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Abstract: This article presents a sensorless five level DTC control based on neural 

networks using Extended Kalman Filter (EKF) applied to Double Star Induction Machine 

(DSIM). The application of the DTC control brings a very interesting solution to the 

problems of robustness and dynamics. However, this control has some drawbacks such as 

the uncontrolled of the switching frequency and the strong ripple torque. To improve the 

performance of the system to be controlled, robust techniques have been applied, namely 

artificial neural networks. In order to reduce the number of sensors used, and thus the cost 

of installation, Extended Kalman filter is used to estimate the rotor speed. By viewing the 

simulation results using the MATLAB language for the control. The results of simulations 

obtained showed a very satisfactory behaviour of the machine. 
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1 Introduction1 

ARIABLE speed electric drives have gained 

considerable importance in industry and research, 

and require knowledge in the field of electrical 

engineering, such as electrical machines, power 

electronics. Thus, a variable speed drive consists of a 

power source, a power electronics converter, a machine 

and a control system. 

   Multiphase machines offer an interesting alternative to 

reduce stress on switches and windings. Indeed, the 

multiplication of the number of phases allows a splitting 

of the power and thus a reduction of the switched 

voltages with a given current. In addition, these 

machines can reduce the amplitude and increase the 

frequency of torque ripples, allowing the mechanical 

load to filter more easily. One of the most common 

examples of multiphase machines is the Double Star 

Induction Machine (DSIM) [1]. 
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   The use of a conventional two-level inverter in the 

field of high power applications is not appropriate 

because it requires electronic components capable of 

supporting high reverse voltage and high current [2]. 

   Another disadvantage of this inverter is the problem 

of magnetic interference caused by the abrupt change of 

the output voltage of the inverter from zero to high 

value. 

   With the appearance of the structures of the multilevel 

inverters proposed for the first time by [3], the research 

was able to face the handicaps presented by the classical 

structure. The aims of this research focus are to improve 

the quality of the output voltage, as well as to overcome 

the problems associated with two-level inverters. There 

are several topologies of multilevel inverters such as 

floating-diode, floating-capacitor, and cascaded 

inverters. These structures make it possible to generate 

an output voltage of several levels. 

   In high power applications, the structure of the 

multilevel inverters is the most suitable, compared to 

the two level structure, because the voltages and output 

currents have a much lower harmonic distortion rate. 

The voltage across each switch is halved and the hash 

frequency is lower. 

   Diode Clamped Inverter (DCI) is the one that attracts 

the most attention because of the simplicity of its 
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structure compared to the floating capacity inverter, in 

fact, we do not need to use capacities for each phase, 

which eliminates the risks of parasitic resonances [4]. In 

this structure, diodes called floating diodes are 

associated with each phase, which serves to apply the 

different voltage levels of the DC source. 

   Modern control techniques lead to control of induction 

machines comparable to that of the DC machine. 

Among this techniques, direct torque control, feedback 

control, vector control, adaptive control. 

   The Direct Torque Control (DTC) proposed by 

Takahashi and Depenbrock in 1985 is a solution for the 

problems of vector control. This technique does not 

seek the voltages to be applied to the machine, but the 

best switching state of the inverter to satisfy the user's 

requirements. It allows us to have a natural decoupling 

between the flux and the torque, to suppress the PWM 

stage, to obtain a very good response of the couple [5].  

Among the disadvantages of DTCc control that have 

been shown in the literature include: a slow response for 

small changes in stator flux and electromagnetic torque, 

size and complexity of switching tables when the 

number of levels of inverters is high [6]. In order to 

improve the performance of the DTCc control, many 

contributions have been made in the DTC control based 

on Artificial Neural Networks. 

   In the field of variable speed drives for machines, the 

performance of the control laws used depends on the 

degree of precision in the knowledge of the flux model 

and its position. Indeed the knowledge of the position of 

the rotor is indispensable in the control of the double 

star induction machine. The speed sensor used are 

fragile, expensive, and affect the reliability of the 

system [7]. One solution consists in observing or 

estimating the rotor speed by mathematical algorithms 

based on information accessible and essential to the 

control. 

   In this study, our interest is focused on the extended 

Kalman filter. It is an observer that provides a good 

estimate of the state variables of the systems and has 

shown its effectiveness in different domains [8]. 

   This paper is organized as follows: The DSIM model 

will be presented in the next section. The five-level 

inverter modelling is described in the third section. The 

control method by DTC based on Artificial Neural 

Networks (DTC-ANN) will be discussed in section four. 

In the fifth section, we present the theory of the 

extended Kalman filter. Moreover, in the sixth section 

the simulation results are discussed on Matlab/Simulink 

for the proposed control schemes. Finally, a general 

conclusion summarizes this work. 

 

2 DSIM Model 

   In the conventional configuration, two identical three-

phase windings share the same stator and are shifted by 

an electric angle of 30°. The rotor structure remains 

identical to that of a three-phase machine [9]. 

   The model of machine DSIM is nonlinear. With the 

help of some simplifying assumptions such as: 

- the dynamics flux is much slower than that of the 

stator currents and, 

- the dynamics speed is much slower than that of flux. 

   The DSIM control model fed by voltage static inverter 

is given by Eqs. (1)-(3) [10]: 
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where X = [x1, x2, x3, x4, x5, x6]T = [ids1, ids2, iqs1, iqs2, ∅dr, 

∅qr]T, U = [vds1, vds2, vqs1, vqs2]. 

   The matrixes A and B are given by: 
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3 Modeling of Five-Level Inverter 

   A five-level three-phase NPC inverter is composed of 

eight controlled switches that are unidirectional in 

voltage and bidirectional current, and six holding diodes 

connected throughout the continuous bus. 

   The inverter is powered by a continuous source E, 

which four capacitors of equal values share to give four 
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separate sources of voltage E/4. The three-phase 

structure of the NPC inverter with five voltage levels is 

shown in Fig. 1. 

   In Fig. 2, there are 60 discrete positions, distributed 

over four hexes, in addition to a position in the center of 

the hexagon. Some positions are created by several 

redundant states. From the outer hexagon to the inner 

hexagon, the positions of the vector vs are created 

respectively by one, two, three or four redundant states. 

The position of the center of the hexagon, which 

corresponds to a zero output voltage, is created by five 

redundant states. There are 24 positions with one 

redundancy, 18 positions with two redundancies, 12 

positions with three redundancies and 6 positions with 

04 redundancies. The 61 output voltage vector positions 

divide the vector diagram into six triangular 

sectors [11]. 

   For each switch Txki (k = 1, 2, i = 1 ... 8, x = a, b and 

c), a switching function is defined as follows: 
 

1 if is ON

0 if is OFF

xki

xki

xki

T
F

T


 


 (4) 

 

 
Fig. 1 Diagram of the five level inverter with NPC structure. 

 

 
Fig. 2 Vector diagram of the five-level inverter. 

The switch control of the lower half-arms are 

complementary to those of the upper half-arms. 
 

( 4)1xki xk iF F    (5) 
 

   Table 1 summarizes the correspondence between the 

states of each arm, the states of its switches and its 

output voltage. 

   We define five connection functions, each associated 

with one of the five states of the arm: 
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   The potentials of the nodes a, b and c of the three-

phase inverter at five levels with respect to the point o 

are given by the following system: 
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(7) 

 

4 Direct Torque Control Based on Neural Network 

   The Direct Torque Control (DTC) of a DSIM is based 

on the direct determination of the control sequence 

applied to the switches of a voltage inverter. This choice 

is based generally on the use of hysteresis comparators 

whose function is to control the state of the system, 

namely the amplitude of the stator flux and the 

electromagnetic torque [12]. 

   In the structure of the DTC, the voltage model is 

commonly used. Thus, the amplitude of the stator flux is 

estimated from its components following the axes (α, β). 
 

 
Table 1 States of an arm of the inverter with five levels. 

Switching 

States 

State of the Switches of an Arm 
Output 

Voltage Txk1 Txk2 Txk3 Txk4 Txk5 Txk6 Txk7 Txk8 

4 1 1 1 1 0 0 0 0 vc3+ vc4 

3 0 1 1 1 1 0 0 0 vc3 

2 0 0 1 1 1 1 0 0 0 

1 0 0 0 1 1 1 1 0 - vc2 

0 0 0 0 0 1 1 1 1 -(vc1+vc2) 
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The stator flux module is given by: 
 

2 2ˆ ˆ ˆ
s       (9) 

 

The angle θs is given by: 
 

1
ˆ ( )

ˆ tan 2
ˆ ( )

s

t

t











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 
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   This method of estimating the stator flux has the 

advantage of simplicity and accuracy, particularly at 

medium and high speeds where the ohmic voltage drop 

becomes negligible [13]. 

   The electromagnetic torque can be estimated from the 

estimated magnitudes of the stator flux, and the 

measured magnitudes of the line currents, by the 

equation: 
 

3ˆ ˆ ˆ.( )
2

em s s s sT p i i       (11) 

 

   This relationship shows that the accuracy of the 

estimated torque amplitude depends on the accuracy of 

the stator flux estimator and the current measurement. 

   Depending on the states of the inverter, the vector vo 

can take several positions in the plane α, β. These 

positions are shown in the vector diagram of Fig. 2. 

 
Table 2 Switching table of the five-level inverter supplying 

the first star of the DSIM. 

φ τ Zi 

 

φ τ Zi 

 

φ τ Zi 

1 

4 v(i+4)L1 

0 

4 v(i+6)L1 

-1 

4 v(i+8)L1 

3 v(i+4)L2 3 v(i+6)L2 3 v(i+8)L2 

2 v(i+4)M 2 v(i+6)M 2 v(i+8)M 

1 v(i+4)S 1 v(i+6)S 1 v(i+8)S 

0 v0 0 v0 0 v0 

-1 v(i+20)S -1 v(i+18)S -1 v(i+16)S 

-2 v(i+20)M -2 v(i+18)M -2 v(i+16)M 

-3 v(i+20)L2 -3 v(i+18)L2 -3 v(i+16)L2 

-4 v(i+20)L1 -4 v(i+18)L1 -4 v(i+16)L1 

 
Table 3 Switching table of the five-level inverter supplying 

the second star of the DSIM. 

φ Τ Zi 

 

φ τ Zi 

 

φ τ Zi 

1 

4 v(i+2)L1 

0 

4 v(i+4)L1 

-1 

4 v(i+6)L1 

3 v(i+2)L2 3 v(i+4)L2 3 v(i+6)L2 

2 v(i+2)M 2 v(i+4)M 2 v(i+6)M 

1 v(i+2)S 1 v(i+4)S 1 v(i+6)S 

0 v0 0 v0 0 v0 

-1 v(i+18)S -1 v(i+16)S -1 v(i+14)S 

-2 v(i+18)M -2 v(i+16)M -2 v(i+14)M 

-3 v(i+18)L2 -3 v(i+16)L2 -3 v(i+14)L2 

-4 v(i+18)L1 -4 v(i+16)L1 -4 v(i+14)L1 

   Tables 2 and 3 summarize, in general, the active 

voltage sequences to be applied to increase or decrease 

the stator flux module and the electromagnetic torque 

depending on the zone. 

 

4.1 Neural Network Strategy 

   The human brain is able to adapt, learn and decide, 

and it is on this fact that researchers have been 

interested in understanding its operating principle and 

being able to apply it to the field of computer science. 

   Among the disadvantages of DTCc control a slow 

response for small changes in stator flux and 

electromagnetic torque, size and complexity of 

switching tables when the number of levels of inverters 

is high. In order to improve the performance of the 

DTCc control many contributions have been made in 

the DTC control based on Artificial Neural Networks 

(DTC-ANN) [14]. 

   In this application, our goal is to replace switching 

tables with artificial neural networks. 

   The multilayer architecture was chosen to be applied 

to multi-level DTC control. This network, which can be 

multiplexed for each controller output, has acceptable 

performance in many industrial applications [15]. The 

neural network contains three layers: input layer, hidden 

layers, and output layer. Each layer consists of several 

neurons. The number of neurons in the output and the 

layers depends on the number of input and output 

variables chosen. The number of hidden layers and the 

number of neurons in each one depend on the dynamics 

of the system and the desired degree of accuracy. 

   Fig. 3 shows the structure of the neural network 

applied to the five-level DTC control of the DSIM. 

Where the switching tables of the five-level DTC are 

used as matrix tables. It is a network with three neurons 

in the input layer, whose inputs are: flow error (Ef), 

torque error (Ec) and flow position angle (Z). Thus, 24 

neurons in the hidden layer, and 12 neurons in the 

output. Fig. 4 shows the chosen architecture [16]. 

 

 
Fig. 3 Neural network structure applied to the five-level DTC 

control. 
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Fig. 4 Selection table based on neuron network. 

 

5 Extended Kalman Filter (EKF) 

   In the family of observers, the Kalman filter 

presupposes the presence of noise on the state and on 

the output. The natural presence of noises, when an 

asynchronous machine is driven by an inverter, 

represents an argument for this choice. 

   The Kalman filter solves, in the time domain, the 

problem of statistical estimation for linear systems. It 

uses the state representation of stochastic linear systems. 

It then provides an optimal estimate in the sense of the 

minimum variance as well as the variance of the 

estimation error [17]. 

   In our application, the Kalman filter will be used for 

the estimation of the state vector xk composed of stator 

currents, stator fluxes on the two axes (α, β), the rotor 

position and the mechanical speed. The electrical 

parameters of the machine are assumed to be known; a 

preliminary estimate of these parameters is therefore 

necessary. Thus, from the discrete representation of the 

double-star synchronous machine, a state observer is 

constructed. 

   This filter is based on a number of assumptions, 

including noise. Indeed, they assume that the noises that 

affect the model are centered and white and that they are 

decorrelated from the estimated states. In addition, state 

noises must be decorrelated from the measurement 

noises. 

   Given the following nonlinear stochastic model: 
 

        

      

1 ,x k f x k u k w k

y k h x k v k

   


 

 (12) 

 

with 

w(k): State noise vector, 

v(k): Measurement noise vector. 

   This nonlinear system is brought back into a linear 

system and all the equations of the extended Kalman 

filter are deduced. The estimation procedure is divided 

into two stages: 

First step: Prediction phase 

Estimate in the form of a prediction: 
 

      ˆ ˆ1/ / ,x k k f x k k u k   (13) 

 

   This step makes it possible to construct a first estimate 

of the state vector at the instant (k+1). We then try to 

determine its variance. 

   Calculation of the covariance matrix of the prediction 

error: 
 

 1/ ( ) ( ) ( )TP k k F k P k F k Q    (14) 

 

with 
 

 

   ˆ /

( ), ( )
( )

( )T

x k x k k

f x k u k
F k

x k






 (15) 

 

   The prediction phase makes it possible to have a 

difference between the measured output yk+1 and the 

predicted output yk+1/k. To improve the state, it is 

necessary to take into account this difference and to 

correct it by means of the gain of the filter Kk+ 1. By 

minimizing the variance of the error [18], we obtain the 

following expressions: 

Calculation of Kalman gain: 
 

   

  
1

1 1/ ( )

( ) 1/ ( )

T

T

K k P k k H k

H k P k k H k R


   

 
 

 
 

(16) 

 

with 
 

 

   ˆ

( )
( )

( )
x k x k

h x k
K k

x k






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Calculation of the covariance matrix of the filter error: 
 

   

   

1/ 1 1/

1 ( ) 1/

P k k P k k

K k H k P k k

   

  
 

 
 

(18) 

 

Estimation of the state vector at (k + 1): 
 

   

      

ˆ ˆ1/ 1 1/

ˆ1 1 1/

x k k x k k

K k y k Hx k k

   

    
 

 
 

(19) 

 

Fig. 5 shows the schematic diagram of the extended 

Kalman filter. 

   The matrix Q linked to the noises disturbing the state 

makes it possible to regulate the quality of estimation of 

our modelling and its discretization. A higher value of Q 

gives a high value of the gain K reducing the 

importance of the modelling and the dynamics of the 

filter. The measurement then has a larger relative 

weight. A high value of Q can, however, create 

instability of the observer. 

   The matrix R regulates the weight of the 

measurements. A high value indicates a great 
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uncertainty of the measurement. On the other hand, a 

low value makes it possible to give a significant weight 

to the measurement. However, attention must be paid to 

the risk of instability at low R values. 

The extended state vector chosen is: x(t) = [iα iβ φα φβ Ω 

θ], y = [iα iβ], u = [vα vβ]. 

   To estimate the speed of rotation of the DSIM by 

extended Kalman filter, the measurement of the stator 

currents and the estimation of the voltage vector are 

essential. The estimate made by adopting the following 

observer parameters: 





























1.000000

01.00000

001.0000

0001.000

00001000

00000100

Q , 









12.00

012.0
R , 



































1.000000

0100000

0010000

0001000

00001.00

000001.0

5

5

5

P . 

   Fig. 6 shows the principle of the direct multilevel 

torque control applied to double star induction machine 

without a speed sensor using the extended Kalman 

filter. 

 

 
Fig. 5 Principle of the extended Kalman filter. 

 

 
Fig. 6 Five-level DTC-ANN scheme for sensorless DSIM using 

extended Kalman Filter. 

6 Simulation Results 

   In order to test the static and dynamic performance of 

the sensorless control, the DSIM is accelerated from 

standstill to reference speed 100 rad/s. The machine is 

applied with a load torque of 11Nm. Finally, the 

direction of rotation of the machine is reversed from 

100 rad/s to -100 rad/s at time t = 2s. Figs. 7 and 8 show 

the simulation results of the    five-level DTC control 

for sensorless DSIM using the extended Kalman filter. 

   Simulation results of real and estimated speed, stator 

flux, torque, stator current and stator voltage show the 

good performance of the five level DTC-ANN control 

of DSIM (speed, stability and precision). 

   We note that the speed follows its reference value. 

The electromagnetic torque stabilizes at the value of the 

nominal torque after a transient regime with rapid 

response and without exceeding before stabilizing at the 

value of the applied load torque. The stator flux is a 

constant value and it is found that the behaviour of the 

stator flux and the electromagnetic torque are 

independent thus confirming a total decoupling. 

   During rotation sense’s reversing, the speed controller 

shows a similar behaviour as the starting up state by 

operating the system at the physical limit. The speed 

and torque response show good dynamic and reference 

tracking while transient and steady state. The magnitude 

and the trajectory illustrate that the flux takes a few 

steps before reaching the reference value 2.2Wb. The 

stator current show good sinusoid waveform. 

   Concerning the estimation of the rotor speed, the 

results of simulation show that the superposition of the 

estimated and real speeds; the error between the real 

speed and its estimated value tends to zero. 

   On the other hand, the five level DTC control 

significantly reduces the torque and flux ripple, and the 

THD value of the stator current compared to the five 

level DTC control. 

   From these simulation results, it is noted that the 

output voltage form depends on the number of levels of 

the inverter used. Regarding the evolution of the 

harmonic distortion rate (THD) of the output voltage, 

we note that it equals 3.98%. 

 

6.1 Low Speed Operation 

   Fig. 9 show the simulation results of the five-level 

DTC control of sensorless DSIM using the extended 

Kalman filter for low speed operation. DSIM is 

accelerated from standstill to a low reference speed of 

10 rad/s, at time t = 0.5 s the DSIM is accelerated again 

to a reference speed of 100 rad/s. The machine is loaded 

with a nominal load of 11 Nm. Finally, a reversal of the 

direction of rotation from 100 rad/s to -10 rad/s is 

performed at time t = 2s. 

   The simulation results show that low speed operation 

does not affect the performance of the proposed drive. 

Indeed the decoupling between the torque and the flux 

is guaranteed, the good reference speed tracking is 
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ensured, and the speed estimation is effective. 

 

7 Conclusions 

   From the results of simulation of the DTC-ANN 

control of the sensorless DSIM fed by two multilevel 

inverters, we realize that it is a decoupled control 

ensuring a good speed continuation, an effective 

rejection of the disturbance and a good observation of 

the speed. 

   The simulation results obtained show that this control 

technique makes it possible to obtain a perfect 

decoupling between the stator flux and the 

electromagnetic torque with fast tracking dynamics. In 

addition, the estimation of the speed is very satisfactory 

even at low speed. The introduction of the stabilization 

strategy in the DTC-ANN control makes it possible to 

give an added value to the drive system from the point 

of view of balancing the voltages across the capacitors 

at the input of the inverter and the reduction of the 

corrugations of the electromagnetic torque and stator 

flux. 

   The simulation results confirm that the proposed 

multiphase drive has excellent performance at high 

speeds and estimating rotor speed. However, it is 

necessary to test its operation at low speeds. 

   It can be seen that the use of multilevel inverters 

makes it possible to have a charging current close to a 

sinusoidal shape while decreasing the ripples of the 

torque, to obtain a short transient regime and to supply 

the machine with a voltage of the low THD. 
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Fig. 7 Simulation results of real and estimated speed, torque, stator flux and current of five level DTC-ANN. 

 

 
 

Fig. 8 Simulation results of stator voltage and THD of five level DTC-ANN. 
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Fig. 9 Simulation results of real and estimated speed, torque, stator flux and current of five level DTC-ANN for low speed operation. 

 

 

 

Appendix 

DSIM Parameters 

Pn = 4.5 Kw, In = 6 A, Rr = 2.12 Ω, Rs1 = Rs2 = 1.86 Ω, 

Ls1 = Ls2 = 0.011 H, Lm = 0.3672 H, J = 0.065 Kg.m², 

Lr = 0.006 H. 
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