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INTRODUCTION 
nduction motor drives controlled by Field Oriented control (FOC) 

[1] have been till now employed in high performance industrial 

applications, it has achieved a quick torque response, and has 

been applied in various industrial applications instead of dc motors 

[1]-[5]. It permits independent control of the torque and flux by 

decoupling the stator current into two orthogonal components. FOC, 

however, is very sensitive to flux, which is mainly affected by 

parameter variations. It depends on accurate parameter 

identification to achieve the expected performance. 
In 1986 a new control method called DTC (Direct Torque Control) was 

developed for electrical machines [1]-[5]. DTC principles were first 

introduced by Depenbrock  and Takahashi [1,4]. In this method, Stator 

voltage vectors is selected according to the differences between the 

reference and actual torque and stator flux linkage. The DTC method 

is characterized by its simple implementation and a fast dynamic 

response. Furthermore, the inverter is directly controlled by the 

algorithm, i.e. a modulation technique for the inverter is not needed 

[1,3].However if the control is implemented on digital system (which 

can be considered as a standard nowadays), the actual values of flux 

and torque could cross their boundaries too far. The main advantages 

of DTC are absence of coordinate transformation and current 

regulator; absence of separate voltage modulation block, Common 

disadvantages of conventional DTC are high torque ripple and slow 

transient response to the step changes in torque during start-up [1,4].  
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ABSTRACT 
Direct torque control 

(DTC) is a control 

strategy used in a.c 

drive systems to 

obtain high 

performance torque 

and speed control. 

Although the 

strategy possesses 

some inherent 

drawbacks like the 

variable switching 

frequency, high 

torque and flux 

ripples produced at 

low speeds, it is still 

applicable due to its 

good dynamic 

performance and 

robustness. In this 

paper, the design of a 

conventional DTC 

based strategy of 

speed control of an 

induction motor has 

been considered, so 

as to minimize the 

problem of high 

torque and flux  
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Classical (DTC) uses two hysteresis controllers for stator flux and developed torque, respectively. 
The key issue of the design of DTC is the strategy used for selection of the proper stator voltage 
vectors to force stator flux and developed torque values to maintain their prescribed hysteresis 
bands. Usually, the hysteresis controller is a two-value bang-bang controller, which has the same 
outputs both for the big torque errors as for the small torque errors [2,5] therefore, big torque 
ripples are produced. In order to reduce the torque ripples, the torque errors have to be divided 
into several intervals on which to operate different control action. As the DTC control strategy is 
not based on mathematical analysis, it is not easy to give an apparent boundary to the division of 
torque error [5].  The stator flux locus was divided into twelve sectors instead of six and also 
changing the zones so that all the six active states can be utilized in each sector. Finally, an 
investigation into the uncertainty of the improved DTC scheme is being conducted so  as to 
examine the behavior and the robustness of the drive system. In this paper, section one is a general 
over-view of the conventional DTC scheme, section two presents the improved DTC scheme with 
12 sector table while the last section investigates the behavior of the uncertainty introduced to the 
improved drive system. 
 

Methodology 

Basic Principles of DTC 

The basic principle of DTC is the direct selection of a space vector and corresponding control 

signals, in order to regulate instantaneously the electromagnetic torque and stator flux magnitude 

[1,2]. The selection is made in order to maintain torque and flux error inside their respective 

hysteresis bands. The flux and torque error signals are delivered to two hysteresis comparators. 

The corresponding digitalized output variables from the comparators and the stator flux position 

sector are used to select the appropriate voltage vector from the switching table. Thus, the 

selection table generates pulses to control the power switches in the inverter [2]. 

The six different directions of the stator voltage sV
−

 noted as iV
−

 (i 1 6) is shown in Fig. 2. 

Considering, aS , bS  and cS  as the combination of switching status of the inverter  sV
−

 is 

expressed as: 

ripples which are produced. To achieve this, the stator flux locus was divided into twelve 

sectors instead of six and also changing the zones so that all the six active states can be utilized 

in each sector. Finally, the performance of the control strategy was demonstrated by 

simulations performed using the versatile simulation software package MATLAB/SIMULINK. 

All evaluations are based, on the drives performance which includes dynamic torque and flux 

responses of the system, then introduction of uncertainties to ascertain the robustness of the 

drive system. 
 
Keywords: Induction motor, Voltage Source Inverter, Torque ripple, Robustness and Switching 

Table. 
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Fig. 1: Inverter output voltage vector  Fig. 2: Voltage Source Inverter (VSI) 

Stator Flux Control.  

By selecting the appropriate inverter output voltage iV
−

, the stator flux 
s

−

  rotates at the desired 

frequency s  inside a specified band. The stator flux space vector varies due to the application of 

the stator voltage vector according to the expression [1]: 

    tV ss =
−−

 .        (2) 

The magnitude and orientation of the stator flux must be known in order to directly control the 
stator flux by selecting appropriate voltage vector. In [1] to [7], it is proposed that the stator flux 
plane is divided into six sectors. Each sector will have a different set of voltage vectors to increase 
or decrease the stator flux. 
 
2.3 Torque Control. The electromagnetic torque equation in stationary reference frame is given by 
Eq.(3) 

    


sin
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e
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T = .            (3) 

Where   is the angle between the stator and rotor space vectors, as shown in Fig. 1. 

The leakage coefficient   is given by : 
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From Eq. 3, it is clear that the motor torque can be varied by changing the rotor or stator flux 

vectors. 

 

Switching Table 

 On the basis of the torque and flux hysteresis status and of the stator flux switching sector , DTC 

algorithm selects the inverter voltage vector to apply to the induction machine [1]-[5] from the 

Table 1.  
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Table 1: Voltage vector selection table 

Flux-Error Torque-Error Sector 

(1) 

Sector 

(2) 

Sector 

(3) 

Sector 

(4) 

Sector 

(5) 

Sector 

(6) 

0 1 110 010 011 001 101 100 

0 0 111 000 111 000 111 000 

0 -1 011 001 101 100 110 010 

1 1 100 110 010 011 001 101 

1 0 000 111 000 111 000 111 

1 -1 001 101 100 110 010 011 

    

Proposed DTC Scheme 

 In the classical DTC,  the stator flux locus is divided into six sectors and consequently there are two 

states per sector that present torque ambiguity therefore, are never used and if the zones are 

changed, there are also two states per sector that introduce flux ambiguity and they are not used 

either [6][7]. In the modified 12-sector DTC, the stator flux locus is divided into twelve sectors 

instead of six, so that all the six active states can be used per sector. This novel stator flux locus is 

presented in Fig.3. However, the idea of small torque increase instead of torque increase is 

introduced mainly due to the fact that the tangential voltage vector component is very small and 

consequently, its torque variation will be small as well. Consequently, a four level torque hysteresis 

controller is used instead of three as in the case of the C-DTC. This is shown in table 2 

This is shown in table 2: 

 

 

 

 

 

     

     

 

                                              

 

  

 

 

 

 

 

   

  Fig. 3: Twelve Sectors modified DTC 
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Table 2. Look up table for twelve sectors DTC 

 

  Ф 

Τ S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

 

 1 

1 V2 V3 V3 V4 V4 V3 V3 V5 V5 V1 V1 V2 

0.5 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 

-0.5 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 

-1 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 

 

0 

1 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 

0.5 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 

-0.5 V7 V5 V0 V6 V7 V1 V0 V2 V7 V3 V0 V4 

-1 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 

 

V0 = (000), V1= (100), V2 = (110), V3= (010), V4= (011) V5= (001), V6= (101), V7= (111),  

       

Results and Discussions 

Start-up with no load condition 

From figs. 4 and 5, it is observed that the output response for the proposed DTC remains zero when 

the reference torque is 0. The torque reaches its steady state value at 0.05s and maintained a 

constant output response at 2Nm. However close observation reveals that the torque ripple 

produced is negligible. This is because the machine is operated at no-load condition. Fig.5 

represents rotor speed response at no load for t h e  p r o p o s e d  s c h e m e . It can be observed 

that the output response remains zero when the reference input speed is maintained at zero. At 

0.05s, the input speed started rising and settled at 0.5pu at approximately 0.3s, thus the torque 

and speed responses rise to their steady state values. This is because the machine the machine 

is operated at no-load. 

 

  
Fig 4: Torque response of the DTC    Fig. 5: No-load Rotor speed response  
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This demonstrates that the developed DTC achieved high dynamic performance in response to 

changes in demand torque.  

 

 

Transient Responses 

The transient response performance of the proposed DTC model has been tested with a step load 

torque command of 2Nm while maintaining the flux and speed response values at 1.0 Wb and 0.5pu 

respectively. Figures 6 and 7 show the performance of the induction motor under transient 

situation 

 

 

        
 Fig 6: d-q axis stator current    Fig 7: d-q axis stator flux locus 

 

 

Fig 6 shows the transient torque responses for the proposed scheme. It is observed that the torque 

ripple is 0.2Nm approximately, after the   command which demonstrates that the developed DTC 

scheme achieved high dynamic performance with respect to the current ripples produced. Figure 

7 shows the stator flux locus plot of the proposed scheme. Close observation reveals that there is 

a slight dip in the stator flux magnitude at the beginning of each sector as seen in fig 7. This is 

because the angle between the non-zero voltage vector and the stator flux is large when the stator 

flux lies at the beginning of the sector. So, the selected voltage vector does not act effectively, in 

the longitudinal component of the flux close to its reference value. 

 

Transient responses with torque reversal 

The transient performance has been tested by reversing the load torque command from +2 to 

-2 Nm at 1s. The flux reference is maintained at 1.0 Wb. Figs. 8- 9 shows the results obtained for 

the performance of the induction motor under transient conditions with torque reversal. 
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Fig 8: Zoomed d-q-axis stator current C-DTC   Fig 9: Torque reversal response C-DTC 

 

Figs. 8 and 9, show the behaviors of the drives systems to torque reversal for the proposed 

scheme. In fig. 8, it can be observed that initially the torque was at 2Nm and then reversed to -2Nm.  

It is expected that, the output response of the drive system will suddenly switch to negative due 

to the negative torque applied but practically, there is a slight delay due to the combined rotor and 

load inertia. Therefore for the machine to move in the reverse direction, the load torque has to 

overcome the electrical torque and the inertia as shown. In this case, it is observed that the delay 

time is 0.18s. Figure 8 shows that the d-q axis stator current for the proposed system. It is observed 

that, just before the reversal in the load torque in the region of (0-0.9).The stator current 

maintained a constant frequency and phase until at 1s where the frequeny is increased due 

electrical torque and the inertia as shown. The d-q axis stator flux magnitudes for the proposed 

DTC emphasizing the decoupled action of the torque and flux control. Initially, the stator current 

maintained a constant frequency and phase until at 1s (region0 - 0.9) where the frequency 

increased due to the negative load torque applied.  

 

 

Steady state responses with load torque 

A load torque of 2Nm was applied to the machine at t=1s the steady state responses obtained are 

shown in figs 10 and 11. It can be observed that, there are lots of similarities in both figures, 

the stator currents reached a steady state at approximately 0.24s and maintained a constant 

value. At the point of application of the load torque which is 1s, there is a rapid increase in 

frequency due to the load. However, there are little differences in terms of the current ripples 

produced at steady state with load torque. 
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Fig.10: stator d-q axis currents response         Fig.11: stator d-q axis currents response 

          

This shows the output speed response of the proposed system and from these figures, it is 

observed that, the current waveform is sinusoidal only that the proposed scheme has higher 

ripples. It can be inferred that, the proposed scheme offers a good stator current response at 

the at steady state than at transient states. 

 

Conclusion 

This paper has presented some theoretical improvements on DTC of induction motor drives using 

simulations with its main contribution being, proposing a new DTC scheme in which the stator flux 

locus is divided into twelve sectors thereby, reducing the 60o angular based sectors to 30o so as to 

minimize the flux and torque ripples produced and also improving on the torque response time 

especially during transient states. Finally the investigations conducted with the introduction of 

uncertainty into the drive system further reveal its robustness.  
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