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Abstract: This study is devoted to the Direct Torque Control (DTC) strategy of
a Doubly Fed Induction Motor (DFIM), with the use of an Artificial Neural Net-
work (ANN) in the switching table, that gives the control sequence of the voltage
inverter.This strategy is performed in two methods, the first one is with a mechanical
sensor for the motor speed and, consequently, the position of its rotor, and the second
one is without a mechanical sensor, using the Extended Kalman Filter (EKF) as a
fast observer for the nonlinear closed loop with the obtained variable matrix. The
EKF gives the new values of the state variables of the DFIM by minimizing the noise
impact. This helps to avoid problems caused by the motor speed sensor and to make
better the control robustness and its performances in the situation of any sensor fault.
The selected configuration uses two voltage inverters linked to the stator and the ro-
tor windings, which permits adopting the energy distribution between the stator and
the rotor, and which is a suitable drive for the changeable speed application.
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1 Introduction

In a generator system, the Double Feed Induction Machine (DFIM) is more used in
different speed wind systems for electricity production [1], where in motor mode, it is
found in high power applications such as traction, marine propulsion and pump storage
systems [2,3]. In this application, the DFIM works in motor operation, it is supplied by
two Voltage Inverters (VI), one is for the stator and the second is for the rotor. This case
is explained in Figure 1. The switching state of the VI is checked according to the counted
values of the flux and the angle of this flux from the measured electrical amounts (voltages
and currents). The switching table that gives the control sequence of the inverter is
elaborated based on the ANN technique as the developed control ameliorates the torque
reply by minimizing the oscillations compared to the conventional table control. The
way exposed in this paper is the Direct Torque Control (DTC) which is applied to
ensure a good dynamic performance and stability. The control is supported by the initial
information on the flux, the rotor position and its fastness. In most cases, the latter is
gained by a mechanical sensor. However, this demands a location installation that gives
difficulty access or requires more space, decreases reliability in difficult environments and
rises the expense of the machine. In this content, the Extended Kalman Filter (EKF)
is used to estimate the speed of the DFIM as a work of the measured stator and rotor
electrical variables [4].

This paper is organized as follows. Section 2 and Section 3 give, with no details, the
modeling and control by DTC-ANN strategy of the DFIM with a speed sensor. Section
4 is dedicated to estimating the rotor speed by the EKF used in the evolved strategy.
Section 5 introduces the simulation effects obtained by the application of the DTC-ANN
strategy with and without a speed sensor. Concluding remarks are given in Section 6.

Figure 1: General schema of a DFIM powered by two Inverters.

2 Modeling of the DFIM

In order to achieve a good dynamic performance in DFIM control, it is necessary to have
the model which represents the machine’s behavior, not only in the permanent regimes,
but also in the transient regimes. The modelling of the DFIM is based on the general
equations in Concordia transformation applied on the stator and rotor windings, these
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equations are given as follows [5]:{
Vαs = RsIαs + dφαs

dt ,

Vβs = RsIβs +
dφβr
dt ,

(1)

{
Vαr = RrIαr + dφαr

dt + ωφβr,

Vβr = RrIβr +
dφβr
dt − ωφαr,

(2){
φαs = LsIαs +MIαr,
φβs = LsIβs +MIβr,

(3){
φαr = MIαs + LrIαr,
φβr = MIβs + LrIβr,

(4)

where ωs, ω are the stator and rotor pulsations, ω = pΩ. Ω is the mechanical rotating
speed. The angular relationship is defined by Figure 2 [6]:

Figure 2: Stator and rotor flux position in the DFIM.

θs = θr + θ − γ, (5)

θs : Angular position of the rotating reference α− β,
θr : Angular position relative to α axis,
θ : The electrical angular position of the rotor relative to the stator reference frame.

So, in the steady state (dγ/dt = 0) and with
dθs
dt = ωs,

dθ
dt = ω,

ωs = ω + ωr,

(6)

the dynamical equation is given by

J
dΩ

dt
= Tem − Tr −KfΩ (7)

and the electromagnetic torque equation is

Tem =
P ·M
Lr

(ΦαrIβs − ΦβrIαs) . (8)
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The motor is powered directly by two three-phase voltage inverters, as it is represented
in Figure 1.

3 Strategy Applied on DFIM

The system, studied in this work, is the DFIM powered by two voltage inverters (VI)
for the stator and the rotor, Fig.1. The switching states of the inverters are generated
using a direct torque control (DTC) strategy, where the current and voltage sensors are
needed [7]. The DTC makes it possible to control the optimum electromagnetic torque
from the flow metrics and their positions. The main advantages of the DTC applied to
the induction machine are:

• The DTC has a simple structure and a robust control, if one ensures a good quality
of the estimation of the flows during operation, and consequently, a good estimate
of the couple.

• The DTC with two ST (switching tables) provides excellent torque dynamics, but
the positions of the stator and rotor flows and the angle between these fluxes must
be carefully controlled. In this paper, a separate control of the stator and rotor
flows is proposed. In order to apply the DTC strategy to two voltage inverters
on the DFIM, we define a first ST to control the stator flux vector and a second
ST to control the rotor flux vector. The next part of the control strategy controls
the interaction between the two streams. As a result, it is possible to regulate the
speed as long as the electromagnetic torque is controllable [7].

By using the stator flux ~Φs and the rotor flux ~Φr vectors as state variables, the DFIM
electromagnetic torque can be expressed as follows [7, 8]:

−−→
Tem = 3

2 ·
PM
σsLr

(
~Φs ∧ ~Φr

)
,

‖Tem‖ = K ·
(∥∥∥~Φs∥∥∥ · ‖−→Φr‖) · sin(γ),

(9)

where P is the number of pole pairs, Ls, Lr are the stator and rotor self-inductances, M
is the mutual inductance, and σ = 1− M

LsLr
is the dispersion coefficient. ~Φs and ~Φr are

the stator and rotor flux space vectors and γ is the angle between the fluxes as shown in
Figure 2. The constant ′K ′ is defined as below:

K =
3

2
· PM

σLsLr
. (10)

By analyzing relation (9), two strategies can be proposed for the torque control:

• by fixing the flux module and adjusting the γ angle,

• by fixing the γ angle and adjusting the flux module.

In this study, the authors [6,7] chose the first strategy. The DTC strategy applied to
this system will provide fast and robust torque and flux responses.
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3.1 Stator and rotor inverter control

The first inverter is connected to the stator winding (Stator Inverter (SI)), and the
second one is connected to the rotor winding (Rotor Inverter (RI)), S1, S2, and S3 are
the switching sequence sent to the IGBT gates. The instantaneous value of the stator flux
and its position are estimated from the measured electrical quantities. Using hysteresis
comparators, the flux and the position are controlled directly and independently with an
appropriate selection of the voltage vector imposed by the inverter. The inverter provides
eight voltage vectors. These vectors are chosen by a switching table based on the errors
of flux and its position. Table 1 is deduced according to the switching sequence from the
model of the induction machine in a stationary reference and the expression of the stator
voltage.

Table 1. Voltage Inverter Table.

voltage
vector

S1 S2 S3 Vab Vbc Vca

V0 0 0 0 0 0 0
V1 1 0 0 +U 0 −U
V2 1 1 0 0 +U −U
V3 0 1 0 −U +U 0
V4 0 1 1 −U 0 +U
V5 0 0 1 0 −U +U
V6 0 1 0 +U −U 0
V7 1 1 1 0 0 0

The stator flux is estimated from the following relation:

Φs(t) =

∫
(Vs −RsIs) dt. (11)

Over the time interval [0, Ts], corresponding to a sampling period Te, it is considered
that the term RsIs is negligible compared to the voltage Vs, thus

Φs = Φs0 + VsTe. (12)

The stator and rotor flux vectors can be estimated directly into the stator and rotor
voltage vectors {

d
dt
~φs = ~Vs,

d
dt
~φr = ~Vr.

(13)

We integrate (11) during a sampling period Te. Thus, the following equation is obtained:{
Φs (tn+1) = Φs (tn) + Te · Vs (tn),

Φr (tn+1) = Φr (tn) + Te · Vr (tn).
(14)

The voltage vector application time is Te. Consequently, Vs and Vr remain constant
during the time interval [tn, tn+1] , where tn+1 = tn + Te. Equation (8) can be rewritten
as  Φn+1

s =
−→
Φns + Te ·

−→
V ns ,

Φn+1
r =

−→
Φnr + Te · V nr .

(15)
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For each sampling time, the appropriate output voltage vector of the inverter can be
deduced from the estimated values of the flux. In Figure 3, six sectors are defined in the
stationary reference frame (α, β). Therefore, if θs (or θr ) is in the same sector, the use
of an identical voltage vector leads to a similar phase and amplitude evolution of the flux
vector. The rotor flux vector is defined in the same way [6]. Thus, the applied voltage

Figure 3: Applicable voltage vectors for the stator flux vector control.

vectors depend on the following:

1. The sector number (according to θs and θr ).

2. The required flux angular position.

3. The required flux magnitude evolution.

This is illustrated in ST shown in Table 2. Two independent STs are implemented in the
control system. They allow controlling the rotor and stator fluxes. The DTC strategy is
aimed to separate the stator and rotor flux adjustment. In this way, the flux interaction
is controlled, and consequently, the electromagnetic torque Tem(13).

Table 2. Switch positions and their voltage vectors
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3.2 DTC-ANN applied on DFIM

The proposed DTC-ANN consists to replace the switching table which provides the
voltage vector, the Artificial Neural Network (ANN) switching table inputs are:

- ∆Φs The flux error.

- ∆Φr : The angle error.

Ns is the number of sector from 1 to 6. This ANN is based on forward-forward propagation
with three hidden layers having, respectively [4, 14], 16 neurons in each layer and one
connection as activation functions. The output layer has three neurons providing a
voltage vector [9], the proposed ANN switching table is shown in Figure 4. It is well

Figure 4: The ANN structure for switching table.

known that the stator windings and the rotor windings are fed by two three-phase systems
where the rotor current frequency has a slip. The angular relation of rotor can be deduced
as (Figure 2):

θr = γ + θs − θ. (16)

The global scheme of the proposed control strategy is illustrated in Figure 5. In this
diagram, Ω is the mechanical rotation speed measured by a sensor installed on the rotor.

4 Speed Sensorless Control by EKF

The rotor position and DFIM speed data are indispensable in the check. They are
always obtained via a mechanical speed sensor. But, this sensor needs a place for its
installation, moreover, this leads to some problems in its installation; and it is affected
by noises and vibrations. Various techniques have been proposed in the literature to
remove this mechanical sensor. Among these techniques, there is the speed estimation
using the EKF. This Kalman filter is an observer for the nonlinear closed loop with the
obtained variable matrix. In every calculation stage, the Kalman filter gives the new
values of the state variables of the DFIM. The prediction values are made by minimizing
the noise impact and modeling the parameter faults or the unstable state. Noises are
supposed to be white, Gaussian and not correlated with the estimated states [10].
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Figure 5: Global block diagram of the DTC with a mechanical speed sensor.

4.1 Selection of DFIM model

We consider the angular rotor speed ω as a state variable which increases the size of the
state vector, in this case, this state vector becomes

x = [iαs iβs iαr iβr ω]
T
, (17)

u = [vαs vβs vαr vβr]
T . (18)

The time-domain of the motor model is given as[11]:

ẋ = f(x, u) = Ax+Bu, (19)

y = h(x) = [iαsiβs]
T
, (20)

A =


− RS
σLS

(1−σ)
σ ω RrM

σLsLr
M
σLS

ω

− (1−σ)
σ ω − RS

σLS
− M
σLSLr

ω RrM
σLSLr

RSM
σLsLr

−M
σLr

ω − Rr
σLr

− 1
σω

M
σLr

ω RSM
σLSLr

1
σω − Rr

σLr

 , (21)

B =


1
σLs

0 − M
σLsLr

0

0 1
σLs

0 − M
σLsLr

− M
σLsLr

0 1
σLr

0

0 − M
σLsLr

0 1
σLr

 , (22)

C =

[
1 0 0 0 0
0 1 0 0 0

]
. (23)
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The above equations can be written also as

d

dt


Iαs
Iβs
Iαr
Iβr
ω

 =


a1 a2pΩ a3 a4pΩ 0

−a2pΩ a1 −a4pΩ a3 0
a5 −a6pΩ a7 −a8pΩ 0
a6pΩ a5 a8pΩ a7 0

0 0 0 0 1



Iαs
Iβs
Iαr
Iβr
ω

+Bu (24)

with

Bu =


b1 0 b2 0
0 b1 0 b2
b2 0 b3 0
0 b2 0 b3
0 0 0 0



Vαs
Vβs
Vαr
Vβr

 , (25)

[
Iαs
Iβs

]
=

[
1 0 0 0 0
0 1 0 0 0

] [
Iαs Iβs Iαr Iβr ω]T , (26)

where the parameters ai and bi are given by

a1 = − Rs
σLs

, a2 = (1−σ)
σ , a3 = RrM

σLsLr
, a4 = M

σLs
, (27)

a5 = RsM
σLsLr

, a6 = −M
σLr

, a7 = − Rr
σLr

, a8 = 1
σ , (28)

b1 = 1
σLs

, b2 = − M
σLsLr

, b3 = 1
σLr

. (29)

4.2 DFIM discretization model

The DFIM discrete state space model is obtained from equations (23) and (24) as follows
[10,12]:

Xk+1 = f (Xk, Uk) = AkXk +BkUk, (30)

Yk = h (Xk) = CkXk, (31)

where Ak ,Bk and Ck are the discredited system matrix, input matrix and output matrix,
respectively, thus  Ak = 1 + TA,

Bk = BT,
Ck = C,

(32)

where T is the sampling time and I is an identity matrix.

Ak =


1 + a1T a2pΩT a3T a4pΩT 0
−a2pΩT 1 + a1T −a4pΩT a3T 0
a5T −a6pΩT 1 + a7T −a8pΩT 0
a6pΩT a5T a8pΩT 1 + a7T 0

0 0 0 0 1

 ,

Bk = T


b1 0 b2 0
0 b1 0 b2
b2 0 b3 0
0 b2 0 b3
0 0 0 0

 ,
Ck =

[
1 0 0 0 0
0 1 0 0 0

]
,

(33)
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Xk =


Iαs(k)
Iβs(k)
Iαr(k)
Iβr(k)
ω(k)

 , Xk+1 =


Iαs(k + 1)
Iβs(k + 1)
Iαr(k + 1)
Iβr(k + 1)
ω(k + 1)

 , Uk =


Vαs(k)
Vβs(k)
Vαr(k)
Vβr(k)

 . (34)

Let v be the noise vector of the system which perturbs the state vector, and w be the
measurement noise vector which perturbs the measurement vector [11]{

Xk+1 = f (Xk, Uk) + wk,
Yk = h (Xk) + vk.

(35)

The Kalman filter considers the system noise vector and the measurement noise vector
as the Gaussian white noise of zero mean, which is free of the basic state vector and their
covariance matrices, these are, respectively, Q and R, defined by{

Q = cov(w) = E
{
wwT

}
,

R = cov(v) = E
{
vvT

}
.

(36)

4.3 Determination of the noise and state covariance matrices

To obtain the best considerable speed value, it is necessary to use exact initial values for
the covariance system matrices of the noise measurement and the state noise Q, R and
P , respectively [12].They have important results on the stability filter and convergence
time. These matrices are supposed to be matrices of diagonal covariance.

4.4 Implementation of the discretized EKF algorithm

The filtering algorithm is formed of two major steps, a prediction step and a filtering
step [10, 11].

g In the prediction process, the following predicted states values X̂(k + 1) are got
by using a mathematical model (state-variable equations), also the former values
of the estimated states. Therefore, the predicted state covariance matrix (P) is
gained before the new measurement values. At the end, the mathematical model
and also the covariance matrix of the system (Q) are used.

g During the second step, which is the filtering step, the following estimated states,
X̂(k + 1), are got from the predicted ones, they estimate X(k + 1) by adding a
correction term K(y − ŷ) to the predicted value.

This correction term is a weighted variety between the current output vector (y) and
the predicted output vector ( ŷ ). Here K is the Kalman gain. The estimated states are
gained from the following stages [13,14].

• Initialization of the state vector and covariance matrices.

• Prediction of the state vector

X̂k+1/k = f
(
Xk/k, Uk

)
. (37)

• Covariance estimation of prediction.
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• Kalman filter gain computation.

• Covariance matrix of estimation error.

Finally, the global scheme of the proposed control strategy is illustrated in Figure 6.

Figure 6: Global block diagram of the DTC without speed sensor by the EKF observer.

5 Results and Discussion

The DFIM in this work is: 4kW; 220/380V − 50Hz 15/8.6A; 1440rpm whose nominal
parameters are reported in the Appendix. The simulations of the DFIM control and
speed estimation method with the extended Kalman filter have been done using the
MATLAB/Simulink software. An Artificial Neural Network (ANN) switching table and
a Classical Integral Proportional(IP) controller were used for the speed control and direct
torque control. Simulation results are shown in Figure 7. Figure 7(a) represents the speed
response using the mechanical sensor after applying a step at (t = 0.1s); then the load
torque application at (t = 0.5s). After that the reversal of the rotation direction at
(t = 1s). Figure 11(b) presents the same answer estimated speed by EKF, it shows also
the speed measured by the sensor and that estimated (without the sensor). Both curves
coincide and follow very well the reference, especially in the steady state. Almost the same
evolution of the magnitudes is noted: Electromagnetic torque in Figure 11(c) and (d);
Stator Currents in Figure 7 (e) and (f); Stator flux circle and rotor flux circle in Figure
7 (g) and (h). Except in the case of a sensorless control, there is a small fluctuation due
to the estimation by the Kalman filter. These results are shown in diagram, we develop
a speed sensorless DTC strategy of a DFIM using the EKF, eliminating the mechanical
speed sensor. Note that the EKF estimator presents a good tracking for the rotor speed
with a negligible error in steady state, the EKF is still robust during the load application
and reversal of the motor speed.
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Figure 7: Simulation results.
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6 Conclusion

In this paper, the direct torque control strategy by two switching tables developed by
ANN technique applied on DFIM, with and without a mechanical sensor, is presented.
In order to guarantee a good dynamic performance of the overall system and to solve the
problem of control, accompanied generally with the mechanical sensor fault, the EKF
approach is used as a speed observer in the DTC, which makes it possible to obtain a
good control for the voltages generated by the inverters, and consequently, a good metric
of flux and torque, in order to ensure a good dynamic performance of the controlled
system without a mechanical speed sensor. The results obtained show a good regulation
of the electrical and magnetic quantities, which ensures the efficiency of this strategy
without a speed sensor and the stability of the system in the event of load or sensor
fault.
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