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Abstract: This study presents a method for estimation of the stator flux components and rotor speed based on
the theory of an adaptive control and a Direct Torque Control (DTC). A linear observer for estimation of the
stator flux is synthesized, by using a Lyapunov theory in order to guarantee stability for state estimation. The
adaptive observer is associated to a direct torque control of an induction motor. To illustrate the performances
and the robustness of this observer, a simulation results 1s presented.
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INTRODUCTION

Estimation can be defined as: the determmation of
constants or variables for any system, according to a
performance level and based in the measurements taken
from the process (Lascu ef al., 2000).

Since its mtroduction in 1985, the Direct Torque
Control (DTC) (Takahashi and Noguchi, 1986) principle
was widely used for TM drives with fast dynamics.
Despite its simplicity, DTC 1s able to produce very fast
torque and flux control, if the torque and the flux are
correctly estimated, is robust with respect to motor
parameters and perturbations.

As 1t 18 well known, speed sensors like tachometers
or mcremental encoders increase the size and the cost of
systems unnecessarily. Similar problems arise with the
addition of search coils or Hall Effect sensors to the motor
for the measurement of flux, hindering functionality in
terms of implementation. Thus, to improve the overall
system performance, state estimators or observers are
usually more preferable than physical measurements
(Morand, 2005; Casadei ef al, 2002; Elbuluk and
Kankam, 1997).

Recently, the emphasis of research on induction
motor drives has been on sensorless drive, which
eliminates flux and speed sensors mounted on the motor.
Also, the development of effective speed and flux
estimators has allowed good Rotor Flux-Oriented (RFO)
performance at all speeds except those close to zero.
Sensorless control has improved the motor performance,
compared to the Volts/Hertz (or constant flux) controls
(Bottiglieri et al., 2003).

The objectives of sensorless drives control are:

*  Reduction of hardware complexity and cost,
+  Increased mechanical robustness,

*  Operation in hostile environments,

+  Higher rehability,

*  TIncreased noise immunity,

+  Unaffected machine inertia.

Adaptive speed observers seem to be between the
most promising methods thanks to their good
performance versus computing time ratio. They have the
advantage to provide both flux and mechanical speed
estimates without problems of open-loop mtegration.
Besides, the adaptive observer has the interesting
property to provide a mechanism for on-line tuning of key
model parameters such as the stator or rotor resistance.

For the speed regulation, the saturation of the
manipulated variable can involve a phenomenon of racing
of the integral action during the great variations
(starting of the machine), which is likely to deteriorate the
performances of the system or even to destabilize it
completely, the solution consists in correcting the integral
action.

MODELLING OF THE INDUCTION MOTOR

In this study, the induction motor model 15 given by,
(Canudas, 2000)

X=Ax+BU (1)
y=0Cx
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PRINCIPLE OF THE DTC

DTC is a control philosophy exploiting the torque
and flux producing capabilities of ac machines when fed
by a voltage source inverter that does not require current
regulator loops, still attaimng similar performance to that
obtained from a vector control drive.

Behavior of stator flux: In the reference (+, *), the stator
flux can be obtained by the following equation:
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By neglecting the voltage drop due to the resistance of
the stator to sumplify the study (for high speeds), we find:
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For one period of sampling, the voltage vector applied to
the asynchronous machine remains constant, we can
write:

P k+Da P &)+ VT, (4
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Table 1: Selection for basic direct torque control

-5 G, 8§ 8, 8, S S5 85
1 1 Vv, V; Vy v, V v,
0 Vv Vo Vv V; v, Vo
-1 Vs v, v, v, v, V;
0 1 V; Vy Vi V4 v, Vv,
0 Vo Vv Vo v, V; Vv
-1 v V; v, v, v, V,
V400D

Behavior of the torque: The electromagnetic torque is
proportional to the vector product between the stator and
rotor flux according to the following expression:

C,=k(P,xP)=k|¥ |[¥ |sin(8) (5)

Development of the commutation strategy: Table 1 shows
the commutation strategy suggested by Takahashi and
Noquchi (1986) to control the stator flux and the
electromagnetic torque of the induction motor.

The Fig. 1 gives the partition of the complex plan in
6 angular sectors S |_; .

IT: Increase the Torque, DT: Decrease the Torque.

IF: Increase the Flux, DF: Decrease the Flux.

ADAPTIVE FLUX AND SPEED OBSERVER

A linear state observer for the stator flux can then be
derived as follows, by considering the mechanical speed
as constant parameter:

X, = AR+ BUG (i -1)) (6)

The symbol ™ denotes estunated values and G 1s the
observer gain matrix.

We can estimate the rotor speed by using an
adaptation mechanism. The system states and the
parameters can also be estimate. The speed adaptation
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mechanism is deduced by using a Lyapunov theory. The
estimation error of the stator current and the rotor flux
represents the difference between the observer and the
model of the motor. The dynamic error is given by,
Elbuluk and Kankam (1997), Maes and Melkebeek (2000).

d A
—e=(A+GCl+ AAR (7)
dt
where:
e=x-X (8)
0 0 0 pKAm
- 0 0 -pKA 0
AA-A-A- P RA®, ()
0 0 0 -pAm,
0 0 pAo, 0
Aw,_ =w, - W, (10)
We consider the following Lyapunov function,
V:eTe+%(Awr)2 (11)

Whereis a positive constant, the derivative of
Lyapunov function is giving as fellow:

Ay e {(A(wr)+ GO + (AW, )+ GC)}e
dt

A N 2 A
- 2KAW (X, —e,X,)+ XAWT W,

With @, 1s the estimated rotor speed.
From Eq. 11, we can deduce the adaptation law for the
estimation of the rotor speed by the equality between the
second and the third term, we obtain:

é)r = AKiex, —e,X;) (13)

With K 18 a positive constant

To enhance the dynamic behavior of the speed observer,
we added a proportional term. The speed adaptation laws
become:

o, (14)

t
=k, (eX, —e,X; )+ klg(elx4 —e,x,)dt

Where k, and k, are positive gains.
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Fig. 2: Global adaptive observer structure

Synthesis of the adaptive observer: To solve the problem
related especially to the estimation of the components of
stator flux and the rotor speed we have recourse to
adaptive observer;, the adaptation mechamsm 1s a PI
regulator.

The block diagram of the observer with the
adaptive mechamsm 1s given in Fig. 2.

Observer gain selection: The observer gain matrix 1s
chosen so that to umpose a fast dynamic for the observer.
The observer matrix 1s presented as follow (Casadei ef al.,
2003; Akin, 2003)

g &

G- g B (15)
g &
24 B3
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With k, is a coefficient obtained by pole placement.

g, =k -1,

SYSTEM OF SPEED REGULATION

The saturation of the manipulated variable can
involve a phenomenon of racing of the integral action
during the great variations (starting of the machine),
which is likely to deteriorate the performances of the
system or even to destabilize it completely. To overcome
this phenomenon, a solution consists in correcting the
integral action according to the diagram of Fig. 3. The
correction of the integral action is based on the difference
between the values of (+,) upstream and downstream from
the limiting device, balanced by the coefficient 1/ke such
as Cao et al. (2002), Zaccarian and Teel (2004).
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Fig. 3: Structure of the anti-windup PT system
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Fig. 4: Speed sensorless DTC system using adaptive flux observer

The stator flux 1s a functien of the rotor flux which
represented by:

LIJSB’.. = S LS ISQ + _\Pl’ﬂ’_
b (16)
.M
Ve=slig+ L—L{‘Sﬁ

PROPOSED SENSORLESS INDUCTION
MOTOR DRIVE

The proposed sensorless TM drive block diagram is
shown in Fig. 4. The drive operates at constant stator flux
uses DTC to provide torque control. The speed controller
1s a anti-windup PI regulator that generates the reference
torque. Measurements of two line currents and the
average voltage over a PWM switching period are used
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Table 2: Induction motor parameters (Takahashi and Noguchi, 1986)

P=4KW f=50Hz W, = 1440 pm V=380V
R,=1.2 R,=1.8 L,=0155H L,=0.1568H
T,= 0.0871s M=015H 1=0.07kem? p=2

1n the adaptive flux observer and the direct torque control.
The stator flux is estimated by the adaptive observer and
used in the DTC control. The IM under study 1s a 4-kw
two-pole squirrel-cage motor; the parameters are listed in
Table 2.

SENSITIVITY STUDY ANDSIMULATION RESULTS

The sensorless IM drive of Fig. 4 was verified using
simulations. During the simulations, the torque set value
is limited to 25N.m (rated torque), In order to show
the performances and the robustness of the adaptive

observer, we sunulated different cases, which are
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Fig. 5: Actual, estimated speed and estimation error

Fig. 8: Trajectory of the estimated stator flux components
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Fig. 6: The real estimated stator flux magnitude and estimation

Fig. 9: Actual, estimated speed and estimation error
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Fig. 10: Evolution of the stator flux magnitude

Fig. 7. Responses of electromagnetic torque and stator current
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presented thereafter. The static and dynamic
performances of the observer are analyzed according to
the simulation of the following transients:

Inversion of the speed: To test the robusiness of the
system, we applied a changing of the speed reference
from 157 rad/sec to -157 rad/sec at t=0.2s. Figure 5
presents the actual, estimated speeds » , » _, respectively
and the estimation error. Figure 6 presents aciual flux == _».
The estimated flux [¢;| and estimation error. The
estimation algorithm is robust because the variation of the
speed is important and the estimated speed follows the
real speed when the motor starts and at the moment of
speed inversion.

Figure 7 illustrates the response of stator current and
the electromagnetic torque. It should be noted that the
amplitude of the torque ripple is slightly higher.

Figure 8 illustrates the trajectory of the estimated
stator flux; the deviation detected is caused by the
instantaneous reversal of the speed of the load torque at
the zero crosszing of the speed.

OPERATION AT LOW SPEED

To test the speed estimation by using an adaptive
observer, the simulation was established in low speed
Figure 9 and 10. DNlustrate the simulation results of the
process of speed estimation with a speed reference equal
to £ 30 rad secs .

Variation 1of the load torque: Figure 11 and Fig. 12
illustrate the simulation results affer the introduction of
load torque 25N.m (rated torque) between 0.5z and 1s after
a leadless starting. We can see the insensibility of the
control algorithm to load torque variation.
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Fig. 11.Variation test of the load torque
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Fig. 12: Response of the electromagnetic torque and
stator voltage

Flus réel k]

Fig. 13: Evolution of a real stator flux magnitude
developed by the induction motor
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Fig. 14: Evolufion of an estimated stator flux magnitude
developed by the adaptive observer
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Effect of the stator resistance variation: To highlight the
effect of stator resistance, we carried out to vary the
stator resistance.

Figure 13 and 14 illustrates the evolution of the
estimated and the real magnitude of the stator flux with an
mcrease of +100 % of the stator resistance at 0.25s. We
note that according to these results that the observer
corrects well the stator flux magnitude and follows its
reference in established mode.

CONCLUSION

We have presented in this study, the estimation of
stator flux components and rotor speed using the
adaptive observer. The estimation of these states allows
a Direct Torque Control (DTC) sensorless drive with ugh
performance to be realized. The adaptive observer uses an
adaptation mechanism for the speed estimation when the
load torque change, this
improvement of an estimation of the components of the
stator flux. An anti-windup PT regulator has been used to
replace the classical PT controller in the speed control of
a direct torque control. ITn conclusion, it seems that the
anti-windup PT controller outperforms the classical PI
controller in speed control of high performance DTC

approach relies on the

motor drive. This association makes the induction motor
based DTC more robust and more stable.
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