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Abstract This paper proposes a design of control and
estimation strategy for induction motor based on the
variable structure approach. It describes a coupling of
sliding mode direct torque control (DTC) with sliding
mode flux and speed observer. This algorithm uses direct
torque control basics and the sliding mode approach. A
robust electromagnetic torque and flux controllers are
designed to overcome the conventional SVM-DTC draw-
backs and to ensure fast response and full reference
tracking with desired dynamic behavior and low ripple
level. The sliding mode controller is used to generate
reference voltages in stationary frame and give them to the
controlled motor after modulation by a space vector
modulation (SVM) inverter. The second aim of this paper
is to design a sliding mode speed/flux observer which can
improve the control performances by using a sensorless
algorithm to get an accurate estimation, and consequently,
increase the reliability of the system and decrease the cost
of using sensors. The effectiveness of the whole composed
control algorithm is investigated in different robustness
tests with simulation using Matlab/Simulink and verified
by real time experimental implementation based on
dS pace 1104 board.

Keywords induction motor, direct torque control (DTC),
space vector modulation (SVM), sliding mode control
(SMO), sliding mode observer (SMO), dS1104

1 Introduction

Direct torque control (DTC) was presented is 80 s and it
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attracted the attention of researchers due to its many
advantages, especially the simple structure and fast
dynamic response [1-3]. The DTC scheme achieves
decoupled control of the stator flux and the electromag-
netic torque in stator reference frame by using a switching
look-up table. DTC does not need axes transformation or
current regulators contrary to field oriented control and it is
less dependent on the machine parameters [4]. However,
the basic DTC strategy uses hysteresis controllers for
torque and flux error to select the appropriate switching
vectors by using a switching look-up table. This presents
an observed flux and torque ripples which produce
acoustical noises and make control difficult at very low
speed, in addition to variable switching frequency and high
total harmonic distortion (THD) phase current [3—5].

Recently, several methods have been proposed to
minimize these drawbacks. The well-used solution for
ripples reduction is the use of space vector modulation. It
can provide a constant switching frequency. The DTC
method based on SVM, called SVM-DTC, can take
various structures such as stator flux oriented control
(SFOC) with SVM. This technique replaces hysteresis
controllers by two (PI) controllers to generate the direct
and the quadrature voltage components in d-q frame [6,7].
Another method, known as the closed loop torque control,
is based on the changes of the torque of the motor. It
achieves an appropriate voltage vector by use of a PI
controller and a flux calculator [8].

It seems that all the aforementioned modified methods
move a bit away from the principles of DTC. For example,
they are based on PI controllers and non-stationary frame
with coordination transformation in the SFOC method. In
this case, the model of the system must be known. Besides,
due to the using of PI controllers, the dynamic performance
and stability of the system will be influenced by parameter
variations, and therefore, the robustness will be wasted.
Moreover, since the machine parameters are obtained by
classical identification experiments, the measurement
errors cannot be avoided. Furthermore, the value of
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parameters cannot be fixed because the physical properties
are influenced by the environment condition. For example,
the resistance varies with temperature or the inductance
with saturation.

To overcome this problem, especially to enhance
stability and robustness, different nonlinear and intelligent
control methods such as fuzzy logic and neural networks
[3], backstepping, feedback linearization and sliding mode
control (SMC) [9-11] have been presented and applied to
induction motor drives.

The SMC is a robust control method widely known in
the automatic and control field. It forces the system
trajectory to slide along the switching surface by
determined control law [11-15]. The most powerful
advantages of the SMC are robustness to parameter
variations, rapid dynamic response, and simple software
and hardware implementation [13,16]. Several works
integrate SMC with DTC principles to achieve high
performance control of induction motor [11,17].

In this paper, a sliding mode DTC SM-DTC with space
vector modulation for IM drive is proposed to overcome
most of the disadvantages of the conventional and SVM-
DTC and obtain high control performance from both
approaches, like low ripple level and fast dynamic with
simplicity and robustness. Moreover, the previously
mentioned control algorithm is developed in stationary
frame.

Another aim of this paper is to apply sensorless
application to disuse the mechanical sensors and reduce
the cost of realization and installation of the system [18—
20]. In this context, the observers remain an important area
of research in this field. Many considerable researches
have been suggested for electrical drives to estimate flux
and rotor speed, such as model reference adaptive system,
Kalman filtering or intelligence algorithms [4].

The SMC also proves its worth in this filed, and proves
that it is applicable for both algorithm design, observers
and controllers. The sliding mode observers (SMOs) are
acknowledged by their robustness versus parameter
variations. All these have been widely discussed
[12,19,20]. In Section 6 in this paper, an inherently SMO
is used to estimate flux and rotor speed. It is not a speed
adaptive observer, therefore, it does not take the rotor
speed as adaptive quantity contrary to known speed
adaptive observers. This increases the accuracy and avoids
the noise which affects the speed in estimation [14].

In this paper, an improved sliding mode DTC with SVM
is presented. This control algorithm is accompanied with
SMO for flux, speed and torque reconstruction. The results
is examined and verified by simulation and real time
experimentation based on dSpace 1104. The sampling
frequency of the used dSpace 1104 can reach up to 20 kHz.
As much as it minimizes, it reduces the output signals
harmonics.

2 Induction motor model

The dynamic model equations of the induction motor will
be defined in the stationary frame reference above. The
state variables are represented by stator currents and flux as

diS(X RS + Rl’ . . + RS
— = - —/ +— )iy~ iy +——
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where iy, and iy are stator current components, y, and
s are stator flux components, R, and R, are stator and
rotor resistances, and L, and L, are stator and rotor
inductances.

N

oc=1- is Blondel’s coefficient and M is the

ST
mutual stator-rotor inductance.

The electromagnetic torque is expressed by
T, :p(t//saisﬂfl//sﬂisa): 2

where p is the number of poles pairs.

3 Sliding mode direct torque control design

To select voltage vectors, the classical DTC control
scheme uses the hysteresis controllers which raise the
torque and flux ripples level. Furthermore, the modified
SVM-DTC is based on PI controllers to generate voltage
reference in (d-q) frame. Consequently, it needs reference
transformation which increases control scheme complex-
ity. In addition, it may be sensitive to parameter variation.

In order to overcome the drawbacks of both aforemen-
tioned algorithms, the SMC is used with the same variables
used in DTC (SM-DTC). This method ensures a decoupled
stator flux and torque control without any coordinate
transformation or oriented axis, unlike the stator flux
oriented (SFOC) DTC-SVM. SM-DTC is based on
tracking errors of the torque and flux to generate the stator
voltage command [21]. It can considerably reduce the
complexity of SVM-DTC by using the stationary reference
frame, which makes it more approaching from the base of
the DTC. Thus, the stator flux and motor torque is
controlled by sliding mode functions.
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3.1 Switching surfaces selection

The knowledge of the controlled system model is
absolutely necessary in sliding control design. In this
paper, the chosen sliding manifolds are the electromagnetic
torque and the square of stator flux. This latter plays an
important role in the performance of a motor and is defined
also to reduce the complexity [11,22]. The sliding surfaces
is expressed as

S =T.-T. 3)
Sy = Iy =l )

3.2 Control law definition

To generate the control law, the IM model (1) in Section 2
is used. The derivative of sliding surfaces can be written as

S=F+DU, (5)
. F] D] (]S(x
S = . (6)
FZ D2 Usﬂ

The derivative of the function of sliding surfaces S will
be decoupled with respect to the reference stator voltage
vectors (control outputs). By simple calculations, based on
the mathematical model of the induction motor, Eq. (7) can
be obtained.
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The switching function should be chosen in a manner to
keep sliding mode behavior stable.

S = —k;S—kysign(S). )

When the switching surface S= 0 and by equalizing Egs.
(5) and (9), the general control law can be defined as

U=D"[-kS—ksign(S)|+ D 'F. (10)

The general control law in the sliding mode approach
can be written as

USD{
Uy
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Uep

U= = (11)
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The two control parts can also be defined. The
equivalent control can be expressed by

U,

eqa

inl

(12)
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The discrete (commutation) control is defined as
Uea 1 l—kusl—klzsign(&)], (13)

Uy
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where k11, k2, k21, koo are positive constants.

The global control law U will be expressed as
Usa Fy + ki1 Sy + kipsign(Sy) ] (14)

Uy

= _p!

F2 + k1S, + kaosign(Sy)

Then the reference voltages (U, and Uy) have been
generated in the stator reference frame.

The control law should be chosen so that it can attract
the system trajectory to the sliding surface and satisfy the
condition of Lyapunov stability [21]

1
V ==5'S. (15)
2
The derivative of Lyapunov function is given as
V=25'S, (16)

where ST =[S, S,].

The stability condition 7<0 has to be verified.

By substituting the switching function (Eq. 9) in the
derivative of Lyapunov function, Eq. (17) can be obtained.

V = S"[~ kS~ kysign(S)]. (17)

Equation (17) can be written as
V = —[kS"S + k,S"sign(5)]. (18)

Equation (19) can be obtained.
V= ~[kS"S + ky|S]]. (19)

For k; and k, > 0; 7/<0 ensures the stability of the sliding
mode DTC.

3.3 Chattering phenomenon

The main drawback of the SMC is the chattering
phenomenon caused by an infinite commutation, a
disagreeable phenomenon which can excite high frequency
harmonics and can also lead to damage of moving
mechanical parts and heat losses in the electrical parts.
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To solve this problem, the classical sign function is
replaced by a smooth function defined as sigmoid function

sigm (x) [12].
. 2
sigm(x) = (l n e“") -1,

where a is a small positive constant which adjusts the
sigmoid function slope.

(20)

4 Space vector modulation

To considerably reduce the torque and flux ripples, the
generated reference voltages are modulated by the SVM
unit to produce the command signal sin fixed switching
frequency of the inverter. The principle of the SVM
method is to predict the voltage vector and calculate it
based on each of the three adjacent vectors in each sector.
The application time for each vector can be obtained by
vector calculations and the rest of the time period is spent
by applying the null vector [6,20]. The space vector
diagram for two-level inverter is shown in Fig. 1.
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Fig. 1 Voltage space vector

The times 77 and 7, are determined by simple
projections

T,
T, = <\/€Vs/)’ref - \/EVsaref) > (21)
2U4,
T,
T, = \/E—Vsaref: (22)

Udc

where 7' and T are the corresponding vector durations, 7,
is the sampling period, and Uy, is the DC-bus voltage.

5 Speed regulation

The used speed controller is PI anti-windup for reference
torque generation and to improve the performance of speed
control by cancelling the integrator windup phenomenon
which caused by saturation [23].

To overcome this phenomenon, the strategy is based on
the difference between the control signal and the saturation
limit to correct the integral action (Fig. 2). The difference
value will be multiplied by gain (tracking time constant 77)
before becoming a feedback to the integrator.

6 SMO
6.1 SMO design

The goal of the SMO in this section is to construct stator
flux components and use them for torque and speed
estimation. The SMO bases on the state model of induction
motor in rotor reference and stator flux y; and current i as

state variables [14].
dy o
dl‘s = Ryis—jo, + ug
di, AR AVNE Bra !
— ==t = |ii+— | zJo — .
o \T. "1,)5 T er \T )V Tt
(23)
where
L L
TS__S9Tr:_r'
R, R,
17,

=

Fig. 2 Speed anti-windup PI controller
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In this observer, the back-emf terms(w, ) is considered
as disturbances. Then, the model of inherently observer
(Fig. 3) can be expressed as

&
(;/;S = Ris + us,— Ksign(S;)
di, 1/1 1 1 1
s _ (42 — ., (24
it~ o (Tr + TS>IS+ULSTr Vet ot (24)

1

_ K 1 S
oL sign($;)

where K is the observer switching gain, S; is the sliding
surface of the current error.

The PI controller is added just to impose more desired
error convergence.

S = <Kp + %) (is—1is).

25)

6.2 Gain selection

The observer gain has to be large enough under stability
condition from Lyapunov analysis. By using Lyapunov
candidate function defined in Eq. (15) with IM and SMO
models (Eq. 23), (Eq. 24) and during sliding mode S;= 0

and S; = 0, K is given as

el//sa el/lsﬁ
K > max | 7wrl//sﬂ|| 7wrl/lsa| > (26)
T; T;

where e, ; is the flux error.
6.3 Speed estimator

The advantage of SMO is unrelated to rotor speed and
when needed it can be estimated easily as

b= Gy = = Qg o W, ),RsTe
r S sl t//% ds Via dr Yip pl/lz'

r
However, the computation of the rotor flux derivative is

@7

sensitive to noise. For this reason, the estimated speed has
to be filtered by using LPF in order to be useable in this
control algorithm.

6.4 Rotor flux estimator

In the stator flux observer or estimator, the rotor flux can be
estimated from the stator flux and the measured current, as
N~ Lr‘i’s _LerUis

2
=T @8)

The estimated torque can be calculated from Eq. (2).
The global control scheme of the proposed algorithm
SM-DTC with SMO is shown in Fig. 4.

7 Simulation results

Based on the described theory in previous sections, the
control scheme has been simulated by using the Matlab/
Simulink software. The characteristics of the simulated
three-phase 1.1 kW squirrel-cage induction motor are
given in the Appendix. The simulation results are
presented in two phases. The first phase is a comparative
study of the proposed SM-DTC and the stator field
oriented (SFOC) SVM-DTC using PI controllers. The
second phase is the performance analysis of the control
scheme with the SMO.

7.1 Comparative study of PI based SFOC SVM-DTC and
SM-DTC

The comparative study of the proposed sliding mode DTC
algorithm (SM-DTC) with SMO and the PI based stator
flux oriented SVM-DTC is depicted in Figs. 5 to 10, where
(a) for (SFOC) SVM-DTC and (b) for the SM-DTC. The
stator phase current i, and electromagnetic torque are
presented in Figs. 5 and 6. The estimated rotor speed with
sense reversing at =1 s (1000 r/min; —1000 r/min) is
illustrated in Fig. 6. The estimated stator flux is presented

Voltage model

o

Current model

GO

Fig. 3 Proposed sliding mode stator flux observer
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Fig. 4 Global diagram of sliding mode DTC (SM-DTC) with SMO
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841

in Figs. 8 to 10, where the flux magnitude is shown in  variation (Rs+ 100%) in low speed region (200 1/min) is
Fig. 8, while the flux axes components and trajectory are ~ demonstrated in Figs. 11 to 12.
shown respectively in Figs. 9 and 10. The rotor speed and Figure 5 illustrates the stator phase current iy, with a load
flux magnitude under robustness test of stator resistance  of 5 N-m introduced at 0.5 s for both PI based SVM-DTC
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and SM-DTC. The current shows good sinusoid waveform
and reduced harmonics due to application of SVM. The
SM-DTC presents a better current form with low chattering
especially after the use of the sigmoid function. In Fig. 6,
the comparison of electromagnetic torque responses is
shown, where both torque responses show low ripple
levels. It can also be seen that SM-DTC has a better
dynamic and faster torque response during the startup and

sense reversing states, in addition to the reducer chattering
level. The rotor speed is exhibited in Fig.7 with an external
load introduction of 5 N-m at #=0.5 s and sense reversing
(1000 r/min; — 1000 r/min) at =1 s. From Fig.7(b), it can
be noticed that the SM-DTC is more robust and has not
affected greatly by the load application contrary to PI-
SVM-DTC. Furthermore, it can also be observed that there
exists a faster dynamic and better reference tracking during
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(a) For (SFOC) SVM-DTC; (b) for the SM-DTC

which has been influenced by the load and the reversing of

the speed reversing. The stator flux is presented in Figs. 8

speed direction. On the contrary, the SM-DTC flux
magnitude has an accurate reference following (1 Wb)

without any influence by the load variation. This indicates

to 10, which show respectively the flux magnitude, axes
components and the circular flux trajectory. The two
control techniques have a reduced ripple level stator flux,
and the PI-SVM-DTC flux magnitude presents an overshot

that a good decoupled control between flux and electro-
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magnetic torque is achieved by the SM-DTC. Besides, the
flux components and trajectory prove that the SM-DTC has
a faster flux response. A robustness test is conducted which
consists of parameter variation of the stator resistance Ry
during low speed region of (200 r/min). Figures 11 and 12
illustrate the rotor speed and flux magnitude with
increasing of (R; + 100%) at t=0.5 s. Unlike the PI
based SVM-DTC, the proposed sliding mode DTC
strategy does not have an apparent effect.

7.2 SMO performance analysis

Figures 13 to 16 show the estimated flux and speed with
their estimation errors at various speed regions. A
parameter variation test at low speed operation is
conducted. Figure 13 show the flux magnitude with its
estimation error. The speed response with different
reference values and sense reversing is presented in
Figs.14 and 15 (a). The speed estimation error is shown
in Fig.15 (b) while the result of resistance variation test is
given in Fig.16.

The observed flux obtained by the SMO has been
illustrated in Figs. 8 to 10. The estimated flux magnitude at
different speed regions with estimation error is presented in
Fig. 13. The flux magnitude follows the reference and has a

Front. Energy 2020, 14(4): 836-849

low ripple level, while the estimation error converges to
zero in different speed operation between or less than
40.01 Wb. This indicates the good observation accuracy.
Figures 14 and 15 present the real and the estimated speed
with speed reference. They show good reference tracking
and superposition in all speed regions and sense reversing.
The estimation error of rotor speed is shown Fig. 15(b),
which always converges to zero in all speed regions. This
indicates the robustness of the speed estimator during
different operation modes. Figure 16 shows the observed
flux magnitude and rotor speed with variation of R, and R,
-+ 100% at 0.5 s. It is seen that the sensitivity of flux and
speed from R, variation is not apparent. In R; variation, the
influence and the error are not so considerable and have
been recovered quickly because of the robustness of the
SMO which can be improved in the future work using the
adaptive strategy.

8 Experimental results

The proposed control scheme implemented in Matlab/
Simulink is verified by the experimental tests. The real
time control is done in the laboratory equipped by the
dSpace 1104 board. The implementation ground of

0.5
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Fig. 13 Estimated flux magnitude at different speed regions with estimation error
(a) Stator flux magnitude; (b) estimation error
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Fig. 14 Estimated speed at different references and sense reversing (r/min)
(a) For high speed region (1000 r/min); (b) for low speed region (200 r/min)
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Fig. 16 Flux magnitude with parameter variations test R and R, of + 100%
(a) Stator flux magnitude; (b) rotor speed

induction motor drive is essentially composed, as shown in
Fig. 17, of a squirrel-cage IM 1.1 kW; a power electronics
Semikron converter composed of a rectifier and an IGBT
inverter; a speed sensor incremental encoder used in order
to check and compare the real speed with the estimated
speed from sensorless algorithm; dSpace dS 1104 board,

Fig. 17 Experimental setup

control desk software plugged in personnel computer; a
magnetic powder brake with a load control unit; Hall type
current sensors. (To reduce the cost of the control system,
the phase voltages is estimated from DC-bus voltage and
inverter switching states (S, S;, S.) instead of using
voltage sensors [5,20]); voltage sensors; and a numerical

Matlab-Simulink
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Fig. 18 Simplified real time setup scheme
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Fig. 19 Startup state: real and estimated speed, with estimation
error (r/min)

oscilloscope. Figure 18 presents a simplified setup scheme.

Figure 19 shows the rotor speed (1div=>500 r/min) in
the startup state (0 to 1000 t/min). From Fig. 19, a good
and fast response similar to the simulation test can be
noticed. Figure 20 illustrates the speed estimation in sense
reversing with variable reference (trapezoidal). The
reference tracking and the estimation accuracy are good.
Both Fig. 19 and Fig. 20 show a superposition between the
real and the estimated speed in the two cases, in the startup
and sense reversing. The estimation error converges to
zero, which indicates the accuracy and the robustness of
the speed estimator.
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Fig. 20 Speed variation: real and estimated speed with estima-
tion error (r/min)

Figures 21 to 24 show the steady state of the induction
motor without load. Figure 21 shows the rotor speed and
stator phase current with reduced ripple level and good
sinusoid waveform. The observed stator flux obtained from
the SMO is shown in Figs. 22 to 24, with the stator flux
magnitude, components and circle trajectory displayed,
respectively. The flux magnitude with the estimation error
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Fig. 21 Steady state: rotor speed, stator phase current (A)
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Fig. 22 Stator flux magnitude with estimation error(Wb)
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Fig. 23 Stator flux axes components

are shown in Fig. 22, where the error converges to zero
when the flux magnitude follows its reference 1 Wb (1div
=1 Wb) with a low ripple level.

Figure 23 shows the flux axes components (1div=
0.5 Wb), with a good sinusoid waveform and low ripples.
The trajectory is presented in Fig. 24.
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Fig. 24  Stator flux circle trajectory
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Fig. 25 Load introduction: torque (N-m), stator current (A)
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Fig. 26 Load introduction: torque, stator current (A) (ZOOM)

Figures 25 and 26 illustrate the load application of
5 N-m (1div =5 N-m) with stator phase current. These two
figures show the response of the motor to the load
introduction with reduced ripple levels of electromagnetic
torque due the use of the space vector modulation. Figures
27 and 28 show the performance analysis of the observer in
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Fig. 27 Low speed operation (200 r/min): stator phase current,
estimated and real speed, estimation error
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Fig. 28 Low speed operation (200 r/min ): stator phase current,
estimated and real speed, estimation error (ZOOM)

the low speed region of (200 r/min). These two figures
illustrate, from the top to the bottom, the stator phase
current, the real and estimated rotor speed, and the
estimation error. The current presents an acceptable
waveform and ripple levels in the low speed region. The
speed estimation is also accurate and good superposition
with the real speed, while the error converges to zero in the
steady state. The proposed control method is an improved
DTC and estimation strategy based totally on the sliding
mode approach. More than known robustness of the sliding
mode, it presents the advantages of both classical and
SVM-DTC such as fast response, simple strategy using a
stationary frame, in addition to the reduced flux and torque
ripples. Besides, the associated SMO shows a good
estimation accuracy in different tests.

9 Conclusions

The presented work describes an enhanced control and
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observation algorithm based on the sliding mode strategy,
which is composed of sliding mode DTC SM-DTC with
space vector modulation and SMO for stator flux, torque
and speed estimation.

In order to overcome the drawbacks of DTC and SVM-
DTC and obtain a high performance control, the SMC has
been designed based on the torque and flux errors. The
coupling of DTC principles with SMC has achieved an
optimized control strategy with good tracking accuracy
and strong robustness to different disturbances and
parameters variation. Because of applying constant switch-
ing frequency archived by the space vector modulation, the
torque, flux and current ripple levels are reduced.

The sliding mode DTC scheme has many advantages
which are verified by simulation and experimental tests
such as high robustness against parameter variation and
load disturbance. This control scheme still preserves the
fast dynamic response of the DTC with good performance
at different speed regions. Moreover, it has a more reduced
structure complexity than the SVM-DTC.

The association of the control scheme with an observer
also increases the reliability and decreases the cost of using
sensors and installation. Since the presented SMO does not
need the speed adaptation mechanism, it does not have an
influence on observation contrary to other structures. The
performances and effectiveness of SMO have also been
verified. The results show good accuracy and acceptable
errors level in both speed and flux estimation, robustness in
different tests such as load application, speed variation, and
low speed operation. Therefore, the improved sliding mode
DTC is a good solution in general to overcoming the
drawbacks of DTC and getting robust control. The
combination of this control with a robust sensorless
algorithm can give higher performances for induction
motor electrical drive.

Notations

The parameters of the used induction motor in simulation
and experimental implementation in SI units are 1.1 kW,
50 Hz, p=2, R=6.75 Q, R=6.21 Q, L=L~=0.5192 H,
My=0.4957 H, £=0.002 SI, J=0.01240 kg -m>.
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