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EKF-Based Speed Sensorless Direct Torque Control of Induction Motor Drives
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Abstract: This study presents a robust sensorless Direct Torque Control (DTC) method for Induction Motor
(TM) for estimation of stator flux components and rotor speed based on The Extended Kalman Filter (EKF). The
model of TM and its EKF models in Matlab/Sirnulink simulation environment are developed. The proposed EKF
speed and flux estimation method is also proved insensitive to the M parameter variations. Simulation results

demonstrate a good performance and robustness.
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INTRODUCTION

In recent years, several studies have been developed
which propose alternative solutions to the FOC control of
a PWM inverter-fed motor drive with two objectives: first,
achievement of an accurate and fast response of the flux
and the torque and second, reduction in the complexity of
the control system. Among the various proposals, Direct
Torque and Flux Control (DTFC) also called Direct
Torque Control (DTC), has found wide acceptance,
(Bottiglier1 et al., 2003).

Since its troduction m 1985, the Direct Torque
Control (DTC) (Takahashi and Noguchi, 1986), principle
was widely used for TM drives with fast dynamics.
Despite its simplicity, DTC is 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 it 1s well known, speed
sensors like tachometers or incremental encoders increase
the size and the cost of systems unnecessarily. Sunilar
problems arise with the addition of search coils or Hall
Effect sensors to the motoer for the measurement of flux,
hindering functionality in terms of implementation. Thus,
to improve the overall system performance, state
estimators o1 observers are usually more preferable
than physical measurements, (Bellkacem et al., 2005,
Alkin, 2003; Barut, 2005, Chavez and Velazquez, 2004,
Belkacem et al., 2005).

The objectives of sensorless drives control are:

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

¢ Operation in hostile environments,

*  Higher reliability,

¢ Unaffected machine inertia.

The Extended Kalman Filter 1s an optimal stochastic
observer m the least-square sense for estmating the
states of dynamic non-linear systems and provides
optimal filtering of the noises in measurement and inside
the system if the covariances of these noises are known.
Hence it is a viable candidate for the on-line determination
of the speed of IM, EKF is considered to be suitable for
use in high-performance induction motor drives and it can
provide accurate speed estimates in a wide speed-range,
including very low speed and seem to be between the
most promising methods thanks to thewr good
performance. They have the advantage to provide both
flux and mechanical speed estimates without problems of
open-loop mntegration.

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 1s likely to deteriorate the
performances of the system or even to destabilize it
completely, the solution consists in correcting the integral
action.

The contribution of this study is the development of
an BKY based speed sensorless DTC system for an
improved performance, the especially against variations
i the load torque. The developed EKF algorithm
involves the estimation of speed and stator flux. The
performance of the control system with the proposed EKF
algorithm has been demonstrated with simulations using
Matlab/Sirnulink.

MODELING OF THE INDUCTION MOTOR

The space-state equations of the induction motor can be
written as:
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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 mverter that does
not require current regulator loops, still attaining 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:

V=RI+

8 88

dg 2
43 2)
dt s

By neglecting the voltage drop due to the resistance

of the stator to sumplify the study (for high speeds), we
find:

3)

For one period of sampling, the voltage vector
applied to the asynchronous machine remains constant,
we can write:

\?Sa< +1) =\?S(k)+vSTe (4)
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Table 1: Selection table for direct torque control
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Fig. 1: Partition of the comlex plan mn six angular sectors

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(¥s <¥s) = k[¥s|[¥[sin®) &

Development of the commutation strategy: Table 1, shows
the commutation strategy suggested by Takahashi and
Noguchi (1986) to control the stator flux and the
electromagnetic torque of the TM.

The Fig. 1 gives the partition of the complex plan in
six angular sectors S |_; .
Tt : Increase the torque, DT: Decrease the torque
IF : Increase the flux DF: Decrease the flux

DEVELOPMENT OF THE EKF ALGORITHM

The Kalman filter is a well-known recursive algorithm
that takes the stochastic state space model of the system
together with measured outputs to achieve the optimal
estimation of states (Leite et ol., 2004; ab; Barut et ol ,
2003; Sensorless Control, 1997). The optimality of the
state estimation 1s achieved with the mimmization of
EKF,

the mean estimation error. 1s used for the

estimation of

~

Isa,lsﬁsﬁsas\?sﬁ andal"

and W, (Fig. 2).
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Fig. 2: Shows the structure of a kalman filter

Table 2: Im parameters

P=4 KW f=50Hz W, = 1440 rpmV,= 380 V
R,=120R,=1.8QL =0.1554 HL,=0.1568H
T,=0.0871sM=0.15HJ=0.07kgm*P=2

The discrete model of the IM can be given as follows:

{f«k) = e, uk) )+ GUOWE) ()
y(k) = hex(k), k) + v(k)

With: Ts the measurement noise and v (k): Is the process
noise and (Table 2).

APPLICATION OF THE EXTENDED KALMAN
FILTER

The speed estimation algorithm of the extended
Kalman filter can be simulated by the Matlab/Simulink
software, which consists of an S-Function block as shown
m Fig. 3.

Prediction of the state vector: Prediction of the state
vector at sampling time (k+1), from the mput u (k), state
vector at previous sampling time. X(K/K)

2k +1/k) = F(x(k/k), u(k) (7)
Where:
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Fig. 3: Simulink moedel of EKF speed estimation

Prediction covariance computation: The prediction
covariance is updated by:

Pk +1/k) = FIOPIOF(K) | +Q (®)

Where:
Q: Covariance matrix of the system noise
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Kalman gain computation: The Kalman filter gain
(correction matrix) is computed as:

Lik +1) = P(k + 1/k).C() - an

(COOPK +14)0H) T +R)!
With:
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State vector estimation: The predicted state-vector is
added to the innovation term multiplied by Kalman gain to
compute state-estimation vector. The state-vector
estimation (filtering) at time (k)

is determined as:

%k +1/k+1) =%k +1/k) +
Lk +1D(v(k +1) - Cxik + 1/k)

DETERMINATION OF THE NOISE AND STATE
COVARIANCE MATRICES

The goal of the Kalman filter is to obtain
unmeasurable states (i.e., covariance matrices Q, R, P of
the system noise vector, measurement noise vector and
systemn state vector (x) respectively). In general, by means
of noise inputs, it is possible to take computational
inaccuracies, modelling errors and errors in measurements
mnto account m modelling the system. The filter estimation
(% ) 1is obtained from the predicted values of the states (x)
and this is corrected recursively by using a correction

term, which is product of the Kalman gain (I.) and the
deviation of the estimated measurement output vector and
the actual output vector ((y-CZ%)). The system noise
covariance matrix (Q) 1s [5%5], and the measurement
noise covariance matrix (R) is [2x2] matrix, Q and R
are diagonal, and only 5 elements must be knownin
Q and 2 elements in R.

SYSTEM OF SPEED REGULATION

The saturation of the mampulated 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. 4
(Coa et al., 2002; Zaccarian and Teal, 2004).

The stator flux 1s a function of the rotor flux which
represented by:
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PROPOSED SENSORLESS IM DRIVE

The proposed sensorless IM drive 1s shown in
Fig. 5. The drive operates at constant stator flux uses
DTC to provide torque control. The speed controller

Fig. 5: Speed sensorless direct torque control system using extended kalman filter
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Fig. 7:High speed no-load, four quadrant speed
estimation with EKF

is an anti-windup PI regulator that generates the reference
torque. The stator flux is estimated by the EKF and used

in the DTC control.

RESULTS AND DISCUSSION

The sensorless IM drive of Fig. 5 was verified
using simulations. In order to show the performances and
the robustness of the EKF algorithm, we simulated
different cases, which are presented thereafter. The static
and dynamic performances of the EKF are analyzed
according to the simulation of the following transients:

Comparison on the level of the regulation speed: Figure
6 presents the actual, estimated speeds, respectively. The
estimated speed follows the real speed.

Inversion of the speed: To test the robustness of the
system, we applied a changing of the speed reference
from 157 rad sec™ to-157 rad sec" at t=1.2s. Figure 7
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Fig. 8: Low speed actual estimated and estimation error
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Fig. 9: Trajectory of the estimated stator flux components

presents the actual, estimated speeds, respectively and
the estimation error (er). 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.

Operation at low speed : To test the speed estimation,
simulation was established in low speed. Figure 8.
I[llustrate simulation results of the process of speed
estimation with a speed reference equal W, = 50
(rad sec™). We can see that the speed follow perfectly the
speed reference however

Figure 9 illustrates the trajectory of the estimated
stator flux; the deviation detected is caused by the
instantaneous reversal of the speed at the zero crossing
of the speed. Figure 10 presents actual flux. |\ifs| The
estimated flux and |Li‘s| estimation error (er).
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Fig. 10:The actual estimated stator flux magnitude and
estimation error
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Fig. 11:Response of the clectromagnetic torque and
estimated stator current

Figure 11 illustrates the response of the estimated
stator current and the electromagnetic torque. It should be
noted that the amplitude of the torque ripple is slightly
higher.

Variation of load torques: In Figurel2 and 13, rated
mechanical load is applied to the motor between 0.5s-1s
after a leadless starting. To verify the performance of EKF
under loaded conditions. As shown above EKF works
properly even under fully loaded case. We can see the
insensibility of the control algorithm to load torque

variation.

Injected noise to the stator currents: The aim of the
current injection is to observe the low pass filter
characteristics of EKF. As shown in Fig. 14, the estimated
speed is not affected too much from the injected noise.
The speed estimation accuracy may be increased by
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Fig. 13: Response of the clectromagnetic torque and
estimated stator current
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Fig. 14: Estimated rotor speed with measured noisy
current

increasing the measurement noise covariance under noisy
conditions thus; the system model will have more

importance.
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CONCLUSION

We have presented in this study sensorless direct
torque control of induction motor based on Extended
Kalman Filter for stator flux and speed estimation. The
filtening action of EKF improves the system performance,
especially at low speeds. Simulation results reveal that the
flux and speed tracking are good and error convergence
is guaranteed. However an anti-windup PI regulator has
been used to replace the classical PI controller m the
speed control of a direct torque control. In conclusion, it
seems that the anti-windup PI controller outperforms the
classical PT controller in speed control of high
performance DT C motor drive. This association makes the
induction motor based DTC more robust and more stable.
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