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Abstract: This paper presents a Sliding Mode Direct Torque Control (SM-DTC)
of a multiphase Induction Machine (IM) supplied with multiphase voltage source
inverter (VSI) controlled by a new algorithm of Space Vector Pulse Width Modulation
(SVPWM) for a high-performance multi-machine electric vehicle (EV) drive system.
The SM-DTC is one of the effective nonlinear robust control approaches; it provides
better dynamic performances of considered system. The new SVPWM algorithm
develops a new analysis of voltage vectors to synthesize required phase voltages for
driving multiphase IM with a minimum switch stress. Theoretical developments are
verified for EV with two-separate-wheel-drives based on two pentaphase induction
motors. The obtained results illustrate the effectiveness of the proposed drive system.
Moreover, this system can be easily extended to an n-phase multi-machine drive
system.
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1 Nomenclatures

s,r : Stator, rotor indexes.

a, 8 : Fixed stator reference frame indexes.
ref : Reference index.

V,i,® : Voltage, current, flux.

L : Inductance.

R : Resistance.

M : Mutual inductance.

o : Total leakage coefficient.

Np : Pole pair number.

v : Vehicle speed.

r : Wheel radius.

2d : Traction axle Length.

p : Radius of way curvature.

w : Vehicle rotation speed.

Q : Motor speed.

Qr,Qp : Speed of right and left motors.

Q%, Q1 : Reference speed of right and left motors.
Tr, T} : Reference torque of right and left motors.
T; : Simple time.

Ty, : Load torque.

Y1, Y2 : estimated stator flux components

2 Introduction

The research on development of electrical road vehicles aims to solve environment and
energy problems caused by using the internal combustion engine vehicles (ICV). The first
ones present many advantages as compared with the ICV ( [I]- []]).

The principal advantage of EV is the electric motor drive system. Thus, the trend
within EV technology today is to develop Alternative Current (AC) motor drive sys-
tems for the next generation of such vehicles due to reduced size, weight, volume and
maintenance.

The induction motors (IM) are relatively of a high reliability, high efficiency even in
high speed range and low production cost. Therefore much attention is given to their
control for various applications with different control requirements [2].

Recently, The Direct Torque Control (DTC) is more frequent in IM control. It is based
on the decoupled control of stator flux and torque providing a quick and robust response
with a simple control construction in AC drive ( [5]- [9]). However, the conventional
DTC presents a serious problem in low speed and in variation of motor parameters
sensivity [10].

This paper presents a traction drive system for EV with two-independent-wheel-
drives. This system includes two pentaphase induction motor drives controlled using
hybrid control (SM-DTC). This control is one of the most effective nonlinear robust
control approaches; it provides good dynamic performances of considered system [I5]. In
addition, this paper presents a new analysis of multiphase SVPWM for whatever number
of phases. In order to synthesize an arbitrary phase voltage in terms of the times applied
to the available switching vectors, the concept of orthogonal multi-dimensional vector
space is used. An appropriate vector sequences are chosen to minimize switching losses.
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Throughout this paper, the proposed algorithm is applied for supplying the pen-
taphase multimachine system proposed. The basic concepts can be easily extended to
an n-phase system. The computational cost of the proposed strategy is low; it is well
suited for real-time hardware implementation. The obtained results illustrate that with
this configuration of EV Drive, it is possible to improve the stability of the vehicle under
road conditions without any complicated mechanical components. Replacing the usual
mechanical differential by an Electrical Differential (ED) is the solution to face the dis-
advantage of mechanical differential. This possibility is taken into consideration in this
paper; the solution of ED is tested under different ways: straight-line, left and right
turning.

3 Vehicle with Two-Separate-Wheel-Drives

The proposed EV Drive control can be used for all electric traction systems with two
separate wheels drives. This system includes the elements represented in Figure[Il In this
structure we find: two induction motors, two PWM inverters, the mechanic transmission
system (motor to wheel), batteries, and control unit [3]. It is clearly noted that this
topology of structure reduces the mechanic transmission components (mechanical differ-
ential operation is assured by an adequate control strategy of the two motors). Besides,
this configuration offers the following advantages:

e Relatively, a good maneuverability: the torques of the two motors can be controlled
independently precisingly and quickly.

e Elimination of mechanical differential.
e A good repartition of drive power.

e With other castor wheels used, the drive wheels can be the directional wheels.

Rear wheels
[] ]
II-- M 2 T
L] L]

Figure 1: Traction system for electric vehicle with two-independent-wheel-drives.

4 Traction Drive System Proposed

Figure ] illustrates the general scheme of the traction system proposed. The control of
induction motors 1 and 2 are assured by SM-DTC. The torque references are generated
by speed control of the two wheels, using SM controller. The speed references are gen-
erated by speed and direction orders. The speed and the direction orders are obtained,
respectively, by the accelerator or brake pedals, and the steering wheel.
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Figure 2: Scheme of the proposed drive system.

4.1 Electric differential

Figure 2] assumes that the linear speed of the vehicle v is imposed. The rotation speed
for each motor depends on the type of driving regime selected.
For the straight road regime, the rotation speed for each motor becomes:

v
QL =Qr=—. (1)

For the turning regime, the angular speeds for each motor are different, for example
in the left turning these speeds are expressed as [4]:

2 2
v v Aw, Qp= v U—i—Aw, Aw:d.i, (2)

(1+p+d)r T (1+p+d)r r p.r
p—d p—d

where Aw is imposed when the vehicle crosses a turning way.

Qp =

4.2 Sliding mode — direct torque control

The Classic DTC presents the advantage of a very simple control scheme of stator flux
and torque by two hysteresis controllers, which give the input voltage of the motor by
selecting the appropriate voltage vectors of the inverter through a look-up-table in order
to keep stator flux and torque within the limits of two hysteresis bands [5]. Figure Bl
illustrates the general scheme for the classic DTC.
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Figure 3: Basic of the Direct Torque Control Scheme.

The fast dynamic response of the classic DTC was entirely preserved, while the steady-
state response was significantly improved even at a low switching frequency, but it was
very sensitive to parameter uncertainties due to depending upon motor parameters.

The sliding mode control (SMC) is a very effective approach to solve the problem
thanks to its well established design criteria, easy implementation, fast dynamic response,
and robustness to parameter variations. Figure Ml illustrates the general scheme for the
SM- DTC [11HI4].

+
T, L
‘ /—’®—> Sliding mode [

SVPWM

X direct torque
control | VSI

_ |

- Flux and
speed IM
& Estimator

Figure 4: Structure of sliding mode DTC without switching table.

4.2.1 The induction motor model

The only difference between the five-phase motor model and the corresponding three-
phase motor model is the presence of x-y component equations. Rotor x-y components
are fully decoupled from d-q components and one from the other. Since rotor winding
is short-circuited, x-y components cannot appear in the rotor winding. Zero sequence
component equations for both stator and rotor can be omitted from further consideration
due to short-circuited rotor winding and star connection of the stator winding. Finally,
since stator x-y components are fully decoupled from d-q components and one from
the other, the equations for x-y components can be omitted from further consideration
as well. This means that the model of the five-phase induction motor in an arbitrary
reference frame becomes identical to the model of a three-phase induction motor.

The induction motor model, developed in the reference frame (a, ) is described by
@). This model contains: four electrical variables (currents and flux), one mechanical
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variable and two control variables (stator voltages):

. r
x, =y.2, + 7 -Ts +n,.Iz,.z, +6.Vsa,
T, =7.29 + 7 T4 = My Tz, + 0.V,
.M 1
T, = f'zl — Ezd — N, T, Ty, (3)
. M 1
T, = ?-% — F.% +n,.x,.x,,
) T T TL
x, =n.(x,x, —x,.x,)— 5
where the stator voltages and the states variables are:
VST: [‘/Sav‘/sﬂ]Ta XT: [$15z27$35z47$5]7T: [isaaisﬁ;@TQ;@Tﬁvﬂ]Tv (4)
1 ny M 1 1-0 1-0
§=— pn=-2 _— T =
ULs’n JL, Y <0‘Ts + oT, > ’ oM’ (5)
M? L, L,
c=1—-—Ty==—",T, = —.
LsL, R R,

4.2.2 Switching surfaces selection

It is well known that the squared norm of the stator flux plays an important role in
the performance of a motor and is also closely related to the electromagnetic torque.
Therefore, we choose the control of the active torque ur and the square of the flux norm
up = ®2, which are defined as:

Ur = T2.y1 — T1.Y2, U = Yi + Y5 (6)
Let’s define the errors as:
€1 =ur — UTTefa €2 = Up — u'@Tefv (7)

where ur,,, and ug,,, are the reference values of the active torque and the square of the
flux norm, respectively.

The sliding-mode control is first used to find the sliding surface S = 0. In the present
case, we adopt the integral function of the active torque and the square of the flux norm
errors to obtain:

Sl =e1 + Kl/eldt, SQ =e9 + Kg/egdt, (8)

with K7 and K5 are positive constants.

4.2.3 Convergence conditions

So that control variables converge exponentially to their reference values, it is necessary
for the surfaces to be null.

In addition, the realization of the sliding mode control is conditioned by checking the
Lyaponov condition ( [I6]- [20]):

S;i.8; <0, i=1,2, (9)
and the invariance condition

Si=0, i=12. (10)
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4.2.4 Switching function synthesis

Our goal is to generate a control law using the sliding mode control theory.
The derivative of the surfaces S; and Sy will be:

S=F+DJV,

where

L.y Ly
F i
F:[F;};Dzla.MJer a.M zl],

2.y1 2y2
L, ,
F1 = Q+K1 .UT+7’LP.ZC5. (bd—f—m.’l,tq) —Kl.UTTEf _uTref’
Fy =2.Rs.04 — ’l.l,.:pmf - Kg.ucpmf + Ko.ug,
L,L, L;R,.+ L.R,
a=M-—r, ﬁ:+a ¢d = T1.91 + T2.Y2

and to check the stability condition of Lyaponov, it is necessary to have:

S = w.Sgn (S).
By equalizing (I3 and ([IJ), we have the general control law:

V=-D"'uSgn(S) - D L.F.

[ sf [ eq 3 [ Cﬂ
Wi‘h deﬁnl‘ion Of ‘he equi\/alen‘ COn‘rOl as:

‘/eqa :| —1 [ Fl :|
=-D 1.
[Veqﬁ

We can write it as:

and the commutation control as:

(Vo] = o[ O] [smis ]

431

(19)

Because the commutation control is included in the general control, it is necessary to

choose p; and pg large enough: py > |Fi|, pe > |Fal.

4.2.5 Chattering problem

It is well known that sliding-mode technique generates undesirable chattering; this prob-
lem can be solved by replacing the switching function with the saturation function [I0]:

1, S, >\,
Sat(S) =4 g <M
)\_Za |Sl| < )\i;

X2

where \; > 0 is a smooth factor.

(20)
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5 SVPWM Algorithm Development

5.1 Principal of reference vector approximation

Similar to the SVM algorithm for three phase inverters, the reference space vector is
used to select the corresponding set of nearest adjacent voltage space vectors. The
adjacent vectors selected can synthesize a desired reference voltage vector using averaged
approximation.

Figure 5: Generation of the reference vector by using five vectors.

H
If the reference vector lies in the sector connecting the tips of vectors 71, 72, s Vi
(Figure [l), the average reference vector can be obtained with:

_h t2 13 tn
77‘ef - T171 + T172 + T173 + ...+ Tzvna (21)

where t1, to, ..., t, must satisfy the condition ¢; +t3 + ... + ¢, = T5.

5.2 Switching vector sets selection

From the vectors limiting one sector, we choose the sequence of vectors achieving one
switch transition; there are (n+1) vectors. The sets of corresponding vectors are selected
to be used in SVPWM algorithm; there are (n+1)/2 sets. For example, for seven phase
inverter, Figures[@l [7 Bl present the sets selected with respect to the criteria of one switch
transition, in the three plans. It is clear that the sets covered all range of reference vectors.

5.3 Applying time of switching vectors calculation

The duty cycles corresponding to voltage vectors are proportional to their distance from
the reference vector.

5.4 Switching sequence arrangement

The row of applied nearest vectors depends on the sector number (even or odd). The row
is showed by the arrow in Figures[@ [I0l for five and seven phase inverters respectively.

For one vector approximation, the row of the elements in the sequence is reversed in
the next half of the modulation period, as shown in Figures [T
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Figure 6: The sets selected for a seven phase
inverter in the first plan.

61100 Q
S w ;
05f o Q oo000p10 ‘ 1001101
& G001000 10y
& 1101

S5

433

150
1r '“iiaalll‘ 016 A!!!:I"- 010100
05 4 .‘Q 000014101 ‘ 1010110
& <TTny Qo10000 616050
ok
ooofo
-05 66 ﬁ « 1011010
Ll o0
-15 -
“1s 1 -05 0 05 1 15

Figure 7: The sets selected for a seven phase
inverter in the second plan.
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Figure 8: The sets selected for a seven phase inverter in the third plan.

Figure 9: Vector sequence arrangement in
the five phase inverter.

Figure 10: Vector sequence arrangement
in the seven phase inverter
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Y

Figure 11: Switching sequence arranged in symmetrical pattern.

6 Simulation Results

6.1 Test of SVPWM strategy

To validate the proposed algorithm, simulation examples are realized for 5 and 7 phases
inverters to indicate the simplicity of this algorithm for any number of phases as shown
in Figures to [[9, which represent respectively the reference vector location (Figures
[[2 d6), the phase voltage (Figures I3 [I1), switching sequence arrangement (Figures [I4]
[[8)), phase voltage spectrum (Figures [[5 [[9). Higher phases of SVM will be simulated
with the same simplicity.

A deeper analysis of the resulting PWM voltage harmonics spectrum shows that the
low order harmonics remain relatively weak and the increase of the phase number has an
effect on the reduction of the harmonics content.

Phase voltage (V)

0.005 0.01 0015 0.02 0025
Time(s)

Figure 12: The reference vector location in Figure 13: Phase voltage of a five-phase-
the first plan for a five phase inverter . VSI.
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Figure 14: Switch state of a five-phase-VSI. Figure 15: Phase voltage spectrum.
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Figure 16: The reference vector location in  Figure 17: Phase voltage of a seven-phase-
the first plan of a seven-phase-inverter. VSI.
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Figure 18: Switch state of a seven-phase-
VSI. Figure 19: Phase voltage spectrum.

6.2 Test of speed and torque controls

Simulation results are obtained for a two identical squirrel cage pentaphase IM with
parameters shown in the appendix. The reference speed represents the motion that the
vehicle will have to cross. A trapezoidal form of speed is choosen, which allows simple
calculations and also represents a realizable form. This form includes three phases:

e Phase 1: Constant acceleration; speed increases linearly.

e Phase 2: Null acceleration: constant speed.

e Phase 3: Constant acceleration; speed decreases linearly.

Figures 20, and represent the speed, torque and flux responses for the pen-
taphase induction motor respectively. The inverter phase current and the phase voltage
of IM1 are shown in Figures 25

Speed(rdls)

o o1 02 03 04 05 08 07 08 01% 018 02 0202 0204 0206
Time(s)

Figure 20: Motor speed. Figure 21: Motor speed zoom.
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Figure 22: Motor torque. Figure 23: Motor torque zoom.
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Figure 24: Motor flux. Figure 25: Stator phase current of IM1.
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Figure 26: Inverter phase voltage.

It can be seen from Figures that the motor speed tracks the reference very well
and a small deviation appears only at the begining of the transient.

6.3 Test of electric differential

In order to test the performance of electrical differential used in electric vehicle, we have
two interesting situations:

e The straight road regime, where both motors operate at the same speed.

e The turn regime, where each motor operates at a different speed.

Figures 7] 29 and B8 BQ represent the speed and torque responses for the two vehicle
induction motors in a straight road, right and left turn. They show the follow up of the
speed references and the motor speeds.
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Figure 27: Right Motor speed. Figure 28: Right motor torque.
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Figure 29: Left Motor speed. Figure 30: Left motor torque.

7 Conclusion

This paper describes a SM-DTC for a high-performance electric vehicle with two-
separate-wheel-drive based on two pentaphase induction motors supplied by two pen-
taphase SVPWM VSIs. The proposed system aims at the elimination of hard mechanic
devices (mechanic differential), and replacing it by soft ones (electric differential). Simu-
lation tests have been carried out on a pentaphase induction motor drive. The obtained
results illustrate that the sliding mode control provides a simple implementation in terms
of time calculation with high performance of speed and torque response.

Appendix

Induction motors data:

Rated power : 1Kw
Stator resistance : 4.85 Q
Rotor resistance : 3.805 Q
Stator inductance : 0.274 H
Rotor inductance : 0274 H

Mutual inductance : 0.258 H
Motor-Load inertia : 0.031 Kg.m?
Pole pairs 12
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