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ABSTRACT 

 

 This thesis presents the development of direct torque control (DTC) algorithm for 

five-phase induction machine. In DTC, a de-coupled control of electromagnetic torque 

and stator flux was established so that a fast instantaneous torque and flux control can be 

achieved. Based on the look-up table, the suitable voltage vectors are selected according 

to the information of the flux sector and error status (output of hysteresis comparators) in 

order to control both of stator flux and torque. In comparison to three-phase DTC, five-

phase DTC provides a higher number of switching states (i.e 32 voltage vectors) which 

can offer more options in selecting the most optimal voltage vectors to further improve 

the overall DTC performances. This thesis is served to develop mathematical modeling 

and simulation of DTC of five-phase induction machine. It consists of a look-up table for 

32 voltage vectors selection, modeling of five-phase induction machine, transformation of 

five-to-two phase as well as flux and torque estimators. The feasibility of the modeling 

which is based on MATLAB SIMULINK was verified through simulation results. 
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ABSTRAK 

 

 Tesis ini memaparkan perkembangan algoritma untuk kawalan dayakilas terus 

(DTC) bagi mesin aruhan lima-fasa. Untuk DTC, satu kaedah bagi mengawal dayakilas 

dan fluks secara beasingan telah dicipta supaya pengawalan daya kilas dan fluks dapat 

dikawal dengan serta-merta. Merujuk kepada jadual pemilihan, pemilihan vektor voltan 

telah dibuat berdasarkan sektor fluks dan status ralat (keluaran histerisis comparator) 

untuk mengawal kedua-dua dayakilas dan fluks. Dalam pembandingan dengan DTC tiga-

fasa, DTC lima-fasa mempunyai lima pensuisan voltan yang menyediakan lebih banyak 

pensuisan voltan (i.e 32 voltan vektor) di mana lebih banyak pemilihan dapat ditawarkan 

untuk memilih voltan vektor yang paling optimum supaya prestasi keseluruhan DTC 

dapat ditingkatkan lagi. Tesis ini berkhidmat untuk membangunkan pemodelan 

matematik dan simulasi DTC untuk mesin aruhan lima-fasa. Ini meliputi jadual pemilihan 

32 vektor voltan, pemodelan mesin aruhan lima-fasa, transformasi lima-kepada-dua fasa, 

dan juga estimasi fluks serta dayakilas. Kesesuaian untuk pemodelan berdasarkan 

MATLAB SIMULINK telah disahkan melalui keputusan simulasi. 

 

 

 

 



vii 
 

 

 

TABLE OF CONTENTS 

 

CHAPTER  TITLE  PAGE 

 DECLARATION ii 

 DEDICATION iii 

 ACKNOWLEDGEMENT iv 

 ABSTRACT v 

 ABSTRAK vi 

 TABLE OF CONTENTS vii 

 LIST OF TABLES xi  

 LIST OF FIGURES xii 

 LIST OF SYMBOLS AND ABBREVIATIONS xv 

 LIST OF APPENDICES xvii 

 

 1 INTRODUCTION 1 

 1.1 Vector Control of Induction Machine Drives 1 

 1.2 Direct Torque Control of Induction Machine 2 

 1.3 Improvements of Direct Torque Control Performances 3 

 1.4 Three-Phase versus Five-Phase Direct Torque Control 6 

 1.5 Key Words 7 

 1.6 Problem Statements 7 



viii 
 

 1.7 Objectives and Scopes 8 

 1.8 Methodology 8 

 1.9 Thesis Organization 10 

 

 2 OVERVIEW OF CONVENTIONAL DIRECT TORQUE 12 

  CONTROL WITH INDUCTION MACHINE 

 2.1 Introduction 12 

 2.2 Modeling of Three-Phase Induction Machine 12 

 2.2.1 Mathematical Equations 14 

 2.2.2 Equations Based on d-q Axis 16 

 2.3 Basic Principles of Three-Phase Direct Torque Control 17 

 2.3.1 Three-Phase Voltage Source Inverter 17 

 2.3.2 Direct Flux Control 19 

 2.3.3 Direct Torque Control 21 

 2.4 Control Structure of Three-Phase Direct Torque Control 25 

 2.4.1 Estimations of Stator Flux and Electromagnetic Torque 26 

 2.4.2 Selection of Flux Sector for Three-Phase Direct Torque Control 28 

 

 3 DEVELOPMENT OF DIRECT TORQUE CONTROL 29 

  ALGORITHMS FOR FIVE-PHASE INDUCTION  

  MACHINE 

 3.1 Introduction 29 

 3.2 Five-Phase Voltage Source Inverter 29 

 3.3 Direct Flux Control 31 

 3.4 Control Structure of Five-Phase Direct Torque Control 32 



ix 
 

 3.4.1 Estimations of Electromagnetic Torque and Stator Flux 34 

 3.4.2 Selection of Flux Sector for Five-Phase Direct Torque Control 36 

 3.5 Simulation of Five-Phase Direct Torque Control 37 

 3.5.1 Hysteresis Controller 38 

 3.5.2 Selection of Flux Sectors 39 

 3.5.3 Look-Up Table 40 

 3.5.4 Five-Phase Voltage Source Inverter 42 

 3.5.5 Formation of Vd and Vq 43 

 3.5.6 Clarke Transformation 44 

 3.5.7 Estimations of Flux and Torque 45 

 

 4 SIMULATION RESULTS, ANALYSIS AND DISCUSSION 46 

  OF FIVE-PHASE DIRECT TORQUE CONTROL 

 4.1 Introduction 46 

 4.2 Formation of Vd and Vq 46 

 4.3 Selection of Sector 47 

 4.4 Look-Up Table 48 

 4.5 Five-Phase Direct Torque Control 50 

 4.5.1 Hysteresis Band of Flux 52 

 4.6 Discussion 54 

 

 5 CONCLUSION AND FUTURE WORK 56 

 5.1 Conclusion 56 

 5.2 Future Work 57 

 



x 
 

  REFERENCES 59 

  APPENDICES A-C 64 

  LIST OF PUBLICATIONS 76 

  COMPACT DISC 77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

 

 

LIST OF TABLES 

 

TABLE  TITLE PAGE 

 2.1 Voltage Vectors Selection Table 26 

 3.1 Look-Up Table for the Longest Amplitudes 34 

 4.1 Result of Voltage Vectors Selection Based on Stator Flux and 49 

  Sector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

 

 

LIST OF FIGURES 

 

FIGURE  TITLE PAGE 

 1.1 Simple Control Structure of DTC 3 

 1.2 Flow Chart of Methodology 9 

 2.1 Cross-Section of a Single Pair Pole 13 

 2.2 Space Vector x in Three-Phase Symmetrical System 14 

 2.3 Schematic Diagram of Three-Phase Voltage Source Inverter 18 

 2.4 (a) Voltage Space Vectors, and (b) Sector Definition 19 

 2.5 Control of Flux Magnitude 20 

 2.6 Characteristic Waveforms of Flux Magnitude 20 

 2.7 Two Possible Active Vectors (a) In Each Sector, and (b) To 21 

  Control Stator Flux 

 2.8 Control of Torque 22 

 2.9 Typical Waveforms of Torque Magnitude 23 

 2.10 Applications of Voltage Vectors 24 

 2.11 Control Structure of Three-Phase Direct Torque Control 25 

 2.12 Identification Sector of Stator Flux 28 

 2.13 Selection of Flux Sectors 28 

 3.1 Schematic Diagram of Five-Phase Voltage Source Inverter 30 

 3.2 (a) Space Voltage Vectors, and (b) Sector Definitions, of Five- 31 

  Phase Voltage Source Inverter 



xiii 
 

 3.3 Two Possible Active Vectors (a) In Each Sector, and (b) To 32 

  Control Stator Flux, of Five-Phase Direct Torque Control 

 3.4 Control Structure of Five-Phase Direct Torque Control 33 

 3.5 Definition of the Stator Flux Sectors of Five-Phase Direct 36 

  Torque Control 

 3.6 Determination of Sectors of Five-Phase Direct Torque Control 37 

 3.7 Simulation Block of Five-Phase Direct Torque Control 38 

 3.8 Simulation Block of Two-Level Hysteresis Comparator 38 

 3.9 Simulation Block of Three-Level Hysteresis Comparator 39 

 3.10 Simulation Block of Selection of Sectors 40 

 3.11 Simulation Block of Look-Up Table 41 

 3.12 Five-Phase Voltage Source Inverter 42 

 3.13 Simulation Block of Five-Phase Voltage Source Inverter 43 

 3.14 Simulation Block of Formation of Vd and Vq 44 

 3.15 Simulation Block of Clarke Transformation 44 

 3.16 Simulation Block of Estimations of Flux and Torque 45 

 4.1 Result of Space Voltage Vectors 47 

 4.2 Result of Selection of Sectors 48 

 4.3 Result of Voltage Vectors Selection for the Longest Amplitudes 50 

 4.4 Electromagnetic Torque and Stator Flux 51 

 4.5 Circular Stator Flux 51 

 4.6 Hysteresis Band of 0.002Wb 52 

 4.7 Hysteresis Band of 0.02Wb 53 

 4.8 Hysteresis Band of 0.04Wb 54 

 B.1 Simulation Block of Space Voltage Vectors Simulated 68 



xiv 
 

 B.2 Simulation Block of Sectors Simulated 69 

 B.3 Simulation Block of Development of Look-Up Table 70 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 
 

 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

DC -  Direct current 

AC - Alternating current 

FOC -  Field-Oriented Control 

Te - Electromagnetic torque 

Te, ref - Torque reference 

Ψs - Estimated stator flux linkage 

Ψs, ref - Flux reference 

DTC - Direct torque control 

VSI - Voltage source inverter 

Sa, Sb, Sc - Switching states of phase A, B and C 

ia, ib, ic - Stator current of phase A, B and C 

va, vb, vc - Stator voltage of phase A, B and C 

SVM - Space Vector Modulation 

vs, ref - Reference voltage vector 

Sa, Sb, Sc, Sd, Se - Switching states of phase A, B, C, D and E 

THD - Total harmonic distortion 

mmf - Magnetomotive force 

d
s
, q

s
 - Real and imaginary axis of the stator 

d
r
, q

r
 - Real and imaginary axis of the rotor 

α - Angle between real axis of stator and rotor 



xvi 
 

θs - Angle with respect to stator axis 

θr - Angle with respect to rotor axis 

  
 

 - Stator voltage in general reference frame 

  
 
   
 

 - Stator and rotor current in general reference frame 

  
 
   

 
 - Stator and rotor flux in general reference frame 

ωr - Rotor electric angular speed 

ωm - Motor speed 

Rs, Rr - Stator and rotor resistances 

Ls, Lr, Lm - Stator, rotor and mutual inductances 

P - Pole pairs 

J - Total inertia in the motor 

vsd, vsq - Stator voltage in terms of d-q axis components 

vrd, vrq - Rotor voltage in terms of d-q axis components 

isd, isq - Stator current in terms of d-q axis components 

ird, irq - Rotor current in terms of d-q axis components 

Ψsd, Ψsq - Stator flux in terms of d-q axis components 

Ψmd, Ψmq - Mutual flux in terms of d-q axis components 

δsr - Angle difference between stator and rotor flux vectors 

Ψ
+
 - Flux error status 

Tstat - Torque error status 

Tload - Load torque 

ωe - Steady-state synchronous frequency 

ωc - Cut-off frequency 

ia, ib, ic, id, ie - Stator current of phase A, B, C, D and E 

VDC - DC voltage 



xvii 
 

 

 

LIST OF APPENDICES 

 

APPENDIX TITLE PAGE 

 A Derivation of Induction Machine Equations 64 

 B Simulation of Five-Phase Algorithms 68 

 C Project’s Competition 71 

 



1 
 

 

 

CHAPTER 1 

 

INTRODUCTION 

 

1.1 Vector Control of Induction Machine Drives 

Due to its simplicity and high performance torque control, DC machines 

have been used widely in many applications. Their commutation movement 

produces orthogonal torque and flux, which constructs high performance control 

under optimal conditions. Nonetheless, the DC machines are expensive, required 

regular maintenance, limited speed and unable to operate in dirty or explosive 

environment. Thus, the induction machines became popular and gradually 

replacing DC machine drives in many industrial applications due to the Field-

Oriented Control (FOC) introduced by F. Blaschke in 1970’s. FOC can produce 

comparable performance that obtained in DC machines [1]. Furthermore, their 

popularity is also assisted by the rapid development in power semiconductor 

devices and the emergence of high speed microprocessor and digital signal 

processors [2]. 

Vector control in AC drives is used to control the flux and torque 

independently. The torque dynamic control is improved in order to obtain the 

results which are comparable to that DC machines. Under optimal circumstances, 
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the orthogonal (90°) of torque and flux will produce high performance control of 

AC machines due to: 

                                         

In view of their respective producing current components, FOC provides a 

decoupled control of torque and flux which is equivalent to the DC machine 

control method. This is because of the stator current vector (in the rotating 

reference frame) that produces orthogonal stator torque and flux current 

components to develop as DC quantities. The rotating reference frame refers 

either to the rotor or stator flux. Based on rotor flux, the Rotor Flux-Oriented 

Control is sensitive to the parameter variations and it also requires the knowledge 

of rotor speed and position using absolute encoder. Therefore, Stator Flux-

Oriented Control is more frequently in used for induction machine as it does not 

require the information of the rotor speed and position. 

 

1.2 Direct Torque Control of Induction Machine 

In the past decades, the Direct Torque Control (DTC) scheme for induction 

motor drives [3] has gained its popularity in industrial motor drive applications. It 

was also used as the main platform for the ABB inverter technology, and the first 

DTC drive was marketed by ABB in 1996 [4-5]. Its popularity increases since it 

offers a faster instantaneous dynamic control and its control structure is simpler 

compared to the FOC scheme [3, 6-7]. In FOC, the torque and flux are controlled 

based on their producing current components. As for the DTC, the torque and flux 

are controlled independently. 
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The simple control structure of DTC proposed by Takahashi [3] is 

illustrated in Figure 1.1. This control structure consists of three-phase voltage 

source inverter (VSI), hysteresis comparator, flux and torque estimators as well as 

switching table. The stator flux and electromagnetic torque can be controlled 

independently using a two-level and three-level hysteresis comparators 

respectively. Then, an appropriate voltage vector is chosen to satisfy the flux and 

torque requirement. A combination of the voltage model and current model using 

a first order lag network was implemented in [3]. To achieve a proper flux 

estimator for entire speed range operations, the voltage model produces better flux 

estimation for high speed range operations. They require only stator resistance and 

terminal quantities such as stator voltages and currents, which in turn leads to the 

robust control of DTC. 

 

 

 

 

 

Figure 1.1 Simple Control Structure of DTC 

 

1.3 Improvements of Direct Torque Control Performances 

Since DTC was first introduced in 1986 [3], several modifications to its 

original structure (DTC hysteresis-based) were proposed to improve the 

performance of DTC. Recently, researchers are surveyed on the DTC 

overmodulation strategy in which it will enhance the dynamic performance and 

va, vb, vc 
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VSI IM 

ia, ib, ic 



4 
 

the output power of DTC. The improvements of DTC are categorized in three 

categories as follows: 

 Torque Ripple Reduction and Constant Switching Frequency 

To reduce the output torque, the bandwidth of hysteresis 

comparator is reduced to an appropriate value. The selection of the 

appropriate bandwidth is based on the worst operating conditions [8] for 

ensuring the switching frequency does not exceed its limit. Besides that, it 

is advantageous for the usage of high speed processor to keep the ripple 

within the band. 

Furthermore, the ripple can be minimized by injecting high 

frequency triangular waveforms to the torque and flux errors [9]. This 

method is known as dithering technique. The purpose of this technique is 

to minimize the torque ripple even in performing the DTC at limited 

sampling frequency. Nevertheless, it still produces unpredictable switching 

frequency since the torque and flux slopes which are related to the 

switching frequency; do vary with operating conditions [10-11]. 

To provide a constant switching frequency and reduced output 

torque ripple, a constant switching frequency is established in the DTC 

hysteresis-based by adjusting the bandwidth of the hysteresis comparators 

according to the changes in operating conditions [12]. This method 

increases the complexity of the DTC drive but it does not promise for a 

reduction of torque ripple. 

As proposed by [13], the principle operation of torque controller 

using the hysteresis-based is replaced with a triangular carrier-based. The 

most common approach to solve the problems is by using the space vector 
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modulation (SVM) [14-15]. To synthesis the desired voltage vector, the 

switching period is divided into three or more states. This approach will 

produce the minimum torque ripple. 

 Fast Torque Dynamic Control via Overmodulation Strategy 

The torque dynamic performance can be improved by employing 

the existed DC link voltage through overmodulation. To perform the DTC 

under overmodulation mode, it is preferable to use the SVM [14] rather 

than other techniques due to its flexibility to be implemented for advanced 

motor control. This technique requires a single reference voltage vector, 

vs,ref, to define the mode of overmodulation. It is predictable that the vs,ref 

will surpase the voltage vector limits enclosed by a hexagonal boundary 

during large torque demand. Under this circumstances, the SVM has to be 

activated by modifying the vs,ref so that it will be positioned within the 

hexagonal boundary. 

 Improved Torque Capability via Flux Weakening and Overmodulation 

Strategy 

In practice, a flux weakening strategy is developed to lengthen the 

motor speed beyond the base speed. This in turn will enhance the 

capability of torque. To achieve maximum torque capability in field 

weakening region, the optimal flux of the motor is estimated based on the 

maximum voltage and current of inverter. Basically, the algorithms require 

frame transformer, information of machine parameters and SVM. 

Moreover, a robust field weakening strategy is provided so that any 

variations of machine parameters used in calculating the optimal flux can 

be compensated [16-17]. The DTC must have the ability to operate in six-



6 
 

step mode for the achievement of the fastest dynamic torque response and 

high torque capability in the flux weakening region. 

 

1.4 Three-Phase versus Five-Phase Direct Torque Control 

In three-phase DTC, it only has three switching states [Sa Sb Sc] that can 

compose eight space voltage vectors and are equally divided into six sectors. In 

comparison with the three-phase DTC, five-phase DTC has five switching states 

[Sa Sb Sc Sd Se] which consists of 32 space voltage vectors in which it is evenly 

divided into 10 sectors. A more precise control of stator flux and electromagnetic 

torque can be achieved because this system provides greater flexibility in selecting 

the inverter switching states [18-20]. Due to the high phase number of drives, a 

fast torque response with low ripple in the stator flux and torque can be attained. 

An application of zero voltage vectors and those voltage vectors with the smaller 

amplitudes are applied to minimize the ripple in the stator flux and torque and thus, 

obtaining a better control schemes for DTC with 32 space voltage vectors [18].  

Besides that, high phase number of drives possesses several advantages 

over conventional three-phase drives. The advantages are the torque pulsations 

have reduced amplitude and increased frequency, rotor harmonic currents are 

reduced, current per phase are reduced without enlarging the voltage per phase, 

DC link current harmonics are lowered as well as higher reliability [18-19, 21-25]. 

For the same volume machine, the torque per rms is increased by increasing the 

number of phases [18-19, 21, 26-27]. Therefore, the performance of DTC control 

system can be influenced by the number of space voltage vectors and switching 

frequency.  


