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Abstract – This paper is devoted to the control without mechanical sensor of a dual star induction 

machine (DSIM) supplied by two voltage inverters. For this we will first present the dynamic model of 

the machine based on the Park transformation. To improve the decoupling between flux and torque, a 

control technique known as direct torque control (DTC) was applied. Then, we present the synthesis of a 

robust technique based on the sliding mode for speed regulation. To eliminate the mechanical sensor and 

reduce the cost of the drive system, we have presented a MRAS observer.  
 

Keywords – Dual Star Induction Machine (DSIM) —Sliding Mode Control—Direct Torque Control (DTC) —MRAS Observer. 

 

I. INTRODUCTION 

Multiphase machines are advantageous than conventional machines. Among these advantages we can 

cite reliability, power segmentation by increasing the number of phases, power is automatically increased 

and torque ripples and rotor losses are minimized.  

MASDE's direct torque control (DTC) has been introduced to improve system performance and to be 

well controlled a robust tuning technique has been applied: the sliding mode.  

The sliding mode control (SMC) has been used very successful in recent years, this is due to its 

simplicity of implementation and its robustness with regard to the uncertainties of the system and to the 

external disturbances affecting the process.( The typical sliding mode control design consists of two 

phases: sliding phase design and reaching phase design. In this case SMC consists of two parts: the first 

allowing the approach until reaching the surface, the second allowing the maintenance of the slide along 

this surface. The control without a speed sensor is described using the sliding mode control. Finally, we 

simulate the operation in real time of the inverter-MADE-control assembly.  

The results obtained with the proposed (SMC) algorithm, the MRAS observer as well as the robustness 

tests with respect to disturbances are analyzed.  

II. MODELISATION OF DSIM  

The dual star induction machine, in the conventional configuration, has two identical three-phase 

windings. 
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 The two stars share the same stator and are offset by an electrical angle of α° These windings have the 

same number of poles and are fed at the same frequency. The structure of the rotor remains identical to a 

three-phase machine ([1], [2]).  

 

 

Fig. 1 PARK model of DSIM 

 

A. Equation of voltage [3] 

The voltage of stator and rotor are: 

{
 
 

 
 𝑣𝑑𝑠1,2 = 𝑅𝑠1,2𝑖𝑑𝑠1,2 +

𝑑

𝑑𝑡
𝜙𝑑𝑠1,2 − 𝑤𝑠𝜙𝑞𝑠1,2

𝑣𝑞𝑠1,2 = 𝑅𝑠1,2𝑖𝑞𝑠1,2 +
𝑑

𝑑𝑡
𝜙𝑞𝑠1,2 − 𝑤𝑠𝜙𝑑𝑠1,2

0 = 𝑅𝑟𝑖𝑑𝑟 +
𝑑

𝑑𝑡
𝜙𝑑𝑟 − (𝑤𝑠 − 𝑤𝑟)𝜙𝑞𝑟

0 = 𝑅𝑟𝑖𝑞𝑟 +
𝑑

𝑑𝑡
𝜙𝑞𝑟 − (𝑤𝑠 − 𝑤𝑟)𝜙𝑑𝑟

          

                         (1) 

B. Equation of flux linkage 

The flux linkage in each phase is: 

{
  
 

  
 
𝜙𝑑𝑠1 = 𝐿𝑠1𝑖𝑑𝑠1 + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟)

𝜙𝑞𝑠1 = 𝐿𝑠1𝑖𝑞𝑠1 + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟)

𝜙𝑑𝑠2 = 𝐿𝑠2𝑖𝑑𝑠2 + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟)

𝜙𝑞𝑠1 = 𝐿𝑠2𝑖𝑞𝑠2 + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟)

𝜙𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟)

𝜙𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟)
     

                            (2) 

C. The mechanical equation 

The motion equation is: 

{
𝐽
𝑑

𝑑𝑡
Ω𝑚 = 𝐶𝑒𝑚 − 𝐶𝑟 − 𝐾𝑓Ω𝑚                                        

C𝑒𝑚 = 𝑝
𝐿𝑚

𝐿𝑚+𝐿𝑟
[(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2)𝜙𝑑𝑟 − (𝑖𝑑𝑠1 + 𝑖𝑑𝑠2)𝜙𝑞𝑟]

       (3) 

 

 

III.  DESCRIPTION OF THE SYSTEM 

FIG. 2 represents the schematic diagram of the control of the system studied. The sliding mode control 

block contains the speed controller. DTC contains in the first, the forward torque regulator and the second 

is the flux regulator. The speed of the machine is estimated by a MRAS observer. 
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Fig. 2 Block diagram of Direct Torque Control for DSIM 

 

IV.  DIRECT TORQUE CONTROL 

Direct torque control (DTC) consists in directly controlling the closing or opening of the inverter 

switches from the pre-calculated values of the stator flux and the torque. Changes in switch states are 

linked to changes in the electromagnetic states of the motor. They are no longer controlled from the 

voltage and frequency instructions given to the close control of an inverter with pulse width modulation 

[4].  

The reference values of flux (ϕs*) and torque (Tem*) are compared to their actual values and the 

resultant errors are fed into a two level hysteresis comparator for the flux and three level hysteresis 

comparator for the torque, who allows controlling the motor in the two directions of rotation (Fig.3). 

 

 
Fig. 3 Block Hysteresis comparator, (a): three level hysteresis comparator for the torque, (b): two level 

hysteresis comparator for the flux 

 

The stator flux expression is given by [5]: 

𝜙𝑠(𝑡) = ∫ (𝑉𝑠
𝑡

0
− 𝑅𝑠𝐼𝑠)𝑑𝑡                       (4) 

Between two switchings of the inverter switches, the selected voltage vector is always the same. 

𝜙𝑠(𝑡) = 𝜙𝑠0 + 𝑉𝑠𝑡 − ∫ (
𝑡

0
𝑅𝑠𝐼𝑠)𝑑𝑡          (5) 

Neglecting the resistive term [5]: 

   𝜙𝑠(𝑡) = 𝑉𝑠 + 𝜙𝑠0                                   (6) 
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Fig. 4 Application of a voltage vector stator 

 

The stator flux and the rotor flux can be put in the following complex form: 

{
�̅�𝑠 = [𝜙𝑠 , 𝜃𝑠] = 𝜙𝑠 . 𝑒

𝑗𝜃𝑠

�̅�𝑟 = [𝜙𝑟 , 𝜃𝑟] = 𝜙𝑟 . 𝑒
𝑗𝜃𝑟

                                  (7) 

�̅�𝑠 : is the stator flux vector 

�̅�𝑟 : is the rotor flux vector 

The torque can be expressed as follows [6]:  

C𝑒𝑚 = 𝐾𝑐‖𝜙𝑠⃗⃗⃗⃗ ‖. ‖𝜙𝑟⃗⃗ ⃗⃗ ‖𝑠𝑖𝑛(𝛾0)                                (8) 
With : 

𝐾𝑐 =
3 𝑝 𝑀𝑠𝑟

2(𝜎 𝐿𝑠. 𝐿𝑠)
  

𝛾0 = 𝜃𝑠0 − 𝜃𝑟0 

Or 

Kc : constant depending on the parameters of the machine. 

𝜸0 : Angle between the two vectors stator and rotor flux. 

By considering the flux vector ϕs in the stator frame of reference divided into six sectors, the vectors: V1, 

V6 and V2 can be selected to increase its amplitude. 

Conversely, the decrease of ϕs can be obtained by the selection of vectors: V3 , V5 and V4, the zero vector 

hardly affects the stator flux vector, except for a small attenuation due to stator voltage drop  [7]. 

 

 
Fig. 5 Voltage vector selection 

 

The tables below summarize, in general, the active voltage sequences to be applied to increase or 

decrease the stator flux modulus and the torque electromagnetic depending on the sector. 

Table 1. switching table of flux 

 N=1 N=2 N=3 N=4 N =5 N=6 

ϕs ↑  V6 ,V1 ,V2 V1 ,V2 ,V3 V2 ,V3 ,V4 V3 ,V4 ,V5 V4 ,V5 ,V6 V5 ,V6 ,V1 

ϕs ↓ V3 ,V4 ,V5 V4 ,V5 ,V6 V5 ,V6 ,V1 V6 ,V1 ,V2 V1 ,V2 ,V3 V2 ,V3 ,V4 
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Table 2. switching table of Torque 

 N=1 N=2 N=3 N=4 N =5 N=6 

Cem ↑  V2 ,V3 V3 ,V4 V4 ,V5 V5 ,V6 V6 ,V1 V1 ,V2 

Cem ↓ V3 ,V4 V4 ,V5 V5 ,V6 V6 ,V1 V1 ,V2 V2 ,V3 

 

Finally, the comparison of the two switching tables allows the final synthesis of a single switching table, 

the latter can be divided into two other tables, the first with zero voltage vectors and the second with 

active voltage vectors (not zero): 

 
Table 3. Switching table with zero voltage vectors 

Sectors 1 2 3 4 5 6 

 

cflx 

 

0 

 

ccpl 

1 V3 V4 V5 V6 V1 V2 

0 V0 V7 V0 V7 V0 V7 

-1 V5 V6 V1 V2 V3 V4 

 

cflx 

 

1 

 

ccpl 

1 V2 V3 V4 V5 V6 V1 

0 V7 V0 V7 V0 V7 V0 

-1 V6 V1 V2 V3 V4 V5 

V. SLIDING MODE CONTROL  

A. Sliding mode Principe 

The variable structure control has appeared since the beginning of the 60c, thanks to the theoretical results 

of the mathematician A.F. Philipov. It is a type of nonlinear control based on the use of a discontinuous 

term. Because of the problems of chattering and realization, the variable structure control had to wait until 

the end of the Seventies to see its reappearance together with important advances in electronics and 

computing. Fig 6 presents the phase plane trajectory of a system being stabilized by a sliding mode 

controller ([8], [9]). 

 
 

Fig. 6 Phase plane trajectory 
 

The two components of the control are then defined by : 

𝑢 + 𝑢𝑒𝑞 + 𝑢𝑓            and        𝑢𝑓 = 𝐾. 𝑠𝑖𝑔𝑛 (𝑠(𝑥))     K >0   (9)     

B. Speed Control 

The surface of speed is defined by:  

𝑆(𝛺) = 𝛺∗ − 𝛺                                                           (10) 

�̇�(𝛺) = �̇�∗ − �̇�                                                           (11) 

From the mechanical equation we have: 

 

�̇� =
𝑑𝛺

𝑑𝑡
=

1

𝐽
(𝐶𝑒𝑚 − 𝐶𝑓 − 𝐶𝑟)                                      (12)  

�̇� =
𝑑𝛺

𝑑𝑡
=

1

𝐽
(𝐶𝑒𝑚 −𝐾𝑓𝛺 − 𝐶𝑟)                                   (13) 

�̇�(𝛺) = �̇�∗ −
𝐶𝑒𝑚

𝐽
+
𝐾𝑓

𝐽
𝛺 +

1

𝐽
𝐶𝑟                                  (14) 
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We replace 𝐶𝑒𝑚 by 𝐶𝑒𝑚
∗  including: 

𝐶𝑒𝑚
∗ = 𝐶𝑒𝑚

𝑒𝑞+𝐶𝑒𝑚                                                          (15) 

we obtain: 

�̇�(𝛺) = �̇�∗ −
𝐶𝑒𝑚
𝑒𝑞

𝐽
−
𝐶𝑒𝑚
𝑛

𝐽
+
𝐾𝑓.𝛺

𝐽
+
𝐶𝑟

𝐽
                             (16)  

In permanent regime, the surface: 

𝑆(𝛺) = 0 ; �̇�(𝛺) = 0 ; 𝐶𝑒𝑚
𝑛 = 0                                   (17) 

So we will have: 

𝐶𝑒𝑚
𝑒𝑞 = 𝐽�̇�∗ + 𝐾𝑓 . 𝛺 + 𝐶𝑟                                               (18) 

we have : 𝛺 =
𝜔𝑟

𝑝
  

𝐶𝑒𝑚
𝑒𝑞
=

𝐽

𝑝
. �̇�𝑟

∗ + 𝐶𝑟                                                          (19) 

𝐶𝑒𝑚
𝑛 = 𝐾. 𝑆𝑖𝑔𝑛(𝑆(𝑤𝑟)                                                   (20) 

 

VI. SPEED OBSERVER 

The adaptive system using a reference model (MRAS) is composed of two flux estimators. The first, 

which does not introduce speed, is called the reference model (usually it is a current model). The second 

is called the adjustable model (usually a voltage model) (Figure 7). The error, produced by the offset 

between the outputs of two estimators, controls an adaptation algorithm that generates the estimated speed

r̂  [10].The latter is applied to the adjustable model. For the dual star induction motor, the adaptive 

model of observer is described by equation (21): 

 {

𝑑�̂�𝑟𝛼𝑖

𝑑𝑡
=

𝐿𝑚

𝑇𝑟
(𝑖𝛼𝑠1 + 𝑖𝛽𝑠1) −

1

𝑇𝑟
�̂�𝑟𝛼𝑖 − 𝜔𝑟�̂�𝑖𝑟𝛽𝑖

𝑑�̂�𝑟𝛽𝑖

𝑑𝑡
=

𝐿𝑚

𝑇𝑟
(𝑖𝛼𝑠1 + 𝑖𝛽𝑠1) −

1

𝑇𝑟
�̂�𝑟𝛽𝑖 − 𝜔𝑟�̂�𝑖𝑟𝛼𝑖

              (21) 

And the reference model is given by equation (22) 

 {

𝑑�̂�𝑟𝛼𝑣

𝑑𝑡
=

𝐿𝑟+𝐿𝑚

𝑇𝑟
(𝑣𝛼𝑠1 − 𝑅𝑠𝑖𝛼𝑠1 − 𝜎(𝐿𝑟 + 𝐿𝑚)

𝑑𝑖𝛼𝑠1

𝑑𝑡
−

𝐿𝑚𝐿𝑟

𝐿𝑚+𝐿𝑟

𝑑𝑖𝛼𝑠2

𝑑𝑡

𝑑�̂�𝑟𝛽𝑣

𝑑𝑡
=

𝐿𝑟+𝐿𝑚

𝐿𝑚
(𝑣𝛽𝑠1 − 𝑅𝑠𝑖𝛽𝑠1 − 𝜎(𝐿𝑟 + 𝐿𝑚)

𝑑𝑖𝛽𝑠1

𝑑𝑡
−

𝐿𝑚𝐿𝑟

𝐿𝑚+𝐿𝑟

𝑑𝑖𝛼𝑠2

𝑑𝑡

    (22)  

The error for the corrector is calculated according to the cross product [11] [12]   

𝜀 = �̂�𝛼𝑟𝑖 . 𝜙𝛽𝑟𝑣 − �̂�𝛼𝑟𝑣. 𝜙𝑟𝛽𝑖                                                           (23)  

The difference between the outputs of the two flux estimators is used to correct the speed estimate  

[13] 

The law of adaptation is given by the following expression: 

�̂�𝑟 = 𝜀(𝑘𝑝 +
𝑘𝑖

𝑠
)                                                                              (24) 

This translates simply by the use of a PI regulator as a mechanism of adaptation 

 

 
Fig. 7 MRAS Structure  
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VII. SIMULATION 

To show the sliding mode, DTC controller and MRAS observer performances we have simulated the 

system described in figure 2. 

In order to test the robustness of the control used, we present the simulation results of the DTC control 

with regulator (sliding mode) with and without mechanical sensors of the MASDE, using the MRAS 

observer. Simulation results for a cycle speed of 300 (rad /s) and reversal of the direction of rotation, with 

application of a load torque of 14 Nm are given by figure (8) and figure (9). 

Figure 8 shows the robustness tests performed by the DTC-SM with mechanical sensor and application of 

the load Cr = 14 N.m to the instance t1 =2s and its elimination at t2 = 3s. 

 
Fig. 8 Direct Torquecontrol of the MASDE with a speed regulator by sliding mode by applying a load torque 

 Cr = 14 N.m between 2s and 3s 
 

 

Figure 9 illustrates the performance of the control without a mechanical sensor using the MRAS 

observer. The results of this figures show the high performance of the speed observer for different speed 

variations.  

From using the sliding mode technique, DTC and MRAS observer we have reached high performances 

in control and observation 
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Fig. 9 The response of the observer in different speed ranges 

 

VIII. CONCLUSION 

The work we have presented has contributed to the analysis and synthesis of a robust control applied to 

the Dual Star Induction Machine without mechanical sensor. 

The use of sliding mode, in DTC control, is a powerful tool in achieving robust and reliable control. The 

control with sensors was achieved using DTC control and sliding mode for the design of the speed 

regulator. 

In this paper, an observer of speed is designed, based on MRAS techniques. The use of this observer 

gives results close to that obtained with using speed sensor. 

With sliding mode technique, DTC controller and MRAS observer we have reached high performances 

in control and estimation. 
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