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This paper aims to propose an improved Direct Torque Control (DTC) strategy with Space
Vector Modulation (SVM) for induction machines (IM). The performance enhancement
is operated by using the nonlinear backstepping strategy. This approach is proposed to
ensure a robust control against different uncertainties and external disturbances and to
reduce torque and flux ripples. The backstepping controller uses the stator resistance of
the machine for estimation of the stator flux. The variations of the stator resistance due to
the changes in temperature or frequency make the operation of this control difficult at low
speeds. A new method for the estimation of stator resistance changes during machine
operation is proposed. It is based on a Super Twisting strategy. The design of the proposed
DTC strategy law is developed theoretically and realized through numerical simulations.
Different operating conditions are applied to check the ability and robustness of the
proposed control strategy, such as steady state, speed reversal maneuver, low-speed
operation, parameters variation and load application. Results clearly show improvement
in DTC at low speeds.

1. INTRODUCTION

In the studies of variable speed electric drives, it appears
that the induction machine is the most electromechanical
robust of alternative machines in terms of parameters
robustness, construction and maintenance [1].

However, the development of control strategies to control
the speed of induction machine is necessary, because this
machine is characterized by a multivariable and nonlinear
mathematical model, with a strong coupling between the
control factors. Considerable research effort is carried to find
control strategies with good performances and suitable for

induction machines [2].

In the recent decades, several control strategies were
developed and improved, among these strategies, the Direct
Torque Control, which was proposed in 1985 by Takahashi et
al. [2]. The DTC is a well-known strategy in electrical
engineering, lately it is increasingly used in industrial
applications, compared to other types of control and more
particularly the vector control, its main advantages is that it
allows a very fast torque response and has a low machine

parameters dependency.

The DTC exploits the possibility of imposing a torque and
a stator flux to the IM in a decoupled manner, when they are
powered by a voltage fed inverter without the use of a
feedback loop for the current control, achieving a performance
similar to that of field oriented control.
controlling the stator flux and the electromagnetic torque
magnitudes with nonlinear hysteresis controllers. The output
of these controllers determines the optimum voltage vector to

be applied at each switching instant [3, 4].

It consists of

However, two major disadvantages arise. On one hand, the
determination of the switching states is based on information
on the evolution trends of the flux and the torque resulting
from the nonlinear hysteresis controllers, and on the other
hand, since the duration of the commutations is variable, this
leads to rise oscillations of torque and stator flux [5].

The use of these nonlinear hysteresis controllers creates
oscillations on the variables to be controlled [6]. In this case,
it is necessary to apply a constant modulation frequency using
the space vector modulation (SVM). A hybrid method,
combining conventional DTC control with nonlinear control
design based on backstepping controllers is used. The
hysteresis blocks are replaced to reduce torque and flux ripples
and ensure a robust control against different uncertainties and
external disturbances. Its main feature is the removal of the
hysteresis controllers and switching table, eliminating the
problems they induce [6].

In the relatively high-speed operating conditions of the IM,
there is no influence of the resistive term on the performance
of the DTC. This is no longer true for very low speeds, because
of the incorrect value of the stator resistance, due to bad
identification or temperature variations [7-9]. This certainly
impacts the estimation of the stator flux and the
electromagnetic torque magnitudes, and thus leading to
serious malfunctions in the choice of the voltage vector to be
applied to the inverter. The contribution of this paper is the
development of a new stator resistance compensator based on
a super-twisting control algorithm to estimate the variation of
the stator resistance of the machine during operation.

The paper parts are structured as follows: section 2 shows
the mathematical model of the induction machine. In section 3
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we applied a DTC technique approach of the torque associated
with the backstepping approach, then we have improved the

direct torque control using a new stator resistance compensator.

Finally, we present conclusions and perspectives.

2. MATHEMATICAL MODEL OF THE INDUCTION
MACHINE

The mathematical model of the IM is described in the
stationary reference frame by the following nonlinear
equations [10, 11]:

= all - p(uris[s + a’2¢so< + aapwr¢sﬁ + bvsu

ISO.

isB = alisﬁ +po,iy, + a,0¢ — 2,0, + bvsﬁ

Sa

d)su :vsa_Rsisa (1)
(I)sﬁ = VSB - Rsis[s

o, =a,T, —a.0 —a,T,

r

The electromagnetic torque equation is:
Tem =8, (is[}(l)sa - isad)s[}) (2)

With the parameters a,, a,, a,, a,, a5, -and b are
defined by:

3. THEDTC COMBINED WITH THE BACKSTEPPING
APPROACH

In this section, we applied a DTC technique approach of the
torque associated with the backstepping approach to control
the stator flux and the torque module of the IM powered by an
inverter controlled by the technique SVM. For this method, the
hysteresis controllers were replaced by sliding mode
controllers, to overcome the problem of the ripple. The Figure
1 illustrates the block diagram for the induction machine
control based on the DTC- backstepping approach [12].

3.1 Step 1 (Speed control loop)

In order to design a backstepping control law for speed
tracking, the tracking errors are defined as follows:

€ = —o (3)
The dynamics of the error is given by:
e =o, —al,, +a,o, +a,T, 4)

In order to elaborate a backstepping control law allowing the
speed tracking, one chooses the function of Lyapunov as
follows:

V1 :%(el)z (5)

The Lyapunov function derivative is given by:
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Figure 1. Control scheme based on the DTC-Backstepping approach of IM
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In order to have (V; < 0), the virtual control T, that
represents the stabilizing function is defined by:

. 1.
Ton = a—(mr +a;m, +a,T, + Klel)
3

()

where, K is a positive constant.
By replacing Eq. (7) in Eq. (4), the dynamic of the error is
expressed as:

é =-Ke, 3)
The Lyapunov function becomes:
V(e)=3(a) ©)
Its derivative is expressed as:
V(e,)=ee =K, (e) (10)

So, the error e; tends to zero and therefore w, to w;.
Since T, is not the input control, a second step is necessary,
an error variable e; is chosen to display the input control vs,.

3.2 Step 2 (Torque control loop)

Once the virtual control T, is calculated, the error of the
torque and its reference is characterized by:

€, :Te*m _Tem (11)
The dynamics of this error is given by:
e, =T, -T, (12)

Taking into account the expression (2) and (7), then (12) is
rewritten in the following form:

6= —((or +a0, +a,T + Klel)
5 (13)
-4, (isﬁ¢su + isﬁ¢su _isa¢sﬁ - isu¢s[})

By substituting in the induction machine model (1), we find:

é, =a—(mr +a,0, +a,T, + K, (6 —(nr))
3

-2, (@i + PO, + 2,05 ~8;00,0,, +DVy )y, +i (v, ~R,i,) (14)
_(alisa _pwrisﬁ +a2¢su +a3pwr¢sﬁ + bvsa)¢sB _isu (Vs[i - Rsisp))
We put é, in the form:

€, =By +PB2Ve, +BsVes (15)

with:
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1/.. Vs . .
B, :a—(o)r +K,0; +(as — K, ) o, +a3Tr)

3
— 2,8, (igp0y, 1,y ) —34PO, (i 0, +igdyg ) +2,350p0 92
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The second function of Lyapunov is chosen such as:

1
V. =5 (e) (16)
Its derivative is expressed as:
Vz =€, (Bl +P,V,, + BSVsﬁ) (17)

To satisfy the condition (v, < 0), one has to choose vs, and
Vi control inputs as follow:
BZVsa + B3VSB =B, -K,e, (18)
where, K is a positive constant.
By replacing Eq. (18) in Eq. (17), the Lyapunov function
derivative function of the electromagnetic torque becomes:

(19)

The derivative of the Lyapunov function (19) is defined as
semi negative, so the error e; tends to zero.

3.3 Step 3 (Flux control loop)

The error of the measured flux and its reference is

characterized by:

e, =(¢:) —(o.) (20)
The dynamics of e; is given by:
& =20, 2(0,,05, + 053y @1)

Substituting in the model of the machine Eq. (1), we find:
&, =20 2(04, (Vi, ~Riley )+ 04 (v ~Riip))
We put é; in the form:
€; =B, +BsVe, +BeVyp

(22)

with:

B4 = 2Rs (isoc(bsa + isﬁ(l)s[i)
BS = _2¢sa
[36 = _2¢SB



The third function of Lyapunov is chosen such as:

1 2
V,=1(e,) (23)
2
Its derivative is:
Va =€ (B4 + stsa + BBVSB) (24)

To satisfy the condition V3 < 0, it is necessary to choose Vs,
and Vg laws of the controls, such as:

BsVy, + BGVSB =—B, —Kse, (25)

where, K3 1S a positive constant.
Replacing Eq. (25) in Eqg. (26), the derivative of the
Lyapunov function becomes:

(26)

For K positive, the derivative V; is negative, so the error e;
tends to zero.
To find the laws of control Vs, and Vg it is necessary to solve
the following system:

{Bzvsa +B3Vs[j = _Bl - Kzez
(27)

BsVg, +BeVs = P4 —Ky&s
After substitution, we obtain the control laws:

v :Be (B1+K2e2)_|33 (B4+K36‘3)
* Bas —BoBe

V. = Bs (B1+K2e2)_B3 (BA +Kaes)
¥ BzBe _B3B5

(28)

4. THE ESTIMATORS

In this section, we present the estimator of the
electromagnetic torque and the estimator of the stator flux.

4.1 Estimation of the stator flux

The estimation of the stator flux is usually done by the
integration of the back-emf (Electromotive force). The stator
flux components can be expressed using stator voltages and
currents in the stationary reference frame («, f) by:

by, =1 (Vvy, —Riig, )dt
b = (29)

VS
@$—R¢gm

The estimation of the stator flux amplitude is made from its
two components of axes («, ), which is written as follows:

b= 02, + 02,

(30)
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4.2 Estimator of electromagnetic torque

The produced electromagnetic torque of the induction
motor can be determined using the cross product of the stator
quantities (i.e., stator flux and stator currents). The torque
formula is expressed as follows [13]:

_%

-’I\-em
2

(dsuisp — Depis ) (31)

5. IMPROVING DIRECT TORQUE CONTROL USING
A NEW STATOR RESISTANCE COMPENSATOR

In low-speed operation of the IM and when there is a
variation of the stator resistance, due to the temperature
change for instance, the data resulting from the estimation of
flux and torque Eq. (30) and Eq. (31) will be incorrect. Hence,
the control by DTC loses its performance and can become
unstable [14-16].

To override this issue, a new estimator is proposed to
evaluate the variation of the stator resistance during the
operating of the IM. The estimator is designed for super
twisting control schemes. This estimator will compensate any
change of the stator resistance.

The block diagram of the super twisting stator resistance
estimator is shown in the Figure 2.

AR,
Super +
Twisting [~ ™ —
Controller] +
RIO

Figure 2. The block diagram of the super twisting stator
resistance estimator
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The error between the estimated stator flux ¢s and its
reference ¢; goes through a low-pass filter in order to
attenuate the high frequency component contained in the
estimated stator flux.

Then the error (¢; — ¢) and the rate of change of stator
flux error is input of the super twisting estimator. The variation
of the stator resistance ARs is used to estimate the change in
the stator resistance until the error in the stator flux becomes
zero.

This variation is always added to the stator resistance
estimated beforehand Rso, then (RsotARs) is again passed
through a low-pass filter to have a smooth variation of the
change stator resistance value [17]. This update the estimated
stator resistance R, and can be used directly in the estimator
of the stator flux Eq. (29).

5.1 The structure of the control law with the super twisting
algorithm

This structure is broken down into an algebraic term and an
integral term [18, 19]. We can therefore consider this
algorithm as a nonlinear generalization of a classical Pl
controller. In this context, we consider the following error:

e=(9.-9,) (32)



The variation of the stator resistance adaptation law is based
on the super twisting algorithm is as follows [20]:

AR, =K, Ch sign(e)+IKisign (e) (33)

With K, and K; are positive constants.

The functional diagram of the variation of the stator
resistance adaptation law with super twisting strategy is
illustrated in Figure 3.
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Figure 3. The block diagram of the variation of the stator
resistance adaptation law with super twisting strategy

The Figure 4 shows the estimation of the stator resistance
R, of the IM, with the nominal values of this machine 4.85 Q,
then for variations of + 50% on this value.
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Figure 4. Estimation of stator resistance

The stator resistance estimation converges precisely. The
estimated quantity reaches its actual value in less than 0.06
seconds after power-up.

6. INTERPRETATION OF RESULTS

The proposed control structure is implemented under
MATLAB / SIMULINK environment, and tested under
different operating conditions, in order to validate the
performance of the DTC associated with the backstepping
controller applied to the induction motor.
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The Figure 5 shows the behavior of the system, at average
speed, for the nominal values then with a variation of 50% of
the stator and rotor resistances. The starting is fixed by a
setpoint with a trapezoidal reference (+100 rd/s; -100 rd/s; +50
rd/s), followed by two successive reversals of rotation.
Disturbances are introduced by application and suppression of
a 10 Nm load torque. Figure 6 shows the behavior of the
proposed drive, under low speed conditions, with a trapezoidal
reference. The influence of the stator resistance being
preponderant, the test is carried out with a 50% increase
compared to its nominal value.

This test shows a high robustness, fast responding during the
reversing state and accurate reference tracking in the steady
state for Benchmark 1.

The employment of very low speeds is a necessary step to
investigate control performance. Apparently, from the showing
Figures 6 (Benchmark 2), the proposed DTC-Backstepping
strategy preserves very acceptable operation with precise
reference following and low speed fluctuation even at very low
region (8 rad/s). This can prove the high capability of the
combined Backstepping-nonlinear control law.

It can be seen that the stator current provided a good sinusoid
and smooth waveform in both of simulation also and low
harmonics. The flux trajectory is perfectly circular and the
magnitude shows fast response and reduce ripples.

In the load application, it can be observed that the torque
reduces ripples; moreover, the current shows good waveform
in the load state also.

The Robustness test of parameter variation in the low speed
region has conducted as a simulation study to check the ability
of the proposed DTC-Backstepping technique while the
variation of parameters. It consists of the variation of the stator
and rotor resistance when the machine operates with a low
speed (15rd/s and 8 d/s) and rated load. The Rs and Rr are
increased by 50%.

The DTC-Backstepping proposed control which shows no
considerable affection on the speed response and preserves an
acceptable torque performance under these conditions.
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Figure 5. Benchmark 1: Tracking trajectory and disturbance
rejection performance of DTC-Backstepping approach
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7. CONCLUSION

In this work, the effects of the stator resistance variation on
the performance of the DTC applied to IM is given. The
variation of stator resistance deteriorates the performance of
DTC drive particularly at low speed by introducing errors in
electromagnetic torque and stator flux calculation. A super
twisting stator resistance estimator is proposed, in order to
cancel the influence resistive of the term. The simulation
results show that the super twisting resistance estimator allows
better tracking of the stator resistance change and improve the
performance of DTC applied to the IM.

Then we presented the backstepping technique associated
with the DTC to ensure a robust control against the various
uncertainties and external disturbances and to improve some
performance of the conventional DTC applied to the IM. The
simulation results show that this combination of control gives
better performance. Fast transient regimes are also noted, with
a reduction in starting overrun and attenuation of torque, flux
and current ripple.
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NOMENCLATURE

T

S

\Y

em?

o !

sa !

TL

Electromagnetic torque, load torque

B Stator currents

\% Stator voltage

sp

144

d)sa ! ¢s[3

APPENDIX

Stator flux

Rotor speed

Total leakage factor

Stator and rotor resistances
Stator and rotor inductances
Mutual inductance

Pole pairs number

Total inertia of the system
Viscous damping coefficient

The nominal value and estimated stator
resistance

The induction machine nominal parameters:
1.5 kw, 3 phases, 50 Hz, 1420 rpm, 6.5/3.75 A, 4 poles,

R,=485Q, R, =3.805Q, L =0274H, L, =0274 H,
L, =0.258 H, J=0.031kg-m?, f =0.00114Nm-s/rd.
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