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 This paper proposes a modification of stator flux locus in direct torque control 

(DTC) of induction machine, aiming to enhance torque capability during 

steady-state operation at high speeds. The modified flux locus maintains the 

simplicity of the original DTC structure and its advantages of rapid torque and 

flux dynamic control. However, DTC faces challenges in controlling motor 

torque at high-speed operations. This study addresses the limitation of the 

traditional circular flux locus, which limits the angular frequency of stator flux 

to increase further and hence causes control of torque deteriorates at high 

speeds. By modifying the stator flux locus from a circular to a hexagonal 

shape by adjusting flux hysteresis band, this can improve torque control 

during high-speed motor operation. This finding has potential applications in 

industrial and electric vehicle sectors that demand enhanced torque control for 

high-speed motor operations. 
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1. INTRODUCTION 

Induction motors is well-known across various industrial, commercial, and domestic applications due 

to its robustness, reliability, and cost-effectiveness [1], [2]. As industries evolve and demands for high-

performance motor control increase, achieving efficient and precise control over these motors becomes critical. 

Among the advanced control strategies, direct torque control (DTC) is renowned for its simplicity, fast dynamic 

response, and robustness [3], [4]. DTC for induction motor drive was originally proposed by Takahashi and 

Noguchi [5] and Depenbrock [6], DTC is widely used in variable frequency drives for induction motors as it 

eliminates the need for coordinate transformations and complex control structures, unlike field-oriented control 

(FOC) [5]–[8]. 

Despite its advantages, traditional DTC faces challenges, particularly in high-speed operations. One 

of the primary challenges in high-speed DTC is the high torque ripple and variable switching frequency [7]. 

The use of hysteresis controllers for torque and flux regulations is the primary cause of these problems, which 

can cause undesirable oscillations in motor performance [9]–[11]. Additionally, the hysteresis-based flux and 

torque control scheme can lead to variable switching frequencies, which can result in increased electromagnetic 

interference and motor heating issues [12]. At high speeds, maintaining steady-state performance and achieving 

precise torque control become even more difficult [13]–[15]. 

https://creativecommons.org/licenses/by-sa/4.0/
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To address these challenges, this research proposes modifying the stator flux locus in DTC by 

transitioning from the traditional circular shape to a hexagonal shape. This approach aims to minimize torque 

ripple and stator current distortion by widening the flux locus band in high-speed motor operation [16]. By 

reshaping the flux locus, it is possible to achieve higher torque capability, reduce torque ripple, and enhance 

the overall stability of the induction motor's performance under high-speed conditions [17]. The proposed 

modification maintains the simplicity of the DTC structure while providing significant performance 

improvements, making it a practical solution for high-speed motor control in various industrial  

applications [18]. 

 

 

2. TRADITIONAL CIRCULAR FLUX LOCUS 

The conventional DTC has unequal magnitudes of the selected voltage-second vectors, as shown in 

the example in Figure 1(a) their magnitudes are not uniform throughout sector 3 [19]. At the beginning of 

sector 3, the voltage vector 𝑣3 has a longer duration than 𝑣4, resulting in non-uniform magnitudes throughout 

the sector. As the flux advances through sector 3, this relationship reverses, with 𝑣4 having a longer duration 

than 𝑣3 by the end of the sector. This inconsistency persists throughout the entire sector, leading to challenges 

in maintaining smooth torque control and potentially causing torque ripple and reduced efficiency [19]. 

Another issue with conventional DTC arises during steady-state operation, where the electromagnetic 

torque tends to decrease [20], [21]. This can be explained in Figure 1(b), which shows the rotor flux and the 

stator flux with their angle relationship. The electromagnetic torque is proportional to the sine of the angle, 
𝑇𝑒 ∝ sin⁡(𝛿𝑠𝑟). which represents the angle between the stator flux, 𝜑̅𝑠 and rotor flux vectors, 𝜑̅𝑟. Under steady-

state conditions, the angle 𝛿𝑠𝑟 between the stator flux and rotor flux vectors naturally decreases, leading to a 

corresponding drop in torque. Consequently, the torque output cannot be maintained at a stable level over an 

extended period when using the traditional DTC approach. 

 

 

  
(a) (b) 

 

Figure 1. Selected voltage-second vector: (a) conventional flux locus with voltage vectors and (b) rotor flux 

and stator flux with angle 

 

 

3. TORQUE CAPABILITY IN DTC 

In practice, achieving maximum torque capability in the DTC of an induction machine drive relies on 

the rated stator flux and the inverter's current limit. Typically, the inverter's current limit is set between 150–

200% of its rated current to enable higher acceleration during transient conditions [22]. Figure 2(a) illustrates 

the phasor diagram of the back electromotive force (EMF), stator voltage, and stator resistance voltage drops 

at two different speeds of operation. 

At low-speed operation, the back EMF, 𝑗𝜔𝑒1𝜓̅𝑠 is significantly lower than the stator voltage limit 

𝑣̅𝑠, 𝑙𝑖𝑚 . In this condition, the DTC system generates appropriate voltage vectors 𝑣̅𝑠1 to effectively control both 

stator flux and torque. At the base speed, the rated stator flux defines the highest speed at which maximum 

torque capability can be achieved. At this point, the stator voltage reaches its limit, and the back EMF increases 

to 𝑗𝜔𝑒2𝜓̅𝑠. 

Below base speed, the torque and flux-producing current components, 𝑖𝑠̅𝑞 and 𝑖𝑠̅𝑑, are still well-

controlled. In this speed range, the maximum torque capability is limited by the current rating of the inverter, 

assuming no magnetic saturation occurs. However, as the back EMF approaches the stator voltage limit, the 

torque capability begins to decrease, as shown in Figure 2(b). As the back EMF increases beyond 𝑗𝜔𝑒2𝜓̅𝑠 in 

the base speed phasor diagram, the torque-producing current component 𝑖𝑠̅𝑞 is diminished. The flux-producing 

current component 𝑖𝑠̅𝑑 remains under control, maintaining the stator flux at its rated value. 

 

 

Sec 3 

Sec 2 
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(a) (b) 

 

Figure 2. Phasor diagram of the EMF: (a) capability of torque retained for below base speed operation and 

(b) poor torque capability as the back-EMF increases approaching the stator voltage limit 

 

 

4. SCHMITT TRIGGER 

A Schmitt trigger is a comparator circuit with hysteresis, designed to eliminate noise and provide clean 

digital signals from noisy input signals. The Schmitt trigger operation structure is shown in Figure 3. The 

Schmitt trigger has two threshold voltage levels: an upper and a lower threshold. When the input exceeds the 

upper threshold, the output switches to one state, and when the input drops below the lower threshold, the 

output switches to the opposite state. The difference between the upper and lower thresholds, known as 

hysteresis, ensures stable operation and prevents the output from rapidly toggling or oscillating due to small 

variations or noise in the input signal. A Schmitt trigger can clean up a noisy input signal, providing a stable 

and well-defined logic level. This clean signal can then be stored or processed by a flip-flop, which could serve 

as a memory element or part of a sequential logic circuit. 

 

 

 
 

Figure 3. Schmitt trigger operation structure 

 

 

5. HEXAGONAL FLUX LOCUS STRATEGY 

The central concept of this strategy is to reshape the stator flux trajectory into a hexagonal form, rather 

than the conventional circular path shown in Figure 4. The circular flux locus is simple and effective for low 

to medium-speed applications, but it faces limitations at higher speeds, particularly regarding torque control 

precision, torque ripple, and switching frequency [23]. The circular flux locus restricts the available space for 

voltage vector control, which leads to higher torque ripple and variable switching frequencies [24]. 

 

 

 
 

Figure 4. Circular to hexagonal flux locus 
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This hexagonal flux locus strategy optimizes the flux trajectory to follow a hexagonal path, addressing 

the limitations of the circular flux locus at higher speeds. The hexagonal flux trajectory aligns better with the 

voltage space vector structure of the inverter, enabling more efficient utilization of the available DC bus 

voltage. This strategy leads to enhanced torque control, especially at high speeds, where the motor requires 

more precise flux and torque adjustments to ensure stable operation [25]. 

In summary, the hexagonal flux locus strategy offers a more effective way to control the stator flux in 

DTC systems. Figure 5 shows the modification of the DTC to transform the circular flux locus into a hexagonal 

flux locus. This strategy offers a key advancement in the field of motor control, providing a practical solution 

to the challenges encountered with traditional DTC methods by optimizing the hysteresis bands. 
 

 

 
 

Figure 5. Proposed method 
 

 

6. SIMULATION AND EXPERIMENTAL RESULT 

The models using MATLAB/Simulink as simulation and dSPACE for experimentation were 

developed to examine the differences. One is used for the conventional DTC scheme and the other is the 

transition to hexagonal flux locus. The parameters of the induction motor used in the systems are shown in 

Table 1. The speed of the motor is maintained at steady state at 1000 rpm. 

The simulation and experimentation were conducted to analyze the effects of transitioning from the 

traditional circular flux locus to a hexagonal flux locus, particularly under high-speed and steady-state 

conditions.This research aims to assess the improvements in torque control, stability, and dynamic response 

achieved by employing the modified hexagonal flux locus, in comparison to the conventional DTC approach. 

In Figures 6 and 7 data is presented for five different bandwidths. DTC1 represents the conventional 

DTC method, while DTC2, DTC3, DTC4, and DTC5 correspond to the transitions toward a hexagonal flux 

locus with varying bandwidth sizes. Specifically, the flux locus bandwidths are 5%, 10%, 15%, and 20%, 

respectively. These variations illustrate the impact of increasing the bandwidth on the torque and flux control 

performance. 
 

 

Table 1. The parameters of the induction motor 
Parameter Value 

Nominal power Pn (VA) 2425 W 

Voltage (line-line) Vn (Vrms) 400 Vrms 

Frequency fn (Hz) 50 Hz 

Stator resistance Rr (ohm) 6. 1 Ω 

Stator inductance Lls (H) 0.01639 H 

Rotor resistance Rr’ (ohm) 6.2298 Ω 

Rotor inductance Llr’ (H) 0.01639 H 

Mutual inductance Lm (H) 0.4634 H 

Inertia J (kg.m^2) 0.01 kg.m^2 
Pole pairs 2  

Slip 1 

Rated speed 2000 rpm 
Rated torque 4 Nm 

 

 

Figures 6 and 7 present the waveforms of reference torque, torque, and flux obtained from the 

simulations and experiments, respectively. The results show that the conventional DTC has a larger torque 
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ripple compared to the modified DTC. As the bandwidth of the flux locus is increased, the torque ripple 

decreases gradually. The results show that the proposed hexagonal flux locus strategy provides smoother torque 

output with reduced ripple compared to the conventional DTC method. Figures 8 and 9 compare the shape of 

the flux locus for the conventional DTC and the proposed method with different flux bandwidths. The 

conventional DTC utilizes a circular flux locus, while the modified strategy with larger bandwidths transitions 

towards a hexagonal flux locus. 

The simulation results demonstrate that the hexagonal flux locus strategy provides enhanced torque 

control, reduced ripple, and improved stability compared to the traditional circular flux locus approach. The 

experiments confirmed the effectiveness of the hexagonal flux locus strategy, demonstrating consistency with 

the simulation findings and significant enhancements in torque control and system stability. The ability to fine-

tune the flux bandwidth provides flexibility in optimizing performance for specific operating conditions. 
 

 

 
(a) (b) (c) (d) (e) 

 

Figure 6. Simulation results of torque, d-q flux for (a) DTC1, (b) DTC2, (c) DTC3, (d) DTC4, and (e) DTC5 
 

 

 
(a) (b) (c) (d) (e) 

 

Figure 7. Experiment results of torque, d-q flux for (a) DTC1, (b) DTC2, (c) DTC3, (d) DTC4, and (e) DTC5 
 

 

 
 

Figure 8. Simulation results of flux locus for (a) DTC1, (b) DTC2, (c) DTC3, (d) DTC4, and (e) DTC5 
 

 

 
 

Figure 9. Experiment results of flux locus for (a) DTC1, (b) DTC2, (c) DTC3, (d) DTC4, and (e) DTC5 
 

 

7. CONCLUSION 

The proposed modification of the DTC strategy, which employs a hexagonal flux locus, has 

demonstrated enhanced torque control and system stability, particularly at high speeds, and under steady-state 
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conditions. Simulation and experimental results have consistently demonstrated that the hexagonal flux locus 

outperforms the traditional circular locus, effectively reducing torque ripple and enhancing overall motor 

performance. This research contributes to the advancement of DTC methods, offering a more effective solution 

for high-speed induction motor applications. 
 

 

ACKNOWLEDGEMENTS 

The authors gratefully acknowledge the support provided by the Ministry of Higher Education, 

Malaysia, (MOHE) and Universiti Teknikal Malaysia Melaka (UTeM) through the Kesidang scholarship. 
 

 

REFERENCES 
[1] H. Mohan, S. K. Dwivedi, and M. Kumar Pathak, “Control of induction motor drives -technological advancements,” in India 

International Conference on Power Electronics, IICPE, 2018, doi: 10.1109/IICPE.2018.8709467. 

[2] A. Z. Ahmad Firdaus et al., “Assessment of Control Drive Technologies for Induction Motor: Industrial Application to Electric 

Vehicle,” in Journal of Physics: Conference Series, 2021, doi: 10.1088/1742-6596/1878/1/012047. 
[3] H. B. Marulasiddappa and V. Pushparajesh, “Review on different control techniques for induction motor drive in electric vehicle,” 

in IOP Conference Series: Materials Science and Engineering, 2021, p. 012142, doi: 10.1088/1757-899x/1055/1/012142. 

[4] M. Z. Aihsan, A. Jidin, A. Alias, S. A. A. Tarusan, Z. M. Tahir, and T. Sutikno, “Torque ripple minimization in direct torque control 
at low-speed operation using alternate switching technique,” International Journal of Power Electronics and Drive Systems, vol. 

13, no. 1, pp. 631–642, 2022, doi: 10.11591/IJPEDS.V13.I1.PP631-642. 
[5] I. Takahashi and T. Noguchi, “A new quick-response and high-efficiency control strategy of an induction motor,” IEEE 

Transactions on Industry Applications, vol. IA-22, no. 5, pp. 820–827, 1986, doi: 10.1109/TIA.1986.4504799. 

[6] G. Gierse, “Direct self control (DSC) of inverter-fed induction machine: a basis for speed control without speed measurement,” 
IEEE Transactions on Industry Applications, vol. 28, no. 3, pp. 581–588, 1992, doi: 10.1109/28.137442. 

[7] T. Sutikno, N. R. N. Idris, and A. Jidin, “A review of direct torque control of induction motors for sustainable reliability and energy 

efficient drives,” Renewable and Sustainable Energy Reviews, vol. 32, pp. 548–558, 2014, doi: 10.1016/j.rser.2014.01.040. 
[8] D. D. Kumar and N. P. Kumar, “Dynamic torque response improvement of direct torque controlled induction motor,” in Journal of 

Physics: Conference Series, 2020, doi: 10.1088/1742-6596/1706/1/012100. 

[9] N. R. N. Idris and T. Sutikno, “High performance direct torque control of induction motor drives: Problems and improvements,” in 
International Conference on Electrical Engineering, Computer Science and Informatics (EECSI), 2017, doi: 10.1109/EECSI.2017.8239073. 

[10] N. R. N. Idris, C. L. Toh, and M. E. Elbuluk, “A new torque and flux controller for direct torque control of induction machines,” 

IEEE Transactions on Industry Applications, vol. 42, no. 6, pp. 1358–1366, 2006, doi: 10.1109/TIA.2006.882685. 
[11] P. Singh, P. Gaur, and A. P. Mittal, “Improved direct torque control scheme based on modified torque hysteresis band,” in 2020 

IEEE 5th International Conference on Computing Communication and Automation, ICCCA 2020, 2020, pp. 725–729, doi: 

10.1109/ICCCA49541.2020.9250910. 
[12] N. R. N. Idris and A. H. M. Yatim, “Direct torque control of induction machines with constant switching frequency and reduced 

torque ripple,” IEEE Transactions on Industrial Electronics, vol. 51, no. 4, pp. 758–767, 2004, doi: 10.1109/TIE.2004.831718. 

[13] Y. Yong, P. Fan, W. Bo, and X. Dianguo, “Flux-weakening operation of speed-sensorless induction machine drives using deadbeat-
direct torque and flux control,” in 2022 International Conference on Electrical Machines and Systems, ICEMS 2022, 2022, doi: 

10.1109/ICEMS56177.2022.9983051. 

[14] K. B. Mohanty, “A direct torque controlled induction motor with variable hysteresis band,” in 11th International Conference on 
Computer Modelling and Simulation, UKSim 2009, 2009, pp. 405–410, doi: 10.1109/UKSIM.2009.24. 

[15] H. Aberkane, D. Sakri, and D. Rahem, “Comparative study of different variants of direct torque control applied to induction motor,” 

in 2018 9th International Renewable Energy Congress, IREC 2018, 2018, pp. 1–6, doi: 10.1109/IREC.2018.8362484. 
[16] A. Gauri, K. G. Sreeni, and G. Shiny, “A DTC Strategy for five-phase induction motor drive with reduced torque ripple and 

improved low-speed performance,” in PESGRE 2022 - IEEE International Conference on “Power Electronics, Smart Grid, and 

Renewable Energy,” 2022, doi: 10.1109/PESGRE52268.2022.9715801. 
[17] A. Bin Jidin, N. R. B. N. Idris, A. H. B. M. Yatim, M. E. Elbuluk, and T. Sutikno, “A wide-speed high torque capability utilizing 

overmodulation strategy in DTC of induction machines with constant switching frequency controller,” IEEE Transactions on Power 

Electronics, vol. 27, no. 5, pp. 2566–2575, 2012, doi: 10.1109/TPEL.2011.2168240. 
[18] I. M. Alsofyani and N. R. N. Idris, “Torque ripple reduction and fast torque control in DTC of induction machine using overlapping 

triangular-based constant frequency torque controller,” in PECON 2016 - 2016 IEEE 6th International Conference on Power and 

Energy, Conference Proceeding, 2017, pp. 194–198, doi: 10.1109/PECON.2016.7951558. 
[19] M. Z. Aihsan, A. Jidin, M. M. Azizan, M. I. Fahmi, and K. Hasikin, “Flexible sector detector-based mismatch supply voltage in 

direct torque control doubly fed induction machine: an experimental validation,” Alexandria Engineering Journal, vol. 74, pp. 689–

704, 2023, doi: 10.1016/j.aej.2023.05.060. 
[20] M. Malla, S. K. Gudey, and S. Sudha, “Transient and steady state characteristics of induction motor drive using DTC-SVM 

technique for EV applications,” in Proceedings of 2020 11th International Conference on Electrical and Computer Engineering, 

ICECE 2020, 2020, pp. 403–406, doi: 10.1109/ICECE51571.2020.9393056. 
[21] M. Malla and S. K. Gudey, “A Novel space vector modulated DTC scheme of induction motor drive with a single PI controller for 

electric vehicles,” Journal of Energy Systems, vol. 6, no. 3, pp. 436–450, 2022, doi: 10.30521/jes.1003180. 

[22] A. Jidin, N. R. N. Idris, A. R. Abdullah, A. H. M. Yatim, A. Z. Jidin, and T. Sutikno, “A hybrid DTC drive for high performance 
induction motor control,” in 2010 International Conference on Electrical Machines and Systems, ICEMS2010, 2010, pp. 925–930, 

[23] A. Jidin, M. Z. Ahmad, N. R. N. Idris, and A. H. M. Yatim, “A simple overmodulation strategy in direct torque control of induction 

machines,” in 2007 5th Student Conference on Research and Development, SCORED, 2007, doi: 10.1109/SCORED.2007.4451437. 
[24] S. Cheng, L. Zhang, Z. Li, and C. Xiang, “A hybrid method of rounded hexagon flux direct torque control for traction motor in mid-

speed range,” IEEE Access, vol. 9, pp. 39587–39596, 2021, doi: 10.1109/ACCESS.2021.3060542. 

[25] P. Zhifeng, W. Qunjing, X. Fang, H. Cungang, G. Jiantao, and M. Nan, “Research on speed adaptive DTC strategy for induction 
motor,” in Proceedings of the 2014 9th IEEE Conference on Industrial Electronics and Applications, ICIEA 2014, 2014, pp. 2097–

2100, doi: 10.1109/ICIEA.2014.6931516. 



Int J Pow Elec & Dri Syst  ISSN: 2088-8694  

 

Enhanced torque control in high-speed DTC using modified stator flux locus (Syed Abrar S.A. Zawawi) 

463 

BIOGRAPHIES OF AUTHORS 

 

 

Syed Abrar S. A. Zawawi     received the B.Eng. degree (Hons.) in Electrical 

Engineering from Universiti Teknikal Malaysia Melaka, Melaka, Malaysia, in 2023. He is 

currently pursuing the M.Sc. degree in Electrical Engineering at the same institution. His research 

interests include control of high-speed motor operation, optimization strategies, and electric 

vehicle motor drives. He can be contacted at email: m112310034@student.utem.edu.my or 

sywd7288@gmail.com. 

  

 

Auzani Jidin     received the B.Eng. degrees, M.Eng. degrees and Ph.D. degree in 

power electronics and drives from Universiti Teknologi Malaysia, Johor Bahru, Malaysia, in 

2002, 2004, and 2011, respectively. He is currently an academician in Faculty of Electrical 

Engineering, Universiti Teknikal Malaysia Melaka, Melaka, Malaysia. He is also an active 

researcher in Power Electronics and Drives Research Group (PEDG) that was established under 

the same faculty. His research interests include power electronics, motor drive systems, field-

programmable gate array, and DSP applications. He can be contacted at email: 

auzani@utem.edu.my. 

  

 

Nurul Syahada Muhamad Sabri     received the B.Eng. degree (Hons.) in Electrical 

Engineering from Universiti Teknikal Malaysia Melaka, Melaka, Malaysia, in 2023. She is 

currently pursuing the M.Sc. degree in Electrical Engineering at the same university. Her 

research interests include motor control, optimization techniques for drive systems, and advanced 

electric drive technologies. She can be contacted at email: nurulsyuhada@utem.edu.my. 

  

 

Siti Azura A. Tarusan     received the B.Eng. degrees from Universiti Teknologi 

Malaysia, Johor Bahru, Malaysia, in 2008 and M.Eng. degrees from Universiti Malaya, 

Malaysia, in 2012. She is currently pursuing Ph.D. under Power Electronics and Drives Research 

Group (PEDG) in the Faculty of Electrical Engineering, Universiti Teknikal Malaysia Melaka, 

Melaka, Malaysia. Her research interests include power electronics and motor drive systems. She 

can be contacted at email: sitiazura@utem.edu.my. 

  

 

Tole Sutikno     is a lecturer and the head of the master program of Electrical 

Engineering at the Faculty of Industrial Technology at Universitas Ahmad Dahlan (UAD) in 

Yogyakarta, Indonesia. He received his bachelor of engineering from Universitas Diponegoro in 

1999, master of engineering from Universitas Gadjah Mada in 2004, and doctor of philosophy in 

Electrical Engineering from Universiti Teknologi Malaysia in 2016. All three degrees are in 

Electrical Engineering. He has been a Professor at UAD in Yogyakarta, Indonesia, since July 

2023, following his tenure as an associate professor in June 2008. He is the Editor-in-Chief of 

TELKOMNIKA and head of the Embedded Systems and Power Electronics Research Group 

(ESPERG). He is one of the top 2% of researchers worldwide, according to Stanford University 

and Elsevier BV's list of the most influential scientists from 2021 to the present. His research 

interests cover digital design, industrial applications, industrial electronics, industrial 

informatics, power electronics, motor drives, renewable energy, FPGA applications, embedded 

systems, artificial intelligence, intelligent control, digital libraries, and information technology. 

He can be contacted at email: tole@te.uad.ac.id. 
 

https://orcid.org/0009-0000-8555-6793
https://orcid.org/0000-0002-3678-9555
https://scholar.google.com/citations?user=cDMmRfUAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=36910175700
https://orcid.org/0009-0007-3839-100X
https://orcid.org/0000-0001-9969-3887
https://scholar.google.com/citations?hl=en&user=kYloyqkAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=56429520400
https://orcid.org/0000-0002-1595-2915
https://scholar.google.com/citations?user=haR50igAAAAJ
https://www.scopus.com/authid/detail.uri?authorId=35794013800
https://www.webofscience.com/wos/author/record/1635662

