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Abstract – In this paper, a control without speed sensor   with extended Kalman filter (EKF) for command 

a permanent magnet synchronous motor (PMSM) speed rotor position estimation is proposed. The direct 

torque control (DTC) technique for permanent magnet synchronous motor (PMSM) is receiving increasing 

attention due to the significant advantages of low dependence on motor parameters compared to other motor 

control techniques. The Kalman filter is an observer of linear and nonlinear systems and is based on 

stochastic intromission, in other words, noise. The PMSM is powered by an electronic power converter. 

Simulation tests performed for different operating conditions have confirmed the robustness of the whole 

system 

 
Keywords – Permanent Magnet Synchronous Motor (PMSM), Direct Torque Control (DTC), Extended Kalman Filter (EKF).

I. INTRODUCTION 

 The demand for highly dynamic electrical drives, 

characterized by high quality torque control, in a 

wide variety of applications has grown 

tremendously during the past decades.  

Permanent magnet synchronous motor (PMSM) 

has the advantages of high efficiency, high power 

density, simple control, and small size, and it has 

become an important development direction for the 

electric propulsion system. The speed control 

techniques for PM are well studied, and many 

techniques such as the field-oriented control (FOC) 

and direct torque control (DTC) have been proposed 

in the literature. In general, FOC has following 

disadvantages: complex control structure, requires 

coordinate trans formation, and pulse width 

modulator (PWM) signal generators. 

Hence, the challenge is to adapt and modifying the 

available techniques of speed control, proposed for 

industrial applications. 

 Compared to FOC, DTC does not need current 

regulators and can provide extremely high transient 

torque control performance with very simple 

structure. However, the DTC technique has some 

drawbacks like high torque ripple, flux ripple, high 

stator current distortion, and variable switching 

frequency, the authors propose a predictive scheme 

with low computational complexity and low 

parameter sensitivity, which diminish both the 

torque and flux ripples in a PMSM drive. 

To improve the performance of the classical DTC, 

This paper presents the modeling, analysis, design 

and experimental validation of a robust sensorless 

control method for permanent magnet synchronous 

motor (PMSM) based on Extended Kalman Filter 

(EKF) to accurately estimate speed and rotor 

Direct torque control without speed sensor using extended kalman 

filter for permanent magnet synchronous motor  



 

327 
 

position. The extended Kalman filter (EKF) has an 

excellent state estimation capability for nonlinear 

systems, and can still estimate the state of the system 

especially in the case of noise and measurement bias 

errors. EKF is widely used in the motor position less 

control system. has adopted the stator flux, motor 

speed and rotor position, and designed the 

permanent magnet synchronous motor position less 

DTC control system. The aim of this paper is to 

study the use of the Extended Kalman filer (EKF) 

for sensorless control of a permanent magnet 

synchronous motor (PMSM) drive controlled by 

direct torque control (DTC). In contrast to the vector 

control, the DTC allows for better compensation of 

the dead-time effects, however, it also needs to run 

with much shorter sampling period. The challenge 

for the EKF is to minimize its execution time. This 

is achieved by using state space model of the drive 

with only two state variables, the rotor speed and the 

rotor position, which will be known as the reduced 

model. We show in simulations and experiments, 

that the EKF with this reduced model has the same 

performance as the four-dimensional full order 

model at much lower computational cost. This 

allows to use the EKF even in DTC with very short 

sampling time and take full advantage of the dead-

time compensation. Due to better reconstruction of 

the voltage vector, the sensorless DTC is able to 

operate the drive at lower speed than the vector 

control with the same estimator.[1][2][3] 

II. DIRECT TORQUE CONTROL OF PMSM 

A- Mathematical model of PMSM 

 

A-1 Electrical equations: 
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A-2 Magnetic equations: 
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The PMSM model can be written as follows: 
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A-3 Expression of the electromagnetic torque: 

][
2

3
dqqde IIPT                                  (5)

 
After assigning the necessary operations we 

can write: 

)]][(
2

3
fqqdqde IIILLPT                 (6)

 
 

A-4 Mechanical equations: 

dt

d
JfTT re


                                   (7) 

A-5 Model of PMSM: 

 

 
Fig.1. Model of PMSM 

 

A-5 Characteristics of the PMSM: 

 

 
Fig.2. Speed 
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Fig.3. Electromagnetic and load torque 

 

 
Fig.4. Direct and quadrature current 

 

B- DTC classic  

 

The DTC control of a permanent magnet 

synchronous machine is based on the direct 

determination of the control sequence applied to the 

switches of a voltage inverter. This choice is 

generally based on the use of hysteresis comparators 

whose function is to control the state of the system, 

i.e. the amplitude of the stator flux and the 

electromagnetic torque. A voltage inverter allows to 

reach seven distinct positions in the phase plane, 

corresponding to the eight sequences of the voltage 

vector at the output of the inverter.[4][5] 

 

 
 

Fig.5. Synoptic diagram of the DTC control. 

B-1- Estimation of stator flux and electromagnetic torque 

B-1-1 Control of stator flux 

 

Basing on the PMSM model in stationary frame, 

the stator flux equation can be expressed as follows 

 

�̂�s𝛼 = ∫(𝑉s𝛼 − 𝑅𝑠 ∙ 𝐼s𝛼)𝑑𝑡                               (8)                                                                                                   

�̂�s𝛽 = ∫(𝑉s𝛽 − 𝑅𝑠 ∙ 𝐼s𝛽)𝑑𝑡 

 

Fig.6  Evolution of stator flux vector in the complex plan 

 

Fig.7 Two-level hysteresis comparator for stator flux control. 

The logical outputs of the flux controller are 

defined as:  

Clfx=1  if     ∆𝜑𝑠 > ℎ𝜑𝑠 

Clfx=0  if     ∆𝜑𝑠 ≤ −ℎ𝜑𝑠 

Where ℎ𝜑𝑠 is hysteresis band of stator flux. 

The stator flux error is defined by the difference 

between the reference value of flux and the actual 

estimated value: [5][6] 

∆𝜑𝑠 = |𝜑𝑠 ∗| − |𝜑𝑠| 

B-1-2 Control of electromagnetic torque  

The electromagnetic torque is proportional to the 

vector product between the stator and rotor flux 

vectors stator and rotor flux vectors as follows: 

Ce=K(𝜑𝑠 ̅̅ ̅̅ *𝜑′𝑟 ̅̅ ̅̅ ̅)*sin 𝛿 = 𝐾‖𝜑𝑠 ̅̅ ̅̅ ‖ ‖𝜑′𝑟 ̅̅ ̅̅ ̅‖ sin 𝛿 

such as  : K=P/Lq 

with : 
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𝜑𝑠 ̅̅ ̅̅ : is the stator flux vector . 

𝜑′𝑟: 𝑖𝑠 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟 𝑓𝑙𝑢𝑥 𝑣𝑒𝑐𝑡𝑜𝑟 𝑟𝑒𝑡𝑢𝑟𝑛𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑡𝑎𝑡𝑜𝑟. 

𝛿: is the angle between the stator and rotor flux 

vectors 

The torque therefore depends on the amplitude of 

the two vectors and their relative position. If we 

manage to control the flow perfectly 𝜑𝑠 ̅̅ ̅̅  (from (𝑉𝑠 ̅̅ ̅̅ ) 

in modulus and position, so we can control its 

amplitude, and the electromagnetic torque.[5][6] 

 

Fig.8 Three-level hysteresis comparator for stator flux 

control. 

Ctfx=1  if     ∆𝑇𝑒 > ℎ𝑇𝑒 

Ctrq=0  if     ∆𝑇𝑒 ≤ ∆𝑇𝑒 ≤ ℎ𝑇𝑒 

Ctrq=-1  if     𝑇𝑒 < −ℎ𝑇𝑒 

where hTe is hysteresis band of torque. 

The torque error is defined by the difference 

between the references values of the torque and the 

actual estimated values: 

∆𝑇𝑒 = Te*-Te 

B-2 Choice of voltage vectors 

The choice of the vector (𝑉𝑠 ̅̅ ̅̅ ) depends: 

- On the position of  𝜑𝑠 ̅̅ ̅̅ in the fixed reference 

frame (α,β). 

- Of the desired variation for the modulus of 

 𝜑𝑠 ̅̅ ̅̅ . 

- Of the desired variation for the torque . 

- Of the direction of rotation of  𝜑𝑠 ̅̅ ̅̅ . 

When the flux is in a zone i, control of the flux and 

torque can be provided by selecting one of the 

following eight voltage vectors: 

- If  𝑉𝑖 ̅̅̅̅ +1 is selected then  𝜑𝑠 ̅̅ ̅̅  grows and Ce 

grows 

- If  𝑉𝑖 ̅̅̅̅ +2 is selected then  𝜑𝑠 ̅̅ ̅̅  decreases and 

Ce grows ; 

- If  𝑉𝑖 ̅̅̅̅ -1 is selected then  𝜑𝑠 ̅̅ ̅̅  grows and Ce 

decreases ; 

- If  𝑉𝑖 ̅̅̅̅ -2 is selected then  𝜑𝑠 ̅̅ ̅̅ decreases and 

Ce decreases ; 

 If 𝑉0 ̅̅ ̅̅  and 𝑉7 ̅̅ ̅̅  are selected then the rotation of the 

flux  𝜑𝑠 ̅̅ ̅̅  is stopped; hence the torque decreases 

while the modulus of the flux  𝜑𝑠 ̅̅ ̅̅  remains 

unchanged[5] 

B-3 Estimation of stator flux and electromagnetic torque  

B-3-1 Stator flux estimation  

The amplitude of the stator flux is estimated from 

its two-phase components 𝜑sα and 𝜑sβ:  

𝜑𝑠 = √𝜑𝑠𝛼2 + 𝜑𝑠𝛽2                                                                                                                  

he area or sector in which the vector  𝜑𝑠 ̅̅ ̅̅  lies is 

determined from the components φsα and φsβ. The 

angle θs between the stator reference frame and the 

vector is equal to:  

𝜃𝑠 = tan−1 �̂�s𝛽

�̂�sα
                                                                                                                              

B-3-2 Electromagnetic torque estimation 

The produced electromagnetic torque of the 

induction motor can be determined using the cross 

product of the stator quantities (i.e., stator flux and 

stator currents). The torque formula is expressed as 

the following: 

𝑇�̂�=
3

2
𝑝[�̂�s𝛼 ∗ 𝐼s𝛽 −  �̂�s𝛽 ∗ 𝐼𝑠𝛼]                                                                                                  

B-4 Switching table construction and control 

algorithm design 

For each sector, the vectors (Vi and V3+i) are not 

considered because both of them can increase or 

decrease the torque in the same sector according to 

the position of flux vector on the first or the second 

sector. If the zero vectors V0 and V7 are selected, 

the stator flux will stop moving, its magnitude will 

not change, and the electromagnetic torque will 



 

330 
 

decrease, but not as much as when the active voltage 

vectors are selected. The resulting look-up table for 

DTC which was proposed by Takahashi is presented 

in Table 1. [6] 

 

Table.1. Look-up table for basic direct torque control. 

 

B-5 Global scheme of conventional direct torque control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9. Global control scheme of basic direct torque control 

 

B-6 Simulation results: 

 

Fig 10.Speed and its reference 

 

Fig 11.Electromagnetic torque and its reference 

 

Fig 12.Stator flux and its reference 

 

(a) 𝝋𝒔𝜷 = 𝒇 (𝝋𝒔𝜶) 

Fig.13 Simulation results of the DTC control 

III. DESIGN OF EKF OBSERVER  

Accurate and robust estmation of motor variables 
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perfornmance scnsorless drves.   A multitude of 

observers have been proposed, but only a few are 

able to sustain persistent and accurate Wide speed 

range Sensorless operation. At very low speed, 

theirs performances are poor One of the reasons is 

the high sensitivity of the observers to unmodcled 

nonlineaire, disturbance and model parameters 

detuning. The Kalman filter provides a solution that 

dircetly cares for the effects of disturbance noises 

including system and measurement noises. The 

errors in parameters will also normally be handled 

as noise . The dynamic sate model for non non linear 

stochastic machine is as follows where all symbols 

in the formulations denote matrices or vector. 
X(k+1)= f (X(k),u(k))+W(k) = Ad X(k) +Bd U(k) +W(k)                                                               

Y(k) =h X(k) +V(k) = Cd X(k) +V(k)                                                                                         

With : 

Ak=
𝜕𝑓

𝜕𝑋
⃒X(k) = X̂(k)                                

Bk=
𝜕𝑓

𝜕𝑋
⃒X(k) = X̂(k)               

Ck=
𝜕ℎ

𝜕𝑋
⃒X(k) = X̂(k)    

A- Application of the extended Kalman filter (EKF) 

on the PMSM: 

A-1 Model of permanent magnet synchronous motor 
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A-2 Discretization of the permanent magnet synchronous 

motor model 

The corresponding discrete time model is given by: 

)()()1 ..( kdkdk uBXAX   
                                                                                                          

)()1( . kdk XCy                                                                                                                          
 

The conversion is done by the following 

approximation: 

ATsIeA At
d                                                                                                                                              

TsBBdeB

t
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d .
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We assume that time Ts is very small compared to 

the system dynamics. The discrete model of the step 

engine is given: 
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The nonlinear dynamic system of step motor is 

shown : 
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Determination of the F and H matrix:  

The linearization matrices F and H allow us to 

linearize the system at each operating time. They are 

given as follows[5][6][7] 
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Fig 14: System of typical DTC-PMSM drive with an EFK 

IV. SIMULATION RESULTS   

In following figures, we present the simulations 

results of the DTC control using the FEE in the start 

with reversal of rotation direction at t=0.2s 

 

Fig 15. Speed 

 

Fig 16.Position 

 

Fig 17.Electromagnetic torque and its reference 

we notice that the torque perfectly follows 

its reference value with a negligible effect on 

the speed which is quickly restored to follow 

its reference. 

 

 

Fig 18.Stator flux 

we found that the flux was not affected by the 

variation in the load, and the flux always follows its 

reference without overshoot. 

 

Conclusion 

In this paper, the direct torque control (DTC) of 

the MSAP with association of the inverter  is 

presented using the Kalman filter extended for the 

control of  mechanical speed of rotation, the 

electrical position of the rotor, the load torque and 

the stator resistance.   The simulation results 

obtained  are performed in discrete time to examine 

the robustness of this filter as well as the complete 

drive system in different operating modes.  In fact , 

the simulation results show that this studied filter 

has a great robustness when applying the load torque 

and reversing the direction of rotation. 
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