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Abstract: This paper presents a newly designed switching linear feedback structure of sliding mode
control (SLF-SMC) plugged with an model reference adaptive system (MRAS) based sensorless field-
oriented control (SFOC) for induction motor (IM). Indeed, the performance of the MRAS depends
mainly on the operating point and the parametric variation of the IM. Hence, the sliding mode
control (SMC) could be considered a good control alternative due to its easy implementation and
robustness. Simulation and experimentation results are presented to show the superiority of the
proposed SLF-SMC technique in comparison with the classical PI controller under different speed
ranges and inertia conditions.

Keywords: sliding mode control; switching linear feedback; sensorless control; MRAS; induction
motor

1. Introduction

The increasing use of controlled speed sensorless induction motors (IM) in the industry
is due to the advance in digital signal processing (DSP) techniques and high capabilities
of new microprocessor technologies [1]. Indeed, the suppression of the mechanical speed
sensor from the rotor shaft leads to less bulky drive systems with higher reliability and
robustness. In this context, the model reference adaptive system (MRAS) estimator has
shown the best performance and has become a privileged solution for sensorless field-
oriented control (SFOC) of IM due to its simple design (based on the IM electrical model)
and high reliability [2].

The design of the MRAS estimator is based on two sets of equations, where only one
set includes the variable to be estimated. The set of equations that does not include the
estimated variable is called the reference model, while the other one is called the adaptive
model. The error between the estimated quantities obtained by the two models is used
to drive a suitable adaptation mechanism, which generates the estimated variable for the
adjustable (adaptive) model. The use of the differential equations of the IM rotor flux for
both reference and adaptive models was first introduced in [2–4]. This structure is well
discussed in the literature, where the determined transfer function allows for the modelling
of the MRAS dynamics (interesting feature for transient analysis) [5].
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The MRAS estimator is defined through its adaptation mechanism, where the new
mechanical dynamics that is adjusted by the outer control-loop is dedicated to the rotor
speed. Therefore, the substitution of the measured speed by the estimated one in the
control-loop causes some performance variation of the overall closed-loop control system,
and this variation becomes more important when the mechanical system undergoes some
parametric variations such as inertia change. However, many industrial processes using
controlled IM do not allow for any change of their dynamics when replacing the field-
oriented control (FOC) by sensorless field-oriented control (SFOC). In order to overcome
this issue, it is required to adjust the parameters of the adaptation mechanism in order
to maintain the original performance. In addition, the most widely used adaptation
mechanism is the classical proportional-integral controller (PI), where the tuning of two
parameters at the time for different operating condition is complex [2,4,5].

The performance of the MRAS at low speed has been widely discussed in the literature.
Indeed, most of the works have focussed on the idea of replacing the PI controller by
another more advanced controller in order to improve the performance at low speed,
which is influenced by some parametric variations and the nonlinearity of the converter.
Intelligent algorithm such as linear neural network and fuzzy logic controllers have been
developed respectively in [4,6], while model predictive control has been proposed in [7].
All of these techniques show better performance compared to the PI controller for steady-
state at low speed operation modes. However, the transient analysis of the MRAS has
not been addressed in previous research because the dynamics of the MRAS cannot vary
and match the real dynamics of the mechanical part. The ideal solution is to develop a
simple and robust algorithm for the MRAS adaptation mechanism, such as sliding mode
control (SMC), which can adapt and impose a dynamic similar to the real dynamics of the
machine [8].

The SMC has found a wide range of applications in electrical engineering due to its
low computational burden, easy implementation, and non-sensitivity to the parameters
variation [8–10]. The application of the SMC on MRAS based SFOC for IM was presented
in many previous works [4,5,11–14]. In [4,5,12–14], the switching gain and equivalent sig-
nal structures of SMC were developed for two different designs of MRAS: the first one is
based on rotor flux, while the second one is based on stator current. The results obtained
for the switching gain structure are characterized by a high chattering phenomenon [5,14].
Moreover, those obtained with the equivalent command show a robustness that is very de-
pendent on the discontinuous control signal [4,12,13]. To avoid dependency and chattering
problems, MRAS-based second-order sliding mode control was proposed in [11]. However
the Lyapunov stability condition of this structure is hardly achieved through the tuning of
three parameters [15–17]. The switching linear feedback structure is considered as a good
compromise between all structures of SMC. Indeed, the design is based on the model of
system, where the switching element and the generated control signal depend on the error
between desired and measured values. Therefore, the SLF-SMC is characterized by a good
robustness performance at low chattering phenomena.

According to the above-discussed literature review shortcomings and highlights, the
contribution of this paper is the application of the SLF-SMC for MRAS-based SFOC for
IM. The proposed SLF-SMC is applied to the classical rotor flux-based MRAS [5]. The
performance of the SLF-SMC is evaluated and compared with that offered by a conventional
PI controller under different speed range and inertia conditions.

The remaining of this paper is organized as follows. In Section 2, preliminaries about
the MRAS based on differential equation of the IM rotor flux and the design methodology
of the SLF-SMC are presented. The Section 3 presents the comparative simulation results
between SLF-SMC and PI controller. The results of experimental validation are presented
in Section 4. Concluding remarks and possible future research directions are outlined in
Section 5. For future applications and results reproducibility, the proposed MRAS-SMC
algorithm codes are made available as Supplementary Materials.
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2. SLF-SMC for MRAS Estimator

The application of FOC for IM has been widely discussed in the literature [1,18].
Therefore, theoretical background and analysis in this paper focus on the application of the
SLF-SMC for an MRAS estimator.

2.1. Preliminaries on MRAS Estimator

The MRAS estimator applied to the IM is based on two sets of differential equations,
which allow for the calculation of the rotor flux, where only one of them must includes the
variable to be estimated, which is the rotor speed (ωr) in this study. In fact, the system that
does not include the estimated rotor speed is called a reference Model (1), while the other
one is called the adaptive Model (2). The error between the output quantities obtained
from two models is used to develop a suitable adaptation mechanism, which generates the
estimated rotor speed ω̂r, for the adjustable model [2,19–21].

ψrα,β =
Lr

Lm

{
(vsα,β − Rsisα,β)

s
− Lsσisα,β

}
(1)

{
ψrα = 1

s
(
− λψrα −ωrψrβ + λLmisα

)
,

ψrβ = 1
s
(
− λψrβ + ωrψrα + λLmisβ

)
.

(2)

Figure 1 shows the design and mathematical theory of the MRAS estimator applied for
an IM. To explain the mathematical theory of the MRAS estimator, the estimated rotor speed
should be considered first in the adaptive model. Hence, Equation (2) can be rewritten
as follows: {

ψ̂rα = 1
s
(
− λψ̂rα − ω̂rψ̂rβ + λLmisα

)
,

ψ̂rβ = 1
s
(
− λψ̂rβ + ω̂rψ̂rα + λLmisβ

)
.

(3)

Figure 1. Design and mathematical concept of the MRAS estimator.

The performance and dynamics of the MRAS were discussed in [2,5]. It was also
proven that the transfer function given by Equation (4) links the norm of the flux error to
the speed error. It can be expressed as follows:

εψ

∆ω̂r
=

(s + λ)|ψ∗r |
2

(s + λ)2 + ω2
sl

(4)
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where εψ = ψrβψ̂rα − ψ̂rβψrα and ∆ω̂r = ωr − ω̂r.
The static gain of the transfer function presented in Equation (4) is approximately

equal to 1. Taking into account Popov hyperstability criteria, which implies that, if the
norm of the flux error reaches zero (εψ → 0), then the speed error reaches zero (∆ω̂r → 0)
and consequently ω̂r reaches ωr [22].

For unknown signal ωr, the goal of the closed-loop control system is to control the
norm of the flux error εψ to follow its desired zero value ε∗ψ. The controller used in the
closed-loop generates the desired ω̂r, which confirms that ∆ω̂r = 0. Thus, the estimated
rotor speed is calculated by the following:

ω̂r = C(s)εψ (5)

where C(s) is the controller used for controlling the norm of flux error. It is designed based
on the following transfer function that is deduced from Equation (4):

εψ

ω̂r
=

(s + λ)|ψ∗r |
2

(s + λ)2 + ω2
sl

(6)

The research presented in [5,23,24] used the assumption of ωsl = 0 (which is not
an accurate assumption) to tune the PI controller. Indeed, this assumption leads to the
reduction of the order of the transfer function in Equation (6) (becoming a first order
system) so the PI controller parameters are tuned by poles placement.

In this research, an SLF-SMC strategy is proposed for the MRAS estimator, where the
design methodology is detailed in the following subsection.

2.2. Design of the SLF-SMC for the MRAS

The mathematical background of the MRAS presented in the previous section leads
to a transfer function relating the norm of the flux error to the rotor speed error. This
transfer function includes the slip speed ωsl , and therefore, it presents a time-varying
system [19,25]. When neglecting ωsl , this transfer function become a first-order transfer
function as follows:

εψ

ω̂r
=
|ψ∗r |

2

(s + λ)
(7)

This subsection focuses mainly on of the application of the SLF-SMC for the MRAS estima-
tor using the previous Equation (7). It is worth noting that the SLF-SMC can be applied
only for second- and higher-order systems. Therefore, the application of this structure to
first-order systems requires the addition of integral action in series with the system, as
shown in Figure 2.

Figure 2. Block diagram of the proposed MRAS-based Switching Linear Feedback technique.

The augmented system is described by the following second-order transfer function:

εψ

u∗
=

|ψ∗r |
2

(s2 + λs)
(8)
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with an input control, u∗, which is the sum of two terms u∗1 and u∗2 . The value of u∗1 is
related to the feedback loop, and u∗2 is a discontinuous signal is added to remove the
steady-state error:

u∗1 =

{
−k εψ f or F−

k εψ f or F+ (9)

where the negative and positive feedbacks are F− and F+. respectively. The constant k
must be chosen in such a way as (1) to avoid the permanent saturation of the control signal
during the totality of the transient mode and (2) to obtain real and complex poles implying
trajectories in phase plane that converge towards the switching surface.

The negative and positive feedbacks lead, respectively, to the following closed-loop
transfer functions: 

εψ(s)
ε∗ψ(s)

= k|ψ∗r |2

s2+λs+k|ψ∗r |2
f or F−

εψ(s)
ε∗ψ(s)

= −k|ψ∗r |2

s2+λs−k|ψ∗r |2
. f or F+

(10)

In case of negative feedback, the phase plane trajectory has a spiral form where the
equilibrium point shows a stable focus. The closed-loop poles (s1n, s2n) are complex with
negative real parts as given below:

s1n/s2n =
−λ± j

√
−λ2 + 4k|ψ∗r |

2

2
. (11)

When a positive feedback is applied, the phase plane trajectory consists of a set of
hyperbolas with two asymptotes D1 and D2 (the equilibrium point presents a saddle),
where the slopes are computed by the poles given in Equation (12).

s1p/s2p =
−λ±

√
λ2 + 4k|ψ∗r |

2

2
. (12)

For a second-order system, a first-order switching surface must be considered as a
desired trajectory in the phase plane:

S(εψ, ε̇ψ) = C εψ + ε̇ψ = 0 (13)

where ε̇ψ = [ψ̇rβψ̂rα + ψrβ
˙̂ψrα]− [ ˙̂ψrβψrα + ψ̂rβψ̇rα] is calculated using the reference and

adaptive models. The design of the SLF-SMC is based on the attractiveness of the switching
surface that can be achieved by using the theory of Lyapunov stability for the selected
switching surface [26–28]. Consider the following Lyapunov function:

V(εψ, ε̇ψ) = S2 = (C εψ + ε̇ψ)
2 (14)

It is obvious that it presents a definite positive function. Its derivative is as follows:

V̇ = 2ṠS (15)

The stability of Lyapunov imposes that V̇ must be negative (V̇ < 0), which means that
the following condition has to be satisfied:

ṠS < 0 (16)

Based on the closed-loop transfer functions presented in Equation (10), if it is assumed
that the trajectory in the phase plane is near the switching surface and the closed-loop
control system is initially considered with a negative feedback, the stability condition of
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Lyapunov function given in Equation (16) can be written for the negative and positive
feedbacks as follows: {

S(εψ, ε̇ψ) εψ > 0 then F−

S(εψ, ε̇ψ) εψ < 0 then F+ (17)

Considering the result of Lyapunov stability condition mentioned in Equation (16), in
the case of parametric disturbance and for a trajectory very close to the switching surface,
implies the addition of the discontinuous control signal u∗2 :

u∗2 = −m sign[S(εψ, ε̇ψ)] (18)

where |m| is higher than all magnitudes of the considered parametric disturbances. From
all algorithm design steps, the following control signal u∗ is deducted:

u∗ = −kεψ sign[S(εψ, ε̇ψ)εψ]−m sign[S(εψ, ε̇ψ)] (19)

and ω̂r is deduced as follows:

ω̂r =
−kεψ sign[S(εψ, ε̇ψ)εψ]−m sign[S(εψ, ε̇ψ)]

s
(20)

The trajectory in the phase plan is always attracted by the switching line if the slope
of the switching surface is selected to be lower than the slopes of | s1p |

C <|
−λ +

√
λ2 + 4k|ψ∗r |

2

2
| . (21)

In fact, by choosing the slope of the sliding surface smaller than that of the asymptote
D1 (slope s1p ), this implies that the directions of both spiral and hyperbolas are oriented
towards the chosen switching line.

3. Simulation Results

The simulation results were performed in order to compare the performance of the
MRAS-based SLF-SMC and PI controller (named MRAS-SMC and MRAS-PI, respectively)
under different operation conditions. The simulated system is composed by an IM, a FOC,
and an MRAS estimator. All of the parameters of the IM are presented in Table 1. The
parameters of SLF-SMC and PI controller are computed to obtain an estimated speed with
the same dynamics as the one measured under normal inertia conditions of the IM. Indeed,
this step is mandatory to ensure an objective performance comparison in case of SFOC using
estimated speeds given by the MRAS-SMC and the MRAS-PI. Based on the application of
the compensation pole placement method on the transfer function defined in Equation (20)),
the parameters of the PI controller have been calculated (Kp = 102, Ki = 4× 103). On the
other side, by the application of the design concept of SLF-SMC developed in this paper
in Section 2 using the transfer defined in Equation (20), the parameter of this controller
such as the proportional feedback parameter k, the slope of the switching surface C, and
the magnitude of the discontinuous term of the control m were calculated (k = 105 C = 50
m = 102). For the chosen k, the phase plan when using negative and positive feedbacks is
shown in Figure 3.

Two simulation-based case studies were performed. The first simulation study focuses
on the realization of a comparative tracking analysis of MRAS-SMC and MRAS-PI when
the measured speed is used in the control-loop with the application of the FOC. While in
the second case, the estimated speed is used with the application of the SFOC.
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Table 1. Specification of the test bench.

Induction Motor Nominal Parameters

Description Parameter Value

Power PN 1.5 kW
Voltage UN 3 × 400 V 50 Hz
Current IN 3.5 A
Speed nN 1410 rpm

Efficiency ηN 0.79
Power coefficient cosϕn 0.78

Torque TN 10.16 Nm
Stator resistance Rs 4.74 Ω
Rotor resistance Rr 4.75 Ω

Mutual inductance Lm 303 mH
Stator inductance Ls 320 mH
Rotor inductance Lr 320 mH

Inertia Jn 0.0038 kg m2

Modified inertia Jn 0.007 kg m2

Inverter nominal parameters

Power PN 6.1 kW
Voltage UN 3 × 420 V 50 Hz
Current IN 7.5 A

Switching frequency fsw 30 kHz
DC Voltage Vdc 600 V

-1000 -800 -600 -400 -200 0 200 400 600 800 1000

-1

0

1
10

4

-1000 -800 -600 -400 -200 0 200 400 600 800 1000

-1

0

1
10

4

Figure 3. Phase plan for negative and positive feedback: (a) spiral and (b) hyperbolas.

3.1. Case # 1

The main objective is to compare the dynamics performance of the IM speed with the
application of the FOC using the measured speed in the control-loop with the obtained
estimated speeds with MRAS-SMC and MRAS-PI, respectively, where this comparison has
been performed for nominal inertia condition of the IM (Jn = 0.0038 kgm2) and for different
range of speed references. However, when connecting the IM shaft to a second machine,
the total mechanical part have a new inertia equal to Jn = 0.007 kgm2. Therefore, the second
test was performed under the new inertia condition.

The dynamics performance of the MRAS-PI and MRAS-SMC are evaluated quan-
titatively using the well known integral of the square of the error (ISE) performance
index as follows:

ISEPI/SMC =
∫ t f

ti

(Ω− Ω̂PI/SMC)
2dt. (22)

where Ω is the measured speed and Ω̂PI/SMC are the estimated speeds by MRAS-PI or
MRAS-SMC, respectively. The simulation time interval was selected to be equal to two
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seconds and it was fixed for all performed simulations. Therefore, the performance indices
for both controllers were calculated during this predefined interval. These indices are
presented for several reference speeds for both tests under nominal and modified inertia,
as shown in Figure 4.

200 400 600 800 1000 1200 1400

0

2

4

6

200 400 600 800 1000 1200 1400

0

50

100

150

Figure 4. Performance indices for different speeds: (a) nominal inertia condition and (b) modified
inertia condition.

Figure 4 shows that MRAS-SMC has better tracking performance compared to MRAS-
PI. In fact, ISESMC has lowest value compared to ISEPI for all speed ranges and for
different inertia conditions.

3.2. Case # 2

The goal is to prove that the estimated speed obtained from both MRAS-PI and MRAS-
SMC estimators can be used in the control-loop of the FOC to drive the IM. Therefore, the
new FOC technique is called sensorless FOC (SFOC). The block diagram of the overall
control system is shown in Figure 5.

The previous tests were repeated, where the inertia values are kept the same in
both tests, and no changes have been introduced to the controller parameters of the FOC.
The obtained results under nominal inertia are shown in Figures 6 and 7, and those
under modified inertia are shown in Figures 8 and 9. All of the obtained results for
the low speed range present a little performance degradation of the MRAS-PI controller
compared to the MRAS-SMC, as shown clearly in Figures 6b and 8b. However, for the
high speed range, an important performance degradation of MRAS-PI compared to the
MRAS-SMC can be observed clearly by Figures 7b and 9b. On the contrary, the obtained
results under the application of the MRAS-SMC in SFOC-IM for all range of speed and for
both tests of nominal inertia and modified inertia prove the improved performance in terms
of tracking the reference speed of the IM, as shown in Figures 6–9. Figures 10 and 11 show
the dynamic performance of the stator currents under low speed and normal and varying
inertia conditions when using, respectively, the MRAS-PI and MRAS-SMC techniques. One
can notice from Figures 10b and 11b that the stator currents present low chattering using
the SMC-SLF.
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Figure 5. SFOC using MRAS-based SMC-SLF.

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

0

20

40

60

0.38 0.4 0.42 0.44 0.46 0.48 0.5 0.52 0.54 0.56

46

48

50

52

Figure 6. Control of the estimated speeds at low ranges with the nominal inertia condition. (a) Desired
and estimated speeds. (b) Zoom.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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500

1000

1500

0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

1200

1300

1400

1500

Figure 7. Control of the estimated speeds at high ranges with the nominal inertia condition. (a) De-
sired and estimated speeds. (b) Zoom.
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55

Figure 8. Control of the estimated speeds at low ranges when varying inertia. (a) Desired and
estimated speeds. (b) Zoom.
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Figure 9. Control of the estimated speeds at high ranges when varying inertia. (a) Desired and
estimated speeds. (b) Zoom.
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Figure 10. Stator currents at low ranges of speed with the nominal inertia condition. (a) PI
(b) SMC-SLF.
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0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
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0

5

Figure 11. Stator currents at low ranges of speed when varying inertia. (a) PI (b) SMC-SLF.

4. Experimental Validation

Simulation studies have been validated on a MyRio platform based on a closed-loop
control system of a three-phase induction machine laboratory setup. The data recording,
instrumentation, and parameters tuning have been performed using LabVIEW systems engi-
neering software. The parameters used in the implementation tests are presented in Table 1.

The control algorithm is realized by developing two programs: the first one targeting
the configuration of the MyRio-FPGA for measurement-filtering of currents, measurement-
filtering the mechanical speed and generation of PWM signals, while the second program
is realized for real-time (RT) processor in order to create the FOC based on measurement
speed- and SFOC-based estimated speed. When running the control system, a bidirectional
flow of data is present between the RT program and the FPGA program. Figure 12 shows
the illustration and real photograph of the test bench.

FOC and MRAS have been programmed in timed-loop that is executed every
Ts = 150 µs to ensure the essential control procedures, which are strictly time depen-
dent. The timed-loop includes flat sequence structure, which is divided into three required
parts as follows:

1. Measurement of signals, computations, and transformations;
2. FOC structure with PI controllers and MRAS estimator; and
3. Application of the calculated control signals.

All of the integrations or derivations required in FOC algorithm and MRAS estimator
have been performed using shift register. In order to ensure a fair performance comparison
between the two control algorithms under different operating conditions, it is important
to ensure initially the same performances under the normal inertia operating condition.
To achieve this goal according to the calculation performed in the last section, the sliding
mode and PI controller parameters were set to be equal the values calculated in simulation.

The implementation section is divided into two parts: the first part is focused on
the use of the FOC, while the second part deals with the use of the SFOC based on the
MRAS-PI and the MRAS-SMC.
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(a)

(b)

Figure 12. (a) Illustration of the test bench, (b) real photograph of a test bench.

4.1. Closed-Loop Using Measured Speed

In order to obtain similar performances to those obtained when using the measured
speed in the control-loop; the MRAS-PI and MRAS-SMC have been simulated simultane-
ously with the FOC using the measured speed. The obtained results under normal inertia
operating condition are shown in Figures 13 and 14, while those obtained during modified
inertia are shown in Figures 15 and 16.
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Figure 13. Implementation using measured speed at low speeds when using the nominal inertia
condition. (a) Desired, measured, and estimated. (b) Norm of flux error.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Energies 2021, 14, 3083 13 of 18

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

0

500

1000

1500

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

-0.1

0

0.1

0.2

0.3

Figure 14. Implementation using measured speed at high speeds when using the nominal inertia
condition. (a) Desired, measured, and estimated. (b) Norm of flux error.
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Figure 15. Implementation using measured speeds at low speed when using modified inertia
condition. (a) Desired, measured, and estimated. (b) Zoom. (c) Norm of flux error.

It is obvious form the results shown in Figures 13 and 14 that the use of the MRAS-PI
and the MRAS-SMC gives similar performances under normal inertia operating condition.
However, when the inertia has been changed during the operation mode, the obtained
performance with the use of the MRAS-PI was slightly degraded in tracking the reference
with the presence of overshoots of 6% and 2% for low and high speed ranges, respectively.
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Figure 16. Implementation using measured speed at high speeds when using the modified inertia
condition. (a) Desired, measured, and estimated. (b) Zoom. (c) Norm of flux error.

4.2. Closed-Loop Using Estimated Speeds

In this part, the SFOC is applied using the MRAS-PI and the MRAS-SMC under
varying inertia and for different speed ranges. The obtained results are shown in the same
figure. Figures 17 and 18 show the obtained results for the application of the SFOC using
MRAS-PI and MRAS-SMC at normal inertia conditions for low and high ranges of speed,
while Figures 19 and 20 show the obtained results under varying inertia operation mode.
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Figure 17. Implementation using estimated speed at low speeds when using the nominal inertia
condition. (a) Desired and estimated speeds. (b) Zoom.
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Figure 18. Implementation using estimated speed at high speeds when using the nominal inertia
condition. (a) Desired and estimated speeds. (b) Zoom.
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Figure 19. Implementation using estimated speed at low speeds when using the modified inertia
condition. (a) Desired and estimated speeds. (b) Zoom.

Figure 18a and its zoom Figure 18b, show an overall performance degradation of the
SFOC using MRAS-PI in ranges of high speed. It is obvious that the performance degrada-
tion becomes more important when the inertia changes, as shown clearly in Figure 20a,b.
On the other hand, in the ranges of low speed, the obtained results of the SFOC using
MRAS-PI present good performance in both cases, under nominal and modified inertia as
shown clearly in Figures 17 and 19. In contrast, Figures 17–20 show the good performance
of the SFOC when using MRAS-SMC for all tests and under different operating conditions
where these obtained performances are similar to those obtained for the FOC using the
measured speed.D
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Figure 20. Implementation using estimated speed at high speeds when using the modified inertia
condition. (a) Desired and estimated speeds. (b) Zoom.

5. Conclusions

The selection of a large range of reference speeds and the inertia variation affect the
transient performance of the sensorless field-oriented control (SFOC) for induction motors
(IM). In order to overcome this issue, this paper presented a new design of switching
linear feedback sliding mode controller (SLF-SMC) for a model reference adaptive system
(MRAS). The simulation and implementation studies, performed under different speed
ranges and operation conditions such as a variation of the inertia, showed that the dynamic
performance of the sensorless Field oriented control (SFOC) using MRAS-SMC is higher
than that obtained when using MRAS-PI. Indeed, the performance of the SFOC using the
MRAS-PI presented a clear deterioration at high speeds under normal and modified inertia
conditions, unlike the SFOC using MRAS-SMC, which maintained a good performance
similar to that obtained with FOC for all speed ranges. The design of the time-varying
sliding mode control for MRAS could be a good extension for this research.

Supplementary Materials: The project source codes are available at https://github.com/Mohamed
AmineFnaiech/MRAS_SMC_SLF.
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Abbreviations
The following abbreviations are used in this manuscript:

IM Induction machine
FOC Field-oriented control
SFOC Sensorless field-oreinted control
MRAS Model reference adaptive system
SMC Sliding-mode control
PI Proportional-integral controller
SLF Switching linear feedback
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Nomenclature

Rr Rotor resistance
Lr Rotor inductance
Ls Stator inductance
Lm Main inductance
λ = Rr

Lr
Inverse of rotor time constant

σ = 1− L2
m

Ls Lr
Total leakage factor

vsu, vsv, vsw u-v-w Stator voltage components
vsα, vsβ α-β Stator voltage components
isu, isv, isw u-v-w Stator current components
isα, isβ α-β Stator current components
isd, isq d-q Stator current components
ψsα, ψsβ α-β Stator flux components
ψrα, ψrβ α-β Rotor flux components
ωr Rotor electrical angular speed
S Switching surface
s Laplace variable
ωsl Slip angular speed
P Number of pole pairs
Ω Rotor mechanical shaft speed
.∗ Desired value
.̂ Estimated value
PARK PARK transformation
PARK−1 Inverse of PARK transformation
θs Angle of PARK transformation
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