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Abstract – This paper deals with direct torque control of an induction motor (IM) with constant 

switching frequency. The desired torque is obtained from the speed controller which is designed 

using the IP controller. Decoupling control of torque and flux is developed based on the energy 

model of IM using the IP controller strategies. The desired d-axis and q-axis stator voltage 

components are obtained from the designed controller, which decouples torque and flux. The 

constant switching frequency can be applied using space-vector pulse width modulation, since the 

desired stator voltage can be known from the decoupling torque and flux controllers. In order to 

achieve stable operation of the proposed IP controllers, the gains of the controllers are chosen by 

setting the poles in negative (left) half of s-plane and by choosing the rising time for the response of 

the step function. The proposed controller was verified in simulations using Matlab/Simulink and 

results have proven excellent performance. It was found that the proposed IP controllers can 

provide excellent performance to track the desired torque and speed and to reject the disturbance 

of load. 
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1. Introduction 

 

 The induction machine (IM) is one of the most 

commonly used for industry applications that require 

variable speed drives (VSDs) due to its robustness, 

reliability, ruggedness, efficiency, and ability to operate in 

wide torque and velocity ranges (up to twice the nominal 

torque rate) [1]. However, high performance of IM in 

industrial applications cannot be achieved because of its 

high nonlinearity and its high-coupled structure.  

The use of the induction machine has become more and 

more frequent since the vector control (VC), or field 

oriented control (FOC), has been developed [2, 3, 4]. This 

control strategy can provide the same performance as that 

achieved from a separately excited DC machine [5, 6, 7]. 

The implementation of vector control involves the rotor 

time constant, which may vary considerably over the 

operational range of the motor, mainly due to changes in 

rotor resistance with temperature. The vector control 

depends on accurate parameter identification to achieve the 

expected performance.  

To overcome the difficulties of vector control, a new 

control method called direct torque control (DTC) has been 

developed for electrical machines [8, 9, 10].  This method 

makes the control structure significantly simpler than that 

of transformation-based vector control. DTC still has some 

disadvantages, which are: high torque, flux and current 

ripples; variable switching frequency behavior; and 

difficulty to control torque and flux at very low speed. To 

overcome the above drawbacks, some researchers have 

tried to propose some different DTC space-vector pulse-

width modulation (SVPWM) techniques, or to improve 

switching state patterns [10 - 15]. 

In [10] and [11], DTC control strategy is presented based 

on the energy model of induction motor. Using the energy 

model, torque and speed control of an induction motor is 

possible [10, 11, 16, 17]. Since the energy model depends 

on the parameters, and torque control involves  indirect 

field-oriented control (IFOC), the appropriate observer and 

controllers, such as optimal regulator and sliding mode 

controller, have been proposed in [10, 11, 16, 17] to control 

torque and speed. The design controllers in [10, 11, 16, 17] 
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are complex to implement because the solution of Ricatti 

equation is involved and it is difficult to calculate the gain 

of these controllers. Moreover, the computation of the 

desired stator voltage is difficult, since the active power and 

slip frequency are considered as inputs. 

In this paper, the energy model is modified by means of 

IFOC. The two states of the energy model, which are (a) the 

magnetic energy converted to torque, and (b) the magnetic 

energy stored in the rotating field, are decoupled in terms of 

stator d-axis and q-axis voltages. The desired d-axis and q-

axis stator voltage components are obtained from the 

designed controller, which decouples the torque and flux.  

Constant switching frequency can be achieved using 

SVPWM [20], since the desired stator voltage can be 

known from the decoupling-torque-and-flux controllers. To 

achieve the DTC of an induction motor with speed control 

system, a total of three IP controllers are designed. The 

design technique and the calculation of the poles of the IP 

controller are discussed.  The poles are selected to place 

the eigenvalues of the transfer functions uniformly in the 

left half of the s-plane. The effectiveness of the proposed 

controller is verified by using simulations, which are 

performed using Matlab/Simulink. According to the 

simulation results, it is seen that the IP controller can 

provide excellent performance to track the desired torque 

and speed. In the control of speed, the IP controller is able 

to reject the disturbance of load.  

 

 

2. Energy Model of Induction Motor 

 

The equivalence between the three-phase and two-phase 

machine models is derived from the concept of power 

invariance [1]. Induction motor model in d-q axes 

synchronous reference frame can be expressed by [1]: 

ssssss jpR   iv    (1) 

      rslrrdr jpR   i0     

(2) 

rdmsdssd LL ii     (3) 

smrrr LL ii     (4) 

 

where vs= vsd+jvsq; is= isd+jisq; ir= ird+jirq; s= sd+jsq; r= 

rd+jrq; vsd, vsq indicate d and q axes stator voltages; isd, isq  

 

indicate d and q axes stator currents; ird, irq indicate d and q 

axes rotor currents; sd and sq indicate d and q axes stator 

fluxes; rd and rq indicate d and q axes rotor fluxes; s 

and sl indicate primary and slip angular frequencies; Rs 

and Rr indicate stator and rotor resistances; Ls and Lr 

indicate stator and rotor self-inductances; Lm indicate 

mutual inductance and p = d/dt.  

The mechanical dynamic and the electromagnetic torque 

of IM are given by [1]: 

 

Lermrm TTDJp      (5) 

))(/( sdrqsqrdrmne iiLLPT    (6) 

where rm indicates mechanical rotor speed; Te and TL 

indicate electromagnetic and load torques; J, D and Pn 

indicate moment of inertia, friction coefficient, and number 

of pole pairs. 

According to power balance of IM, the fourth-order 

state-space model can be written as follows [10, 11, 16, 17]:
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where Wi is magnetic energy stored in the leakage 

inductance; WT is magnetic energy converted to torque; Wq 

is magnetic energy stored in the rotating field; and R=Rs+R2, 

R2=Rr(Lm/Lr)
2
, =(LsLr-Lm

2
)/Lr), Te=PnWT, r=Pnrm, 

sl=(s-r). 

The state variables (Wi, WT, Wq) and active power (Pa) 

and reactive power (Pq) variables can be written by the 

following expressions: 

 

)( 22

sqsdi iiW     (11) 

))(/( sdrqsqrdrmΤ iiLLW     (12) 

))(/( sqrqsdrdrmq iiLLW     (13) 

sqsqsdsda ivivP     (14) 

sqsdsdsqq ivivP     (15) 

The instantaneous reactive power can also be written by 

 

isqrΤrrq WWWLRP   )/(        (16) 

 

By solving eqs. (14) and (15), the desired stator voltage can 

be calculated but, if the measured values of stator current 

are used in this solution, it is difficult to obtain the desired 

torque and speed from these results. Without using the 

constraint of field-oriented control, the calculated desired 

stator voltage is not able to make the actual torque and 

speed equal to their reference values. 
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3. Modified Energy Model 

 

Eqs. (7) to (10) represent the fourth-order state-space 

model of the induction motor based on energy. This model 

can be modified by means of the concept of IFOC to easily 

calculate the desired d-axis and q-axis stator voltages, 

instead of calculation of active and reactive power. 

 Ideally, in IFOC, the rotor flux linkage axis is forced to 

align with the d-axis, and it follows that [1-3]:
 

0Constant;  rqrrd    (17) 

 

Applying the result of (17), namely IFOC, the following 

relations are obtained from eqs. (2), (4), (12) and (13): 

)/)(/();/( sdsqrrslmrsd iiLRLi    (18) 

)/()/( 2
; rrqsqrrmΤ LWiLLW    (19) 

The variable Wq is constant and is the square of the rotor 

flux, and electromagnetic torque, Te, is proportional to WT. 

Thus, the control of rotor flux and torque are possible by 

controlling Wq and WT, respectively. 

The stator current components, in terms of the energy 

model state variables, can be written as 

Τrmrsqqrmrsd WLLiWLLi )/()/( ;    (20) 

By substituting the stator current components from eq. 

(20) into eqs. (1), (5), (6), and (18), the expressions for 

stator voltages, electromagnetic torque, mechanical 

dynamic, and slip frequency are written as 

Τsqqsd WKpWKWKv 321     (21) 

qsΤΤsq WKpWKWKv 231     

(22) 
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Where, rmrs LLRK /1  , rmr LLK /2

2  , 

rmrm LLK /2

3  , rr LRK /4  , 
222

mrrm LLL  . 

Eqs. (21) to (25) represent the modified energy model of 

the induction motor. It is clear from the above expressions 

that Wq (or rotor flux) and WT (or torque) can be controlled 

by varying the stator d-axis and q-axis voltages, 

respectively. 

 

4. Design of IP Controllers 

 

It can be seen that the third terms of eqs. (21) and (22) 

are coupled through the two control variables Wq and WT. 

For decoupling of the two variables Wq and WT with 

compensation, the desired stator voltages (vsd
*
 and vsq

*
) of 

IM are defined as follows: 

Τsd

*

sd WKuv 3
   

 (26) 

qsq

*

sq WKuv 2
   

 (27) 

 

Assuming that the change of load torque is a step 

function (i.e. the change of load torque is zero), the open 

loop transfer function for the state equations of (21) to (23) 

can generally be expressed by the following equation: 
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The transfer function of IP controllers can generally be 

written as follows: 
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(29) 

 

where r(s) and a(s) indicate reference value and actual 

value, respectively. 

The parameters of eqs. (28) and (29) are shown in Table 

1 for the three different controllers. Using eqs. (21) to (23), 

the A and B parameters of Table 1 are as follows: Aq=K1/K2, 

Bq=1/K2, AT=K1/K3, BT=1/K3, A=D/J, B=Pn
2
/J. The 

control strategies using IP controller to control torque and 

speed of induction motor based on energy model is 

illustrated in Fig. 1. In Fig. 1, switch position 1 is chosen 

when the control of speed is needed; otherwise switching 

Table 1. Representation of different parameters for three 

       different IP controllers. 

Controllers a u r A B KP KI 

Speed (r) r WT r
 *

 A B KP  KI 

Torque (WT ) WT ud WT
*
 AT BT KPt KIt 

Flux (Wq ) Wq uq Wq
*
 Aq Bq KPq KI q 

 

 
Fig. 1. Block diagram of three different IP controllers of an 

 induction motor. 
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position 2 is chosen to control the torque. 

The transfer function of the closed loop system of the IP 

controller can be given by the following equation: 

IP
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The transfer function (30) can be expressed as follows: 
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where α1 and α2 represent the eigenvalues or poles of the 

closed loop system of eq. (30). 

The unit-step response of (31) can be given by the 

following equation: 
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Fig. 2. Block diagram of overall control system to control 

speed and torque of an Induction Motor 

 

For the response for a specified rise time tr, by using (32),  

one can obtain the following equation: 
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where tr is defined as the time for the unit-step response to 

increase from 0% to 90% of its final value. 

The energy contributions e1 and e2 for the eigenvalues α1 

and α2 can be expressed as follows: 
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To avoid overshoot in the unit-step command tracking 

response, the energy contributions are set at [9, 10] 

1;21  CC KeKe
   

 (35) 

Note: In (35), you set KC < -1, but then you use KC = 2. 

Using eqs. (30) to (35) and KC = 2, one can obtain the 

solution of α1 and α2 as follows: 

121 2;2.9697/   rt

  

(36) 

After these unknown parameters are solved, the 

parameters of the IP controller can be computed using the 

relationships (36) as follows: 

BKBAK IP /2;/)3( 2

11    (37) 

. 

The proportional and integral gains of IP controllers for 

the class of plant (28) can be calculated using (36) and (37). 

Choosing the poles and controller parameters according to 

(36) and (37), the tracking steady-state error is zero. There 

is also no overshoot and no steady-state error problems, and 

the proposed IP controller is stable under the variations of 

load torque and parameters because the poles are negative 

real values. 

5. Simulation Results 

 

 
(a) Speed 

 

 
(b) Torque 

 

 
(c) Magnetic energy stored in the rotating field 

 

Fig. 3. Transient responses for step change of speed. 
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In order to verify the validity of the proposed IP 

controllers and to analyze the drive system performance to 

control torque and speed of an induction motor based on 

energy model, several simulations are carried out using 

Matlab/Simulink software. The configuration of the overall 

induction motor control system including the SVPWM-fed 

inverter is shown in Fig. 2.  A 4-pole squirrel cage 

induction motor with a rated power of 5 hp, speed of 1750 

rpm and slip of 2.62 rad/sec has been used. The 

specifications and parameters of the induction motor are 

listed in Table 2. 

To evaluate the performance of the system, three cases 

have been simulated, where two cases are related to control 

of speed as shown in Fig. 3 and Fig. 4, and one case is 

related to control of torque. Fig. 3 shows the transient 

responses of the proposed IP controller. In this simulation 

work, the rise time for speed control, for WT control, and Wq 

control are chosen as 0.75 sec, 0.01 sec, and 0.01 sec, 

respectively.  Fig. 4 shows the transient responses of the 

proposed IP controller for ramp change of speed. In this 

case the rise time for speed control, for WT control and Wq 

control are chosen as 0.1 sec, 0.01 sec and 0.01 sec, 

respectively. The simulation results in Figs. 3 and 4 clearly 

show that the actual rotor speed tracks the reference speed 

very well under dynamic changing conditions. It is noticed 

from these figures that the steady state error and overshoot, 

which occur when using PI controllers, can be minimized 

using this IP controller. In the speed control scheme, the 

change of load torque is compensated by the 

electromagnetic torque as shown in Fig. 3(b) and Fig. 4 (b). 

 
(a) Speed 

 

 
(a) Torque 

 
(b) Torque 

 

 
(b) Magnetic energy stored in the rotating 

field 

 
(c) Magnetic energy stored in the rotating field 

 
(c) Speed 

 

Fig. 4. Transient responses for ramp change of speed 
 

Fig. 5. Transient responses for step change of torque  
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Figs. 3(c) and 4(c) reveal that the flux Wq is constant, which 

fulfills the constraint of IFOC. 

It is clear from Fig. 3 and Fig. 4 that the deviation of 

speed reduces with a decrease in rise time for the speed 

controller due to the change of load torque, but the peak of 

transient torque increases due to the change of speed. Thus, 

it is confirmed that the proposed IP controller is robust 

under the variation of load disturbance. 

Fig. 5 shows the transient responses of the proposed IP 

controller for step change of torque. In this case the rise 

time for WT control and Wq control are chosen as 0.01 sec 

and 0.01 sec, respectively. The desired torque is achieved 

without any overshoot and steady state error. It is also seen 

in Fig. 5(a) that the torque ripple is not as high as that 

which occurred in the case of the conventional DTC 

scheme. 

Fig. 3(c), Fig. 4(c), and Fig. 5(b) reveal that the state 

variable Wq is kept constant. Since this variable is directly 

proportional to the square of the d-axis rotor flux, the rotor 

flux is also kept constant. This confirms that the controller 

is able to satisfy the constraints of field orientation. Fig. 5(c) 

shows that the speed decreases with increases of reference 

torque and the speed increases with decreases of reference 

torque. This occurs because, when the torque controller is 

implemented, the speed controller is working as well. 

 

 

6. Conclusion 

 

This paper describes how to design IP controllers to 

control the speed and torque of an induction motor based on 

the energy model. IP controllers are designed by 

simplifying the energy model by using the constraints of 

field orientation. The decoupling control strategies to 

control the magnetic energy converted to torque, WT, and 

the magnetic energy stored in the rotating field, Wq, are 

developed in terms of stator voltage components. Thus, the 

stator voltage components can easily be obtained as outputs 

of the IP controller. The stability and robustness of the 

proposed IP controller are achieved by proper selection of 

the eignvalues of the IP controller. 

 It is confirmed from the simulation results that the 

response of desired torque and desired speed is achieved 

without any overshoot and steady-state error and the 

designed IP controller is robust under the change of load 

disturbance. Since the design of the IP controller is simple, 

the proposed control strategies can be applied in place of 

conventional direct torque control strategies to overcome 

the problems (such as variable switching frequency and 

high torque ripple) of the DTC strategies. Finally, it can be 

concluded that good responses can be achieved for the 

application of desired speed control or desired torque 

control by applying the designed IP controllers of induction 

motor based on its simplified energy model. 
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