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Abstract

This paper deals with performance improvement of direct flux
and torque control of induction motor. The proposed algorithm
consists of the combination of tow nonlinear control approaches. A
decoupled control design is done by the exact feedback
linearization control. Since, wastes the control stability and
robustness while the presence of disturbance and modeling
inaccuracy, it is recommended to be associated with a robust
control approach like second-order sliding mode control
(SOSMC). Therefore, the super twisting algorithm is integrated as
auxiliary inputs to the feedback linearization control law to achieve
robust feedback linearization control. On the other hand, the high-
performance control design requires accurate knowledge of
different control variables such as stator flux and rotor speed.
instead of using costly and fragile sensors that may increase the
volume and decrease the reliability of the control system, a
proposed sliding super twisting observer and model reference
adaptive system serves as sensorless algorithms for rotor speed and
flux estimation in wide speed region. This conjunction is intended
to enhance the overall control performances and speed/flux
estimation, especially at low-speed operations. An experimental
study has been done using MATLAB/Simulink with dSpace 1104
real-time interface for investigating the performance of the
proposed algorithms.

Keyword: Induction Motor, Feedback linearization, Super
twisting algorithm, Sliding mode observer, dSpace 1104

[. INTRODUCTION

Nowadays, the new variable frequency drives like direct
torque control (DTC) and Field oriented control become viable
and offer a simple structure, effective decoupled control and fast
daynamics [1]. However, the conventional techniques like FOC
[2] and DTC-SVM [3] use linear propoertional-integral (PI)
which cannot be sufficient to deal with a high degree of
uncertainty like the nonlinear coupling of the machine, external
disturbances or parameters variation [4]. Moreover, they base
on a non-stationary frame which increases the complexity of
control’s algorithm by requesting coordinates transformation.

To solve these problems and ensure a perfect decoupling,
various control methods are presented for this context, we
mention the artificial intelligence techniques and nonlinear
control approaches [5]. The most popular nonlinear control
method are backstepping, feedback linearization control and
sliding mode control (SMC) [6]. The feedback linearization is a
nonlinear control technique that can achieve a good
performance decoupled control system. It bases on the

conversion of a nonlinear system into a linear one to make it
more appropriate for control design [7]. However, the
application of feedback linearization is limited only to systems
which have a well-defined model. In addition, its stability and
robustness cannot be guaranteed while the presence of
uncertainties [8]. The combination of the feedback linearization
with the sliding mode control (SMC) has been presented in [9],
where the sliding mode control is apploed on the resulting
linearized system which is obtained by feedback linearization.
This combination can handle the sensitivity of the system due to
parameters variation. However, the disagreeable chattering
phenomenon of the conventional SMC causes an infinite
commutation which excites high harmonics [10]. The second
order sliding mode control has been presented as an alternative
to mitigate the effect of chattering. The continuous super
twisting algorithm control law is able to reduce the effect of
chattering and keep the same desired features of the
conventional sliding mode control [4]. The main advantage of
the super twisting algorithm (STA) is that it does not require the
time derivatives of the sliding variable. This technique can
provide a continuous control law by using only the information
on the sliding surface [11].

The application of advanced closed control needs an
accurate speed and flux measurement or estimation. The use of
sensors for measurement is accompanied by several problems,
such as cost, fragility and installation. As an alternative, the
sensorless control can reduce overall cost and size of the electric
drive system and improve its reliability by, the elimination of
sensors. The sliding mode control approach proves its worth in
this filed, whereas it is applicable for both, observers and
controllers design. The sliding mode observers (SMOs) are
known by their robustness and simplicity [11], [12]. In this
work, a second-order super twisting observer is proposed for
speed and flux reconstruction. The super twisting observer can
compensate the chattering effect and improve speed estimation
in low-speed region.

The main propose of this work is to enhanced induction
motor control using two nonlinear approaches. A feedback
linearization and super twisting incorporation to confront
different challenges during motor operation. Moreover, a super
twisting observer for speed and flux estimation in a wide speed
region serves as a sensorless algorithm. The effectivenessof the
proposed dual nonlinear control has been checked through
experimental implementation using MATLAB/Simulink
software with the aid of dSpace 1104 real-time interface



II. INDUCTION MACHINE MATHEMATICAL MODEL

The dynamic equations of the induction motor are given in
(1) in the stationary reference frame:
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with:

iso and igp are stator current components respectively, s, and yp
are stator flux components respectively, R, and R, are stator and
rotor resistances respectively, Ly and L, are stator and rotor
inductances respectively, o, is the rotor velocity, 77 is the load
torque, J is the inertia moment, f; is the friction coefficient.
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M, 1s the mutual stator-rotor inductance.

The electromagnetic torque is expressed by:

Te =p(WSaisﬂ_WsﬂiS0() (2)
p is the number of pole pairs

III. DESIGN OF SUPER TWISTING-FEEDBACK LINEARIZATION
CONTROL

In order to maintain a fast-decoupled torque control of the IM
drive, the chosen control outputs are the electromagnetic torque
and the square of stator flux magnitude [6], [13]. The control
objectives are defined as:
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ey, ez torque and flux tracking errors.

The relation between the input and the output can be driven
using the presented model in (1) as:
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The determinant of the matrix C(x) is expressed as follows:
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Where:
Wra Wip are rotor flux components.
As long as the matrix C(x) is a non-singular, the system can
be called linearizable.
The feedback linearized system will be expressed as:
*
Vsa | _ 1, | 1+
. |=C(x) 0
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V; and V;are presumed auxiliary inputs to ensure more tracking
accuracy and desired behavior for the stator flux magnitude and
the torque.

Vi=-kie
Vo =—kye,

Vi =

®)

ki and k; are constant gains, they are supposed appropriately
positive to have an exponential convergence of the tracking
errors [14].

B. super twisting algorithm

The main advantage of super twisting algorithm (STA) over
other high order sliding mode control techniques is that it does
not require the time derivatives of sliding variable. This
technique can provide a continuous control law by using only
the information on the sliding surface [4]. The control law of
super twisting usr(?) is formed as follows:

ugy =uy(t)+uy(t) )
where:

up = —/1|S|p sign(S) +u;
Uy =—Iﬂsign )

S is the sliding surface.
/ and S are positive gains.
p is a fractional coefficient between 0 and 0.5 [15].

(10)

C. Super twisting feedback linearization control (STFL)

The proposed design joins the feedback linearization control
law with two separated super twisting controllers. The
combination of dual nonlinear control strategies can handle the
uncertainties and  deviation of system parameters.
Consequently, it improves its performance and offers a good
operation during transient and steady states.

The proposed super twisting controllers receive flux and
torque sliding surfaces and produced the auxiliary inputs for the
feedback linearization controller.



The sliding surfaces of the flux and torque Sy and S, are

given as:
Sy =T, -T,
I (11)
Sl/lx =|Ws _|‘//s|

The super twisting torque and flux controllers can be given
as follows:

Vi =—Psign(Sr.)
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The sufficient conditions for a finite-time convergence of STA
according to [16], [17], are:
p>C

- 4C(B+C)

(B-C)
where C is the Lipschitz’s constant.

These conditions are necessary for finite-time convergence
of STA. However, they may be not enough. Therefore, a strict
Lyapunov function for super twisting algorithm’s stability is
presented by Moreno and Osorio in [18].

The final control law of super twisting feedback
linearization (STFL) system (i.e. reference voltages) is
expressed as:

(13)

2 (14)
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Vsri and Vsr are the new super twisting auxiliary inputs

(15)

The final reference voltages (Vi Vi) will be sent to space
vector modulation unit in order to generate the inverter
switching state under constant switching frequency

IV. SUPER TWISTING OBSERVER DESIGN

The sliding mode observers provide high effectiveness due to
a number of advantages such as high robustness, simple
implementation and reduced computation requirements. The
observer is based on the state model of induction motor
presented IM in (1).

A. Proposed second order sliding mode observer design

By applying the STA to the IM model, a current observer
can be constructed as:
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In this proposed second order sliding mode observer, the
chosen switching surfaces S;is stator current estimation error.

Sisa =lsa ~lsa
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Then, the flux observer can be defined as:
l/'/sa =Vs0( —R; lso +u2(sisa) (18)

l/]sb =Vsﬂ _Rsisﬁ +u2(sisﬁ)
where u, and u. are additional design parameters which are
defined as:

u =—/1|S|p sign(S;)

uy == Bsign(s;)

The conditions of super twisting-observer converge in finite
time can be done in similar way as shown in (14) [12].

The diagram shown in Fig.l presents the design of
proposed second order sliding mode current and flux observer.
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Fig.1 Super twisting based current and flux observer.
B. Speed estimation

The estimated speed quantity in the proposed observer is
obtained by MRAS approach. The MRAS structure consists of
two parts, the reference model and the adaptive model, in
addition to the adaptation mechanism [19]. In this work, the
proposed super twisting observer will serve as a reference
model. Then, the estimated flux quantities will be compared to
those estimated by MRAS’s adaptive model.

The adjustable model is expressed as follows:
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The error between the estimated quantities using ST-Observer
reference and the adaptive mode can be given by:
Ea zl/fsa_‘/Zsa 1)
Ep=Vsp —Vsp
The error used to drive a suitable adaptation mechanism to
generates the estimated speed quantity [20]. The estimated
speed is given as:
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where ¢ is the estimation error expressed as:
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Fig.2 shows the full MRAS-Super twisting observer design.
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Fig.2 Association of Stator Flux model-MRAS speed observer with SMO

To implement the global sensorless control algorithm, the
flux observer must is initialized firstly with initial conditions
different from zero in order to avoid the singularity. Therefore,
an offset of 0.005Wb is added to the estimated flux.

The global diagram of super twisting-feedback
linearization sensorless control based on MRAS-super twisting
observer is shown in Fig.3.
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Fig.3 Block diagram of STFL-direct torque control with space vector
modulation.

V. EXPERIMENTAL RESULTS

A. Experimental setup presentation

The implementation of super twisting feedback linearization
with super twisting observer has been done using
MATLAB/Simulink software with dSpace 1104 real-time
interface.

Fig.4 Test bench description.
The shown experimental test bench in Fig.4 consists of: 1:
A 1.1 kW squirrel-cage induction machine, 2: two-level power
electronics voltage converter, 3: an incremental encoder, 4:

dSpace 1104 real-time interface, 5: personnel computer with
MATLAB/Simulink/ControlDesk  software, 6: magnetic
powder brake, 7: Hall effect current sensors, 8: voltage sensors.
9: digital oscilloscope. The diagram shown in Fig.5 describe the
software hardware linking.

e,
Matlab- Simulink |

Fig. 5 descriptive diagram
B. STFL Control performance analysis: Steady state, load
application and speed reversal
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Fig.6 Steady state and load application: Rotor speed, load torque, current.
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Fig.7 Steady state: stator flux magnitude.
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Fig.8 Speed sense reversal: Stator flux components, flux position
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Fig.9 Speed sense reversal: Rotor speed, electromagnetic torque

Fig.6 shows the steady state followed by load application
of 5N.m, the figure presents from top to bottom: rotor speed,
electromagnetic torque and stator current. The rotor speed tracks
its reference (1000 rpm) perfectly, while the drop due to load
has been recovered quickly. The torque and stator current also
show a smooth waveform and reduced ripples due to the use of
SVM that preserve a fixed switching frequency and reduce
ripples and harmonics. Next, Fig.7 presents the stator flux
magnitude following its reference 1 Wb. Besides, the good flux
tracking, it shows a reduced ripples level also. Then, in Fig.8,
the stator flux components are illustrated, it can be seen that the
flux evolution has a pure sinusoids waveform due to proposed
direct flux control. The flux position below has been added to
indicated the sense changing direction. Finally, a speed reversal
test is shown in Fig.9. The figure presents the rotor speed and
torque during the reversing phase, this test has been conducted
in order to test the control dynamic and response. It can be
concluded that the proposed STFL control algorithm has a good
dynamic and tracking

C. MRAS-Super Twisting observer performance analysis:
Transient state, low speed operation, variable speed.

This section presents the performance analysis of the
proposed super twisting second-order sliding mode observer
with MRAS. Various speed tests have been performed in order
to check the observer abilities in wide speed range.
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Fig.10 Starting up: Measured and estimated speed, estimation error.
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Fig.12 Low speed operation: Measured and estimated speed (50-25 rpm),
estimation error
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Fig.13 Variable speed operation: Measured and estimated speed, estimation
erTor.

Fig.10 presents the starting up state of the motor, two speed
quantities (i.e. measured using encoder and estimated using ST-
Observer) have been compared and the estimated error has been
computed. It can be seen that the two speed quantities show full
superposition while the estimation error converge quickly to
zero. In Figs.11-12, low speed operation has been performed, a
speed reference variation from 200-400 rpm and 50-25 rpm are
presented respectively in Fig.11 and Fig.12. A small overshoot
has arisen at the beginning in Fig.11 but it has been recovered
quickly. Then, in steady state the estimated and measured speed
quantities show a full superposition, while the estimation error
converges instantly to zero. Moreover, this can be seen also in
very load speed region in Fig.12 (50-25 rpm), where the
estimation accuracy has been kept, the speed shows no



fluctuations and the control stability is preserved. Finally, in
Fig.13, a variable speed test has been performed. This test can
comprise all the previous tests, it shows the rotor speed
estimation and estimation errors in zero to medium speed (500
rpm) then to high-speed value (1200 rpm). It can be noticed that
the proposed super twisting observer associated to MRAS. it
provides good estimation and perfect speed superposition
during the instant speed variations, also a reduced estimation
error in dynamic state operation and very quick convergence in
steady state.
VI. CONCLUSION

This work proposed a novel performance enhancement on
induction motor flux and torque control using dual nonlinear
control approaches. The combined control strategy has been
applied in order to solve different drawbacks of the classical
control scheme. The decoupled control has been realized using
feedback linearization approach to generate the reference
voltages. Then, the super twisting algorithm has been integrated
as a supporter auxiliary control to achieve the so-called robust
feedback linearization control.

The investigation of the proposed algorithm has been done
under different operation conditions through experimental
implementation using dSpace 1104. Moreover, the proposed
super twisting observer has been tested also, it shows good
estimation accuracy in different speed regions that reflect on the
overall system reliability cost. Generally, the application of the
continuous super twisting for control and estimation provide
reduced chattering, fast dynamic, high robustness and good
estimation in wide speed region. Besides, it has kept the
simplicity of control design as much as possible.

APPENDIX

The parameters of the used three-phase Induction motor, in
SI units are:

1.1kW, 50 Hz, p=2, R=6.75Q, R=6.21Q, L,=L,=0.5192 H,
My,=0.4957 H, £,=0.002 N-m's, J=0.01240 kg-m?.

The sampling frequency :10 kHz.
inverter's switching frequency: 5 kHz.
DC link voltage: Vdc= 537 V.
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