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In high power traction system applications two or more machines are fed by
one converter. This topology results in a light, more compact and less costly
system. These systems are called multi-machines single-converter systems.
The problems posed by different electrical and mechanical couplings in these
systems (MMS) affect various stages of the systems and require control
strategy to reduce adverse effects. Control of multi-machines single-
converter systems is the subject of this paper. The studied MMS is an electric
vehicle with four in-wheel PMS motors. A three-leg inverter supplies two
permanent magnet synchronous machines which are connected to the front
right and rear right wheels, and another inverter supplies the left side. Several
methods have been proposed for the control of multi-machines single-
inverter systems, the master-slave control structure seems best adapted for

Multi-machine control
Traction application

our traction system. In this paper, a new control structure based on DTC
method is used for the control of bi-machine traction system of an EV. This
new control has been implanted in simulation to analyze its robustness in
the presence of the various load cases involved in our electric vehicle traction
chain. Simulation results indicated that this structure control allowed
the stability of the traction system.
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1. INTRODUCTION

The in-wheel technology for electric vehicles is on the verge of exponential growth. The technology
involves embedding a separate electric motor inside each wheel for the vehicle propulsion. By applying
the traction force directly to each wheel and simplifying the drivetrain, the energy efficiency of electric
vehicles (EVs) is enhanced [1]. More importantly, the in-wheel technology provides the opportunity for
superior motion control of the vehicle due to the fact that electric motors can be controlled more precisely
and significantly faster compared with internal combustion vehicles [1-3].

In an in-wheel vehicle, a separate electric machine is used at each driving wheel. The availability of a
separate electric machine in each corner of in-wheel EVs opens the door for the development of innovative
solutions for precise motion control of EVs. Separate electric machines used for the propulsion of the in-
wheel EV also provide regenerate power during normal braking to extend the vehicle range.

Multi-machine multi-converter systems can be considered as extensions of classical drives. In many
applications, one motor is controlled by one converter. These systems are called single-machine single-
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converter systems. However, several methods have been proposed for the control of multi-machine single-
converter systems. In this case, a master slave based on DTC strategy has been developed.

Recently, permanent magnet synchronous motors (PMSM) have been extensively analyzed as
feasible candidates for variable speed electric vehicle (EV) traction application [4]. In order to improve
dynamic performance of the permanent magnet synchronous in-wheel motor, direct torque control (DTC) has
been employed in this system. Because the DTC has many potential advantages [5, 6]. The DTC, which was
presented by I Takahashi in 1986 for an induction machine [7], is based on the direct control of the torque
and flux and involves non linear hysteresis controllers. Direct control strategies do not require the previously
mentioned reference transformation to achieve a decoupled control of flux and torque. The currents of
the machine are indirectly controlled through torque and flux control.

A new DTC algorithm is used for the control of a multi-machine system. Similar to a conventional
DTC, the proposed method has two separate control loops. In the torque control loop, before selection of
optimum voltage from the DTC look-up table, the system overall requirement is determined based on
requirements of motors torque. Also, switchable master-slave control is used in the flux control loop.
The method which is simulated for a two-parallel PMS machine system can be extended to a multi-machine
system.

Sensorless control of permanent magnet synchronous motor drives is now receiving wide attention
[8-11]. The model reference adaptive system (MRAS) represents one of the most attractive and popular
solutions for sensorless control of AC drive. This project introduced the speed sensorless control of parallel
connected dual PMSM by using MRAS technique [11].

In this paper, a new master slave direct torque control of permanent magnet synchronous motors
based on speed MRAS observer is proposed for a multi-machine system in electric vehicle. A classical
system with multi-inverter and multi-machine comprises a three-phase inverter for each machine to be
controlled. Another approach consists in using only one three-phase inverter to supply several permanent
magnet synchronous machines. A master slave based on DTC strategy has been developed. Simulation
results in Matlab/Simulink indicated that the new DTC algorithm is well adapted for the synchronism of this
system over a wide range of operations.

2. MULTI-MACHINE DTC METHOD

In the conventional DTC method, the flux and electromagnetic torque are controlled by adjusting
the magnitude and position of the stator flux respectively [6, 7, 12]. This principle is used in the proposed
method. In this proposed control strategy, there are two control loops; one for the stator flux control and one
for the electromagnetic torque as can be seen either in the right or the left side of the Figure 1. The procedure
of each control loop will be explained thoroughly in the following section of the paper.
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Figure 1. Block Diagram of the new multi-machine DTC in the traction drive of electric vehicle.
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2.1. Electromagnetique torque control loop

The new idea in the suggested control loop is to consider the motors torque requirements and system
overall needs before selecting a voltage vector. This is done by designing a new look-up table in which a
three-level comparator is used in the torque control loop. The procedure is explained below and shown in
Table 1 where, -1, 0, 1 are the outputs of torque error comparator. Finally, using the output of this table and
the output of the stator flux control loop, the appropriate voltage vector is selected based on the conventional
DTC switching look-up table.

Table 1. Proposed table in torque control loop

Motor 2
Hr, -1 0 1
Motorl -1 -1 -1 0
0 -10 1
1 0 1 1

2.2. Stator flux control loop

Before introducing the proposed idea, some issue must be explained regarding parallel PMS motors.
As a result of applying one voltage vector, stator flux vector of all the parallel PMS motors will vary
instantaneously in the same direction. Therefore:

S =V, -R, O

In the stator flux control loop, one should know that the flux of any machine can go beyond its rated
value. According to (1) the stator flux of each permanent magnet synchronous motor surely depends on
the applied voltage. In cases where parameters of the motors are different, or motors load are not the same,
stator fluxes will be different, or motors load are not the same, stator fluxes will be different.

From (1) it can be seen that the stator flux vector only depends on stator resistance among all other
parameters. Therefore, when stator resistance are the same, one expects to see the same flux for both
machines. This is valid only at steady state, and during transients, the difference between the fluxes may be
observed. This difference will also increase as motor speed decreases. For this reason, in cases where motor
loads or stator resistances are different, speed reference cannot go below a certain value for speed control
application. Thus, as the stator flux of one of the motors decreases, its torque generation capability will also
decrease.

For these conditions, the mean control strategy cannot be used since the flux of the one machine can
be saturated while its average value is equal to the reference value. Therefore, the master-slave control
technique can be used for the stator flux control loop. In this way, only the stator flux of one motor is
controlled. But the motor with the bigger stator flux magnitude has to be selected as the master, and its stator
flux is set to the reference value. To prevent flux saturation at different situations, the master motor may
change. Therefore, in the proposed method, switchable master-slave technique is employed for stator flux
control.

In the conventional DTC, the final step is the selection of voltage vector using a look-up table.
The voltage is selected with respect to the section of the stator flux. The proposed method uses the stator flux
of the master motor for flux sector selection.

3. SIMULATION ANALYSIS OF NEW CONTROL STRATEGY

In order to ensure the stability of the system composed of two PMSM connected in parallel on
the same inverter which uses the sensorless DTC "master-slave" structure, different loads are applied to both
machines as shown on Figure 2(c). We can readily notice that whatever values of the torque provided by
the two machines, the system is always stable.

The master machine is the one that provides the highest torque and the difference in position
between the two machines corresponds to the theoretical basis 8, < 6, when the highest torque is provided

by PMSMI.For the speeds of the two machines ( Figure 2 (a)), whether master or slave, there is a close
follow up of the reference speed imposed by the control strategy whatever is the value of the load applied.
We notice that the difference between the two speeds has very satisfactory rates, which indicates the good
perfection in swapping the master and slave motors according to the control behavior when disturbances
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occur. We notice fast response of electromagnetic torques of the two motors (master and slave) when we
apply different loads as shown in Figure 2 (b), this confirms the fast and good management in master and
slave under the conditions laid down in the algorithm of the control. We remark the fast response of
electromagnetic torque of the two motors (master and slave) when applying different loads, Figure 2 (b),
which confirms the speed and good alternation in master and slave under the conditions laid down in
the algorithm control.

The phase currents of the two machines present good waveforms and confirm the responses of
the motors as far as the changes in loads are concerned. Figure 2 (e) and (f) which represent the waveforms
of the stator magnetic flux show good magnetic stability of both machines which ensures a good behavior
that was imposed by the DTC control "master-slave" to the two machines against all disturbances.
The simulation results of this proposed method offers better steady state response.
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Figure 2. Speed, torque, stator flux and motor current of two motors with proposed method using load change
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4. VEHICLE DYNAMICS

The vehicle dynamics are described by the longitudinal velocity, lateral velocity and yaw rate as
follows [13-17] :
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Equation (3) indicates the vehicle resistance opposing its movement includes rolling resistance of

the tires F,,., aerodynamic drag resistance F,,,, and grading resistance F,. All of the resistance will be

discussed in detail in [18-22].

Fo.=F,+F,, 6 +F,
res aero L’ (3)

where
2
aero =5 IDSprvag

F, :Mvgsm( p)

F.=C,.M
rr rr Vg (4)

The longitudinal forces for the four in-wheel motors can be calculated using the following equation:
_&M,
Fo == Hi cos(a, ) ciell..4] )

The drive system model can be described by the following mechanical equations:

T,=F;R,~N,;d. ,ic[l3]

T, =F,R,~N,d. ic[24] (©)

Where 7,; is the resistive torque; N ,,N, are the front and rear normal forces and have

the following expressions:

M [ h, dVv, h,
Nf: Vg[——— ga ——gapJ

P
2 \L L, & L

M,g(ly hy dViy B
N, =—= A & ap+—ap
2 L L dt L

, (N

With a linear tire model, the front and rear cornering forces can be expressed as the product of
the cornering stiffness (C ,, C, ) and the sideslip angle (a,, a, ).

Fy=-Cray
F, =-C.a, )
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The sideslip angles of the wheels can be easily expressed in terms of the longitudinal, lateral, and
angular velocities, as well as the steering angle ¢ . Explicit expressions of the sideslip angles for the front
and rear axles are represented by . (10).

-1
a, = tan_l(vy r’”j
x ©)

The longitudinal slip can be defined for the four wheels as:

1. :M
i max(R,ua),,u,i)’ ie[l,...,4]’ (10)

where:
i=123, and 4 correspond to the front left, front right, rear left, and rear right (=1If, fr,rl,rr)

wheels, respectively; R, is the wheel radius; o; is the angular velocity of the in-wheel motor; and v is

[0}
the linear speed at which the contact zone moves on the ground.
The interrelationships between the slip ratio A and the traction coefficient 4 can be described by

various formulas. In this study, the widely adopted magic formula [15, 23] is applied to describe
the relationship between the slip and traction forces and to build a vehicle model for the following
simulations, as shown in (11) [24, 25].

u=cilsinley tan” ey~ ¢, ey~ tan 7 e,2))) (1)

The coefficient sets of ¢, ¢,, ¢; and ¢, are defined in (21).

5. SIMULATION RESULTS

The structure of the EV in this study is composed of four in-wheel motors (i.e., PMSMs) mounted in
each wheel, as shown in Figure 3. Therefore, the wheel torque for each wheel can be controlled completely
and independently for vehicle motion control. Each two in-wheel PMSMs are connected in parallel on
the same inverter supplied by DC voltage source which are controlled by the sensorless master-slave DTC
structure, Figure 1.

Rear left Front left
wheel wheel

T o]

DC

T
3 New DTC )
L_algorithm

New DTC
| aigorithm €

Rear right Front right
wheel wheel

Figure 3. Configuration of an EV studied.

Table 3 summarizes the vehicle characteristics and parameters numerical values. The parameters of
the PMSMs are given in Table 2. The proposed traction system uses the vehicle speed, the slope angle and
the steering angle as input parameters and calculates the required inner and outer speeds.
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Table 2. Motor parameters

Symbol Quantity Value
R, resistance 0,03 Q
L, d-axis inductance 0,2 mH
L, g-axis inductance 0,2 mH
@, permanent magnet 0,08 Wb

flux
P pole pairs 4

Table 3. Electric vehicle parameters

Symbol Quantity Value
M, vehicle mass 1562 kg
J, vehicle inertia 2630 kg.m?
Jo wheel inertia 1,284 kg.m?
Ly distance from the CG to front axle 1,104 m
L, distance from the CG to rear axle 1,421 m
heg heigh of the vehicle ctroid (CG) 0,5m
Sy frontal area of vehicle 2,04 m?
P air density 1,2 kg.m?
Cpx drag coefficient 0,25
C,. rolling resistance coefficient 0,01
Cr }ongitudinal stiffness of each tire 37407 N/rad

ateral

C, lateral stiffness of each tire lateral 51918 N/rad
R, wheel radius 0,294 m

The common reference speed @ is then set by the accelerator pedal command. The actual
reference speeds for the left drives (a); , a): ) and the right drives (a)l* , a); ) can then be obtained by adjusting

the common reference speed @ using the steering angle signal. When the steering angle is equal to zero,
the electric vehicle drives on the straight road and the electronic differential does not need to work. On the
other hand, if the steering angle changes, it indicates that the vehicle is making a turn and the electronic
differential provides the difference of speed for the four in-wheel motors while the vehicle is performing a
turn, which will result on the best stability of vehicle in the curved trajectory of the road.

The vehicle speed starts from zero to the chosen reference speed. The steering angle input is shown
in Figure 4 corresponds to a right turn for four seconds, which will be the reference steering input for
simulations. The vehicle turns to the right at t= 5s, and when the steering angle reaches its maximum value at
t= 8s, and still be maintained at the mentioned value about 4 seconds and then it is brought to zero at t= 15s.

Figure 5 shows the rotational speeds of the in-wheel motors. We notice that they have the same
speed variations from the start up to the establishment of the steady state speeds as long as the vehicle runs
on a straight path. During the steering, the motors (M1 and M2) located outside of the turn’s curvature, rotate
at higher speeds than motors (M3 and M4).

A good tracking of the longitudinal velocity of the vehicle can be observed in Figure 6.
The response of the speeds of the 4 driving wheels of the vehicle is shown in Figure 9. From Figures. 7 and

8, the lateral velocity v, and the yaw moment » depend on the steering command of the driver. These two

speeds occur only during cornering and they vanish when the vehicle is travelling on a straight road.

The Figure 11 shows the difference in the traction forces generated by the motors of the front axle
(M1 and M3) and the two motors of the rear axle (M2 and M4) during the completion of turn. First, we
notice high traction forces are provided by the motors for moving the vehicle from start up. This seems
logical since these forces must overcome the overall resisting forces to the movement of the vehicle.
Therefore, the stability is maintained during the vehicle turn.

Figure 12 illustrates the variation of the electromagnetic torque of the motors. We have first, a high
torque during the start up, the motors maintain these high electromagnetic torques from start up until the time
their stabilized speeds are reached. At this time, the motor torques begin to decrease and then they stabilize at
a certain set point. During the steering, the electromagnetic torques developed by the motors (M3 and M4)
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Simulation results indicate that the performance of the proposed method in control of four in-wheel

motors traction system is favourable and offers good response at steady state.

are higher than those of the motors (M1 and M2) as can be clearly seen in Figure 12. It can be observed that

the torques of the outer motors are greater than that of the inner ones.
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CONCLUSIONS

Several methods have been proposed to control of multi-machine single-inverter systems. In this

paper, a new technique improving the control performances for bi-machine single-inverter system in the
traction drive of electric vehicles is proposed. The entire system is simulated by Matlab/Simulink.
The simulation results show the effectiveness of the new multi-machine robust control based on an electric
differential used in EV applications.
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