drive

The electromagnetic torque given in (6) can be
written in the d°*— g° coordinates as:

3/ ' . '
Te = E P(J s,dSI s,d3 - s,q3| s,d3) (12)

The two similar types of three phases IM are used in
the simulation studies and details about the motor
parameters are shown in Table 1 below:

DTC has a simple structure and fast torque
response advantages as depicted in Figure 5. The basic
principle of DTCSVPWM algorithm and also a five-leg
inverter can be found [14].

Vehicle dynamic model: The dynamics of a 14-DOF
vehicle model are derived and integrated with an
analytical equation of tyre dynamics model, namely
magic tyre model by Pacejka [11].The dynamic car
modelling is divided into two parts: ride model or also
known as vertical dynamic model and handling model
with a 7-DOF each

Ride Moddl: Ride modél is basicaly the 7-DOF vertical
influence experienced by the passengers in a car when
the car moves on the road surface and is not derived
from the driving act. Such tranglational motions like the
vertical displacement up and down because of bumper,
roll to the left side and right side during cornering,
pitch effect during braking and accelerating and
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Fig. 6: Handling model of vehicle dynamic model [11]

unsprung-mass vertical displacement by the four
wheels are included in this developed model. Ride
model consists of a car body (single sprung mass)
connected to the four wheels (unsprung masses) that
are front-left, front-right, rear-left and rear-right
wheels at each side turn. The suspensions between
the sprung mass and unsprung masses are modelled
as passive viscous dampers and spring elements.
While, the tyres are modelled as simple linear springs
without damping. For simplicity, all pitch and roll angles
are assumed to be small [3]. The force balance on sprung
massis given as
Mo, =F,+F, +F, +F, (13)
Where Ms is the vehicle sprung mass, F; is the
body verticadl acceleration, F; is  defined as
suspension force namely spring and damper force at
each corner of the vehicle with the index (i) indicating
front, (f) or rear (r) tyresand (j) indicating left (1) or right
(r) tyres.

Handling Model: The other 7-DOF is in the handling
model. Figure 6 shows the free body diagram of a
handling model. This model consists of seven motions
or moments that is triggered by the driving act;
longitudinal acceleration, lateral acceleration, yaw
acceleration or vertical body displacement and the other
four comes from each wheel reaction. Each of this DOF
can be presented into equations to perform as a handling
model in vehicle dynamic model.

Acceleration in longitudinal x-axisis defined as

Ny = ay +Vyr (14)

By summing al the forces in x-axis, longitudinal
acceleration can be defined as

15

_ R cosd +Fyq sind + Fypp cosd + Fyg sind + Fypy + Fyy
m

X

(15)

Similarly, acceleration in lateral y-axisis defined as

Vy =ay - VT (16)

By summing all the forcesin lateral direction, lateral
acceleration can be defined as

_ Fyfl cosd - FXﬂ snd + Fyfr cosd - Fxfrsind +Fyr| + Fyrr
m

17)
where;

Fq and F; denote the tyre forces in the
longitudinal and lateral directions, respectively, with
the index (i) indicating front (f) or rear (r) tyres and
index (j) indicating left (1) or right (r) tyres. The steering
angle is denoted by *, the yaw rate by ¥ and m, denotes
the total vehicle mass. The longitudina and lateral
vehicle velocities v, and v, can be obtained by the
integration of vy and vx [11]. The behaviour of the
vehicle model is then verified using a vehicle
dynamics software namely CaSimEd. Model
verification using CarSmEd software is performed
in both subsystem and a complete system levels

before being validated using a rea vehicle
[11].

The equations can be expressed as follows [19]

M(Uy vy G) = Xg + Xp+ X3+ X (18)
MWy Vy 9) = Y1+ Yo+ Y3+ Y, (19)

. d d
J9= 1 (Yr+Y2) - 1 (Yz+Y,)- Ef(X1+X2)+Er(X3+X4)
(20)

Two different tests are done in the simulation
that is the straight path regime and cornering test
which employ the double lane change standard
test. The double lane change test procedure
consists of driving a vehicle through a set track
which simulates a lane change manoeuvre. The purpose
of this test procedure is to subjectively determine the
road holding ability and handling characteristics of a
vehicle [20].
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Simulating a ‘Double Lane Change*

The driver heads through the first set of cones,
before turning the steering wheel by 90 degrees to
get to the second set. The driver straightens the
wheel before steering again at 90 degrees back
onto the original path through the last set of cones.

Careful Preparation
Cones are set up to simulate the
obstacle and the road. The towing
outfit is tested with a 75% car to caravan
weight ratio, achieved by carefully
loading the car and caravan to provide a
realistic and accurate representation.

Fig. 7: Double lane change manoeuvreillustration [21]

TheProposed Merging Model: In order to obtain the
accurate actual speed and estimated speed based on the
reference speed, this study proposed a new torque load
estimator based on vehicle handling models. The wheel
eguation of motion is stated as

Fe Ry - Tor +Ta = IwWs (21)

Fa Ry = Tor +Tar = lwW; (22)
Where T, and T, are the angular velocity of the front and
rear whedls, | istheinerttiaof thewheel about the z- axle,
R; is the radius of the wheel, T,;and T,, are the applied
braking torques and T, and T, are the front and rear
wheels applied throttling torques. From the vehicle
dynamic models, the lateral, X and longitudinal, Y forces
for each tyre can be calculated separately.
where
X; = Fx cosd; + Fy; sind; i=1,2,3,4
Y, = Fx cosd; + Fy, sind (23)
Each point of tyre has different total of forces
acting. The tyres can be in one direction and each will
have x-axis and y-axis forces exist a the tyre plane.
These planar axis forces can then be transformed to
longitudinal and lateral forces (the x-axis and y-axis
forces of the EV body direction).Different forces
summation can be accumulated depending on the
direction. If the steering angle (*) isequalled to zero, only
longitudinal forces exist. If the steering angle input is

16

ATC System Testing — Proven Safety
ATC operation is monitored through a laptop
inside the tow vehicle and can be seen to
correct the caravan oscillations through the
test procedure.

positive, the EV will be assumed to be on the right turn.
The total sum of forces exists at each tyre for right corner
would be

where;
Total forces = Longitudinal forces + Lateral forces
(following direction of the wheels)

forces, right corner = Fx cos™*; + Fysin* —Fx sin *, + Fy,
Cos™*, (24)

while with negative steering angle input, the EV is
doing left turn. The total sum of forces exists at each tyre

for left corner would be

Total forces, left corner = Fx, cos™, + Fysin *, —Fx sin *;
—Fy, cos ™, (25)

The mechanical motor equation to calculate the torque
would be

W
Trmotor =J r *+Ttriction * Tioad

(26)
Tmotor = Twhee{ (27)
Tioad = Tioaduness = RFW (28)
Where;
Rfwi = (Fx + FY) (29)
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From the equations above,
can be estimated by using the forces

the whedl

the load torque of

obtained from the vehicle model. Then, the motor

torqgue can be edti

mated as well.

Figure 8 shows

17

the block diagram of the proposed new load
torque estimator to replace the normal DTC torque
estimator. The overall simulation diagram can be found
in Figure 9.
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RESULTSAND DISCUSSION

The simulations of the proposed new load
torque DTC estimator with ED for FLI using
SVPWM merging duty cycle technique were
conducted using MATLAB/Simulink.  The two IM
rated parameters are given in Table 1. Two speed
profiles with three different steering angle input
performance was evaluated namely the straight
path regime in which the two motors have
synchronous speed and the cornering regime.
The steering angle input data from the vehicle model
was provided. The cornering regime test used the
standard double lane change test. The outer wheel moved
faster than the inner wheel if the EV needed to perform a
cornering regime. The motor torque aso varied
accordingly with the effect of the lateral and longitudinal
forces. These results can be compared to other works
[2, 16, 22].

The result of the first test, known as straight path,
can be found in Figure 8(a-d). It shows the speed
and torque response for both torque estimators:
the normal DTC that used phase current and
voltage and the one used the new proposed
torque load estimator. The results showed that there

Engineering and Technology): 11-22, 2013

isnot much difference in terms of speed response
since the torque of the two motors traction wheel drive
did not change.

The next manoeuvre for verification process of the
vehicle model is the double lane change manoeuvre
with the speed of 400 rpm. Double lane change is one of
the handling manoeuvres that are used to evaluate the
road holding of the vehicle. Figures 10 and 11 show the
responses of model and vehicle behaviours obtained
from the simulations.

It can be depicted from Figure 11(b), that there is no
effect to the normal DTC system even though the
steering angle (Figure 11(a)) is changing. Figure 11(c)
shows the speed response while 11(d) illustrates the
estimated torque response. The three phase current
response of the motor 1 as samples are depicted in
Figure 11(e-g). The new proposed torque load estimator
can estimate the speed following the steering input and
controlling the dual motors. The speed of the inner
wheels and outer wheels is changing which depends on
the steering angle input. The torque response also
follows accordingly. The torque estimated by proposed
load torque estimator is much more accurate, thus
producing a more precise, correct and fast speed response
in controlling the motors.

20 T

=
o
T

=
o
T

Hh_ o o

Positive steq

=
o
T
—

Angle (rad/s)

o . angle .
201 -
=251 T
-3 1 1 1 1 1 1 1 1 1
0 1 2 3 5 6 7 8 9 10
Time (s)
(a)Steering angle input of double lane change test
41 N T T T T T T T T T i
¢ .
40% _
f§4&
[=%
E39 .
o
239 .
Q
N3g E
38 .
37 .
37 .
02 03 04 05 06 0.7 08 09 1
Time (sec)

(b)Speed response with normal DTC torque estimator

19



World Appl. ci. J., 21(Special Issue of Engineering and Technology): 11-22, 2013

500 T T T T T T T T T
450)
400)
350)
E 3o ! Motor 2 Motor 1 I Reference speed ]
B 20 —e=ACtual speed T
& 200 Positive steqr Negative steer == Reference speed -
150k angle . angle Actual speed -
100" ! .
50} T
d 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time (s)

Motor 1

Torque (Nm) Steering angle (rad/s)
&

15 E
20 —
25 E
. .
=% 1 2 3 4 5 6 7 8 9 10
Time (s)

(d) Torque response of the proposed |oad torque estimator compared with steering angle input

8 T T T T T T T T T

6 -

|
|

o N

Current phase a (Amp)

IS

N

-6 -

-8 -

1 2 3 4 5 6 7 8 9 10
Time (s)

-luo
(e) current response phase a

10 T T T T T T T T T

N

Current phase b (Amp)

0 1 2 3 4 5 6 7 8 9 10
Time (s)

(f) current response phase b

Current phase ¢ (Amp)

T \mse (s)
(g) current response phase ¢
Fig. 11: Second test the double lane change manoeuvre

20



World Appl. ci. J., 21(Special Issue of Engineering and Technology): 11-22, 2013

CONCLUSION

This paper has presented a new load torque
estimator of direct torque control (DTC) that relate the
electrical model with vehicle dynamic model accurately
by integrating the steering angle input, longitudinal
force and lateral force into its new design controller
based on FLI. It is expected that when having a cornering
regime, the inner wheel and outer wheel should gives
different speed response. Based on the result of this
study, there was no effect of steering angle input on the
torque estimated by conventional DTC (using current
and voltage). The conventional systemif given a different
speed profile can be controlled to follow the speed, but if
given a different steering angle, it could not be detected
on its own. This is different compared to the new lad
torque estimator which it can accurately estimate the
speed, torque and current responses correlated with the
trgjectory of the steering angle. The important of this
study isit can improve the stability control of dual motor
EV traction drive system by inculcate the effect of the
longitudinal and lateral forces at each touching point of
the tyre in electric motor control system. These results
validate the new proposed load torque estimator
successfully for front-wheel direct-driven dual motors
(EV) with aFLI controller. Hence, for future research the
new load torque estimator with the accurate and precise
speed and torque response can further be utilized in
stability, slip and skid and traction control or even for
electronic braking system.
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