Power Electronics and Drives .
Volume 5(41), 2020  DOI: 10.2478/pead-2020-0015 S sciendo

Powenr Electronics and Drives

Sensorless Induction Motor Drive Based on
Model Reference Adaptive System Scheme
Utilising a Fictitious Resistance

Research Article

Soufien Haijji', Ramzi Ben Chehida?, Hichem Zayani'®, Noomen Bouaziz®, Youssef Agrebi Zorgani’-3*

"Laboratory of Sciences and Techniques of Automatic control & computer engineering (Lab-STA), National School of Engineering of Sfax,
University of Sfax. Postal Box 1173, 3038 Sfax, Tunisia

2Institut Supérieur des Etudes Technologiques de Bizerte, Route Menzel Abderrahmen — Zarzouna 7021 Bizerte, 7021, Tunisia

3 Institut Supérieur des Etudes Technologiques de Sfax, Route de mahdia Km 2.5, 3099 El Bustan, Sfax, Tunisia

Received: August 18, 2020; Accepted: November 08, 2020

Abstract: This article presents a new development of an indirect stator flux-oriented controller for sensorless speed induction motor drive utilising
instantaneous and steady-state values, respectively, of a fictitious resistance symbolised as R_f. The dimension of the fictitious
quantity, in this context, is the ohm, which is the difference between the stator d- and g-axis fictitious resistances. However, from
the measurement of the stator voltage and currents of the machine, two independent resistance estimators are built. Therefore,
the first is considered as a reference model of the induction machine (IM), and the second is considered as an adjustable model.
Subsequently, the error between the states of the two models is used to drive a suitable adaptation mechanism that generates
the estimation of the speed, for the adjustable model. Furthermore, the structure of the proposed estimator is free from stator resistance
and eliminates the requirement of any flux computation. All the detailed simulation study is carried out in MATLAB/Simulink to validate
the proposed method and to highlight the robustness and the stability of the proposed model reference adaptive system estimator.

Keywords: indirect stator flux-oriented controller (ISFOC) model « model reference adaptive system (MRAS)  fictitious resistance e rotor speed
estimation < induction motor (IM)

1. Introduction

The induction motor (IM) has been used mainly at a constant speed for a long period; however, its control remains
a challenge for researchers to optimise and control the machine in variable speed drives. With advances in power
electronics such as the appearance of thyristors and later, IGBT transistors and digital electronics such as the
development of the new digital signal processor (DSP), the problem of variable speed drive is solved and control
strategies have been implemented in satisfactory conditions.

The asynchronous machine can be controlled according to three types of control, such as scalar control, direct
torque control (DTC) and field-oriented control. The last control strategy FOC presents a good accuracy for torque
and speed. Therefore, it is considered to be the best solution for variable speed industrial applications, which is
accomplished in one of two ways. The first is called the direct control method, which requires the acknowledgement
of the flux module and phase at any time. However, the flux measurement can be carried out by a flux sensor, which
increases the manufacturing cost, or by flux estimation from the voltage, the current and the speed measurements.
The second is named the indirect control method, which consists of using directly the flux reference amplitude;
consequently, the vector control will be simplified.

To achieve speed control, it is necessary to place a mechanical sensor on the shaft of the machine. This
solution requires additional space on the machine shaft, which reduces the reliability of the actuator in the hostile
environment and increases the actuator production cost; as a result, the need arises for a software sensor. To
broach this problem, sensorless speed control is necessary to estimate the value and the rotor speed trajectory.
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The design of such sensors is mainly based on observer synthesis or adaptive methods allowing the parametric
identification and sensorless control of the IM. Nowadays, developed research works are focused on the IM
drive, which uses a high-performance sensorless vector control strategy. In the literature, several sensorless
control methods have appeared such as speed adaptive flux Leunberger observers (Jouili et al., 2015; Popovic
et al., 2014), predictive control methods (Alkorta et al., 2014; Wang, 2014), high-frequency signal injection (Gao
et al., 2013; Matic et al., 2015; Yoon and Sul, 2014), extended Kalman filters (Alonge et al., 2015; Habibullah
and Lu, 2015; Rayyam and Zazi, 2019), artificial neural networks (ANNs) (Niasar and Khoei, 2015; Verma et al.,
2014), sliding-mode observers (Comanescu et al., 2015; Gennaro et al., 2014; Mezouar et al., 2008), adaptive
observer design (Farza et al., 2018), high gain observer (Farza et al., 2011) and model reference adaptive
system (MRAS).

The majority of speed estimation techniques require an important calculation time because their models are
more or less complex, while the reference model method has great flexibility when it is implemented on a real
process.

The sensorless speed based on the MRAS method can be divided into four groups:

— The classical MRAS technique; this method consists to develop two models, one as a reference and the other
as an adjustable, which are used to estimate the rotor (or stator) flux from the knowledge of currents and
voltages stator. Getting the estimated speed is assured by cancelling the difference between the rotor (or
stator) flux of the reference model and the adjustable one, while using the theory of hyper stability to obtain the
adaptive mechanism (Agrebi Zorgani et al., 2010, 2012, 2016, 2018).

— Estimation of the speed using the MRAS method and based on the estimation of the electromotive force. The
difference between the reference and the adjustable EMF model will be applied to the adaptation mechanism
to converge the estimated speed to its real value (Maiti and Chakraborty, 2010; Rashed and Stronache, 2004;
Urbanski, 2014).

— The MRAS method using the stator currents estimation. The reference model (measured stator current) and the
adjustable model (estimated stator current) will be compared to obtain the signal of the speed’s error correction
(Dybkowski, 2018; Dybkowski and Orlowska-Kowalska, 2013; Orlowska and Dubowski, 2010; Thuy Pham et al.,
2018).

In this context, this article examines the MRAS approach to estimate the rotor speed from the measurement of
current and voltage stator. This new model reference adaptive for vector-controlled squirrel cage IM is based on
fictitious resistance symbolised as R_f. In the beginning, an indirect stator flux-oriented controller (ISFOC) scheme
is presented for an IM drive. Then, a detailed mathematical analysis of the suggested approach is presented.
Afterwards, the stability of the MRAS estimators is examined. In the end, to demonstrate the effectiveness and
robustness of the R-MRAS scheme, simulation results are given. In the literature, Abhisek and Sukanta (2016)
propose a new fictitious d-and g-axis resistance error based MRAS (R-MRAS) for the estimation of speed for IM
drive. However, the authors present a direct field-oriented control (DFOC) for a three-phase IM that generates direct
and quadrature reference voltages Vd and Vqg. These values have to be used to drive the space vector pulse with
modulation (SVPWM) inverter.

The first main contribution of this article is to formulate a detailed mathematical equation for a new speed
sensorless ISFOC IM drives based on the MRAS state estimator utilising a fictitious resistance. This resistance is
obtained as the difference between the d- and g-axis stator resistances in static reference denoted as Rf. However,
the envisaged expression does not include the term of the stator resistance. Moreover, the proposed strategy does
not need any sort of flux computation, and thus makes the scheme insensitive to the problem’s integration of the back
electromotive force of the machine, enabling low-speed estimation quite accurate. The second main contribution of
this article is to validate the effectiveness and the robustness of the proposed technique by simulation. Therefore,
a stability test as well as tests for different speeds are presented.

This article is structured in four sections. In Section 2, the mathematical equations of the proposed MRAS
scheme utilising a fictitious resistance R-MRAS are described. Furthermore, the system stability analysis through
first-order eigenvalues perturbation along with overall system stability analysis in the speed-torque domain is
detailed. Section 3 presents the simulation results for various operating conditions and speed patterns. Finally, the
conclusion is given in Section 5.
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2. Mathematical Equations of Proposed R-MRAS
2.1. MRAS technique

Two models are being explained by the MRAS strategy. The first one is called the reference model. It does not
include the parameter to be estimated. The second one is called the adjustable model, that involves the quantity
to be estimated. Afterwards, a suitable adaptive mechanism will be driven by the error between the outputs of the
adjustable model and reference one (Figure 1). The adaptive mechanism should be designed to assure the stability
of the control system.

2.2. Reference and adjustable models
In the synchronously rotating frame, the stator voltages of IM are given expressions (1) and (2):
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Fig. 1. Synoptic of the model reference adaptive system with ISFOC strategy.
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. d¢qS
Vqs = Rslqs + dt + (Dsd)ds (6)

Now dividing the d-axis stator voltage components v, by i, and g-axis stator voltage components Ves by ids, then:

V,
R =&t (7
Lgs lqs
Since the dimension of R, represents a resistance which is specified as fictitious resistance. Furthermore, expression
(7) does not include the expression w, then is considered as the reference model for the R-MRAS.

Substituting values of v,_and v__ from Egs (5) and (6) in Eq. (7), the novel R-MRAS expression will be:
ds gs

R[&L&LJQ{L‘LJ
dt iy dt i i iy

qs

@®)

For ISFOC, the flux is constant ¢, = ¢s and bge = 0. Moreover, during a steady-state, the derived terms disappear.
Therefore, expression (8) can be written as:

Ry =-0,— 9
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In the expression of R,, we find the rotor speed of IM; as a consequence, it can be considered as the adjustable
model of R-MRAS. Figure 2 shows the synoptic of the speed estimation strategy by a fictitious resistance, which is
based on model reference adaptive.

Itis interesting to add a small value (p = 0.00001) to the iqs current components in the denominator to ensure the
satisfactory working of the algorithm, under a no-load condition.

\
Vds »( Reference model
Vqs R1
. v v
1ds =_d 0 )
- R, =~ .
1qs Ly (l(ls ar p)
J

Pl

r Adjustabl}/ﬁodel B
r —_ LR, /( o, R,

“_ L/{ “oLji,) (i, +p) €
y
/ Q, ( Adaptation

mechanism
Fig. 2. Synoptic of the speed estimation strategy by a fictitious resistance based on model reference adaptive.
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2.3. Adaptation mechanism
According to the synchronous rotating form, the state space equation of IM is presented as:

& Ax+Bu an
dt
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1 (rs + rr] 1 o, |
I Oy
ol TT, oL, oL,
. . T
Xx= [1ds Igs O ¢qu A= o (4T ] o I
’ ! ol T, oL, LT, ’
-R; 0 0 O
i 0 R, —y 0 |

T
T .. [t ooo 1
oo woToreie i Jiee]y § g ] mangc
Equation (11) can be linearised around an operating point as:
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The references d- and g-axis command voltages are given by the following equations:

203




Sensorless Induction Motor Drive

204
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Note that there is a coupling between the voltage and the current in v, and Ves equations. Indeed, the direct
component of the voltage is coupled with the quadrature component of the current and vice versa. However,
a compensation method is used to avoid the coupling problem, so that the v,. component can control only the
current i, and thereafter the stator flux amplitude, as far as the v,s COmponent, can only control the current iqs and
thereafter the electromagnetic torque.

The decoupling procedure consists of adding the E; and Eq voltages to Egs (16) and (17). E; and Eq are
called decoupling d and g-back electromotive force. When the decoupling method is implemented, the v, and Ves
components equations become:

Vd:Vds+Ed:GLs(p+—Ts+trjids (19)
oT,T,
T +T
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Tl’ ’Cl'
Thus, itis possible to control the components d-q current with a Pl controller. This choice provides an improvement
of the dynamic performances and reduces the static error. However, the proportional and integral gains of Pl d-g-
axis current controller Kip and K; are indicated in Figure 3. G (p) and Gq(p) are the no decoupling electrical d_q axis
transfer functions of IM.
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Fig. 3. Block diagram of the decoupling method with PI controller.
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The linearisation of Eqs (22) and (23) gives:
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T

The error function in R-MRAS is obtained as:

v LR
A S S o
Lgs 1qs Lr ¢s - Glecls 1

According to the general structure of the adaptation mechanism, the speed estimation o, is a function of error «.

The expression of € is free from stator resistance. As a result, the proposed strategy does not need any sort of
flux computation and thus makes the scheme insensitive to the problem’s integration of the back electromotive force
of the machine, enabling low or zero speed estimation quite accurate.

In contrast, Agrebi Zorgani et al. (2018) replaced the pure integrator with a programmable-cascaded low-pass
filter (PCLPF) to resolve the problem of flux estimation. Unfortunately, the computation time of the above method
is heavy.

To investigate the dynamic response of the R-MRAS rotor speed estimation, it is necessary to linearise the error
equation for a small deviation around a working point. Then, the deviations of the error ¢ are presented by:

Oe | .. Oe | .. Ot Ot Oe
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The closed-loop block diagram of the R-MRAS is presented in Figure 4. The transfer function G can be expressed as:

Ae Al Al
=b,—% +b, A£ +b, (29)
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Using Eq. (29), the closed-loop transfer function of the R-MRAS is obtained as:

G (p)(KpMRAS +KiMRASJ

p

[ Ki MRASJ (30)
1+G(p)| K +MRAS

ele

p_MRAS

The adaptation mechanism is built around a Pl regulator, which allows the estimated quantities to converge to the
exact values. Figure 4 shows the synthesis result of the speed corrector.
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\ 4

Fig. 4. Closed-loop block diagram of the R-MRAS.

2.4. Stability analysis

To underscore the influence of the real speed on the stability of the estimator, the place of the poles and the zeroes
for various values of w_are presented. For a rotor speed variation in the interval from 0 to 157 rad/s, the R-MRAS
estimator poles’ locations are shown in Figure 5.
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Fig. 5. Placement of poles and zeros for different speed values of the R-MRAS estimator.

We notice that all these poles are complex conjugates and have a negative real part. Moreover, every speed
point has three poles.

3. Simulation Results

The performance of the proposed R-MRAS for speed sensorless vector-controlled drive is verified in MATLAB/
Simulink. The simulation results are presented for the following test cases.
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3.1. Trapezoidal response

The speed tracking performance of the proposed scheme is tested for a trapezoidal reference speed from —239 rpm
to 700 rpm followed by the application of a load torque at t = 3 s, and the abolition of the latter at t = 5 s. The
estimated and actual speeds are found to track the reference speed satisfactorily (Figure 6a). However, the error
between the real and the estimated speed is presented in Figure 6b; it is noteworthy to mention that, in steady-state,
the error does not exceed the value of 1.2 rpm (0.17%). Figure 6¢ shows the shape of the d-axis and g-axis stator
currents curves. Furthermore, the proportionality between the g-axis stator current and the electromagnetic torque

has been confirmed in Figure 6d. The currents i, i,  and i and voltages v, v,  and v_  in the stator are presented
in Figure 6e and Figure 6f, respectively. Their forms show that they are sinusoidal and phase-shifted by one relative

to each other of 2%. Moreover, the flux orientation in the rotating reference frame is well maintained throughout

the simulation time (Figure 6g). Figure 6h shows the magnitude of the machine flux in the stationary reference frame
(i.e. o, and ¢,.), which is maintained throughout the operation.

According to those simulation results, the sensorless IM drive based on the MRAS strategy utilising a fictitious
resistance presents a better steady-state constancy than the papers presented by (Agrebi Zorgani et al., 2012)
and (Jouili et al., 2015). However, the error between the estimated and real speed value of this strategy is less
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Fig. 6. Simulation results for a trapezoidal reference speed from —239 rpm to 700 rpm.

than 0.17%, while this value is less than 0.3% and 0.5% in (Agrebi Zorgani et al., 2012) and (Jouili et al., 2015),
respectively.

In addition, in the comparative study of this article, we notice that the proposed method still keeps its
robustness and its good performances compared to the two other schemes when applying the load torque in the
transient regime. However, Agrebi Zorgani et al. (2012) and Jouili et al. (2015) apply the load torque only in the
steady-state.

3.2. Zero and low-speed operation

To show the robustness of the R-MRAS sensorless ISFOC, a low-speed reference with a reverse rotation
speed (0>20->-20->0 rpm) is applied. It is noticeable that the estimated speed follows the reference speed
quite perfectly even at a zero speed and low speed of 20 and -20 rad/s (Figure 7a). The error between
estimated and real speed as given in Figure 7b; the value of this error is less than 0.05 rd/s in the steady-
state. The flux orientation is also well maintained (Figure 7e), and it is clear that their shapes verify the correct
operation of the ISFOC. These results confirm the satisfactory operation of the proposed scheme in the low-
speed region.
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Fig. 7. Simulation results for a zero and low-speed operation with inverting direction.

3.3. Nominal speed

During the simulation shown in Figure 8, at nominal speed, the torque is applied with 10 Nm at t = 3s and cancelled
at t = 5s. The three trajectories of estimated, real, and reference rotor speed coincide fairly well, and a good
coincidence is reached (Figure 8a). In Figure 8b, the estimated rotor speed matches the actual rotor speed of the
machine with an error of 0.8 rpom. However, the curve of ids and igs currents are shown in Figure 8c. We also note
in Figure 8d that the g-axis current igs has the same shape as the electromagnetic torque. Furthermore, Figure 8f
shows that the stator flux is aligned with the d-axis ( ¢ds = ¢s and ¢gs = 0) with a minor error due to the inaccuracy
of the motor parameters.
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The obtained result demonstrates that even at the nominal speed, the proposed ISFOC, which is based on the

R-MRAS algorithm, still gives a good estimate of rotor speed.

4. Conclusion

This article presents a novel MRAS controller for ISFOC motor drive using fictitious resistance R, as the basic
quantity. In the R-MRAS approach, the instantaneous and steady-state values of R, in the reference and adaptive
models respectively are employed. The proposed strategy does not need any kind of flux computation and
eliminates derivative terms from the adaptive model, thereby making it suitable for low-speed operation. The
simulation study confirms the satisfactory working of the proposed controller in a wide speed range up to the
nominal speed with a negligible error between the estimated and actual speed. Moreover, the analysed closed-loop
stability of the presented method has also been proved. Further, all simulation results indicate the effectiveness of
the proposed method and thus prove the high dynamic performances of the developed drive system.
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APPENDIX

List of motor specification and parameters:
380V, 3KW, 4 poles, 1430 rpm, Rs=2.3 Q; Rr=1.55 Q; Ls=Lr=0.261 H; M=0.245 H; f=0.002 Nm s/rd; J=0.03 kg. m2.

Nomenclature

Ve Voo lae I 0, - aXis stator voltage and current components
®,, ® d, g- axis stator flux components

R, R_ Rotor and stator resistance

L, L_Rotor and stator self-inductance

M Mutual inductance

n, Number of pole pairs

p= a Differential operator

w_, w_Synchronous and rotor angular speed

w,, Slip angular speed (w, - w,)

T., T, Electromagnetic and load torque

J Moment of inertia

f Friction constant

T, T, Stator and rotor time constant

K, kvp Integral and Proportional gain of the IP speed controller
k. k; Proportional and Integral gain of the PI current controller
oo Total leakage constant

* A Reference and Estimated value
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