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Abstract-This work relates to the study of backstepping
control of the salient-pole double star synchronouwschine
drive fed by two three-level inverters. Indeeds i question
of carrying out a decoupling between stator curremd
electromagnetic torque, by introducing a backstagpi
control with an optimal torque working and by imjmzs
constant flux regime. Furthermore, to ensure a deded
dynamic behaviour of the machine as in the casa BiC
machine, a control of the rotor current has beemmaduced
through a buck converter, feeding the excitatiaweut. The
obtained results are very satisfactory and revehk t
effectiveness of the proposed approach.
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1. Introduction

Multiphase drives possess several advantages o\
conventional three-phase drives such as reducing tl
amplitude of torque pulsations, reducing the amgét and
increasing the frequency of torque pulsation, androving
noise characteristics [1]. The multiphase machirases are
widely used in electrical ships, aircraft, locometitraction,
electric and hybrid vehicles. Recently, speciaersdtbn is
focused on the double star machine drive systemdouible
star machine two sets of three-phase windingsaipyagihase
shifted by 30 electrical degrees are implementetthénsame
stator. Two common examples of such structures tlaee
double star induction machine and double star symdus
machine (DSSM).

It is well known that the variable speed double dtaves
require two traditional PWM inverters. Commonly, ig
difficult to achieve clean output waveform usingotievel
inverters. Indeed, current harmonics caused bgimasoidal
voltage feeding imply power losses in switchingnedats,
necessity of using special filters for high freqoen
components in the output voltages, and pulsatingu&s in
multiphase drives. These drawbacks can be lowesau
multilevel inverters.

Multilevel inverter topology can offer reduced hamc
distortions of the output currents, low voltageesses of
power switches and reduced electromagnetic intarfers
[2]. Therefore, it is a preferred solution for madihigh
voltage or high-power electrical drives applicatioMany
multilevel topologies have been developed, amoemihthe

neutral-point clamped (NPC).As reported in therditere,
numerous PWM strategies have been proposed toot it
kind of inverter. The space vector modulation (SVM)
technique is one of the well-known modulation metho
SVM offers approximately a round rotary magnet&diby
switching the stator voltage space vectors. Théngan
improve the voltage efficiency, quicken the dynamic
responses and reduce the torque ripples of arrieldatrive
even at low switching frequency.

In other hand, the DSSM is basically a nonlinearly
coupling system which leads to a challenging cortek.
Indeed, traditional control methods such as Plrobatre not
suitable for high performance drive applicationm &ase
these difficulties, various control algorithms haween
advised in the literature. Among them, nonlineaatest
feedback control [3], sliding mode control [4]
....Backstepping control theory is one of the protipec
control methodologies for electrical drives. It aaffer many
good properties, such as systematically approath feiw
control parameters and the ability to shape perdioca. The
backstepping technique has been widely used idekin of
speed controllers for induction motors [5][6][7] dan
permanent magnet motors [8][9][10][11].

The main purpose of this paper is to apply the
backstepping control on DSSM fed by two three-leNBIC
inverters controlled by three-level space vectodutations.

The present paper is organized as follows. In Sedi,
the double star synchronous machine model is regort
Section 1l details the SVM algorithm for three4dWPC
inverter. The backstepping control scheme is pregos
Section IV. Results and discussion are submitte8eation
V. The conclusion is given in the last section.

2. Modelling of the double star synchronous machine

As every rotating electrical machine, the doublar st
synchronous machine is composed of a stator arat.rot
Thus, the machine windings can be substituted by an
equivalent scheme in the (d,q). The dynamic modeh o
double star synchronous machine can be describtd id-q
frame as follows:
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Where vq and v, are thed-q axis stator voltagesy; rotor

excitation voltageiy andiy are thed-q axis stator currents;

rotor excitation currentl.y and L, are thed-q axis stator
inductances; rotor excitation inductanceR is the stator
resistanceR; is the rotor resistance;is the number of pole
pairs; f is the viscous friction coefficient], is the load
torque; Qis the rotor speed andl is the rotor moment of
inertia.

Figure 1 represents the backstepping control oblostar
synchronous machine.
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Transformation betweemlq and afframes for first and
second star is given by:
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With y = 77/6 and @ : is rotor position.

Transformation between the six-phase system anephase
system is carried out using the flowing equation:
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3. SVM for three-level inverter

The three-level NPC voltage inverter consists @t pairs

of transistors-diodes and six clamping diodes aswvshin
figure 2. The simple voltage of each phase is elytdefined

by the state of the four transistors constitutinghearm. The
median diodes of each arm permits to have the leee of
the inverter output voltage. Only three sequencdés o

operation are retained and done in work. Each afrth®
inverter is modeled by a perfect switch with thpassitions
(0,1, and 2) [12].
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Fig. 2. Schematic diagram of a three-level inventigh (k=1 for the
first inverter 1 and=2 for the second inverter 2)

Now, considering then states (m = 2, 1, 0) of each arm, the
three-level inverter has a total mf possible combinations of
switching states. As a result, 27 vectors can coctsthe
space-vector diagram of a three-level converteowshas
figure 2. There are 24 active vectors including stirt
vectors, 6 medium vectors and 6 long vectors, drmal t
remaining three are zero vectors.
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Fig. 3.a. Three-level inverter small hexagon.

The middle hexagon (figure 3.b)is defined by thersigions
a, b, ¢, d, e, and f. All vectors limiting thesgimns have the

same magnitudé/dc/x/é .
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Vet IS equal to the zero vectdt, (Va4 Vo, andV;) during Ty
following this optional choiceVyy, V, at the pulse’s ends and
V7 at the pulse’s centre. At the same time:

Vref :Vrefa' +VrefE (6)
Or, in complex writing:
Vref = \/“ rezzfa +Vr§fﬁ ej¢ (7)

Wherey is an angle varying fror@ to 2x.

The SVM pulse is symmetrical and where all switcbethe
inverter’s half-bridge have the same state in #eer and in
the two ends. So, following these properties antkraf
calculation ofT;, Ts.;and Ty of each region belonging to the
appropriate hexagon, the pulses of the higher tradge (

S, S, X =a,b, c) of the three-level inverter are build.

B. Switching times calculation

As said previously, there are three hexagons asrshn
figure3, where each one is constituted of six negicAs a
result, 18 regions require switching times compartatTo
simplify this task, and for reason of similaritigs the six
regions of one hexagon on the one hand, and reaeo®l
between hexagons ‘a’ and ‘c’ on the other hand fgngest

magnitude in hexagon ‘afdc/\/é constitutes the half of the

largest magnitude in hexagon ‘¥, ~2/3, for these all
reasons, in the switching times calculation’s pdare, only
two regions of hexagon ‘a’ and hexagon ‘b’, aresidered.
The other switching times will be then deduced frthrase
four regions.

- Region Iswitching time’s calculation:

Figure (5) presents the different voltage vectorsnfng the
region I.
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Fig. 5. Switching times calculation.
The reference voltage vector could be expressead) ubree

vectors when it lies in any region. After projectioit is
possible to find:
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The switching times applied for each vector arewsho
below:

©)

\/a/refa _\/—Z/refﬁ
T, = T,
E
PNEY
T2 - ref[?-l-S )(9
E
To=T,-T,-T,

C. Examples of chronograms

Figure 6 illustrates the pulses of region 'I'. & about
symmetrical signals that have the same stateseatéhter
and at the ends.
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4. Backstepping control

The idea of backstepping design is conducted tecsel
recursively some appropriate functions of the statiéables
of the machine to be controlled. In this work, 8peed and
direct stator current are assumed as pseudo-cdanfrais for
lower dimension subsystems of the overall systefne T
backstepping procedure is ended when the contemlbiack
design highlights the real physical input. Henderesults
that the final Lyapunov function is found from alsociated
Lyapunov functions defined for each individual dgsistep

(6].

A. Step 1

This first step consists in identifying the err@gwhich
representing the error between real sgeaad its reference
Q' . The speed error is identified by:

e, =Q -0 (10)



The error dynamic is given by

. s . T f
€, =Q -[(% +az¢4)lq-7L—39j (12)
The first Lyapunov candidaM, is chosen as
1
Vi=2e (12)

To have a convergence of the ergyto ward zero, it is

necessary that the Lyapunov function derivativeis
negative, which will allow the followinghoice.

€ =K & (13)
Taking the time derivative d&f;, this leads to

0
V1=—er§22 <0 (14)

Thus, the tracking objectives will be satisfied ngsithe
following control law

1
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So, the control , is asymptotically stable.

B. Step 2

The second step consists in identifying the ergyrsande,

which represent the errors signals between thesotgrand
theirs references currents. Let us define the ntegors as
follows:

{eid =g Tl
€q = 1q 7 1q

On the other hand, Eq. (15, 16) can be expressed as

(16)
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The errors dynamics are given by
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Since, in the errors dynamics expressions (18) of therstato
current components, the actual control inp(\l§,vq)have

appeared and will be calculated. Stability analysis is done by:
1.,

1 1
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Taking the time derivative df, and using (17), this yields to

. 1
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At last, in order to make the derivative of the complete
Lyapunov function (20) be negative definite, thexis and
g-axis voltages control inputs are chosen as follows:
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5. Simulation results

The proposed backstepping control of the double star
synchronous machine supplied by two NPC three-level
voltage source inverters controlled via space vector
modulation strategy is tested by digital simulation.

Figure 7 presents the dynamic response of electrical.drive
To test the speed evolution of the system, the DSSM is
accelerate from standstill to reference spg@@rad/swith a
load variation of 11Nm to ONm between 0.8s and
1.2sfollowed by a speed inversion frob@0rad/sto-100rd/s
atl.5s.

The proposed control performances are very satisfactiwy
rejection of disturbance is very efficient. Note that the
current is maintained null and independent of the torqee; th
iq current reflects the picture of the electromagnetic torque.
The decoupling is ensured for the nominal load. This cbntro
decreases considerably the torque ripples. It can betsat
the speed response is merged with the reference dase af
wards the response time0.16s.

From these simulation results, one can say that the pmbpose
backstepping control presents an excellent performance for
starting, rejection of disturbance and decrease consigierab
the torque ripples.
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6. Conclusion

In this paper, a nonlinear feedback controller Hasa a
backstepping method for a double star synchroncashime
has been developed. To achieve global asymptailuilisy
of the proposed controller, Lyapunov theory is &bl
Some simulation results were carried out to illstrthe
effectiveness of the proposed control system. poisted out
that the robustness of the controlled double staclronous
machine drive against speed and load torque vamistis

decreases considerably the torque ripples and exsgaod
speed tracking without overshoot. The decouplintyveen
the direct current and the torque is maintainechfioming

7. Appendix
Double star synchronous machine parameters arergatin
Table. 1.

Table 1: DSSM Parameters.

DSSM, 5kW, 2 poles, 232V, 50 Hz
Stator resistance R() 2.35Q
Rotor resistance R() 30.3Q
Stator inductance d axid ) 0.3811H
Rotor inductance g axisl ) 0.211H
Stator inductance L{) 15H
Mutual inductance Nlq ) 2.146 H
Total inertia 1) 0.05Nmé/rad
Friction coefficient {) 0.001Nms/rad
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