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ABSTRACT This paper proposes a sensorless field-oriented control (FOC) of an open-end stator winding
five-phase induction motor (OESW-FPIM). The FOC technique used is associated with dual Space Vector
Modulation (SVM) to provide a constant switching frequency and lower harmonics distortion. Furthermore,
a simple hybrid observer is proposed which combines a model reference adaptive system (MRAS) and a
sliding mode (SM) observer. The examined observer is designed for the estimation of the rotor flux and
rotational speed as well as for the estimation of the load torque disturbances. Lyapunov theorem is used in
this paper to prove the observer’s stability. The work presented in this paper aims to enhance the researched
motor’s sensorless control and its robustness against external load disturbances and parameters variation. In
the proposed MRAS-SM observer, the reference model is replaced by a SM model which uses a sigmoid
function as a switching function to overcome the chattering problem. This combination is intended to
make use of the advantages of both strategies. At the same time, to preserve the high-level performance
of the sensorless FOC technique and to reduce system uncertainties, an estimation algorithm is developed to
identify the rotor resistance and the stator resistance simultaneously during motor operation. The parameter
estimation algorithm is combined with the proposed control to improve the speed estimation and control
accuracy, particularly at low-speed operation. Finally, the effectiveness of the proposed control is validated
in real-time by utilizing a hardware-in-the-loop (HIL) platform.

INDEX TERMS Field-oriented control, five phase induction motor, parameters estimation, MRAS estimator,

sensorless control, sliding mode observer.

L. INTRODUCTION

HE past two decades have been marked by increasing re-
T search efforts towards developing topologies and control
techniques of multilevel inverters and multiphase machines
for several industrial applications [1]-[6]. Multilevel inverter
topologies have been extensively used for medium and high-
power variable speed drives due to their many features such
as low voltage stress on power switches, low (dV/dt), lower
harmonic distortion in the output voltages, etc., [1]-[4]. There
are numerous popular topologies of multilevel inverters. The
most used MLIs is the neutral point clamped, the cascaded H-
bridge, and the flying capacitor. On the other side, the multi-
phase machine drive concepts (more than three phases) are

nowadays considered as serious contenders for numerous in-
dustrial applications due to their attractive features compared
to the three-phase machine such as reduced stator current per
phase, reduced rotor harmonic currents, lower torque pulsa-
tions, higher torque density, lower MMF harmonics, fault tol-
erance capability, and higher efficiency [5]-[6]. It is possible
to combine the benefits of multi-level inverters and multi-
phase machine drives by merely adopting the open-end stator
winding (OESW) concept [7]-[9]. Such an approach delivers
a multi-level waveform even by feeding the multi-phase ma-
chine using dual two-level voltage source inverters (VSI) from
both sides of the stator windings [7]. The OESW structure
has gained interest due to the offered advantages compared
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to a standard star or delta-connected solutions. Examples
of the advantages are obtaining a multi-level output voltage
while using two-level inverters, achieving lower switching
frequency operation with enhanced quality. This benefit leads
to reduced switching losses, attaining common-mode voltage
elimination, and improving fault-tolerant capability [7]-[9].
These features have made OESW variable speed drives with
dual-VSI suitable for different high power and emerging ap-
plications, such as rolling mills [10], and electric vehicles and
hybrid electric vehicles [11]. The concept of OESW topology
has been recently applied to systems with a higher number of
phases such as five-[7] six-[12], seven-, and nine-phase [13].
Therefore, this concept has motivated the authors to adopt
this topology. This paper focuses on the control of an open-
end stator winding five-phase induction motor (OESW-FPIM)
topology with two separated DC power supplies.

Many control techniques have been used for the OESW-
FPIM such as the field-oriented control [14], direct torque
control [15], backstepping control [7], and sliding mode con-
trol [16]. The FOC technique is an attractive solution due to its
simplicity and maturity as it offers high dynamic performance
by means of independent torque and flux adjustment within
a very wide range of speeds [16], [17]. Unfortunately, FOC
technique has the major disadvantage of being sensitive to
motor parameters variation and load torque disturbances [17].
This sensitivity may become significant with the commonly
implemented untuned proportional integral (PI) controllers.
Furthermore, FOC technique requires accurate information on
both the rotational speed and the motor flux values. Usually,
the rotational speed is obtained with a special encoder (or
resolver) placed on the motor shaft or estimated continu-
ously using models or observers. In this regard, speed sen-
sorless control reduces the number of installed sensors, the
additional electronic circuits, the connection cables, and the
mounting space [7]. Consequently, the overall cost, size, and
maintenance requirements are minimized, while the system
robustness and reliability are enhanced even when operating
in hostile environments [7], [16]. Owing to this, the sensor-
less control methods have received great attention during the
last decades, particularly three-phase motor drives [17]-[24].
Nevertheless, operating the high performance drives in sen-
sorless mode is still facing some persisting challenges, par-
ticularly at low speed and under machine parameters varia-
tion [18]-[20]. Therefore, the research on multi-phase motor
drives under parameters variation is a timely topic and of high
importance.

The rotor resistance (R,) and stator resistance (R;) values
may change up to 100% of their nominal values [25] and, thus,
negatively impact the control performance. The estimated flux
and speed would deviate from the real values, which dete-
riorates the drive performance [17]. Therefore, simultaneous
estimation of the motor speed and the resistances is required
for high performance sensorless FOC drive, especially at low-
speed operation.

Lastly, research on simultaneous estimation of rotational
speed, rotor resistance Ry and stator resistance R, has been
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investigated for obtaining improved motor performance un-
der their variations. Authors in [21] have used a full order
adaptive observer algorithm for the estimation of the rota-
tional speed with Ry and/or R,. However, the used strategies
are associated with high computational complexity and intro-
duced poor performance at the instant of parameter variation,
particularly in the regenerating mode. In [22], an extended
Kalman filter was proposed to estimate the rotational speed
and the rotor flux components of the FPIM using current and
stator voltage measurements. However, the presented observer
requires intensive calculations and proper initialization. Fur-
thermore, the motor parameters were not estimated in this
work. In [18], the authors presented a Luenberger observer
based on Lyapunov theory to estimate the rotational speed,
stator resistance, and some state variables of FPIM drive.
However, the used observer is relatively complex, and the
gains are sufficiently large to compensate the non-linearity
present in the system. In [7] and [24], an MRAS approach
was implemented for simultaneous estimation of the rotational
speed, rotor resistance, and stator resistance. The MRAS-
based techniques of FPIM speed estimation are character-
ized by their simplicity, but the sensitivity to motor param-
eters variation is a major problem. In [17], an online esti-
mation method predicated on SM observer has been adopted
to simultaneously identify the rotational speed and the rotor
resistance of the FPIM. The obtained results have shown
the possibility of updating the rotor resistance changes ac-
curately during low-speed operation. However, it has been
found that the estimated rotor resistance takes a long time
to follow the actual resistance value. In addition, the utilized
SM-observer suffers from the chattering phenomenon and is
highly influenced by noise. In [24], new schemes based on
artificial intelligence (AI) have been used for motor resis-
tances estimation. The acquired results have shown that Al
methods are better than classical ones. However, they are
more complicated and require training and longer execution
time.

Among the presented methods, MRAS-based speed esti-
mation schemes have found widespread application within
field-oriented control for motor drives due to their design
simplicity and low computational time [7]. Several MRAS-
based approaches have been proposed in literature, such as
those based on rotor flux error [7], back-electromotive force
error [26], stator current error [23], reactive power error [27],
and active power error [28]. Therefore, the aim is to present
an improvement in the classical MRAS approach using rotor
flux sliding mode observer for low-speed operation and under
parameters variation.

This paper presents the design and implementation of a
robust sensorless control scheme based on MRAS-SM ob-
server. The proposed MRAS-SM observer is used for the
simultaneous estimation of the rotational speed, rotor flux,
load torque, stator resistance, and rotor time constant (or rotor
resistance) for OESW-FPIM. The proposed solution uses only
the measured stator currents to the stator terminals. To the
best of authors knowledge, this is the first sensorless control
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solution proposed for the OESW-FPIM topology. The major
contributions of the proposed paper can be summarized as
follows:

1) A rotor-flux SM-observer approach based on the sig-
moid sliding function is proposed. The goal is to avoid
the chattering problem. Also, the present work includes
a new sliding surfaces quantity to ensure the conver-
gence of the estimated current error to zero in case of
the unknown parameters or in case of the application of
external perturbations.

2) The estimation of the load torque disturbances based
on a mechanical model of the OESW-FPIM topology,
which is simpler as opposed to the earlier methods (eg.
those presented in [30] and [31]).

3) Proposing an algorithm for the estimation of the stator
and rotor resistances. The aim is to achieve high esti-
mation accuracy while reducing the estimation response
time and the computational time in comparison with the
previous works (eg. those presented in [18]-[21], [23],
(261, [27]).

4) An MRAS-SM observer is proposed to ensure the accu-
rate estimation of the rotational speed, rotor flux, stator
resistance, and rotor time constant (or rotor resistance)
with relatively low computational time in accordance
with real-time applications.

5) The proposed control technique is an original solution
applied for the first time on the studied motor topology.

6) The paper is organized as follows: Section II intro-
duces the studied OESW-FPIM topology with the dual
SVM strategy. The FPIM model is reviewed and de-
tails of the FOC technique is presented in Section
III. Then Section IV describes the proposed hybrid
observer to estimate the rotor speed, the rotor flux,
the load torque disturbance, and the motor parame-
ters. The real time simulation and performances eval-
uation are introduced in Section V. The last section
of the paper provides the conclusion of the realized
work.

Il. DUAL SPACE VECTOR MODULATION
The basic scheme of dual space vector modulation (SVM 1
and SVM 2) used is shown in Fig. 1 [7].

The power circuit of the studied drive is represented in
Fig. 2. It comprises of a dual VSI and a FPIM. The studied
OESW-FPIM topology is obtained by opening the neutral
point of the motor stator windings and supplying it from both
terminals by a dual-VSI system (VSI-a and VSI-b), using two
separated DC power supplies.

The switching states of both inverters are generated through
dual SVM strategy, where the VSI-a pulses are generated in a
traditional way and the VSI-b pulses are generated with a 180
degrees phase shift to obtain the maximum voltage applied
on the stator windings. According to Kirchhoff’s law, the
phase voltages of the stator windings are obtained from the
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FIG. 2. The power circuit of OESW-FPIM topology.

difference between the inverters output voltages as follows:

Vs 4 -1 -1-1-1

Vaina — Vaons
Vs 1 =14 =1 =1=11| Voina = Vions
Ves | = s —1-14 —1—1 || Veina—Veany | (1)
Vs —1—-1-14 =1 || Vaina — Vaone
Vs —1-1-1-14 Veina — Veans

The symbols V,ina, Voinas Veinas Vainag and Vein, denote
the output voltages of the VSI-a. Similarly, the symbols Vo,
Vionws Veonss Vaane, and Veonp, denote the output voltages of
VSI-b.

Two-level five phase VSI can produce up to 25 = 32 space
vectors in each of the frames («1 — 81 and 2 — 2 frame),
as shown in Fig. 3a and Fig. 3b, respectively. There are 30
active vectors and 2 zero vectors. The active vectors can be
divided into three groups [7], [15]: Group 1: consists of 10
large magnitude vectors, Group 2: consists of 10 medium
magnitude vectors and Group 3: consists of 10 small mag-
nitude vectors. All the active vectors span over 360 degrees in
the 2-D plane, forming a decagon with 10 sectors; each with
36 degrees. The decimal numbers that label the space vectors
stand for a 5-position binary number. The binary numbers de-
termine the switches states in the five-phase VSI. The voltage
vectors in &2 — B2 frame are not involved in the generation
of the machine torque [7], [15].

Since a high number of possible switching states (1024)
can be performed in the utilized topology, the development
of a suitable SVM algorithm becomes a challenge. The basic
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FIG. 3. Space vector combinations in «1 — 1 — «2 — 82 frame.
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FIG. 4. Principle for SVM-1 and SVM-2.

idea presented in [32] is to decompose the SVM algorithm of
the dual-VSI system into two sub systems with lower-level
complexity compared with conventional methods [33]. The
proposed algorithm in this paper aims to develop a simple
SVM strategy that is suitable for the studied OESW-FPIM
topology.

The proposed strategy allows for the controlling of the two
voltage space vectors independently by splitting the refer-
ence \7;]*7 g1 of the dual-VSI system into two reference vectors
(\7:;1*_ A1V I_a)and ‘7;1*_ AV Sl_h)) equally between the two in-
verters but with opposite directions.
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According to Fig. 4, the applied SVM strategy of each in-
verter is based on the synthesis of \_/;Ief_ p | by using the switch-
ing times of two large and two medium voltage vectors in each
sector. For example, when iji AV S,fa)is located in Sector 1,
as shown in Fig. 4a, the voltage vector can be synthesized by
two adjacent large voltage vectors: stand ‘724, two adjacent
medium voltage vectors: \716, \729 and two zero voltage vec-
tors: ‘730and \70. Also, when V;{"_ AV S,_b)is located in Sector
6, as shown in Fig. 4b, it can be synthesized by two adjacent
large voltage vectors: \76and \77, two adjacent medium voltage

vectors: ‘715, 172 and two zero voltage vectors: \730and \70.

lil. ROTOR FIELD ORIENTED FPIM MODEL
FOC is the most common used technique in industrial
drives, especially for high performance applications [15]. This
method’s basic goal for the FPIM is to obtain decoupled con-
trol of electromagnetic torque and rotor flux by controlling
the d1 — g1 components of stator currents. If the rotor flux is
aligned with the d1-axis, then g1-rotor flux becomes zero [7],
[15], [17]:
Va1 = ¥r
{ qul =0 (2)

The FPIM model in rotating reference frames (d1 — g1 —
d2 — g2) can be expressed as follows [7]:

digg . . Vsai
dd—yt = ayisg + wisgl + oY, + ggLs
l
—al — Aisgl — Wigg1 + a2, + sl
diggy Ry ; Va2
dt Lys s Ly
dlsq2 _ _&i + qu2
dt Ly 542 Ly
dyr, 1
o (Lo fa —
dr Tr( misdl — Vr) @

do B Ton Tp

— = w
dt J J J

where, Vig1, Vg1, Vsa2, and Vygpare the stator voltage compo-
nents; g1, isq1, isq2, and igppare the stator current components;
Y,is the rotor flux component; Ry and R, are the stator and
rotor resistances; L, L,are the stator and rotor inductances;
Ly, L;, are the stator and rotor leakage inductances; L,,is
the magnetizing inductance; wis the rotational speed; Tris
the load torque; npis the pole pairs number; Jis the inertia
moment; B is the friction coefficient and d /dtis the derivative
operator. Also,

1
aq O'Ls< _3+

where, 0 =1 — L,%l /L,Ls is the dispersion coefficient. The
expressions of electromagnetic torque and slip angular speed

L,an,) o, = Brln
L) oLL,
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FIG. 5. FOC technique scheme of FPIM drive.

of FPIM can be written as follows:

5n L

Tom = 3 PL Yrisql (5)
L Isd1

W = M,

The reference vector angle position (6y) which is used for
direct or inverse Park transformation is obtained as:

d9 lsd 1
{E_a)—l—a)sl_a)—l—L T (6)

Fig. 5 presents the FOC technique scheme of the FPIM.
The main components of this technique are the four control
loops (PI controllers are used for all the control loops) and
the calculation block. The output of the speed PI controller is
the reference torque. The terms e,4; andey,; presented in the
Fig. 5 are expressed as follows:

(N

Csdl = a)SULSisql
. L
€sql = —Ws (Ulesdl + L_’fl/fr>

Where, w*is the reference speed, ¥ is the reference rotor
flux and v,is the rotor flux.

IV. MRAS-SLIDING MODE OBSERVER

In this section, a robust MRAS-Sliding mode observer based
on Lyapunov theory is designed to estimate the rotor flux,
rotational speed, and load torque disturbance, using the mea-
sured stator currents and supplied voltages. Furthermore, for
the enhancement of the system robustness, an estimation of
the stator and rotor resistances is proposed.

A. ROTOR SPEED AND ROTOR FLUX ESTIMATION

The conventional structures of MRAS approach is character-
ized with simple implementation and design flexibility [7],
[26]-[28]. However, the sensitivity to the variations of motor
parameters at low-speed operation is significant, which is a
major disadvantage of using MRAS approach [7], [26]-[28].
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A 4

To mitigate this problem, a SM observer is proposed in this
paper as part of the designed MRAS control approach. The
main goal is to obtain accurate rotor flux and speed estimation.
The proposed modification is based on using the SM observer
as a reference model in MRAS, as shown in Fig. 6.

The dynamic model of the FPIM can be expressed in the
stationary o1 — 81 frame, in terms of the stator current and
stator flux as follows:

Ve
sdl e 1 sd1
a;t = Tl + r + azqul aYLS 8
digql e Vveql ( )
dt _allsql rdl oLy
Ay _ 1 e e e
{ d‘//' = T(Lm’rdl — V) — Vg ©)
gl e e
“dr T T, (Lmqul qul) + wl/frdl

The expressions of the electromagnetic torque of the FPIM
can be written as:

5n,Ly
P e e
Tem = (wrdlqul

2 L, (19)

- wfqlifd l>

The SM observer helps to increase the MRAS robust-
ness in the event of parameters variation and internal system
noises. However, this observer suffers from the chattering
phenomenon due to the use of the signum function [18],
[29]-[31]. To eliminate the effect of such an undesirable phe-
nomenon, the classical signum function is replaced in this
paper by the next function:

) y

: 2
szgm(S) = (m

where, p is a small positive constant. The MRAS-SM ob-
server is composed of three parts:

Y

1) REFERENCE MODEL

The proposed reference model based on SM observer ensures
simultaneous estimation of the stator flux and the stator cur-
rent is constructed as follows:

‘;—"ti = — (O'LTS + alT ) is + _ULIXT, s + G‘/IfSK”sigm(S)
s — v, — Ryis — K" sigm(S)

12)
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Hence, the estimated rotor flux can be calculated as follows:

%Zh(%dl oL :dl)
S

dt Ly

. 13
dw;’ql _ h re — oL dlsql ( )
dt  — Ly sql S d

where, Tiis the stator time constant, 7,is the rotor time con-
stant, “ ~ ” denotes the estimation values, and sign represents
the signum function, Vi, is, gﬁs and lﬁ,are the stator voltage,
stator current, stator flux, and rotor flux in the 1 — 81 frame,
respectively.

The sliding mode surface is represented as follows:

S= [Ssdl Ssql]T

To eliminate the static errors in case of the unknown pa-
rameters or in case of the application of external perturba-
tions, a new sliding surface is proposed in this paper, which
is designed to force the estimation errors to asymptotically
approach zero. These surfaces are defined as:

f ee% dt (1 5)

Ssa1 =
Ssqt = To. 7

The estimation errors of stator current are defined as:

(14)

{ id = i dl - ise‘dl (16)

Ciq = l sql iﬁql
where, k”is the correction gain, which represents the ampli-
tudes of the control quantities and are determined from the
condition of existence of the sliding mode [SsdlSsql]T < 0.

2) ADJUSTABLE MODEL
The stator flux components can be constructed from the adap-
tive model as follows:

e, . h >
gzdl =7 (Lmlﬁdl - wredl) - w‘/’fql
Ay, 1 . 7 7
=T (Lm’fql - wreql) + oy,

The error signal between the two models can be expressed
as follows:

A7)

Cyd = ‘ﬁfdl - ‘/;rem
b A (18)
{ eyg = Vi — Yrgt

After deriving (18), the error signal derivatives can be ob-
tained as follows:
é]//d = _% a)l//rql + wqul (19)
byg=—7"+ “"/’rdl I/frdl
where, @ is the estimated rotational speed. Using (18) and
(19), the derivative of the error signal can be written as fol-

lows:
. _ Ewd A
e\bd - rql - w'ellfq (20)
eyq = wr + a)'(ﬂrdl +b.eyq

where, @ = w — @ is the error signal between the real rota-
tional speed and the estimated rotational speed.
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To ensure the stability of the proposed observer, a Lyapunov
candidate function is proposed as next:

1, 1, @?
where, I' is a positive design constant. The derivative of the

Lyapunov candidate function can be obtained as next:

VL

.0

VL = el//del//d + élﬁq'ellfq + T (22)

Using (20), equation (22) yields to:

V. = —l(e2 S )—i—cT)|:2 +e, Yo —e, W i|
T, vd vq r Y ¥ rdl yd:¥rgl
(23)
In order to guarantee the observer stability, the time deriva-
tive of the Lyapunov candidate function must be negative [7].
This condition can be met if the following equation is verified:

(j) Te Te
[F + el//q'l//rdl — ewd'qul} = 0 (24)
Which means:
. 1, )
Vi = —?(ewd +ey,) < 0 25)

In steady state, the rotational speed is constant which leads
to @ = —&. Form equation (24), the derivative of the esti-
mated rotor speed can be obtained:

o

r = [ewq-&fdl - e¢d~‘ﬁfq1]

Thus, the adaptation mechanism which ensures the stability
of the MRAS-SM observer is obtained as follows:

&= rf [ew.lﬁfdl —ewd.lﬁfql].dt

(26)

27)

3) ADAPTATION MECHANISM
To decrease response time and ensure a null steady state error,

a PI controller is used for the estimation of the rotational speed
based on (26):

@ = Kpo [ewq~‘ﬁred1 - el//d'll;fql]

+K’w/ [ewq.&fd] _er'lﬁreql]

Where, K, and Kj,, are the integral and proportional pa-
rameters of the PI speed controller.

(28)

B. LOAD TORQUE DISTURBANCE OBSERVER

The proposed sensorless FOC technique requires information
on the load torque applied on the motor. Mostly, the load
torque is considered as an external disturbance that can be
measured directly by a mechanical sensor which increases
the system cost and sensitivity to noise. In this paper, a load
torque observer based on the motor mechanical equation is
proposed to avoid the use of the mechanical sensor and to

271



KHADAR ET AL.: SENSORLESS FIELD-ORIENTED CONTROL FOR OPEN-END WINDING FIVE-PHASE INDUCTION MOTOR

fe, estimation

Eq. (33)

A

% , .
1 R estimation | R
5 Eq. (31) —‘

3

je .
—®|Estimation errors Tr estimation Trl
(stator current) Eq. (32)
i 4
\ - /

FIG. 7. The basic principle of the resistance’s estimation.

increase system’s robustness [7], [30]. Using (4), (26), the
next is obtained:
7, T - . B

By considering the motion equation of the studied OESW-
FPIM topology (4), it is possible to describe the load torque
disturbance by using the estimated stator flux and the esti-
mated rotational speed. Thus, the applied load torque can be
estimated as follows:

~

L= 14+ P

[Tom = K1 [eggFiar = egaiin]] GO

where, TL is the estimated load torque, 7y is the time constant.
Kty is arbitrary positive gain.

C. MOTOR PARAMETER ESTIMATION

The most significant disturbances that affect the accuracy of
MRAS-SM observer and the performance of the FOC tech-
nique are the motor parameters variations. In practice, the
motor resistances vary with the change of the temperature
which means stator resistance R, and the rotor resistance R,
deviate from their nominal values or initial values, as it is
shown clearly in (12), Ryvalue has important role in the ref-
erence model therefore its value should be known with good
precision to obtain an accurate estimation of the stator flux
components. In the same context, the FOC technique is depen-
dent on the rotor parameters (Ror 7,) [34]. Therefore, any de-
viation of the rotor parameters between the actual values and
the values used in the controller, leads to the wrong estimation
of the rotor position and rotational speed and consequently
causing poor control and possibly unstable operation of the
motor, especially at low-speed operation. To overcome these
problems and to improve the robustness and the accuracy of
the MRAS-SM observer, an approach is designed in this paper
to estimate the R;and R,for the MRAS-SM observer and at the
same time improve the performance of the sensorless FOC
technique in the presence of motor parameters uncertainty
within a wide range of speed operations. The basic principle
of the resistance parameter estimation is shown in Fig. 7. The
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stator resistance estimation is obtained as follows: [35]:

R, =R, — KRS/ (wrdl'ésql - qul 'ésdl) dt

where, Kpy = xa/oL; is the estimation gain, xa is a positive
correction and Ry is the initial value of the R. Similarly, the
rotor time constant can be estimated as follows [36]:

1

7

= KTV/ (ésdl (ﬁrdl - Lmisdl) + é\sql (1/;rq1 - Lm;sql)) dt
(32)

€29

The final equation for the rotor resistance estimation as:

R

r

Kr, . o N N X
= L (esdl (wrdl - Lmlsdl) + Csq1 (qul - Lmlsq])) dt
-
(33)

where, K7, is a positive correction. The estimation errors of
stator currents can be obtained as follows:

{esdl = a1 ~ L

ql — isql G

é\sql =1
V. RESULTS AND ANALYSES
The advantages of the proposed sensorless control of the
FPIM-OESW and the estimation accuracy of MRAS-sliding
mode observer presented in this paper is verified through
hardware-in-the-loop in a real time platform. The reference
rotor flux is set to 0.8 Wb. The electrical and mechanical
parameters of the motor are as follows: P = 2.2kW, Ry, =
29Q, R, =279, Ly=796.4mH, L, =796.4mH, L, =
785.2mH, J = 0.007Kg.m2, B =0.0018N.m.s, and n, = 1.
The inverters switching frequency is set to 5 kHz. The sam-
pling time is 50us. The arbitrary positive gain is I'=150. The
estimator time constant is t9=0.05s.

The gains of flux controller are Kj,y=13 and K;y=45.
The gains of speed controller K,;=2 and K;=40. The
gains of current controllers K,y =2500, K;;;1=225,
Kpg1=2500, Kiq1=225, Kps2=1000, K;;5=200, Kp;2=1000
and K;;»=200. The gains of PI controller for rotational speed
estimation are Kj,= 100 and K},,=900.

A. HARDWARE-IN-THE-LOOP DESIGN

Hardware-in-the-loop (HIL) methodologies have widely at-
tracted attention in recent years within the field of power
electronics and drives as a fast and reliable way to verify
the control system [36], [37]. The HIL platform is a good
and credible solution for early real-time testing of control
systems before their full implementation on actual processes.
In this paper, the dual inverter system and the FPIM drive
are modeled on OPAL-RT simulator (OP5600), while the pro-
posed control system is implemented on a dSpace platform
(DSP-1103) board. Such structure presents a HIL solution for
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FIG. 8. The structure of hardware-in-the-loop for the overall control system of the studied topology.
the overall control system as shown in Fig. 8. The control . }
. L . . . —w rotational ——w reference w estimated
algorithm is implemented in real time using DSP-1103 board r T
to generate the switching states of the dual inverter system. 100F = - . :
oo .l . st H
The switching states are captured by FPGA-based digital in- *
. . . Zoom 1 Zoom 2
put card, which sends the control signals to the two inverters
which are implemented on the Opal-RT simulator. Then the 50!

feedback signals, such as stator currents and stator voltages,
are generated by OP6500 and sent to the DSP board through
analog boards.

B. LOAD TORQUE VARIATION

The first conducted test is performed to verify the performance
of the proposed control algorithm with the estimation of the
load torque disturbances and the motor resistances. The ref-
erence speed, rotational speed, and estimated speed of the
studied motor are shown in Fig. 9. It is clear that the estimated
speed tracks the actual rotational speed well according to the
reference speed. The error between the rotational speed and
the estimated speed is shown in Fig. 10. This error is close
to zero during the steady state operation and with very small
increase at the instants of load torque change. In fact, the
estimation error is significantly decreased compared to the
results presented in [3], [29] and [38]. Thus, the proposed
MRAS-SM observer offers precise estimation and high dy-
namics response.

On the other side, the estimated load torque, obtained
from the load torque observer is compared with the refer-
ence load torque as shown in Fig. 11. It is obvious that the
estimated load torque tracks accurately the imposed reference
load torque which proves the effectiveness of the proposed
solution. Fig. 12 shows the electromagnetic torque and load
torque disturbance. It can be observed that the developed
torque presents fast and accurate dynamics after load torque
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FIG. 13. The d1-q1 rotor flux components in the synchronous frame.

changes and with acceptable torque ripples compared to the
results presented in many earlier works such as in [3], [18],
[23], [38]-[41].

Fig. 13 presents the rotor flux components in the d1 — g1
rotating frame. It can be noticed that ql-rotor flux is almost
zero, while the d1-rotor flux is stabilized at the reference flux
(0.8 Wb). This result proves that the full decoupling between
the rotor flux and developed electromagnetic torque is main-
tained.
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FIG. 15. The first phase stator current and its harmonic spectrum.

Fig. 14 shows that the five-phase stator currents have a
balanced sinusoidal waveform with reduced chattering com-
pared to the chattering observed in previous works [30], [40],
[40]. The phase stator current and its harmonic spectrum are
shown in Fig. 15. Current’s total harmonic distortion (THD)
is 2.70% which is nearly 60% compared to the THD obtained
with other techniques such as those presented previously in
[31, [39], [42].

On the other side, the estimated resistances of the rotor and
stator windings are shown in Fig. 16. It is evident that the
proposed estimation algorithm allows accurate motor param-
eters estimation. Furthermore, the load torque variation has
no influence on the estimation performance compared to the
works presented in [19], [38].

C. ROBUSTNESS TEST

In this test, the studied motor is tested at a low speed of 10
rad/s with constant load torque. In order to study the effect
of the motor parameters variation on the performance of the
speed estimation, the motor is started with its initial stator
resistance value Ry = 2.9Q , and after 1.5s, R;is changed to
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FIG. 18. The estimated and actual stator resistance.

4.35 2, meanwhile the R, is increased starting from 2.7 2
until reaching 4.05 2 at 1.5s. The proposed control and the
MRAS-SM observer used the initial values of Rgand R, for
the entire duration. The estimated values of the Ryand R, are
not taken into consideration in the control during the time
between Os and 1.5s.The resistances estimation algorithm is
activated at 2s to achieve better performance in the presence
of parameters variations. Such test would allow for the identi-
fication of the impact of parameters variation on the proposed
control. The estimated resistances are shown in Fig. 17 and
Fig. 18 from which it is evident that the estimated resistances
track the real values within a short time. In practice the motor
parameters change slowly with temperature, which allows the
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estimation algorithm to identify the actual values with almost
ZETO erTor.

The reference, rotational, and estimated speeds are shown
in Fig. 19. It is found that the rotational speed and the esti-
mated one follow the reference speed even at lower speeds.
The estimation error is reduced from 6% to 0.2% compared
to the work presented in [17]-[20], [26], [29], [38], [42], [43]
and [44] as shown in Fig. 20. This result demonstrates the high
performance of the proposed control technique even during
relatively low speed operation in comparison to the earlier
presented solutions.

The proposed control system becomes unstable during the
mismatch between the real motor parameters and the values
used in the controllers. The stability problem could be solved
after activating the estimation algorithm of the resistances. It
is clear that the estimated rotational speed becomes very close
to the actual rotational speed after activating the estimation
algorithm.

The observed rotor flux components indicate a good de-
coupling even at low-speed operation as shown in Fig 21.
The developed torque presents an accurate performance and
precisely tracks the load torque as shown in Fig 22. From
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FIG. 23. The five phase stator currents.

Fig. 23, the five phase stator currents present sinusoidal wave-
forms during low-speed operation (within 10 rad/s). When R;
and R, are changed in each phase of the studied motor, the
developed electromagnetic torque is affected and the rotor flux
components deviate from the reference values, which leads to
a significant error in the speed estimation. The amplitudes of
the five phase stator currents were changed at the instant of
R and R,variation. It is well known that the change in five
phase stator currents can cause a change in d1-rotor flux and
developed torque. To avoid this, the activation of the Ry and
R, estimators at 2s are performed, consequently an improved
performance is obtained. The results prove that the sensor-
less FOC technique based on MRAS-SM observer offers im-
proved performance and high accuracy after the activation of
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FIG. 25. The d1-q1 rotor flux components.

the Ry and R,estimators, confirming the effectiveness of the
proposed R and R, estimation algorithm for the proposed
sensorless control.

D. SPEED REVERSAL OPERATION

To check the effectiveness of the sensorless control under
speed reverse, a special test has been performed with the es-
timation of the motor resistances under constant load torque.
The reference speed is set at 100rad/s, and then it is decreased
to reach -100rad/s at t = 1.7s. Fig. 24 shows the reference
speed, the rotational speed, and the estimated speed. The ro-
tational speed and the estimated speed converge perfectly to
the reference speed during reverse operation. Fig. 25 shows
the rotor flux components in the frame. It can be concluded
that the d1-rotor flux component remains constant (0.8 Wb)
in the whole speed range, while the ql-rotor flux component
remains equal to zero.

The electromagnetic torque and the five phase stator cur-
rents under reference speed reverse are shown in Fig 26 and
27. The five phase stator currents and the electromagnetic
torque, behave according to the dynamic behavior of the
motor operation. On the other side, the estimated and actual
motor resistances are shown in Fig. 28. The estimated R;
and R, follow their actual values at any operating point. The
step change of the speed does not affect the estimated motor
resistances compared to the works presented in [19], [38].

E. INDUSTRIAL TEST TRAJECTORIES

In this section, the proposed control technique is tested ac-
cording to an industrial operation profile of the studied motor
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FIG. 28. The estimated resistances of rotor and stator windings.

similar to the profile presented in [45]. This profile is chosen
because it contains successive scenarios within a wide range
of speed variations and load torque during an interval of 7s, as
shown in Fig. 29 and 30.

Fig. 29 shows that the estimated speed and the rotational
one is consistent. The reference speed profile is changed
within a wide range of values. The figure shows high per-
formance operation at a relatively low speed, including zero
value and reverse condition.

The load was also changed during this test. It is observed
clearly from Fig. 30, a high dynamic electromagnetic torque
under various operating conditions. The five phase stator cur-
rents under various test trajectories are shown in Fig. 31.

Within the time interval where the speed is equal to zero,
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FIG. 31. The five phase stator currents.

the currents behave as DC currents with different values as
shown during the intervals [0s 05s], [3.1s 4.1s] and [6.9s 7s].
At the zero-speed region, the stator windings behave as a
source of a nearly constant magnetic flux, which produces a
fixed non-rotating torque if there is no load torque applied.
However, if there is a load torque applied as in the case of
the interval [3.1s 3.5s] on Fig. 30, the current’s frequency
becomes low initially, which is then decreased rapidly to reach
zero at nearly 3.5s. It can be concluded from this test that the
proposed control based on the used observers can provide high
drive performance with high accuracy under different load

perturbations and within a wide range of speed variations.
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VI. CONCLUSION

In conclusion, a new sensorless FOC control of FPIM-OESW
with dual SVM was proposed in this paper. In the proposed
scheme, the MRAS-SM observer was used to ensure accurate
estimation of the rotor flux and rotor speed at various oper-
ating points. Such solution ensured high estimation accuracy,
implementation simplicity, and robustness against various un-
certainties. The SM observer was proposed in this paper to
replace the traditionally used reference model in conventional
MRASs. To overcome the chattering problem related to the
SM observer, a special sigmoid function was proposed to
be used as the switching function. The goal is to ensure the
convergence of the estimated current error to zero using a
specially defined sliding surface. In addition, to minimize the
influence of the load torque variation on the overall proposed
control, the presented paper focused also on the estimation of
the load torque. Furthermore, a simple method was proposed
for the estimation of the rotor and stator resistances to ensure
the speed estimation accuracy under a wide range of operation
modes, particularly at low and zero speeds. The superior-
ity and effectiveness of the proposed control technique with
the proposed estimators were successfully confirmed using a
hardware-in-the-loop platform under different operating con-
ditions such as variable load torque, high/low speed operation,
motor parameter changes, and speed reverse operation.

The obtained results confirm that the proposed sensorless
control provides high estimation accuracy with enhanced per-
formance under different operation conditions. The obtained
results proved the effectiveness and the high accuracy of the
proposed algorithm in tracking the changes of the stator and
rotor resistances during motor operation compared with the
previous works presented in [18]-[21], [23], [26], [27].

The proposed sensorless control using the MRAS-SM ob-
server and parameters estimation presents a good solution for
high-performance control of the multi-phase induction ma-
chine. The proposed solution does not suffer from computa-
tional complexity and can be implemented on low-cost micro-
controllers. Such advantages make it a promising candidate
for industrial applications.
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