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Abstract: The use of PI controllers in electrical machine drives is often characterized by the high effect of motor parameters 
changing; themain purpose of the presented paper is to adaptboth proportional and integral gains in order to perform and 
improve a closed-loop speed-controlled induction motor using direct torque control. First, a mathematical model is built using 
electrical and mechanical equations, then the DTC control method for the induction machine is presented based on relationship 
blocs; all those blocs are sensitized by the Simulink toolbox environment in MATLAB Software. The speed control is 
optimized by an optimized PI controller using genetic algorithm; the comparative simulation results are presented in order to 
claim the improvement of the system. 
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1. Introduction  

In recent years, the socioeconomic way of life has been increasingly inextricably linked to the efficient 

production and utilization of electrical energy. Synchronous generators generate electricity, but for the flexible 

and distributed power systems of the future, the induction machine as a variable speed generator or electric motor 

has become the ideal electrical drive. 

In addition, the induction motor dominates a large part of the industry due to its robustness, low cost, and good 

performance. It can be powered directly from a power grid. Developments in power electronics and digital control 

havetriggered the widespread use of induction motors for variable speed drives in most electrical drive 

applicationsBose B K (2002). 

As a result, the development of control laws and the implementation of control strategies for this type of 

machine become a more interesting line of research. Takahashi. I and T. Noguchi (1986), Direct Torque Control 

(DTC) is applied to AC drive systems toachieve high-performance torque control, the implementation of this 

control for induction motors was introduced in the 1980s by Depenbrock, Takahashi, and Noguchi as an 

alternative solution to Field Oriented Control FOCDepenbrock. M (1988),Blaschke. F (1972) with the aim of 

simplifying control algorithms and achieving similar or even better performance. The DTC control is commonly 

used with a voltage inverter (Voltage Source Inverter VSI)Faraji, Vahid, and Davood Arab Khaburi. (2011). 

In our contribution, the problems caused by variations in machine parameters will be solved by the use of an 

adapted gain PI controller in the speed control loop. The performance thus obtained will be compared to that of 

the conventional PI controller.  

2.Induction machine modeling 

The model of the machine in the three-phase systemis very complex, we appeal for its simplification in the 

transformation of Park. Physically, it can be explained by transforming three windings of the machine into just 

two windingsas shown in figure 1Bose B K (2002). 

In the Park transformation, the stator windings as, bs, cs and the rotor windings ar, br and cr are respectively 

transformed into two stator windings ds, qs and two rotor windings dr, qr. "d" refers to the direct axis and "q" to the 

quadrature axis. Garces. L (1980). 

 𝑃 𝜃𝑠  = 𝐶.  

𝑐𝑜𝑠 𝜃𝑠 𝑐𝑜𝑠 𝜃𝑠 − 2𝜋
3  𝑐𝑜𝑠 𝜃𝑠 − 4𝜋

3  

− sin𝜃𝑠 − sin 𝜃𝑠 − 2𝜋
3  − sin 𝜃𝑠 − 4𝜋

3  

1/ 2 1/ 2 1/ 2

    (1) 
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Figure.1 Physical diagram of the Park transform 

 

The previous transformations can also be applied to other quantities such as current or flux, so the values of 

the stator quantities is defined by: 

 

𝑖𝑑𝑠
𝑖𝑞𝑠
𝑖𝑜𝑠

 =  𝑃 𝜃𝑠   
𝑖𝑎𝑠
𝑖𝑏𝑠
𝑖𝑐𝑠

 ;       

𝜙𝑑𝑠

𝜙𝑞𝑠

𝜙𝑜𝑠

 =  𝑃 𝜃𝑠   
𝜙𝑎𝑠

𝜙𝑏𝑠

𝜙𝑐𝑠

     (2) 

2.1 Electrical and magnetic equations in the Park coordinate system 

The state representation in the stator-linked frame is used in the design of the direct torque control. This 

reference frame is denoted (α, β), it translates into the conditions 
𝑑𝜃𝑠

𝑑𝑡
= 0 and 

𝑑𝜃𝑟

𝑑𝑡
= 𝜔𝑟 . The we obtain the 

following electrical equationsBose B K (2002): 

 
  
 

  
 𝑣𝛼𝑠 = 𝑅𝑠𝑖𝛼𝑠 +

𝑑𝜙𝛼𝑠

𝑑𝑡

𝑣𝛽𝑠 = 𝑅𝑠𝑖𝛽𝑠 +
𝑑𝜙𝛽𝑠

𝑑𝑡

0 = 𝑅𝑟 𝑖𝛼𝑟 +
𝑑𝜙𝛼𝑟

𝑑𝑡
− 𝜔𝑚𝜙𝛽𝑟

0 = 𝑅𝑟 𝑖𝛽𝑟 +
𝑑𝜙𝛽𝑟

𝑑𝑡
+ 𝜔𝑚𝜙𝛼𝑟

    (3) 

By replacing the expressions of the currents of equation, we can write the equation of state of the induction 

machine in a coordinate system linked to the stator: 

𝑑𝑋

𝑑𝑡
= 𝐴𝑋 + 𝐵𝑈   (4) 
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   𝑒𝑡    𝑈 =  
𝑣𝛼𝑠

𝑣𝛽𝑠
 (5) 

 

 

2.2 Expression of electromagnetic torque and mechanical speed 

In a reference frame linked to the stator, the electromagnetic torque is expressed as a function of rotor and 

stator fluxes: 
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𝐶𝑒 =
2

3
𝑃

𝑀

𝜎  𝐿𝑠𝐿𝑟
(∅𝛼𝑟∅𝛽𝑠 − ∅𝛼𝑠∅𝛽𝑟 )   (6) 

The fundamental relationship of dynamics makes it possible to write: 

𝐶𝑒 − 𝐶𝑟 = 𝐽(𝑑Ω/𝑑𝑡) + 𝑓Ω   (7) 

Where Ce represents the electromagnetic torque produced by the motor, Cr the resistant torque, J the moment 

of inertia of all the rotating parts and f the coefficient of friction. This relationship is a differential equation 

whose variable is the angular velocity of the rotor. The relationships described above by the different equations 

can be represented by a diagram block using the Simulink environment(MATLAB) to perform anumerical 

simulation study and validatethe dynamic model of the machine studiedWilamowski. B.M. &J.D. Irwin. 

(2018).  

Figure.2Simulink model of the induction machine 

 

 

3. Direct torque control presentation 

The direct torque control of an induction machine is based on the direct determination of the control sequence 

applied to the switches on a voltage source inverter.  

This choice is generally based on the use of hysteresis comparators whose function is to control the state of 

the system, namely here the amplitude of the stator flow and the electromagnetic torque. Figure 3 demonstrates 

that the estimated value of the stator flux is compared to its desired value and the estimated value of the 

electromagnetic torque is compared to the torque generated by the speed controller.  

The resulting flux and torque errors are used by two hysteresis comparatorsQuang. N.P and J.A. Dittrich 

(2015), the corresponding output values, as well as the stator position (sector number 1 to 6), are used to select 

the appropriate voltage vector from a selection table designed to generate the pulses for controlling the inverter 

switchesT. Terras, K. Hatani (2020). 
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Figure.3General structure of direct torque control

 

3.1 Estimation of stator flux and electromagnetic torque  

Estimation of the flux sector position and amplitude 

From the model of the induction machine in a stator-frame coordinate system and the expression of the stator 

voltage, the stator flux is estimated from the following relationshipNour M, Tedjini H, Gasbaoui B (2019): 

∅𝑆 =   𝑣𝑠 − 𝑅𝑠𝑖𝑠 𝑑𝑡   (8) 

The amplitude of the stator flow is estimated from its two-phase components ∅𝑠𝛼 and ∅𝑠𝛽  : 

∅𝑠 =  ∅𝑠𝛼
2 + ∅𝑠𝛽

2
   (9) 

Where ∅𝑠𝛼  and∅𝑠𝛽 are estimated using equation 8 which requires knowledge of the components of the stator 

current vector𝑖𝑠𝛼 , 𝑖𝑠𝛽  and the stator voltage vector𝑉𝑠𝛼 , 𝑉𝑠𝛽 .S.Krim, S. Gdaim, A. Mtibaa, M.  F. Mimouni 

(2017). 

Tazerart. F, Z. Mokrani, D. Rekioua, and T. Rekioua (2015). The components of the stator current vector 

are obtained by applying the Concordia transformation to the measured three-phase componentsisa, isbandisc: 

 
𝑖𝑠𝛼 =  

3

2
𝑖𝑠𝑎

𝑖𝑠𝛽 =
1

 2
(𝑖𝑠𝑏 − 𝑖𝑠𝑐 )

    (10) 

The components of the stator voltage vector are obtained from the states of the switchesNour M, Tedjini H, 

Gasbaoui B (2019): 

 
 

 𝑣𝑠𝛼 =  
3

2
𝐸  𝑆𝑎 −

1

2
(𝑆𝑏 + 𝑆𝑐) 

𝑣𝑠𝛽 = 𝑟.  
3

2
𝐸(𝑆𝑏 − 𝑆𝑐)

   (11) 

Estimation of electromagnetic torque 

The electromagnetic torque can be estimated from the flow estimation and the current measurement using the 

expression of the torque as a function of the flow and the stator current given by the equation: 

𝐶𝑒 = 𝑃(∅𝑠𝛼 𝑖𝑠𝛽 − ∅𝛼𝛽 𝑖𝑠𝛼 )  (12) 

3.2 Developing the switcing table 

The table of the control structure is elaborated, according to the outputs of the flow hysteresis controller (dφs), 

the torque hysteresis controller (dCem), and the N zoneof the stator flux vector position. We find with the control 

table, the selection of voltage vectorsVi-1, Vi+1, Vi-2, Vi+2 correspond to a zonei; 

This section shall be carried out at each sampling period Te using the switching tables proposed by Takahashi. 
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Table.1. Switches for a two-level hysteresis comparator 

N 
1 2 3 4 5 6 

dϕs dCem 

1 1 V2 V3 V4 V5 V6 V1 

0 V7 V0 V7 V0 V7 V0 

0 1 V3 V4 V5 V6 V1 V2 

0 V0 V7 V0 V7 V0 V7 

3.3 Speed control with genetic algorithm PI adaptation 

The PI Proportional and Integral Action Corrector covers a wide range of industrial applications. It is used to 

generate the control torque from the deviation of the actual and reference quantities of the rotor speed of the 

induction machines controlled by the DTC. This use is characterized by overtaking in pursuit mode and a slow 

rejection of load disturbances. This is mainly caused by the fact that the gains of the PI controllercannot be 

adjusted to solve at the same time the problem of overtaking and of slow rejection of load disturbances. A setting 

for the elimination of overtaking will result in a very slow rejection of disturbances, and a setting for rapid 

rejection of disturbances will result in a significant exceedance Y. Belgaid , M. Helaimi , R. Taleb , M 

BenaliYoucef (2020). 

In order to counter this problem, it is proposed to use variable gain PI controllers using GA. 

Figure.4 The general structure of genetic algorithm 
 

 
Optimization is the process of determining the optimal solution to a problem in terms of one or more 

predefined criteria while considering the system's characteristics and enforced limitations. Using random 
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processes, the ideal solution is selected from a population of solutions. The search for the optimal solution is 

predicated on the formation of new solutions by the sequential application of three operators to the current 

population: selection, crossing, and mutation. These processes are repeated until a criterion for stopping is met Y. 

Belgaid , M. Helaimi , R. Taleb , M BenaliYoucef (2020). Figure 4 illustrates a straightforward Genetic 

Algorithm principle. 

4. Simulation results 

In order to study the performance of the previously synthesized regulator, a comparative simulation study was 

carried out, using the same Simulink model of the DTC control, with the replacement of the PI regulator -used in 

the speed loop- by a genetic algorithm adapted PI controller in the DTC control part. 

Figure 5 shows the reaction of the two regulators to the variation in stator resistance. The motor is started 

under load and at time t=2 s the stator resistance is increased by 50% for two seconds.The PI regulator has a 

speed overrun of 1.14%, a speed drop of 1.14% and a rejection time of 0.9 s.The proposed controller maintains 

the speed at its reference value. It appears to be very robust to the variation of stator resistance. 

The simulation shown in Figure 6 shows the dynamic performance of the two regulators during laden start-up 

with application of ± 5 N.m of load disturbance at 2 s and 4 s respectively. The machine is started with a load of 

10 N.m and undergoes at t = 2s a 50% increase in load for a period of 2 secs.For the PI regulator, the engine 

speed reaches Ωref with a response time of 0.193 s and an overshoot of 1.14%. The application of the 

disturbance causes the speed to drop by 6.2% compared to the set point, before returning to it after 1.4 s. 

For the adapted regulator, the response time is reduced (0.126 s) and the exceedance is completely canceled. 

Application of the disturbance causes the speed to drop by 0.1% with a rejection time of 0.06 s. 

For both controllers, the starting current takes a maximum value of 25.5 A, and then decreases rapidly to its 

nominal value. There is an increase of 1.56 A during the application of the disturbance. 

The torque takes a maximum value of 38.3 N.m at the time of start-up, and then decreases rapidly to the 

nominal value. It follows the path of the disturbance with a response time of 0.10 s for the classicalPI. While for 

the new controller, the response time to the disturbance tends towards zero. The torque has a ripple of 0.3 N.m 

for both cases. 

 

Figure.5 Robustness test (variation of Rs (50%)) 
 

 

Figure.6The Performance Comparison When Booting up with ±5 N.m Load Disturbance Application 
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 5. Conclusion 

The results of the simulations developed for the speed control optimized by a PI regulator based on genetic 

algorithms clearly illustrate that this controller remains more efficient than the conventional PI regulator. The 

proposed regulator showed the following performance: 

 Total elimination of overrun and considerable reduction in start-up time. 
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 Significant reduction in the rejection time of load disturbances with a small speed drop. 

 Good support for variations in engine parameters. 

In conclusion, the usefulness of regulating the speed of an asynchronous motor by a DTC approach was 

justified by simulation. The summary of the results obtained clearly shows that this control is by far more 

efficient than conventional orders. 

Finally, special efforts will have to be made to validate our study, at each stage, using an experimental study. 

Finally, our work carried out during this thesis would be more valid and concrete by the implementation in 

practice of our order and the validation of the results obtained via experimental tests. 
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