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An Adaptive Identification of Rotor Time Constant
for Speed-Sensorless Induction Motor Drives: A
Case Study for Six-Phase Induction Machine

Mohammad Hosein Holakooie

Abstract— Accurate rotor time constant (7,) value is necessary
to ensure an acceptable performance of the indirect field-oriented
control (IFOC) strategy, where a detuned 7, affects rotor flux
orientation and, in turn, results in poor dynamic and steady-state
response of torque. The problems associated with detuned 7, will
be exacerbated in sensorless drives when a model-based speed
estimation algorithm is employed. This article investigates the
problem of simultaneous identification of the rotor time constant
and rotor speed for sensorless IFOC of six-phase induction
motor (6PIM) drives. First, an adaptive observer is proposed for
online detection of the low-frequency sinusoidal signal, which is
intentionally injected into the rotor flux command. Then, a novel
model reference adaptive system (MRAS)-based 7, estimator
is proposed using the detected signal. The Lyapunov stability
theorem is used to ensure the asymptotic stability of the proposed
identification system. The proposed method is based on the
induction machine (IM) model in primary subspace, i.e., a—f
subspace. Hence, it is usable for other multiphase IM (three
phases and higher). Nevertheless, the 6PIM is adopted here as a
case study. The simulation and experimental results clarify the
effectiveness of the proposed parallel estimation system.

Index Terms— Adaptive observer, indirect field-oriented con-
trol (IFOC), model reference adaptive system (MRAS), rotor
time constant estimation, sensorless, six-phase induction motor
(6PIM).

I. INTRODUCTION

NLINE updating of the rotor time constant (7,) is

of paramount importance in the indirect field-oriented
control (IFOC) strategy of induction machines (IMs). Any
mismatch between the real and tuned values of the rotor time
constant leads to a degraded performance of the IFOC strategy.
A detuned value of the rotor time constant causes erroneous
slip position calculation, which in turn leads to inaccurate rotor
flux orientation [1]. The rotor time constant depends on the
rotor resistance (R, ) and the rotor inductance (L,), which may
be changed by temperature drift and magnetic nonlinearity,
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respectively. While the rotor inductance value can be updated
according to a predefined magnetizing curve of the IM [2],
the problem of online updating of the rotor resistance has
become a major concern [3].

A few years after the FOC strategy was proposed, research
on estimating 7, and R, began [4], [5]. A number of research
works have been devoted to using the transient response of
IM’s characteristics to detect 7, and R,. To address this,
the rotor speed transient response has been implemented to
estimate R, in [6]. In [7], the slip gain (the inverse of T,)
has been identified during stator voltage transients caused by
changing the torque command. Such techniques do not widely
cover industrial applications because they can only operate
during the transient period of IM. Numerous endeavors have
been proposed to achieve more reliable 7, and R, identification
systems using the IM model and adaptive control techniques.
The model reference adaptive system (MRAS) technique-
based T, estimator [3], [8], [9] and R, estimator [10], [11] have
been frequently discussed. The rotor time constant and rotor
resistance identification systems based on adaptive full-order
observers have been presented in [12]-[15], where advancing
the development of an accurate and stable estimator is the
main goal. Extended Kalman filter (EKF)-based R, estimator
[16], sliding-mode observer-based R, and 7, estimators [17],
and fuzzy logic and neutral network (NN)-based R, estimator
[18] are some other attempts that have been made to online
update R, and 7, using the IM model.

The advantages of speed-sensorless electric drive systems,
such as lower hardware complexity and higher reliability,
have been interesting enough to merit further attention in
industrial applications [19]-[22]. While most of the literature
addresses 7, estimation in an electric drive system equipped
with a shaft encoder, providing a parallel estimation system
for rotor parameters, including the rotor speed (w,) and 7,
remains a challenging task due to problems of the persistent
excitation (PE) condition [14], [23] and simultaneous observ-
ability of 7, and o, in the steady-state (SS) condition [6].
Indeed, simultaneous estimation of the rotor time constant
in a sensorless drive system can be possible if the rotor
flux varies with time [8]. To cope with the problem of
simultaneous estimation, some specific techniques have been
so far introduced in the technical literature. The possibility of
using transient states without signal injection for estimating
T, has been demonstrated in [6], and a new representation of
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the IM model with an adaptive observer has been showcased
in [24]. EKF includes the possibility of parallel estimation
of all IM’s parameters due to enough excitation [16], [25].
However, it is overshadowed by computational complexity.
A detuned MRAS speed estimator has been reported in [8],
which has considered small-signal dynamics as a possible
source of information for solving the simultaneous estimation
problem. However, the conventional MRAS-based estimation
system suffers from poor performance in the low-speed region
(0-2.5 Hz). Detecting the rotor speed using stator circuit
harmonic spectrum, caused by rotor slot openings, can rid
the 7, estimation system of the simultaneous observabil-
ity problem [26], [27], but this choice does not offer an
appropriate dynamic performance over a wide speed range.
Another solution is obtained by harmonic injection in order to
continuously keep the drive system in the quasi-SS condition
[15], [28]-[30]. Using the injected signal into the flux-
producing current command [15], [28] or the flux command
[29], [30], it is possible to provide a parallel estimation
system of w, and 7,, which offers satisfactory performance
over a wide speed range. In contrast, injecting an additional
frequency component to the current or flux can yield SS torque
and speed ripples [27].

Due to economic reasons and proven technologies, three-
phase machines are the main choice of the market in the
most adjustable-speed drives (ASDs) [31]. However, a general
overview of the recent research efforts indicates that the
multiphase machine-based ASDs have been extraordinarily
joining the mainstream of research studies because of their
interesting features [32]. The inherent fault-tolerant capability
of multiphase systems is enough to attract a lot of interest for
safety-critical applications, such as electric vehicles, aircrafts,
and ships [33]. The reason behind this interesting feature
is the stator phase redundancy, which provides the higher
number of degrees of freedom in comparison with three-
phase counterpart. The phase redundancy offers extra merits,
such as higher reliability, lower rate of power switches, and
lower torque pulsations [34]. Among different structure of
multiphase IMs, five- and six-phase IMs are more interested,
due to compromise between complexity and potential benefits,
where the six-phase induction motor (6PIM) is the beneficiary
of the three-phase technology because of its modular structure
[35]. In this article, a 6PIM is adopted as a case example to
validate the effectiveness of the proposed technique. Neverthe-
less, the proposed strategy can be implemented for other IM
drives with an arbitrary number of phases (three phases and
higher).

Aiming to overcome some shortcomings of the current par-
allel estimation systems of 7, and w,, including poor dynamic
performance of the speed estimator [27], high computational
burden [16], poor performance of the estimation in the SS
condition at low speeds [8], inability of estimation under speed
and load changes [29], and lack of generality [6], this article
proposes a novel MRAS-based 7, estimation system. Among
these identification methods, the proposed scheme in addition
to [29] is based on injection of a low-frequency signal to
the rotor flux command. This article employs an amplitude-
adaptive state observer to separately estimate the amplitude of
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the injected signals using voltage and current models, whereas
Wang et al. [29] provided the rotor time constant using the
ratio of the injected amplitudes with some simplified assump-
tions. The amplitude estimation process gives the possibility
of using the valid MRAS technique to estimate 7,, which in
turn offers some benefits such as better convergence rate and
estimation ability under speed and load transients.

In this article, the simultaneous estimation problem of the
rotor time constant and the rotor speed in 6PIM drives is
investigated by a novel solution based on an adaptive observer
for estimating the amplitude of a sinusoidal signal, which is
intentionally injected into the rotor flux command. Regarding
the impossibility of simultaneous estimation of 7, and w, using
classical MRAS schemes, the rotor flux is perturbed by a small
low-frequency ac signal, where its low amplitude alleviates
significant torque ripples in the SS condition, and its low
frequency avoids the need for high-grade transducers as well
as fast analog-to-digital converters (ADCs). This procedure
is common among signal injection-based schemes [29], [30];
however, the extraction method of 7, after signal injection
is the novelty of this article, and to the best of the author’s
knowledge, there is no such an MRAS technique for neither
the three-phase nor the multiphase (more than three) IMs. The
main goals of the proposed algorithm are to decouple the rotor
time constant and the speed estimation systems as well as to
satisfy the PE condition while maintaining the acceptable SS
performance of the drive system. The proposed 7, estimator
is incorporated into a sensorless electric drive system based
on the rotor flux-based MRAS strategy for obtaining the
rotor speed. Specifically, this article presents the following
contributions.

1) An amplitude-adaptive state observer with a new formu-
lation is proposed to detect the amplitude of the injected
signal. The stability of the observer is discussed using
the Lyapunov stability theorem.

2) A novel MRAS technique is proposed using the volt-
age and current models of the 6PIM as well as the
aforementioned amplitude-adaptive observer, where its
asymptotical stability is ensured using the Lyapunov
stability method.

3) The proposed 7, estimation system is experimentally
validated in a sensorless IFOC drive system based on
the 6PIM as a case example.

II. BACKGROUND OF THE SENSORLESS 6PIM DRIVE
SYSTEM

A. Topology of Converter-Fed 6PIM

The topology of the adopted asymmetrical 6PIM supplied
from two voltage source converters (VSCs) is shown in Fig. 1.
The asymmetrical 6PIM is obtained by two sets of three-
phase winding spatially displaced by 30°. Availability of
the two isolated neutral points can provide optimized dc-
link utilization and avoid zero-sequence currents. The modular
structure of the 6PIM offers the possibility of using modular
VSCs.

Using the vector space decomposition (VSD) approach
[36], the constructed phase voltages can be transferred from
a normal six-phase system (a—x—b—y—c—z) into decoupled
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Fig. 1. Topology of asymmetrical 6PIM supplied from three-phase VSCs.

orthogonal subspaces (a—f, ui—u2, and 01—0;). For this
purpose, the amplitude-invariant Clarke transformation matrix
is used as

1 cos(¢p) cos(4p) cos(5¢) cos(8p) cos(9¢)
0 sin(¢) sin(4¢) sin(5¢) sin(8¢) sin(9¢)
T — 1 cos(5¢) cos(8¢p) cos(¢p) cos(4p) cos(9¢)
*=310 sin(5¢) sin(8¢p) sin(¢p) sin(4¢) sin(9¢)
1 0 1 0 1 0
0 1 0 1 0 1
(1)

where ¢ = 7 /6. In this way, the fundamental components and
the harmonics of order 12m+1, im = 1, 2, 3, .. .) are mapped
into the a—f subspace. The harmonics of order 6n + 1, (n =
1,3,5,...) are mapped into the x—u, subspace and the zero-
sequence harmonics are transferred into the o;—o0, subspace.

B. Mathematical Model of 6PIM
The voltage equations of the 6PIM in the stationary o—p
and p;—u, reference frames are written as follows:
Uso = Ryigq + PVYsa
Usp = Rsis/)’ + Pysp

. (2)
0= Riira + PWra + Oryp
0= Rrirﬂ + PW:/ﬁ — Wy Yrqg
Usul = Rsis,ul + lesis,ul (3)
Vsu2 = Rsis,uZ + PLIsis,u2
with the flux linkages
Vsa = Lyisy + Lipirg
Ysp = Lsisﬂ + Lmlrﬂ (4)

WYra = Lmisa + Lrira
Yrp = Lmisﬂ + Lrirﬂ

and the electromagnetic torque
T, = 3P(V/saisﬂ - l/’sﬂim) (5

where v, i, w, T, R, and L illustrate voltage, current, flux link-
age, torque, resistance, and inductance, respectively. Subscripts
s, r, [, and m indicate stator quantities, rotor quantities, leakage
inductance, and magnetizing inductance, respectively. P and
p denote pole pairs and the derivative operator, respectively.
It is worth pointing out that the 6PIM model in the 0,—0;
subspace has the same form of the u;—u, subspace. However,
the studied 6PIM has two isolated neutral points, which avoids
zero-sequence currents.
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Fig. 2. Block diagram of the sensorless IFOC scheme.

C. Rotor Flux-Based MRAS Speed Estimation System

In this article, the rotor flux MRAS-based speed estimator is
adopted to online update the rotor speed. The MRAS contains
two different models, namely, the voltage and current models,
which independently provide the a-axis and f-axis rotor
fluxes [20]. An adaptation law is designed based on nonlinear
stability theorems, such as the well-known Popov’s stability
method whereby the error equations of the estimated rotor
fluxes must fulfill Popov’s integral inequality. Accordingly,
the adaptation law is deduced as (6) like in [37]

N K;
Wy = (Kp + —)ew (6)
s

where K, and K; are the proportional and integral gains,
respectively, and €, is the speed tuning signal as [37]

€y = l/,\/raC IIA/r/j’V - l,?/rﬂC l;/raV (7

where subscripts V and C denote voltage and current models,
respectively, which will be described in more detail later.

D. Sensorless IFOC of 6PIM

The block diagram of the sensorless IFOC strategy for the
6PIM drive system is presented in Fig. 2. A conventional
current control strategy is provided by regulating the d—g syn-
chronous reference frame currents using proportional—integral
(PD) regulators. Similarly, the PI regulators are implemented
for control of u;—p, current components, where the u;—
o current commands are set to zero for decreasing stator
copper losses. Because of two isolated neutral points topology
for 6PIM, the 0;—0, current controllers can be neglected by
considering v, = v}, = 0. In this scheme, the rotor speed is
estimated by the MRAS technique and the rotor time constant
is obtained by the proposed algorithm based on the adaptive
observer, which will be discussed in Section III in detail. The
parallel estimation system provides 7, and w,, simultaneously,
to ensure correct field orientation. The estimated speed is also
used in the outer speed control loop, which is not shown in
this figure.
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III. PROPOSED ADAPTIVE OBSERVER-BASED ROTOR
TIME CONSTANT ESTIMATOR

A. Preliminary Considerations

Starting from (2) and (4), after some manipulations,
the rotor flux can be calculated by the voltage model of the
6PIM as

L

l/,>rocV = L_r(v,}sa - aLsisa)
) "o (8)
Yrpv = _(Ws/ﬁ’ - aLsisﬂ)
Ly,
and by the current model of the 6PIM as
. L, 1. .
PV¥raC = Trlsa - fll/rac — WrYrpcC ©
~ L, . 1 . o A
PV¥rpc = Trlsﬂ - Tr‘//r/)’C + @, YraC

where ¢ = 1 — L2 /L,L, is the leakage coefficient. Obviously,
the rotor flux provided by the voltage model is independent
of the rotor time constant, whereas for the one in the current
model, this dependence exists. Based on the well-established
rotor flux IFOC strategy, expressing the current model in the
d—q synchronous reference frame aligned with the rotor flux,
where ., =0, yields

~ L, . 1 .
PYr = Trlsd - Trll/r (10)

where .4 is denoted by . With respect to (10), it is seen that
T, cannot be obtained by the rotor flux and the stator current
information when the 6PIM is operated in the SS conditions
because

Ly L. ~ .

Trlsd - Tr‘/’l =0= Yy = Lmlsd-
This is the reason behind the injection of the time-varying
component to the rotor flux command for continuously keep-
ing the excitation of the drive system. Thus, the command
value of the rotor flux is considered to be

Y

v = Lyl + Ay (12)
in which the low-frequency component is expressed by
Ay = Afsin ot (13)

where A7 and o] are the amplitude and frequency of the
injected signal, respectively. Superimposing the introduced
sinusoidal perturbation Ay on the rotor flux command causes
harmonic components with the same frequency in the voltage
and current model-based estimated rotor flux as well as the
stator current. Due to (2) and (8), the harmonic component of
the rotor flux obtained by the voltage model can be described
as follows:

Ay,y = Aysin(oft + ¢v). (14)

Similarly, the superimposed sinusoidal component of the rotor
flux by the current model (10) can be obtained in the following
way:

Ay,c = Acsin(wft + ¢c). 5)
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Regarding (14) and (15), some points are highlighted as
follows.

1) The amplitude Ay is a function of L,, Ly, L,,, and
Ry, and the amplitude of the stator flux and current
harmonics due to the injected perturbation signal. These
parameters are supposed to be constant (L,, Ly, and
L,,), measurable (voltage and current harmonics), and
identifiable (R;). Hence, the modulus of the estimated
rotor flux by the voltage model can be assumed as a
reference parameter in the 7, estimation system.

2) The amplitude Ac is a function of L,,, T, o}, and the
amplitude of the d-axis current harmonic A, is due to
injected perturbation signal. A¢ can be calculated as

Lm Ad

JorT? +1

Hence, the rotor flux modulus, which is estimated by
the current model, is an adjustable-7, parameter.

3) The same analysis can be extended to the phase angles
¢y and ¢¢. The phase angle ¢¢ can be written as

¢c = ¢pa — n/2 — tan” (T, 09})

where ¢, denotes the phase angle of the d-axis current
harmonic.

Ac = (16)

a7)

The aforementioned points are the main motivations for
devising a straightforward adaptive 7, estimation algorithm.
The proposed approach is based on online updating of 7, and
continuously checking the amplitude of A,y and Ay,c. For
this purpose, the amplitude of the superimposed components is
provided by the adaptive observer, which is basically inspired
by the nonlinear adaptive control theory [38]—[42]. Actually,
the adaptive observer is explored as an effective and possible
solution to online update 7, and to overcome the problem of
simultaneous estimation of 7, and w,. The detailed formula-
tion and stability analysis will be introduced in the following.

It should be mentioned that the parameter estimation of
periodic signals is an important task in a variety of engineering
applications, where the online implementation requires compu-
tational efficiency, global stability, and fast convergence rate.
For this purpose, the Fourier analysis can be conventionally
employed, but it may be not a favorable technique for real-
time control applications due to batch processing of data [43].
A multitude of existing solutions, such as least-square method,
digital filters, and statistical analysis [40], [43], which are
mainly studied in the signal processing field, only guarantee
the local stability of the estimation. The adaptive observer-
based parameter estimation can provide all parameters of
a sinusoidal signal with the benefits of global asymptotic
convergence and fast convergence rate.

B. Problem Formulation

Assuming a general form of (14) and (15) as

Ay,x =y = Asin(oft + ¢,); x € {V,C} (18)
which obviously satisfies
y=—oy (19)
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and assuming w; = y and w, = y as state variables, the state-
space realization can be obtained as

12)1 = W
Ibz = —a);-“zwl (20)
y =wg.

By defining the coordinate transformation as [39]

{11 = wy.w; 21

oy = 0510%

the new state-space realization is rewritten as

{i = Aoz + &y, u)

22
vy = Coz (22)

with
0 —4w? acw;?

where a, = A2. Using the state-space model in (22),
the amplitude-adaptive state observer as

{é = A2 +E(ypu) + Kz — )

23
vy =0CoZ 23

with constant gain matrix K, guarantees that the estimation
errors asymptotically tend to zero for any initial condition.

C. Amplitude Estimation System

From (22) and (23), the state estimation errors can be
described as

é=%2—2=(Ag— KCo)e+ A&(yy,u) (24)

where

w;

*2
AE(yy,u) = Aax[ f }

Aa, = a, — dy.
Here, the Lyapunov’s stability theory is employed to devise
the amplitude adaptation law as well as to ensure the global
asymptotic convergence of the observer. For this, the Lyapunov
candidate function is introduced as
2

A
V=elet 22 (25)

where ¢ is a constant positive gain. The time derivative of the
Lyapunov function is given by

2Aa,Aay

V=életeé+ (26)

By neglecting the variation of a, in the observer time scale,
i.e., ay = 0, and regarding (24), (26) can be written as

V=e"[(Ao— KCy)" + (A4 — KCy)le .
2Aayay

+AE vy, u)e +e" AE(yp,u) — (27)

When the first-order time derivative of the Lyapunov function
(27) is a negative definite while the Lyapunov function is
a positive definite, sufficient conditions for the asymptotic
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stability of the observer are obtained. The first term in (27)
can be designed in such a way that the eigenvalues of the
[Ap — KCy] matrix are located in the left half of the complex
plane. Furthermore, if the gain matrix K is properly selected,
the error dynamics tend to zero with adequate speed. The
Lyapunov stability condition is met if the remaining terms
satisfy

2Aa,a
AET (v, e +eT Ak 1) = =2 =0 (28)
which yields the adaptation law of the amplitude squared
b, = (oe, (29)

where e;; = z; — Z;. Thus, the amplitudes of the rotor
flux harmonics from voltage and current models are updated
according to (29) and considering A, = a,. A trial-and-
error technique is employed to provide the proper ¢ gain for
amplitude estimation process.

D. Sine Wave State Observer

As described in (29), the amplitude adaptation law is based
on z; = w;.w; State variable, which means that the introduced
adaptive observer needs the derivative of the superimposed
sinusoidal waveform. This is an unfavorable feature for the
adaptive observer because not only does it require more
information about the system but also it may be difficult to
retrieve such a noisy signal with an acceptable signal-to-noise
ratio. Aiming to solve this problem, a sine wave state observer
is developed according to the well-established state observer
design theories.

Recall the state-space realization (20) in Section III-C,
which is rewritten here as

W= Alw
y = Clw
where w = [, ]7, w=[w, w.]", C; =[1 0], and

0 1
4= op ol

Regarding the observability matrix

(30)

0 =[cT | AlCT] a1

is a full-rank matrix, i.e., Rank(Q) = 2, the state-space model
(30) is completely observable. The sine wave state observer is
introduced as

[uizAnHL(y—y) 32)

y=Cw

where L denotes the observer feedback gain matrix. By deduc-
ing (32) from (30), the observer error equation is obtained as

e = (A1 - LC1)e (33)

where e = w — w. It is obvious that the dynamic behavior of
the errors is in relation with the eigenvalues of the [A; — LC]
matrix. In this article, the observer gain matrix is determined
to ensure that the [A; — LC] matrix is stable, which in turn
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Fig. 3. Block diagram of the proposed amplitude estimation system.
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Fig. 4. Block diagram of the proposed MRAS-based 7, estimation system.

leads to a convergent sine wave state observer for any initial
value of the error.

By introducing the sine wave state observer, the parameter
Z1 = wiwy in (23) and (29) is replaced with Z; = ©;w;.
The procedure for estimating the amplitude of the sinusoidal
waveform is summarized in Fig. 3. It consists of the sine wave
state observer and the amplitude-adaptive observer, where the
first one is used to provide the new subordinate state variable
Z1, and the second one establishes the amplitude estimation
system.

E. MRAS-Based Rotor Time Constant Estimation System

The block diagram of the proposed MRAS-based T, esti-
mation system is shown in Fig. 4. The superimposed low-
frequency components are provided from the voltage model
(Ay,y) and the current model (Aw,c) by subtracting the
estimated rotor flux from its averaged value within a particular
interval. Considering (10), it should be highlighted that the
dc offset in the estimated rotor flux is not influenced by 7,.
The amplitude of the superimposed components is obtained
by the introduced amplitude estimation system. The value of
the rotor time constant is online tuned in such a way that the
error between estimated amplitudes from voltage model Ay
and current model A, is decreased. Here, an adaptation law is
introduced for online updating 7, using the Lyapunov stability
theorem. For this purpose, the time derivative of A¢ is written
as

e =1, e (34)
Cc = 1r dﬁ_
which regarding (16) can be simplified as
Ac = —k T, T, A3 (35)
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Fig. 5. Convergence of the proposed 7, estimator with different 4 gains for
(a) —50% and (b) —25% initial errors in 7, at 34% rated speed and rated
load torque (simulation results).

00 tls] 0o tls]
(a) (b)

Fig. 6. Convergence of the proposed 7). estimator with different 4 gains for
(a) +50% and (b) +25% initial errors in 7, at 34% rated speed and rated
load torque (simulation results).

where ki = »}?/(L,,Aq)* is a positive constant. Now, the esti-
mation error signal is presented as

er = Ay — Ac (36)
and the error dynamics can be accordingly calculated as
ér = Ay — Ac = —Ac = kI, T,A2. (37)

In (37), it is assumed Ay ~ 0 because Ay is independent
of the rotor time constant. Consider the following Lyapunov
function candidate:

VT = e% (38)

which calculating its time derivative, with consideration of
(37), yields
Vi = 2erér = 2erki 1,1, A3. (39)

Given f", > 0, A3C > 0, and k; > 0, an adaptation law as

7, = —,1/(AV — Ac)dt (40)

with 4 > 0, sufficiently ensures the asymptotic stability of
the rotor time constant estimation system because substituting
T, = —Jer in (39) obtains

Vi = =2k T, A e <0 (41)

which is a negative definite function.
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IV. SIMULATION AND EXPERIMENTAL VALIDATION

A. Simulation Analysis

To verify the analytical discussion obtained so far, a num-
ber of simulations have been carried out using the MAT-
LAB/Simulink environment. The selected simulation results,
demonstrating convergence of the proposed 7, estimation
systems for different initial errors of 7, and estimator’s gains
A, are shown in Figs. 5 and 6. The underestimated and
overestimated 7, take the values [0.5 0.75] and [1.25 1.5]
in per unit, respectively. As can be seen, the estimated 7, is
converged to the real value when it is activated at + = 4 s,
in which its convergence rate depends on 4. A large enough
value for 1 increases the convergence rate and eliminates the
SS error of the estimator, thus allowing the fast tracking of
T,. However, an exaggerated value, for example, A = 10, may
cause overshoot (for underestimation case) or undershoot (for
overestimation case). Selection of 1 = 3 ensures acceptable
transient and SS performance for simulations. Such a tuning
method has been employed for obtaining the appropriate value
of A in experiments.

It is worth mentioning that the gain matrices K and L
are determined using pole placement in such a way that the
observer poles move to the left of the system poles. For the
sine wave state observer, selecting L = [I, 0] obtains the
characteristic polynomial as

IsI — (A — LCy)| = 57 + los + o (42)
where [, > 0 is enough to provide a Hurwitz stable poly-
nomial. In a similar way, selecting K = [k, 0] provides a
Hurwitz polynomial for amplitude observer. The trajectory of
the observer poles for different gain values is shown in Fig. 7.
As can be seen for both cases, a very large gain leads to
a dominant pole close to the origin, whereas a very small
gain causes complex conjugate poles close to the imaginary
axis. Adopting k, = 4w} and [, = 2w} offers an acceptable
response with fast convergence rate for amplitude and sin wave
observers, respectively.
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1- dc-link

2- LV25-P voltage sensor

3- eZdsp F28335 board
4-VSIs

5- LTS 6-NP current sensors

6- Load controller
7- Host PC

8- 6PIM

9- Magnetic brake

Fig. 8. Configuration of the experimental test bench.

TABLE I
PARAMETERS OF 6PIM

Symbol | Quantity [ Value
D Nominal power 1 hp
P Pole pairs 1
R Stator resistance 4.08
R, Rotor resistance 3.73 Q
Lg Stator inductance 443.6 mH
L, Rotor inductance 443.6 mH
Lm Magnetizing inductance | 429.8 mH

B. Test Bench

The configuration of the experimental test bench is shown
in Fig. 8. The test bench is based on the TMS320F28335 dig-
ital signal controller (DSC) programmed through code com-
poser studio (CCS) development environment. The digi-
tal motor control (DMC) and IQmath libraries have been
employed to provide optimized code. The switching frequency
is 8 kHz with a dead band of 2 us. The machine is fed
from two three-phase converters connected to a 300-V dc
power supply. The experimental results have been captured
using serial communications interface (SCI) module on the
eZdsp F28335 board and Advantech PCI-1716 data acquisition
card and then plotted by MATLAB. An incremental encoder
with 2500 pulses/revolution has been used to measure the
rotor speed for validation purposes. Two IGBT-based VSIs
are implemented to supply 6PIM and maintain load torque.

A 1-hp three-phase induction motor has been rewound to
provide an asymmetrical 6PIM, in which its specifications are
shown in Table I. It should be mentioned that, in general,
the sensorless techniques may be more attractive for low-
power ranges (less than 20 hp) because cost- and size-saving
aspects are more important for low-power applications, while
the overall cost of high-power components dominates the cost
of the control system, including the transducers. Nevertheless,
the proposed estimation system can be used for higher power
ranges. In this regard, the sensitivity function of the estimation
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error signal with respect to a detuned 7, as

. AdLm Trw;kz (43)

(1+w212)°

661‘ _
(AT,

shows that it is less affected by 7, changes for high-power
machines due to larger 7, and smaller L,,. On the other hand,
the high-power machines have better noise immunity because
of higher level of the rated values.

C. Underestimation of T,

In this test, the 6PIM is operated with an underestimated
value of 7, at 34% rated speed (w, = 100 rad/s), rated load
torque (T, = 2 Nm), and rated rotor flux (y) = 0.4 Wb).
The frequency and amplitude of the injected signal are chosen
as 10% and 5% rated values, respectively, in all experiments.
The validity of the proposed 7, estimator is confirmed if it
replaces the detuned 7, value with its correct value when the
estimation process is turned on. The initial value for 7, is
set to 0.757, and 0.57,. Fig. 9(a) shows the experimental
results of the 7, estimation process, rotor speed error, and
the superimposed rotor flux components by the voltage and
current models, i.e., A 12/,.‘/ and A (Z/,.C. When the 7, adaptation
is activated at r = 2 s, T, is converged to its real value. During
the 7, mismatch, the superimposed component by the current
model is higher than the component provided by the voltage
model, in which this error vanishes immediately.

D. Overestimation of T,

In Fig. 9(b), the sensorless drive system is executed to verify
the effectiveness of the proposed 7, estimation system for
overestimated values of 7,. The initial detuning in 7, takes the
values of 150% and 200% of the actual value. It can be seen
that overestimated 7, produces the speed error in the reverse
way of the underestimated one. The error between the real
and the estimated speeds as well as the error of superimposed
components is removed when 7, reaches the real value using
the proposed adaptation mechanism.

E. Low-Speed Operation

The low speeds together with the applied high load torque
are the most critical region for many 7, identification algo-
rithms due to multiple problems, such as instability [8],
immeasurable higher order harmonics [6], and considerable
error in the observed state variables [35]. For this purpose,
some experiments are carried out to show the performance
of the proposed 7, estimation system at the low-speed region.
Fig. 10(a) reflects these results at 1.7% rated speed, 50% rated
load torque, and rated rotor flux. In this case, the sensorless
6PIM drive system is run for both overestimated and underesti-
mated 7,. It is evident that the rotor time constant is recovered
after its activation at + = 2 s. The lower rate of convergence
of the T, estimation process is observed because of the lower
level of input tuning signal. However, supposing that only
the temperature-induced changes in the rotor time constant,
the convergence rate seems enough because a sudden change
of T, is practically rare in normal operation. The estimated
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Fig. 9. Experimental results of the 7, adaptation behavior for (a) underesti-
mated and (b) overestimated initial values at 34% rated speed and rated load
torque.

amplitudes Ay and Ay of the superimposed components are
also shown in Fig. 10(a), where the 7, adaptation removes the
produced error between Ay and Ac.

F. No-Load Operation

In this test, the drive system is allowed to work with detuned
T, values under no-load condition at 4.8% rated speed for
+50% initial error in the 7, value. The results of this test are
shown in Fig. 10(b). As with previous tests, the rotor time
constant is accurately converged to its real value after some
time. Furthermore, it can be seen that the 7, mismatch has a
lower effect on the speed error under no-load condition. The
produced oscillations of the speed error around the zero point
are suppressed after 7, correction.

G. Speed and Load Changes

The performance of the proposed 7, estimation system
under speed and load changes is investigated in this section.
Fig. 11(a) shows the results of 7, adaptation behavior under
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Fig. 10. Experimental results of the 7, adaptation behavior at (a) 1.7% rated
speed under 50% rated load torque and (b) 4.8% rated speed under no load
condition.

speed changes from 17% to 34% rated speed and vice versa at
the rated load torque. The experimental results of 7, estimation
process under load torque changes from 0% to rated value at
34% rated speed are shown in Fig. 11(b). The related stator
current waveforms for each test scenario are also included
in these figures. These scenarios reveal that the proposed
estimator tracks very closely the actual 7, when sudden
speed and load changes take place at SS condition. Hence,
the robustness of the proposed estimator against speed and
load toque disturbances can be observed. On the other hand,
these results confirm that the injected low-frequency signal
has a negligible impact on the SS torque response because of
its low amplitude, while the speed response is less affected
due to the natural filtering performed by the mechanical part.
It should be highlighted that the impact of the injected signal
will be intensified at very low-speed regions.

H. Stator Resistance Mismatch

The aim of this section is to demonstrate the negative
effect of Ry mismatch on 7, estimation system, accordingly,
importance of applying an R; compensator to solve this
problem. It should be mentioned that this problem is common
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Fig. 11. Experimental results of 7, adaptation behavior for (a) speed changes
from 17% to 34% rated speed and vice versa under rated load and (b) load
torque change from 0% to rated load at 34% rated speed.

among many model-based 7, estimation systems. However,
it is maturely investigated in previous works; hence, there are
a multitude of possible solutions to deal with it.

According to (8), the voltage model of the 6PIM is affected
by the stator resistance mismatch when the value set for R;
on the controller differs from its real value on the motor.
Actually, besides 7,, R; may vary due to thermal drift impact.
Inaccuracies in the stator resistance can dramatically over-
shadow the performance of the sensorless IFOC of the 6PIM,
particularly at low speeds, where the magnitude of the induced
back electromotive force (BEMF) decreases and becomes
comparable with the voltage drop across R,. The high-speed
operation is marginally degraded by the R, mismatch because
the voltage drop across R; is negligible compared to the BEMF
magnitude. Fortunately, many works have been developed
to tackle this problem ranging from R; linear mapping by
temperature sensor [17] and online identification of R [15],
[35] to modified estimation of the stator flux [20].
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Fig. 12.  Experimental results of the 7, adaptation behavior at 17% rated
speed and rated load torque under (a) —30% and (b) +30% stator resistance
mismatch with conventional and compensated voltage models.

This article takes Ry mismatch into account by implement-
ing a compensated voltage model, instead of the conventional
one, as described in [20], where the voltage model was
modified using a supertwisting-algorithm-based second-order
sliding mode (ST-SOSM) technique as follows:

1/?5(1 = —Ryiso + 5o — f(eia)

] (44)
Wsp = —Rsigp + 055 — feip)

where f(e;,) and f(e;p) are two corrective terms as a function
of the current error according to the supertwisting algorithm
(STA) [20], which can be generally defined as

f(s) = —als|®sign(s) — p / sign(s)dt (45)
where a and S are the constant parameters of STA. It should
be emphasized here that the described ST-SOSM voltage
model is one possible solution to solve the problem of R;
uncertainty, whereas the other compensation techniques, more
straightforward or even sophisticated techniques, can also be
implemented.

Some experiments are performed to investigate the impact
of the stator resistance mismatch on the proposed 7, estimation
system. Fig. 12(a) and (b) shows the behavior of the sensorless
drive scheme equipped with the proposed 7, estimator at 17%
rated speed and the rated load torque, under +30% stator resis-
tance mismatch with conventional and compensated voltage
models. As expected, the conventional voltage model fails to
estimate 7, correctly when the stator resistance is intentionally
changed at about + = 12 s, which leads to speed errors and
oscillations. The compensated voltage model ensures accurate
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TABLE 11
COMPARISON ITEMS

Item Description
Independency of parameters (especially Rs)
Generality
SS adaptation ability (especially at low speeds)
Adaptation ability under load and speed changes
Simplicity
Fast and global convergence properties
Ripple-free performance in SS condition
Dynamic performance of the speed estimator
Dynamic and SS response of the torque

O 00O\ W BN —

6l

\—O—The best —e—The worst —#—Proposed [6] [8] ——[16] [27] —0—[29]\

Fig. 13.  Spider diagram for qualitative comparison between the proposed
method and [6], [8], [16], [27], and [29].

T, estimation during overestimation and underestimation of
the stator resistance.

L. Overall Analysis and Comparison

A qualitative comparison with prior arts, presented in [6],
[8], [16], [27], and [29], clarifies the advantages and dis-
advantages of the proposed scheme. Furthermore, for some
comparison indices, a quantitative comparison between the
proposed method and [29], as the closest work, is reported by
numerical simulations. The qualitative comparison has been
performed by technical discussion and results of the afore-
mentioned papers as well as the simulation and experimental
results of this article. There are multiple indices to evaluate
such a system, which are tabulated in Table II. A summary
of comparison, which is also shown in Fig. 13 as a spider
diagram, is as follows.

Item 1: One drawback of the proposed estimation sys-
tem, besides [6], [8], [16], and [29], is the R, depen-
dence, which is a temperature-dependent parameter. The
method presented in [27] removes this dependence using
a rotor slot harmonic-based speed estimator. Hence,
a supplementary technique for considering Ry variations
is necessary to ensure an accurate estimation of 7,
which was discussed in Section IV-H. The EKF tech-
nique, presented in [16], inherently compensates the R;
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Fig. 14.  Quantitative comparison of the proposed 7, estimation system

and [29] using numerical simulations. (a) SS adaptation ability (item 3).
(b) Adaptation ability under speed changes (item 4). (c) Fast and global con-
vergence properties (item 6). (d) Dynamic response of the torque-producing

stator

current (item 9).

variations and, hence, takes a higher score against [6],
[8], and [29] and the proposed scheme.

Item 2: The application range of the transient response-
based 7, estimation systems (see [6]) is limited. The
proposed technique, besides [8], [16], [27], and [29],
can track actual 7, value at SS condition without need
for transient response of motor’s characteristic (see
Section IV-G).

Item 3: This index considers SS adaptation ability of
T,, especially at low speeds, regardless of parameter
dependence, because the latter case was discussed in
item 1. As reported in [8], the method is penalized by
a potential instability problem at low speeds due to the
change of sign of 7, error. On the other hand, for the sig-
nal injection-based techniques, i.e., the proposed method
and [29], the superimposed sinusoidal component is
deteriorated by the low-frequency harmonics at low
speeds. However, the proposed scheme can accurately
track the distorted ac components by the amplitude-
adaptive observer, whereas the method mentioned in [29]
may suffer from SS estimation errors, especially at low
speeds. The underlying reason is that the adaptation law
of the proposed method, defined by (40), can eliminate
the SS errors by the integral gain, whereas [29] considers
a predefined threshold value to judge the convergence
of the estimation algorithm. This issue is clarified by
the comparative results shown in Fig. 14(a), where the
speed command is 4.8% rated speed under rated load
torque. Hence, the proposed method with [16] and [27]
has better performance from this point of view (see
Section IV-E).

Item 4: As discussed in [29], the method cannot follow
the actual 7, when the speed command or load torque
is changed largely. On the other hand, the method pre-
sented in [6] just tracks 7, value under speed transients.
However, the proposed method and [8], [16], and [27]

can execute under both speed and load torque changes
(see Section IV-G), where the proposed method and
the EKF method present a better dynamic behavior,
in which this property will be more discussed in the
next items. Fig. 14(b) shows the adaptation capability of
the proposed 7, estimation scheme in comparison with
[29] during consecutive speed changes under rated load
torque.

Item 5: From simplicity viewpoint, the EKF method [16]
is always criticized for its high computational burden.
Real-time implementation of the particle swarm opti-
mization (PSO)-based T, estimation system, presented
in [27], is also a challenging task for a wide range of
digital processors. However, Akatsu and Kawamura [6]
and Wang et al. [29] presented more simple techniques.
The proposed method in comparison with [29] requires
more computational effort because the adaptation law of
[29] is more simple without need for amplitude-adaptive
observer.

Item 6: The proposed method with [16] follows the
actual 7, with a fast convergence rate and global sta-
bility. For the proposed technique, the fast convergence
rate can be obtained by an appropriate selection of A
(see Section IV-A). However, the methods mentioned
in [6], [27], and [29] may not meet the global conver-
gence property and fast convergence rate simultaneously,
for a wide range of speed. In this regard, Fig. 14(c)
compares the convergence rate of the proposed tech-
nique and [29] at about 2% rated speed without load
torque. Furthermore, the technique mentioned in [8] uses
inherent small-signal dynamics, which always puts the
drive system under the quasi-SS condition, where their
relatively small amplitude reduces the convergence rate.
Item 7: Because of the superimposed sinusoidal compo-
nent of the rotor flux, the low-frequency ripples appear
in the torque and speed response for the proposed
scheme and [29], whereas the methods presented in [6],
[8], [16], and [27] are free from this type of ripples.
It should be noted that the performance of the drive
system is marginally affected by the injected signal due
to its low amplitude.

Item 8: It is well known that the rotor slot harmonic-
based speed estimators carry out the estimation process
at the expense of poor dynamic performance, and hence,
the method mentioned in [27] is overshadowed by poor
dynamic performance of the speed estimator, whereas
the MRAS speed estimator (proposed scheme and [8]
and [29]) or EKF technique [16] offers a better dynamic
behavior.

Item 9: This item can be considered as another interpre-
tation of item 6 because, during 7, mismatch, the torque
response is neither instantaneous nor commanded value.
For this reason, the proposed technique and EKF [16]
offer better performance from this point of view. In order
to clarify this discussion, a comparison of the torque-
producing current between the proposed method and
[29] is presented in Fig. 14(d). In this test scenario,
the speed command is about 2% rated speed with
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rated load torque. It can be seen that the i, value is
erroneously provided during 7, mismatch so that the
proposed technique recovers the real 7, faster.

In summary, the main motivation of this article is to tackle
the main shortcomings of the existing parallel 7, and o,
estimation systems. The proposed scheme, against the transient
response-based techniques such as [6], can provide the accu-
rate 7, in the SS condition, where the torque and speed have
no changes. The convergence rate of the proposed technique
is comparable to the EKF technique [16], while its complexity
is lower. The SS adaptation ability at low speeds and the
adaptation ability under load and speed changes are the other
attained merits in comparison to [8] and [29], respectively.
The R;-dependence of the proposed approach can be relaxed
using well-developed R, adaptation techniques.

V. CONCLUSION

The main objective of this study is to provide a parallel
estimation system of the rotor time constant and the rotor
speed in sensorless IFOC of IM. Since the simultaneous
estimation of 7, and w, is impossible under the SS due to
constant rotor flux, a low-frequency harmonic was injected to
the rotor flux to obtain additional excitation for 7, adaptation.
An amplitude-adaptive observer was proposed to detect the
amplitude of the injected harmonic using voltage and current
models. In this way, a sine wave state observer was introduced
to observe the state variables of the superimposed component.
Based on the detected amplitude, a novel MRAS-based 7,
estimation system was proposed. Lyapunov’s stability theorem
was employed to ensure the asymptotic convergence of the
proposed T, identification system. The performance of the
proposed T, estimation system was experimentally verified in
a 6PIM test bench as a case example. Nevertheless, the pro-
posed method can be used for other multiphase IMs. The
merits of the proposed 7, estimator were highlighted by a
qualitative comparison of the existing schemes. To alleviate the
destructive effect of R; mismatch on the proposed 7, estimator,
a compensated voltage model of the 6PIM was employed,
where the related experiments showed its effectiveness.

REFERENCES

[1] H. A. Toliyat, E. Levi, and M. Raina, “A review of RFO induction motor
parameter estimation techniques,” IEEE Trans. Energy Convers., vol. 18,
no. 2, pp. 271-283, Jun. 2003.

[2] K. Wang, W. Yao, B. Chen, G. Shen, K. Lee, and Z. Lu, “Magnetizing
curve identification for induction motors at standstill without assumption
of analytical curve functions,” IEEE Trans. Ind. Electron., vol. 62, no. 4,
pp. 2144-2155, Apr. 2015.

[3] X. Zhang, Y. Zhang, S. Yang, Z. Xie, and P. Cao, “An improved MRAS
for rotor time constant updating in induction motor drives utilizing dot
product of stator current and rotor flux,” IEEE Trans. Power Electron.,
vol. 34, no. 9, pp. 8905-8915, Sep. 2019.

[4] L. J. Garces, “Parameter adaption for the speed-controlled static AC
drive with a squirrel-cage induction motor,” IEEE Trans. Ind. Appl.,
vol. IA-16, no. 2, pp. 173-178, Mar. 1980.

[5] T. Matsuo and T. A. Lipo, “A rotor parameter identification scheme
for vector-controlled induction motor drives,” IEEE Trans. Ind. Appl.,
vol. IA-21, no. 3, pp. 624-632, May 1985.

[6] K. Akatsu and A. Kawamura, “Online rotor resistance estimation using
the transient state under the speed sensorless control of induction motor,”
IEEE Trans. Power Electron., vol. 15, no. 3, pp. 553-560, May 2000.

5463

[71 M. W. Degner, J. M. Guerrero, and F. Briz, “Slip-gain estimation in
field-orientation-controlled induction machines using the system tran-
sient response,” IEEE Trans. Ind. Appl., vol. 42, no. 3, pp. 702-711,
May 2006.

[8] D. P. Marcetic and S. N. Vukosavic, “Speed-sensorless AC drives with
the rotor time constant parameter update,” /EEE Trans. Ind. Electron.,
vol. 54, no. 5, pp. 2618-2625, Oct. 2007.

[9] P.Cao, X.Zhang, S. Yang, Z. Xie, and Y. Zhang, “Reactive-power-based
MRAS for online rotor time constant estimation in induction motor
drives,” IEEE Trans. Power Electron., vol. 33, no. 12, pp. 10835-10845,
Dec. 2018.

[10] S. Maiti, C. Chakraborty, Y. Hori, and M. C. Ta, “Model reference adap-
tive controller-based rotor resistance and speed estimation techniques for
vector controlled induction motor drive utilizing reactive power,” I[EEE
Trans. Ind. Electron., vol. 55, no. 2, pp. 594-601, Feb. 2008.

[11] S. Yang, D. Ding, X. Li, Z. Xie, X. Zhang, and L. Chang, “A decoupling
estimation scheme for rotor resistance and mutual inductance in indirect
vector controlled induction motor drives,” IEEE Trans. Energy Convers.,
vol. 34, no. 2, pp. 1033-1042, Jun. 2019.

[12] F. R. Salmasi, T. A. Najafabadi, and P. J. Maralani, “An adaptive flux
observer with online estimation of DC-link voltage and rotor resistance
for VSI-based induction motors,” IEEE Trans. Power Electron., vol. 25,
no. 5, pp. 1310-1319, May 2010.

[13] H. Kubota, K. Matsuse, and T. Nakano, “DSP-based speed adaptive flux
observer of induction motor,” IEEE Trans. Ind. Appl., vol. 29, no. 2,
pp. 344-348, Mar. 1993.

[14] F. R. Salmasi and T. A. Najafabadi, “An adaptive observer with online
rotor and stator resistance estimation for induction motors with one
phase current sensor,” IEEE Trans. Energy Convers., vol. 26, no. 3,
pp- 959-966, Sep. 2011.

[15] H. Kubota and K. Matsuse, “Speed sensorless field-oriented control
of induction motor with rotor resistance adaptation,” IEEE Trans. Ind.
Appl., vol. 30, no. 5, pp. 1219-1224, Sep. 1994.

[16] M. Barut, R. Demir, E. Zerdali, and R. Inan, “Real-time implementation
of bi input-extended Kalman filter-based estimator for speed-sensorless
control of induction motors,” IEEE Trans. Ind. Electron., vol. 59, no. 11,
pp- 4197-4206, Nov. 2012.

[17] A. B. Proca and A. Keyhani, “Sliding-mode flux observer with online
rotor parameter estimation for induction motors,” IEEE Trans. Ind.
Electron., vol. 54, no. 2, pp. 716-723, Apr. 2007.

[18] B. Karanayil, M. F. Rahman, and C. Grantham, “Stator and rotor
resistance observers for induction motor drive using fuzzy logic and
artificial neural networks,” IEEE Trans. Energy Convers., vol. 20, no. 4,
pp. 771-780, Dec. 2005.

[19] T. Tuovinen and M. Hinkkanen, “Adaptive full-order observer with high-
frequency signal injection for synchronous reluctance motor drives,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 2, no. 2, pp. 181-189,
Jun. 2014.

[20] M. H. Holakooie, M. Ojaghi, and A. Taheri, “Modified DTC of a
six-phase induction motor with a second-order sliding-mode MRAS-
based speed estimator,” IEEE Trans. Power Electron., vol. 34, no. 1,
pp. 600-611, Jan. 2019.

[21] M. Szypulski and G. Iwanski, “Sensorless state control of stand-alone
doubly fed induction generator supplying nonlinear and unbalanced
loads,” IEEE Trans. Energy Convers., vol. 31, no. 4, pp. 1530-1538,
Dec. 2016.

[22] C. U. Reddy, K. K. Prabhakar, A. K. Singh, and P. Kumar,
“Speed estimation technique using modified stator current error-based
MRAS for direct torque controlled induction motor drives,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 8, no. 2, pp. 1223-1235,
Jun. 2020.

[23] S. Ho Jeon, K. Kyo Oh, and J. Young Choi, “Flux observer with online
tuning of stator and rotor resistances for induction motors,” IEEE Trans.
Ind. Electron., vol. 49, no. 3, pp. 653-664, Jun. 2002.

[24] J. Chen, J. Huang, and Y. Sun, “Resistances and speed estimation in
sensorless induction motor drives using a model with known regres-
sors,” IEEE Trans. Ind. Electron., vol. 66, no. 4, pp. 2659-2667,
Apr. 2019.

[25] M. Barut, S. Bogosyan, and M. Gokasan, “Experimental
evaluation of braided EKF for sensorless control of induction
motors,” IEEE Trans. Ind. Electron., vol. 55, no. 2, pp. 620-632,
Feb. 2008.

[26] Z. Gao, T. G. Habetler, R. G. Harley, and R. S. Colby, “A sensorless
rotor temperature estimator for induction machines based on a current
harmonic spectral estimation scheme,” IEEE Trans. Ind. Electron.,
vol. 55, no. 1, pp. 407-416, Jan. 2008.



5464

[27]

[28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

(38]
[39]
[40]
[41]
[42]

[43]

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 9, NO. 5, OCTOBER 2021

L. Zhao, J. Huang, J. Chen, and M. Ye, “A parallel speed and rotor time
constant identification scheme for indirect field oriented induction motor
drives,” IEEE Trans. Power Electron., vol. 31, no. 9, pp. 6494-6503,
Sep. 2016.

H. Tajima, G. Guidi, and H. Umida, “Consideration about problems and
solutions of speed estimation method and parameter tuning for speed-
sensorless vector control of induction motor drives,” IEEE Trans. Ind.
Appl., vol. 38, no. 5, pp. 1282-1289, Sep. 2002.

K. Wang, B. Chen, G. Shen, W. Yao, K. Lee, and Z. Lu, “Online
updating of rotor time constant based on combined voltage and current
mode flux observer for speed-sensorless AC drives,” IEEE Trans. Ind.
Electron., vol. 61, no. 9, pp. 45834593, Sep. 2014.

1.-J. Ha and S.-H. Lee, “An online identification method for both stator-
and rotor resistances of induction motors without rotational transducers,”
IEEE Trans. Ind. Electron., vol. 47, no. 4, pp. 842-853, Aug. 2000.
M. J. Duran, I. Gonzalez-Prieto, N. Rios-Garcia, and F. Barrero,
“A simple, fast, and robust open-phase fault detection technique for six-
phase induction motor drives,” IEEE Trans. Power Electron., vol. 33,
no. 1, pp. 547-557, Jan. 2018.

E. Levi, “Multiphase electric machines for variable-speed applications,”
IEEE Trans. Ind. Electron., vol. 55, no. 5, pp. 1893-1909, May 2008.
I. Gonzalez-Prieto, M. J. Duran, M. Bermudez, F. Barrero, and
C. Martin, “Assessment of virtual-voltage-based model predictive con-
trollers in six-phase drives under open-phase faults,” IEEE J. Emerg.
Sel. Topics Power Electron., vol. 8, no. 3, pp. 2634-2644, Sep. 2020.
H. Heidari et al., “A parallel estimation system of stator resistance and
rotor speed for active disturbance rejection control of six-phase induction
motor,” Energies, vol. 13, no. 5, p. 1121, Mar. 2020.

M. H. Holakooie, M. Ojaghi, and A. Taheri, “Direct torque control of
six-phase induction motor with a novel MRAS-based stator resistance
estimator,” IEEE Trans. Ind. Electron., vol. 65, no. 10, pp. 7685-7696,
Oct. 2018.

Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase
induction machine using vector space decomposition,” /IEEE Trans. Ind.
Appl., vol. 31, no. 5, pp. 1100-1109, Sep. 1995.

C. Schauder, “Adaptive speed identification for vector control of induc-
tion motors without rotational transducers,” IEEE Trans. Ind. Appl.,
vol. 28, no. 5, pp. 1054-1061, Sep. 1992.

H. Mérquez, Nonlinear Control Systems: Analysis and Design. Hoboken,
NJ, USA: Wiley, 2003.

M. Hou, “Amplitude and frequency estimator of a sinusoid,” IEEE Trans.
Autom. Control, vol. 50, no. 6, pp. 855-858, Jun. 2005.

X. Xia, “Global frequency estimation using adaptive identifiers,” IEEE
Trans. Autom. Control, vol. 47, no. 7, pp. 1188-1193, Jul. 2002.

Z. Ding, Nonlinear and Adaptive Control Design. Edison, NJ, USA:
IET, 2013.

R. Marino and P. Tomei, Nonlinear Control Design: Geometric, Adaptive
and Robust. Upper Saddle River, NJ, USA: Prentice-Hall, 1996.

M. Hou, “Parameter identification of sinusoids,” IEEE Trans. Autom.
Control, vol. 57, no. 2, pp. 467-472, Feb. 2012.

Mohammad Hosein Holakooie received the M.Sc.
degree in electrical engineering from Tabriz Uni-
versity, Tabriz, Iran, in 2013, and the Ph.D. degree
in electrical engineering from Zanjan University,
Zanjan, Iran, in 2018.

He is currently a Researcher with the Insti-
tute of Control and Industrial Electronics, War-
saw University of Technology (WUT), Warsaw,
Poland, the Ulam Program supported by the Polish
National Agency for Academic Exchange. His cur-
rent research interest includes analysis and control
of multiphase drives.

Grzegorz Iwanski (Senior Member, IEEE) received
the M.Sc. degree in automatic control and robot-
ics and the Ph.D. degree in electrical engineering
from the Faculty of Electrical Engineering, Warsaw
University of Technology (WUT), Warsaw, Poland,
in 2003 and 2005, respectively.

From January 2006 to December 2008, he was
a Research Worker involved in an international
project within the Sixth Framework Programme of
the European Union (EU). Since 2009, he has been
an Assistant Professor with the Institute of Control
and Industrial Electronics, WUT, where he became an Associate Professor
in 2019. From 2012 to 2013, he was with the Renewable Electrical Energy
System (REES) Team, Universitat Politecnica de Catalunya (UPC), Barcelona,
Spain, within the framework of the scholarship of Polish Minister of Science
and Higher Education. He is a coauthor of one monograph, three book
chapters, and about 70 journal articles and conference papers. He teaches
courses on power electronics, drives, and power conversion systems. His
research interests include variable and adjustable speed power generation
systems, photovoltaic and energy storage systems, and automotive power
electronics and drives.

Dr. Iwanski provided two plenary lectures on IEEE technically spon-
sored international conferences: Ecological Vehicles and Renewable Energies
(EVER 2015) and Joint International Conference on Optimization of Electrical
and Electronic Equipment and Aegean Conference on Electrical Machines and
Power (OPTIM-ACEMP 2017).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


