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 This paper proposes a nonlinear robust control for the six-phase induction 

machine (SPIM). It is based on the super twisting sliding mode (STSM) to 

ensure good decoupling and robust performance. This paper proposes also a 

comparative study between STSM and active disturbance rejection control 

(ADRC). We apply the rotor field-oriented control to ensure the decoupling 

between the magnitudes of the SPIM. Then we study the STSM control to 

regulate the rotor speed, the stator currents, and the rotor flux of the machine. 

The STSM ensures the same performance as the classical sliding mode control 

with the advantage of reducing the phenomenon of chattering. At the same 

time, the STSM command is compared to the ADRC command. The ADRC 

is one of the robust commands that makes it possible to estimate and eliminate 

internal or external disturbances. To test the robustness of the STSM and the 

ADRC, we implanted them in Simulink/MATLAB and the simulation results 

show the effectiveness of the STSM control compared to the ADRC control. 
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1. INTRODUCTION 

In the field of high power which requires great reliability, the six-phase induction machine (SPIM) 

plays a very important role. The SPIM is a very popular multi-phase machine. It has multiple advantages 

compared with three-phase induction machines, such as segmentation, reliability, and minimization of rotor 

losses [1]-[4]. Many techniques of control are applied to the SPIM to control their magnitudes and to simplify 

its complexity, such as field-oriented control. however, the use of linear regulators makes the control sensitive 

to the variations of the internal and external parameters of the machine which is why modern techniques are 

used to increase the robustness of vector control such as sliding mode, active disturbance rejection control 

(ADRC), and fuzzy logic [5]. 

The sliding mode is a non-linear control, robust against parametric variations of the machine and 

disturbances. This approach has shown its performance in many research works [6]-[10]. Despite its 

advantages, the sliding mode still has disadvantages related to the phenomenon of chattering and other 

mechanical problems [7]. To eliminate these inconveniences, a method called super twisting sliding mode 

(STSM) is used which is an algorithm of the second-order sliding mode [11]. The STSM reduces the 

phenomenon of chattering [12]-[14]. The method aims to cancel the sliding surface and its drift in a finite time 

[15]. 

Another nonlinear controller is based on the approach of active disturbance rejection control. This 

control is inherited from the proportional-integral-derivative (PID) controller [16]. It is a robust control that 
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estimates and compensates in real time the unknown dynamics and disturbances. The ADRC approach is 

established on the block called extended state observer (ESO) which is responsible for estimating internal and 

external disturbance [17]-[20]. 

Our aim in this work is to compare the STSM control and the ADRC control by applying these two 

approaches to control the SPIM. The purpose of the paper is to generate a robust controller based on the STSM 

technique which makes it possible to increase the robustness of the control against variations in machine 

parameters and load variation. It allows the stability of the machine to be maintained with greater speed, it also 

eliminates the chattering phenomenon which causes losses and wear to the mechanical system of the machine. 

In this paper, the SPIM control applied is the rotor field-oriented control to ensure the decoupling 

between electromagnetic torque and the rotor flux. The rotor speed, stator current, and rotor flux were regulated 

by a STSM regulator the first time and by the ADRC regulator the second time, and a comparison between 

these two techniques. The paper is organized as i) We describe SPIM after we present the STSM and we will 

apply it to the control of SPIM; ii) We test the performance of the STSM control under load variation and we 

make a comparison between this control and the ADRC control, and iii) We finish with a conclusion. 

 

 

2. PROPOSED METHOD 

2.1. Super twisting sliding mode (STSM) 

The classical sliding mode produces the phenomenon of chattering which generates a dangerous 

vibration of the system control. To reduce this vibration many solutions have been proposed, one of those 

solutions is the second-order sliding mode by applying the super twisting algorithm to ensure the convergence 

of the sliding surface and its derivative towards the origin in a finite time. The STSM controller is defined as 

the first higher-order sliding mode controller. This algorithm twists around the origin of the sliding plane and 

converges towards the origin of finite time with an infinite number of rotations [21]-[23]. 

Consider an input system u and x represent the state variable and y is the output defined by (1) and 

(2). The sliding mode error is defined by (3) and the STSM algorithm is defined by (4) and (5). 
 

𝑑𝑥

𝑑𝑡
= 𝑎(𝑥, 𝑡) + 𝑏(𝑥, 𝑡)𝑢 (1) 

 

𝑦 = 𝑐(𝑥, 𝑡) (2) 
 

𝑠 = 𝑦∗ − 𝑦 (3) 
 

𝑢 = 𝑘𝑝𝑠
𝑟𝑠𝑔𝑛(𝑠) + 𝑢1 (4) 

 
𝑑𝑢1

𝑑𝑡
= 𝑘𝑖𝑠𝑔𝑛(𝑠) (5) 

 

The 𝑘𝑝, 𝑘𝑖, 𝑟 are positive parameters. Where 𝑘𝑝, 𝑘𝑖 represent the gains of the proportional and integral regulators. 

r is an exponent characterizing the STSM regulator. This approach retains the advantages of sliding mode and 

still eliminates the chattering phenomenon. Figure 1 illustrates the graphical representation of the STSM control. 
 

2.2. Description of SPIM 

The SPIM has two main parts: the stator and the rotor. the stator contains two three-phase windings, 

coupled in a star. The two windings are shifted by an angle α= 30°. The rotor of the machine is a squirrel cage 

[24], [25]. The voltage equations in the park reference are presented here by system 1, as in (6). 

 

{
 
 
 
 

 
 
 
 𝑉𝑑𝑠1 = 𝑅𝑠1𝑖𝑑𝑠1 + 

𝑑

𝑑𝑡
𝜓𝑑𝑠1 − 𝜔𝑠𝜓𝑞𝑠1

𝑉𝑑𝑠2 = 𝑅𝑠2𝑖𝑥𝑠2 + 
𝑑

𝑑𝑡
𝜓𝑑𝑠2 − 𝜔𝑠𝜓𝑞𝑠2

𝑉𝑞𝑠1 = 𝑅𝑠1𝑖𝑞𝑠1 + 
𝑑

𝑑𝑡
𝜓𝑞𝑠1 + 𝜔𝑠𝜓𝑑𝑠1

𝑉𝑞𝑠2 = 𝑅𝑠2𝑖𝑞𝑠2 + 
𝑑

𝑑𝑡
𝜓𝑞𝑠2 + 𝜔𝑠𝜓𝑑𝑠2

0 = 𝑅𝑟𝑖𝑑𝑟 + 
𝑑

𝑑𝑡
𝜓𝑑𝑟 −𝜔𝑔𝑙𝜓𝑞𝑟

0 = 𝑅𝑟𝑖𝑞𝑟 + 
𝑑

𝑑𝑡
𝜓𝑞𝑟 + 𝜔𝑔𝑙𝜓𝑑𝑟

 (6) 

 

With 𝜔𝑔𝑙 = 𝜔𝑠 −𝜔𝑟 . The flux is defined as (7). 
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{
  
 

  
 
𝜓𝑑𝑠1 = 𝐿𝑠1𝑖𝑑𝑠1 + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟)

𝜓𝑑𝑠2 = 𝐿𝑠2𝑖𝑑𝑠2 + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟)

𝜓𝑞𝑠1 = 𝐿𝑠1𝑖𝑞𝑠1 + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟)

𝜓𝑞𝑠2 = 𝐿𝑠1𝑖𝑞𝑠2 + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟)

𝜓𝑑𝑟  =  𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2 + 𝑖𝑑𝑟)

𝜓𝑞𝑟  = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2 + 𝑖𝑞𝑟)

 (7) 

 

The electromagnetic torque and the mechanical equation are expressed by (8) and (9) respectively [14]. 

 

𝐶𝑒 = 𝑃
𝐿𝑚

𝐿𝑚+𝐿𝑟
(𝜓𝑑𝑟(𝑖𝑞𝑠1 + 𝑖𝑞𝑠2) − 𝜓𝑞𝑟(𝑖𝑑𝑠1 + 𝑖𝑑𝑠2)) (8) 

 
𝑑

𝑑𝑡
𝜔𝑟 = 𝐶𝑒𝑚 − 𝐶𝑟 − 𝐾𝑓𝜔𝑟 (9) 

 

 

 
 

Figure 1. STSM control 
 

 

2.3. STSM applied to SPIM 

The application of the STSM command is represented in Figure 2. This figure shows us a set of 

elements such that one element represents the machine, another represents the converters, and others for 

controlling the machine in addition to an estimator of the angular speed and the rotor flux. All the speed, flux, 

and stator current regulation chains are controlled by the STSM controller. 
 

2.3.1. STSM speed controller 

To determine the STSM speed control law, we define the speed sliding mode surface given by (10). 
 

𝑠𝜔 = 𝜔𝑟
∗ − 𝜔𝑟 (10) 

 

Where 𝜔𝑟
∗ is the speed reference and 𝜔𝑟 the measured speed. The STSM speed controller is used to determine 

the reference current 𝑖𝑠𝑞
∗ (sum of direct stator currents 𝑖𝑠𝑞1

∗ et 𝑖𝑠𝑞2
∗ ), given by (11). 

 

𝑖𝑠𝑞
∗= 𝑖𝑠𝑞1

∗ + 𝑖𝑠𝑞2
∗ (11) 

 

The output of the controller is defined by (12) and (13). 
 

𝑖𝑠𝑞
∗ = 𝑘𝑝𝜔𝑠𝜔

𝑟𝑠𝑔𝑛(𝑠𝜔) + 𝑖𝑠𝑞0
∗ (12) 

 

𝑑𝑖𝑠𝑞0
∗

𝑑𝑡
= 𝑘𝑖𝜔𝑠𝑔𝑛(𝑠𝜔) (13) 

 

2.3.2. STSM rotor flux controller 

To define the STSM control law of the rotor flux, we define the rotor flux sliding mode  

surface as (14). Where 𝜑𝑟
∗ represents the reference value of the rotor flux and 𝜑𝑟 is the estimated flux. The flux 

controller allows determining the reference current 𝑖𝑠𝑑
∗ (sum of direct stator currents 𝑖𝑠𝑑1

∗ et 𝑖𝑠𝑑2
∗ ), defined by (15). 

 

𝑠𝜑 = 𝜑𝑟
∗ − 𝜑𝑟 (14) 

 

𝑖𝑠𝑑
∗= 𝑖𝑠𝑑1

∗ + 𝑖𝑠𝑑2
∗ (15) 

 

The control law of the STSM controller of rotor flux is defined by (16) and (17). 
 

𝑖𝑠𝑑
∗ = 𝑘𝑝𝜑𝑠𝜑

𝑟𝑠𝑔𝑛(𝑠𝜑) + 𝑖𝑠𝑑0
∗ (16) 

 
𝑑𝑖𝑠𝑑0

∗

𝑑𝑡
= 𝑘𝑖𝜑𝑠𝑔𝑛(𝑠𝜑) (17) 
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Figure 2. STSM control applied to the SPIM (DSIM) 
 

 

2.3.3. STSM stator current controllers 

In this part, we determine the STSM controller of the current component 𝑖𝑠𝑑1, the other current 

controllers (𝑖𝑠𝑑2 , 𝑖𝑠𝑞1, 𝑖𝑠𝑞2) are determined in the same way as 𝑖𝑠𝑑1. The sliding surface of 𝑖𝑠𝑑1 is defined by 

(18). 𝑖𝑠𝑑1
∗ represents the current reference of 𝑖𝑠𝑑1. The STSM current controller is used to calculate the 

reference voltage 𝑣𝑠𝑑1 defined by (19) and (20). 

 

𝑠𝑑1 = 𝑖𝑠𝑑1
∗ − 𝑖𝑠𝑑1 (18) 

 

𝑣𝑠𝑑1 = 𝑘𝑝𝑑1𝑠𝑑1
𝑟𝑠𝑔𝑛(𝑠𝑑1) + 𝑣𝑠𝑑10

∗ (19) 

 
𝑑𝑣𝑠𝑑10

∗

𝑑𝑡
= 𝑘𝑖𝑑1𝑠𝑔𝑛(𝑠𝑑1) (20) 

 

 

3. SIMULATION RESULTS 

To verify the robustness and the performance of the proposed control based on the STSM control, we 

implement the configuration of Figure 2 in MATLAB/Simulink as shown in Figure 3. In this section, we 

studied two tests: in the first test, we simulated the STSM control applied to the DSIM under load variation 

while in the second test, we made a comparison between the STSM control with the ADRC control (the 

configuration presented in the reference [26], [27]). The coefficients for the STSM controllers are determined 

by the same method presented in the reference [22]. 
 
 

 
 

Figure 3. STSM control applies to the SPIM, Simulink block 
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3.1. Simulation of the STSM under load variation 

The purpose of this test is to simulate the STSM control under load variation. The simulation 

conditions are as follows: i) The machine runs empty. In 2s we change the load torque from 0 to 10 N.m;  

ii) The reference speed is fixed at 100 rad/s; and iii) The rotor flux is maintained constant at 0.7 Wb. The results 

of the simulation of the load test are shown in Figures 4-7. Figures 4-7 present the variation of the rotor speed, 

the electromagnetic torque, the rotor flux, and the stator current respectively. From Figure 4, we can see that 

the speed tracks its reference value with a neglected surpass. The torque in turn presented in Figure 5 follows 

its setpoint with a starting torque of 18 N.m. The rotor flux illustrated by Figure 6 is maintained at 0.7 Wb and 

independent of the variation of the torque. At the level of the stator current isa1, as shown in Figure 7, it is 

clear that the curve is perfectly sinusoidal. We conclude from this test that the STSM proves its effectiveness 

in the load variation and maintains the rotor flux independent to the electromagnetic torque. 
 

3.2. Comparison between STSM and ADRC controls 

This section aims to verify the robustness and the performance of STSM by comparing it with the 

ADRC control cited in the reference [26], [27]. Both configurations are simulated under the same simulation 

conditions in section 3.1.  Two tests are presented in this part. The first represents the load variation test and 

the second is the robustness test. 
 

3.2.1. Load variation 

The comparison is made between the STSM control and the ADRC control under the load variation.  

Figures 8-10 represent the simulation results of two configurations cited (ADRC-STSM). Figure 8 shows the 

rotor speed variation of the STSM and the ADRC. We can note that the STSM has a faster response than the 

ADRC. The STSM speed has a neglecting overtaking at the beginning but the ADRC doesn't' have it. 

From Figure 9, we can see that the electromagnetic torque of the two configurations tracks its 

reference. We remark that the starting torque of the ADRC is 18.5 N.m and 17 N.m for the STSM. The response 

from the STSM is faster than the ADRC.  About the current isa1, we note that the two curves of the STSM and 

the ADRC are sinusoidal. We conclude from this test that the STSM  has a faster dynamics response than the 

ADRC and reduces the starting torque. 
 

 

  
 

Figure 4. Speed of STSM control under load variation 
 

Figure 5. Torque of STSM control under load variation 
 

 

  
 

Figure 6. Rotor flux of STSM control under  

load variation 

 

Figure 7. Stator current (isa1) of STSM control 

under load variation 
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Figure 8. Speed of ADRC STSM under load variation 
 

 

 

Figure 9. ADRC & STSM torque under load variation 

 

  
 

Figure 10. Current isa1 of STSM &ADRC under  

load variation 

 

Figure 11. Speed of STSM &ADRC under a variation 

of 50% Rr & 30% j 
 

 

3.2.2. Robustness test 

The robustness test consists of varying the rotor resistance and the moment of inertia of the machine 

at the same time. Figures 11-13 illustrate the evolution of the rotor speed, electromagnetic torque, and the stator 

current during the variation of the rotor resistance to 50% of its nominal value and at the same time varying 

the moment of inertia by 30% of its nominal value. From Figures 11 and 12 we can see that the rotor speed and 

torque of STSM follow their reference values, unlike the ADRC speed and torque where is clear that these 

curves have strong ripples and oscillations. The stator current in turn as shown in Figure 13 is always sinusoidal. 

The ADRC current isn’t sinusoidal and has a strong oscillation. In conclusion, these results show the fragility 

of the ADRC control against variations in rotor resistance and inertia at the same time. It also shows us the 

robustness of the STSM. 
 
 

  
 

Figure 12. Torque of STSM &ADRC under a 

variation of 50% of Rr & 30% of j 

 

Figure 13. Current isa1 of the STSM &ADRC 

under a variation of 50% of Rr & 30% of j 
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4. CONCLUSION 

The paper above presents a comparison study between two major controls which are the STSM and 

the ADRC. Each command is implemented and simulated in Simulink/MATLAB. The effectiveness of the 

STSM has been tested and has been compared with ADRC control under different operating conditions (load 

variation, variations of the rotor resistance, and the moment of inertia). The two controls have shown their 

robustness and performance against load variations and have also ensured the decoupling between the 

magnitudes of the SPIM. The STSM control has shown that is fast with more precision compared to the ADRC, 

it also proves robustness against the variations of the rotor resistance and the moment of inertia. The ADRC 

control in turn has shown that is very sensitive to the variation of machine parameters and has a slower response 

time than the STSM. The main contributions of this work are i) The application of STSM to control the SPIM 

allows to take into account the variation of two parameters of the machine at the same time; ii) The ripples of 

the torque and the rotor flux are reduced; and iii) A comparison between STSM and ADRC is made. In future 

studies, we want to test the robustness of STSM control in case of failure of SPIM sensors. 
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