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Abstract— The flux and torque hysteresis bands are the 

only gains to be adjusted in Direct Torque Control 

(DTC) of induction motor. The torque ripple and 

harmonic loss of motor and switching loss of inverter 

greatly influence them. Hence, these variables must be 

observed in the control process to maximize performance 

of the system. In this paper, the effects of flux and torque 

hysteresis bands and the value of reference stator flux on 

inverter switching loss, harmonic loss, and torque ripple 

of induction motor are investigated. In order to find 

their optimum values, a cost function consisting motor 

harmonic losses, torque ripples, and inverter switching 

losses is defined. Minimizing this cost function leads to 

the optimum value of the hysteresis bands of torque and 

flux controllers. To validate the proposed work a 

simulation work is carried out and results are presented. 

 

Index Terms-- Hysteresis bands, reference stator flux, torque 

ripple, DTC and Induction motor 

I. INTRODUCTION 

Ince the first developments of Direct Torque Control 
(DTC) concept [1],[2],it has been used in many ac 

drives  applications because of its fast torque response and 
robustness against machine parameter variations. Its simple 
structure is due to using hysterisis comparators and 
switching vector table for both flux and torque control. 
Therefore, the only gains to be adjusted are the amplitudes 
of hysterisis bands [3,4]. The amplitude of hysterisis bands 
greatly influences the drive performance such as torque 
ripple, inverter switching frequency, and flux harmonics. 
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Many papers have concerned the improvement of 
performance of DTC; but, in these papers [5, 6], there is not 
much analysis about the variation of flux harmonics and its 
effects on motor harmonic loss. In these papers, Total 
Harmonic Distortion (THD) of the input voltage is studied. 
However, iron loss is also affected by the order of 
harmonics, In addition, in these papers, there is not much 
simultaneous study about inverter switching loss, torque 
ripple, and harmonic loss of motor[7,8]. 

Direct Torque Controlled induction motor suffers from 

great torque ripple due to the fast response of the torque. 

Several improvements have been proposed to minimize the 

torque ripples [9, 10]. In earlier works the effects of 

sampling time and the hysteresis bands on the torque 

ripples are studied [11].  
The value of the motor flux greatly influences the motor 
behavior. It is usually chosen as the nominal value in many 
applications. This is not an optimum operating point when 
the motor load is less than the nominal value. Therefore, 
reduction of the motor flux can help to increase the 
performance of the motor in these cases.   

  In this paper, the effect of flux and torque hysterisis bands 

on inverter switching loss, torque ripple, and harmonic loss 

of the motor is investigated and also a cost function is 

defined which leads to determination of optimum value of 

flux and torque hysterisis bands. Further, the effect of the 

reference value of the stator flux on the motor torque ripple 

is investigated. The effect of the flux reference variation on 

the motor power factor as well as torque dynamics is also 

presented. 

   

II. DIRECT TORQUE CONTROL STRATEGY 

   The basic DTC block diagram is shown in Fig 1, is to 
choose the best vector of voltage which makes the flux rotate 
and produce the desired torque. During this rotation the 
amplitude of the flux rests in a pre-defined band. With a three 
phase voltage source inverter, there are six non-zero voltage 
vectors and two zero voltage vectors which can be applied to 
the machine stator terminals The stator flux vector can be 
estimated using measured current and voltage vectors: 

( )s s s sV R I dt                                              (1) 

 
Then, torque can be calculated using the components of the 
estimated flux and measured currents: 
 

   ( )e d q q dp                                                        (2) 
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 Where p is the pole pair and d and q represent the 

Coordinate transformation components of the current and 

flux. This relation is another presentation of the original 

torque equation (3). 
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Where LM    is the magnetization inductance and LS  and Lr   

are the stator and rotor inductance, respectively. Circular 

trajectory of stator flux is divided to six symmetrical 

sections referred to inverter voltage vectors. For each 

section, a proper vector set is proposed. The certain vectors 

are applied to motor so that amplitude of flux and torque 

remain constant. These vectors are selected   from a lookup 

table in the control loop.  

 

A. Iron loss 

 
                      The hysterisis loss and the eddy current loss are lumped    

together as the core loss: 

                                                   c h e                                    (4) 

                    The power loss in the core due to the hysteresis effect is as: 
 

                                                
n

h h f                                    (5) 

 
                     Where B is the maximum of flux density, Kh  is a constant 

and f is the frequency. 
 
                        The eddy current loss in a magnetic core   subjected to a 

time varying flux is [7]:                                  
 

                                       
2 2

e e f                                              (6) 

                       Where Ke is a constant. It is obvious that iron loss is 
strongly related to flux density and its frequency. Therefore, 
THD cannot be an accurate factor for studying the 
performance of the system [8]. 

 

 In this study, harmonic core loss is normalized to the core 

loss of the fundamental component. Therefore, the i-th 

harmonic core loss versus core loss of the fundamental 

component is calculated by [8] 

 

                           

1

2

1

ei iV

V

 
  

  
                                       (7) 

 

 

                         

1

2

1

1hi iV

V i

 
  

  
                                        (8) 

Where Pei and Phi are the eddy current loss and hysteresis 

core loss of the i-th harmonic, respectively, and Vi is the 

amplitude of the i-th harmonic. The harmonic spectrum of 

motor flux is estimated and then motor harmonic losses are 

calculated based on (7) and (8). 

B.  Inverter switching Loss 

Common inverter switch used in drive systems is IGBT. 

Switching loss of an IGBT is presented by (9). 

 Inverter loss on off swf                                     ( 9) 

 

Where Eon and Eoff are the switching energy loss at each 

period and fsw is the switching frequency. Although Eon and 

Eoff depend on the switched current and voltage; but, in this 

study, they are considered as the fixed values found in the 

IGBT's datasheet. As it can be seen, switching frequency 

affects inverter switching loss and, hence, its useful life. 

C.  Motor torque ripple 

The most important characteristic of DTC is its fast torque 

response. When a proper vector is applied to motor, the 

stator flux vector rotates very fast and the angle between 

stator flux and rotor flux is increased. Therefore, the 

amplitude of motor torque is increased according to (3). If 

 

                              
Fig. 1.  Block diagram of Direct Torque Control 
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sampling period Ts is not low enough, then torque 

waveform usually jumps to the out of torque hysteresis 

band. Therefore, motor which is derived with DTC 

usually suffers from large torque ripple. This large torque 

ripple has undesired effect on motor useful life and its 

load. The torque ripple, Te, is divided to two parts as 

shown in the following   

 

     1 2e                                                        (10) 

 

Where 

            1
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                                 (11)     
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In these relations, ωm is the motor speed and s  and r  are 

stator and rotor time constants, respectively. The first 

contribution is due to the stator and rotor resistances and 

acts in order to reduce the absolute value of the torque. This 

contribution is proportional to the torque value and is 

independent of voltage vector and motor speed. The second 

contribution represents the effect of me applied voltage 

vector on the torque variation   and is dependent on motor 

speed. 

D. Construction of Cost function 

  The torque ripple, motor harmonic loss, and inverter 

switching loss are the components which are observed in 

optimization of DTC. The relation (13) shows a general 

form of a cost function which includes these components.                               

  1 2 3, Inverter loss Motor Harmonic Loss actC f W W W                  (13) 

 

Where W1, W2 and W3 are weighting functions of inverter 

switching loss, motor harmonic loss, and actual torque ripple 

respectively. These weighting functions vary in different 

cases according to the importance of the cost function 

components. For example, if reduction of torque ripple is  

                  
   Fig. 2.  Flow chart of optimization process 

desired, then the weighting function of torque ripple, W3, is 

increased. Fig 2 shows the flowchart of optimization 

process. 

III. ANALYSIS OF EFFECT OF REFERENCE STATOR FLUX  

Torque ripple minimization is a major difficulty in Direct 

Torque Control of induction motors. The reference value of 

the motor flux greatly influences the torque ripple. On the 

other hand, many motors work in an operating cycle, which 

includes load intervals of less than their nominal power. In 

these situations, it is not necessary to set their flux value as 

the nominal value. In this section, the effect of the reference 

value of the motor flux on the motor torque ripple is 

investigated. The effect of the flux reference variation on the 

motor power factor as well as torque dynamics is also 

presented. Simulation results of the proposed method on the 

performance of Induction motor are also discussed. 

Reduction of torque ripple is the desired effect of flux 

value, but other parameters of motor are also affected with 

the value of motor flux. The parameters, which are affected, 

are described below. 

 

A. Torque ripple 

 When a proper vector is applied to motor, the stator flux 

vector rotates very fast and the angle between the stator 

flux and rotor flux is increased. Therefore, the amplitude of 

the motor torque is increased according to (3). If sampling 

period of 75% is not low enough, then torque waveform 

usually jumps to the out of torque hysteresis band. 

Therefore, motor that is derived with DTC usually suffers 

from large torque ripple. This large torque ripple has 

undesired effect on motor useful life and its load. The 

torque ripple T is divided into two parts as represented in  

(10), (11) & (12). It is clear from (11) and (12) the value of 

motor flux has no effect on the first component of torque 

ripple; while it influences mainly the second part. 

 From the dynamic equations of the induction machine, 

after simplifications, the rotor flux can be expressed in 

terms of stator flux as follows: 

 

  2

M r
r r

s r M s r s

L R

L R j L L L
 

 

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                (14) 

 

Therefore, reduce the stator flux bands to reduce the 

rotor flux according to (14) and it leads to reduction of the 

torque ripple (11). Especially for low speed, the torque 

ripple component (12) can be approximated as: 

 2 .M
s r s

s r

L
V j

L L



                                        (15) 

The maximum value of this component of torque ripple 

is as follows 
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It can be seen that reducing the rotor flux mainly affects on 

the maximum value of second component of torque ripple. 

The absolute value of motor torque is greater than the 
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reference value in low speed range because the rising slope 

of torque is very sharp. Thus, decreasing the second 

component of torque ripple helps to decrease the torque 

ripple especially in low speed. 

 

B. Motor input current and power factor 

Reduction of motor flux leads to the reduction of 

magnetizing current. Therefore, the value of motor 

input current is decreased decreasing the magnetizing 

current leads to the reduction of the reactive component of 

motor current. Thus, the motor power factor is improved. 

 

C. Torque dynamics 

The value of motor flux determines the torque time constant. 

The greater motor flux leads to the smaller torque time 

constant and vice versa. 

 

D. Motor core loss 

The hysteresis loss and the eddy current loss are 

lumped together as the core loss as given in (4). The 

power loss in the core due to the hysteresis effect is given in 

(5). The eddy current loss in a magnetic core subjected 

to a time varying flux is given in (6). It is obvious that iron 

loss is strongly related to flux density.  Therefore, the 

motor core loss is reduced in the proposed method. 

IV. SIMULATION RESULTS 

The parameters of the induction motor used in this 

simulation are given in Appendix. The value of the 

sampling interval adopted in the simulations is 25 

microseconds. Fig 3 shows the variations of torque ripple 

versus torque and flux hysteresis bands. From which, it can 

be noted that the minimum total motor torque 

ripple=0.4180Nm at flux hysteresis band=0.005 and torque 

hysteresis band=0.05. Fig 3 shows the variations of motor 

harmonic loss. The iron loss is calculated according to the 

(4) and (5). The calculation of motor harmonic loss is 

based on the relation between flux harmonics and iron loss. 

Therefore, at the first step of optimization loop the flux 

harmonics for given operating point are estimated. The 

base of these variations is the loss of fundamental 

component of flux. From Fig 4, it can be noted that the 

Minimum motor harmonic loss=1.1157 at flux hysteresis 

band=0.004, torque hysteresis band=0.08.  Fig 5(a), (b), & 

(c) shows the variations of cost function versus flux and 

torque hysteresis bands amplitudes for different weighting 

functions. From Fig 5(a), it is observed that the minimum 

cost function is 3.5721 at the weighting functions, 

W1=0.3,W2=0.4,W3=0.3. From Fig 5(b), it is noted that the 

minimum cost function is 2.5443 at weighting functions, 

W1=0.2, W2=0.3, W3=0.5. Further, from Fig 5(c), it can be 

observed that the minimum cost function is 1.5165 at the 

weighting functions, W1=0.1, W2=0.2, W3=0.7.  From the Fig 

5(a), (b), & (c), it can be observed that Fig  5(c) shows the 

variations of cost function versus flux and torque hysteresis 

bands amplitudes for W1=0.1, W2=0.2 and W3=0.7 gives a 

smaller value. In this case the importance of torque ripple 

has been increased via increasing its weighting function. 

Respective hysteresis band values for this minimum are 

equal to   =0.005 and e  =0.06 and the values of cost 

function and its components in this minimum are 

summarized as follows: 

Minimum inverter switching loss = 10 

Minimum motor harmonic loss = 1.1157 

Minimum torque ripple =0.4180 

Minimum value of cost function =1.5165 

 

Fig 6 shows flux spectrum of the induction motor. Fig 7(a) 

and 7(b) shows the stator flux waveform at its nominal 

value and reduced level respectively. Fig 7(c) shows the 

variations of the motor torque when the reference values of 

the torque and flux are 0.5 Nm (25% of the nominal torque) 

and 1Wb, respectively. Fig 7(d) shows the variations of 

the motor torque when the reference values of torque and 

flux are 0.5 Nm and 0.6 Wb. From which, It can be 

observed that the torque ripple has been reduced for 

reduced stator flux value. Figs 7(e) and 7(f) showed the 

stator current waveforms for the flux values of 1.0Wb and 

0.6Wb, respectively. It can be seen that the stator current 

amplitude is reduced for the reduced flux value. 

Therefore, motor power factor is improved for the 

operating power, which is less than the nominal power. 

 

 
 

Fig. 3. Variations of torque ripple versus torque 

and flux hysteresis bands. 

 

 

 
Fig. 4.  Variations of motor harmonic loss 
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Fig. 5(a). Variations of cost function versus flux and torque  

hysteresis bands, (for W1=0.3,W2=0.4,W3=0.3) 

 

 
 

Fig. 5(b). Variations of cost function versus flux and     hysteresis bands, 

(for w1=0.2,w2=0.3,w3=0.5) 

 

 

Fig. 5(c). Variations of cost function versus flux and torque hysteresis 

bands (for w1=0.1,w2=0.2,w3=0.7) 

 

 
Fig. 6.  Flux spectrum of induction motor 

 

 

 
 

Fig. 7(b). Stator flux response at reduced value 

 

Fig. 7(a).  Stator flux at nominal value 
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Fig. 7(c). Motor torque waveform in nominal flux 

 

 
Fig. 7(d). Motor torque waveform in reduced flux 

 

 
Fig. 7(e).  Stator current waveform in nominal flux 

 

 
Fig. 7(f).  Stator current waveform in reduced flux 

 

 

 

V.   CONCLUSION 

  In this paper,   the influence of the hysteresis bands on the 

performance of DTC of an induction motor has been 

investigated. Results showed that inverter switching loss, 

motor harmonic loss, and motor torque ripple are influenced 

by the hysteresis bands. Motor drive has been tested for 

different hysteresis band values and it has been found that 

the drive performance is good for specific values of the 

hysteresis bands i.e torque hysteresis band = 0.06, flux 

hysteresis band = 0.005. The influence of the reference value 

of the stator flux on the DTC of an induction motor was also 

investigated. From the results, it is noticed that the value of 

the stator flux influences the torque ripple of the motor. 

Therefore, the optimum value of flux is not equal to the 

nominal value when motor power is less than the nominal 

value. The motor power factor is also improved with 

reduced flux value, but the torque dynamics have slower 

response because of the reduction in flux value.                                            

APPENDIX 

Motor details: 

1HP, 0.75KW, 220 V, 4-pole, 1680rpm. 

Stator circuit resistance = 9.6 Ohm, 

Rotor circuit resistance = 7.008 Ohms,  

Self inductance of stator circuit = 0.8896 H, 

Self inductance of rotor circuit = 0.8896 H, 

Mutual Inductance = 0.8794 H, 

Moment of inertia = 0.009 Kg-m
2
.  
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