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Abstract

Multilevel direct torque control of sensorless
two five-phase induction machines connected in
parallel

Railway traction, naval propulsion, and robotics are just a few examples of numerous industrial
sectors that exploit the multi-machine drive, more than one electrical machine drive. Which is
currently comprising n three-phase machines parallel-connected in different configurations.
However, it lacks the means of independent control of each machine in the drive due to the

Master-Slave and Averaging control schemes utilized in the three-phase system.

Therefore, this thesis considers the concept of an independently controlled two-machine drive
constituted of two multiphase induction machines (IM) parallel-connected to a single multi-
level multiphase voltage source inverter (VSI), to enhance the concept of multi-phase multi-
machine drive when compared to its three-phase counterpart. Where the five-phase IM (FPIM)
topology is proposed based on a cost-effective technique study, by exploiting the additional
degrees of freedom (DOF) offered by this topology. The fundamentals of the independent
control concept of the parallel operation of the two-machine drive is derived from the fact that
the AC machines, disregarding the phase number, require the control of only one set of current
components. Thus, the extra current set can be exploited to control independently the other
machines in the drive with the proper stator phase connection. Nevertheless, this concept faces
numerous challenges due to the inherited control difficulties of the IM and the multi-level
topologies of the VSI, the parallel operation complexity, and the poor performance of the

traditional control strategies, especially during the low-speed operation.

For this reason, the direct torque control (DTC) technique presents an interesting solution to
overcome the aforementioned challenges, offering robust and dynamic performance.
Nevertheless, every technique has its pros and cons; for instance, it presents a high content of
flux/torque ripples, in addition to the size and complexity of the switching table (ST), which
reduces the performance of the suggested concept of the two-machine drive. For this reason, an
Al-based DTC technique, exploiting the artificial neural networks (ANN) benefits, to improve

XX



Abstract

the robustness and enhance the performance of the drive resulting in the reduction of the
developed flux/torque ripples. This latter is achieved by replacing the hysteresis controllers
(HC) and the ST of the conventional method by ANNSs-based controller; thus, resulting in a

simple yet more robust structure.

Moreover, to further optimize the performance, size and improve the aforementioned cost-
effective technique study based two-machine drive’s fault-tolerant capability, Machine Model-
based (MM) sensorless methods are investigated to observe and estimate the machine’s critical
state variables to achieve the optimum performance of the DTC technique and the drive by
addressing the drawback of the utilized open-loop estimator especially during the low-speed
operation. Where the three proposed MM techniques based on Model reference adaptive system
(MRAYS), Sliding mode observer (SMO), and Virtual current sensor (VCS) results in higher
performance regarding the speed tracking during the transient and steady state operation,
negligible estimation error, and better rejection of external disturbances in different operating

scenarios.

On the other hand, a preventive mitigation approach to tackle the Common-Mode Voltage
(CMV) generated by the PWM-controlled VSI’s discrete voltages is considered. For this reason,
a modified DTC is discussed, utilizing the concept of virtual voltage vector (VVV). These
VVVs are synthesized based on a selected switching states capable of reducing the CMV peak-
to-peak values. Thus, improving the drive’s reliability and reducing the maintenance’s time and

cost by addressing the inherited drawback of the multi-level VSI from its roots.

Keywords: Five-phase induction machine (FPIM), Direct torque control (DTC), two-machine
drive parallel-connected, Multi-level voltage source inverters (VSI), Artificial neural network
(ANN), Sensorless control, Model reference adaptive system (MRAS), Sliding mode observer
(SMO), Current reconstruction, Virtual current sensor (VCS), Common-Mode Voltage (CMV),
Virtual voltage vectors (VVV).
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Résumé

Commande directe de couple multiniveaux sans
capteur de deux machines a induction penta-

phasées connectées en parallele

La traction ferroviaire, la propulsion navale et la robotique ne sont que quelques exemples
parmi les nombreux secteurs industriels qui exploitent I'entrainement multi-machines, c'est-a-
dire I'entrainement de plusieurs machines électriques. Celui-ci comprend actuellement trois
machines triphasées connectées en parallele selon différentes configurations. Cependant, il ne
permet pas de contrbler indépendamment chaque machine de I'entrainement en raison des

schémas de contr6le maitre-esclave et de moyennage utilisés dans le systéme triphaseé.

Par conséquent, cette these examine le concept d'un entrainement a deux machines a commande
indépendante constitué de deux machines a induction multi phasés (IM) connectées en paralléle
a un seul onduleur a tension multi phasé a plusieurs niveaux (VSI), afin d'améliorer le concept
d'entrainement multi phasé a plusieurs machines par rapport a son équivalent triphasé. La
topologie IM a cing phases (FPIM) est proposée sur la base d'une étude technique rentable, en
exploitant les degrés de liberté supplémentaires (DOF) offerts par cette topologie. Les principes
fondamentaux du concept de contrdle indépendant du fonctionnement en paralléle du systéeme
a deux machines découlent du fait que les machines a courant alternatif, quel que soit le nombre
de phases, ne nécessitent le contrdle que d'un seul ensemble de composants de courant. Ainsi,
I'ensemble de courants supplémentaire peut étre exploité pour contréler indépendamment les
autres machines de I'entrainement avec la connexion de phase statorique appropriée.
Néanmoins, ce concept se heurte a de nombreux défis en raison des difficultés de contréle
héritées de I'IM et des topologies a plusieurs niveaux du VSI, de la complexité du
fonctionnement en paralléle et des performances médiocres des stratégies de controle

traditionnelles, en particulier lors du fonctionnement a basse vitesse.

Pour cette raison, la technique de contrdle direct du couple (DTC) présente une solution
intéressante pour surmonter les défis susmentionnes, offrant des performances robustes et

dynamiques. Néanmoins, chaque technique a ses avantages et ses inconvenients ; par exemple,

XXii



Résumé

elle présente un contenu élevé d'ondulations de flux/couple, en plus de la taille et de la
complexité de la table de commutation (ST), ce qui réduit les performances du concept proposé
d'entrainement a deux machines. C'est pourquoi une technique DTC basée sur I'lA, exploitant
les avantages des réseaux neuronaux artificiels (ANN), a été mise au point afin d'améliorer la
robustesse et les performances de I'entrainement, ce qui a permis de réduire les ondulations de
flux/couple développées. Ce dernier objectif a été atteint en remplacant les contrdleurs
d'hystérésis (HC) et la ST de la méthode conventionnelle par un contréleur basé sur les ANN,

ce qui a permis d'obtenir une structure simple mais plus robuste.

De plus, afin d'optimiser davantage les performances, la taille et d'améliorer la capacité de
tolérance aux pannes de I'entrainement a deux machines basé sur I'étude technique rentable
susmentionnée, des méthodes sans capteur basées sur le modéle de machine (MM) sont étudiées
pour observer et estimer les variables d'état critiques de la machine afin d'obtenir les
performances optimales de la technique DTC et de I'entrainement en remédiant a I'inconvénient
de l'estimateur en boucle ouverte utilisé, en particulier pendant le fonctionnement a basse
vitesse. Les trois techniques MM proposées, basées sur le systeme adaptatif de référence de
modele (MRAS), I'observateur en mode glissant (SMO) et le capteur de courant virtuel (VCS),
permettent d'obtenir des performances supérieures en termes de suivi de la vitesse pendant le
fonctionnement transitoire et en régime permanent, une erreur d'estimation négligeable et un

meilleur rejet des perturbations externes dans différents scénarios de fonctionnement.

D'autre part, une approche préventive d'atténuation visant a lutter contre la tension en mode
commun (CMV) générée par les tensions discréetes du VSI contrélé par PWM est envisagée.
Pour cette raison, un DTC modifié est envisagé, utilisant le concept de vecteur de tension virtuel
(VVV). Ces VVVV sont synthétisés sur la base d'états de commutation sélectionnés capables de
réduire les valeurs créte a créte de la CMV. Ainsi, la fiabilité du variateur est améliorée et le
temps et le co(t de maintenance sont réduits en remédiant a l'inconvénient inhérent au VSI a

plusieurs niveaux.

Mots clés : Machine a induction penta-phasé (FPIM), Commande directe de couple (DTC),
Deux machines connectées on parallele, Onduleurs multi-niveaux (VSI), Réseaux neurones
artificiel (ANN), Commande sans capteur, Model reference adaptive system (MRAS),
Observateur en mode glissant (SMO), Reconstruction des courants, Capteur du courant virtuel
(VCS), Tension en mode commun (CMV), Vecteur de tension virtuel (VVV).
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Chapter 1

Modelling of two parallel-connected

machine drive

1.1. Introduction

Numerous industrial sectors, such as EVs, for example, rely on AC machines for adjustable
speed drives (ASD) [2]. The multiphase machines, namely the FPIMs, are the best candidates
for such applications since they have the benefit of a fair balance between the system
advantages, cost, and size compared to their complexity. These advantages are increased torque
per ampere ratio, reduced EMI, and better MMF waveforms, to name a few [29].

To ensure a wide speed range and four quadrants of drive operation, multi-level multiphase
voltage source inverters (VSI) are used. Because additional phases are available, these inverters
decrease the current rating per phase and reduce the stress on the semiconductors and the

machine’s windings [43].

Furthermore, the FPIMs offer additional degrees of freedom (DOF) that further enhance the
potential use of these machines, such as fault-tolerant operation, torque enhancement, and

single VSI fed parallel/series connected multiphase multi-machine drive, for example [29].

The independent multiphase multi-machine drive parallel/series connected has a high potential
in the industrial sector. The cornerstone of this latter application is based on the fact that the
VC of any AC machine requires only the control of two of the current components.
Nevertheless, such control requires the performance of a determined phase transposition for the

stator phase connection.

Thus, this chapter details the multiphase machine types and merits/demerits in the second
section. The FPIMs are modeled in section three by five sets of electrical and magnetic
equations and one mechanical equation in the natural frame. Nevertheless, these sets of
equations require simplification process for easy study of the machine’s performance for a four-
phase system (a4, f;, @y, B,) through a transformation matrix in the fourth section. The

different parts of the VFD are modeled with special focus on the multi-level VSlIs. In section
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Chapter 1 Modeling of two parallel-connected machine drive

five, the working principle of the two-machine parallel-connected to a single VSI, advantages,

and modeling are discussed.
1.2. Multi-phase machines

The AC machines with a phase number higher than three-phases are recognized as a potential
solution for specific ASDs, namely the hybrid and full EVs, naval propulsion, and aerospace
applications [42, 44 - 47].

The multi-phase machine solution can be categorized into two types according to the multiple

of three-phase or the number of the stator phases referred to as type 1 or type 2, respectively.
1.2.1. Type 1 multi-phase AC machines

The type 1 multi-phase AC machines are characterized by a multiple of three stator phases
number and further grouped in n (n=1,2,3...n) stator three-phase machine (multi-star three-
phase machine). Nevertheless, based on the angle a for a given phase number between the two
adjacent phases, several configurations are possible. For instance, for the dual star AC machine

(g9=6), two different configurations are possible as follows [42, 44 - 47].

e Asymmetrical dual-star AC machine, where the two-star points are shifted by an angle
of 30°, as shown in Figure 1.1.a.
e Symmetrical dual-star AC machine, where the two-star points are shifted by an angle of

60°, as shown in Figure 1.1.b.
Figure 1.1 presents the type 1 multi-phase AC machines.
1.2.2. Type 2 multi-phase AC machines

The type 2 multi-phase AC machines are characterized by stator phases of an odd number (q)
as shown in Figure 1.2, where o is the angle between the two adjacent stator phases windings
[42, 44 - 47].
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bl bl 0

¢l cl e

(@) (b)

Figure 1.1: Type 1 multi-phase AC machines: (a) symmetrical machines, (b) asymmetrical

machines.

(@) (b)
Figure 1.2: Type 2 multi-phase AC machines: (a) FP machine, (b) seven-phase machine.
1.2.3. Multi-phase AC machines’ merits and demerits

Since the introduction of multiphase AC machines, a special interest has been trigged due to
their capability to reduce electromagnetic pulsations [42]. However, every solution has some

downsides, too, as follows:
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1.2.3.1. Multi-phase AC machines merits

Torque ripples reduction: The multi-phase AC machines have a potent signature of
reducing the developed torque ripples, especially in the era of the PWM drive rating
from the low to medium power levels. Thus, optimize the noise-vibration levels of the
drive [44].

Power segmentation: This type of machine possesses a key factor in the high-power
industries, in contract with the three-phase machine, which is that for a given machine’s
power rating, the additional phases available enable the reduction of the power level per
phase; hence, current, which in turn is translated in the semiconductor’s switches rating
[32, 48]

Additional DOF: In the multi-phase topology, in contrast to the three-phase topology,
not only is the fundamental component used to generate the torque, but also the third
current harmonic component. For instance, in the five-phase topology, the torque can
be generated both by the fundamental and the third current harmonic components. By
exploiting this feature, the developed torque can be enhanced through the injection of
harmonic currents.

Fault-tolerant: The foremost reason to consider multi-phase machines in critical
applications is their ability to operate under a faulty condition, such as an open-phase
fault. These machines can produce a rotating MMF in the case of an open-phase fault
without any modification in either the control scheme or the wiring of the drive.

However, the performance degrades, and the power level is reduced [48].

1.2.3.2. Multi-phase AC machines demerits

Current harmonics: Specific harmonic components (stator harmonics) are trapped in
the stator windings due to the fact that they contribute to the generation of a rotating
MMF. Where the impedance presented by these harmonic spaces is low, which results
in a high harmonic current [49].

High cost and complexity of the drive: The additional phases in use imply the use of
additional semiconductor switches, which in turn increase the cost of the drive.

Moreover, the additional switches in use implies a complex control scheme.
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1.3. Modelling of the FPIM

Figure 1.3 shows a schematic representation of the FPIMs. Where these latter have five
symmetrical distributed windings star-connected with 72 electrical degrees between any two
consecutive phases and a squirrel cage rotor.

Figure 1.3: Schematic representation of the FPIM.

The modeling approach of the FPIMs considers the same simplifying hypothesis as for the

three-phase machines as follows [50]:

e A uniform air gap.

e Sinusoidal distribution of MMF in the airgap.

o Neglected skin effect, temperature effect, and core losses.
e The notch effect is neglected.

e Constant inductances and resistances.

e The magnetic saturation effect is neglected.

e The stator and rotor have the same phase order.
1.3.1. FPIM electrical equations [51]

The stator and rotor’s five-phase voltage equations are given as follows:

v, =R 1, + %%/

O:Rf|f+d¢/dt

The stator and rotor’s flux expression are as follows:

(1.1)
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¢s =Lss|s+Msr|r
¢r = er|r+Mrs|s

By substituting (1.2) in (1.1):

VS :Rs|s+d(|‘sslsydt+d(Msrlrydt
0=R 1, (Ll L AMLL) ¢

Where:

V, =|V Vis Voo Vi Ve ]T : stator voltages vector.

"
Il [Ias lpo T 1o Ies] : stator currents vector.

r

.
[Iar (R D Ier] : rotor currents vector.

;
o = [gﬁas Gos Do Pus ¢es} : stator flux vector.

;
& = [¢ar G P Pur ¢e,] : rotor flux vector.
R, =diag [Ras R Rs Ry RES] : stator resistance matrix.
R = diag[Rar R, R, Ry RerJ : rotor resistance matrix.

L, : stator inductances matrix.

L,, : rotor inductance matrix.

L, M, M, M, M,
M, L M, M, M,
L,=|M, M, L M, M,
M, M, M, L M,

‘M, M, My My L |

(1.2)

(1.3)

(1.4)
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(1.5)

1
-

=S rr£< <L
<

M_ =M _: mutual inductances.

cos(0) cos(f+a) cos(@+2a) cos(@+3a) cos(0+4a)]
cos(0+4a) cos(6) cos(@+a) cos(0+2a) cos(f+3ax)
M, =M_=M|cos(0+3cx) cos(€+4x) cos(6) cos(f@+a) cos(@+2a) (1.6)
cos(f@+2a) cos(@+3a) cos(f+4a) cos(6) cos(6 + )
| cos(@+a) cos(f+2a) cos(@+3a) cos(f+4a) cos(6)

0 electrical angel between stator and rotor phases and « = 2% )

1.3.2. FPIM mechanical equations

The developed electromagnetic torque is expressed as:

Ad(M
T =PIy a ® Sydt (1.7)
T, T, =399/ 1 fo,
Where:

J : moment of inertia.

f : fraction coefficient.
T, : load torque.
T, : electromagnetic torque.

o, : rotor’s mechanical speed.

The model in (1.3) describing the FPIMs is highly complex, containing coupled and time-
varying coefficients depending on the rotor’s instantaneous position. Therefore, a coordinate

transformation is applied to simplify the obtained model in (1.3).
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1.3.3. Decoupling transformation

The power invariant co-ordinate transformation matrix to the arbitrary reference frame is

applied to the five-phase machine equations as follows [52]:

V., [ cos(#) cos(@+a) cos(f+2a) cos(@+3a) cos(d+4a) |
Vm1 —=sin(@) -sin(@+a) -sin(@+2a) -sin(@+3a) -sin(0+4a)

[C.]= V:fz % 1 cos(f+2a) cos(@+4a) cos(@+a)  cos(d+3ax) (1.8)
V., sin(@+2a) sin(@+4a)  sin(@+a)  sin(60+3a)
VolmTwm wm m %

The machine’s rotor variables are transformed using the same co-ordinate transformation

matrix while taking into consideration the instantaneous angular position of the a axis of the

common reference frame with respect to the rotor’s phase ‘a’ magnetic axis [52]:

Vv [ cos(B) cos(f+a) cos(f+2a) cos(B+3a)  cos(f+4a) |

Vv =sin(f) -sin(f+a) -sin(f+2a) -sin(f+3a) -sin(f+4a)
[C.]1=|V., y 1 cos(f+2a) cos(f+4a) cos(f+a)  cos(f+3a) (1.9)
r Vm S sin(f+2a) sin(f+4a) sin(f+a)  sin(f+3x)

e w w W W

The two transformations matrices [Cs] and [C,.] angles are selected based on the common

reference frame’s arbitrary speed as follows:

0,=[wdt; B=06,-0=](0,-w)dt (1.10)

With o is the rotor’s instantaneous electrical angular speed.

1.3.4. The FPIM’s model in the arbitrary reference frame [51]

The relationship between the machine’s original state variables and newly transformed

variables is as follows:

Voltages’ equations:

{Vsaﬁ’ =[C: Meabcae (1.12)

Vv ap = [Cs ]Vrabcde

Currents’ equations:
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s =[C,]i
.saﬂ [ s].sabcde (112)
Iraﬂ = [Cs]lrabcde

Fluxes equations

¢5aﬁ' = [Cs ]¢sabcde (1 13)
¢raﬂ = [Cs ]¢rabcde |

Where:

V

wp - Stator voltages in the arbitrary reference frame.

V., - rotor voltages in the arbitrary reference frame.

I,; - Stator currents in the arbitrary reference frame.
I.,; - TOtOr voltages in the arbitrary reference frame.
d.. - stator flux in the arbitrary reference frame.

¢, rotor flux in the arbitrary reference frame.

By the application of (1.8) and (1.9) to (1.1), (1.2), and (1.3), the machine’s mathematical model

IS given as:

The stator voltages equations:

VSal = RsiSal Q1+ d¢sa%:
. d

Vsﬂl = Rslsﬂl + a)a¢sﬂ1 + ¢Sﬂ%

Vsa2 = Rsisaz + d¢sa% (114)
. dg,

VsﬁZ = RslsﬂZ + ¢ﬁ%

VsO = Rsiso +d¢%dt

The rotor voltages equations:
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. d
Vra2 = erraz + ¢ra%
 dg,
Vrﬂz = errﬂz + ﬁ%

. d
VrO = RrIrO + ¢r%[

The stator flux linkage equation:

¢Sa1 = Lsisal + M I

sriral

¢sﬂl = lesﬁl + Msrlrﬁl

¢sa2 = LsisaZ
¢sﬁ2 = Lsis/;’z
¢50 = LSISO

The rotor flux linkage equation:

¢ral = Lriral + M I

rs'sal

¢rﬁ1 = I‘rlrﬂl +M rslsﬁl

¢ra2 = Lriraz
¢rﬁ2 = Lrirﬁz
¢r0 = I‘sIrO

. d
Vral = erral - (a)a - 60) rat T ¢m/dt

. d
Vrﬁl = errﬂl +(o, - w)¢r51 + ¢rﬂ%

(1.15)

(1.16)

(1.17)

The developed electromagnetic torque and mechanical equation are described as follows:

Tem = p(¢salisﬂ1 _¢sﬂli5al)

do,/ _
J At—Tem—TL—fa)m

(1.18)

Figure 1.4 illustrates the schematic diagram of the FPIM in the arbitrary reference frame.
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'ra 4

Figure 1.4: Schematic representation of the FPIM in the arbitrary reference frame.
1.4. Drive’s power supply modelling
The VFSs, illustrated in Figure 1.5, can be divided into three subsystems as follows:

e The AC/DC converter.
e RLC filter to reduce the DC-link voltage/current ripples.
e The DC/AC converter.

gv — [ F F— | s

as T |— X

AC/DC DC/AC
Converter Converter

Figure 1.5: Schematic diagram of VS| fed FPIM.
1.4.1 Rectifier modelling

The rectifiers are AC-to-DC converters, and their main purpose in the ASD is to supply a
constant DC voltage to power the DC link. Furthermore, the use of the rectifier enables
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enhancing the power factor and the current/voltage distortion. Figure 1.6 illustrates the

schematics of the rectifier’s power circuit.

rec

|

ZSDI Z'Snz Z'Sm

&
-

rec

o)

()
0

Z'Sm ZSDS KD6

Figure 1.6: Rectifier’s power circuit.

Considering a balanced three-phase power supply, with a constant voltage’s amplitude and
frequency, in addition to an ideal diode and neglecting the power losses. Thus, the rectifier’s

input voltages are expressed as follows:

U, (t) =V, sin(awt)
U, (1) :Vmsin(a)t—z%) (1.19)

Uc (t) =V, sin (et - 474

The output voltage of the rectifier is given as:
U oo (8) = max[U,, (£),Ug (1), Uc ()] -min [U,, (), U (). U ()] (1.20)

The average voltage of the rectifier is expressed as follows:

_3/3
U, = A V. (1.21)

The rectifier’s ripple rate is expressed as follows:
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k — U rec(max) U rec(m%u_ (122)

1.4.2 RLC filter modelling

A low-pass filter (RLC) is used to reduce the rectifier's output voltage ripples and ensure a

constant DC-link. Figure 1.7 illustrates the schematic diagram of the RLC filter.

L R

Ig YY L _AAA I

rec C ;

C

/|

Figure 1.7: RLC filter.

The filter equations are as follows:

U ®=L3 O LRIV, 0

1.23)
dv, (t 1 (
d(ydtzg('d(t)—l(t))
The filter’s transfer function is expressed as follows:

Vy (8) 1

U..(s 2
. rc(S)  LCs®+RCs+1 (1.24)
o, =———==2rf,
JLC

With: f_is the cut-off frequency.

1.4.3 Modelling of n-level five-phase VSI

The VSiIs are DC to AC converters, where their main purpose in the ASD is to supply a g-phase

voltage with a controllable frequency and amplitude.
To simplify the study and modeling of the multi-level VSI, some hypothesises are made [53]:

e Instant switching between the semiconductor’s switches.

¢ A balanced neutral point potential.
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e Neglecting the voltage drop across the switches.

e Star-connected load with isolated neutral point.

Based on the aforementioned hypothesis, the power semiconductor’s switches (transistor (Ty)-
diode (Dys) group) can be approximated to a controllable bi-directional switch (S;) as shown in

Figure 1.8, with By is the control signal.

Figure 1.8: Simplified approximation of transistor-diode group.
1.4.3.1. Two-level five-phase VSI

Figure 1.9 depicts the power circuit configuration of the two-level five-phase VSI (FP-VSI).
This topology has 2° voltage vectors (VV), which are defined using the switching states of the
FP-VSI [S4, S5, Sc, Sp, and Sg], as described in Table 1.1 [42].

L ] L 4 ] L]

o ] b Sl b Sl T W]

G b Sl o Sl o e T ] T

Figure 1.9: Power circuit of FP-VSI.
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Table 1.1: The switching states of the FP-VSI.

Switch waﬂchmg State of the upper switch The output voltage
unction
Sil 1 On Vdc
Sil 0 OFF Ve

Where: i =[A, B,C, D,E] andV,, is the DC-link voltage.
The FP-VSI line-to-line voltages are expressed as follows:

V=V v

Vad =Va" V"

VA VALRR VA (1.25)
Ve =V v

V=V v

The relationships between the FP-VSI’s leg voltages and phase voltages are expressed as

follows:

V=V -V

V" = Vi -V

V&M =V Vi (1.26)
Vg =V -V

inv __y\y/inv inv
VE _VEO _VNO

Considering a star-connected load with an isolated neutral point.

VW VN AV VY VM =0 (1.27)
Based on (1.26), the summation of the FP-VSI’s phase voltages in (1.27) yields:

Vag = (VA" + V" + V™ + VY +V™) /5 (1.28)

Thus, the FP-VSI output phase voltage can be computed from the VVs switching states and the
DC-link voltage, as given in (1.29) [42].

Al 4 -1 -1 -1 -1|[S,
Ven v -1 4 -1 -1 -1||S,,
vcfgv =? -1 -1 4 -1 -1||Sg (1.29)
VAN -1 -1 -1 4 -1||S,,
V| -1 -1 -1 -1 4]S, |
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The inverter’s phase voltages are transformed to the arbitrary reference frame by the use of the

[Cs] matrix described in equation (1.8) as follows:

[\/aﬂlaﬂZO] = [Cs ] [VABCDE ]

(1.30)

The 32 VVs space vector representation in af8; and af3, planes using (1.31) is as follows:

_ 2 (j27i5) (janl5) (j67/5) (j87/5)
vaﬁl_s(vA+vBe +V; € +Vp € +Ve e )
_ 3 (j2ri5) (j4rnl5) (j67/5) (j87/5)
Ve, _5(VA+vCe +v; e +Vvg e +Vp € )
The 32 VVVs space vector mapping in af5; and a3, planes are given in Figure 1.10:
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Figure 1.10: Mapping of the VVs: (a) af; plane, (b) af, plane.

The amplitudes of the FP-VSI’s VVs are given in Table 1.2 in both af; and a3, planes.

Table 1.2: The amplitudes of the FP-VSI’s VVs.

VVs af; plane af, plane
VL1-VL10 0.6472V,, 0.2472V,,
VM1 - VM10 0.4V, 0.4V,
VS1-VS10 0.2472V,, 0.6472V,,

VO 0V, 0Ve
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Figure 1.11 illustrates the six possible connections of the five-phase load to the FP-VSI.

ov, %Vdc %V(k
Vie— > b= G ¥ 9

oV, - % 7, i % v,

OV 4 lVdC %Vdc
K 2 Vo< O Var O

07, —%Vdc —%Vdc

Figure 1.11: Possible connections of the FP-VSI to the load.

1.4.3.2. Three-level five-phase NPC VSI

The three-level five-phase NPC VSI (THL-FP-VSI) topology provides different switching
configurations, as illustrated in Figure 1.12 [54].

© o -
Dy
V, vV, V.
—d¢ == C, . utm C, — = C,
2 2 2 ,
- - =
Dy
V:/L‘ V:/(- I/t/c
—amcC —4 o=, == C
2 2 2
Dy
(- [ (-
Configuration 1 Configuration 2 Configuration 3
‘S". = 2 AS’I = l AS‘i = 0

Figure 1.12: Switching configuration of the THL-FP-VSI [54].
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Figure 1.13 depicts the power circuit topology of the THL-FP-VSI having 3° Vs defined by
the switching states of the five legs of the inverter [S4, Sg, S¢, Sp, and Sg], Table 1.3, according

to the aforementioned configuration.

S, Sz F— S Shi S
g ——tp —fe— —f—b —e—— ——
S E_ Ss E_ Sea E_ Sp, E_ Sz, EE
A
B4
Vo T 3 1) -
E}
S E SssE S, E 8 E = Sk E
(12:: Lt Lfel—2 —g— —d— P i< d
S.i4 E_} Ss4é Sc-z SD.zE_ A 554 E_
Figure 1.13: Power circuit of THL-FP-VSI.
Table 1.3: The switching states of THL-FP-VSI.
Switch Switching state Output voltage Conducting switches
S Configuration 1 V. /2 Two upper switches
] _ Two middle
S Configuration 2 OV, )
switches
S, Configuration 3 V. /2 Two lower switches

Where: i=[A B,C,D,E] andV,, is the DC-link voltage.

The pole voltage of THL-FP-VSI with respect to the middle point of the DC-link is expressed
as [55]:
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(1.32)

The THL-FP-VSI five-phase voltage expression with respect to the middle point of the DC-link

IS given as:

<

v 4 -1 -1 -1 1]
Vor! -1 4 -1 -1 -1
Vg |=
VAN -1 -1 -1 4 -1
Vil -1 -1 -1 -1 4
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< < <
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(1.33)

Using the transformation matrix [Cs] defined in (1.8), the THL-FP-VSI’s phase voltages can be

expressed in the arbitrary reference frame.

[\/aﬁ‘la/i'ZO] = [Cs ] [VABCDE ]

(1.34)

The space vector mapping of the 243 VVVs of the THL-FP-VSI in the two planes, af; and af,,

is shown in Figure 1.14 using equation (1.31).

\
\
\2
!
(V] 7\
/) \
) \ 2,
X \
~ ‘)’:;'-V 11’\(’«\
L, 7\ P
7 AL
/)‘,”\.\f l}./
<O I o\, -r',..
dbjllf \ 2 TRet / A\
g o /_/ \ / 5
o W L\ B S \
IVl Vs Sl N \e WL /YR AL S|
0d~Viys @ N\ 3RAAS /AN e
V5318 .20\ NN I 2
03 '\—IJ#;: s H ,“-'~"<%a sttt
~~L5-\\ ||/ s
_ VL6 VM6 VS6  VIE~ V31 VSI VM1 VL1
00220 02222 20220 12122~ 10 i 22002
3 p NS IS,
> XL 2 Ty,
iy (4 RN Loz Mg
e g ERIZRN Lt Ty
“""- O AL/ B 2, ”"’/ N 100
V1) LA\ \,\/,’\ §\~—$ / \ \2{5 2\ ) <IN
RN TS emelne s 2’ 5
a AN & s Sl R P AN
A R rl= 2 7 e/

DY R I, \ Db gy
7 "\ Es:-, Zin ;'\’ ‘)'. 2 Lof
< \\"\ ~ & ‘;’ Zy= “ 2\ >

e 8 R Y e
% fny % et w\Z 1]
)S' e ’: s
5 >3 AN
[vimj \

(@)

\ /
\ ] /
= -z o/
22 a4
) AN 'S
o, [T
7 ’/, \et o ~ s N>
7% -\ | - M
ng o /
~ COE N ¥
J 7, / _\0 & "
0>~ U\ e miS o ~ o\ i
TR \p DT LR T4S A
Uy s L 7e5RT/e ok D) o)
5~ *’/65{', \ S AN $
; 2 \ P | :
IVl (" ;‘Lj Vi &iy"*‘ N\ «.\': J ;i \-"6\\ n \,r\’\ﬁ‘?\ 1]
Vs 9. O\ 30| = AW NIk

Rigy~Viss b7
o3~ L85\ |
VL6 VM6 VS6 N

: j’i}\%‘\’f e
b

02002 02222 22002 S 20 2 0020 -
" 3 </ o YISy
ipe Vehl2\ 2%, \f\rm
VILE 7102 s :’h [ ‘;,\,'3}7,, 01~ Vir 4
o WG YT\ e, Ul
5 S | , !
v GO B el aDe 354ty IX]
o N A P T <2
\ < ST L\ ‘,.I; o
S S N e
P S = P iz //.9 0
% A4 7 \ 2 N
SN N Zv= 2% \
NS ~8 S8 B Y%
(v & / \ Yy
® /s | o\ < [1X]
~0 = 2y
A Pt 2\
/ VI \

(b)

Figure 1.14: Mapping of the VVs: (a) af; plane, (b) af, plane.
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The amplitudes of the THL-FP-VSI’s vertex and non-vertex VVs are given in Tables 1.4 and
1.5 in both af; and af, planes, respectively. For simplicity purposes not all the VVs are

illustrated in Figure 1.14, [56] reports all the 243 VVVs mapping in in both af8; and af, planes.

Table 1.4: Vertex VVs amplitudes.

VVs af; plane af, plane
VL1-VLI10 0.6472V, 0.076V4,
V1-V10 0.524V,, 0.124V,,
V11 -V20 0.447V,, 0.247V 4,
VM1 - VM10 0.4V, 0.324V,
V21 -V30 0.324V,, 0.4V,
VS1-VS10 0.247V,, 0.447V 4,
V31 - V40 0.124V,, 0.524V,,
V41 - V50 0.076V,, 0.6472V,,
V0, V100, V243 0V, 0V
Table 1.5: Non-vertex VVs amplitudes.
VVs aB; plane af, plane
VIL1 - VIL10 0.615V,, 0.145V,
VIM1 - VIM10 0.38V,, 0.235V,,
VILM — VIM10 0.235V,, 0.38V,,
VI1-VI10 0.145V,, 0.615V,

1.5. Modeling of the two parallel-connected multi-phase machines drive
1.5.1. Introduction

In general, the industrial sectors require the use of multiple electrical drives. Thus, the engineers

have three possible choices to discuss:

e First, multiple independent machines drives.
e Second, multiple VSI for each machine with a common DC-link.

e Third, parallel/series connection of multiple machines to a single VSI.
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As illustrated in Figure 1.15. Where the first and second choices increase the drive’s overall

V.
l,‘(/c F }-‘
Vo = F }_‘
—1 l’_ia_
[ q-phase q-phase

VSI

size, cost, and complexity to maintain.

VSi
q-phase
VSl q-phase q-phase
VSi1 VSsi — _7]
L —L transposition .g
AC FI ‘%.a
) G @ B G S
—a 2|,
£
(@) (b) ©) d)

Figure 1.15: Possible configurations of ASD: (a) independent one machine drive, (b) multiple
VSl with shared DC-link, (c) parallel-connected multi-machine drive, and (d) series-

connected multi-machine drive.

Moreover, in the case of the parallel/series connection of multiple three-phase machines to a
single VSI, the control algorithm does not ensure independent control between the machines
[32].

However, the multi-phase system provides an interesting solution for multiple machines with
parallel/series connected drives controlled independently regardless of the working scenario
(load and speed) fed by a single VSI due to the additional DOFs. These two configurations

have the benefits of diminutiveness, weightlessness, and economy [42].

Nevertheless, the series connection results in a complex drive’s structure because both stator
windings must be brought out to the machine’s terminal box. In addition, the high current causes

a higher loss, reducing the drive’s efficiency [42].
1.5.2. parallel-connected multi-phase machines drive’s advantages

The multi-machine drive system parallel-connected has some significant advantages over the

traditional three-phase systems:

The reduction of the VSI legs: In the case of the independence of two FPIMs, the VSI legs are

reduced by one since the three-phase requires six legs.
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The reduction of the switches in use results in a reduction in the VSI’s components (firing and

protection circuits), which in turn results in a more reliable drive system.

In addition, the discussed approach retains the advantages of the existing concepts of multi-
machine drive, such as the use of different multi-phase AC machines (IM, PMSM, etc.)

connected in parallel.

Thus, the parallel connection of the multi-phase AC machines is more suitable for industrial

applications such as electronic differential for HEV and EV, HVAC, and drilling operations.
1.5.3. multi-phase machines parallel- connectivity

The parallel connection of the multi-phase AC machines refers to the machines’ stator windings
being connected in parallel to a single VSI in a proper arrangement to enable independent
control of the drive system. Where the cornerstone of the independent control of the considered

drive is based on two factors:

e First: The current components producing the flux and torque of the first machine must
not contribute to producing the flux and torque for the other machines in the drive and
vice versa. This is ensured due to the applied phase transposition. This latter is deduced
from the decoupling matrix and allows a complete decoupling between the flux and
torque-generating current components of the two-machine drive.

For even phase number “q” multi-phase AC machines, the decoupling matrix is

expressed as follows [42]:

1 cos(a) cos(2a) cos(3ax) cos(4a) cos((q-Da)
0 sin(a) sin(2a) sin(3x) sin(4a) sin((q-1)«)
1 cos(2a) cos(4ar) cos(6cr) cos(8a) cos2((g-Da)
0 sin(2a) sin(4a) sin(6a) sin(8a) sin2((q-1)«)
1 cos(3a) cos(6a) cos(9«x) cos(12a) cos3((q-Da)
0 sin(3a) sin(6a) sin(9a) sin(12a) sin3((q-Da)
a9 1 COS((Q—_ZJaj cos 2([(1—_2}04) cos3(q—_2)aj cos4((q—_2)aj ... cos(q —l)[ Eja]
2 2 2 2 2

N
o

o
o

N\

(52 (2] e 52] 2] - (52

N‘
N‘

NN e
NN
NN
NN
NN
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NN

(1.35)
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[{P3)

For the case of an odd phase number “q”, the decoupling matrix is expressed as follows

[42]:

[C]=\F
g

'

(1.36)

cos(a)

sin(«)
cos(2a

)

sin(2a)
cos(3x)
sin(3a)

b)) (520 5

1 cos((q—_l
2

Sin ((q__l
2

%

i) =
A

cos(2a)
sin(2a)
cos(4a)
sin(4a)
cos(6a)
sin(6a)

) e
7

cos(3a)
sin(3a)
cos(b6ax)
sin(6a)
cos(9«)
sin(9«)

cos(4a)
sin(4a)
cos(8x)
sin(8cx)
cos(12«)
sin(12a)

e sn{(*57)

cos((q-1a)

sin((q-1)a)
cos2((q-Da)
sin2((q-Da)
cos3((g-Da)
sin3((q-«)

cos(q —1)((
sin(q —1)[(

A A

)

2

q-1
2

)

In a general way, Tables 1.6 and 1.7 summarize the phase transposition rules for the

even and odd phase number multi-phase AC machines, respectively [32].

Table 1.6: Phase transposition rules for even phase number.

The VSI’s phases
V/inv VEinv Vcinv V[i)nv VEinv VFinv V(;nv V'_i|nv Vlinv VJinv Vlinv VLinv V'\illnv V’\i‘nv Vci)nv
M
1 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 | 14 | 15
M
) 1 3 5 7 9 11 | 13 | 15| 2 4 6 8 10 | 12 | 14
S| M
% 3 1 4 7 10 | 13 1 4 7 10 | 13 1 4 7 10 | 13
EANY
& A 1 5 9 13 2 6 10 | 14 | 3 7 11 | 15 | 4 8 12
ANY
3 . 1 7 13 4 10 1 7 13 4 10 1 7 13 4 10
M
6 1 8 15 7 14 6 13 5 12 4 11 3 10 2 9
M
. 1 6 11 1 6 11 1 6 11 1 6 11 1 6 11
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Table 1.7: Phase transposition rules for odd phase number.

The VSI’s phases
A YA I VA VA VA YA Y A Y A A Y VA VA
M1 | 1 2 3 4 5 6 7 8 9 10 | 11 | 12
g8 5 M| 1 3 5 7 9 11 1 3 5 7 9 11
% § M3 | 1 4 7 10 1 4 7 10 1 4 7 10
s¥IwMal 1[5 91 |5 9|15 ]9 1509
S ImMsl 16 [ 4 9] 27 125 0] 3]s

e Second: The VC of the AC machines requires controlling only the current components

that contribute to the flux and torque generation. This condition is ensured by exploiting

the additional current components provided by the additional DOFs of the multi-phase

AC machines. This latter provides (q-1)/2 and (q-2)/2 sets of current components in the

case of the odd and even phase numbers, respectively, to ensure the optimum

performance of the VC.

1.5.4. Two parallel-connected FPIMs’ modelling

Figure 1.16 shows the considered two-machine drive, which consisted of the n-level VSI

feeding two parallel-connected FPIMs. Subsection 1.3 describes the two machines.

Vot

n-level VSI

Figure 1.16: Schematic diagram of two-machine drive.

FPIM 2

Table 1.8 gives the phase transposition rule for the two FPIMs drive deduced from [Cs] in (1.8)

and shown in Figure 1.16.
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Table 1.8: Phase transposition rules.

Inverter phase
FPIM A B C D E
1 1 2 3 4 5
2 1 4 2 5 3

The combination of the aforementioned criterion, it allows access to both of the five-phase VSI
planes by aligning the first FPIM windings with the af; plane and the second with the af,

plane, ensuring the independent control over the two-machine drive fed by a single VSI [56].

From Figure 1.16, the relationship between the VSI and the two-machines stator voltages and

the VSl voltages are defined as:

Vi Vg, =Vs, |
Vou | | Ve =Vse,
Vigcoe = V(‘jrr]uv = VsCl :VsE2 (1.37)
Vou || Vs, =Vs,,
Ve | Vs, =V, |

From Figure 1.16, the relationship between the VVSI and the two-machines stator currents and

the VSI currents are defined as:

[sinv ] l. +1
SAl SAZ
il g+
Se1 - Sce

. inv . .
lecoe = | v | =] bs, Tlsg, (1.38)
=inv -
|

on || s, s,
+inv .

—IEN - _ISEI +ISD2_

Where: j=1or 2

V : stator voltages.

sabcdej

i : stator currents.

sabcdej *

The stator voltages and VSI voltages relationship can be described in the two orthogonal
subspaces af; and af5, using the transformation matrix [Cs] defined in equation (1.8) as

follows:
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[\ ,inv ] r
Vot Vsia1 = Vsoa2 W
Vinv _
il Vslﬁl - _V52ﬂ2
inv inv _
VABCDE =\ Va2 |= [C]VABCDE Vaiez = Vsoat (1.39)
inv —
Vo Vapz = Ve
_V(I)nV | i 0 J

The stator currents and VSI currents relationship can be described in the two orthogonal

subspaces af; and af, using the transformation matrix [Cs] defined in equation (1.8) as

follows:
[inv ] r- . -
lo1 lgo1 T 202
iinv . .
Al Islﬂl o IsZﬂZ
- =inv - . .
ipacoe = | laz | =[Cliascoe | a2 T lsza (1.40)
';1; Islﬁ'z + IsZﬂl
iinv 0
L0 | L -
Where:
Vg.p; and Ig,,; are the two machines stator voltages and currents in the two subspaces a3, and
af;.

The mathematical model of the two parallel-connected FPIMs in the af; and af, frame is

given as [53]:

v =Ry, + L, dialtal +M, % =R,,i.,,, + Ly» %

Vit = Rl g + Ly %+ M., % = Ryyigap0 + Ly diaztﬂz

v =Ry, + Ly, diaztaz +M_, % =Ry, + lel% (1.41)
Viss = Roglsogn + Ly di:;tﬂz +M,, % = Ryigp + Lo dialtﬂl

0= Rrjirj +L % +M % - jo(M ,Sjisjfwj + Lrjirj)

The stator flux linkages, position, and magnitude are expressed as follows:
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¢sjaj = I (Vsaj - stisjaj)dt
Dipi = _[ (Veg; — Ryl )it

_ 1.42
Py = ¢sjaj2+ sjﬂjz (1.42)
0. =tan—1£%]
5j
¢sjaj

The dynamic equation and electromagnetic torque of the two FPIMs are given as:

do .
J; al =Tom =T = fja)mj
dt

(1.43)
T - Sp; . .
e = 5 (Pyailip = Ppilsa;)

1.6. Simulation results

To validate the mathematical model of the two-machine drive described herein, a simulation
study is made in MATLAB/Simulink. To evaluate their performance, a comparative study
between the FP-VSI and the THL-FP-VSI is considered. The drive is constituted by two
identical FPIMs whose parameters are given in Table 1.9.

Table 1.9: Parameters of the two FPIMs.

1 HP; 200 V; 5 A; 50 Hz; 1400 rpm
Nm.s™1
R[] | R-[Q] | Ls[H] | Ly[H] | L [H] | J[Kg-m?] | f][ — Tem [N.m] | p
10 6.3 0.4642 | 0.4612 | 0.4212 0.03 0.0001 8 2
Table 1.10 summarizes the two machines’ testing conditions.
Table 1.10: Testing scenario.
Time [s] 0->1 152 2—>3 34
T4 0 8 4
T., 8 4 8 0

Figures 1.17 and 1.18 group the simulation results for the FP-VSI fed drive and the THL-FP-

VSl fed drive, respectively.
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The present results illustrate the independence of the two-machine drive, where the transient
state of one machine in the drive does not affect the regular operation of the other machine in
the drive. Thus, it is demonstrated that the of3; component of the VSI controls the FPIM1’s
flux/torque, while the a8, component of the VSI controls the FPIM2’s flux/torque.

The THL-FP-VSI illustrates a better performance when compared to the FP-VSI in terms of

flux and torque ripples and current THD.

200
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&
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Stator current [A]
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Figure 1.17: Two parallel-connected FPIMs drive response’s fed by FP-VSI: (a) mechanical

rotor speed, (b) electromagnetic torque, and (c) stator current.
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Figure 1.18: Two parallel-connected FPIMs drive response’s fed by THL-FP-VSI: (a)

mechanical rotor speed, (b) electromagnetic torque, and (c) stator current.
1.7. Conclusion

The first chapter of this thesis presents the types of multi-phase machines, the mathematical
modelling of the FPIMs, multi-level VSI, and the Parallel-connected two-machine drive while
discussing the simplifying theories. The complex model of the FPIMs has been simplified
through the use of a transformation matrix to the aff plane and further clarifies the coupled
model of the machine.

Based on the fact that only the stator af§; current component is required to control the FPIMs’
flux and torque, in addition to the remaining DOF, of3, current component, a second FPIM can
be independently controlled while being fed by the same VSI and connected in parallel. Such

configuration requires a phase transposition to be introduced for the second machine to ensure
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that the current components producing flux and torque for one machine do not contribute to

producing the flux and torque for the machine in the drive.

The next chapter of this thesis will discuss the independent two-level and three-level direct

torque control of the two parallel-connected FPIMs drive.
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Multi-level DTC of two-machine drive

2.1. Introduction

In the last decades, DC machines have been preferred due to their natural decoupled control of
the machine's flux and torque [57]. However, with the introduction of the VFDs, the IM
garnered due to their advantages over the DC machines considering the required performance

in the industrial sector by means of VC.

The DTC is one significant method of VVC strategies. This provides a decoupled control of the
electromagnetic torque and stator flux linkage by controlling one set of current components, in
addition to being less sensitive to parameter variations, eliminating the need for the internal
current regulator, PWM modulator, and coordinate transformation; therefore, the DTC scheme
has a robust and fast dynamic performance in addition to a simple structure. Nevertheless, this
strategy suffers from drawbacks such as high stator flux and electromagnetic torque ripple
content, acoustic noise, and inconstant switching frequency. This control strategy applies
directly to the VVs based on the machine's requirements; hence, the error between the reference

and computed values of the flux and torque [58].

The FPIMs offer two sets of current components offered by the DOFs of the multi-phase
structure. In addition, the VC of the FPIMs requires the control of only one set of current
components; thus, the multi-machine drive independently controlled by the DTC strategy is

possible.

Therefore, this chapter considers the independent control of the two parallel-connected FPIMs
driven by two-level and three-level conventional DTC, referred to as 2L-DTC and 3L-DTC,
respectively. It is structured as follows: first, the basic principle of DTC is detailed; second, the
DTC of the parallel-connected drive is introduced; and third, a simulation and comparative

study is made to evaluate the two schemes' performance.
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2.2. Conventional DTC

The DTC scheme appeared in the middle of the 1980s, and it was presented by Takahashi,
Noguchi, and Depenbrock [19]. The ABB group's MAK DE 502 first introduced the diesel-
electric traction system driven by the DTC [59]. Figure 2.1 presents the MAK locomotive.

Figure 2.1: MAK DE502 introduced by ABB and controlled by DTC scheme.
2.2.1. DTC’s principals

The basic idea of the DTC is to directly control the VSI’s semiconductor switching states by
the use of a predefined table without the intermediate current control loops. The VVs selection
is made on the basis of the machine’s electromagnetic state [60]. This latter can be determined
from the machine’s mathematical model and the stator voltages/currents utilizing an open-loop

estimator. This estimator results, at each sampling period, in the estimation of:

e The machine’s stator flux linkage.

e The machine’s electromagnetic torque.

Figure 2.2 gives the basic block diagram of the conventional DTC.
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Figure 2.2: Block diagram of DTC.
2.2.1.1. Stator flux control

The stator flux estimation is based on the machine’s model in the stationary reference frame,

and the stator voltage expression is given from (1.7) and (1.22) as follows [61]:

Ts
¢sa = _[0 (Vsa - Rslsa)dt

: (2.1)
¢s/} = J.O (Vsﬂ - Rslsﬁ)dt

In a defined time interval limited to the sampling timeTs, the stator voltages are considered

constant, and if the term Rl is neglected compared to the stator voltageV,,, >> Rl ,, the

S

stator flux expression becomes given as:

{¢sa = ¢sa0 +VsaTS (22)

¢sﬂ = ¢sﬁo +Vs,8TS

Where: ¢, ,, is the stator flux at instant (t=0).

af30

From equation (2.2), if the active VV is applied, the stator flux vector is oriented toward the
applied VV. Figure 2.3 illustrates the stator flux control principle.
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Figure 2.3: Stator flux control: (a) VV applied to reduce the flux amplitude, (b) VV
applied to increase the flux amplitude.

The VSI’s VVs are constituted of two components as follows:

e The radial component that affects the stator flux vector amplitude.

e The tangential component that orient the stator flux direction and position.

In a defined sampling time, where the stator’s time constant is less than the rotor’s time
constant, by the selection of the optimum VV to apply, the stator flux is oriented in the desired
circular trajectory with a nearly constant amplitude, as illustrated in Figure 2.4.

Figure 2.4: Stator flux circular trajectory.

42



Chapter 2 Multi-level DTC of two-machine drive

2.2.1.2. Electromagnetic torque control

The stator flux/current and the rotor’s speed are the most considered state variables in the
mathematical modelling of the IM. The DTC utilizes the described model in the stationary

reference frame as follows [62]:

The stator and rotor voltage equations are given as follows:

V. =R +d¢a/dt

V,, =R, + % dt 2.3)
V,, =R, + 3%/ _jog,

V., =Rl +d¢f%— o,

The stator and rotor flux equations are given as follows:

¢, =L, +M_I,

oL *
$s=Ll,+Ml,

By extracting the I, expression from the stator flux equation in (2.4), and by substituting it in

the rotor flux equation, the rotor current expression is given as:

e :%VK M- LL ¢m)
i :}/0[415%_%5 LL ¢sﬂj

Where: o is the coefficient of dispersion.

(2.5)

In addition, by substituting (2.5) in (2.3), the model expression is given as:
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v, = Rs'sa+d¢“/dt
V,, =R, +d¢5%
Wosior( Y o o =M/ 0 6

Where: T, is the rotor’s time constant.

(2.6)

From the model in (2.6), one can notice that;

e If the resistive voltage drop is neglected, the stator flux can be controlled via the stator
VV.
e The stator flux variations are followed by the rotor flux variations with a difference of

oT, . Hence, this latter determines variations in time response of the angle between the

machine’s two fluxes; the rotor flux is given as:

=" A s
s =(M%r)(¢% ja’rUTrj

The electromagnetic torque expression, taking into consideration the angle variation, is as

(2.7)

follows:

_( PM, _(pM,, el
Tem _( Lr LS)(¢saﬂ¢raﬂ)_( Lr sz ¢saﬁ ¢raﬁ sind (28)
Where: ||, |, 4..5| @nd & are the stator rotor flux module, respectively, and the angle between
them.

Therefore, the machine’s electromagnetic torque is controlled through the optimum control of
the machine’s stator flux module and position, as well as the angle between the stator and rotor
fluxes via the applied VVV. This control is possible only if the sampling time is less than the

time constantoT, . Figure 2.5 illustrates the electromagnetic torque.
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Figure 2.5: Electromagnetic torque: (a) torque variation for a positive change in the speed,
(b) torque variation for a negative change in the speed.

2.2.2. DTC’s merits and demerits [63]

2.2.2.1. DTC’s merits

e The DTC utilizes a simplified mode of the FPIM in stationary reference, eliminating the
need for the coordinate transformation.

e Discard the PWM modulator.
e Fast dynamic response.

e Robustness to parameter variations.

2.2.2.2. DTC’s demerits

e Torque and flux ripples.
e Inconstant switching frequency.
e Need for a robust flux and torque estimation.

e The resistive voltage drop influences the low-speed operation.
2.3. Two-machines drive’s DTC

The DTC of the two parallel-connected machine drive is illustrated in figure 2.6.
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Figure 2.6: Schematic diagram of the two-machine drive’s multi-level DTC.

The DTC of the two-machine drive follows the same aforementioned principle for both
machines with respect to the fact that the flux/torque generating currents components for one
machine do not contribute to the production of any rotating field of the other machine to enable
the independent control with the appropriate phase transposition shown in Figure 1.13. Thus,
two independent DTC controllers are required for the drive, which follows four basic steps.

2.3.1. Variable state estimation
2.3.1.1. Stator flux estimation

From the information on the applied VV and the measured stator currents, the stator flux can
be expressed as follows [64]:

t
¢sjaj = _[0 (Vsjo:j - st Isjaj )dt

: (2.9)
Dipi = Io (Vapi = Ryilgp;)dt

The flux vector is computed from the flux of two components in the stationary reference frame:
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¢sj = ¢sjaj + j¢sjﬁj (210)

The currents components in the ¢/ j axis are obtained from the measured currents as follows

[9]:
I = %(. +c0s(27/) (i, +1,) +cos( 474 ) +id))
1, = %(sin(z%)(ie ~i,)+sin(474) i, —ic))

As for the voltage components in the o j axis are obtained from the VV’s switching states and

(2.11)

the DC-link voltage as follows [65]:

Vv, = 2Vd%(8a +cos(27%)(sb + Se)+cos(47%)(8c + Sd))

V,, = 2Vd%(sin(2%)(se -s,)+sin(47£) (s, -5,))

Thus, the stator flux vector and position expressions are given as:

(2.12)

2 v 12
b =\ Psai + Vi)

(2.13)
_ -1 ¢sjV j
0, =t )
° an ( ¢sjaj

2.3.1.2. Electromagnetic torque estimation

From the estimated stator flux components in (2.9) and the stator currents components in the

af3 ] plane in (2.11), the electromagnetic torque of the machine is expressed as:

Temi = P (Peilsip; — Pipilsia) (2.14)
3.2.2. State variables controller

As mentioned above, the DTC basic idea is to keep the flux and torque in a predefined hysteresis
band (HB).

3.2.2.1. Two-level stator flux HC

The purpose of the two-level HC (2L-HC) is to control the flux variations and restrain it inside
the HB with a circular trajectory, as shown in Figure 2.4. The controller's digital response

depends upon the difference between the imposed reference command and the estimated values
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of the stator flux to determine the action required for the stator flux to either increase or

decrease, as expressed in (2.15) [64].

HB¢51 >= ¢sj _¢sj E4si =1

: (2.15)
_HB¢sl <= ¢; _¢sj gqﬁsj =-1

Figure 2.7 depicts the 2L-HC’s structure and the illustration of the flux behaviour.

&

o5t

-HB

51 gs1

(a) (b)
Figure 2.7: (a) Two-level HC’s structure (b) flux behaviour.
2.3.2.2. Seven-level electromagnetic torque HC

The seven-level HC (7L-HC) structure is adopted to enable precise control over the developed
torque of the machine for the four quadrants of operation. The 7L-HC controls the torque either
by increasing or decreasing it based on the information from the error between the reference
and estimated values of the torque as expressed in (2.16) [66].

HBTem3 > Tetnj —Temj gTemj =3

HBTemZ <TeTnj —Temj <= HBTemS gTemj =2

HBTeml < Tetnj _Temj <= HBTem2 gTemj =1

_HBTeml < Tetnj —Temj <= HBTeml gTemj =0 (216)
_HBTemZ <Te:nj —Temj <= _HBTeml gTemj =-1

_HBTemS < TeTnj —Temj <= _HBTemZ gTemj =-2

-3

-H BTem3 <= Temj -T emj &y

emj =
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Figure 2.8 depicts the schematic diagram of the 7L-HC.
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Figure 2.8: Seven-level HC’s structure.

2.3.3. VV’s selection

As mentioned before, the DTC controls the magnitude of the flux to keep it within a pre-set HB
with the precise selection of the proper VV based on the predefined Switching Table (ST). This
latter is constituted based on the action required for the machine’s flux and torque obtained
from the two HCs described in sections 2.3.2.1 and 2.3.2.2, respectively, and the sector’s
location (S) [66]. The VSI’s space vector is divided into 10 sectors, as given in Table 2.1 and
shown in Figures 1.17 and 1.11, as for the as for the sector location is decided from the stator
flux angle.

Table 2.1: Sector numbers and boundaries.

s 0, S 0,

| 0°< 6, <36° VI ~180° < 6, < -144°
I 36° <6, <72° Vil ~144° < 9, < -108°
1 72°< 6, <108° Vil -108° < 4, <-72°
v 108° < 0, <144° IX ~72°< 0, <-36°

Vv 144° < 9, <180° X ~36°< 6, <0°
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Thus, the selected VV is defined based on the combined information between the two HCs and

the sector location following a set of rules, as shown in Figure 2.9 [42]:

e If the flux and torque are to be increased, then the VV to be selected is V(S+1).

e |f the flux and torque are to be decreased, then the VV to be selected is V(S-4).

e If the flux is to be decreased and torque is to be increased, then the VVV to be selected is
V(S+4).

e If the flux is to be increased and torque is to be decreased then the VV to be selected is
V(S-1).

e If the torque is to be maintained, a null error, then the VV to be selected is the zero VV.

. [ «
[v] \ / (1]

A \ / P4

/ m
/ 2 V(S§+4) V(§+1)
> v

u
P 2% / ‘ \\\- ] ‘,.' ‘\\
v /,‘,/ / \ ‘-\\\ V(S-4) 1X] V(S-1)
o // \ g

/ \
v / \ [1X]

[vij
Figure 2.9: Selection rules of the VVs in the first sector.
2.3.3.1. Two-level DTC’s ST

Based upon the aforementioned criterion, the optimum ST for the V'V selection is elaborated
for the 2L-DTC grouping the flux/torque HCs output and the sector location, as given in Table
2.2.

For further explanation, if the first machine’s stator flux is to be increased, based on the 2L-
HC’s response (&4, =1) and the torque to decreased, where the 7L-HC’s response is ( &roy = —3

), in addition to the information that the stator flux is located in sector X. thus, the VV to be
selected is VL9 with a switching sequence of 10011, from afj1 plane in Figure 1.10.a. Moreover,
if the second machine’s in the drive stator flux is to be decreased (¢, =—1) and the torque to
be increased ( &, =1) in sector V, then the VV VS9 with a switching sequence of 00010 is
selected from af2 plane in Figure 1.10.b.
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Table 2.2: Two-level DTC’s ST.

o e Sectors

‘“‘ Tem [1] my [y [ opvy | v o|oovin vy [ ving | x|
3 VL2 | VL3 | VL4 | VL5 | VL6 | VL7 | VL8 | VL9 | VL10| VL1
2 | vM2 | VM3 [ VM4 | VM5 | VM6 | VM7 | VM8 | VM9 | VS10 | VS1
1 VS2 | vS3 | VsS4 | vs5 | vsSe | VS7 | VS8 | VvS9 | VS10 | VS1

1 0 vo | vo | vo | vo | vo | vo | vOo | VO | VO | VO
-1 | vs1i0| vs1 | vs2 | vs3 | vs4 | vS5 | vS6 | VST | VS8 | VS9
2 |VM10| VM1 | VM2 | VM3 | VM4 | VM5 | VM6 | VM7 | VM8 | VM9
-3 | VvL10 | VL1 | VL2 | VL3 | VL4 | VL5 | VL6 | VL7 | VL8 | VL9
3 VL5 | VL6 | VL7 | VL8 | VL9 | vL10 | VL1 | VL2 | VL3 | VL4
2 | vM5 | VM6 | VM7 | VM8 | VM9 | VM10 | VM1 | VM2 | VM3 | VM4
1 VS5 | vS6 | VS7 | VS8 | VS9 | VS10 | VS1 | VS2 | VS3 | VsS4

-1 0 vo | vo | vo | vo [ vo | vo | vo | vo | vOo | VO
-1 | vs7 | vs8 | vs9 | vs10 | vS1 | vS2 | vS3 | vS4 | VS5 | VS6
2 | vM7 [ VM8 | VM9 [ VM10 | VM1 | VM2 | VM3 | VM4 | VM5 | VM6
-3 | VL7 | VL8 | VL9 | VL10 | VL1 | VL2 | VL3 | VL4 | VL5 | VL6

2.3.3.2. Three-level DTC’s ST

Based upon the aforementioned criterion the optimum ST for the V'V selection is elaborated for

the 3L-DTC grouping the flux/torque HCs output and the sector location as given in Table 2.3.

Table 2.3: Three-level DTC’s ST.

o e Sectors

‘“‘ Tem [1] my [ ooy [ opvy | oveoLovin vy [ ving | x|
3 VL2 | VL3 | VL4 | VL5 | VL6 | VL7 | VL8 | VL9 | VL10| VL1
2 | vM2 | VM3 | VM4 | VM5 | VM6 | VM7 | VM8 | VM9 | VS10 | VS1
1 VS2 | vS3 | vs4 | vs5 | vse | vS7 | vS8 | vS9 | VS10 | VS1

1 0 vo | vo | vo | vo [ vo | vo | vo | vo | vO | VO
-1 | vsi0| vs1 | vs2 | vs3 | vs4 | VS5 | vS6 | VS7 | VS8 | Vs9
2 |VM10| VM1 | VM2 | VM3 | VM4 | VM5 | VM6 | VM7 | VM8 | VM9
3 | vL1o | vl | ve2 | vi3 | vL4 | VL5 | VL6 | VL7 | VL8 | VL9
3 VL5 | VL6 | VL7 | VL8 | VL9 | VL10 | VL1 | VL2 | VL3 | VL4
2 | vM5 | VM6 | VM7 | VM8 | VM9 | VMI0 | VM1 | VM2 | VM3 | VM4
1 VS5 | vS6 | VS7 | VS8 | VS9 | VvS10 | VS1 | vS2 | VS3 | VsS4

-1 0 vo | vo [ vo | vo [ vo | vo | vo | Vo | vo | VO
-1 | vs7 | vs8 | vs9 | vs10 | vS1 | vS2 | vS3 | vS4 | VS5 | VS6
2 | VM7 [ VM8 | VM9 | VM10 | VM1 | VM2 | VM3 | VM4 | VM5 | VM6
3 | vL7 [ ve8 | vL9 [ vLio | vLl | VL2 | VL3 | VL4 | VL5 | VL6
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For further explanation, if the first machine’s stator flux is to be decreased, based on the 2L-

HC’s response (&4, =—1) and the torque to increased, where the 7L-HC’s response is ( &rgyyy = 2

), in addition to the information that the stator flux is located in sector X. thus, the VV to be
selected is VM4 with a switching sequence of 20000, from af: plane in Figure 1.14.a.

Moreover, if the second machine’s in the drive stator flux in to be increased (&, =1) and the
torque to be increased ( &,,, =3) in sector V, then the VV VL4 with a switching sequence of
00202 is selected from a2 plane in Figure 1.14.b.

2.3.4. Logic selection

The two VVs, selected by the two DTC controllers, are alternatively applied to the VSI by the

logic selection block, as shown in Figure 2.10, each for a whole sampling period.

Sampling period
number counter

Yes a

Select VVs from the Select VVs from the
afplane aff; plane

I |
v

Switching sequence applied to
the VSI

\

Figure 2.10: Logic selection block’s structure.
2.4 Simulation results

The performance of the two-machine drive controlled by the conventional DTC scheme is
evaluated through multitudinous simulation studies, and a comparison between the 2L-DTC
and 3L-DTC is made. The drive is constituted by two identical FPIMs whose parameters are

given in Table 1.9 section 1.6.
2.4.1. First simulation scenario

Figures 2.11 to 2.14 show the dynamic response of the two-machine drive, where the two
FPIMs operate in the opposite direction with a speed reversion under constant loading

conditions. Tables 2.5 and 2.6 summarize the first test scenario.
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Table 2.5: First test scenario of the FPIML1.

Time[s] | 0505 | 05515 | 15525 | 253

Q [rad/s] | 0100 100 100 »-100 | -100

T.[Nm] 8

Table 2.6: First test scenario of the FPIM2.

Time[s] | 0505 | 05515 | 15525 | 253

Q [rad/s] | 0—-100 ~100 ~100—>100 | 100
T, [Nm] -8
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Figure 2.11: Two-level DTC’s response: (a) mechanical rotor speed, (b) electromagnetic

torque, (c) stator flux, and (d) stator currents.
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Figure 2.12: Two-level DTC’s currents THD: (a) FPIM1 and (b) FPIM2.
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Figure 2.13: Three-level DTC’s response: (a) mechanical rotor speed, (b) electromagnetic

torque, (c) stator flux, and (d) stator currents.
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Figure 2.14: Three -level DTC’s currents THD: (a) FPIM1 and (b) FPIM2.

2.4.1. Second simulation scenario

In this test, both machines run in the same direction following a constant speed reference

command under variable loading conditions. The two machines' responses are in Figures 2.15

and 2.16. Table 2.7 summarizes the second test scenario.

Table 2.7: Second test scenario.

Time[s] w,[rad/s]
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152 100
253
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g 80
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Figure 2.15: Two-level DTC’s response: (a) mechanical rotor speed, (b) electromagnetic

torque, and (c) stator flux.
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Figure 2.16: Three-level DTC’s response: (a) mechanical rotor speed, (b) electromagnetic

torque, and (c) stator flux.
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2.4.3. Results interpretation

The reference and actual rotors’ mechanical speeds of both machines are shown in Figures
2.11.a,2.13.a, 2.15.a and 2.16.a for different reference speed command and loading conditions.
It can be noticed that regardless of the operating conditions both machines follow their reference
commands accordingly with an over/undershot due to the applied/removed load torque.

The electromagnetic torque response of the drive is illustrated in Figures 2.11.b, 2.13.b, 2.15.b
and 2.16.b. It is shown that for both control schemes, the developed electromagnetic torque
changes in response to the variations of the speed commands and loading conditions in the

transient mode of operation and equal to the load torque in the steady state of the drive.

Figures 2.11.c, 2.13.c, 2.15.c and 2.16.c show the two FPIMs’ stator flux trajectory in the of;
plane following a circular trajectory accordingly with its reference commands with no
over/undershot. Figures 2.11.d and 2.13.d depict the phase “a” stator currents for both,
machines showing a distorted waveform, where the THD content is presented in Figures 2.12
and 2.14.

2.4.4. Comparative study

From the present results, it is clear that the control scheme preserves the decoupling control
between the flux and torque for both FPIMs in both the transient and steady states, in addition

to the independent control between the machines in both motoring and generating modes.

Furthermore, the present results illustrate the effect of VSI’s level on the DTC scheme. Where
the 2L-DTC dynamic response presents a higher ripple content in the case of the torque, flux,
and current waveform compared to the 3L-DTC scheme, this latter can be noticed in the
harmonic content presented in the stator current, as shown in Figures 2.12 and 2.14, where the
THD is reduced by 5% in the 3L-DTC compared to 2L-DTC.

Moreover, the 3L-DTC presents a better dynamic performance for the drive operation. Table

2.8 gives a general comparison between the two control schemes.
2.5. Conclusion

This chapter presents the conventional direct torque control of the two FPIMs parallel-
connected to a single two-level and three-level VSI. The independence of the control scheme

is demonstrated, and that the o, component of the VSI controls the first FPIM’s flux/torque,

while the second component a3, ,of the inverter controls the second FPIM’s flux/torque.
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The performance of the two-level and three-level DTC of the two-machine drive have been the

prominent part where the simulation results illustrate the superior performance of the 3L-DTC

in terms of the flux and torque ripples and faster dynamic response compared to the 2L-DTC.

However, the conventional DTC is based on the HCs, which have a non-linear nature, cause

several drawbacks to the control scheme such as ripples and variable switching frequencies.

Thus, an artificial intelligence technique based on the artificial neural network is combined with

the DTC to overcome the above-mentioned drawbacks and improve the drive’s performance.

Table 2.8: Comparative study between the 2L-DTC and 3L-DTC techniques.

Performance Assessment parameters 2L-DTC 3L-DTC
Recovery time (s) 0.5 0.3
., Overshoot (rad/s) 5 2
Undershoot (rad/s) 5 2
Tem Ripples (%) 57 50
A Ripples (%) 16 12
i, THD (%) 35 30
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3.1. Introduction

The electrical engineering community is knowledgeable about the accelerating rate of the
development of artificial intelligence (Al) techniques. Especially after the introduction of the
artificial neural network controllers (ANN) to mimic the stator currents controllers of the three-
phase PWM VSI in 1989 [67]. In addition to the application of several Al techniques, such as
regression or classification, in ASD for fault diagnosis and condition monitoring [68, 69].

ANNSs are an approach fundamentally considered for data treatment and classification. These
structures are adaptive and parallel distributed systems designed to imitate the biological neural
networks of the human brain. The cornerstone of these networks is the artificial neurons. These
last-mentioned units are heavily interconnected to reproduce the optimum response for the

network's data sets [70].

Recently, with the potential of power electronics and signal processing technologies, ANNSs are
the most recognized technique among the known Al techniques for the identification, control,

and estimation of complex systems of electrical machine drives.

Among the disadvantages of the conventional DTC scheme, discussed in Chapter 2, are the
high flux and torque ripples, high level of current harmonic content, and the complexity of the

ST due to the use of multi-level HCs and their non-linear nature.

For the purpose of improving the performance of the DTC scheme, several approaches based
on Al are introduced, such as Fuzzy-DTC [71 - 73] and ANN-based DTC (DTC-ANN) [74 -
76]. This chapter's scope is multi-level DTC-ANN and is organized as follows: first, a brief
introduction to the ANNSs is given, then the DTC based on ANN is discussed, and afterwards,

a comparative study is made based on the simulation results.
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3.2. Artificial neural networks

The idea of ANNs can be traced back to 1943 when Mac Culloch and Pitts first tried to
mathematically model the biological NNs of the human brain. Their first concept was based on
the consideration that the nervose impulse results from the interconnected NNs effect of the

human brain [77].

ANNs are considered computational models inspired by the biological human brain. They are

capable of learning to perform non-preprogrammed tasks just from a set of data examples.
3.2.1. Biological neuron

The human brain, with a weight of less than two kg, is constituted of 2000 billion cells, and the
NNs are deemed to be half of these cells. These nerve cells can be categorized into four types,

as illustrated in Figure 3.1.
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Figure 3.1: The neuron cell.

e The first type is the dendrites, which are responsible for synaptic contact and receiving
signals.

e The second type is the soma, the cell body, which is considered the processing unit.

e The third type is the axons, which are responsible for the transmission of nerve
messages.

e The last type is the synapse, which is considered as the communication cells between
the NNs.
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An action potential is generated when an electrical impulse is sent by a stimulated neuron to

their threshold, along the axon cells, to the NNs through chemical signals.
3.2.2. Formal neuron

The artificial neuron which is the simplified mathematical model of the human brain's
biological neuron and is considered as the elementary processing unit of ANNSs. The schematics

of Mac Culloch and Pitts' model of the artificial neuron is given in Figure 3.2 [78].
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Figure 3.2: Mac Culloch and Pitts’ model of the artificial neuron.
The model, illustrated in Figure 3.2, is constituted of:

e ninputsx;;i=1.2,..,n.
e Weighting parameters w;;.
e Activation function.

e The neuron output.

Where the formal neuron output is expressed as follows:
N

netj = > w,X; (3.1)
j=0

From the result of Equation (3.1), the artificial neuron output can be computed through the

activation function and transmitted to the other neurons in the network.
y, = y(netj) (3.2)

Figure 3.3 illustrates some of the most selected activation functions in use.
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Active
Function Formula 2D Graphical Representation | 3D Graphical Representation Description
Name
' : The activation of the
Linear Jx) =%, neuron is passed on
Jorall x :
v directly as the output
1 A S-shaped curve, very
popular because it is
Logistic  (or f(x) = 1 Monotonous and has a
sigmoid) T 14 simple derivative, Range
of logistic or sigmoid
5 0 5 function is from 0 1o 1
A sigmoid curve similar to
the logistic function.
fi(x) =tanh(x) Often pcr_tnrlm.x h_q:[lur than
the logistic function
Hyperbolic f(x) because of its symmetry,
Tangent 24 Ideal for multilayer
1+e ] TR e
- : Ferceptrons, particularly
14g%

Figure 3.3: The most selected activation functions.

3.2.3. ANNs architecture types

the hidden layers. Output
value is between -1 and
+1

Several architecture types of the ANNs are discussed in the literature. This architecture refers

to the network’s structure or the type and number of layers that depend on the desired

application complexity and characteristics, which can be categorized as follows:

3.2.3.1. Feedforward ANNs

The simple and most basic form of multi-layered ANNs is where the input data are fed forward

from the input layer to the output layer with no loops or cycles, as illustrated in Figure 3.4. It

can be used for pattern recognition and data analysis [79].
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Figure 3.4: Feedforward ANNSs.

The feedforward ANNSs have a bestrewn application in various industrial domains such as:

e Facial recognition.
e Natural language processing.

e Computer vision.

Nevertheless, this structure has some limitation that restricts its use, such as:

e Lack of feedback connections.
e Difficulty in capturing temporal sequence information.

e Risk in overfitting.
3.2.3.2. Recurrent ANNSs

This ANN architecture type is founded on feedforward ANNs with a hidden layer, as shown in
Figure 3.5. The main feature of this type is its memory, which is constituted based on the loop

that returns the feedback information of the ANN output so that the network learns how to

predict the future output [80].
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Input layer

;

The recurrent ANNSs have a bestrewn application in processing sequential data for:

\tput layer

Figure 3.5: Recurrent ANNS.

e Speech recognition.
e Natural language processing.

e Time series prediction.

Nevertheless, this structure has some limitation that restricts its use, such as:

e Vanishing gradient problem.
e High computational burden.

e Difficulty in parallelization.
3.2.3.3. Convolutional ANNs

A specialized structure of ANNSs for grid-like data processing, like images for instants. This
type utilizes a convolutional mathematical model, which is a specialized type of linear
operation, to recognize patterns with different classes of extreme variability and abstraction.
Figure 3.6 shows the convolutional ANNs [81].
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Figure 3.6: Convolutional ANNs.
The convolutional ANNSs have a bestrewn application in various domains such as:

e Automated driving.
e Facial recognition.
e Agriculture.

e Medical image analysis.
Nevertheless, this structure has some limitation that restricts its use, such as:

e High complexity.

e EXxpensive computation.
e Overfitting risk.

e Limited to grid-like data.

3.2.3.4 Generative adversarial ANNs (GAN)

This type is an unsupervised learning ANN that uses an adversarial training process based on
two components: the generator network and the discriminator network, as shown in Figure 3.7
[82].
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Figure 3.7: Generative adversarial ANNSs structure.
The GAN have a bestrewn application in various domains such as:

e Entertainment and media.
e Fashion and design.

e Medical imaging.
Nevertheless, this structure has some limitation that restricts its use, such as:

e Training difficulty.
e Mode collapse.

e Evaluation challenges.
3.2.4. ANNs learning

The ANNSs have two main features, which are the learning and the adaptation capability. Where
in the learning phase, the weights for each connection are set. Afterwards, the network can
adapt and handle various input scenarios that it has not learned. The learning rules can be
distinguished as supervised and non-supervised learning algorithms.

3.2.4.1. Supervised learning

Supervised learning is a class of machine learning algorithms. Where in this method, a set of
labelled inputs/outputs data are provided to the ANNS. The learning is done using techniques
such as a back-propagation algorithm where the outputs of the ANNs are compared with the
given ones, and the learning is complete when the error between the two outputs is negligible

[83]. Figure 3.8 illustrates the supervised learning technique.
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Figure 3.8: Supervised learning.

3.2.4.2. Unsupervised leaning

Unsupervised learning is a class of machine learning algorithms. Where in this method, only a
set of unlabelled inputs are provided to the ANNs, with no desirable outputs. Afterwards, the
ANNSs start to learn to uncover the relationship and pattern between the provided data.
Kohonen’s self-organizing ANNs are a good example of unsupervised learning ANNs [84].

Figure 3.9 illustrates the unsupervised learning technique.
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Figure 3.9: Unsupervised learning.
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3.3. ANN based DTC

The introduced computational structure, known as ANNSs, is used to improve the DTC

performance and solve the problem of high ripple content.

ANN controllers, based on the feed-forward back-propagation technique, are used as a complex
systems’ universal approximator to imitate the working principle of the two HCs and ST of the
conventional DTC scheme [85]. Thus, the constructed ANNSs shall decide the action required
on the flux and torque based on the computed error between the reference and actual values and

determine the optimum V'V to be applied [86].
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The training process of the ANNs’ controllers is based on the backpropagation algorithm, which

is a supervised technique [86]. Figure 3.10 shows the training process flowchart.

Loading the trainig data
sets from MATLAB
workspace

v

Choice of the ANN characteristic:
topology, the number of the hidden
layers, number of neurons, and
activation function

r

Set up the weights randomly and

specify the maxium mean square

error (Emax) and number epochs
(Kmax)

r

Select all input-
output patterns K=k+1

Compute the ANNs

output and the error Updating the ANNs
(E) weights

Change the ANNs topology
or the number of the
hidden layer or number of
neurons

The ANNs is
ready

Figure 3.10: Training process flowchart.

In the considered offline learning algorithm, here in, the three ANN controllers are located in
parallel to the conventional HCs and the ST, as shown in Figure 3.11. This technique has two
main features, which are as follows [87]:

e The first benefit is that the intensive computation burden of the backpropagation
algorithm is not executed in real-time. Thus, allowing for the implementation of a more

complex network.

e The Online training might result in inefficient results compared to the offline training.
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Figure 3.11: Off-line training technique.
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3.3.1. Two-level DTC-ANN

The three trained ANN controllers’ schematic diagrams are illustrated in Figure 3.12 and

applied to the 2L-DTC [85].
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Figure 3.12: Two-level DTC-ANN ANNSs controllers: (2) ANN —HC, , (b) ANN -HC, , and
(c) ANN —ST .
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Tables 3.1 summarize the technical characteristics and parameters of the three proposed ANN

controllers for the two-level DTC-ANN (2L-DTC-ANN).

Table 3.1: Two-level DTC-ANN °s controllers characteristics.

ANN controller parameters

Methods and values details

ANN —HC, ANN —HC, ANN —ST
ANN type Feed-forward neural network
ANN training algorithm BACKPROPAGATION
Adaptation learning function Trainlm
Activation function Logsig Logsig Logsig
Learning rate 0.5 0.5 0.5
Input layer 1 1 3
achtNe(I:lture Hidden layer 10 17 40
Output layer 1 1 5

Training data sets

The data sets, five million samples, utilized during the
training process were collected from the simulation
results of DTC in MATLAB environments.

3.3.2. Three-level DTC-ANN

The three trained ANNSs controllers’ schematic diagrams are illustrated in Figure 3.13 applied

to the 3L-DTC [88].
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Inputs layer Hidden layer Outputs layer

(c)
Figure 3.13: Three-level DTC-ANN ANN's controllers: (a) ANN —HC, , (b) ANN —HC, ,

and () ANN —ST .

Tables 3.2 summarize the technical characteristics and parameters of the three proposed ANN
controllers for the three-level DTC-ANN (3L-DTC-ANN).

Table 3.2: Three-level DTC-ANN ‘s controllers characteristics.

Methods and values details
ANN controller parameters
ANN —HC, ANN —HC, ANN — ST
ANN type Feed-forward neural network
ANN training algorithm BACKPROPAGATION
Adaptation learning function Trainlm
Activation function Logsig Logsig Tansig
Learning rate 0.5 0.5 0.5
Input layer 1 1 3
ANN -
architecture Hidden layer 12 17 35
Output layer 1 1 5
The data sets, five million samples, utilized during the
Training data sets training process were collected from the simulation
results of DTC in MATLAB environments.
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3.4. Simulation results

The two parallel-connected FPIMs fed by multi-level VSI controlled by DTC-ANN
performance are evaluated through multitudinous simulation studies and compared to the

conventional scheme. The machines’ parameters are the same as in section 1.6, Table 1.9.

Figure 3.14 presents the schematic diagram of the multi-level DTC-ANN of the two parallel-
connected FPIMs drive.
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Figure 3.14: Multi-level DTC-ANN of the two parallel-connected FPIMs’ drive.
3.4.1. First simulation scenario

The dynamic response of the two FPIMs is illustrated in Figures 3.15 And 3.16, where the two
machines run in the opposite direction with a speed reversion under constant loading conditions.

Table 3.3 summarizes the first test scenario.
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Table 3.3: First test scenario.

Time Oy T, @, T, Time O T, @, T,
[s] [rad/s] | [Nm]| [rad/s] [Nm] [s] [rad /s] [Nm] | [rad/s] | [Nm]

05025 | 050 0—-50 275325 -50 50
025—0.75| 50 -50 325535 | -50—»-100 50 —100

0.75—>1 | 50100 —-50 ——100 354 -100 100

1515 100 8 -100 -8 4425 | -100—-50 ° 100 — 50 K
1.5—-1.75 | 100 — 50 —100 — -50 4.25—4.75 -50 50
1.75—2.25 50 -50 4.75—5 -50 -0 500
2.25—2.75 50— -50 -50 — 50
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Figure 3.15: Two-level DTC-ANN’s response: (a) rotor’s mechanical speed, (b)

electromagnetic torque, (c) stator flux, (d) stator current.
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Figure 3.16: Two-level DTC-ANN’s currents’ THD: (a) FPIML1, (b) FPIM2.
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Figure 3.17: Three-level DTC-ANN’s response: (a) rotor’s mechanical speed, (b)

electromagnetic torque, (c) stator flux, (d) stator current.
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Figure 3.18: Three-level DTC-ANN’s currents’ THD: (a) FPIM1, (b) FPIM2.

3.4.2. Second test scenario

For this test, both machines run with a constant speed command and a variable loading profile.

The drive’s response is given in Figures 3.17 and 3.18. Table 3.4 summarizes the second test

scenario.
Table 3.4: Second test scenario.
Time[s] o [rad/s] T,,[Nm] T,,[Nm]
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Figure 3.19: Two-level DTC-ANN’s response: (a) rotor’s mechanical speed, (b)
electromagnetic torque, (c) stator flux.
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3.4.3. Results interpretation

From the present results, illustrated to provide a comparative study between the conventional
and the intelligent DTC method in Figures 2.11 to 2.14 and Figures 3.15 to 3.20, respectively,

one can notice:

The two FPIMs' rotor mechanical speeds follow precisely their reference command with a
minor over/undershot, as shown in Figures 3.15.a, 3.17.a, 3.19.a, and 3.20.a, regardless of the

operating conditions applied to the drive in Figures 2.11.a, 2.13.3, 2.15.3, and 2.16.a.

The electromagnetic torque shows a faster response controlled via DTC-ANN, in Figures
3.15.b, 3.16.b, 3.19.b, and 3.20.b, with less torque ripple by 5% when compared to the response
of conventional DTC in Figures 2.11.b, 2.13.b, 2.15.b, and 2.16.b. Furthermore, the 3L-DTC-
ANN presents a superior performance regarding the ripple content and drives response.

The flux module, illustrated in Figures 3.15.c, 3.17.c, 3.19.c, and 3.20.c, presents a constant
circular trajectory in the apf; plane independent of the electromagnetic torque variations.
Moreover, the DTC-ANN presents less ripple content by 4% when compared to the
conventional scheme in Figures 2.11.c, 2.13.c, 2.15.c, and 2.16.c.

The DTC-ANN controlled drive presents a better stator currents waveform and less distortion
in Figures 3.15.d and 3.17.d when compared to the DTC scheme from Figures 2.11.d and 2.13.d.

The THD analysis of the intelligent DTC stator currents waveform is given in Figures 3.16 and
3.17, where it can be deduced that that the DTC-ANN significantly reduced the content of
current harmonics by 5% when compared to the DTC, from Figures 2.12 and 2.14.

3.4.4. Comparative study

From the analysis of the above interpretation, it is noticed that the DTC-ANN improved the
drive’s performance while preserving the advantages of the conventional method. The three-
level DTC-ANN presents remarkable performance for all the possible operating modes of the
drive while ensuring the independent and decoupled control of the drive. Table 3.5 gives an

analytical comparison between the two control schemes.
3.5. Conclusion

In this chapter, the basis of the ANNSs inspired by the evolution of neurobiology studies to
imitate the human brain, especially with the introduction of the backpropagation algorithm, is
briefly introduced. These structures are discussed for their ability to learn and are applied to
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improve the DTC scheme performance of the two-machine drive by replacing the conventional
HCs and STs with ANN controllers. The intelligent multi-level DTC based on the ANNs shows
a remarkable reduction of the machines’ flux/torque ripples and current THD, and furthermore,

by improving the FPIMs’ dynamic performances.

Nevertheless, the DTC still suffers from estimation problems, especially during low-speed
operation, which affect the drive’s performance. Thus, in the next chapter, sensorless control

based on Machine-Model methods is introduced to address this problem.

Table 3.5: Analytical study between the 2L-DTC and 2L-DTC-ANN.

Performance Assessment parameters 2L-DTC 2L-DTC-ANN
Recovery time (s) 05 0.3
@, Overshoot (rad/s) 5 2
Undershoot (rad/s) 5 2
A Ripples (%) 16 13
Ten Ripples (%) 57 52
Is THD (%) 35 25

Table 3.6: Analytical study between the 3L-DTC and 3L-DTC-ANN.

Performance Assessment parameters 3L-DTC 3L-DTC-ANN
Recovery time (s) 0.3 0.3
O, Overshoot (rad/s) 2 3
Undershoot (rad/s) 2 3
A Ripples (%) 12 8
Tem Ripples (%) 50 46
Is THD (%) 30 20
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Sensorless multi-level intelligent DTC

of two-machine drive

4.1. Introduction

In the domain of ASA of the FPIMs drives, several speed and flux transducers are used for the
optimum performance of the VC schemes, such as resolvers, tacho-generators, digital encoders,
and hall effect sensors. However, the use of these sensors results in several disadvantages [89,
90]:

e Increases the system’s overall cost, complexity, and volume.

e Some sensors require a unique design for the machine.

e In aggressive, hazardous, and defective environments, the implemented sensors
represent the weakest part of the system.

e Sensitivity to EMI, temperature, and vibrations.

The aforementioned disadvantages result, in turn, in reliability issues and reduce the advantages
and performance of the FPIMs drives and the VC schemes, respectively. For this purpose, and
in addition to the recent development of high-speed processors required for real-time
applications, several sensorless VC methods have been developed. These methods are usually
based on the machine’s mathematical model and the measured electrical quantities, such as the
stator voltages/currents, to estimate the machine’s state variables. Moreover, the conventional
DTC relies on the use of an open-loop estimator to estimate the electromagnetic variables based
on the measurements of the stator currents and DC link voltage; however, this method suffers
from initial values and DC drift problems [91].

Thus, this chapter discusses the sensorless direct torque control of the two parallel-connected
FPIMs drive. For this reason, three different Machine-Model based (MM) state observers are
proposed: Model reference Adaptive System (MRAS), Sliding Mode Observer (SMO), and
Virtual Current Sensor (VCS).
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4.2. MM sensorless control

The common definition of MM-based sensorless control methods is that the electromagnetic
and mechanical state variables are not measured [92], such as speed and torque, and can be
classified into two categories.

4.2.1. Estimators

The state estimators are employed in an open-loop configuration that exploits the machine’s
model. However, this approach is sensitive to modeling errors and parameter variation due to
the absence of feedback connections; hence, the perturbation errors are not considered [93, 94].
Figure 4.1 represents the basic structure of the estimator.

U ] e
| Output
A
System
o X [T 1% ~
\<£ Estimated
output
X
A <
Estimator

e S R S A e A e S S A S

Figure 4.1: Basic structure of estimators.
4.2.2. Observers

The state observers are employed in a closed-loop configuration. This approach has an
independent dynamic from the system, offering an estimation of a physical quantity from the
measured or known information of the studied system with feedback on the error between the

estimated and real output values. With the help of the gain matrices K, the dynamic of the
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observer is adjusted so that the error converges to zero [94, 95]. Figure 4.2 represents the basic

structure of a state observer.

U—hi B 8024 [ 55— C o
A
= 1
K s = vj-z-;\j
A
» B —»4—3}/\ J. X » C =?
X
A < >

Figure 4.2: Basic structure of observer.
4.3. Sensorless DTC-ANN based on MRAS

4.3.1. Model Reference Adaptive System (MRAS)

The observer approach of the MRAS was originally proposed in [96], and Figure 4.3 represents
the basic structure of the MRAS technique.

V; > é,
Reference Model i
I, £ Adaptation @,
Mechanism -
PI Controller
Adaptive Model —
I 9,

Figure 4.3: The structure of the MRAS observer.
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The main objective of the MRAS technique is to accurately estimate the rotor speed and flux

based on the available measured quantities, the supplied stator voltages, and currents.
4.3.1.1. Estimation of the rotor flux

The MRAS observer utilizes two models to estimate the rotor flux, which are as follows [97,
98]:

e The reference model

The stator voltage mathematical model of the FPIM is used in the reference model due to its
independence of the estimated quantity and the rotor speed. The reference model expression is

given as:

d ¢r'a' Lr' Vs'a' Is'a' Is'a'
sl el =Ll
rpi mj siBi siBi siBi

e The adaptive model

The stator current mathematical model of the FPIM is used in the adaptive model, which utilizes
the estimated quantity and the rotor speed to adjust the observer dynamics. The adaptive model

mathematical expression is given as:

n A A

8|l ] L | 2
i 0L T Bisi Pii

4.3.1.2. The rotor’s speed estimation

The rotor mechanical speed is computed from the error signals of the two models as follows:

Cestj = ¢rj ® ¢rj = ¢rj/}j ¢rjaj _¢rjaj ¢rjpj (4.3)
Where: ® is the cross product of the two vectors.

The error signal between the two models is obtained and inputted to the PI controller to adjust
the dynamic of the MRAS observer. The rotor’s mechanical speed expression is given as:
@ =K ;845 + Kjj | €450t (4.4)

pj “estj estj

Figure 4.4 gives the block diagram of the MRAS observer.
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Figure 4.4: The schematic diagram of the MRAS observer.

4.3.1.3. Stator flux and electromagnetic torque estimation

The estimated flux and electromagnetic torque expression are given as:

N N —_ 2
. Ly b+ Ll — L
Siaj — rja sja ]
Lrj LI’J
N n 2
b = Lmj sz Lrj B Lmj i
Sip] = g siBi
Lrj L"j
A A 2 A 2
| 4,
¢Sj SJaJ SiBi ( 5)
=tan™
SJaJ
A pJ n
(¢51a1 sigi SJﬂJ SJO‘J
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4.3.2. Simulation results

This part will consider the simulation study of the MM sensorless approach to the DTC-ANN
based on the MRAS of the two parallel-connected FPIMs. For study purposes, the 3L-DTC-
ANN scheme is adopted. Figure 4.5 depicts the block diagram of the sensorless DTC-ANN of

the two-machine drive.

DTC-ANN
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(I)m ) T eml 87:»,,” - 2 I
~ PI AC_—ANN & | Ve
D) I T»ml gg’” % - |
| * % 0, S |
ga 1= ’ o ¥ \BCDE I
| _ N P —@" " lS
. v I HC, ~ ANN Os1 Logic | ABCDE
@, an2 | 5[,,”2 — selection |
PI | | HC, —ANN
WDm2 I - ga“ I ’
T’m} . A S I / 5
| ., 9| 2 ABCDE 2 |
10
| B |
| A e s 3
I'—_————I “ ACEBD
A¢_s'z -— 7 ACEBD|" SaceBD
A a 4 G P %) ’4_.
l HTW’ T MRas I 52602 Yap,
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MM based sensorless control First FPIM

Figure 4.5: Sensorless DTC-ANN based on MRAS.

Two different test scenarios are created in the Matlab/Simulink environment to test and
compare the performance of the sensorless method. The machine’s parameters are the same as

those in section 1.6, Table 1.9.
4.3.2.1. Test one

This test considers the application of different speed reference commands, reversion, and low-
speed operation under constant loading conditions. Tables 4.1 and 4.2 summarize the first test

scenario.
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Table 4.1: First test scenario for the FPIML1.

Time[s] | 0»01 | 0151 | 1513 | 1352 | 222 | 223 34 4545
w.[rad/s] | 0-20 20 20— 60 60 60 —100 100 100 ——100 ~100
T.[Nm] 8
Table 4.2: First test scenario for the FPIM2.
Time[s] | 0505 | 0552 | 2526 | 2634 | 34537 | 37542 | 42544 | 4545
w,[rad/s] | 0—-100 —100 —100 — 20 20 20— 60 60 60 — 100 100
T.[Nm] -8

The following Figure illustrates the simulation results for the first test scenario.
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4.3.2.2. Test two
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Figure 4.6: Sensorless DTC-ANN based on MRAS: (a) mechanical rotor speed, (b)

electromagnetic torque, (c) stator flux, (d) stator current, (e) estimated rotor speed, and (f)

The second test scenario considers the application of different torque load profiles under a

constant speed reference command. It is summarized in Table 4.3.

The following Figure illustrates the simulation results for the second test scenario.

Table 4.3: Second test scenario for the two machines.

Time[s] o, [rad/s] T, [Nm] T,,[Nm]
005 0100
8 -2
051
152 100 0 8
253 -4 0

86



Chapter 4 Sensorless multi-level intelligent DTC of two-machine drive
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Figure 4.7: Sensorless DTC-ANN based on MRAS: (a) mechanical rotor speed, (b)

electromagnetic torque, (c) stator flux, (d) estimated rotor speed, and (e) estimation error of

rotor speed.
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4.3.2.3. Results discussion

The simulative results of the MM sensorless DTC-ANN based on MRAS are presented and

evaluated for different operating conditions.

First, the MRAS technique does not affect the independent control of the two-machine drive,
ensuring complete decoupled control between the two machines and the stator

flux/electromagnetic torque for each of them.

The rotor’s mechanical speed response of the drive from Figures 4.6.a and 4.7.a. It can be
noticed that both the transient and steady-state operation of the two-machine drive shows a high
dynamic response to the speed reference command changes with negligible over/undershot due

to the change in the loading condition or the reference command of +4 rad/s.

The generated electromagnetic torque of both machines exhibits comparable performance to
the 3L-DTC-ANN scheme for different loading and speed reference profiles, with a ripple rate
of 50% (Figures 4.6.b and 4.7.b).

Figures 4.6.c and 4.7.c show the two FPIMs’ stator flux, which depicts a fast response with a

circular trajectory and accurate response to the reference command, with a ripple rate of 10%.

Moreover, Figure 4.6.d shows the stator current of phase “a” waveform for both machines and
THD analysis. The stator current has a distorted sinusoidal waveform corresponding to the
ripple content in the stator flux and electromagnetic torque responses. The current harmonic
content for the sensorless DTC-ANN is 19.93%.

The estimated rotor’s mechanical speed and the corresponding estimation error for the MRAS
technique are illustrated in Figures 4.6.e, 4.6.f, 4.7.d and 4.7.e. The observer accurately
estimates the rotor’s mechanical speed with a negligible estimation error of £4 rad/s during the

transient and steady-state and regardless of the loading conditions.

4.4. Sensorless DTC-ANN based on SMO

4.4.1. Sliding Mode Observer (SMO)

The SMO is based on the theory of variable system structures. From the measured stator
voltages/currents and the FPIM’s current mathematical model, the SMO estimates the state
variable of the FPIM [50], Figure 4.8 illustrates the basic diagram of the SMO.
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Figure 4.8: Basic structure of SMO.

The basic idea of the SMO is to compare the measured outputs of the system to the estimated
ones and then define a sliding surface to control the observer's behavior. The sign of the
difference between the two outputs on this surface is multiplied by the gain matrices to ensure

a null estimation error. The advantages of this approach are:

e The rotor’s speed and time constant are not used.
e High dynamic performance for a wide speed range of operation.

e Robustness to external perturbation.
4.4.1.1. Stator flux and electromagnetic torque estimation

The stator flux expression is derived from the FPIM’s model in the stationary reference frame
as follows [85]:

R, +R, R 1) 1

: ( ) o , : — 0
d |:|sajj|_ s {Isajj|+ LsL GLs |:(Dsaj n GLs Vsaj
dt| i | R.+R o, R |oy 1 ||V
S a) r _ r r S, 0 - Sp)
' o ol ) oL, olLL ol (4.6)

S Ss—r

d|®w| |[-R 0 isa,- 1 01V,
at[o, || 0 R [, | o 1]V,
Since the stator flux is not measured, in addition to the rotor speed in this work, the observer

can be expressed as follows:
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_ RS+R [ R 2 1

» _( ) —o, » r r A 0
i lsaj _ s Isaj " O-Ler O-Ls q’saj + O-Ls Vsaj n Ail Aiz Isl
dt| RR | o R | ° 1|V LA ALl

@ (s r isi N )
' (O'LS i oL, oLL, oL,

i ¢saj _|:_Rs 0 :| isaj +|:1 0:||:Vsaj—+|:A¢l A¢2:||:Isl:|
dt ’ 0 _RS ; 01 Vsﬂj_ Aw3 A(ﬂ4 IsZ

| Pspi Ispi

(4.7)

n N

Where: Isa oy 4y, »and ¢ ., are the estimated stator currents and flux components, respectively.

In addition to:
I ign(S1

| || S1nGY (4.8)
Iy, sign(S2)

A; and A;; represents the SMO’s gains.

S1 And S2 are the sliding surfaces.

I, is the sign vector of the chosen sliding vector, defined by:

gl the current’s observation error.

&g the flux observation error.

g = |:g?a:| _ isa o is;\a ,8¢ _ |:g¢a:| _ ¢sa _¢ia (49)
glﬂ isﬁ - isﬂ g¢ﬂ ¢s/3 - ¢s/3

On the basis of equations (4.6), (4.7), (4.9), the equation controlling the observation errors is

expressed as follows:

dg'/t ( oL, ALrjgi"‘_wrgiﬂJrl%LrLs es(/5a+a%|_S g¢ﬁ—(Al*sign(Sl)+Az*sign(SZ))
dei R R : . R i i
g’/df—( VoL, %L,jfwwrsw L 8=~ (A, FSign(SD) + A, *sign(52)

Ao,/ — —Rei, — (A, *sign(SD) + Ay, *sign(52))

dg¢/t —Rei, — (A *sign(S1) + A,, *sign(S2))

(4.10)
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Considering the determination of the stator currents’ gain matrix, the sliding surface is linked

to the stator currents’ errors as follows:

A

S1 isa - isa
S= =D R (4.11)
S2 -
Isﬂ Isﬂ
Where:
R, o,
oLL oL
D= (4.12)
_ @, Rr
oL. olL.L

S S r

n

When the stator currents” errors are null (i, =i, andiy, =i, ) then S=0.

The matrix S allows to determine the dynamic performance of the observer since it depends on
the mechanical and electrical parameters of the FPIM. The precise measurement of stator
currents and estimation of the rotor’s mechanical speed ensures the consideration of a null

observation error. The stator currents’ gain matrix is given as [99]:

SRR

With 6; and &, are constants determined based on the stability analysis conditions of Lyapunov

to assure the convergence of the sliding surface.
On the other hand, the determination of the stator flux gain matrix is based on the convergence

of the sliding surface (S=0). From Equation (4.10), by neglecting the S and S terms, which is

translated by the annulment of the stator currents” error and its derivative (

el, =¢l,=¢i,=¢,=0),as follows:

iy oL L &t %Ls gy = (A, *sign(S1) + A, *sign(S2)) 10

VoL L _%Ls e, = (A, *sign(S1) + A, *sign(52))

By the use of Equation (4.12), the sign vector is given as:
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| sign(S1, R

,{ H ion( )HAl Az} o[ 5. w1s)
I sign(S2) A A, &y

By substituting Equation (4.13) in (4.9) of the stator flux errors, it results in:

d Ar A TA AT
SN MINE

3

Since the dynamic response of the SMO is based on the exponential convergence of the stator

flux error, then the stator flux error can be imposed as:

deg (o =—Qep (4.17)
With:

1% O

o3 2

Where: gq; and g, are positive constants.

By substitution of Equation (4.17) in (4.16), the stator flux gain matrix is expressed as follows:

A¢={A¢1 A¢2}:{q151 0 } (4.19)

A¢3 A¢4 0 q2§2

The observer’s dynamic response must be as quick as the system’s response; thus, the constants

61, 83, q1, and g, must be adequately chosen.

The SMO’s stability depends on its convergence towards its sliding surface by the optimum

selection of the §; and &,. Thus, the SMO’s stability is verified as follows [100]:

First, the Lyapunov function is given as:
Lar
\Y :ES S (4.20)

Therefore, to ensure the convergence towards the sliding surface, the derivative of V must be

negative:

V=%STS<0 (4.21)
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Then:

o TH-1dei
V =[Sl S2]'D %t

V =[S1 S2T
[ ] , Rr g¢ﬂ
oL, oL, L,

V_1s1 soT [ep, | [6, 0 sign(SY)
=L ] edy| |0 5, Lign(SZJ

o

Thus, the SMO’s stability is ensured if and only if the inequality is verified:

0,2 ‘a‘m‘
0, = ‘8

vl

_I%L,Ls _%LS rﬂ{

(4.22)

(4.23)

The stator flux vector and position, in addition to the electromagnetic torque, can be calculated

as follows:

N N 2 N 2
¢sj = ¢saj +¢sﬂj

A A 2 n 2

¢sj = ¢saj +¢s/3j

Osi = tan™ ¢%
¢saj

A

'IA' op; . :
emj = T(¢saj Isﬂj _¢sﬂj Isaj)

Figure 4.9 gives the block diagram of the SMO.

(4.24)
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Figure 4.9: Schematic diagram of SMO.
4.4.1.2. The rotor’s mechanical speed estimation

From the estimated stator flux components and measured stator currents and load torque, the

rotor’s mechanical speed can be estimated as follows:

A
n A

W " .
dt“ :l/‘]j(pj(¢saj Isﬁ’j _¢sﬁj ISaj)_TLj - fj a)mj) (4'25)

4.4.2. Simulation results

The MM sensorless DTC-ANN based on the SMO of the two-parallel-connected FPIMs
performance is evaluated in this part. For the study purposes, the 3L-DTC-ANN scheme is
adopted, Figure 4.10 depicts the block diagram of the sensorless DTC-ANN of the two-machine

drive.

In order to test and compare the performance of the sensorless method two different test
scenarios are made in Matlab/Simulink environment. The machine’s parameters are the same

as in section 1.6 Table 1.9.
4.4.2.1. Test one

This test considers the application of different speed reference commands, reversion and low-
speed operation, under constants loading conditions. The first test scenario is summarized in
Tables 4.4 and 4.5.
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Table 4.4: First test scenario for the FPIM1.
Time[s] | 001 | 0151 | 1513 | 1352 | 2522 | 223 34 4545
w.[rad/s] | 0-20 20 20— 60 60 60 —100 100 100 ——100 ~100
T.[Nm] 8
Table 4.5: Second test scenario for the FPIM2.
Time[s] | 0505 | 0552 | 2526 | 2634 | 34537 | 37542 | 42544 | 4545
w,[rad/s] | 0—-100 —100 —100 — 20 20 20— 60 60 60 — 100 100
T.[Nm] -8
DTC-ANN
I
I
| Vde
' - h
% SAB(‘DE 1l l
|s
Logic | ABCDE
selection |
I
| /ﬁ 5
I
I
____________________ =
S.-\(‘EBI)
5 > ACEBD' Sscuep
| A Lo i — | S22 |, 9
" 52 “ ]-S'ﬁ )
I W2 - l L ( % :
" a)mE g
I 7fﬂ¢\l<——l|V_ a [);1 Second FPIM -
I ) é“ eml 4—' SMO 1 Slepl 1BCDE 1 SABCDE
I Dml B I Slaﬁl ' S i
ABCDE
Whsa0
Py ——— | 0
(omI
MM based sensorless control First FPIM

Figure 4.10: Sensorless DTC-ANN based on SMO.

95



Chapter 4 Sensorless multi-level intelligent DTC of two-machine drive

The simulation results for the first test scenario are illustrated in Figure 4.11.
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Figure 4.11: Sensorless DTC-ANN based on SMO: (a) mechanical rotor speed, (b)
electromagnetic torque, (c) stator flux, (d) stator current, (e) estimated rotor speed, and (f)

estimation error of rotor speed.
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4.4.2.2. Test two

The second test scenario considers the application of different torque load profiles under a

constant speed reference command. It is summarized in Table 4.6.

Table 4.6: Second test scenario for the two machines.

Time[s] | @,[rad/s] | T,INm] | T_[Nm]

0—-05 0—100

8 -2
05—-1
152 100 0 8
253 -4 0

The simulation results for the second test scenario are illustrated in Figure 4.12.
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Figure 4.12: Sensorless DTC-ANN based on SMO: (a) mechanical rotor speed, (b)
electromagnetic torque, (c) stator flux, (d) estimated rotor speed, and (e) estimation error of

rotor speed.
4.4.2.3. Results discussion

The simulation results for the MM sensorless DTC-ANN are presented based on SMO for a
different operating scenario.

First, the independent control of the two-machine drive is ensured with a complete decoupled
control between the two FPIMs and for the stator flux/electromagnetic torque for each machine;

thus, the SMO technique does not affect the drive’s performance.

The rotor’s mechanical speed response of the drive, in Figures 4.11.a and 4.12.a, shows that
during both the transient and steady state operation of the drive, the machines show a high
dynamic response to the changes in the speed reference command with negligible

over/undershot due to the loading condition or the reference command of + 3 rad/s.

The generated electromagnetic torque of the two FPIMs exhibits comparable performance to
the 3L-DTC-ANN scheme with a ripple content of 44% for different loading and speed

reference scenarios, as shown in Figures 4.11.b and 4.12.b.

The two FPIMs’ stator flux, shown in Figures 4.11.c and 4.12.c, depicts a fast response with a

circular trajectory following the reference command accurately, with a ripple rate of 5%.

Moreover, Figure 4.11.d shows the stator current of phase “a” waveform of two FPIMs and

THD analysis. It is illustrated that the stator current has a distorted sinusoidal waveform
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corresponding to the ripple content in the stator flux and electromagnetic torque responses. The

current harmonic content for the sensorless DTC-ANN is 20%.

Figures 4.11.e, 4.11.f, 4.12.d, and 4.12.e show the estimated rotor’s mechanical speed and the
corresponding estimation error for the SMO. The observer accurately estimates the rotor’s
mechanical speed with a negligible estimation error during the transient and steady-state,

regardless of loading conditions, of +4 rad/s.
4.5. Sensorless DTC-ANN based on stator currents reconstruction

45.1. Introduction

Current sensor (CS) failure, such as LEM-type transducers, in modern ASD, especially in
hazardous conditions, constitutes a major and one of the most frequent problems for the control
algorithm [101 - 103]. This is because an accurate measurement of the stator currents for
estimating state variables, such as the stator flux and electromagnetic torque for the DTC
scheme, is required to achieve the optimum performance. Several current fault-tolerant control
(FTC) sensors can be found in the literature and grouped as hardware and software solutions.
Due to the additional implemented equipment, such as redundant CS or shunt resistors, the
hardware solution is associated with high cost, size, and complexity [103]. Conversely, software
solutions are the most attractive methods for stator current reconstruction based on the Virtual

Current Sensor.
4.5.2. Virtual Current Sensor (VCS)

Real-time accurate stator currents” measurement is essential information for ASD performance.
The stator five-phase currents are reconstructed in the postfault operation of the two-machine
drive based on the VVCS algorithm from the VSI switching states and the DC-link voltage [103].
The discussed approach is based on three sets of equations of the fundamental and harmonic
components of the stator currents and the rotor flux components from the FPIM’s model in the

stationary reference frame as follows:

The estimated rotor flux expression:

d A B RrJ L . A A N
a¢rj _L_( mj Isjaj_¢rja)_a)mj ¢rjﬁ

! (4.26)
d A R i . A A

r N
¢rj = L_](Lmj 'sjﬂj_¢rjﬁ) + @Oy ¢rja

Tj

dt
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The estimated rotor current expression:

d." 1 Ly
alsjaj = L_—O__(Vsjaj - st Isjaj_r¢rja)

u ! (4.27)
d." 1 Ly 2
P Vs =Ry hisiT is)

50 ] i

The estimated stator flux and currents of the harmonic component’s expression:
d” .
ot Psess =Vsiaps ~ R Tsas)
. (4.28)

. o ¢sja/31
Isjopi =

4.5.3. Stator flux and electromagnetic torque estimation

The VCS algorithm adopts the indirect method to estimate the stator flux module and position
based on the information of the reconstructed currents and estimated rotor flux with the
advantage of eliminating the direct method drawback of using a pure integrator. The estimated

stator flux module and position and electromagnetic torque expressions are given as follows:

¢A Loy ¢A Lyl — Ly i "
Sja j rj Sja |
L, L,
g by Lbb
Sif] g Sif]
Lrj Lrj
A A2 A2 (4'29)
b =\ Djaj T Dyis;
0. =tan™ Pans
sj A
¢sjaj
T/\ B 5p] A . A A . A 4 30
emj _T(¢sjaj b555 = g Vgarf) (4.30)

Figure 4.13 represents the block diagram of the current reconstruction algorithm.
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X

Figure 4.13: Schematic diagram of VCS.
4.5.4. Simulation results

This part considers the stator current reconstruction sensorless DTC-ANN based on VCS,
where the 3L-DTC-ANN is adopted. Figure 4.14 depicts the block diagram of the sensorless
DTC-ANN of the two-machine drive.

In order to test and compare the performance of the sensorless method, two different test
scenarios were used in the Matlab/Simulink environment. The stator currents presented in this
study are the estimated currents based on the VCS. The machine’s parameters are the same as
in section 1.6, Table 1.9.

45.4.1. Test one

This test considers the application of different speed reference commands, reversion, and low-
speed operation under constant loading conditions. The first test scenario is summarized in
Tables 4.7 and 4.8.
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Table 4.7: First test scenario for the FPIML1.

Time[s] | 001 | 0151 | 1513 | 1352 | 2522 | 223 34 4545
w.[rad/s] | 0-20 20 20— 60 60 60 —100 100 100 ——100 ~100
T.[Nm] 8
Table 4.8: First test scenario for the FPIM2.
Time[s] | 0505 | 0552 | 2526 | 2634 | 34537 | 37542 | 42544 | 4545
w,[rad/s] | 0—-100 —100 —100 — 20 20 20— 60 60 60 — 100 100
T.[Nm] -8
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Figure 4.14: Sensorless DTC-ANN based on VCS.
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The first test scenario’s simulation results are presented in Figure 4.15.
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Figure 4.15: Sensorless DTC-ANN based on VCS: (a) mechanical rotor speed, (b)

electromagnetic torque, (c) stator flux, (d) stator current, (e) estimated stator current.
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45.4.2. Test two

The second test scenario considers the application of a different torque load profile under a

constant speed reference command. It is summarized in Table 4.9.

Table 4.9: Second test scenario for the two machines.

Time[s] w,[rad /s] T,,[Nm] T,,[Nm]

0—-05 0—100

8 -2
05—-1
152 100 0 8
253 -4 0

The second test scenario’s simulation results are presented in Figure 4.16.
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Figure 4.16: Sensorless DTC-ANN based on VCS: (a) mechanical rotor speed, (b)

electromagnetic torque, (c) stator flux.
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4.5.4.3. Results discussion

The simulative results of the MM sensorless DTC-ANN-based VCS are presented and

evaluated for different operating conditions.

First, the three methods do not affect the independent control of the two-machine drive,
ensuring complete decoupled control between the two machines and the stator

flux/electromagnetic torque for each of them.

Figures 4.15.a and 4.16.a illustrate the rotor’s mechanical speed response of the VCS-based
sensorless controlled drive. It can be noticed that during both the transient and steady-state
operation of the two-machine drive, the rotor’s speed shows a high dynamic response to the
speed reference command changes with negligible over/undershot of 2 rad/s due to the change

in the loading condition or the reference command.

The generated electromagnetic torque of both machines for the three sensorless schemes is
presented in Figures 4.15.b and 4.16.b. The electromagnetic torque presents a comparable
performance to the 3L-DTC-ANN scheme, with a ripple rate of 47%, for different loading and

speed reference profiles.

Figures 4.15.c and 4.16.c illustrates the response of the two FPIMs’ stator flux depicting a fast
response with a circular trajectory and accurate response to the reference command, with a

ripples content of 7.3%.

Moreover, the stator current of phase “a” waveform for two machines and THD analysis are
shown in Figures 4.15.d and 4.16.d. It is shown that the stator current has a distorted sinusoidal
waveform corresponding to the ripple content in the stator flux and electromagnetic torque
responses. The THD is 19%.

Finally, phase a” reconstructed currents by the VCS method. for both machines. They show
an accurate estimation of the phase current of both FPIMs in the motoring and generating mode

with an estimation error of £0.025 A, as shown in Figure 4.15.e.
4.6. Comparative study

Table 4.10 summarizes the comparison study between the three MM methods and the
conventional scheme in terms of toque/flux ripples, reference tracking performance, and

estimation error.
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Table 4.10: Comparative analysis of the performance of DTC and DTC-ANN.

Assessment parameters 3L-DTC-ANN | DTC-MRAS | DTC-SMO | DTC-VCS
Recovery time (S) 0.3 0.5 0.2 0.2
Overshoot (rad/s) 2 4 3 2

" Undershoot (rad/s) 2 4 3 2
Estimation error (rad/s) - 4 +3 -
2 Ripples (%) 8 10 44 7.3
Ten Ripples (%) 46 50 5 47
THD (%) 20 22 20 19
: Estimation error (A) - - - +0.025

Table 4.11 summarizes a comparative study between the proposed sensorless methods merits

and demerits based on selected performance criterions.

Table 4.11: Performance comparison of the three MM sensorless methods.

Steady-state | Dynamic Low-speed Complexity | Computation
error behaviour operation time
MRAS Very good Good Satisfactory | Very good Good
SMO Excellent Excellent Very good Complex Very good
VCS Very good Good Satisfactory | Excellent Very good

4.7. Conclusion

In this chapter, an independent sensorless DTC of two FPIMs connected in parallel fed by a
single VSI based on MRAS, SMO, and VCS is discussed. The three proposed approaches use
an MM-based method to estimate the machine’s state variables, enhancing the control scheme

performance by overcoming the conventional open-loop estimator drawbacks.

The MRAS observer is considered for the rotor’s mechanical speed estimation because of its
simple yet robust structure. In addition, the stator flux module, position, and electromagnetic
torque can be estimated from the estimated rotor flux information. However, this method has

drawbacks, such as the PI controller tuning problem and the reduced starting at full load.
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The SMO is proposed to tackle the MRAS technique's starting problem and provide a more
robust and accurate estimation of the machine's state variables, improving the control scheme's
dynamic performance. Nevertheless, this approach also has the drawback of tuning the observer

gain matrix by eight coefficients to determine.

Another MM method is proposed to estimate the FPIM's state variables and replace the CS. The
VCS accurately reconstructs the stator phase currents regardless of the operating conditions,
giving a fault-tolerant operating advantage to the drive and addressing the parameters tuning
drawback of the previous methods. Finally, the simulation results demonstrate a complete
decoupled control between the FPIMs' stator flux and torque both in the steady/transient state
and motoring/generating mode, improving the dynamic performance of the drive and adding

the value of fault-tolerant operation to the drive during the sensors downtime.

The next chapter tackles one of the most frequent tracks of the PWM-controlled VSI, which is
the Common Mode voltage, which affects the drive's performance through a preventive control

scheme.
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5.1. Introduction

In the ASA industries, where the use of the PWM-controlled VVFD concept is required to obtain
an adjustable AC in terms of voltages and frequency to control the machine’s speed and torque,
the recurring drawback of the Common-Mode Voltage (CMV) is faced [104]. This latter is a
PWM’s inherited drawback, which is translated in a voltage difference between the VSI's
neutral point and the ground through the capacitive coupling. Moreover, with the introduction
of the VFDs ranging from several kHz to MHz, this voltage plays a crucial role in potential
problems in AC machine drives, affecting their lifespan and correct operation [95, 96],
especially with the upcoming introduction of wide bandgap semiconductors technology that

allows reaching a high operating frequency [105].

On this basis, multi-level VSIs have proven to be a key point in solving this drawback over the

last decades since these topologies present DOF compared to the two-level VSIs [104].

Thus, this chapter discusses a proposed preventive method to mitigate the CMV in the five-
phase two-machine drive. This latter is an extension of the mitigation technique introduced in

[106] presented by TATTE, exploiting the concept of virtual voltage vectors (VVV).

This chapter provides a state-of-the-art assessment of the CMV impacts and the mitigation
approaches discussed in the literature. It then discusses the proposed preventive technique based

on DTC. The simulative results illustrate the effectiveness of the control scheme.
5.2. Common-Mode Voltage

In applications that require a high power demand and fault tolerance, for instant electromobility
applications, multiphase star-connected AC machines are highly considered. Nevertheless, as
with the three-phase drives, the CMV presents a prominent issue for the multiphase drives as
well [105].
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5.2.1. Definition of CMV

The CMV is elucidated as the potential difference between the star point with respect to the
mid-point of the DC link of the VSI, as shown in Figure 5.1. The analytical expression
considered for the generated CMV by the VSI’s phase voltage is [107]:

Uen 0= %4 20V =Vio ® (5.1)

Where: q is the phase number, V, is the VSI’s i-th pole voltage.

]
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Figure 5.1: The path of the CMV in generalized schematic of the multi-phase VSI [107].

This phenomenon is the natural outcome of the PWM-controlled VSI due to the fact that this
latter does not generate a sinusoidal voltage waveform but a discrete voltage at the terminal

output. Thus, depending on the VSI switching states, the CMV peak-to-peak value may vary

between 0V to inC/z :

5.2.2. Impact of CMV

The generated CMV has several adverse effects that reduce the electric drive’s reliability.

Among them:

e Electromagnetic interference (EMI): The radiated and/or conducted EMI that results
from the VSI’s voltage waveforms and the parasitic impedances of the machine. Due to
the CM impedance paths, highlighted in Figure 5.2, this EMI can further affect the other
parts of the ASD [108, 109].
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Figure 5.2: Sources of EMI in the ASD [104].

e Winding insulation damage: The large d”/dt produced by the PWM technique at the

input terminals of the stator’s windings creates a significant stress that degrades the

windings’ insulations, as shown in Figure 5.3 [110, 111].

\\\\\\m

Figure 5.3: The effect of the voltage surge on the machine’s windings insulation.
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e Induced voltage shaft: The high-frequency CMV resulting from the PWM technique

induces a voltage on the machine’s shaft. This latter, when it exceeds the bearings’

insulation’s capability, it results in circulating currents through the machine’s parasitic

capacitance that cause a bearing failure, as shown in Figure 5.4 [112, 113].
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Figure 5.4: Voltages generated in the AC machines due to the parasitic capacitances and the

simplified equivalent circuit [107].

e Bearing currents: Aside from the shaft voltage, the CMV variations cause a leakage

current through the machine’s bearings combined with parasitic capacitance, as

illustrated in Figure 5.5 [107]. Four types of bearing currents can be distinguished as

follows:

1.

2
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4
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Figure 5.5: Paths of the bearing’s currents [107].
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5.2.3. Techniques for CMV mitigation

The CMV mitigation techniques can be classified into two families: corrective and preventive

solutions. Figure 5.6 summarizes the CMV effects and solutions as follows [107]:

(P2} Converter topology (P3); Modulation technique

(Cx) Corrective action
solve the problem

(Px) Preventive action

I
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' 1 Solutions thar
' I
! I
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Figure 5.6: (a) Causes of the CMV, effects and their respective solutions, (b) The solution

location on the drive [107].

5.2.3.1. Corrective methods

It can be considered a countermeasure to the effects of the CMV by encompassing additional

specially designed hardware and procedures (‘Cx’ tags).
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(C1) Faraday shielding: The cornerstone of this solution is inserting a conductive
shield between the stator and rotor to block the flow of the current generated from the
VSl and further prevent it from being induced in the shaft [115]. This method is seldom
utilized in practice and presents a high implementation cost and difficulties [116].

Figure 5.7 illustrates (C1) the Faraday shielding.

Figure 5.7: (C1) Faraday shielding.

(C2) Insulated bearings: This type of bearings has the capability to prevent the shaft
current from discharging through them into the machine’s stator frame [117]. Generally,
a layer of ceramic or a non-conductive resin is used in this type of bearing. Nevertheless,
this solution increases the cost of implementation since it requires modifying the

machine. Figure 5.8 illustrates (C2) the insulated bearings.

Figure 5.8: (C2) Insulated bearings.

(C3) Ceramic or hybrid bearings: In this solution, and to prevent the flow of the shaft
current through the bearings by the use of either ceramic rolling material and steel track
or by the use of only ceramic elements, and it is particularly effective in small machines.

Nevertheless, it presents a cost-ineffective solution since it is more expensive and
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diverts the problem to other parts of the drive [107, 116]. Figure 5.9 (C3) ceramic or
hybrid bearings.

Figure 5.9: (C3) Ceramic or hybrid bearings.

e (C4) Conductive grease: This solution considers the reduction of the harmful discharge
due to the shaft voltage by creating a continuous conductive path through the bearings
using grease containing a conductive particle. Nevertheless, this latter shortens the
service lifetime of the bearings due to ineffective lubrication [116]. Figure 5.10

illustrates (C4) the conductive grease.

Figure 5.10: (C4) Conductive grease.

e (C5) Insulated mechanical load coupling: This solution considers the protection of
the driven load against any potential damage by isolating the coupling path to prevent
the flow of any leakage currents [107]. Figure 5.11 illustrates (C5) the insulated

mechanical load coupling.
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Figure 5.11: (C5) Insulated mechanical load coupling.

(C6) Shielded cables: This solution considers the creation of an alternative electric path
characterized by a low impedance for the Common-Mode Currents generated by the
VSI through symmetrical ground cable protection [107]. Thus, it results in a reduction
of the EMI and near elimination of the rotor-to-ground currents. Nevertheless, the
downside of this solution is that it generates an overvoltage at the machine’s terminals,
resulting in premature failure of the windings insulation due to the length of these cables
and the high switching frequencies. Figure 5.12 illustrates (C6) the shielded cables.

Sotre 110 G 05 vioxaren MOWrE VT

Figure 5.12: (C6) Shielded cables.

(C7) Grounding cables: This solution considers the use of thin-film twisted cable to
provide a decreased impedance path to the ground from the machine for the currents to
flow through. These cables are placed either on the VSI or machine’s sides [118, 119].
Figure 5.13 illustrates (C7) the grounding cables.

115



Chapter 5 Multi-level DTC with CMV mitigation for two-machine drive

Figure 5.13: (C7) Grounding cables.

(C8) Brushes: This solution considers the use of brushes based on metal or carbon
material to provide a parallel connection from the machine’s frame to the shaft aside
from the bearings. Nevertheless, the material selection must be made based on the

machine’s size and use [120]. Figure 5.14 illustrates (C8) the brushes.

Figure 5.14: (C8) Brushes.

(C9) Shaft grounding ring: This solution considers the same approach as the brushes
to redirect the discharge aside from the machines by incorporating a micro-conductor
fiber-based ring between the machine’s frame and the shaft. This solution is cost-
effective and utilized by multiple machine manufacturers [121]. Figure 5.15 illustrates

(C9) the shaft grounding rings.
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Figure 5.15: (C9) Shaft grounding ring.
5.2.3.2. Preventive methods

This solution considers the mitigation technique to be applied to the control scheme of the
inverter to directly eliminate or reduce the CMV [107]. Thus, this thesis considers a preventive

mitigation method combined with the DTC, discussed in the next section (‘Px’ tags).
5.3. Preventive DTC method (DTCcpy)

In the conventional DTC, the af3; and af3, planes are utilized to independently control the two
five-phase machines, respectively. Nevertheless, this method has several drawbacks, as
mentioned earlier. Thus, an implementation of the concept of VVVs is described to mitigate
the generated CMV and further improve the overall performance of the drive. Therefore, for
the purpose of synthesizing the proposed control scheme, an analysis study on the VSI’s space
vector is required (Step 1), the VVVVs synthesize (Step 2), the VVVs selection (Step 3), and the
actual Vs selection (Step 4).

5.3.1.Step 1

As mentioned above, the CMV is directly related to the VSI’s switching states voltage phase,
as summarized in Table 1.3, which determines the CMV waveform peak-to-peak value, as the
equation (5.2) indicates [106]:

— Uaz +sz +Ucz +Udz +Uez
cm 5
Figure 5.16, illustrates the CMV’s path in the two-machine drive [122].

U

(5.2)
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Figure 5.16: The path of CMV in the two-machine drive.

In the conventional 3L DTC, for instance the two zero VVs utilized have the switching sequence

of [00000] and [22222], where each sequence generates a inC/z phase voltage. Thus, by

substituting in (5.2) yields to inC/Z peak-to-peak CMV values.

Therefore, the direct extension of the DTC to the THL-VSI results in several potential problems

due to the generated CMV. Table 5.1 illustrates the CMV values and waveforms of the selected
THL-VSI’s VVs [122].

Table 5.1: Peak-to-peak CMV and the theoretical waveforms.

Reported Theoretical waveform of Peak-peak
strategies WV CMV CMV CMV
V1-V10 1V, /10 -
V21 -V30 +3V, /10 Woltim
3L-DTC « " S— i V. /2
V31 -V40 V. /10 e |
VO 1V, /2
V1 - V10 1V, 110 -
Vi1l -V20 1V, /10 N30
DTCCM\/ - -V, 0/ 10 TL iVdc /10
V31 -V40 1V, /10 v 110
Vo v,
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5.3.1.2. Status of CMV for the mitigation technique DTCcyy

Contrary to the conventional method, the DT C¢,,, selects the VVs based on their generated
CMV peak-to-peak status [106]. Where 31 VVs are chosen, where the CMV values and

waveforms are given in Table 5.1 and presented in Figure 5.17, as follows:

e 10 large VVs (V1-V10).

e 10 small VVs (V31-V40).

e 10 medium VVs (V11-V20).
e 1zeroVVs[11111].

For instants, the VV V20, from Figure 5.17.a, with a switching state of [21012] having a phase
voltage of +Vdc/2 0, _Vdc/z ,0, and +Vdc/2 , respectively, and by substituting in (5.2) the

generated CMV peak-to-peak value is equal to inC/ 10- These VVs are utilized to synthesize
the VVVVs in the next step.

&)
Y
/r,,//’ 4 \-\_“ ]
V36 vaes v Vi v
3

V1]

~..

Figure 5.17: Mapping of the VVs: (a) af; plane, (b) af, plane.
5.3.2.step 2

The THL-VSI’s space vector, illustrated in Figure 5.17, exhibits a peculiarity for mapping the
collinear VVs between the af3; and a3, planes. For instance, the VVs V, V13, V23, V33, and
V43 in the af3; plane have the opposite direction and different locations in the af3, plane and

vice-versa, as shown in Figure 5.18.a [122].
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By exploiting the benefit of this verity, 21 VVVs are synthesized from the 31 actual VVs,
defined in Step 1, in a manner that their application results in the annulation of one of the
aBilaB, planes [106].

Thus, the VVVs are obtained from the combination of the 21 VVVs as follows:

e The zero VV [11111] is used the ZVV.
e The 10 large VVVs (VVLX) are synthesized from the large and medium VVs.
e The 10 small VVVs (VVSx) are synthesized from the small and medium VVs.

The mapping of these VVVs is illustrated in Figure 5.18.b.

VM3 and V33 VI ~ ]
v _lies exactly opposite to AR 7o i
cach other
VL3 and VS3
lies exactly opposite \
¢ > =
to each other N, [ v \J 6 VVS6 VS VVLI1
B X >
\ /\ [VI] = < P ===[]]
/N . »
N
- I— R\ o by
(N 2 I
a— ~
- O /il’/
-
. *® IX]
v \‘ V83 and V33 lies IV"] A
/ I VL3 and V \ll exactly opposite to e AT
each other ' )
/ lies exactly opposite to
each other [ VI 11X]
(@) (b)

Figure 5.18: (a) Peculiarities of the VVs, (b) Mapping of the VVVs.
5.3.3.step 3

As in the conventional DTC scheme, the optimum VVV is selected from a predefined ST
constructed based on the digital response of the two-level and five-level HCs of the flux and

torque, respectively, and the sector location [122]. Table 5.2 depicts the VVVs ST.

For instance, if the first machine’s stator flux is located in the sector | and the digital response
of the flux and torque HCs are (g5 = 1 and &rep, = —1), respectively, the selected VVV is
VVS9. Moreover, if the second machine’s stator flux is located in sector V and the digital
response of the flux and torque HCs are (eg; = —1 and er.,,, = 2), respectively, the selected

VVV is VVLS.
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Table 5.2: The ST of VVVs.
Sector

€gsj | ETem;| | I 1l v Vv VI VII VI IX X
2 VVL3| VVL4 | VVL5 | VVL6| VVL7| VVL8| VVL9 | VVLIO| VVLI1| VVL2
1 VVS3| VVS4 | VVS5 | VVS6| VVS7| VVS8| VVS9 | VVSI10] VVSI| VVS2

1 |0 ZNV | ZVV | ZVV | ZNV | ZNV | ZVV | ZVV | ZVV | ZVV | ZVV
-1 VVS9| VVS10] VVSI1 | VVS2| VVS3| VVS4| VVS5 | VVS6 | VVS7| VVS8
-2 VVL9| VVLI10| VVLI | VVL2| VVL3| VVL4| VVLS5 | VVL6 | VVL7| VVLS
2 VVL4| VVL5 | VVL6 | VVL7| VVLE| VVL9| VVL10] VVLI1 | VVL2| VVL3
1 VVS4| VVS5 | VVS6 | VVS7| VVS8| VVS9| VVSI10| VVSI | VVS2| VVS3

0 |0 ZVNV | ZVV | ZVV | ZVV | ZVV | ZVGV | ZVV | ZVV | ZVV | ZVV
-1 VVS8| VVS9 | VVSI10] VVSI| VVS2| VVS3| VVS4 | VVS5 | VVS6| VVS7
-2 VVLS| VVL9 | VVLI10| VVL1| VVL2| VVL3| VVL4 | VVLS5 | VVL6| VVL7

Where: ZVV=11111
5.34.Step 4

The actual VV to be applied is selected based on the selected VVV and the location of the

machine’s auxiliary stator flux, as illustrated in Table 5.3 [106].

Table 5.3: Actual VV’s ST.

Large VVV VVLL | VVL2 | VVL3 | VVL4 | VVL5 | VVL6 | VVL7 | VVL8 | VVL9 | VVLIO
Location of stator flux | v i | pyr | vax | vinen LV | IV-VII | VI | XIV | VILI | LIV
of auxiliary plane

Actual large VV Vi V2 V3 V4 V5 V6 V7 V8 V9 V10
Location of stator flux | 1y vy | i | xav | mevi | VEX | Xl | [evi | VeIX | VD LV
of auxiliary plane

Actual medium VV Vil Vi2 Vi3 V14 V15 V16 V17 V18 V19 V20
Small VWV VVSL | VVS2 | VVS3 | VVS4 | VVS5 | VVS6 | VVS7 | VVS8 | VVS9 | VVSIO
Location of stator flux | 1y yy | iy | vax | vimen | v | vevin [ v | xavo | ovien | v
of auxiliary plane

Actual small VW V31 V32 V33 V34 V35 V36 V37 V38 V39 V40
Location of stator flux |y yyyy | v | xav | mevi | ovix | oo | mvi | vax | ovien | kv
of auxiliary plane

Actual medium VV Vil V2 Vi3 V14 V15 V16 V17 V18 V19 V20

For example, if the VVV VVS9 is elected and the auxiliary stator flux of the FPIML1 is located
in sector 3, then the VV to be applied is VV39. Moreover, if the VVV VVLS is selected and the
auxiliary stator flux of the FPIM2 is located in sector V, then the VV to be applied is V18.

Figure 5.19 depicts the block diagram of the DT C¢py -
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Figure 5.19: Schematics of DT C,,,, for the two-machine drive.
5.4. Simulation results

The mitigation technique DT C. performance discussed herein is evaluated and compared to
the intelligent 3L-DTC in MATLAB/Simulink. The FPIM’s parameters are the same as those
defined in Table 1.9, section 1.6. Tables 5.4 and 5.5 Summarize the testing conditions and the

obtained results, which are illustrated in Figures 5.20 to 5.25.

Table 5.4: First test scenario for the FPIM1.

Time [] 0->05 | 05515 | 15525 | 253
Q [rad/s] | 0100 100 100 »>-100 | —100
T [Nm] 8

Table 5.5; First test scenario for the FPIM2.

Time [s] 005 | 0515 15525 253
Q [rad/s] | 0—-100 ~100 ~100 —100 100
T, [Nm] -8
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Figure 5.20: Three-level DTC-ANN response: (a) rotor’s mechanical speed, (b)

electromagnetic torque, (c) stator flux, (d) stator currents.
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Figure 5.21: Stator currents’ THD of Three-level DTC-ANN: (a) FPIM1, (b) FPIM2.
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Figure 5.22: Generated CMV in three-level DTC-ANN.
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Figure 5.23: Response Of DTCcwmv: (a) rotor’s mechanical speed, (b) electromagnetic torque,

(c) stator flux, (d) stator currents.
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Figure 5.24: Stator currents’ THD of DT C¢yy: (2) FPIM1, (b) FPIM2.
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Figure 5.25: Generated CMV in DT Ccpy -

First, the rotor’s mechanical speed of the two machines are given in Figures 5.20.a and 5.23.a.
It can be interrupted that the two FPIMs successfully followed their speed reference commands

with nearly the same performance.

Second, Figures 5.20.b and 5.23.b, show the two FPIMs’ electromagnetic torque responses. It
is observable that this latter accurately complies with the changes in the rotor’s speed and
loading conditions. Furthermore, a reduction rate of 3% in the torque ripples is noticed in the
DTCpy compared to 3L-DTC-ANN.

Third, the two five-phase machines’ stator flux responses are given in Figures 5.20.c and 5.23.c,

in aff; and af, planes. Where the adopted control method has illustrated a better and faster
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dynamic response when compared to the 3L-DTC-ANN scheme with 2.5% reduction in the

flux ripples content.

Fourth, the two FPIMs’ stator currents and the THD analysis are given in Figures 5.21 and 5.24,
respectively. Where the 3L-DTC-ANN method exhibits a better current waveform with less
current THD by 4% compared to the discussed method DT Ccy,y, as shown in Figures 5.20.d
and 5.23.d.

Fifth, Figures 5.22 and 5.23 Depicts the generated CMV. The DT Cp, has successfully reduced

the generated CMV peak-to-peak value to inC/lO compared to inC/Z in the intelligent 3L
DTC.

Finally, from the presented simulation results, the DT C,,, Shows a superior performance while
preserving the decoupled control between the machine’s torque/flux and the control
independence of the drive, regardless of the working conditions. Table 5.6 Summarizes a

comparative study between the control schemes.

Table 5.6: Comparative analysis.

Performance Assessment parameters 3L-DTC-ANN DTCwy

Recovery time (s) 0.3 0.3

@, Overshoot (rad/s) 2 1.6
Undershoot (rad/s) 2 1.6

Ten Ripples (%) 46 43

&, Ripples (%) 8 55

i, THD (%) 20 24
CMV Peak-to-peak value (V) 600 120

5.5. Conclusion

The first part of this chapter discusses CMV and its relative potential problems affecting AC
machines' drives, in addition to the corrective and preventive methods to mitigate the generated
CMV. The second part has given a theoretical evaluation and analysis of the CMV generated
by the conventional DTC fed by the THL-FP-VSI. Where in the last part the extended

mitigation approach for the two-machine drive is introduced and applied to the 3L-DTC based
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on the concept of the VVVs control technique. The simulative results demonstrate the
effectiveness of the mitigation technique of the CMV while preserving the simplicity and the
advantages of the conventional scheme and further enhancing the torque and flux ripples,
reduced by 3% and 2.5%, respectively, compared to the DTC.

127



General conclusion

In the context of research on the independent control of the two multiphase machines connected
in parallel drive fed by a multi-level voltage source inverter, this thesis is made. Where the main
objective is to study the five-phase induction machines controlled via the direct torque control
scheme, which in turn gives a fair trade-off between the system'’s merits/demerits and cost; thus,
this thesis has dealt with selected adverse downsides of the drive's system. This is achieved by
several amendments, either by the combination of Al techniques such as ANNs and machine-

model sensorless control methods or by modifying the conventional scheme.

The first chapter gives a brief state of the art in which the merits/demerits of the multiphase
topology and the two-machine parallel-connected drive are highlighted. The modelling of the
FPIMs, multi-level VSI, and the two parallel-connected FPIMs is explained, in addition to the
transformation matrix to the arbitrary reference frame. Where, the principle points that can be

highlighted in the first chapter are:

- The discussed multi-machine drive system presents a reduction in the number of the
VSI’s phases, which can be translated into cost’s reduction of the system.

- The control of the FPIM requires only the control of one set of current components, that
is responsible for the flux/torque generation, while the remaining components are not
used.

- Through an introduction of an appropriate phase transposition of the stator windings,
the other set of the current’s component can be exploited to independently control
another FPIM connected in parallel to the same VSI, resulting in a current component
that is flux/torque generating for one machine and non-generating for the other, and

vice-versa.

The second chapter presents the independent direct torque control of the two parallel-connected
FPIMs drive and states the scheme’s working principle in the case of a two-machine drive fed
by multi-level VSI. Where, the principle points that can be highlighted in the first chapter, based

on the theoretical and simulation study, are:

- The conventional DTC has successfully maintained an independent control over the

two-machine drive, while preserving a decoupled control over the flux/torque.
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- The DTC has a better performance and simple structure compared to the conventional
control methods. However, it suffers from the flux/torque ripples due to the HC’s nature

and the poor performance of open-loop estimation in low-speed operation.

For this reason, an Al and sensorless approaches are discussed to address these drawbacks,
respectively.

The third chapter is dedicated to the artificial intelligent control design using the artificial neural
networks-based DTC to address the conventional scheme drawback and further improve the
performance and robustness of the drive. Where, the principle points that can be highlighted in

the first chapter, based on the theoretical and simulation study, are:

- The non-linear capability of the ANNSs is a method to further improve the performance
of the two-machine drive, through the enhancement of the DTC’s structure.
- Reduction of the drive’s flux/torque ripples content.

- Improving both the steady and transient state response of the drive.

The fourth chapter presents the sensorless control of the two-machine drive based on the
Machine-Model based methods to estimate the machine’s state variables from the information
of the measured quantities using the MRAS, SMO, and VCS. Where, the principle points that

can be highlighted in the first chapter, based on the theoretical and simulation study, are:

- Reduction of the system’s overall cost and size due to the reduction of the implemented
sensors’ numbers.

- The MRAS approach presents a simple yet a robust sensorless method to estimate the
machine’s state variable. Nevertheless, it suffers from low performance during speed
operation and difficulties to tune the PI controller.

- The SMO approach presents a better rotor speed tracking during both the transient and
steady state operation, with neglected estimation error. However, the major drawback
of this approach is the high number of coefficients to tune.

- The VCS approach gives a simple yet robust MM based observer to enhance the drive’s
fault-tolerant capability, reducing the sensors’ number to only one (DC-link voltage

sensor).

The fifth chapter deals with the Common-Mode Voltage drawback of the PWM-controlled VSI

and discusses the mitigation technique based on corrective and preventive approaches. Where,
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the principle points that can be highlighted in the first chapter, based on the theoretical and

simulation study, are:

- Reducing the effect of the inherited drawback of the multi-level VSI.
- Enhancing the drive’s reliability and performance.

- Reducing the down time due to the side effects of the CMV.

Finally, based on the presented work in this thesis, a new axis of research can be suggested as

a future work as follows:

e Development of multi-level space vector modulation for the two-machine drive and
further improvement by applying Sliding Mode Control, Input/output linearization
control, and Model Reference Adaptive Control.

e Study the behavior of the two-machine drive under faulty conditions.

e Developing and improving the direct torque control to balance the neutral point voltage

in the multi-level inverter topologies.

With regards
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