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motor (FFIM) sensorless control based on the combination of the direct torque control
(DTC) technique and the space vector modulation (SVM) technique. Indeed, this
sensorless control applied to the FFIM is achieved using two different rotor speed
estimation approaches. The first approach is based on the adaptive flux and speed
observer for ensuring the estimation of the rotor speed and rotor flux at once. The
second approach is performed based on the model reference adaptive system estimator
for ensuring the estimation of the rotor speed. The applications of both estimation
approaches with the combined techniques for ensuring the sensorless control of the
FFIM are presented and analyzed to shed light on their main performances compared
with each other based on the main predominant constraints such as the processor
computation time and memory size costs, robustness against the machine parameter
variation and the accuracy of estimation. The analysis of the results obtained by
simulation allows the validation of both approaches in ensuring the sensorless control
of the FFIM using the DTC-SVM with some limited differences.
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1 Introduction

Multiphase drives have recently gained interest due to their advantages over traditional
three-phase drives for high-power applications (e.g., locomotive traction, electric ship
propulsion) and/or high-current applications (e.g., electric and hybrid vehicles). Indeed,
there are plenty benefits of a greater number of phases such as reducing the inverter per
leg power, decreasing the amplitude of torque pulsations in motor drives and lowering the
dec-link current harmonics [1]. Another very interesting feature of this kind of machines
is their capability to start-up and run even with one or two non-adjacent stator phases
under open or short circuit. Hence, it provides high reliability, especially in industrial
applications where the stop of the machine has to be avoided during working process.

The technique of torque control of induction motors was developed and presented by
I. Takahashi as a direct torque control (DTC) |2]|, and by M. Depenbrock as a direct self
control (DSC) [3|. It is possible to enhance the operating characteristics of not only the
motor but also the voltage source inverter (VSI) supplying such drives by using the direct
control of the stator flux and torque instead of the traditional current control technique.

The basic principle behind a three-phase ac drive’s DTC is to directly and indepen-
dently control the electromagnetic torque and flux linkage by using six or eight voltage
space vectors saved in a lookup table. Since the DTC approach has additional advantages
when applied to multiphase machines, in recent years the application of the DTC tech-
nique for multiphase machines has received a widespread attention [4-6]. The five-phase
induction motor direct torque control can minimize successfully the ripple amplitude of
both the stator flux and the torque, allowing a more reliable flux and torque control [7].

The use of the space vector modulation (SVM) retains the transient performance
and robustness of the DTC, and decreases the torque ripple of the steady state. At
the same time, the switching frequency can also be kept constant and controllable [g].
It can be said that the five-phase inverter can give more flexibility due to its ability to
provide 32 space vector voltages, hence the elaboration of the desired torque and flux can
be obtained in a more flexible and accurate way compared to its counter-part of three
phases.

A large number of studies have been carried out focusing mainly on sensorless drives
on a three-phase induction machine to increase the efficiency and reduce cost. Although
the cases of the sensorless control of a multiphase motor drive are limited in the literature,
nevertheless few documented research activities treat the sensorless control of a five-phase
motor as a three-phase case extension. B. S. Khaldi et al. [9] have presented a comparison
between a new sensorless method and an adaptive observer for the DTC applied on the
five-phase IM. H. Echeikh et al. [10] have proposed an improved sliding mode observer
for the sensorless control of a five-phase induction motor. O. Gonzalez et al. [11] have
proposed a speed sensorless control of a five-phase induction machine by using an inner
loop of the model-based predictive control. In [12], the authors have described the use of
02 speed observers system planes for a five-phase machine supplied by the current source
inverter.

It is known that the most popular speed sensorless control is the MRAS technique
because of its simple implementation. In some previous works, the MRAS speed estimator
is applied for the five-phase induction machine with several schemes such as the scalar
control [13], the vector control [14], and the SVM-backstepping control [15]. However,
a limited number of works have investigated the direct torque control of a five-phase
induction machine.
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In this paper, the authors present an extension of the application of the MRAS
technique for a three-phase machine to be incorporated with the application of the DTC
for a five-phase induction motor for ensuring its sensorless control and compare it with
a speed and flux full-order adaptive observer which is used for the same purpose.

The following part of this paper is organized in five sections. Section 2 focuses on
the presentation of the modeling of a five-phase induction machine; Section 3 describes
in details the direct torque control of a five-phase induction motor and the space vector
PWM. In Section 4, the authors present the first observer used for the estimation of
the rotor speed and the rotor flux called a speed and flux full-order adaptive observer.
Further, in Section 5, the extended application of the MRAS to a five-phase induction
motor is presented. Section 6 is dedicated to the results obtained via simulation. This
paper ends with a conclusion.

2 Modeling of a Five-Phase Induction Machine

In the present paper, the modeling of the five-phase induction machine will be based on
some simplifying hypotheses, which can be presented as follows:

— The motor has an unsaturated symmetrical armature.
— The hysteresis and eddy currents are negligible.
— The air gap is of uniform thickness, the slotting effect is neglected.

— The proper and mutual inductances are independent of the currents flowing in the
different windings.

— The distribution of the flux along the air gap is assumed to be a sine waveform.
— The skin effect is negligible.

— Considering regular phase shifting between each two sequenced phases, the windings
in all phases are supposed to be identical.

The model of the machine is presented in a common reference frame, rotating at an
arbitrary angular speed as shown in Fig[l]

The model of the five-phase squirrel cage induction machine can be written in matrix
form as follows |16]:

Vabede] = [Bs] Lapeae) + % [Dabedels
T _ r d r _ (1)
Vabedel = [Br] Lipeae) + 17 [BPapeac) = 0,
[¢2bcde] = [LS} [I;bcde] + [LST] [IgbcdeL
[Dbede) = [Lr] Uapeae] + [Lrs] gbeqe]

where

. s ) . : . 17T
V; bede — V; VES ‘/c‘S ‘/dkS Vve6 ( 3 )
Vieaw | LV Ve Ve v v ]

a a C

S S S S S S T
Iabcde — Ia Ib Ic Id Ie (4)
Lipede Iy Iy 10 I IZ |7
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Figure 1: Park transformation applied to the five-phase induction machine.
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For the simplification of the model of the machine under study, which is presented in the
natural frame abc, the following matrices of transformation are used for the stator and
the rotor to obtain the model of the machine in biphase frames while keeping the power
invariant. These matrices are presented as follows:

cosf;  cos(fs —a) cos(fs —2a)  cos(fs+2a)  cos(fs + )
5 | —sin 0y —sin(fs —a) —sin(fs —2a) —sin(0s +2a) —sin(0s + @)
w2
5

1 cos(2a) cos(4a) cos(4ar) cos(2a) ,
0 sin(2a) sin(4a) — sin(4a) — sin(2a)
1/v2 1/V2 1/V2 1/v2 1/v2
(6)
cosf  cos(f—a) cos(B—2a) cos(B+42a) cos(B+ «)
5| — sinf —sin(f—a) —sin(f—2a) —sin(f+2«a) —sin(f+ a)
A, = R 1 cos(2a) cos(4a) cos(4a) cos(2c)
0 sin(2a) sin(4a) — sin(4a) —sin(2a)
1/v2 1/v/2 1/v2 1/v2 1/V2
(7)
Here
05:/wadtandﬁzt%—0:/(wa—w)dt, (8)

where @ = 27/5, [ is the instantaneous angular position of the d-axis of the common
reference frame, w, is the arbitrary speed of the selected common reference frame, w is
the rotor angular (electrical) speed and 6 is the instantaneous rotor position. Using these
transformations, the equations in the d — ¢ — d; — ¢ — 0 domain can be written as

[Vdsqdlqlo} = [AS] [Vasbcde] ’ [¢£qd1q10] = [AT’] [Q/)(szcde} ) (9)
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[Vdrqdlql[)] = [A7] [ arbcde] ’ [I(;qdlqlo} = [Aé] [ jbcde] ’ (10)

[(qudlqu] = [AS] [ Zbcde] ) [ngdlqlo] = [AT] [ ;bcde} . (11)
The stator and rotor voltage equations for the machine in arbitrary reference frame can
be written as (the symbol p stands for d/dt)

Vds = RsIds - wa(bqs +p¢dsv les = RsIdls +p¢d1sv
V;;s = Rqus + Wadds +p¢q57 Vvqls = Rquls +p¢qlsv
Vir = Ry 1y — (wa - w) (bqr + p¢dr7 ler = Rrjdlr +p¢d1m (12)
Vvqr = RrIqr + (wa - W) d)dr +p¢qrv V:]lr = Rr-[qlr +p¢q1r«
Vbs = RSIOS +p¢087 VOr = RT‘IO’I" +p¢07"

The flux linkages ¢4s, @gs, Par and ¢4 can be written after transformation as

¢da - (Lls + Lm) Ida + LmIdm ¢dls - LlSIdlba
d)q@ - (Lls + L ) qs +L Iqm ¢q19 Lls q1 8y
¢dT - (Llr + L )Idr +L Idsa ¢d1r = LlrIdl'r‘; (13)
(bqr (Llr +L )Iqr +L Iq57 ¢q17‘ = LlrIq1r~
¢ = LlSIOS7 ¢07‘ = Ly 1o,

In the stationary reference frame, the stator and rotor equations of the five-phase IM can
also be obtained as follows:

Vas = RsIas +p¢as, les = RsIdls +p¢d157
Vﬁs - Rslﬁs +p¢)ﬁsa V:]ls = Rquls +p¢q187
Vbs = RSIOS +p¢087

Var = RrIozr + w¢ﬂr + p(bary ler = RrIdlr + p¢dlra (14)
Vﬂr = RTI,BT - W¢a7' +p¢ﬂr7 ‘/qlr = RrIqlr + p¢q17'7
VO’I" = RT‘IOT’ + p¢OT7
d)as = (Lls + Lm) Ias + LmIara ¢d15 = LlsIdlsa
¢ﬁs = (Lls + Lm) Iﬁs + Lmlﬁra (bqls = Lls-[qlsa
¢o¢7‘ = (Ll'r‘ + Lm) ]ar + LmIasa (bdlr = LlrId1r7 (15)
¢5T = (Llr + Lm) IBT + Lmlﬂsa ¢q1r Llr q1ims
QSOT = Ll7"10r7 (bOs - LlsIOs
The torque equation can be written as
T, = PLy (LarIys — LusIyy) - (16)

Therefore, the difference between the model of the five-phase machine and the model
of the three-phase machine is the existence of d; — ¢ components in —.From
equations and , it is clear that the components of the rotor and stator in the
dy — ¢q1 frame are completely decoupled from the components of d — ¢ and one from
each other. On the other side, the rotor and stator components in dy — g; are totally
decoupled, hence these components do not contribute to the production of the flux or
the electromagnetic couple, however they can produce more losses in the machine. Due
to the short-circuited rotor winding and star connection of the stator winding, it is
supposed further that the five-phase components are balanced in the stator and rotor,
the zero sequence components of both the stator and the rotor can be omitted from
further consideration.

This means that the five-phase induction machine model would be identical to the
three-phase induction machine model. Therefore, as with a three-phase induction ma-
chine, the same DTC concepts can be used.
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3 Direct Torque Control of a Five-Phase Induction Motor

The direct torque control approach was found to be a powerfull technique for ensur-
ing a quick dynamic response in the three-phase induction motor, hence it is expected
to achieve the same features when applied to the five-phase induction motor which is
presented in this section. The DTC approach is based on the vector theory of space volt-
age [2,3]. The decoupling of the flux and the torque can be accomplished based on the
merits of the used five-phase inverters, which allows obtaining of suitable space voltage
vectors among the available switching patterns offered by this kind of inverter.

The DTC control technique was demonstrated in several previous works to be more
simple compared to the conventional control techniques such as the field-oriented control,
which have been used intensively for the control of many machine topologies. Indeed,
the DTC does not use the current controller and PWM signal generators, in contrast,
the torque response is greatly improved [17], which makes this technique more attractive
to be applied within many topologies of electrical motors such as multi-phase machines.

The five-phase motor is fed by a five-phase voltage source inverter as shown in Fig[2]
In this kind of inverter, 32 switching states can be obtained, there are two zero voltage
states associated with either, all upper switches are “on” or all bottom switches are “off”.
At the same time, there are thirty non-zero active vectors, which are distributed in three
concentrated regular decagons, where these active vectors are presenting the difference
vertices. The difference between the three decagons is the length of their vertices with
constant rations referring to the inner decagon vertices that can be defined as the golden
ratio ¢, 1:1.618 : 1.618% (Fig[3).

The SV-PWM is used to produce almost the best sinusoidal phase output voltages,
where the most low frequency dominant harmonics have neglected amplitude compared
to the fundamental component. In this paper, it is proposed to use only the active
vectors, which are located in the two outer decagons presenting the large and medium
active vectors. In each switching period, the use of two adjacent medium space vectors
with two large active space vectors makes it possible to maintain a zero average value [18],
and consequently, providing almost sinusoidal output.

Rectifier 5 phase Inverter

i
D01 D03 D05 L T1 D1 T3 D3 T5 D5 717 D7 Tt D9
Y Y »{zs »%zs r—%zs %zs %zs
g_—‘ ::C
®o02] oal oog T p2| T4 D4 | T6 D6 | T ] D8 |11 D10
X & A iy iy 7 i\% 7y iy

NN

Figure 2: Five-phase pulsewidth-modulation inverter.

1=l

The stator vector control or the stator flux oriented control (SFOC) is applied to the
five-phase induction machine. It is based basically on two types of estimators, which
are used to ensure the estimation in real time of the stator flux and the rotor speed.
The first one is the adaptative flux and speed observer, and the second one is the MRAS
estimator. The principal of the SFOC presented in this paper is illustrated in Fig[4] where
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Figure 3: Thirty non-zero switching vectors for the five-phase IM motor drive in the
« — (8 plane.

the control can be achieved based on the use of one of the aforementioned estimators as
it is indicated in Fig[]
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Figure 4: Schematic block diagram of the speed sensorless five-phase induction motor.

The mechanical equation of the motor can be expressed as follows:

J d T
{ Ldo T, - Ty — How,

dt

T.=P (¢dqus - d)qs-[ds)a

where T, is the electromagnetic torque developed by the motor in (N.m), T}, is the load
torque in (N.m), T is the friction torque in (N.m) and w is the rotor speed in rad/s.

(17)
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The voltage stator equation presented in equation can be rewritten in the stator
flux coordinate, where the stator linkage flux is aligned with the d axis, which means
that the ¢ component will be equal to zero (¢4s = ¢s, ¢qs = 0). Hence, the voltage stator
equations become as follows:

Vis = Rslas + d:lisa
V;]s == Rqus + wa¢sa (18)

Te = pdslys.
From , the motor can be expressed as follows:

(19)

dj;s P: Vis — Rslas,
T, = qus (Vqs - Wa¢s) .

Indeed, the DTC-SVM is based mainly on the stator flux oriented control (SFOC) and
benefits from the use of two PI controllers, the first one is used for the torque control
and the second one is used for the flux control. These controllers contribute within a
closed loop to providing the reference stator voltages in the (d — ¢) frame as shown in
Fig[5] Then these obtained voltages are used as the input for the SVPWM technique to
generate the different switching patterns [§].

Control Machine model e

Figure 5: Block diagram of the flux and torque loops.

As shown in Fig@(a), four active space vectors (two medium vectors and two large
vectors) in each sector, will be applied for the production of the desired reference voltage
at each sampling time step. Therefore, the main task of the SVPWM techniques is the
determination of the times of application of each vector in each sector to synthesize the
output voltage vector as required. The four times of application of the four vectors are
nominated as a1, tpr, tam, tom |18]. These times are calculated based on the following
equations and are shown in Fig6|b).

L "75*|§in(kﬂ/5 —a) b - Vs sini(a — (k—=1)m/5) (20)
¢ Vi|sin(x/5) |Vi| sin(m/5) S’
where k is the sector number (k= 1 to 10),
\d Vo]
la ay tam = =75 Tlas
: Iw\|+,\‘v | | lf|‘|/m| (21)
‘/l ‘/;Yl
R 1 o K [T

The zero space vector application time is given by tg = ts — ta; — tam — tor — tom.-
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Figure 6: (a) Vector time calculation for the five-phase VSI in the first sector, (b)
SVPWM switching pattern (the 15 sector using large and medium space vector) |18].

4 Speed and Flux Full-Order Adaptive Observer

The stator and rotor equations of the five-phase IM model in the a— 3 stationary reference
frame can be obtained by applying only the Clark transformation to equation . The
new resulting ones can be written as follows:

{ Vocs = RsIas +p¢a57 Vﬂs = RSIBS +p¢ﬁs,

22
0= RTIQT + w¢ﬁ7‘ + p¢ara 0= RTI,BT - w¢o¢r + p(bﬂr- ( )

In the same manner, the magnetic equations of the stator and rotor flux can be rewritten
as follows:
{ ¢as = LsIas + LmLxrv d)ocr = Lrlar + LmLxsz (23)

¢Bs = LSIBS + LmI,Bra ¢57‘ = LTIﬂT + LmIBs

The obtained model of the five-phase IM can be written further in the canonical space
state form as follows:

X = AX + BU, (24)
where .

X = [Iasa 1587 (bara (bﬂr] ) U= [Va87 V,Bs] ; (25)

a 0 b bl w I 0

0 a —bLw b 0 L
A= B= oL 26
I’ir: LO _%r _Lf ; 0 0 ) ( )

0 = w — 7 0 0

1 12 L 12 L

=— R, mo), b= =1-—" T,==". 27
“= 5L, ( +’LT7;> oL, L, ° L.L, R, (27)

A full-order observer is proposed and can be build based on the system of equations ,
where the rotor speed is supposed to be constant within each sampling period, which is
considered in this work as an additional assumption to be taken into account. Further-
more, it is important to clarify that this assumption is very realistic and practical as the
mechanical time constant is relatively larger compared to the electrical time constant.
The operating model of the obtained full-order observer can be presented as follows [19]:

&:AX+BU+G(&—@) (28)
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a 0 b )

. 0 a —bT.w b T

A= Ly, 1 ~ s As = |las, Is]” - 29
7 LO _:Tr _Lf [ B ] (29)
0 TT w _T7r

The symbol (X) denotes the estimated values, G is the observer gain matrix, which is
determined by the following equation such that the observer poles are proportional to
those of the induction motor (the proportionality constant is k, and k >=1) [19]:

G — g1 92 93 94 7 (30)
—92 91 —94 G3

where R R
g1 = (k - 1) (a/ - 1/T7‘) ’ g2 = (k - 1)wa g4 = —C(k? - 1)&1,

g3 = (kK*—1)(ca+ Ly /T,) —ck—1) (a = 1/T,), c= 5.

By using and , it is possible to implement a speed estimator, which is able

to estimate the rotor speed in real time by using the adaptive state observer shown in

Fig[7 [19].

(31)

W= Kp <eia5¢3[3r - eiﬁsq;ar) + Kl/ (eiasqgﬁr - eiﬁséar) dtv (32)
where K, and K; are arbitrary positive gains.
€ias — Ias — fas and €ips = IBS — fgs. (33)

In this observer, only d and ¢ voltage components of the five-phase machine are used since
dy and ¢, components do not present any significant contribution in the estimation.

|
5Ph Induction Motor Is—l

Error

\ r Calculation

Observer model

Vus

vV V

Vs

A\ AN 4

Figure 7: Block diagram of the adaptive flux and speed observer.

5 Model Reference Adaptative System MRAS

In this section, the model reference adaptive system technique (MRAS) is used to perform
the sensorless direct torque control of the five-phase induction motor using the values
resulting from the estimation of the rotor flux and the rotor speed based on the available
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measurements of stator currents and voltages. Indeed, this technique possesses simple
process of programming and implementation, where it benefits mainly from the advantage
of using two decoupled models of the motor under study to ensure the estimation of the
required states [15,/20]. The first estimation model called the reference model does not
require the computation of the rotor speed, it is rotor speed independent, and it serves
in the estimation of the rotor flux based on two inputs, that is, the measured stator
current and the controlled stator voltage (measured or computed based on the SVPWM
process) at the output side of the inverter. The second model is a tuning model which is
called the adaptive (adjustable) model, it requires as an input only the stator measured
current and uses the estimated rotor speed to adjust the output which is the adjustable
rotor flux. A defined error between the two outputs of the aforementioned model will
be used via a PI controller with a simple gain which performs the adaptation process of
the proposed MRAS for obtaining the estimated rotor speed. It is worthy here to clarify
that the MRAS process is based on the components of the stationary frame a-f.

Based on the equations of rotor flux in and the equation of stator voltages in
, the derivative of the rotor flux components can be written as follows:

(1) .
d¢ar /dt fr (Vas - (Rs + ULsP) Zas) y

e o . (34)
¢5r /dt = L,; (VBS - (Rs + O'Lsp) Zﬁs)v
where 0 =1 — LLEE .

This equation presents the first model, where it is clear that from the measured
stator currents (ias,igs) and the stator voltage components (vqs,vgs) obtained from
the output controlled inverter, the two components of the rotor flux (¢as,¢ss) can be
calculated (estimated) as shown in Figfs] Based on the equations of rotor flux in
and the equation of rotor voltages in , the derivative of the rotor flux components
can be written as follows:

(2) 2 . (2 .
d(bar /dt = 7'1% gz'r? - WrQsEgT. + %Zasa
N (2) L. -

) (35)
d¢5’" /dt = _TLT(bEaQT) + WrPar + #Zﬁsa

where T, = 1%'

This equation presents the second model, where it is clear that from only the measured
stator currents (iqs,%gs), the previous estimated rotor speed (&) at the MRAS output
and the two previous estimated components of the adjustable rotor flux (¢qas, ¢gs), the
actual two components of the estimated flux can be obtained as shown in Fig[8] The
error which is used at the input of the PI controller is defined as follows:

eo = 05) 02 — o). (36)

Finally, the estimated actual speed is obtained as follows:

— kp6¢ + ki/e(ﬁ. (37)
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Figure 8: Block diagram of the MRAS speed estimator.
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Figure 9: Adaptive observer (speed reverse condition): (a) reference speed, estimated

speed, (b) stator current, (c) electromagnetic torque, (d) « and [ axes stator fluxes
versus each other.

6 Results

In this section, the two investigated speed estimation approaches in combination with the
DTC-SVM, which have been presented in the previous sections to ensure the sensorless
control of the five-phase induction machine, have been performed via simulation under
MATLAB/Simulink. Indeed, the main aim of the presented simulation is the evaluation
of the effectiveness and the performances of both approaches in ensuring the dynamic
stability of the speed control of the machine being studied under two specific speed
profiles within the rated speed range and low speed range.

In these simulations, a profile of the reference speed variation is proposed and contains
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Figure 10: MRAS estimator (speed reverse condition): (a) reference speed, estimated

speed, (b) stator current, (c) electromagnetic torque,

versus each other.

the reverse of the speed direction as shown in FigsEka
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application. The main characteristics of the five-phase induction motor used in these

simulations are presented in Table
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Figure 11: Zoom at the point of speed changes for (a) ASO and (b) MRAS.

It can be seen clearly from Fig[9|a) and Fig[10[(a) that the reference of the rotor speed
profile is the same for both approaches and it includes four main steps, two transient
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Figure 12: Under the load and speed reverse condition 1- MRAS estimator: (a) reference
and estimated speed, (b) load and electromagnetic torque; 2- Adaptive observer: (c)
reference and estimated speed, (d) load and electromagnetic torque.
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Figure 14: Harmonic Spectrum for output voltage using the MRAS estimator.
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steps and two steady steps. The first step takes place from 0 s to 1 s, it is the start-up
step which is a transient step in the forward direction, where the speed changes from 0

rad/s to its nominal rated speed 1500 rpm (314.15 rad/s electrical).
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Figure 15: Speed reverse condition at low-speed operation: (a) Reference and estimated
speed (ASO), (b) Reference and estimated speed (MRAS).

The second step takes place from 1 s to 2 s, it is a steady step where the speed is kept
constant at its nominal rated value in the forward direction. The third step is the second
transient step in which the speed changes from its nominal rated speed in the forward
direction to the same value of speed but in the reverse direction (backward direction)
within the interval of time from 2 s to 3 s. The last step is the second steady step, where
the speed remains constant in the reverse direction at the nominal rated speed from 3
s to 4 s. It is obvious from Fig[0fa) and Fig[l0j(a) that in both cases of application of
the adaptive speed observer (ASO) and the MRAS, respectively, the rotor speed of the
five-phase induction motor follows accurately the reference speed profile with neglected
errors within the two steady steps among the imposed four steps of the reference speed
profile, while very small errors are noticed during the transient steps for both sensorless
control approaches used.

Fig[|b) and Fig[I0|(b) show the waveforms of the stator current of phase (a) for both
approaches. It is clear that both currents follow the dynamics of the speed profile, where
increased currents are noticed during the start-up and speed reverse due to the required
electromagnetic torque developed by the induction motor in both cases.

Fig@(c) and Figc) show the developed electromagnetic torque in both cases. It
is obvious that within the start-up step in the case of MRAS approach, the developed
torque reaches the required torque with neither remarkable overshoot nor oscillations.
Meanwhile, in the case of ASO, a remarkable overshoot and oscillations can be noticed
clearly, which presents a bit drawback compared to the MRAS approach. However,
during other steps both approaches dynamics behave in the same way.

Fig[|d) and Fig[10|d) present the S-axis flux function of the a-axis, where it can be
seen clearly that it has a circular form in both cases with less oscillations due to neglected
harmonics components in the flux components following both axes. On the other side,
there is no observable impact of the variations of the speed, mainly during the transient
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steps, which confirms the enhanced dynamics of both sensorless control approaches used,
except the one observed during the start-up for the ASO approach which makes the curve
in the flux plan reach the circle a bit later compared to the MRAS approach.

Fig[T1] shows the zooms of three regions within the reference profile speed and the
estimated rotor speed at the instant of their changes under both approaches of ASO and
MRAS, respectively. It can be noticed clearly that the ASO has a little more accurate
tracking of the reference speed compared to the MRAS. However, this difference is too
limited and it does not affect the real dynamic of the motor in tracking the profile speed.

Fig[12] shows the rotor speed dynamics under the application of both sensorless con-
trol approaches with the same aforementioned reference speed profile as in the previous
simulations, however, in this simulation a load torque, which is chosen to be equal to the
rated nominal load torque of 8.33 N.m, is applied during the first steady step from 1.4
s to 1.8 s. As there is no change in the profile of the reference speed profile, the same
dynamics is obtained in the regions where there is no load torque. Indeed, it can be
noted that the rotor speed decreases lightly when the load torque is applied in the case
of MRAS, and this decrease is neglected in the case of ASO.

Figs[T3 and [14] present the waveforms and harmonic spectrums of the inverter output
voltage of phase “a” applied to the five-phase induction motor, which are obtained by
the application of the SVPWM technique under the ASO and MRAS approaches, re-
spectively. It is clear that the low frequency harmonics have less values in the case of
the MRAS approach compared to the ASO approach. This issue does not affect really
the stator currents and the developed electromagnetic torque due to the fact that the
inductance in each phase serves good enough as a low-pass filter for damping the current
ripples and, consequently, the torque ripples. Hence, it can be said that the quality of
both obtained voltages is acceptable in practical applications.

The last simulation is dedicated to the low-speed profile within a very limited range
from -10 rad/s to 10 rad/s, which is shown in Fig It can be observed that both
approaches possess high dynamic performances in ensuring the tracking of the reference
speed without failure during all step changes. Hence, it can be concluded that both
approaches are valid in ensuring the sensorless control of the five-phase induction machine
within a wide range of speed variation with a very little advantage of the MRAS compared
to the ASO.

Rated voltage U,=220v Stator Resistance Rs = 1092

Rated Current I,=21A Rotor Resistance R, = 6.3
Stator inductance L,=046 H Mutual Inductance L,=042H
Rotor Inductance L.=046 H Number of poles pairs p=2
Moment of Inertia | J = 0.03kg.m? Friction coeflicient fr =0.008 N.m.s/rd

Table 1: The Parameters of the Five-Phase Induction Machine.

7 Conclusion

In this paper, the sensorless control of the five-phase induction motor using the direct
torque control combined with space vector modulations (DTC-SVM) is presented and
analyzed. Indeed, the main aim of the application of this control is to ensure the accurate
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control of the rotor speed with improved dynamic performances following an imposed
reference rotor speed profile which includes speed variation and direction inversion under
torque load variation. This paper investigates the use of two different speed techniques for
the estimation of the rotor speed used in the applied DTC-SVM, namely, the adaptive flux
and speed observer and the model reference adaptive system (MRAS). Both sensorless
control approaches are tested in this work based on the proposed profile of the rotor speed
using simulation. The obtained results show that the application of both approaches has
ensured the desired control performance and it can be said that their dynamic behaviors
are the same as at their application to the three-phase induction machine. However, the
analysis of the application of both estimation approaches shows that the sensorless control
approach based on the MRAS has rather simple structure, easy implementation and
requires less time of computation compared to the adaptive flux and speed observer, these
features make the MRAS more advantageous in practical implementation and industrial
applications for the sensorless control of the five-phase induction motor.
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