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Abstract: This paper focuses on the application of the direct torque control based on space vector
modulation (DTC-SVM), combined with the input-output feedback linearization (IOFL) technique
on a three-phase dual open-end windings induction motor (DOEWIM) fed by two dual indirect
matrix converters. The main aim of integrating the non-linear technique is to overcome the main
drawbacks met within the application of the conventional DTC-SVM on dual-stator induction motor
(DSIM), such as the torque and flux ripples reduction, the stator harmonics current minimization,
and the elimination of the common-mode voltage (CMV). Furthermore, it is proved in this paper that
the proposed control on DOEWIN can ensure more flexibility versus speed reverse and variation,
load torque changes, and motor parameters variation. The obtained results prove the validity of the
proposed control on the studied induction motor topology in ensuring the main aforementioned
advantages compared to the conventional DTC-SVM control on DSIM, which presents a promising
solution, especially in industrial applications in which high-power motors are required.

Keywords: DTC; DTC-SVM; input—output feedback linearization; dual open-end winding induction
machine; common-mode voltage

1. Introduction

Three-phase machines are widely distributed as their design and supply issues are
now well mastered. Nevertheless, multiphase machines have particularly attractive char-
acteristics compared to them, in which the increase in the number of phases implies the
numerous advantageous provisions such as the reduction in the amplitude of the electro-
magnetic torque ripples, the minimization of rotor losses, the reduction of harmonic currant
components, and the high reliability against supply faults [1-3]. The multiphase machine
is an interesting solution for typical industrial applications in terms of vibratory or acoustic
discretion. In addition, a structure with a large phase number increases the possibilities
of operations in degraded conditions while preserving an acceptable quality of torque
ripples, which makes this the right choice for applications that require excellent continuity
of service. The number of phases” multiplication also implies the power fractionation,
which reduces the sizing constraints on the power electronics components supplying each
phase, and therefore the choice of a multiphase structure sometimes becomes necessary
for applications with high power; this is what that can be seen in practice as multiphase
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machines are used in the fields of rail traction, naval propulsion, and automotive and
aerospace [4,5]. One of the most common examples of multiphase machines is the DSIM,
which is considered a six-phase machine. The use of this machine, which is practically only
a three-phase machine. That comprises two three-phase stator winding with a certain offset
between them at the level of the stator. This configuration will allow us to benefit from the
advantages of the classic induction machine extensively used in most industrial applica-
tions [6]. At the same time, the DSIM offers, in addition to the advantages of induction
machines, advantages of multiphase machines, which have been aforementioned. In order
to improve the service quality of the DSIM and ensure its control in different industrial
applications with higher reliability, the DSIM has been used with the new topology that
requires the opening of both stator windings; thus, the machine is no longer a DSIM but
it is a dual open-end winding induction machine (DOEWIM) [7-10]. Under this new
configuration, it is necessary to control the machine with four three-phase voltage systems,
with phase shifts well-calculated between them so that we can eliminate the common-mode
voltage and rid of its several issues, such as the bearing currents and shaft voltages, which
leads to rapid failures of machine bearings and shafts [7,8,11-15].

Thanks to the development and progress of semiconductor technology and micro
computing, the accreditation of power electronics converters is increasingly important in
various industrial applications, in particular, for variable speed drives using asynchronous
machines, for which the choice of converters and their control offers an interesting alter-
native to the reduction of the constraints linked to the dimensioning and generation of
current and torque harmonics. Indeed, for several years, these machines were supplied
with power from a rectifier-filter-inverter chain, which increased the total weight and size
of the converter and can be a disturbance source for the electrical network [16,17]. It is
with the aim of alleviating these problems that the conventional converters can be replaced
by other converter topologies, such as the matrix structure which offers many advantages
including the direct alternative—alternative conversion without intermediate circuit, the
elimination of the passive elements of the energy storage which form the intermediate
circuit (generally capacitors), the possibility of considerably reducing the converter volume,
the fast dynamics, the possibility of functional reversibility in the four quadrants, the input
power factor can be adjusted independently of the load, high-quality input and output
currents, and long-life duration [18,19]. However, the direct topology of the matrix convert-
ers has some drawbacks, in particular the high complexity of the control and the current
switching problems. Thus, changing the structure to another indirect one was the best
solution to overcome these problems on one hand, while offering the same performance as
the direct configuration on the other hand [20,21].

The use of advanced modulation techniques makes it possible to synthesize the
reference output voltages from the input voltages and the reference input currents from the
output currents. Indeed, since the introduction of MC in electric motor driving, different
modulation strategies have been proposed; initially, the scalar modulations were adopted
but they demonstrated several defects, notably those associated with a lack of output
voltage waveform quality and limited transformation ration. It was therefore necessary
to use other advanced control techniques, such as the space vector modulation (SVM), in
order to eliminate the aforementioned problems caused by the conventional scalar-based
control technique [22-24].

Conversely, to ensure the control of the induction machine, the direct torque control
(DTC) was proposed by Takahashi and Depenbrock in 1985 as a competitive technique
compared to conventional methods of control based on the conventional pulse-width
modulation (PWM), which can be seen as a solution to overcome some of the drawbacks
of the field-oriented control (FOC) problems [25,26]. This strategy is based on the direct
determination of the voltage converter switching sequences to simultaneously control the
flux and torque without the need for the PWM signal generation stage. The use of DTC in
the asynchronous machines control allows to have a natural decoupling between the flux
and torque, and to present remarkable dynamic performances with a low dependence on
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the machine parameters [27,28]. However, the switching frequency was not-mastered and
the torque ripple constitute the major drawbacks of this control method. In this context
of overcoming these problems, which generate an audible noise of the machine, several
techniques have been proposed and used such as neuronal DTC, fuzzy DTC, and DTC-
SVM. This paper is interested in the study of the use of the latter control technique in
the aim to overcome the constraints faced in the generation of the output voltage applied
to the terminals of the machine when using the aforementioned conventional control
techniques. Hence, the reduction of torque ripples and constant switching frequency can
be ensured [29-31].

It is well known that non-linear control based on the differential geometry theory was
introduced mainly to surmount the problems encountered with linear control. Among
these methods, the linearization technique was introduced in the way of the input-output
linearization, for which its principle consists of finding a transformation that makes it
possible to compensate for the model non-linearity and thus make the relationship between
the system output and its input completely linear [32,33]. In contrast, the input-output
feedback linearization (IOFL) method is a technique that allows for improving the machine
dynamics performance by making it less sensitive to the load torque disturbances and
machine parametric variations, and by reducing the torque and flux ripples at the same
time [34,35].

Consequently and through this work, another technique is proposed which reduces
the torque and flux oscillations faced in DTC-SVM based on the input—output feedback
linearization in order to apply it to the studied DOEWIM, which allows for significantly
reducing the torque and flux oscillations, thereby notably leading to improvement of the
conventional DTC-SVM performance [36]. In addition to all of the above, applying this
strategy to this type of machine is a new idea that has not been discussed before.

The work presented in this paper is mainly structured in five sections. The first
section presents a description of the DOEWIM, which is characterized by the opening of
the two ends of the two stator windings. The second section focuses on the presentation
of the indirect matrix converter IMC with a new topology, which is adapted to power the
DOEWIM. In addition, the SVM strategy used to ensure the used IMC is presented and
discussed in this section. In the third section, the control technique based on the DTC-SVM
technique is presented and its main features are discussed. In the fourth section, the present
paper focuses on improving the conventional DTC-SVM by combining the input-output
feedback linearization (IOFL) technique, which is a new contribution in this paper that has
not been addressed previously by any publication. The fifth section includes a comparative
study based on simulation results between the classic and non-linear DTC-SVM, carried out
by taking into account a deep analysis of the performance of each technique under different
practical situations. This paper is concluded by a conclusion presenting our perspectives
and proposals, which can lead to a continuation of the present work.

2. Description and Modeling of the Dual Open-End Winding Induction Motor
2.1. Dual Open-End Winding Induction Motor Description

The DOEWIM is a DSIM with open stator windings and therefore consists of two
open-ended and identical three-phase windings, forming the two stars which share the
same stator and are shifted by an electric angle of (71/6). They have the same number of
poles and are fed at the same frequency, with the existence of a shift of (271/3) between the
three axes of each winding. The rotor is a squirrel cage rotor with a structure that remains
identical to that of a three-phase machine [37]. It is also considered a machine that has
twelve terminals at the stator level and needs four three-phase systems to feed it.

Consider thatv,,, vp,, vc,, ¥’ a,, ¥',, and ¢, correspond, respectively, to the pole
voltages at the six outputs of the first converter that are feeding the first ends of the two
stator windings, while v,,, vp,, vc,, ¥’ a,, ¥',, and v/, correspond, respectively, to the
pole voltages at the six outputs of the second converter that are feeding the second ends of
the two previous stator windings, as shown in Figure 1.
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DOEWIM

Figure 1. Voltage supply dual open-end winding induction motor.

The voltage across each phase winding among the six phases of the studied motor can

be obtained based on the difference between the corresponding terminal voltages applied
to its ends, as follows:

/
VAl = UA1 —0 Ay
First stator : Vg, = vp, — V', @)
/
VC1 = Ucl — 0 Cy

Va, =04, =04,
Second stator : Vg, = vp, — V', @)
/
VC1 = UCZ — 0 C,

2.2. Dual Open-End Winding Induction Motor Modeling

The dual open-end winding induction motor with the distribution of its windings and

its own geometry is very complex and allows for an analysis, taking into account its exact
configuration. However, the model that we will adopt takes into account the following
simplifying hypotheses [38—40]:

1.  The saturation and hysteresis effects of the magnetic circuit are neglected.
2. The effect of the temperature variation on the resistances and inductances of the
windings is also neglected.
3. The air gap thickness is uniform and the notching effect is negligible.
4. The magnetomotive force has a sinusoidal spatial distribution.
5. The machine has a symmetrical construction.
6.  The two stator windings are balanced and identical.
7. The mutual leakage inductance common to the two windings is negligible.
Based on these assumptions, the DOEWIM model in the (&, ) frame can be presented
as follows.
e  The stator and rotor voltages equations:
. d
Veay = Reyisa; + 7(25:1
; s
Vspr = Reylspy + dtﬁ1
. Adgsa
Veay = Rsylsay + qiistz 3)
. de.
Vspy = Rylsp, + dstﬁ2
. doy
Via = Ryiya + % + wr@rg = 0
) dg,
Vrﬁ = R,z,ﬁ + Ztﬁ +wr@ry =0
with

/
Vsle = Usay — Usay
_ o
Vs, = Uspy U/Sﬁﬁ
Vsay = Usay — U'say

Vg, = Usp, — 0/5/52
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e  The stator and rotor flux equations:

Psay = le isocl + L (isal + isocz + im)
Pspy = Lsyisp, + L (isp, +1 5, + irp)
Psay, = Lszisucz + Lm(isle + isucz + ira) 4)
Pspy = Lyispy + L (isp, + 1 5p, + irp)
Pra = Lyipy + Lm(isle + isaz + im)
Prg = Lrirﬁ + L (is,Bl +i sB2 + irﬁ)

e  The mechanical equation:

K
= Ty =Ty — Lo, ®)

3. Indirect Matrix Converter
3.1. Dual-Outputs Indirect Matrix Converter Topology

The conventional indirect matrix converter structure consists of two stages. The
first is the rectifier stage, formed by six bidirectional switches and each is composed of
the modules of power electronic switches as shown in Figure 2; it offers the operating
possibility in four quadrants including the direct matrix converter. The second stage is
similar to a conventional voltage inverter. Thus, this indirect matrix converter can be
considered as a combination between a four-quadrant current rectifier and a two-level
voltage inverter connected by a virtual DC link [22].

Rectifier stage 1 Inverter stage 1
\Sap1 Shpl\ Scpl\ SAFI\ Sﬂl’l SCP1 \SDP]\ SEP,\SFPI
ia‘ iAl ,
[/ — Ay > — 4
tp, lE1 ,
Vbl o 7\ Bl —> Bl
i lc
Ve, o> il ¢
\Sanl\\ Sbnl\scnl\\SANl\ SBNI\SCNl \SDNJ\SENI\SFN.

4NN N
e Input 1 Output 11 Output 12
D

LN
\ Input 2 Output 21 DOEWIM Output 22
\ Sal’z SbPz\ SCVz\ SAPz\\ SEPz SCPz \ SDPZ\ SEPZ\ SFPz
ia2 iAz s
Va, o—>——| Ay - Az
v Ly, tB, B!
b, O— B, —> 2
ic, ic, ,
ch o0—> C, > C;
NS\ Sha\Seny\ Sano\ SevN\Scw, NSoMNSEno\ Sen,
Rectifier stage 2 Inverter stage 2

Figure 2. IMCs topology for a dual open-end winding induction motor.
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However, to ensure the power supply of the studied motor with the open-end configu-
ration, a new IMC topology is proposed. It consists of an input stage and two output stages,
which allow ensuring a three-phase voltage supply at both outputs. This new structure is
obtained by both maintaining the input stage as in the conventional structure and making
the output stage consist of two independent voltage inverters, which are connected to the
same DC link voltage [23,24,41]. This topology will be used in this paper to power the
studied DOEWIM drive from both sides of the six phases” windings independently, in
which the motor stator is fed by four three-phase voltages systems, as shown in Figure 2.

Based on the model of the two-output indirect matrix converter, the conversion matrix
for each converter is defined as the product of two conversion matrices on each side
(inverter and rectifier).

e  First, we discuss the modelling of the first IMC.

Given that vy, = V4, vp

obtained accordingly:

UAI

Sap

SaN,

1

= v'p, and v, = v'c,, the following equations are

Va

S S S 1
vBl SBpl SBNl |: SZil Szpl SEZI :| Vhl = [CVinvll] [CVrecl]Vil (6)
UC1 SCP] SCNl ! n ! VCI
V4, Saa,  Sap, Saq
UBl = SBlll SBh] SBC1 ‘/il (7)
vc, Sca;, Scp, Sce,
lel SDP1 SDNl S Sb S Va1
v'p, Sep,  SEN, { Sapl pr ! SCP ! ] Vi, | = [CVino12][CVrea [ Vi, (8)
v'c, Sep, SEN e Tim e Ve,
v 4, Spa;,  Spbp, SD¢
s, | = | Ska, SEp, SEq, |Vi )
v'c, Sray,  Srb,  Srq

e  Second, we discuss the modelling of the second IMC.

Given that vy, = v'4,, vp

obtained accordingly:

2

= v'p, and vcr, = ¥'c,, the following equations are

VA, Sap, San, Va,
Sﬂpz Shpz Sflﬂz
UB, Sgp, SBN, S S Vo, | = [CVino21][CVre2] Vi, (10)
v, Scp,  Scn, any Pbmy Sem Ve,
UAZ SA&IZ SAbz SAC2
UBZ - SBu2 SBbz SBC2 ‘/iz (11)
ve, Sca, Scb, Sce,
v/Az SDPZ SDNZ S Sb S Vuz
v'p, Sep,  SEN, SZT Sbm SCZZ } Vi, | = [CVin22)[CViee2] Vi, (12)
v, Skp,  SEN, 2 Thm Tdh Ve,
U’,A2 Spa, Spv, SpDe,
V', Sea, Seb, SEe, | Vi, (13)
v/CQ SFﬂz SFbZ SFCZ

where Sj is the connection function defined as follows:

1 Sjx swith on
0 Sj swithof f

Sjk:{

Vi, and V;, are the input voltages.

(14)
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3.2. Space Vector Modulation for Dual-Outputs Indirect Matrix Converter

The basic idea of the space vector modulation technique for each IMC is to dissociate
the input current’s control from the output voltage’s control based on Equations (6), (8),(10)
and (12). The SVM is applied in synchronization for each stage using two active vectors
and a zero vector to synthesize the three reference vectors, namely V;,, V;, (the two output
voltages for the inverter stage), and I; (the input current for the rectifier stage) for each
IMC. This synchronization is essential in order to have the desired output voltages and
minimize the low frequency harmonics [42].

3.2.1. Rectifier Stage Control

As long as the current I, is considered practically as a constant value during the
switching period T and to ensure the respect of the rules which is essential for the rectifier
stage, the following equations have to be satisfied:

First IMC : { Sapy + Stpy + Sep = 1 (15)
Sanl + Sh'fl] + Scnl - 1
Second IMC : { Sapy  Sbp, T Sep, = 1 (16)
Slﬂ’lz + ShnZ + SCYLZ - 1

The SVM of the rectifier stage depends on the synthesis of reference current vector I;
from two active adjacent vectors and a zero vector, for which their duty cycles are given by
the following equation:

d’y = Myec Sin(grec)
ds = Myec Sin(% - Grec) 17)
do=1—dy—d;

where m,,; = %

The determination of input current vector I; is based on the principle of the modulation
algorithm in the (9, ) plane, which divides this plane into six sectors delimited by the
active vectors, as shown in Figure 3.

BC

©,
BA
@ I_rec
CA
@ > 1y

CB
Figure 3. Input current vectors for possible cases and reference vectors projection.

3.2.2. Inverter Stage Control

As in the rectification stage, it is considered that the virtual voltage U, is constant
during the switching period T;. To avoid the DC bus short circuit, only one switch per arm
must be on in each IMC, which requires that the following equations have to be fulfilled:

First IMC: Sjp, +Sjn, =1 (18)

Second IMC : S]'pz + Ssz =1 (19)

where Sp,, Sin; and Sjp,, Sjn, are the single arm connection functions for the two indirect
matrix converters 1 and 2, respectively.
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The plane (a, ) is divided into six sectors delimited by the active vectors. According
to the principle of SVM, the output voltage vector Vj for each output of each IMC can be
synthesized using the two adjacent vectors V, and Vg, and the zero vector V), as shown in
Figure 4.

$5(010)  #,(110)

B (000)

[
g

74 (011)
5,(111)

#,(100)

$5(001)  $¢(101)

B4(101) BL(001)

v7(111) _,

#1(100) 51(011)

$4(110)  #5(010)

b

Figure 4. Reference voltage vectors V, and V’, and their projections for the first indirect matrix
converter, (a) first output, and (b) second output.

The duty cycles of the two outputs’ voltage vectors for the first IMC are defined,
respectively, as follows:

dy = My sin(F — 6,)
First output : dg = Miyy sin(0y) (20)
dyy=1—-d, —ds

dy = m'jppsin(§ —6',)
Second output : dg = m' iy, sin(6's) (21)
dyr =1—d, —ds

where m;,, and m';,, are the two outputs’ voltage rations of the inverters of the first stage,
respectively, which are defined as follows:

\@|V01‘

Mipy = T (22)
v
/

m,inv = % (23)
v

Considering the two-level inverter produces eight commutation states, the new con-
figuration of the IMC is based on the combination of two two-level inverters in its output,
which allows for generating sixty-four (8 * 8) commutation states. Figure 5 shows the
resulting commutation states from their combination. It is important to note that the same
principle is applied for both stator windings of the studied DOEWIM.
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V1. Vae / Vis Via
Vse Vas
) Vo
Vai V7
Vs
Vi, V Va3 V7
Ve1 Ves Ver
Vsgq These vectors are also null:
Vi1, V22, Vi3, Va4, Vss
Ve6, V77, Vss, Vs, Vs7
Vs Vs3, V \Y

Figure 5. Space vector locations of the dual-inverter scheme.

The voltage space vectors for each dual-inverter, which constitute the four outputs of
the two IMCs, are defined as follows:

=2 j% 5 jo
= z|\va, + 0B €3 +uce3 | =01
First stator : . (24)
=2(y j 5 . elah
vy =¢ A+031€3+vce3 =7'1e
_> .
Uy = %(UA el + UB, ol + v, e]Tﬂ> = vyl
Second stator : — , (25)
0’2:%( e]6+vBe]6 +vce]6)—v2ef"‘/2

From the combination of the two inverters, which are feeding each of the two stator
windings, the resulting voltage vectors at the terminals can be synthesized as follows:

—

= 2 2 . .
First stator : 31 + Z)ll = V01 = — (VAl + VB] (3]2T + VCI 6]%> = V01 P! (26)

6

- - 2 ;7T ;7T s I 5
Second stator : vy + vy = Vo, = ‘ (VAze] 6 + Vg, el T Ve, e QT) = Vp,e/"% (27)

where V4., Vg, Vc,, Va,, Vs,,and V¢, are the voltages at the terminals of each phase of
stator winding 1 and 2.

3.3. Common Mode Voltage

It is obvious that the conventional IMC topology is defective in the generation of
common-mode voltages in the induction motor, allowing for leakage current to pass
through the stator windings, which reduces the life duration of the isolations protecting
them, causing frequent breakdowns of these motors. However, the new IMC topology
is seen as a preferred solution for eliminating common-mode voltages and its associated
problems [43,44].

The common-mode voltage at each end of both stator windings are defined as follows:

UAl -‘r‘UBl -H)Cl
. Oemy = — 3 (28)
First stator :
o = CaFUE e
cmq 3

Uemy, = 04,708, TOC) +v§2+UC2

Second stator : g VA 105+, (29)
cnmypy — 3

where

® Uy, is the common-mode voltage at the first end of the first stator;
e ¢y, is the common-mode voltage at the second end of the first stator;
® Uy, is the common-mode voltage at the first end of the second stator; and
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e ¢y, is the common-mode voltage at the second end of the second stator.

The common mode voltages, which pass through the phases of each of the two stators,
are simply defined as the differences in the common-mode voltages between the two ends
of each stator. They are given as follows:

First stator : Vear, = Uemy — V' em, (30)
Second stator : Vear, = Oem, — z/cmz (31)

4. Direct Torque Control Technique

Indeed, the DTC technique was initially proposed for inverters [45] and then it was
adapted to matrix converters [46]. Its strategy is based on the direct control of the amplitude
and rotation speed of the stator flux using two hysteresis controllers and a commutation
table to directly generate the controlled converter output voltage, for which the hysteresis
regulators allowed us to place the electromagnetic torque and stator flux in a very precise
hysteresis band. It is obvious that the traditional DTC has several drawbacks, the most
important of which are the variable switching frequency and torque oscillations caused by
the hysteresis controllers.

Under these conditions and in order to overcome the problems of the conventional
DTC, the space vector modulator was introduced in its structure, which yields to the
technique known as DTC-SVM. This technique has the SVM advantages, such as the
constant switching frequency, low current THD, high dynamics, etc., while retaining the
DTC characteristics, such as simple and robust structure, lack of internal current regulation
loop, etc. [26].

Instead of hysteresis comparators and the commutation table, two PI controllers are
introduced into the internal control loop, in which the torque and stator flux references
are compared with their actual values in order to derive the errors, which will be used
thereafter as inputs to the PI controllers. The outputs of these controllers are transformed to
new frame coordinates by the vector modulation block, wherein the main aim is to generate
reference voltages and hence provide a better commutation state of the IMC switches [47].

Stator Flux and Electromagnetic Torque Estimation

Basically, the accurate stator flux knowledge is very important in the DTC-SVM
technique. Indeed, a simple and effective method is used to calculate the stator flux from
the voltage, current, and stator resistance independently of the other machine parameters.
This can be presented as follows:

. . (Psle - f(Vsal - iSDllel)dt
First stator : . 32
{ Pspy = f(vsﬁl - lsﬁlel)dt G2
= [ (Vsa, — Isa,Rs, ) dt
Second stator: { P2 = [ (Varz —isesRs, 33
econd stator { Pup, = f(vsﬁz B lsﬁzRSz)dt (33)

In a high frequency, the effect of the error in Ry generally becomes quite negligible,
unlike cases with a frequency close to zero, for which the effect of this error is very
important.

Based on the previous equations, the magnitude and angle of the estimated stator flux
phasor of both windings can be obtained as follows:

— |2 + 2
First stator : P Vs qosﬁl (34)

91 = arctg ZSIS]
S{V]
= Jo2 + o2
Second stator : P2 Psa 95 ;Dsﬁ 2 (35)
0, = arctg—-2

Psay
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The estimated electromagnetic torque can be obtained based on the estimated stator
fluxes and measured stator currents as follows:

Tem = P(@sayisp, + Psarlsp, = Pspyisn; — Pspssny) (36)

Figure 6 provides the general diagram of the direct torque control structure of a
DOEWM supplied by two dual-outputs indirect matrix converters, it comprisr also the
stator flux controller and the electromagnetic torque controller. This control technique is
combined with the SVM for the purpose of achieving high performance.

Dual-Outputs-IMC-1 Dual-Outputs-IMC-2
DOEWIM

3

Rectificr stage

Wy
- (‘)l
1 o T 1©
SVM-R SVM-1 . SVM-1 SVM-R
I 1 Vsarpy 4 lsaypy 2 2
o |
saz,p; - sy, P2
* A
T N Y W N % R
em
VC1 Vb1 val ap d.q '<— “p d,q Vaz Vbz VCZ
N N
61 V5d1 VS‘h .| VSQZ VSdz 92
; L7l :
(psl\ll N y Yy . +‘1’(p52
x Ps, ‘psz
@- Flux and torque Q; m
estimation

Figure 6. Diagram of the global conventional DTC-SVM strategy.

5. Input-Output Feedback Linearization

To further improve DTC-SVM by reducing more and more of the oscillations at the
torque and stator flux levels, and in order to simplify the control algorithm complexity by
completely eliminating Concordia transformation, the input-output feedback lineariza-
tion guarantees these improvements and simplifications with the provision of a perfect
decoupling of the torque and stator flux [32].

The DOEWIM model that has been relied upon in applying the IOFL technique is
written as follows.

e  Dynamic equations:

d'SK . .
d;tl = ayisa; + A2isa, + A8QPra + (P-09.Wr ) Prg + b1 Vea, — b2V,
i ) )
d?zfl = misp, + a2isg, — (p-a9.wr) Pra + ag@rp + b1 Vip, — baVip,
d';:‘z = azis"‘l + alis“z + agPra + (P-a9-wr)§07ﬁ - b2Vszx1 + bl Vsoc2
is ) )
dfz = apisg, + allsﬁzd— (p.ag.wy) @ra + agprp — baVsg, — b1 Vp, (37)
PR = Viay — Ry
dat — 'sm S1°8K1
ds .
q:itﬁl = Vip, — Reylsp,
::9;?2 = Vi, — Ry, sy
Pspy .
dt2 = VsBy T RSzls‘Bz
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with

— Ly g — Lo opge— —Lm ., — L .
o = (Ls +Ln) — i@ =L — i o =g ini0a = Re( AT )

R, a1Rs; 12Rs, azas
a5 = T T ,'a6 = —72 > T3 ,'u7 = > > T3 ,‘a8 = /‘
— — — a a
mtLr (al a2)+a1+a2 (al HZ) aj+ap 1+a2
— _a3 . — M1 . — _4 .
a9 = a+ay by = a?—a3’ by = a?—a3’

e  The electromagnetic torque expression is the same as was given in Equation (36).

The system of equations is written in the form suggested for the application of lin-
earization in the sense of input—output as follows:

x = f(x) + Gi(x) + Ga(x) (38)

y = h(x) (39)

where the expressions

Aisn; + A2isq, + A§Pra + (P.ﬂ9.wr)(Prﬁ
alisﬁ1 + 112is/32 - (p-a9-wr)§0m + agPrp
Aplsy; + A1isa, + A8Pra + (P.ﬂ9.wr)(Prﬁ
(x) = | 2 kg T P )Pt 0 (40)

s1lsaq
—Rg, isﬁl
—Rs, s,
*Rszisﬁz

Gi(x) = g1(%)(Veuy ) + 82(x)(Veny) + 83(%)- (Vap,) + 84(x)- (Vip,) (41)
Ga(x) = g5(x)- (Voay ) + 86 (%) (Viuy) + 87(%)- (Vep, ) + 88(x)- (Vip,) (42)

The matrix forms for g1(x), g2(x), g3(x), ga(x), g5(x), ge(x), g7(x), and gs(x) are
represented, respectively, as follows:

gix)=[b 000100 0] (43)
gx)=[-b, 000000 0]" (44)
@(x)=[0 =, 00 010 0]" (45)
ga(x)=[0 b 00000 0] (46)
gs(x)=[0 0 b 000 0 0] 47)
g(x)=[0 0 =, 000 1 0]" (48)
g7(x)=[0 00 —b, 0 0 0 0]" (49)
gs(x)=[0 00 b 000 1] (50)
The expression of x is also defined as follows:
X =[is isp fsny fsp, Psar Pspy P Pspy ]T (51)

The system outputs are represented by the torque produced by the motor and the
stator flux squared modules, and they are expressed as follows:

hl(x) = Tem = P((PSM isﬁl + q’szxzisﬁz - (Psﬂl is“l - (Psﬁzisaz) (52)
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= ¢, + 03, (53)

ha(x) = |95, |* = 9%, + 92, (54)

hZ(X) = |(P51

5.1. IOFL Technique

To simplify the linearization of our non-linear system, the Lie derivative is introduced
to guarantee the differentiation of the controlled variable with respect to time until the
input appears [34].

The degree relating to the torque is defined as follows.

e  First stator:
Yy = Lh1(x) + Lg I (%) Vsay + Lgyh1 (%) Vsa, + Lgyh1(x) Vg, + Lo, ha(x) Vip, (55)
e  Second stator:
Yp = Leh1(x) + Lgsh1 (x) Vsay + Lggha (x) Veay, + Lg, h1(x) Vsp, + Lggha (x) Vg, (56)
The two relations that give the two-stator flux are as follows.
e  First stator:
Y3 = Lha(x) + Lg ha(x) Vsay + Lgyha(x) Vsa, + Lgyha(x) Ve, + Lg,ha(x) Vip, (57)
e  Second stator:

Yy = Lrha(x) + Lgshs(x) Vsay + Lggh3(x) Vaay + Lg,ha(x) Vsp, + Legha(x) Vg, (58)

5.2. Non-Linear Control Law

The non-linear control law defines the relation that connects the physical input u (x)
to the output derivative y(x) in the form of a matrix given by the following formula [32]:

[y to 0s 0 ]T = A FE@) Vay Ve Vi Ve ]| (69)
with
A(x) = [ Lfl’ll thl thz th3 ]T
Lgymi Lghi Lgshi Lgm
Lgshy  Lgghi Lg Lggh
2Qsa, 0 2¢sp, 0
0 20m, 0 204

E(x) =

The expression that provides the SVM block inputs is as follows:

2 2
+k1( - |<psl|2)

Vi=Vy= Temrgf + ko (Tem,ef - Tem) (60)

2 2 b
+k3< —|cp52|)

with k1, k3, and k; assumed as positive gains and generally k1 = k3.

The IOFL-DTC-SVM performances are directly affected by the selection of these gains
because the system is distinguished by its slow convergence and weakness of robustness
when small values are given to the gains, and this presents a strong perturbation and
instability when receiving these gains’ large values. Contrary to all this, though, the choice
of appropriate values leads to perfect and excellent regulation.

Figure 7 represents the block diagram of a direct torque control associated with a
non-linear control based on input—output feedback linearization, with SVM applied to a
DOEWIM supplied by two dual-outputs indirect matrix converters.

V=

(Pslref (P51 ref

V3 = §052 ref

(pSZVEf
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Figure 7. Diagram of the global IOFL-DTC-SVM strategy.

6. Simulation Results and Discussion

In this section, the application of the conventional DTC-SVM and IOFL-DTC-SVM for
the control of the DOEWIM were carried out under simulation tests. The main characteris-
tics of the machine under study are presented in the Appendix.

The main objective is to present a detailed comparison between the performances of
both techniques based on the analysis of the dynamic behavior of the chosen electrical, elec-
tromagnetic, and mechanical control variables, such as the stator current, electromagnetic
torque, stator flux, and rotor speed. For this purpose, simulation tests have been performed
for both techniques under similar operating conditions and identical controller parameters.
In addition, the tests were carried out for a reference speed that is equal to 50% (157 rad/s)
of the motor rated speed, taking into account the steps of starting-up under no load, load
torque application, and speed reverse.

Indeed, these simulations included a sequence of steps that could imitate the practical
cases in industrial applications. The machine started up at t = 0 s with no load following
an imposed reference speed profile; at t = 0.8 s with a load torque of T;, = 10 N-m applied,
which is considered as an external perturbation; at f = 1.2 s with the applied load torque
increased to Ty = 15 N'm; and at t = 1.6 s wherein the applied load torque was removed,
which means that T;, = 0 N-m. The second part of these simulations present the dynamic
behavior of the two proposed control techniques against the speed revers, for which at
t = 2 s, the reference speed was the reverse without the application of any load torque.

The voltage waveforms and their harmonics spectrum obtained by the two techniques
DTC-SVM and IOFL-DTC-SVM are shown in Figures 8a,b, respectively. It is important
to clarify that the range of the spectrum window was limited to 2 kHz in this figure.
This choice was made because all the other components are neglected compared to the
low frequency components, in addition to the fact that their presentation does not make
any sense and their impact on the dynamic behavior of the motor are totally neglected.
According to the observation of the harmonic spectrum of the obtained voltages at phase
“a” of the first stator winding for the conventional DCT-SVM and IOFL-DTC-SVV, it can be
deduced that in the case of the conventional DTC-SVM, the harmonics content was more
important with THD,, = 83.71% in comparison with the case of IOFL-DTC-SVM, which
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was characterized by THD, = 73.54%. It can be said that the obtained voltage quality
helped in ensuring less electromagnetic torque ripples for the proposed technique.

500 100
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< 80 THD =83.71%
g 250 é
@ ©
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Figure 8. (a) Output voltage and its harmonics spectrum with the application of the DTC-SVM
technique. (b) Output voltage and its harmonics spectrum with the application of the IOFL-DTC-
SVM technique.

Figure 9a presents the dynamic evolution of the motor rotor speeds resulting from
both techniques compared to the reference rotor speed. It can be clearly seen that the
speed response was the same for the two approaches, wherein the rotor speed tracked
the reference speed during along the speed profile with a very small error between the
references speed and the developed speed in both cases. It can be clearly noticed that
the profile of the reference speed passed from N = 157 rad/s to N = —157rad/s in a
linear manner, which imitates the real practical case, due to the fact that the change of
the direction of the rotor speed cannot physically occur in an instantaneous way. From
Figure 9a, it can be said that the dynamic evolution of the speed, in comparison with the
imposed speed reference, was very satisfactory within all the aforementioned operating
steps. Furthermore, it can be observed that the load torque variation did not affect the
reference tracking dynamic under the application of both techniques, wherein its effect can
be neglected as shown in the depicted zoomed-in graph window presented in Figure 9a
between times t = 0.35sand t = 055s,t = 1.55sand t = 1.75s,and t = 2.55s and
t = 2.75 s. Therefore, we can say that the response time and external disturbances’ impact
on the rotor speed were the same for both the conventional DTC-SVM and IOFL-DTC-SVM
techniques, but in terms of error between the reference speed and the developed speed
by the machine, the preference was for IOFL-DTC-SVM as this error was less compared
to the conventional DTC-SVM, which makes the machine more stable and less turbulent.
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This is what the zoomed-in graph window shows between the two instants of t = 1.4 s and
t = 1.5 s in Figure 9a, as well as in the speed error zoomed-in graph window shown in
Figure 9b.

300 T T T
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Figure 9. (a) The rotor speeds of the DTC-SVM and IOFL-DTC-SVM techniques. (b) Zoomed-in
graph window of the rotor speed errors of the DTC-SVM and IOFL-DTC-SVM techniques.

Figure 10a shows the electromagnetic torque T,;; developed by DOEWIM under
the application of both techniques. It is obvious that in both cases, the T, tracked the
load torque within a very short time of 0.1 s with a neglected disturbance impact on the
quality of the speed, as shown in Figure 9a and 9b. In addition, the overshoots of the
developed T,;; in both cases for different loads were small within the range of 1 N.m.
It is important to clarify that the DOEWIM benefits naturally from the main features of
multiphase machines, where the torque ripple is considerably reduced in comparison to
their three-phase machine counterpart, and the first harmonics component contained in
the torque is of the order of twelve times of the fundamental frequency of the voltage
applied on the double stator. However, the IOFL-DTC-SVM technique presented a very
interesting advantage, wherein the resulting T, ripple peak values (their magnitudes)
were significantly reduced in comparison to the conventional DTC-SVM technique, as it
can be clearly noticed in Figure 10b. This advantage allowed for reducing the mechanical
stresses along the shaft and bearings, obtaining less noise and vibrations in the machine,
and thus better efficiency can be achieved. In fact, this is due to the quality of the voltage
applied to the stator winding when using IOFL-DTC-SVM compared to the case of the
conventional DTC-SVM. The non-exact congruence of the load torque and the average
value of the developed T, were due to the difference produced by the relating friction
torque, which depends essentially on the motor rotor speed and the friction coefficient, as
presented in Table Al. In the present case, the friction torque was K Wy = 0.157 N-m.
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Figure 10. (a) The electromagnetic torque developed by the DOEWIM with the application of DTC-
SVM and IOFL-DTC-SVM techniques. (b) Zoomed-in-graph window of the electromagnetic torque
developed by the DOEWIM with the application of DTC-SVM and IOFL-DTC-SVM techniques.

The currents in the three phases of the first stator winding for the two techniques
are shown, respectively, in Figures 11a and 12a, along the aforementioned simulation
steps. It can be observed that the start-up peak current for the proposed technique had
a lower value than the conventional technique, while the time for this transition was
nearly the same for both techniques. Also the two figures show that the application of the
load torque generated progressive increases in the phase currents, proportional directly
to the value of the load torque in a similar way for the two techniques; this is also noted
during the transition phase when the speed was reversed, characterized by an increase in
the magnitudes of the phase currents, which were higher in the case of IOFL-DTC-SVM
compared to the DTC-SVM. Figures 11b and 12b show the harmonic spectrum of the phase
current of phase “a” of the first stator winding for both strategies. It is important to clarify
that the range of the spectrum window was limited to 1 kHz in these figures. This choice
was made due to the fact that all the other components are neglected compared to the low
frequency components, in addition to the fact that their presentation does not make any
sense and their impact on the dynamic behavior of the motor are totally neglected. It is
obvious that in the case of the IOFL-DCT-SVM, the harmonics content was less important,
with THD; = 12.04%, in comparison to the case of DTC-SVM, which was characterized by
THD; = 12.96%; this led to less ripples in the electromagnetic torque. Indeed, this feature
can be considered as one among the other advantages of using the proposed strategy
compared to the conventional strategy that may lead to the improvement of the overall
performance of the system based on the IOFL.
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Figure 11. (a) Stator phases’ currents of DTC-SVM. (b) The harmonics spectrum of the first stator
winding current of DOEWIM at “a” for DTC-SVM.
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Figure 12. (a) Stator phases’ currents of IOFL-DTC-SVM. (b) The harmonics spectrum of the first
stator winding current of DOEWIM at “a” for IOFL-DTC-SVM.
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Figure 13A shows the stator fluxes for the DTC-SVM and IOFL-DTC-SVM techniques
following the («, B) axis, at which it can be observed that very satisfactory dynamic
responses were achieved during all the operating steps, during which the two-stator flux
components following the («, B) axis were characterized by a perfect sinusoidal waveform.
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Figure 13. (A) The stator fluxes: (a) DTC-SVM and (b) IOFL-DTC-SVM. (B) The resultant stator fluxes: (a) DTC-SVM and
(b) IOFL-DTC-SVM. (C) Stator fluxes in the («, 8) frame: (a) DTC-SVM and (b) IOFL-DTC-SVM.



Energies 2021, 14, 5625

20 of 23

Figure 13B shows the resultant stator flux along the simulation steps under the appli-
cation of both techniques. Indeed, the two obtained resultant fluxes were nearly constant
and were not affected by the transient steps, the load changes, nor the rotor speed reversion;
this can be explained by the accurate control of DTC, which offered a natural decoupling
between the flux and torque. However, the introduction of the IOFL in combination with
DTC-SVM allowed for achieving a significant and clear improvement in the rejection of
disturbance, which makes the flux smooth, with neglected oscillations, as shown in the
depicted zoomed-in-graph window of Figure 13B.

Figure 13C shows the stator flux in the («, ) frame, in which it can be noticed that the
application of both techniques ensured a perfectly circular trajectory. This confirms that the
flux vector amplitude is kept constant during all operation stages and without overshoot
at the start-up. Nevertheless, the proposed technique offers a finer and smoother trajectory
than the conventional technique, as shown in Figure 13c.

7. Conclusions

The work presented in this article proves that the matrix converter is a competitive
alternative for AC/AC conversion in many industrial applications due to its various
advantages compared to other options, particularly in the driving of multiphase machines.
The obtained simulation results in this paper show that the application of the DTC-SVM
on the DOEWIM provides better control flexibility by guaranteeing the operation with a
fixed-switching frequency, neglected overshoot, fast response, and capability to deal with
torque and flux disturbances. In the meantime, this technique presents significant ripples
in the developed electromagnetic torque, which may lead to more noise and mechanical
stress in the machine. However, the insertion of the IOFL technique with the conventional
DTC-SVM presents a significant reduction of the torque ripples due current harmonics
minimization, which leads to a considerable reduction of the noise and mechanical stress
in the machine; hence, long lifespan can be ensured. In addition, the application of
IOFL-DTC-SVM allows for simplifying the system modeling by eliminating the Concordia
transformation. From this study;, it can be concluded that the association of the DTC-SVM
with a non-linear technique for the control of the asynchronous double-star machine with
its new configuration (DOEWIM), powered by two dual-output indirect matrix converters,
ensures high dynamic control, better performance, better robustness, and less computation
burdens.
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Abbreviations

The following abbreviations are used in this manuscript:

DOEWIM  dual open-end windings induction motor

DSIM dual-stator induction motor
DTC direct torque control

SVM space vector modulation
IOFL input-output feedback linearization
CMV common-mode voltage
FOC field-oriented control

MC matrix converter

IMC indirect matrix converter
DC direct current

AC alternating current

THD total harmonic distortion
Appendix A

Table A1. The parameters of DOEWIM.

Parameter Value Parameter Value
L,;: mutual inductance 0.3672H K £t friction coefficient 0.001 N-m-(rad/ s)_1
L;: rotor inductance 0.006 H P: number of pole pairs 1
Ls, = Ls,: stator inductances ~ 0.022H J: moment of inertia 0.0625 Kg-m?
Rs, = Rs,: stator resistances 3.72Q) Vi nominal voltage 220V
R, : rotor resistance 2120 P,;: nominal power 45 Kw
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