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Abstract. In this paper, a modified KALMAN filter is propodeo estimate speed. At first, the influence of the
magnetic saturation is taken into account in thelelimg. In the second part, the direct torque m@(DTC) is
elaborated; the control of the speed loop is emsbsean IP controller, the flux and the torque estimated
from source voltages and measured currents. Theptas of this work is devoted to the operatingtsys
without mechanical sensor, using a KALMAN filter asspeed observer. Simulation results are preseated
verify the effectiveness of the proposed approach.
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1. Introduction

To study the control of any system, one of the nnmgiortant parts is the system modelling. The
induction machine is not a simple system, becatiseimerous complicated phenomena which affect
its operation, such as saturation, eddy currekiis,esfect etc... However, firstly these phenomeiila
not be taken into account; this allows obtaining@e equations which reflect accurately the machine
operation [1].

2. Moddling of theinduction motor

The application of Concordia transformation to thir and stator windings results on the following
equations of the induction machine in the d-q exfee frame [1, 3]:
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R, , R stator and rotor resistances;

L,s . L, Stator and rotor leakage inductances;
[ mutual inductance;

% , & stator and rotor flux vectors;

Vs » V. stator and rotor voltage vectors;
[ stator and rotor currents vectors;
®, . In magnetizing flux and current vectors;
w, , wy synchronous and slip angular speeds;
Tem electroragnetic torque.

method and can be presented by the following médrix as [3, 4]:
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M =L na,cOSa+L ,sirfa : Mutual inductance of the axis d

Mg=LcoSa+L ngsirfa: Mutual inductance of the axis q
Myq=(Lmay-Lm)cOsa sina : Term explaining the cross effect between the xquadrate

Mga andL, are the dynamic and the static mutual inductanoespectively.a is the angle between
thed axis and the magnetizing currept

As can be seen in the Fig.1, in steady state, ifferehce is clear between the saturated model and
the linear model. The instantaneous torque is malxiat starting, after that it is stabilized to
compensate the losses at no-load. From Fig.1, weobaerve that there is a difference between the
torque of saturated model compared to linear madaich explains the slower transient of the speed
with this model compared to the linear model.
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Fig.1. Start up following by a load application afi induction motor: linear model (blue curve),
saturated model (green ga).

3. Direct torquecontrol (DTC)

Direct Torque Control (DTC) of an induction machiséased on adequate voltage source inverter. In
a stator reference frame, the instantaneous vadfiestator flux and electromagnetic torque are

estimated from the stator magnitudes. Using hysiereomparators, the flux and the torque are
controlled directly and independently with an agpiate selection of voltage vector imposed by the

inverter. The inverter provides eight voltage veto

These vectors are chosen from a switching tabledbas errors of flux and torque and the stator flux
vector position (Tab.1). Application of a statoltage vectors which makes possible to decrease or t
increase the stator flux and the electromagnetgumin the same time

Tab.1 Switching table using hysteresis comparators of torque and flux

The bloc diagram of the DTC is shown in Fig.2.
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Fig.4 shows the simulation results of the direojti@ control applied to a saturated induction maehi
for a nominal reference speed and nominal loadiejmn. The real speed is obtained from the
mechanical sensor. The obtained simulation reshitsv that the DTC is a robust control. The flux
and the torque are decoupled and follow theirsreefees. The real speed tracks its reference in good
agreement. In addition, even with the presenamarinetic saturation, the DTC is operates correctly
and there is no need to be modified
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Fig.2. General structure of the DTC with mechanicakse
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Fig.3. DTC of the induction motor: nominal referergpeed and nominal load application
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4. DTC Without speed sensor by EKF

The machine speed is obtained through a mechaspesd sensor. However, this sensor requires a
place for its installation and leads to difficuftin its mounting; it is sensitive to noise andration.
Several strategies have been proposed in thetliterdo eliminate this mechanical sensor. Among
these strategies, there is the estimation by tkendrd Kalman filter (EKF). The Kalman filter is an
observer for nonlinear closed-loop whose gain madrivariable. At each calculation step, the Kalman
filter predicts the new values of state variablethe induction machine (current, flux and speddhjs
prediction is made by minimizing the noise effeatsl modelling errors of the parameters or the state
variables. The noises are supposed to be whitessgauand not correlated with the estimated states
[5]. The extended Kalman filter

as any other observer is based on the system niduebutput equation is:

M7 —(FS+L—S) -wols E wr 0_-| S L
s Tr Tr s||os O
I I _
d P 1| wds —(F€+L—S) —wr—l o ® 1 Ug
—| Qs |/ Tr Tr @sH O ols
d% oY qsks 0 0 00 NIE | s
o 0 s’ 0 00|qg/|0 1
o | 0 0 0 01 "o of
Ius} 1000 cﬂ T
= las lps Qs @s Q (7)
LBS 0100 0[“ |

The equivalent discrete filter is necessary for itnplementation of the EKF in real time. It is
assumed that the control input U(kT) is constarttvben the actual sampling instant [kKT] and the
previous sampling instant  [(k +1)T]. Thus, thecdete model of the machine in extended form
becomes:
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It is assumed that the matrix of the state vectan® the matrices Q & R of the measurement noise
are diagonal.
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There are two steps to implement the EKF algorittie, first is the prediction, the second is the
correction, and these two steps are introducechbigifialization of state vectorand the covariance

matrix B, Q and R.
The first estimation of the state vector at timel(kis:

X(k +1) =f [X(k/k),U(k),k] )

Thus, this measure state allows the predictiohefutput:

Y(k+1/K) =C X(K+1/K) (10)
The prediction covariance matrix of the filter isen by the following formula:
P(k+1/k)=A(k)P(k/k)AT(k)+Q (11)

Then
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Finally, the new value of the estimated state weatdime (k +1) is given by:

X(k +1/k +1) = X(k +1/K)+ K(k+1)[ Y(k+1)= ¥ (k+1/K)] (12)
The calculation of the error covariance is as fefio

P(k+1/k+1) ={I - K (k+1) C} P (k+1/k) (13)

Therefore, in the DTC without mechanical sensag, ébtimated speed is used only for the control.
The Kalman filter also estimates the electromagnetique and the components, the magnitude and
the sector of stator flux. This allows the complelieination of the two estimators of torque angkfl
presented previously. Thus, Only the KALMAN filtehich gives all the estimated quantities that the

DTC needs. Fig.4 illustrates the scheme of thigrobn
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Fig.4. General structure of the direct torque aantiithout mechanical sensor by the use of therelad
KALMAN filter

The simulation results of the DTC without mechahgensor control is shown in the Figures 5 and
6. The insertion of the Kalman filter in the DTOyes good performance, the estimated quantities
follow perfectly the reference quantities with &jist error of estimation in transients. The System
behaviour is good even in the presence of magsatieration; however, the mutual inductance value
adaptation is introduced inside the EKF algorithm

Fig.5. without speed sensor DTC by EKF applied tdlitrear model
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Fig.6. without speed sensor DTC by EKF appliechtogaturated model

5. Conclusion

This paper presents an approach for the inductiachme modeling including magnetic saturation.
The saturated model is more accurate than the ifiedpmodel in every facet of the prediction of
machine performance.

The main basic concepts of direct torque controChare presented. This control can be performed
by using a suitable choice of inverter voltage et Simulation results chow the robustness and the
advantages of this control, such as the no nedfteahagnetic saturation compensation.

The application of the Extended KALMAN Filter (EKF)r the direct torque control (DTC) without
speed sensor gives an excellent performance; tiehingaelectrical quantities are perfectly estimated
The results obtained show the need for the adaptati the mutual value function of the saturation
level inside Kalman filter algorithm.
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