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ABSTRACT 

Now-a-days, multi-level inverter (MLI) fed induction motor drives have turned as an 

interesting area for researchers. This thesis focuses on direct torque control (DTC) and 

predictive torque control (PTC) strategies for the OEWIM drive to curtail ripples in torque, 

flux, switching frequency and common-mode voltage (CMV). The scheme of DTC offers high 

dynamic performance and control algorithm in stationary reference frame. In practice DTC also 

has several limitations. In this thesis, an attempt is made to address some of the limitations and 

also to provide improved versions of DTC algorithm. If the two inverters of OEWIM are fed 

with equal DC-link voltages then it provides two-level and three-level inversion. By operating 

OEWIM drive with unequal DC-link voltages (2:1 ratio); then it gives four-level inversion. To 

implement three-level and four-level inversion fed DTC algorithms, a three-level torque 

hysteresis controller and two-level flux hysteresis controllers are used. The voltage vectors are 

categorized into various groups for three-level and four-level inversion. Proposed MLI fed DTC 

algorithms can reduce torque and flux ripples, whereas its implementation is cumbersome. In 

order to address these problems, fast and accurate torque control methods are needed. Fast and 

accurate torque control can be obtained by employing model predictive control (MPC). 

The combined features of MPC and DTC give an effective control strategy for OEWIM 

drives known as finite control set predictive torque control (FCS-PTC) or simply predictive 

torque control (PTC). In this thesis a modified cost function based PTC has been introduced to 

reduce CMV of OEWIM drive fed with two, three and four-level inversion. The limitation of 

this algorithm is that the cost function comprises of dissimilar quantities, the selection and 

tuning of weighting factors is unavoidable. To simplify the selection and tuning of weighting 

factors; normalized weighted sum model (NWSM) based PTC and weighting factor eliminated 

(WFE) PTC schemes are proposed for the OEWIM drive. The average switching frequency of 

OEWIM drive can be reduced by NWSM PTC or WFE PTC.    

The proposed DTC and PTC strategies are developed in MATLAB/SIMULINK. To 

verify the effectiveness of the proposed DTC and PTC strategies, these are tested 

experimentally. The experimental and simulation results are compared with classical DTC and 

PTC strategies. 
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Chapter 1 

Introduction 

1.1 Background 

Electric motor is an energy conversion device that converts electrical energy into 

mechanical energy. The mechanical energy produced is due to the electromagnetic interaction 

that takes place inside the motor. The electromagnetic interaction of stator and rotor magnetic 

field causes mechanical rotation. The mechanical rotation of the motor can be controlled 

efficiently by adjusting the force acting on the shaft of the motor. An electric motor with proper 

control scheme is called as adjustable speed drive (ASD) [1]. ASDs are most familiar in 

automated industries like paper mills, metal rolling, plastic, steel, textile, railway traction and 

robotics. Many of the modern industrial works are in progress with electric motors. Electric 

motors find several applications such as in domestic appliances, elevators, disc drives, 

compressors, draught fans and other machine tools. In recent times, the electric motors are also 

preferred in electric vehicles, ship propulsion, which are becoming popular and promising 

applications of electric motors [2]. 

1.2 DC and AC Motors 

Electric motors are categorized into two types: direct current (DC) motors and 

alternating current (AC) motors [1]. DC motor comprises an armature (rotor) and field (stator). 

In a separately excited DC motor, field and armature are excited separately with individual DC 

sources, to achieve decoupled control of torque and flux. The independent control of torque and 

flux makes DC motor control easy and simple. However, the current in the armature of DC 

motor is time varying even if it is excited from DC terminals. The commutators and brushes 

used in DC motor convert DC into AC and make the current flowing in the armature winding 

time varying. The interaction of magnetic field developed by armature current and magnetic 

field of field circuit develops a mechanical force that accelerates the armature of DC motor. 

The electromagnetic torque of DC motor depends on two magnetic fields and these two 

magnetic fields are independent of each other, so the control design of DC motor is simple and 
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easy. The torque of DC motor is given by (1.1), torque is proportional to field current (flux 

producing current) and armature current (torque producing current). 

afafe ikikiT 1        (1.1) 

In (1.1), k and k1 are constants, if is field current, ia is armature current and ѱf is magnetic flux 

produced by field winding of DC motor.  

The field flux of DC motor is stationary and it is generated by permanent magnets or 

electromagnets. Fast torque control of DC motor is obtained by varying ia at a faster rate and 

keeping the field current as constant. However, the presence of commutator and brushes in DC 

motor makes it: (i) Bulky, (ii) Expensive, (iii) Prone to frequent maintenance and (iv) Difficult 

to operate in all environmental conditions. In contrast, AC motors do not use commutators and 

these are excited from AC source [3]. The cost of AC motors is very low in comparison with 

DC motors. In early 1970s DC motors were used as ASDs and AC motors were used for 

constant speed applications, whereas in the past three or four decades, DC motors have been 

replaced by AC motors with the advent of power semiconductor devices, especially insulated 

gate bipolar transistors (IGBT) and digital signal processors (DSP) technologies. The best cost-

effective procedures to control speed of AC motors are ASDs. Numerous methods of converter 

topologies and various pulse width modulation (PWM) techniques replace AC motors to 

function as ASDs by supplying variable frequency and voltage from a fixed AC voltage source.  

AC motors are basically classified into two categories based on their speed of rotation, 

these are: synchronous and asynchronous motors. The motors which rotate with constant speed 

(same as supply frequency) are termed as synchronous motors (SM); on the other hand motors 

which rotate at less than synchronous speeds are termed as asynchronous motors. Induction 

motors fall into the category of asynchronous motors. Now-a-days, induction motors are the 

workhorse of industries. Induction motors are classified into two categories depending on the 

type of rotor: squirrel cage induction motor (SCIM) and slip ring induction motor/ wound rotor 

(SRIM). In SCIM, the rotor winding is shorted whereas in the case of SRIM the rotor terminals 

are available external to the motor. SCIMs with voltage source inverter (VSI) are used as ASDs 

and these are accepted universally for all ASDs. Unlike DC motors, the stator and rotor 

variables of AC motors are dependent, since the AC supply is given to stator of motor terminals 

and creates rotational magnetic field (RMF) in stator core. The interaction of RMF with rotor 
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creates an electro-motive force (EMF) through the process of induction.  The EMF induced in 

the rotor circulates a current in the rotor and the rotor develops magnetic field (since the rotor 

terminals are shorted). The magnitude of induced voltage at rotor terminals is dependent on the 

relative motion (slip) between stator flux and rotor flux. Electromagnetic interaction between 

stator RMF and rotor magnetic field develops a mechanical force (torque) that accelerates or 

decelerates the motor. In SCIMs, the stator and rotor variables are dependent on each other, 

hence the design of speed controller for induction motors is quite complex as compared to DC 

motors. The controller complexity increases, if the induction motors are employed for high 

dynamic performance applications. To make the design of controller easy, it is necessary to 

make stator and rotor fields of induction motor to be controlled independently. By controlling 

the stator and rotor magnetic fields independently, it is easy to achieve decoupled control of 

torque and flux. Therefore the decoupled control of torque and flux makes speed control of 

induction motors is same as that of separately excited DC motors [4]. 

1.2.1 Classical Control Methods of Induction Motor 

The SCIMs are simple, rugged and it is one of cheapest machines for all power ratings 

when compared with SRIM. Owing to their high dynamic performance and excellent control 

capabilities, many ASDs are employed with induction motors. In spite of these features, the 

speed control of induction motors is difficult.  The speed control methods of induction motors 

are of two types: (i) Scalar control and (ii) Vector control. Various speed control methods of 

induction motor drives are shown in Figure 1.1. 

Scalar control is simple and easy to implement [1]. It is most popularly used in 

industries. It operates on the principle of controlling voltage and frequency of induction motor 

drive (V/f control). The limitation of scalar control is that it does not provide high dynamic 

performance. To obtain high dynamic performance, it is preferable to use vector control 

techniques [4]. 

Vector control techniques are broadly classified into three categories. These are: (i) 

Field oriented control (FOC) [5], [6], (ii) Feedback linearization control (FBLC), [7] and (iii) 

Direct torque control (DTC) [8]. The vector control techniques not only control the magnitude 
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of voltage, frequency but also control the position of stator flux, magnitude of stator flux and 

stator current. The vector control offers high dynamic performance. 

Speed Control of 

Induction Motor Drives

Scalar based control Vector based control

FOC DTCFBLC

Rotor flux based Stator flux based SVM MPC DCC AI

 

Figure 1.1 Various speed control strategies of induction motor drives 

Induction motor has high non-linear structure and also there exists coupling between 

flux and electromagnetic torque. There are various algorithms available in literature to obtain 

decoupled control of torque and flux. Therefore several methods are developed with different 

ideas and analytics by various researchers to implement decoupled control of torque and flux. 

In the late 1970s, Hasse and Blasche introduced a popular speed control technique for induction 

motor drives known as FOC [5]. The introduction of FOC made a revolution in ASDs and it is 

used in many industries. FOC of induction motor is analogy to speed control of separately 

excited DC motor. The implementation of FOC uses co-ordinate transformation. All motor 

equations are transmuted into the co-ordinate system that revolves in synchronism with rotor 

flux. FOC offers high dynamic performance and operates with constant switching frequency. 

The limitations of FOC are: (i) It does not guarantee exact decoupling of motor torque and flux 

in dynamic and steady-state operations, since induction motor equations are non-linear and 

these are fully decoupled for constant flux operation, (ii) The relation between the regulated and 

control variables is linear only for constant flux operation, (iii) It needs exact information about 

state variables and electromagnetic torque, (iv) It needs current controllers,  (v) Co-ordination 

transformation is required and (vi) It requires a modulator [6]. 
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FBLC uses non-linear transformation of induction motor state variables, so that in the 

new co-ordinate system, the speed and rotor flux amplitudes are decoupled by feedback. It 

guarantees decoupling of torque and flux of induction motor in steady-state and dynamic 

conditions. This method requires implementation in state variable form and needs complex 

control algorithm. It needs complete information about motor state variables and torque. It 

needs a modulator so that constant switching frequency is guaranteed [7].  

To overcome the limitations of FOC and FBLC; DTC of induction motor drives was 

implemented in late 1980‟s [8]. The control algorithm in DTC uses stationary reference frames, 

does not need modulator and co-ordinate transformation. In DTC, torque and flux are 

decoupled by hysteresis controllers. DTC offers a simple control structure and high dynamic 

performance. The scheme of DTC also has some limitations, these being: (i) The presence of 

hysteresis controllers which causes variable switching frequency, (ii) Necessity of sampling 

times, when it is implemented in digital platform, (iii) Poor torque and flux regulation (higher 

ripples in torque and flux), (iv) Higher common-mode voltage (CMV) and (v) More current 

distortions. Many of the researchers are working in the area of DTC to overcome the limitations 

of classical DTC. In order to abate the limitations multi-level inverter (MLI) fed DTC of 

induction motor drives has been introduced to reduce torque, flux ripples and switching 

frequency [8]-[10].  This thesis focuses on the implementation of DTC of open-end winding 

induction motor (OEWIM) drives and another promising control strategy known as predictive 

torque control (PTC) strategy for OEWIM drive to reduce torque, flux ripple CMV and 

switching frequency. 

1.2.2 Advantages and Applications of OEWIM drive 

Classical induction motor drives use a two-level voltage source inverter (VSI); hence 

they can provide two-level output voltage. Dual inverter fed OEWIM drive can provide multi-

level inversion even if it is operated with two-level voltage source inverters [11]. The 

configuration of OEWIM uses two two-level VSIs operating in dual mode and is shown in 

Figure 1.2.  

Dual inverter fed OEWIM drive is considered one of the best alternative approaches to 

multi-level inversion. OEWIM drive has several advantages when compared with other MLI 
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configuration topologies [12]: (i) It uses two two-level VSIs to obtain Multi-level inversion,  

(ii) Neutral voltage fluctuations and clamping diodes are absent when compared with Neutral 

Point Clamped (NPC) inverter topology, (iii) It is rich in redundancy of switching states as it 

gives more common space vector combinations, (iv) It uses simple control and fewer capacitors 

as compared to Flying capacitor MLIs, (v) Fewer DC-sources as compared to Cascaded H-

Bridge (CHB) MLIs, (vi) Capable of operating even during faulty conditions and (vii) Uses 

fewer number of switches for four-level inversion as compared to NPC, flying capacitor and 

CHB-MLIs.  

OEWIM drives find interesting possibilities in various applications such as electric 

vehicles [13], ship propulsion [14], rolling mills [15], renewable energy interfacing [16] and 

hybrid electric vehicles [17]. These interesting possibilities of OEWIM drives in various 

applications made the researcher embark on the investigation of this intellectually challenging 

area of research. 
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Figure 1.2 Power circuit configuration of OEWIM drive 

1.3 Literature Review  

This thesis focuses on DTC and PTC strategies for an OEWIM drive to reduce torque, 

flux ripple and CMV. The literature review contains state of art of DTC and PTC methods for 

induction motor drives and also to OEWIM drives. To differentiate the state of the art of DTC 

from PTC strategies, section 1.3.1 describes literature review of DTC strategies and section 

1.3.2 presents state of art of PTC strategies. 
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1.3.1 DTC of Induction Motor Drives fed with Two-level and Multi-level 

Inversion 

In the late 1980, the concept of DTC was introduced by I. Takahasi and T. Nogouchi 

[8]. In those days, DTC was a novel concept to circumvent many of the problems involved in 

the implementation of popular vector control method FOC [18]. The implementation of FOC 

took almost 20 years; in contrast DTC has taken fewer than 10 years for industrial 

implementation. The DTC strategy has been taken on-board for industrial applications in the 

second half of 1990s and it is manufactured by ABB [18]-[20]. The concept of FOC 

predominantly relies on the dynamic model of induction motor, whereas DTC uses physical 

relations that occur within integrated system of machine and its supply [18], [19]. DTC uses 

simple signal processing techniques and it completely depends on non-linear nature of voltage 

source inverter (VSI) that is used to provide input to induction motor [20]. The on-off control of 

VSI switches are used for the decoupled control of induction motor. It is possible by using 

power semiconductor devices based VSIs with digital signal processors (DSP). The VSIs with 

DSP arrangement give variable output voltage and variable frequency by using proper voltage 

vector selection and the corresponding switching states. In essence, DTC directly controls 

electromagnetic torque and flux directly by using proper voltage vector selection in contrary 

while it indirectly controls stator voltage and stator current [20].  

The concept of DTC eliminates the presence of inner current loops but it requires outer 

speed control loop. The control of DTC drive uses two hysteresis controllers and these are 

operated by errors in torque and flux. In DTC, the reference values of torque and flux are 

compared with actual torque and flux of induction motor. The torque and flux are estimated by 

using closed-loop estimators [21]. The output of torque and flux hysteresis controllers is used to 

determine the voltage vector to be applied for induction machine so that the torque and flux 

errors are within hysteresis bounds [10]. The features of DTC strategy are listed below [4]: 

(i) Direct control of torque and flux. 

(ii) Indirect control of stator current and voltage. 

(iii) It does not require co-ordinate transformations as used in FOC. 

(iv) Modulator is not required. 



 

9 

 

(v) It needs information about sector of stator flux and it does not need exact position of 

stator flux space phasor. 

(vi) There is no internal current control loop. 

(vii) It is sensitive to stator resistance variations only. 

DTC offers certain advantages and it also possesses some limitations; these are as follows [4], 

[19]: 

(i) Variable switching frequency due to bang-bang controllers. 

(ii) By using optimum voltage vectors there is possibility of excursion of torque and flux 

outside of the hysteretic bands, hence it causes higher ripples in torque and flux. 

(iii) Life span of induction motor decreases due to insulation failure of stator winding. The 

insulation failures are due to high rate of change of applied voltage, CMV etc. 

(iv) Current control is not a direct task; hence there exist higher distortions in stator voltage 

and current. 

(v) Stator flux is estimated through integration, it causes problems of drift and offset at low 

speeds of operation. 

To bring down the limitations of classical DTC, various DTC algorithms are 

implemented. Figure 1.3 represents various DTC strategies for induction motor drives. In order 

to maintain fewer ripples in torque and flux modified hysteresis controller based DTC strategies 

[22]-[26], constant switching frequency based DTC strategies such as dithering [27], [28], 

space vector modulation (SVM) [29]-[36], MLI-fed DTC strategies [37], [38], DTC of OEWIM 

drives [39]-[43] and DTC with fuzzy control, adaptive control [44]-[48] are implemented. 

Modified hysteresis controller based DTC strategies work on online hysteresis bands 

variation [22] or off-line hysteresis bands adjustments [23]-[26]. In [23], a novel technique is 

developed to reduce torque ripple by using modified hysteresis controllers. This uses 

application of voltage vector for a certain time interval instead of complete control cycle. The 

voltage vectors are applied in such a way that torque and flux controllers reach upper or lower 

bands for certain time intervals and the application of voltage vectors are independent of 

sampling time. This is implemented only for two-level inverter fed induction motor drive. In 

classical DTC, higher ripple in torque and flux is due to variable switching frequency caused by 
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hysteresis boundaries. In [23], the DTC of induction motor drive is introduced with modified 

hysteresis boundaries and [26] introduces a low switching frequency based DTC strategy to 

maintain fewer ripples in torque and flux. 

DTC

Variable switching frequency 

based DTC

Constant switching frequency 

based DTC

Hysteresis

control

With ModulatorWithout  Modulator

Predictive 

control

Intelligence 

control
SVM Dithering

Two-level and Multi-level 

Inversion

Duty cycle 

control

 

Figure 1.3 Various DTC strategies of induction motor drives 

Nevertheless, in [27] and [28], a simple DTC strategy is introduced to maintain constant 

switching frequency by using dithering. It gives silent operation of induction motor by 

enlarging switching frequency. The enlargement in switching frequency is done by 

superimposing the high frequency tri-angular wave onto torque and flux errors. To circumvent 

the problem of variable switching frequency, SVM based DTC strategies are introduced. DTC 

with SVM maintains constant switching frequency [29]. It involves computation of reference 

voltage space vector from the PI controllers of torque and flux errors. However there is 

extensive research developed on DTC-SVM to make the algorithm simple and dead-beat 

controllers are introduced [30]-[32]. In [30], [31] a new DTC-SVM algorithm is developed by 

calculating the reference voltage space vector with the help of RMS torque ripple. In [33], [34] 

a novel direct torque control algorithm is introduced; the required amount of reference stator 

flux is obtained by utilizing the sum of change in load angle and rotor flux angle. This method 

is simpler and requires lower computational efforts. It needs load angle estimator in addition to 

classical DTC. From [29]-[36], it is observed that the calculation reference voltage space vector 

and the tuning of PI controllers are quite cumbersome. The DTC-SVM is simplified by 
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considering fuzzy PI controllers and by using one PI controller instead of two PI controllers 

[37].  

However several MLI fed DTC strategies have been introduced to maintain lower ripple 

in torque and flux [37], [38]. From [39]-[43], DTC of OEWIM drives has been introduced since 

the configuration of OEWIM drive found to be an effective alternative to MLI-fed DTC 

strategies of induction motor drive. In [40], DTC of OEWIM drive is introduced with SVM 

technique and the concept of imaginary switching times based SVM technique developed for 

marine propulsion [41], [42].  In addition there are various DTC algorithms where [44] 

introduces model based and search based non-linear control strategy. In [45] and [46], self-

tuned neuro fuzzy controller based DTC algorithms are introduced to minimize the square of 

error between actual and reference acceleration or deceleration of induction motor drive. In [36] 

and [46], a comparative study of DTC-SVM with controllers and DTC-SVM with sliding mode 

controllers is performed and it focuses on maintaining constant switching frequency and torque 

ripple reduction through an adaptive model. In [47], a low cost DTC strategy is introduced to 

eliminate AC current sensors. It uses DC current to reconstruct phase currents. In [48], DTC of 

induction motor drive has been introduced to reduce CMV by eliminating the null-vector for its 

operation.  

From the literature, it is observed that the torque and flux ripples can be reduced by 

using different methods. It is interesting that in the case of MLIs the torque and flux ripples can 

be easily decreased noticed from [38].This was the key factor to embark on this research further 

and it was evident that there is wide scope to reduce torque, flux ripples, switching frequency 

and CMV. In order to implement MLI fed DTC algorithm a dual inverter fed OEWIM is an 

effective alternative. The dual inverter fed OEWIM offers several features when compared with 

other MLI topologies; as described earlier. In [24], [25], DTC of induction motor drives with 

three-level NPC inverters has been developed with multi-level torque and flux hysteresis 

controllers. In contrast to DTC-SVM, [26] introduces a modified hysteresis based DTC strategy 

for the OEWIM, It utilizes five-level torque hysteresis controller and a three-level flux 

hysteresis controller. For a three-level inversion configuration five-level torque hysteresis 

controller and a three-level flux hysteresis controllers are required, whereas in four/five-level 

inverter configurations the implementation of hysteresis controllers and their boundaries 
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become quite cumbersome. The implementation of look-up tables and defining the hysteresis 

boundaries is not so easy for multi-level inversion fed DTC strategies. 

This thesis focuses on the implementation of DTC strategies for the OEWIM drive, 

without losing the benefits of classical DTC and also the proposed DTC strategies introduced in 

such a way that these strategies do not involve complex look-up tables and multi-level 

hysteresis controllers. From the literature it is obvious that fewer ripples in torque and flux are 

obtained by introducing MLI fed DTC strategies to induction motor drives. This thesis 

introduces two, three and four-level inversion schemes for the OEWIM drive. Many research 

articles contributed to the implementation of DTC of OEWIM drive by considering equal DC-

link voltage [26], [39]-[43]. By operating dual inverter fed OEWIM drive with equal DC-link 

voltage, three-level inversion can be obtained; similarly if the dual inverter configuration is 

operated with asymmetrical (unequal) DC-link voltage it is possible to obtain four-level 

inversion [11]. This thesis introduces effective voltage switching state algorithms for an 

OEWIM drive to reduce torque and flux ripples with three and four-level inversion schemes. 

The switching state algorithms are developed by considering the operating speed of OEWIM 

drive. The proposed DTC algorithms utilize three-level and two-level hysteresis controllers for 

torque and flux respectively; therefore the proposed algorithms do not increase complexity 

involved in [24]-[26]. The proposed DTC strategies are simple and reduce torque ripple, flux 

ripple and CMV. The effectiveness and feasibility of the proposed DTC strategies verified 

experimentally by using dSPACE DS-1104 controller board. 

1.3.2 PTC of Induction Motor Drives fed with Two-level and Multi-level 

inversion 

PTC is a combination of model predictive control (MPC) and DTC [49]-[85]. The ideas 

of MPC were applied for chemical process applications in 1960s. In 1980s MPC was 

considered for high power systems with low switching frequency. In those days the use of high 

switching frequencies was not possible. With the advent of DSPs, the concept of MPC was 

applied to power electronics. MPC for electric drives has drawn attention from the last decade 

due to its intuitive nature, simplicity, ease of implementation, easy inclusion of constraints, 

inclusion of modifications and extensions depending on the specific applications [49]. The 
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basic ideas of MPC are: (i) It uses a model to predict future behaviour over a specified horizon, 

(ii) A cost function that represents required behaviour of the system and (iii) Minimization of 

cost function [49]. In addition, MPC meets the necessities of modern control systems. MPC 

utilizes discrete models of plant and allows us consideration of constraints [49]-[52]. MPC 

strategies are of two types [53]: continuous control set MPC (CCS-MPC) and finite control set 

MPC (FCS-MPC). CCS-MPC uses a modulator to generate switching pulses for inverter, 

whereas FCS-MPC does not require a modulator. In CCS-MPC, controller delivers output for 

modulator and the modulator gives gating signals to inverter. The presence of modulator in 

CCS-MPC gives constant switching frequency whereas FCS-MPC operates with variable 

switching frequency [54]. In FCS-MPC, the switching pulses are obtained by optimizing the 

cost function. The cost function is evaluated for all possible switching states of inverter; hence 

the name finite control set MPC. In FCS-MPC, the controller delivers discrete signals and these 

are used to drive the inverter [54]. The combination of FCS-MPC and DTC yield finite control 

set predictive torque control (FCS-PTC). The working principle of FCS-PTC is the same as that 

of classical DTC, whereas FCS-PTC do not use hysteresis controllers, sector identifier, 

trigonometric calculations to find stator flux angle and look-up table to select voltage vector. In 

FCS-PTC, torque and flux are evaluated for all possible switching combinations of VSI. The 

switching combination that gives lower ripple in torque and flux is taken as optimal voltage 

vector and is applied to inverter in the next control cycle. PTC does not use inner current 

control loop as involved in FOC [55], but it needs speed control loop and the speed can be 

controlled directly by introducing the speed error term into the cost function [56].  However, 

PTC structure is simpler when compared with FOC and DTC [57]. From [49], [57] PTC gives 

similar or even better performance with respect to FOC or DTC. Table 1.1 shows comparison 

among FOC, DTC and FCS-PTC. From Table 1.1 it is evident that PTC can be an effective 

alternate to FOC and DTC strategies. Nevertheless, PTC has several limitations: high 

computational burden, variable switching frequency, tuning of weighting factors and distortion 

in current. Several researchers are working on classical PTC to circumvent its limitations. This 

thesis focuses on the implementation of PTC strategies for the OEWIM drive to reduce torque, 

flux ripples and the effects of CMV. 
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Table 1.1 Comparison among various vector control strategies of induction motor drives [49], [57] 

Parameter FOC DTC PTC 

Complexity High Low Low 

Modulator Required Not required Not required 

Axis Transformation Required Not required Not required 

Parameter Sensitivity High Low High 

Exact Position of Flux Required Not Required Not Required 

Computational Burden Low Low High 

Parameter Sensitivity High Low High 

Inclusion of constraints Difficult Difficult Easy 

Torque and Flux Ripple Low High Low 

Weighting Factor No No Yes 

Extensive research has been carried out during the past decade on PTC to reduce torque 

and flux ripples. Correa. et. al [58] used PI controller and predictive controller together to 

obtain high dynamic response with the help of multi-level space phasor modulation. It uses a 

dead-beat controller to calculate slip-angle of rotor. This offers an adorable small-signal 

operation for MLI fed induction machines. A new PTC algorithm for induction motors was 

implemented in [59] based on immediate flux control. It doesn‟t account for the ripples in 

torque and flux but it reduces switching frequency. 

In [60], Discrete-time model of induction motor was developed in terms of state-space 

equations for prediction of stator flux, torque and provides solution to prevent time delays for 

prediction algorithm. In [61] and [62] concept, evaluation, implementation and analysis of 

model predictive torque control (MPTC) of induction motors was developed using 

extrapolation. PTC offers lower ripple in torque and flux when compared to DTC. In DTC the 

hysteresis bounds are responsible to generate switching vector, the selection of voltage vector is 

indirect process, whereas in PTC the selection of voltage vector is direct and obtained from the 

optimization of cost function. A simple prediction model is implemented for DTC to 

compensate for delay time [63]. 

According to recent trends, the branches of PTC aim at reducing torque and flux ripples. 

Variable switching time point PTC algorithm was introduced in [64], because PTC introduces 

high current and torque ripples due to switching frequency being less than half of sampling 

frequency compared to modulator based approaches. To solve real time problems, Variable 

switching time point was introduced to PTC. The concept of duty-ratio control was added to 

PTC to reduce torque ripple but it requires high sampling frequencies. In [65]-[69], an 
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improved MPTC with duty cycle control is implemented to reduce torque and flux ripples by 

optimizing active voltage vectors as well as the duration. In [70], generalized predictive torque 

control (GPTC) of induction motor drive is implemented to overcome the difficulties of duty-

ratio controlled MPTC by using two-voltage vectors. GPTC reduces the torque ripple but the 

computational burden is accountable. Computational burden involved in finite control set PTC 

is expensive and utilizes all voltage vectors for prediction of torque and flux. The 

computational burden involved in PTC is high compared to DTC; to conquer this novel DTC is 

developed [71] to reduce switching frequency based on look-up table. The predictions of 

voltage vectors always depend on two adjacent active vectors and a null vector. 

In [72], a novel algorithm has been designed to control the torque of induction motor 

using the angle between rotor flux and stator current by developing the necessary equations for 

the prediction of torque. The equations of current and torque predictions are independent of 

voltage. In PTC the optimization of cost function is dependent on torque and flux weighting 

factors. Tuning of weighting factor and selection of weighting factor is tedious [73]. To 

circumvent this, PTC of induction motor is modified as model predictive flux control (MPFC) 

rather than MPTC and it uses a control variable stator flux to eliminate complex predictions. In 

[74], MPTC was developed by converting torque and flux in terms of equivalent voltage 

vectors to eliminate the effects of weighting factors on current and torque ripples. Branch and 

bound algorithm was used to find the weighting factor [53]-[57], [60]-[64]. Formulation of flux 

weighting factor is described in [75] and formulation of weighting factor for CMV is reported 

[76].  

The prediction algorithm of PTC involves measurement of speed and currents. In [77], 

two sensor-less PTC methods are introduced, these being voltage model observer and sliding 

mode observer. Direct estimation of speed from current is possible but it degrades the steady-

state performance. To circumvent this, Extended Kalman Filter (EKF) is introduced and it 

estimates the speed by using flux and stator currents [78].  In [78], Sensor-less PTC of 

induction motor was developed by estimating the rotor speed and rotor flux with the help of 

EKF. There are various methods reported in literature to simplify or to eliminate weighting 

factors and several heuristic methods are reported [79]-[85].   
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From the literature it is apparent that PTC also suffers from variable switching 

frequency as well as higher ripples in torque and flux. To curtail torque and flux ripples it is 

better to use duty-cycle control or MLI fed induction motor drives. At present, most of the 

industrial drives are utilizing two-level inverters. For medium and high power applications, it is 

unavoidable to use MLIs. However, in MLIs the number of voltage vectors is high when 

compared with two-level VSIs. The cost function is evaluated for all permissible switching 

combinations of inverter; therefore the computational complexity of control algorithm 

increases. The computational burden on controller increases and leads to lower sampling 

frequencies. The multi-level inversion has many advantages when compared with two-level 

VSIs, such as reduced dv/dt stress, lower distortions in current and lower ripples. However, 

MPC algorithm has been applied for MLIs [50]-[55], [80], [83]. These applications are meant 

for power and current control where the cost function does not use relatively complex terms. 

Motor drive control is more complex since these applications require complex control 

algorithm and the formulation of cost function is cumbersome. Many researchers are working 

on PTC of induction motor drives with multi-level inversion. In [61]-[63], [78], [79], PTC of 

three-level inverter has been reported; in these articles, however, the effect of switching 

frequency was not investigated. In [86], comparison between predictive current control and 

PTC of single DC-source fed OEWIM drive has been introduced to suppress zero-sequence 

currents. 

This thesis describes the implementation of PTC for OEWIM drive. The rationale 

behind developing PTC to OEWIM drives are: implementation of discrete model of OEWIM 

drive, mathematical model of inverter, formulating switching states and their classification. In 

this thesis OEWIM drive is programmed to operate with two-level and multi-level inversion 

scheme by classifying the voltage vectors according to operating speed. The computational 

burden involved can be reduced by classifying the voltage vectors. The voltage vectors used in 

proposed PTC strategy provides minimum CMV; therefore the proposed PTC strategies 

maintain minimum CMV when compared with classical predictive torque controlled induction 

motor drives and PTC of OEWIM drive with two-level inversion. A comparative study has 

been carried out on torque ripple for different inversion schemes. 
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Another limitation of classical PTC is variable switching frequency. In this thesis, an 

attempt is made to reduce switching frequency, torque and flux ripples by using multi-level 

inversion fed OEWIM configuration. Four-level configuration of OEWIM was obtained by 

operating two VSI‟s with unequal DC voltages [11]. To simplify the tuning of weighting factors 

normalized weighted sum model (WSM) is introduced to optimize the cost function. WSM is a 

multi-criteria decision making algorithm and it is easy to implement [87], [88]. The reasons for 

normalized WSM are: enhanced selection of weighting factors, formulation of cost function to 

reduce ripples (torque and flux) and reduction of switching frequency. The effectiveness of the 

proposed normalized WSM based PTC algorithm was verified by comparing the obtained 

simulation and experimental results with classical PTC of OEWIM drive with four-level 

inversion. By using normalized WSM, selection of weighting factors is simplified but it can‟t 

eliminate weighting factors. To eliminate weighting factors, a novel simplified weighting factor 

eliminated PTC strategy has been introduced. The weighting factor elimination strategy uses 

splitting of cost function into flux control objective (cost function-I) and torque control 

objective (cost function-II). The voltage vectors which maintain minimum flux ripple obtained 

in cost function-I are used in cost function-II to maintain minimum torque ripple. Finally, a 

voltage vector is chosen in such a way that it maintains minimum torque ripple. To validate the 

effectiveness of the proposed PTC strategies, experimentation was carried by implementing 

them with dSPACE DS-1104 controller. 

1.4 Thesis Contributions  

The contributions of this thesis are as follows: 

1) This thesis introduces implementation of DTC and PTC strategies for the OEWIM drive 

with two, three and four-level inversion. 

2) Proposed an effective voltage switching state algorithms to a direct torque controlled 

OEWIM drive to reduce torque and flux ripples by operating it with equal and unequal 

DC link voltages. 

3) Proposed PTC strategy for the OEWIM drive by classifying the voltage vectors into 

several categories based on rotor speed to reduce the computational burden, ripples in 

torque and flux. 
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4) To reduce switching frequency, normalized WSM based PTC and weighting factor 

eliminated PTC strategies are proposed for the OEWIM drive. 

5) The voltage vectors used in proposed DTC and PTC strategies maintains minimum CMV, 

hence the effects of CMV are reduced. 

1.5 Organization of the Thesis 

The thesis work is organized into six chapters and is presented as follows; 

Chapter 1 introduces the study and discusses speed control methods of induction 

motors. Brief introduction and the need for OEWIM drives have been presented. The scope of 

the work has been highlighted and objectives of the thesis have been summarized. 

Chapter 2 presents modelling and analysis of dual inverter fed OEWIM drive with 

equal DC link voltage. The dynamic model of OEWIM drive in stationary reference frame is 

exhibited. The principle and voltage space vector locations of dual inverter fed OEWIM drive 

are illustrated. The DTC of OEWIM drive with three-level inversion is proposed. 

Chapter 3 presents principle and voltage space vector locations of OEWIM drive with 

unequal DC link voltage. This chapter presents classification of active voltage vectors based on 

operating speed of OEWIM drive. An effective voltage switching state algorithm for direct 

torque controlled OEWIM drive with four-level inversion has been proposed and the results are 

compared with classical two-level inversion. 

Chapter 4 presents discrete model of power converter and OEWIM drive to predict the 

control variables. This chapter proposes integration of PTC for dual inverter fed OEWIM drive 

with multi-level inversion. The proposed PTC strategy is discussed step by step. This chapter 

also presents how the proposed PTC strategy reduces computational burden on the controller. It 

illustrates comparative study among two, three and four-level inversion fed OEWIM drive.  

Chapter 5 gives a simplified weighting factor selection based PTC and weighting factor 

eliminated PTC strategies for the OEWIM drive with four-level inversion. A multi-criterion 

decision making algorithm is introduced to simplify the selection of weighting factors. 

Normalized WSM is proposed to simplify the tuning process of weighting factors. A modified 
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cost function based PTC strategy is introduced to reduce the switching frequency of OEWIM 

drive. Weighting factor eliminated PTC strategy is proposed for the OEWIM drive by splitting 

the cost function. The proposed PTC strategies are verified experimentally by implementing 

them in real time for experimental studies. The experimental results are compared with 

simulation studies and classical four-level PTC algorithm. 

Finally, Chapter 6 gives a summary of key achievements illustrated in this thesis and 

also gives future scope of the proposed DTC and PTC strategies. 
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Chapter 2 

An Enhanced Three-level Voltage Switching State Scheme for 

Direct Torque Controlled Open-end Winding Induction Motor 

2.1 Introduction 

Classical DTC gives higher ripple in torque and flux when compared with FOC. In 

analog implementation the torque and flux ripples are exactly within the hysteresis bounds, 

whereas the problem arises due to discrete implementation. In discrete implementation the 

torque and flux ripples are not in the hysteresis boundaries and causes high ripples in torque 

and flux [10]. To abate the problems of classical DTC, MLI fed induction motor drives are 

unavoidable. This chapter introduces DTC of dual inverter fed OEWIM drive with two and 

three-level inversion. In order to maintain lower ripple in torque and flux, DTC with multi-level 

inversion is an effective alternative. An improved voltage switching state algorithm is 

introduced for three-level inversion fed OEWIM drive to reduce torque and flux ripples. The 

formulation of voltage space vectors and their locations used for two-level and three-level 

inversion is introduced in this chapter. The proposed DTC algorithm does not use complex 

look-up tables and hysteresis controllers as used in MLI fed DTC strategies [24]-[26]. This 

chapter presents dynamic modelling of OEWIM drive, VSIs and also gives the effect of voltage 

vectors on the performance of OEWIM drive. The location of active voltage vectors is chosen 

in such a way that the switching transitions and CMV involved with these space vectors are 

low. The three-level inversion is obtained by operating VSIs with equal DC-link voltages and it 

produces 18 active voltage vectors. These „18‟ active voltage vectors are divided into low, 

medium and high frequencies of operation based on rotor speed. 

2.2 Configuration of OEWIM Drive for Two and Three-level Inversion 

The power circuit configuration of OEWIM drive is as shown in Figure 2.1. In the 

power circuit configuration two inverters are operated with isolated DC power supplies and 

equal DC link voltages. By operating OEWIM drive with equal DC link voltage two and three-
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level inversions are obtained. The voltage space vector combinations of Inverter-1 and Inverter-

2 are shown in Figure 2.2. 

The pole voltages of Inverter-1 are named as Vro, Vyo and Vbo. The pole voltages of 

Inverter-2 are named as Vr'o', Vy'o' and Vb'o' and the pole voltages are measured with respect to 

points o and o'. The pole voltage of Inverter-1 „Vro‟ assumes Vdc/4 or –Vdc/4, similarly the pole 

voltage of Inverter-2 „Vr'o'‟ is Vdc/4 or –Vdc/4 [12]. The phase voltages at the terminals of 

OEWIM are obtained by taking difference of resultant pole voltage and CMV. 
































0when
4

1when
4

byr
dc

byr
dc

bo

yo

ro

SSS    
V

SSS    
V

V

V

V

    (2.1) 
































0  when  
4

1when    
4

'''

'''

''

''

''

byr
dc

byr
dc

ob

oy

or

SSS
V

SSS
V

V

V

V

    (2.2) 

The resultant pole voltage of dual inverter is given by (2.3). Pole voltages of Inverter-1 

are given by (2.1) and pole voltages of Inverter-2 are given by (2.2). In (2.1) and (2.2), if Sr to 

Sb' =1 then the top switch of the respective leg is ON; similarly when Sr to Sb' =0 the bottom 

switch of respective leg is ON. 
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CMV of OEWIM is given by (2.4) and it is obtained from resultant pole voltages. 
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The phase voltages of OEWIM are given by (2.5) 
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From (2.5), the simplified dual inverter model in terms of pole voltages of Inverter-1 and 

Inverter-2 can be written as (2.6) 
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Figure 2.1 Power circuit of OEWIM drive for two and three-level inversion 

The voltage space vector of Inverter-1 is given by (2.7), whereas the voltage space 

vector of Inverter-2 is given by (2.8) and the resultant voltage space vector (2.9) of dual 

inverter configuration is obtained by using (2.7) and (2.8). 
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Figure 2.2 Voltage space vector combinations: (a) Inverter-1 and (b) Inverter-2 
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The voltage space vectors of Inverter-1 and Inverter-2 are determined for all possible 

combinations of switching states. Inverter-1 has 8 switching states and Inverter-2 has 8 

switching states, hence the dual inverter configuration provides 64 possible switching states. 

All possible switching combinations of Inverter-1 and Inverter-2 are shown in Table 2.1. With 

these 64 possible switching states, 19 space vector locations can be obtained. These 19 space 

vector locations are chosen based on the number of switch transitions and the effect of CMV. 

Out of these 19 space vectors, 18 space vectors are called active voltage vectors and one is null 

vector. The voltage space vectors used in this chapter are shown in Table 2.2 and 2.3. The 

voltage space vector utilized in DTC of OEWIM drive with two-level inversion is shown in 

Table 2.2, whereas Table 2.3 represents voltage space vectors used for three-level inversion.  

The following is an example to determine resultant space vector for switching 

combinations of (1,0,0) & (0,1,1) for inverters 1 and 2. Where „1‟ refers to the top switch of the 

respective leg of voltage source inverter is ON, „0‟ indicates the bottom switch of the respective 

leg of inverter is ON. The output voltages of inverters are given by (2.7) and (2.8). The voltage 

space vector vs is obtained from the resultant of pole voltages of Inverter-1 and Inverter-2 (2.9). 

If the switching combinations are (1,1,0) and (0,1,0) then the voltage space vector has a 

magnitude of Vdc/2, and it is named as v1. On arranging the switching combinations of dual 

inverter for two-level inversion, the obtained voltage space vector locations are shown in Figure 

2.4. 

 

2.3 Dynamic Model of OEWIM drive 

The dynamic model of OEWIM is developed in stationary reference frame (Clarkes 

transformation). The dynamic equations used for DTC and PTC of OEWIM are given by 

(2.10)-(2.16). The stator and rotor voltage equations in complex form (space vector) are given 

by (2.10) and (2.11). 
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Table 2.1 All possible switching combinations of dual inverter fed OEWIM drive with equal DC-link voltage 

Inverter-1 Inverter-2 Switching 

Combination 

Realization CMV (V) 

Sr Sy Sb Sr' Sy' Sb' vα vβ Vo 

0 0 0 0 0 0 1 0 0 0 

0 0 0 1 0 0 2 -0.333 0 -Vdc/6 

0 0 0 1 1 0 3 -0.1667  -0.2887 -Vdc/3 

0 0 0 0 1 0 4 0.1667  -0.2887 -Vdc/6 

0 0 0 0 1 1 5 0.333 0 -Vdc/3 

0 0 0 0 0 1 6 0.1667  0.2887 -Vdc/6 

0 0 0 1 0 1 7 -0.1667 0.2887 -Vdc/3 

0 0 0 1 1 1 8 0 0 -Vdc/2 

1 0 0 0 0 0 9 0.3333 0 Vdc/6 

1 0 0 1 0 0 10 0 0 0 

1 0 0 1 1 0 11 0.1667  -0.2887 -Vdc/6 

1 0 0 0 1 0 12 0.5000  -0.2887 0 

1 0 0 0 1 1 13 0.6667 0 -Vdc/6 

1 0 0 0 0 1 14 0.5000  0.2887 0 

1 0 0 1 0 1 15 0.1667  0.2887 -Vdc/6 

1 0 0 1 1 1 16 0.333 0 -Vdc/3 

1 1 0 0 0 0 17 0.1667  0.2887 Vdc/3 

1 1 0 1 0 0 18 -0.1667  0.2887 Vdc/6 

1 1 0 1 1 0 19 0 0 0 

1 1 0 0 1 0 20 0.333 0 Vdc/6 

1 1 0 0 1 1 21 0.5000  0.2887 0 

1 1 0 0 0 1 22 0.3333  0.5774 Vdc/6 

1 1 0 1 0 1 23 0 0.5774 0 

1 1 0 1 1 1 24 0.1667  0.2887 -Vdc/6 

0 1 0 0 0 0 25 -0.1667  0.2887 Vdc/6 

0 1 0 1 0 0 26 -0.5000  0.2887 0 

0 1 0 1 1 0 27 -0.3333 0 -Vdc/6 

0 1 0 0 1 0 28 0 0 0 

0 1 0 0 1 1 29 0.1667  0.2887 -Vdc/6 

0 1 0 0 0 1 30 0 0.5774 0 

0 1 0 1 0 1 31 -0.3333  0.5774 -Vdc/6 

0 1 0 1 1 1 32 -0.1667  0.2887 -Vdc/3 

0 1 1 0 0 0 33  -0.333 0 Vdc/3 

0 1 1 1 0 0 34 -0.6667 0 Vdc/6 

0 1 1 1 1 0 35 -0.5 -0.2887 0 

0 1 1 0 1 0 36 -0.1667 -0.2887 Vdc/6 

0 1 1 0 1 1 37 0 0 0 

0 1 1 0 0 1 38 -0.1667 0.2887 Vdc/6 

0 1 1 1 0 1 39 -0.5 0.2887 0 

0 1 1 1 1 1 40 -0.333 0 -Vdc/6 

0 0 1 0 0 0 41 -0.1667 -0.2887 Vdc/6 

0 0 1 1 0 0 42 -0.5 -0.2887 0 

0 0 1 1 1 0 43 -0.333 -0.5774 -Vdc/6 

0 0 1 0 1 0 44 0 -0.5774 0 

0 0 1 0 1 1 45 0.1667 -0.2887 -Vdc/6 

0 0 1 0 0 1 46 0 0 0 

0 0 1 1 0 1 47 -0.3333 0 -Vdc/6 

0 0 1 1 1 1 48 -0.1667 -0.2887 -Vdc/3 

1 0 1 0 0 0 49 0.1667 -0.2887 Vdc/3 
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1 0 1 1 0 0 50 -0.1667 -0.2887 Vdc/6 

1 0 1 1 1 0 51 0 -0.5774 0 

1 0 1 0 1 0 52 0.3333 -0.5774 Vdc/6 

1 0 1 0 1 1 53 0.5 -0.2887 0 

1 0 1 0 0 1 54 0.3333 0 Vdc/6 

1 0 1 1 0 1 55 0 0 0 

1 0 1 1 1 1 56 0.1667 -0.2887 -Vdc/6 

1 1 1 0 0 0 57 0 0 Vdc/2 

1 1 1 1 0 0 58 -0.3333 0 Vdc/3 

1 1 1 1 1 0 59 -0.1667 -0.2887 Vdc/6 

1 1 1 0 1 0 60 0.1667 -0.2887 Vdc/3 

1 1 1 0 1 1 61 0.3333 0 Vdc/6 

1 1 1 0 0 1 62 0.1667 0.2887 Vdc/3 

1 1 1 1 0 1 63 -0.1667 0.2887 Vdc/6 

1 1 1 1 1 1 64 0 0 0 

 

Table 2.2 Voltage space vectors used to implement DTC of OEWIM drive with two-level inversion 

Inverter-1 Inverter-2 Voltage Space Vectors Realization CMV 

Sr Sy Sb Sr' Sy' Sb' vs Magnitude Angle (°) Vo 

1 1 0 1 1 0 v0 0 0 0 

1 0 0 0 1 1 v1 0.667Vdc 0 -Vdc/6 

1 1 0 0 0 1 v2 0.667Vdc 60 Vdc/6 

0 1 0 1 0 1 v3 0.667Vdc 120 -Vdc/6 

0 1 1 1 0 0 v4 0.667Vdc 180 Vdc/6 

0 0 1 1 1 0 v5 0.667Vdc -120 -Vdc/6 

1 0 1 0 1 0 v6 0.667Vdc -60 Vdc/6 

Table 2.3 Voltage space vectors used to implement DTC of OEWIM drive with three-level inversion 

Inverter-1 Inverter-2 
Voltage Space 

Vectors 
Realization CMV Output 

voltage 

Level Sr Sy Sb Sr' Sy' Sb' vs Magnitude Angle (°) Vo 

1 1 0 1 1 0 v0 0 0 0 
Space 

vectors v1-v6, 

delivers 

Two-level 

output 

voltage 

1 1 0 0 1 0 v1 0.333Vdc 0 Vdc/6 

0 1 0 0 1 1 v2 0.333Vdc 60 -Vdc/6 

0 1 1 0 0 1 v3 0.333Vdc 120 Vdc/6 

0 0 1 1 0 1 v4 0.333Vdc 180 -Vdc/6 

1 0 1 1 0 0 v5 0.333Vdc -120 Vdc/6 

1 0 0 1 1 0 v6 0.333Vdc -60 -Vdc/6 

1 0 0 0 1 1 v7 0.667Vdc 0 -Vdc/6 

Space 

vectors v7-

v18, delivers 

Three-level 

output 

voltage 

1 1 0 0 1 1 v8 0.5774Vdc 30 0 

1 1 0 0 0 1 v9 0.667Vdc 60 Vdc/6 

0 1 0 0 0 1 v10 0.5774Vdc 90 0 

0 1 0 1 0 1 v11 0.667Vdc 120 -Vdc/6 

0 1 1 1 0 1 v12 0.5774Vdc 150 0 

0 1 1 1 0 0 v13 0.667Vdc 180 Vdc/6 

0 0 1 1 0 0 v14 0.5774Vdc -150 0 

0 0 1 1 1 0 v15 0.667Vdc -120 -Vdc/6 

1 0 1 1 1 0 v16 0.5774Vdc -90 0 

1 0 1 0 1 0 v17 0.667Vdc -60 Vdc/6 

1 0 0 0 1 0 v18 0.5774Vdc -30 0 
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Flux linkages of stator and rotor are given by (2.12) and (2.13), (2.14) represents magnitude of 

stator flux space vector [49].   
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  sss j       (2.14) 

Torque of OEWIM is given by (2.15) 

   sssse ii
P
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3
      (2.15) 

Speed of OEWIM is obtained from state-space model (2.16) 
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where Rs is stator resistance, Ls is stator inductance, Lr is rotor inductance, Lm is mutual 

inductance, (vsα, vsβ) are stator voltages, (isα, isβ) are stator currents, (ѱsα, ѱsβ) are stator flux in 

stationary reference frame, p is differential operator (d/dt), P is number of poles, Te is 

electromagnetic torque, TL is load torque, J is moment of inertia, ωm is angular speed in 

mechanical rad/s, ωe is angular speed in electrical rad/s.    

2.4 DTC of OEWIM Drive with Two-level Inversion 

The block diagram of two-level inversion fed direct torque controlled OEWIM drive is 

shown in Figure 2.3. In the block diagram, the induction motor is fed by two voltage source 

inverters. The difference of output voltage of two inverters is used to operate the motor. In the 

block diagram ωref is reference speed (rad/s), ωe is actual speed of rotor (rad/s in electrical 

systems), ωm is actual speed of rotor (rad/s in mechanical systems), Tref is reference torque 

(Nm) obtained from speed PI controller, Te is estimated torque (Nm), ψref is reference flux 

(Wb), ψs is estimated stator flux (Wb), Vdc is the effective DC link Voltage of dual inverter 

configuration and ir, iy are the stator currents. 
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Figure 2.3 Block diagram of direct torque controlled OEWIM drive with two-level inversion 

The operating principle of DTC of OEWIM drive with two-level inversion is same as 

classical DTC of induction motor. In two-level configuration of OEWIM drive, it uses seven 

voltage space vectors; out of these seven voltage space vectors, six voltage vectors are termed 

as active voltage vectors and one is null vector. These seven voltage vectors are used for all 

speeds of operation of OEWIM drive. The advantages of using seven voltage vectors are: (i) 

They can provide minimum CMV (0, ±Vdc/6) (ii) The switching transitions between one voltage 

space vector to another space vector is less and (iii) There are only seven voltage vectors 

instead of eight voltage vectors. The location of voltage vectors and the division of sectors used 

to implement DTC of OEWIM drive with two-level inversion is shown in Figure 2.4. 
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Sector-2Sector-3

Sector-4

Sector-5 Sector-6

v5 v6

(a) (b)

v1

v3 v2

v0
v4

v6
v5

v4

v3 v2

v0

v1

ψs

 

Figure 2.4 (a) Location of active voltage vectors for two-level inversion and (b) Classification of sectors 



 

29 

On combining the voltage vectors v0 to v7 it forms like hexagon as shown in Figure 

2.4(a). The resultant voltage space vector (vs) is divided into six sectors as shown in Figure 

2.4(b). Each sector is divided with an angle of 60°. Sector-1 is from 330° to 30°. Sector-2 is 

from 30° to 90°. Sector-3 is from 90° to 150°. Sector-4 is from 150° to 210°. Sector-5 is from 

210° to 270° and sector-6 is from 270° to 330°. 

2.4.1 Operating Principle 

The torque of OEWIM drive in stationary reference frames is given by (2.17) 

  -
22

3
  sssse ii

P
T       (2.17) 

On simplification (2.17) can be written as 

  sin 
22

3
sse i

P
T        (2.18) 

where, P is the number of poles, ψs is stator flux linkages, is is stator current and α is angle 

between stator flux linkage and stator current space vector. From (2.18) the torque of induction 

motor is dependent on stator flux and stator current, hence the lower torque ripple can be 

obtained by maintaining lower stator flux ripple and lower current ripple. 

The dynamic changes in torque can be obtained by performing the switching action of 

Inverters-1 and inverter-2. By performing switching action, the output voltage of inverter will 

be controlled. The switching states of inverter are selected in such a way that they should 

maintain low current ripple. The stator flux can be changed very quickly by applying suitable 

voltage vectors and the rotor flux is assumed to be constant in a sampling interval. The 

dynamical changes in torque can be obtained by quickly changing the angle between stator flux 

linkage and stator current. Table 2.4 represents the application of suitable voltage vectors to 

increase or decrease flux and torque by assuming stator flux is in sector-1. In Table 2.4, +++ 

refers to more increment, ++ to an increase while + indicates small increment, - indicates small 

decrement, -- decrease and --- a large decrement. Table 2.4 gives information about the effect 

of voltage space vectors on stator flux and angle between stator flux linkages and stator current. 

The voltage vectors have a direct impact on stator flux; the dynamic changes in flux cause 

dynamic variation in load angle and vary electromagnetic torque.  
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Table 2.4 Effect of voltage space vectors on electromagnetic torque and stator flux in sector-1 

 v1 v2 v3 v4 v5 v6 v0 

Flux +++ ++ - --- -- + 0 

Torque - ++ +++ + -- --- 0 

 

An example is illustrated to indicate the impact of voltage vector by considering flux 

space vector in sector-1 shown in Figure 2.5. In Figure 2.5(a) the flux space vector is assumed 

to lie in between 0° and 30°. From Figure 2.5(a) it can be observed that, if the flux space vector 

is in sector-1, then by applying the voltage vector v1, the magnitude of flux gets increases, 

whereas the torque reduces as the angle between stator flux and current decreases.  

In Figure 2.5(b), the flux space vector is assumed to be in between 330° and 0°, then by 

applying v1, stator flux gets increases whereas the torque decreases. In Figure 2.5(c), to increase 

torque and flux simultaneously it is assumed that voltage vector v4 has to be applied; by 

applying v4 flux decreases whereas torque increases by a small amount. If the flux space vector 

is in sector-1 then v1, v3, v4 should not be applied to increase/decrease both flux and torque.  

If it is required to increase torque and flux then voltage vector v2 has to be applied. If it 

is required to decrease flux and torque of induction motor, voltage vector v5 has to be applied. If 

it is required to increase torque and decrease flux then the suitable voltage vector to be applied 

is v3. If it is required to decrease torque and increase flux, then voltage vector v6 has to be 

applied. 
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Figure 2.5 Effect of voltage space vectors v1 and v4 on torque and flux by assuming the flux space vector in sector-

1: (a) Effect of v1 by assuming flux space vector is in between 0° to 30°. (b) Effect of v1 by assuming flux space 

vector is in between 330° and 0° and (c) Effect of v4 on torque and flux 



 

32 

Table 2.5 Selection of voltage vectors based on torque error, flux error and sector 

Flux Error Torque Error 
Sector 

1 2 3 4 5 6 

1 

1 v2 v3 v4 v5 v6 v1 

0 v0 v0 v0 v0 v0 v0 

-1 v6 v1 v2 v3 v4 v5 

-1 

1 v3 v4 v5 v6 v1 v2 

0 v0 v0 v0 v0 v0 v0 

-1 v5 v6 v1 v2 v3 v4 

The proposed classical two-level inversion fed DTC utilizes three-level torque 

comparator and a two-level flux comparator and information of stator flux sector. It does not 

depend on exact location of flux space phasor; it needs to know in which sector the flux space 

phasor exists. Based on outputs of torque hysteresis controller and flux hysteresis controller and 

sector of flux space phasor suitable voltage vector is applied. The selection of active voltage 

vectors based on torque and flux errors are shown in Table 2.5. The flowchart to develop DTC 

of OEWIM drive with two-level inversion is shown in Figure 2.6. 

Start

Measure Speed, Vdc, is

Estimate Flux, Torque and Angle

Determine Flux error, Torque error and 

Sector

Use Switching State Table 2.5

 

Figure 2.6 Flowchart of DTC of OEWIM with classical two-level inversion 

2.5 DTC of OEWIM Drive with Three-level Inversion 

The configuration of DTC of OEWIM drive with three-level inversion is shown in 

Figure 2.7; the motor is supplied with the difference of voltages obtained from two inverters. 
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Three-level inversion was obtained by operating two inverters with equal DC-link voltage. The 

advantage of OEWIM configuration is it uses two inverters and they are operated with half of 

the rated DC-link voltage. Table 2.3 shows the realization of voltage space vectors used to 

implement the proposed DTC algorithm. Switches are turned „ON‟, to realize the switching 

states to obtain three-level output voltage.  

In Figure 2.8, there are 18 non-zero voltage vectors (v1 to v18). The active vectors of 

OEWIM drive with three-level inversion are shown in   Figure 2.8, (2.1) – (2.3) are used to 

realize voltage vectors. There exist 19 space vector locations for three-level inversion. 

Inverter-2Inverter-1

Voltage 

vector 

Selection 

Tables 

2.6 and 

2.7

PI

Sector

RYB to αβ

Sr

Sy

Sb

Sr'

Sy'

Sb'

Encoder

OEWIM

ir, iy

Vdc / 2 Vdc / 2

refT

srefψ

refω

mω

eω

sψ

eT

θ

r

y

b b'

y'

r'

αi

βi

Estimation of Te, ψs 

and θ

refω

1

0
-1

1

-1

eω
P/2

Figure 2.7 DTC of OEWIM with three-level inversion 

On arranging all the vectors described in Table 2.3, it forms like a hexagon and it is 

shown in Figure 2.9; further the voltage space vectors are divided into 12-sectors. Sector-1 

occupies (345°-15°) with respect to real-axis. Sector-2 is from (15°-45°). Sector-3 is from (45°-

75°). Sector-4 is from (75°-105°). Sector-5 is from (105°-135°). Sector-6 is from (135°-165°). 

Sector-7 is from (165°-195°). Sector-8 is from (195°-225°). Sector-9 is from (225°-255°). 

Sector-10 is from (255°-285°). Sector-11 is from (285°-315°) and sector-12 is from (315°-

345°).  

From space vector diagram, the voltage vectors are categorized into two groups. 

Voltage vectors v7 to v18 are used to operate at higher frequencies (more than 50% of ωr). 
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Voltage space vectors v1 to v6 are used to operate the OEWIM drive with low (less than 50% of 

ωr) and medium (between low-high) frequencies. 

. 
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Figure 2.8 Active voltage vector locations of OEWIM drive for three-level inversion 
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Figure 2.9 Classification of sector in three-level inversion fed DTC of OEWIM drive 
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2.5.1 High Speeds of Operation 

The voltage space vectors v7 to v18 and a null vector v0 are used to control torque and 

flux of OEWIM drive for high frequencies of operation. In Figure 2.9, if the location of stator 

flux is in sector-1, then the voltage space vectors v8, v9, v17 and v18 are applied to increase its 

magnitude, whereas voltage space vectors v11, v12, v14 and v15 are applied to reduce its 

magnitude. For sector-1 to reduce positive torque error v8, v9 and v10 are utilized, whereas to 

reduce negative torque error v16, v17 and v18 are utilized. In this mode of operation v1 to v6 

should not be used and the selection of vectors is given in Table 2.6. By utilizing the voltage 

vectors v7-v18 three-level output voltage can be obtained. 

Table 2.6 Switching table of proposed three-level DTC for high speeds of operation 

2.5.2 Medium and Low Speeds of Operation 

The voltage vectors v1 to v6 and null-vector v0 are used to control torque and flux of 

OEWIM drive for medium and low frequencies. In Figure 2.9 if the location of stator flux 

vector is in sector-1 then the active voltage vectors v2 and v6 are applied to increase its 

magnitude, whereas voltage vectors v3 and v5 are applied to decrease its magnitude. In sector-1, 

to reduce positive torque error v2 is utilized, whereas to reduce negative torque error v5 is 

utilized. In this mode of operation v7 to v18 should not be used as the choice of vectors is given 

in Table 2.7. By utilizing the voltage vectors v1-v6 two-level output voltage can be obtained.  

2.5.3 Reduction of Torque and Flux ripple 

The voltage ripple has a direct impact on the performance of OEWIM drive. Torque and 

flux ripples are dependent on voltage ripple. The output voltage of inverter is given by 

  o
s

sss e
i

LiRtv 
dt

d
     (2.19) 

Flux Error Torque Error 
Sector 

1 2 3 4 5 6 7 8 9 10 11 12 

1 
1 v9 v10 v11 v12 v13 v14 v15 v16 v17 v18 v7 v8 

-1 v17 v18 v7 v8 v9 v10 v11 v12 v13 v14 v15 v16 

-1 
1 v11 v12 v13 v14 v15 v16 v17 v18 v7 v8 v9 v10 

-1 v15 v16 v17 v18 v7 v8 v9 v10 v11 v12 v13 v14 
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where, v(t) is the output voltage of three-level inverter, and it has 18 voltage space vectors 

shown in Table 2.3. eo is the EMF induced and it depends on the frequency of operation. Ls is 

self-inductance and is is current. On neglecting stator voltage drop in (2.19), can be rewritten as 

 

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



 


s

os

L

etvi

dt

d
     (2.20) 

From (2.20), it is evident that the rate of change of stator current is dependent on the 

selection of inverter voltage vector for the respective operating frequency. Hence to get low 

current ripple at steady state, it is required to select suitable voltage vector which maintains 

dis/dt as minimum. The rate of change of stator current is dependent on inverter voltage vector 

and back EMF. Therefore dis/dt is independent of rotor flux magnitude. The rotor time constant 

is much too high when compared to stator time constant. The choice of active voltage vectors to 

reduce torque and flux ripples are shown in Table 2.6 and 2.7. 

Figure 2.10 represents the deviation of current ripple for high and low frequencies of 

operation. Figure 2.10(a) gives the selection of voltage vector for high frequency of operation 

by assuming the flux space vector is in sector-1. Figure 2.10(b) represents the selection and 

impact of voltage vectors for low and medium frequencies. If the flux space vector is in sector-

1 by applying vector v10 rather than vector v9 it results in higher change of load angle. Hence, 

v10 should not be applied. To reduce torque and flux errors v9 should be applied. For low and 

medium operating frequencies, if flux space vector is in sector-1 then voltage vector v9 should 

not be applied to increase torque and flux, because it increases current ripple dis/dt. For low and 

medium frequencies, voltage vector v2 should be applied. By applying v9 and v2 for high and 

medium range of frequencies, constant V/f ratio is maintained. The flow chart of direct torque 

controlled OEWIM drive with three-level inversion is shown in Figure 2.11. 

Table 2.7 Switching table of proposed three-level DTC for low and medium speeds of operation 

 

 

 

 

Flux 

Error 

Torque 

Error 

Sector 

1 2 3 4 5 6 7 8 9 10 11 12 

1 
1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1 

-1 v6 v6 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 

-1 
1 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1 v2 v2 

-1 v5 v5 v6 v6 v1 v1 v2 v2 v3 v3 v4 v4 
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Figure 2.10 Rate of change of stator current to increase flux and torque for: (a) High Speeds of operation and (b) 

Medium and low speeds of operation 
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Figure 2.11 Flowchart of DTC of OEWIM drive with three-level inversion 
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2.6 Simulation and Experimental Results 

2.6.1 Simulation Results 

The proposed DTC algorithms are simulated in MATLAB/SIMULINK, to verify the 

performance of OEWIM drive. In the interest of brevity the simulation results are shown for 

speed variations of 100 rad/s, 200 rad/s and 300 rad/s in forward and reverse motoring modes. 

Figure 2.12 shows simulation results of OEWIM drive in forward motoring for speed variations 

of 100 rad/s, 200 rad/s and 300 rad/s with two-level inversion. Figure 2.12 describes speed, 

torque, flux and phase voltage of OEWIM drive for two-level inversion. The simulation studies 

are carried by assuming the inverters are operating at a voltage of 270 V. The flux reference 

used in two-level and three-level inversion is 0.8 Wb. The parameters of OEWIM used for 

simulation and experimentation are given in appendix Table A.1. 

Figure 2.13 demonstrates speed, torque, flux and phase voltage of OEWIM in forward 

motoring for step change in speeds with three-level inversion. Figure 2.12 and Figure 2.13, 

shows classical two-level DTC and proposed three-level DTC algorithms for OEWIM drive in 

forward motoring for speeds of 100 rad/s, 200 rad/s and 300 rad/s. From Figure 2.12 and Figure 

2.13, it is observed that the three-level DTC gives fewer ripples in torque and flux when 

compared with two-level DTC and eliminates several limitations of classical DTC. From Figure 

2.13 it is also clear that the proposed three-level inversion operates with specific voltage 

vectors. In Figure 2.13, for the speed of 100 rad/s OEWIM drive operates with two-level 

inversion (v1 to v6), whereas for 200 rad/s and 300 rad/s the motor operates with three-level 

inversion (v7 to v18). Figures 2.14 and 2.15 show simulation results of classical two-level and 

proposed three-level DTC algorithms of OEWIM drive for step change in speed variation of 

200 rad/s to -200 rad/s. Figures 2.14 and 2.15 describe speed, torque, flux, current and voltage 

of OEWIM drive with two-level and three-level inversion. In Figure 2.15 the proposed three-

level DTC algorithm operates with 200 rad/s (more than 50 % of rated speed), hence the dual 

inverter configuration gives three-level output voltage, and it is also observable from Figure 

2.15. From Figure 2.15 it is observed that the proposed DTC algorithms gives the same 

characteristics as that of two-level DTC; when compared to classical DTC, the proposed DTC 

gives lower ripple in torque and flux. 
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Figure 2.12 Simulation results of speed, torque, flux and phase voltage of OEWIM drive in forward motoring for 

speeds of 100 rad/s, 200 rad/s and 300 rad/s in forward motoring with proposed two-level inversion 

 

 

Figure 2.13 Simulation results of speed, torque, flux and phase voltage of OEWIM drive in forward motoring for 

speeds of 100 rad/s, 200 rad/s and 300 rad/s in forward motoring with proposed three-level inversion 
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Figure 2.14 Simulation results of speed, torque, flux and phase voltage of OEWIM drive for speed variations of 

200 rad/s and -200 rad/s with proposed two-level inversion (forward to reverse motoring) 

 

Figure 2.15 Simulation results of speed, torque, flux and phase voltage of OEWIM drive for speed variations of 

200 rad/s and -200 rad/s with proposed three-level inversion (forward to reverse motoring) 
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2.6.2 Experimental Results 

The proposed two-level and three-level DTC strategies are implemented by using 

dSPACE-1104 control board with MATLAB/SIMULINK real time interface. In order to 

develop the proposed DTC strategies, 3.7 kW OEWIM is used and it is coupled to a 3.7 kW DC 

generator. The developed DTC strategies in MATLAB are interfaced with dSPACE-1104 

controller for experimental validation. To develop the DTC strategies following feedback 

signals are used: (i) Speed feedback from the encoder, (ii) Current feedback from current 

sensors (LA-25) and (iii) Effective DC-link voltage from voltage sensor (LV-25). These 

feedback signals are given to dSPACE controller by BNC connectors to ADC channels. The 

digital I/O signals are used to deliver the pulses for inverters from the switching states of 

voltage vector selection table. An experiment is conducted on OEWIM drive to verify the 

effectiveness of the proposed DTC algorithm at various rotor speeds. In the interest of brevity, 

experimental results are shown for low (100 rad/s), medium (200 rad/s) and high frequencies 

(300 rad/s) of operation in forward and reverse motoring.  

Figure 2.16 represents actual speed and flux of OEWIM drive for two-level and 

proposed three-level DTC respectively. Figure 2.17 represents speed and torque of OEWIM 

drive for two-level and the proposed three-level DTC, respectively. Figure 2.18 presents phase 

voltage, CMV, phase current of OEWIM drive at a steady speed of 250 rad/s.  Figures 2.16(a) 

and 2.16(b) represents actual speed and flux of motor in forward motoring for step change in 

speed variations of 100 rad/s, 200 rad/s and 300 rad/s. Figures 2.16(c) and 2.16(d) represents 

speed and flux of motor in reverse motoring for speed variations of -100 rad/s, -200 rad/s and -

300 rad/s. Figures 2.16(e) and 2.16(f) represents flux locus of two-level and proposed DTC, 

respectively. From Figure 2.16 it is evident that the proposed three-level DTC gives low flux 

ripple when compared with two-level DTC and it provides better dynamic response for high 

speed variations. Figures 2.17(a) and 2.17(b) represent actual speed and torque of motor in 

forward motoring for step change in speed variations of 100 rad/s, 200 rad/s and 300 rad/s. 

Figures 2.17(c) and 2.17(d) represent actual speed and torque of OEWIM drive for the speed 

variations of -100 rad/s, -200 rad/s and -300 rad/s. Figure 2.17(e) and 2.17(f) represents actual 

speed and torque of OEWIM drive for the speed variation from 100 rad/s to 200 rad/s and 100 

rad/s.  
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(a)

(c)

(e)

(b)

(d)

(f)
 

Figure 2.16 Experimental results of two-level and proposed DTC: (a), (b) Speed and flux in forward motoring. (c), 

(d) Speed and flux for variation of speed (blue-speed-50 rad/s/div), (red-flux-0.5 Wb/div). (e), (f) Flux locus (0.2 

Wb/div) 
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(a)

(c)

(e)

(b)

(d)

(f)
 

Figure 2.17 Experimental results of two-level and proposed three-level DTC: (a), (b) Speed and torque in forward 

motoring. (c), (d) Speed and torque in reverse motoring. (e), (f) Speed and torque for variation of speed from 100 

rad/s to 200 rad/s.  (blue-speed-100 rad/s/div), (red-torque - 5 Nm/div) 
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Figure 2.18 Voltage, CMV and phase current of OEWIM drive for two-level and proposed three-level inversion: 

(a), (b) R-phase voltage of OEWIM drive at a speed of 250 rad/s (Voltage/phase:100V/div). (c), (d) CMV of 

OEWIM drive at 250 rad/s. (100 V/div) (e), (f) Speed, torque and current/phase at a load torque of 14 Nm. (blue-

speed 100 rad/s/div, red- torque 5 Nm/div and green- 5A/div) (g), (h) Current/phase at a speed of 300 rad/s under 

no-load condition (1A/div) 

(a)

(c)

(e)

(b)

(d)

(f)

(g) (h)
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From Figure 2.17, it is evident that the steady-state torque ripple in the proposed DTC 

algorithm is very less when compared with two-level inversion. Figures 2.18(a) and 2.18(b) 

represent r-phase voltage of OEWIM drive and common mode voltage (CMV) of two-level 

DTC at a speed of 300 rad/s. Figures 2.18(c) and 2.18(d) represent r-phase voltage of OEWIM 

drive and CMV of proposed three-level DTC at a speed of 250 rad/s. Figures 2.18(e) and 

2.18(f) represent r-phase of OEWIM drive at a load torque of   14 Nm at a steady speed of 250 

rad/s. Figure 2.18(g) and 2.18(h) represents r-phase current of OEWIM drive for two-level and 

proposed DTC respectively at a speed of 300 rad/s. Table 2.8 represents quantified torque 

ripple and flux ripple under steady state condition at different operating frequencies. The torque 

and flux ripples are calculated by considering the sum of the difference between the measured 

and reference over 200 samples. Computation of % torque and flux ripple is given in Appendix-

B. From Figure 2.17, it is clear that the proposed-three level DTC gives low torque ripple when 

compared with two-level DTC for all operating speeds; for the sake of brevity only three speeds 

of operation is reported in this chapter. 

Table 2.8 Steady-state torque and flux ripple of OEWIM drive with two-level and three-level inversion 

Speed 

(rad/s) 

2-level Inversion 3-level Inversion 

Torque ripple Flux ripple  CMV 

(V) 

Torque ripple  Flux ripple  CMV 

(V) Nm % Wb % Nm % Wb % 

100 3.5 14.29 0.057 5.7 155.62 2.5 10.21 0.045 4.5 102.85 

200 3.25 13.27 0.042 4.2 141.82 2.32 9.47 0.038 3.8 97.25 

300 3.0 12.25 0.036 3.6 131 2.2 8.98 0.036 3.6 89.24 

 

2.7 Summary 

In this chapter, a modified three-level voltage switching scheme is implemented for 

OEWIM drive with the help of two two-level inverters to reduce torque and flux ripples at 

different speed conditions. The proposed scheme is closer to conventional DTC, so it has all the 

features of DTC. The two two-level inverters are operated with individual DC sources, so it is 

easy to interface with PV arrays. The intents of this chapter are: (i) Implement an effective 

voltage switching state scheme for an OEWIM drive with three-level inversion, (ii) Classify the 

voltage vectors based on rotor speed, (iii) Reduce the problems encountered at low speeds and 

(iv) Limit the ripples in torque and flux. The effectiveness of the proposed algorithm was 

verified experimentally by operating OEWIM drive in forward and reverse motoring at low 
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(100 rad/s), medium (200 rad/s) and high (300 rad/s) speeds. From hardware results, the 

proposed three-level DTC gives low torque and flux ripples when compared with two-level 

DTC for all speeds of operation. 
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Chapter 3 

An Effective Four-level Voltage Switching State Algorithm for 

Direct Torque Controlled Open-end Winding Induction Motor 

Drive by using Two Two-level Inverters 

3.1 Introduction 

In the previous chapter, a modified voltage switching state algorithm for three-level 

inversion fed OEWIM drive was developed by considering two inverters operating with equal 

DC link voltages. Another possibility of OEWIM drive configuration was operating the dual 

inverter configuration with unequal DC link voltages to obtain four-level inversion [101]. In the 

previous chapter, it was observed that there was a possibility to reduce torque and flux ripples 

further, hence four-level inversion fed DTC algorithm is introduced for OEWIM drive. In this 

chapter the active voltage vectors are classified into three categories rather than two, which was 

considered in chapter 2. This chapter provides location of active voltage space vectors for four-

level inversion and their classification accordingly. The experimental results show that the 

proposed algorithm reduces torque and flux ripples without losing features of classical DTC 

and it also provides multi-level operation. 

In this chapter, mathematical modelling of dual inverter fed OEWIM drive is introduced 

and the locations of voltage space vectors to obtain four-level inversion are also represented. 

The possible switching combinations of Inverter-1 and Inverter-2 are presented in Table 3.1; 

from all 64 possible switching combinations, 37 voltage space vectors are used to develop the 

proposed DTC strategy. The voltage vectors are classified into various categories to reduce 

torque and flux ripples based on operating frequencies. 

The intents of this chapter are: implementing an effective voltage switching state 

algorithm for an OEWIM drive to reduce torque and flux ripple with the help of four-level 

inversion based on two two-level inverters, locating voltage space vectors, applying voltage 

space vectors based on operating frequencies, utilizing necessary mathematical models, 

algorithm for reduction of torque and flux ripple and hardware implementation of proposed 
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scheme to observe its behaviour. The proposed algorithm has been developed with four-level 

configuration, so that it has low dv/dt stress.  

The open-end winding configuration is developed with two independent DC sources and 

the effects of CMV are reduced. In this chapter experimental verification is performed for DTC 

of OEWIM drive with two-level inverter configuration and four-level configuration. The two-

level configuration is obtained by operating the inverters with DC link voltage of 1:1 ratio as 

shown in Table 2.2, whereas four-level configuration was obtained by operating the inverters 

with 2:1 ratio. Finally, it is noticed that the proposed algorithm reduces torque and flux ripples 

at all frequencies of operation of motor drive without losing the features of classical two-level 

DTC. 

3.2 Proposed Four-Level DTC 

The power circuit diagram and the block diagram of the proposed four-level DTC 

strategy are shown in Figures 3.1 and 3.2 respectively. The four-level inversion scheme is 

obtained by energizing OEWIM with two- two level inverters on both sides with asymmetrical 

configuration. The asymmetrical configuration is obtained by feeding the two inverters with 

voltages 2Vdc/3 and Vdc/3. 
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Figure 3.1 Power circuit diagram of OEWIM drive with four-level inversion 
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Figure 3.2 Block diagram of direct torque controlled OEWIM drive with four-level inversion 

In Figure 3.1 two voltage source inverters are energized with DC link voltage ratio of 

2:1. The dual inverter configuration gives 64 switching combinations. Out of these 64 switching 

combinations, the configuration gives 36 active voltage space vectors and a null vector because 

the OEWIM configuration leads to high redundancy of switching states.  

Table 3.1 indicates all possible switching states of individual switches used in the 

inverter. The switches are turned to realize all switching states of two inverters. The switching 

states of inverter for two-level configuration is calculated using following equations, 














 3

4
j
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2
j
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eSeSS
V

v byr
dc

s     (3.1) 
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












 3

4
j

'
3

2
j

''2
33

2


eSeSS
V

v byr
dc

s    (3.2) 

The space vector locations of the proposed four-level inverter are shown in Figure 3.3. 

To obtain four-level configuration the two inverters are operated with unequal DC link voltages 

and they are operated in duality mode. Table 3.2 indicates active voltage space vector locations 

of dual inverter configuration with four-level inversion. The switches are turned on to realize all 

switching states of the two inverters. Therefore, from mathematical calculations, four-level 

inverter produces 37 voltage space vector locations and these are represented in Figure 3.3 and 
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are shown in Table 3.2. The active voltage space vectors of the four-level inverter are obtained 

from all combinations of the switching states of inverter. 

An example is illustrated to show that how to find the voltage space vector. The voltage 

space vector v1 is obtained by operating Inverter-1 with switching states of (1,0,0) and Inverter-

2 with switching states of (1,0,0). Then by using equations (3.1) and (3.2) the voltage space 

vector v1 can be written as 

 21 sss vvv       (3.3) 

The resultant voltage space vector for all the switching states of inverter is obtained by 

using (3.3). On simplifying (3.3) with switching states of (1,0,0) and  (1,0,0) the resultant 

voltage vector is obtained, with a magnitude of Vdc/3 and phase angle of zero; hence it is named 

as v1. Likewise, on applying switching states (1,0,0) and (1,1,1) voltage space vector v7 is 

obtained. By applying the switching states of (1,0,0) and (0,1,1)  voltage space vector v19 is 

obtained. The equation used to find CMV is same as that of (2.4). The phase voltages of 

OEWIM drive are shown in chapter 2 (2.1) to (2.6). The only modifications are input DC-link 

voltages, to obtain four-level inversion the inverters are fed by 2Vdc/3 and Vdc/3, therefore the 

pole voltages obtained at the terminals of Inverter-1 and Inverter-2 are ±Vdc/3 and ±Vdc/6. By 

using pole voltages, the CMV can be estimated and it is given by (2.4). On applying all possible 

switching states to the inverter, 37 active voltage space vectors are obtained. The voltage space 

vectors shown in Figure 3.3 are divided into three groups for different frequencies of operation. 

Voltage space vectors v19 to v36 are applied for higher frequencies of operation. Voltage space 

vectors v7 to v18 are applied for medium frequencies. The voltage space vectors v1 to v6 are 

applied for low frequencies of operation. These 37 space vector locations are divided into three 

groups to maintain constant V/f ratio and minimum current ripple.   

The division of active voltage space vector corresponds to the operation at low, medium 

and high frequencies. In Figure 3.3, the active voltage space vector is divided into 18 sectors for 

high frequencies of operation and 12 sectors for medium and low frequencies of operation. For 

ease of representation, only 12 sectors are shown in Figure 3.3. 
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Table 3.1 All possible switching combinations of dual inverter configuration with un-equal DC link voltage for 

four-level inversion 

Inverter-1 Inverter-2 Switching 

Combination 

Realization CMV (V) 

Sr Sy Sb Sr' Sy' Sb' vα vβ Vo 

0 0 0 0 0 0 1 0 0 -Vdc/6 

0 0 0 1 0 0 2 -0.2222 0 -5Vdc/18 

0 0 0 1 1 0 3 -0.1111 -0.1925 -7Vdc/18 

0 0 0 0 1 0 4 0.1111 0.1925 -5Vdc/18 

0 0 0 0 1 1 5 0.2222 0 -7Vdc/18 

0 0 0 0 0 1 6 0.1111 0.1925 -7Vdc/18 

0 0 0 1 0 1 7 -0.1111 0.1925 -7Vdc/18 

0 0 0 1 1 1 8 0 0 -Vdc/2 

1 0 0 0 0 0 9 0.4444 0 Vdc/18 

1 0 0 1 0 0 10 0.2222 0 -Vdc/18 

1 0 0 1 1 0 11 0.3333 -0.1925 -Vdc/6 

1 0 0 0 1 0 12 0.5556 -0.1925 -Vdc/18 

1 0 0 0 1 1 13 0.6667 0 -Vdc/6 

1 0 0 0 0 1 14 0.5556 0.1925 -Vdc/18 

1 0 0 1 0 1 15 0.3333 0.1925 -Vdc/6 

1 0 0 1 1 1 16 0.4444 0 -Vdc/6 

1 1 0 0 0 0 17 0.2222 0.3849 5Vdc/18 

1 1 0 1 0 0 18 0 0.3849 Vdc/6 

1 1 0 1 1 0 19 0.1111 0.1925 Vdc/18 

1 1 0 0 1 0 20 0.3333 0.1925 Vdc/6 

1 1 0 0 1 1 21 0.4444 0.3849 Vdc/18 

1 1 0 0 0 1 22 0.3333 0.5774 Vdc/6 

1 1 0 1 0 1 23 0.1111 0.5774 Vdc/18 

1 1 0 1 1 1 24 0.2222 0.3849 Vdc/18 

0 1 0 0 0 0 25 -0.2222 0.3849 Vdc/18 

0 1 0 1 0 0 26 -0.4444 0.3849 -Vdc/18 

0 1 0 1 1 0 27 -0.3333 0.1925 -Vdc/6 

0 1 0 0 1 0 28 -0.1111 0.1925 -Vdc/18 

0 1 0 0 1 1 29 0 0.3849 -Vdc/6 

0 1 0 0 0 1 30 -0.1111 0.5774 -Vdc/18 

0 1 0 1 0 1 31 -0.3333 0.5774 -Vdc/6 

0 1 0 1 1 1 32 -0.2222 0.3849 -Vdc/6 

0 1 1 0 0 0 33 -0.4444 0 3Vdc/18 

0 1 1 1 0 0 34 -0.6667 0 Vdc/6 

0 1 1 1 1 0 35 -0.5556 -0.1925 Vdc/18 

0 1 1 0 1 0 36 -0.3333 -0.1925 Vdc/6 

0 1 1 0 1 1 37 -0.2222 0 Vdc/18 

0 1 1 0 0 1 38 -0.3333 0.1925 Vdc/6 

0 1 1 1 0 1 39 -0.5556 0.1925 Vdc/18 

0 1 1 1 1 1 40 -0.4444 0 Vdc/18 

0 0 1 0 0 0 41 -0.2222 -0.3849 Vdc/18 

0 0 1 1 0 0 42 -0.4444 -0.3849 -Vdc/18 

0 0 1 1 1 0 43 -0.3333 -0.5774 -Vdc/6 

0 0 1 0 1 0 44 -0.1111 -0.5774 -Vdc/18 

0 0 1 0 1 1 45 0 -0.3849 -Vdc/6 

0 0 1 0 0 1 46 -0.1111 -0.1925 -Vdc/18 

0 0 1 1 0 1 47 -0.3333 -0.1925 -Vdc/6 
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0 0 1 1 1 1 48 -0.2222 -0.3849 -Vdc/6 

1 0 1 0 0 0 49 0.2222 -0.3849 5Vdc/18 

1 0 1 1 0 0 50 0 -0.3849 Vdc/6 

1 0 1 1 1 0 51 0.1111 -0.5774 Vdc/18 

1 0 1 0 1 0 52 0.3333 -0.5774 Vdc/6 

1 0 1 0 1 1 53 0.4444 -0.3849 Vdc/18 

1 0 1 0 0 1 54 0.3333 -0.1925 Vdc/6 

1 0 1 1 0 1 55 0.1111 -0.1925 Vdc/18 

1 0 1 1 1 1 56 0.2222 -0.3849 Vdc/18 

1 1 1 0 0 0 57 0 0 Vdc/2 

1 1 1 1 0 0 58 -0.2222 0 7Vdc/18 

1 1 1 1 1 0 59 -0.1111 -0.1925 5Vdc/18 

1 1 1 0 1 0 60 0.1111 -0.1925 7Vdc/18 

1 1 1 0 1 1 61 0.2222 0 5Vdc/18 

1 1 1 0 0 1 62 0.1111 0.1925 7Vdc/18 

1 1 1 1 0 1 63 -0.1111 0.1925 5Vdc/18 

1 1 1 1 1 1 64 0 0 Vdc/6 

For high frequencies of operation each sector is divided into 20°. The division of sectors 

is explained below. Sector-1 of active voltage space vector is from 350° to 10°. Sector-2 of 

active voltage space vector is from 10° to 30°. Sector-3 of active voltage space vector is from 

30° to 50°. Sector-4 of active voltage space vector is from 50° to 70°. Sector-5 of active voltage 

space vector is from 70° to 90°. Sector-6 of active voltage space vector is from 90° to 110°. 

Sector-7 of active voltage space vector is from 110° to 130°. Sector-8 of active voltage space 

vector is from 130° to 150°. Sector-9 of active voltage space vector is from 150° to 170°. 

Sector-10 of active voltage space vector is from 170° to 190°. Sector-11 of active voltage space 

vector is from 190° to 210°. Sector-12 of active voltage space vector is from 210° to 230°. 

Sector-13 of active voltage space vector is from 230° to 250°. Sector-14 of active voltage space 

vector is from 250° to 270°. Sector-15 of active voltage space vector is from 270° to 290°. 

Sector-16 of active voltage space vector is from 290° to 310°. Sector-17 of active voltage space 

vector is from 310° to 330°. Sector-18 of active voltage space vector is from 330° to 350°. 

For medium and low frequencies of operation, each sector is divided into 30°. The 

division of sectors is explained below. Sector-1 of active voltage space vector is from 345° to 

15°. Sector-2 of active voltage space vector is from 15° to 45°. Sector-3 of active voltage space 

vector is from 45° to 75°. Sector-4 of active voltage space vector is from 75° to 105°. Sector-5 

of active voltage space vector is from 105° to 135°. Sector-6 of active voltage space vector is 

from 135° to 165°. Sector-7 of active voltage space vector is from 165° to 195°. Sector-8 of 

active voltage space vector is from 195° to 225°. Sector-9 of active voltage space vector is from 
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225° to 255°. Sector-10 of active voltage space vector is from 255° to 285°. Sector-11 of active 

voltage space vector is from 285° to 315°. Sector-12 of active voltage space vector is from 315° 

to 345°. 

Table 3.2 Active voltage space vector locations for four-level inversion 

Inverter-1 Inverter-2 
Space 

Vector 
Realization CMV Output 

Voltage Level 
Sr Sy Sb Sr' Sy' Sb' (vs) (Complex Form) Vo 

0 0 0 0 0 0 v0 0 -Vdc/6 

Space vectors 

v1-v6, delivers 

Two-level 

output voltage 

1 0 0 1 0 0 v1 Vdc(0.222) -Vdc/18 

1 1 0 1 1 0 v2 Vdc(0.11+0.193i) Vdc/18 

0 1 0 0 1 0 v3 Vdc(-0.11+0.19i) -Vdc/18 

0 1 1 0 1 1 v4 Vdc(-0.222) Vdc/18 

0 0 1 0 0 1 v5 Vdc(-0.11-0.193i) -Vdc/18 

1 0 1 1 0 1 v6 Vdc(0.11-0.193i) Vdc/18 

1 0 0 1 1 1 v7 Vdc(0.444) -Vdc/6 

Space vectors 

v7-v18, delivers 

Three-level 

output voltage 

1 0 0 1 0 1 v8 Vdc(0.33+0.193i) -Vdc/6 

1 1 0 1 1 1 v9 Vdc(0.22+0.385i) Vdc/18 

0 1 0 0 1 1 v10 Vdc(0.385i) -Vdc/6 

0 1 0 1 1 1 v11 Vdc(-0.22+0.38i) -Vdc/6 

0 1 0 1 1 0 v12 Vdc(-0.33+0.19i) -Vdc/6 

0 1 1 1 1 1 v13 Vdc(-0.444) Vdc/18 

0 0 1 1 0 1 v14 Vdc(-0.33-0.193i) -Vdc/6 

0 0 1 1 1 1 v15 Vdc(-0.22-0.385i) -Vdc/6 

0 0 1 0 1 1 v16 Vdc(-0.385i) -Vdc/6 

1 0 1 1 1 1 v17 Vdc(0.22-0.385i) Vdc/18 

1 0 0 1 1 0 v18 Vdc(0.33-0.193i) -Vdc/6 

1 0 0 0 1 1 v19 Vdc(0.667) -Vdc/6 

Space vectors 

v19-v36, 

delivers Four-

level output 

voltage 

1 0 0 0 0 1 v20 Vdc(0.55+0.193i) -Vdc/18 

1 1 0 0 1 1 v21 Vdc(0.44+0.385i) Vdc/18 

1 1 0 0 0 1 v22 Vdc(0.33+0.577i) Vdc/6 

1 1 0 1 0 1 v23 Vdc(0.11+0.577i) Vdc/18 

0 1 0 0 0 1 v24 Vdc(-0.11+0.57i) -Vdc/18 

0 1 0 1 0 1 v25 Vdc(-0.33+0.57i) -Vdc/6 

0 1 0 1 0 0 v26 Vdc(-0.44+0.38i) -Vdc/18 

0 1 1 1 0 1 v27 Vdc(-0.55+0.19i) Vdc/18 

0 1 1 1 0 0 v28 Vdc(-0.667) Vdc/6 

0 1 1 1 1 0 v29 Vdc(-0.55-0.19i) Vdc/18 

0 0 1 1 0 0 v30 Vdc(-0.44-0.38i) -Vdc/18 

0 0 1 1 1 0 v31 Vdc(-0.33-0.57i) -Vdc/6 

0 0 1 0 1 0 v32 Vdc(-0.11-0.577i) -Vdc/18 

1 0 1 1 1 0 v33 Vdc(0.11-0.577i) Vdc/18 

1 0 1 0 1 0 v34 Vdc(0.33-0.577i) Vdc/6 

1 0 1 0 1 1 v35 Vdc(0.44-0.385i) Vdc/18 

1 0 0 0 1 0 v36 Vdc(0.55-0.193i) -Vdc/18 
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Figure 3.3 Classification of voltage vectors based on different operating frequencies 

3.2.1 High Frequency of Operation (Above 70% of Rated Speed) 

During high frequency of operation of OEWIM drive, to control stator flux and torque 

the voltage space vectors v19 to v36 and a null vector v0 are utilized to realize the resultant space 

vector. In Figure 3.3, if the resultant stator flux vector ѱs is in sector-1, then by applying 

voltage space vectors v20, v21, v22 and v36 its magnitude increases, whereas by applying v24, v25, 

v31 and v32 its magnitude decreases. In the same sector, to reduce positive torque error, v21, v22 

and v23 are utilized, whereas for the reduction of negative torque error, v34, v35 and v36 are used. 

In high speed operation, to maintain constant V/f ratio, voltage vectors v1 to v18 should not be 

applied. The selection of voltage vectors for high frequencies shown in Table 3.3. 
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Table 3.3 Selection of active voltage vectors for high speeds of operation 

Flux 

Error 

Torque 

Error 

Sector 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

1 
1 v22 v23 v24 v25 v26 v27 v28 v29 v30 v31 v32 v33 v34 v35 v36 v19 v20 v21 

-1 v34 v35 v36 v19 v20 v21 v22 v23 v24 v25 v26 v27 v28 v29 v30 v31 v32 v33 

-1 
1 v25 v26 v27 v28 v29 v30 v31 v32 v33 v34 v35 v36 v19 v20 v21 v22 v23 v24 

-1 v31 v32 v33 v34 v35 v36 v19 v20 v21 v22 v23 v24 v25 v26 v27 v28 v29 v30 

 

3.2.2 Medium Frequency of Operation (In Between 35% to 70% of Rated Speed) 

In the medium frequency range, to control stator flux and torque of OEWIM drive, the 

voltage space vectors v7 to v18 and a null vector v0 are used to realize the resultant space vector. 

In Figure 3.3, if the resultant stator flux vector ѱs is in sector-1, then by applying voltage space 

vectors v8, v9, v17 and v18 its magnitude increases, whereas by applying v11, v12, v14 and v15 its 

magnitude decreases. In the same sector, to reduce positive torque error, v8, v9 and v10 are 

utilized, whereas for the reduction of negative torque error, v16, v17 and v18 are used. In medium 

speed operation, to maintain constant V/f ratio, the voltage vectors v1 to v6 and v19 to v36 should 

not be applied. The selection of active voltage vectors for medium frequencies of operation are 

shown in Table 3.4. 

Table 3.4 Selection of active voltage vectors for medium speeds of operation 

3.2.3 Low Frequency of Operation (Less-than 35% of Rated Speed) 

In the low frequency range, to control stator flux and torque of OEWIM drive, the 

voltage space vectors v1 to v6 and a null vector v0 are used to realize the resultant space vector. 

In Figure 3.3, if the resultant flux vector ѱs is in sector-1, then by applying voltage space 

vectors v2 and v6, its magnitude increases, whereas by applying v5 and v3 its magnitude 

decreases. In the same sector, to reduce positive torque error, v2 and v3 are utilized, whereas for 

the reduction of negative torque error, v5 and v6 are used. In low speed operation, to maintain 

Flux 

Error 

Torque 

Error 

Sector 

1 2 3 4 5 6 7 8 9 10 11 12 

1 
1 v9 v10 v11 v12 v13 v14 v15 v16 v17 v18 v7 v8 

-1 v17 v18 v7 v8 v9 v10 v11 v12 v13 v14 v15 v16 

-1 
1 v11 v12 v13 v14 v15 v16 v17 v18 v7 v8 v9 v10 

-1 v15 v16 v17 v18 v7 v8 v9 v10 v11 v12 v13 v14 
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constant V/f ratio, the voltage vectors v7 to v36 should not be applied. The selection of active 

voltage vectors for low frequencies of operation are shown in Table 3.5. 

Table 3.5 Selection of voltage vectors for low speeds of operation 

3.2.4 Algorithm to Reduce Torque and Flux Ripple 

From [4], the torque equation of induction motor in stationary reference frames is given 

by: 

 sse i
P

T  
22

3
      (3.4) 

Simplification of (3.4) gives   

   sssse ii
P

T 
22

3

 
    (3.5) 

From (3.5), to obtain low torque ripple, it is required to maintain low current and flux 

ripples. By controlling the flux of the induction motor torque can be controlled. Therefore 

torque and flux ripples are dependent on voltage. If the voltage ripple is decreased, it reduces 

flux ripple. The stator voltage equation of open end winding induction motor (output voltage of 

inverter) is given by 

   e
i

LiRtv
s

sss 
dt

d

 
     (3.6) 

where, v(t) is inverter output voltage, The inverter output voltage v(t) has 36 locations for four-

level inverter depending on its all possible switching states. Eq (3.6) can be rewritten as 

 
 








 


s

sss

L

iRetvi

dt

d

  

   (3.7) 

On neglecting stator voltage drop (Rsis) of induction motor, the rate of change of stator 

current (dis/dt) is dependent on the inverter output voltage and the developed voltage of the 

motor. To obtain low current ripple, the rate of change of stator current should be low. It is 

maintained by selecting proper switching vectors. The rate of change of stator current (dis/dt) 

Flux 

Error 

Torque 

Error 

Sector 

1 2 3 4 5 6 7 8 9 10 11 12 

1 
1 v2 v2 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1 

-1 v6 v6 v1 v1 v2 v2 v3 v3 v4 v4 v5 v5 

-1 
1 v3 v3 v4 v4 v5 v5 v6 v6 v1 v1 v2 v2 

-1 v5 v5 v6 v6 v1 v1 v2 v2 v3 v3 v4 v4 
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plays an important role to reduce torque ripple in steady state and it is illustrated by (3.7). On 

simplification of (3.4) and from [4] and [32], the expressions of torque and rotor flux can be 

written as: 

 sr

r

m
e

kL

LP
T  

22

3
     (3.8) 

 ss

m

r
r i

L

L
        (3.9) 

where, ψs is stator flux, ψr is rotor flux, Lm is mutual inductance, Lr is rotor inductance. 

and 
m

mrs

L

LLL 2
 ;

r

mrs

L

LLL
k

2
 . 

Performing differentiation for (3.9) with respect to time, the equations can be written as 

dt

d

dt

d

dt

d ss

m

rr i

L

L



      (3.10) 

and  rrs
s

kvk
i

21 j
dt

d


 
    (3.11) 

Here 
m

r

L

L
k


1 and 



1
2 k . 

  From (3.10) and (3.11), the rate of change of stator current depends on the voltage 

applied to stator and speed of rotor flux.  dis/dt is independent of rotor flux so it is maintained 

constant by applying suitable voltage vector. If the rotor flux is kept constant, then torque of 

induction motor is dependent only on stator flux and current. By maintaining low current ripple, 

the ripples in flux and torque can be reduced significantly. 

In the expression of dis/dt, the first component indicates stator voltage vector and the 

second component gives magnitude of back EMF. The back EMF depends on rotor flux speed  

(jk2ψrωr) only while rotor flux is kept constant. The deviation of current ripple with respect to 

variation of operating frequencies is as shown in Figure 3.4. 

For high speed operations, if the flux vector is assumed to be in sector-1, by applying 

v22 torque and flux can be increased. Applying v23 will result in rapid change of load angle so 

that torque can increase but flux will decrease rapidly. Hence, for high speed operation, if the 
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stator flux is in sector-1, then voltage vector v22 should be applied. To decrease torque and flux, 

v31 has to be applied. 

For medium speeds of operation, if flux space vector is in sector-1, then the suitable 

voltage vector applied to increase flux and torque is v9. For medium frequencies v22 should not 

be used; if voltage vector v22 is used for medium frequencies operation then V/f ratio should not 

be maintained constant. By applying v9 voltage vector, the magnitude of voltage applied is low 

when compared with v22 and it also decreases variations in rate of change of stator current 

dis/dt. 

For low speeds of operation, if the flux space vector is in sector-1, then the suitable 

voltage vector applied to increase torque and flux is v2. The voltage vector v2 for low speeds of 

operation maintains: constant V/f ratio, reduced current ripple, constant rotor flux and less flux 

and torque ripple. 
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Figure 3.4 Incremental change in stator current to increase torque and flux: (a) High speeds of operation. (b), (c) 

Medium speeds of operation with large voltage vector, medium voltage vector and (d), (e) Low speeds of 

operation with medium voltage vector, low voltage vector 
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Figure 3.4 illustrates variation of current ripple with respect to high, medium and low 

speed of operation and application of suitable voltage vectors for flux space vector in sector-1. 

Tables 3.3 to 3.5 show the application of suitable voltage vectors with respect to rotor speed to 

maintain lower ripple in flux and torque. Figure 3.5 represents the steps to implement an 

effective voltage switching state algorithm based DTC of OEWIM drive with four-level 

inversion. 

Start

Measure Speed, Vdc, is

Estimate Flux, Torque and 

Angle

Determine Flux error, Torque 

error and Sector

Use Switching State Table 3.5

Determine Flux error, Torque 

error and Sector

Use Switching State Table 3.3

Determine Flux error, Torque 

error and Sector

Use Switching State Table 3.4

if

 ω < 35%ωref 

if

 ω > 35%ωref 

ω < 70%ωref 

if

 ω < 70%ωref 

 

Figure 3.5 Flowchart of DTC of OEWIM with four-level inversion 

3.3 Simulation and Experimental Results 

The proposed DTC algorithms of OEWIM drive are simulated with MATLAB and the 

parameters of OEWIM that used to simulate are given in Table A.1 (Appendix). The simulation 

results are shown for various speeds of operation. The simulation results of OEWIM are shown 

for 80 rad/s, 160 rad/s and 250 rad/s in forward and reverse motoring modes. Figure 3.6 shows 

simulation results of OEWIM drive in forward motoring for classical two-level DTC strategy.  

Figure 3.6 demonstrates speed, torque, flux and phase voltage of OEWIM in forward 

motoring for step change in speeds. Figures 3.6 and 3.7 show classical two-level DTC and 
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proposed four-level DTC algorithms for OEWIM in forward motoring for speeds of 80rad/s, 

160 rad/s and 250 rad/s. From Figures 3.6 and 3.7, it is obvious that the four-level DTC gives 

fewer ripples in torque and flux when compared with two-level DTC and eliminates several 

limitations of classical DTC. From Figure 3.7 it is also clear that the proposed four-level 

inversion operates with specific voltage vectors. In Figure 3.7, for the speed of 80 rad/s 

OEWIM operates with two-level inversion (v1 to v6), whereas 160 rad/s and 250 rad/s operates 

with three-level inversion (v7 to v18) and four-level inversion (v19 to v36) respectively. Figures 

3.8 and 3.9 show simulation results of classical two-level and proposed four-level DTC 

algorithms of OEWIM drive for step change in speed variation of 200 rad/s to -200 rad/s.  

Figures 3.8 and 3.9 describe speed, torque, flux, current and voltage of OEWIM drive 

with two-level and four-level inversion. In Figure 3.9 the proposed DTC algorithm operates 

with 200 rad/s (less than 70 % of rated speed), hence the dual inverter configuration gives 

three-level output voltage. From Figure 3.9 it is observed that the proposed DTC algorithms 

have the same characteristics as that of two-level DTC; when compared to classical DTC the 

proposed DTC gives lower ripple in torque and flux.  

From the mathematical analysis of inverter and control circuit, the proposed algorithm is 

implemented with dSPACE-1104 system by interfacing it with MATLAB/SIMULINK. 

dSPACE-1104 is used to deliver gating signals for inverters. An experiment is conducted on the 

developed hardware to verify the proposed algorithm. 

The experiment was conducted on OEWIM drive to operate at different speeds of 

operation. For convenience the results are shown for three different speeds of operation. For 

high speeds of operation the motor drive was set to operate at 250 rad/s, for medium speeds of 

operation it was set to operate at 160 rad/s and for low speeds of operation it was set to operate 

at 80 rad/s. The rated speed of motor drive is 1440 RPM, so it is approximately 300 rad/s 

(angular frequency in electrical rad/s). The behaviour of motor drive during forward and 

reverse motoring conditions is also exhibited. Figures 3.10 to 3.16 represent experimental 

waveforms of the proposed and DTC of induction motor using four-level and two-level inverter 

configuration. Figures 3.10 and 3.11 represent actual speed versus reference speed of motor 

drive for two-level and the proposed DTC respectively. 
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Figure 3.6 Simulation results of speed, torque, flux and voltage of OEWIM drive with two-level inversion 

 

Figure 3.7  Simulation results of speed, torque, flux and voltage of OEWIM drive with four-level inversion 
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Figure 3.8 Simulation results of OEWIM drive in forward motoring to reverse motoring with two-level inversion 

 

 
Figure 3.9 Simulation results of OEWIM drive in forward motoring to reverse motoring with four-level inversion 
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Figures 3.10(a) and 3.11(a) indicates forward motoring of drive at 80 rad/s, 160 rad/s 

and 250 rad/s for two-level DTC and the proposed DTC. Figures 3.10(b) and 3.11(b) represent 

forward motoring of drive at 250 rad/s, 160 rad/s and 80 rad/s for two-level and proposed DTC. 

Figures 3.10(c) and 3.11(c) indicate speed reversal of motor drive from -80 rad/s to 80 rad/s for 

two-level and proposed DTC. From the experimental results the proposed DTC provides less 

variation from actual speed to reference speed. 

Figures 3.12 and 3.13 represent actual speed and flux of the motor drive in forward and 

reverse motoring conditions. The reference stator flux to motor drive is set at 0.8 Wb. Hence, 

the proposed and two-level DTC operates at 0.8 Wb. Figures 3.12(a) and 3.13(a) indicate actual 

speed and flux of motor drive in forward motoring and the motor drive is set to operate at      

0.8 Wb with variation of speeds at 80 rad/s, 160 rad/s and 250 rad/s for two-level and proposed 

DTC. Figures 3.12(b) and 3.13(b) indicates actual speed and flux of motor drive in reverse 

motoring and motor drive is set to operate at 0.8 Wb with variation of speeds -80 rad/s,              

-160 rad/s and -250 rad/s for two-level and the proposed DTC. Figures 3.12(c) and 3.13(c) 

indicate the actual speed and flux of the motor drive in forward and reverse motoring with 

variations of speeds at 80 rad/s and -80 rad/s for two-level and the proposed DTC.  

From experimental results the proposed four-level DTC gives low flux ripple in forward 

and reverse motoring conditions and the dynamic response of the proposed DTC is better. 

Figures 3.14(a) and 3.15(a) indicates actual speed and electromagnetic torque of motor drive in 

forward motoring with speed variations of 80 rad/s, 160 rad/s and 250 rad/s for two-level and 

the proposed DTC. Figures 3.14(b) and 3.15(b) indicate actual speed and torque of motor drive 

in reverse motoring with variations of speed at  -80 rad/s 160 rad/s and 250 rad/s for two-level 

DTC and proposed DTC. From Figures 3.14 and 3.15, the proposed four-level DTC gives less 

torque ripple in steady-state during forward and reverse motoring modes when compared with 

two-level DTC. Figure 3.16 indicates r-phase voltage, CMV and r-phase current (during loaded 

and no-load) of two-level and the proposed DTC.  
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Figure 3.10 Experimental response of two-level 

DTC: (a) Forward motoring (speed increase). (b) 

Forward motoring (speed decrease) and (c) Variation 

of speed from reverse motoring to forward motoring. 

(red- reference speed and 1 div= 50 rad/s) (blue- 

actual speed and 1 div=50 rad/s) 

 

Figure 3.11 Experimental response of proposed four-

level DTC: (a) Forward motoring (speed increase). 

(b) Forward motoring (speed decrease) and (c) 

Variation of speed from reverse motoring to forward 

motoring. (red- reference speed and 1 div= 50 rad/s) 

(blue- actual speed and 1 div=50 rad/s) 

 

 

 

(a)

(b)

(c)

 

 

 

(a)

(b)

(c)
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Figure 3.12 Experimental response of two-level 

DTC: (a) Actual speed and flux in forward motoring. 

(b) Actual speed and flux in reverse motoring and 

(c) Actual speed and flux during speed reversal. 

(red- flux and 1 div= 0.5 Wb) (blue- actual speed 

and 1 div=50 rad/s) 

 

Figure 3.13 Experimental response of proposed four-

level DTC: (a) Actual speed and flux in forward 

motoring. (b) Actual speed and flux in reverse 

Motoring and (c) Actual speed and flux during speed 

reversal. (red- flux and 1 div= 0.5 Wb) (blue- actual 

speed and 1 div=50 rad/s) 

 

 

 

(a)

(b)

(c)

 

 

 

(a)

(c)

(b)
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Figure 3.14 Experimental response of two-level 

DTC: (a) Actual speed and torque in forward 

motoring and (b) Actual speed and torque in reverse 

motoring (red-torque and 1 div=5 Nm) (blue-speed 

and 1 div=100 rad/s) 

 

Figure 3.15 Experimental response of proposed four-

level DTC: (a) Actual speed and torque in forward 

motoring and (b) Actual speed and torque in reverse 

motoring (red-torque and 1 div=5 Nm) (blue-speed 

and 1 div=100 rad/s) 

 Figures 3.16(a) and 3.16(b) represent r-phase voltage of OEWIM drive at a steady speed 

of 250 rad/s. Figures 3.16(c) and 3.16(d) represent CMV of OEIWM drive at 250 rad/s. Figures 

3.16(e) and 3.16(f) represent r-phase current at a load torque of 14 Nm and 250 rad/s. Figures 

3.16(g) and 3.16(h) present r-phase current of OEIWM drive during no-load condition at a 

steady speed of 300 rad/s. The numerical values of torque, flux ripple are obtained under steady 

state conditions and these are shown in Table 3.6. The torque and flux ripples are calculated by 

considering the sum of the difference between the measured and reference over 200 samples. 

Computation of % torque and flux ripple is given in Appendix-B, (B.1) and (B.2). From Figures 

3.10 to 3.15 it is observed that at high speed (250 rad/s), medium speed (160 rad/s) and low 

speed (80 rad/s), the proposed four-level DTC gives lower flux and torque ripples during 

forward motoring and reverse motoring when compared with two-level DTC of OEWIM drive. 

 

 

(a)

(b)

(a)

(b)
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Figure 3.16 Experimental response of OEWIM drive for two-level (left) and proposed four-level DTC (right): (a), 

(b) R-phase voltage at a speed of 250 rad/s. (c), (d) CMV at a speed of 250 rad/s (1 div = 100V). (e),(f) Speed, 

torque and flux of OEWIM drive at a speed of 250 rad/s and 14 Nm (blue-speed 100 rad/s/div, red-torque 

5Nm/div, green-5A/div) and (g), (h) R-phase current at 300 rad/s under no-load condition (1 div=1A) 

 
(a)

(c) (d)

(b)

(e) (f)

(g) (h)
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Table 3.6 Steady-state torque and flux ripple of OEWIM drive with two-level and four-level inversion 

Speed 

(rad/s) 

2-level inversion 4-level inversion 

Torque ripple  Flux ripple CMV 

(V) 

Torque ripple Flux ripple CMV 

(V) Nm % Wb % Nm % Wb % 

80 3.65 14.91 0.061 6.1 158.12 2.25 9.19 0.048 4.8 81.35 

160 3.3 13.48 0.044 4.4 146.28 2.1 8.57 0.03 3 76.46 

250 3.15 12.86 0.038 3.8 131 1.95 7.96 0.028 2.8 65.48 

3.4 Summary 

In this chapter, an effective voltage switching state algorithm has been implemented for 

a four-level inverter fed direct torque controlled OEWIM drive to reduce torque and flux ripple 

at different operating speed conditions. In this study, the motor drive was tested at various 

speeds and the motor drive was operated in forward and reverse motoring conditions with 

speeds of 80 rad/s, 160 rad/s and 250 rad/s. The proposed DTC can be used in electric vehicles, 

industries, marines, ship propulsion and it can be used for high dynamic performance 

applications. From the experimental results, for all operating speeds the proposed DTC scheme 

reduces flux and torque ripples when compared with classical two-level DTC.  Implementation 

of the proposed DTC is simple and it provides all features of conventional DTC. The proposed 

DTC is also applicable for permanent magnet synchronous motor (PMSM). The application 

part of model predictive control for the proposed DTC is left for future studies. The experiment 

has been carried out using two voltage sensors, two current sensors and a speed encoder while 

the reduction of the number of these sensors is left for future research. 
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Chapter 4 

Predictive Torque Control of Open-end Winding Induction Motor 

Drive Fed with Multi-level Inversion using Two Two-level 

Inverters 

4.1 Introduction 

In the previous chapters, the DTC of OEWIM drive with two, three and four-level 

inversion schemes were illustrated. In DTC of OEWIM drive with multi-level inversion, 

hysteresis controllers are used, it causes variable switching frequency and high ripples in torque 

and flux since the implementation of hysteresis controllers in discrete form is difficult [10]. In 

order to circumvent the problems of DTC, FCS-PTC was found to be an effective alternative to 

DTC [49]-[85]. From the literature, PTC also suffers from variable switching frequency, as well 

as higher ripples in torque and flux. To curtail torque and flux ripples it is better to use duty-

cycle control [65]-[71] or MLI fed induction motor drives [61]-[63], [78], [79]. The multi-level 

inversion with less number of switches can be obtained by using open-end winding 

configuration. These are the motivating factor to implement PTC for OEWIM drive. Dual-

inverter fed OEWIM drive is a better alternative for multi-level inversion schemes. The 

problems involved in the implementation of DTC of OEWIM for multi-level inversion can be 

easily addressed by PTC strategy.  

The intents of this chapter are: implementation of discrete model of OEWIM drive, 

mathematical model of dual inverter configuration, formulation of switching states along with 

their space vector locations and their classification. In this chapter, OEWIM drive is 

programmed to operate with two-level and multi-level inversion. Hence, in this chapter, 

OEWIM drive is operated with two, three and four-level inversion schemes by classifying 

voltage vectors according to operating speed. The computational burden can be reduced by 

classifying the voltage vectors. A comparative study has been carried out on torque ripple for 

different inversion schemes. The proposed algorithms are implemented using dSPACE DS-

1104 control board and the experimental results are compared with simulation results. 



 

72 

4.2 Discrete Model of Dual Inverter fed OEWIM Drive 

The configuration of OEWIM to obtain multi-level inversion is shown in Figure 4.1. In 

the power circuit, by operating two inverters with equal DC-link voltages (x=y=1/2), it is easy 

to obtain two and three level output voltages, whereas by operating the two inverters in the ratio 

of 2:1 (x=2/3; y=1/3), four-level output voltage can be obtained [12]. To obtain four-level 

inversion, Inverter-1 is operated with a voltage of (2Vdc / 3) and Inverter-2 is operated with a 

voltage of (Vdc / 3). The two inverters are operated with isolated DC sources and the net voltage 

at the terminals of OEWIM is a function of Vdc, and it is given by „Vdc = xVdc+yVdc‟. In Figure 

4.2(a) and 4.2(b), (1-8) represent voltage space vectors of Inverter-1 and (1'-8') represent 

voltage space vectors of Inverter-2. The voltage space vectors of Inverter-1 and Inverter-2 for 

equal DC-link voltage are shown in Figure 4.2(a) (two and three-level inversion), whereas 

Figure 4.2(b) represents voltage space vectors for unequal DC-link voltage (four-level 

inversion). Two-level VSI develops „8‟ switching states, the combination of two inverters 

develops (8Х8) space vector locations. Out of these 64 voltage space vector locations, 37 active 

voltage vectors are obtained for four-level inversion. The location of active voltage vectors for 

two, three and four-level inversion are shown in Figure 4.5. 
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Figure 4.1 Power circuit diagram of OEWIM drive for multi-level inversion 

The pole voltages of Inverter-1 are named as Vro, Vyo and Vbo. The pole voltages of 

Inverter-2 are named as Vr'o', Vy'o' and Vb'o' and the pole voltages are measured with respect to 

points o and o'. The pole voltage of Inverter-1 „Vro‟ assumes xVdc/2 or –xVdc/2, similarly the 
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pole voltage of Inverter-2 „Vr'o'‟ is yVdc/2 or –yVdc/2 [12]. The phase voltages of OEWIM are 

obtained from the common mode voltage and difference of pole voltages. 
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The resultant pole voltages of dual inverter are given by (4.3). Pole voltages of Inverter-1 are 

given by (4.1) and pole voltages of Inverter-2 are given by (4.2). In (4.1) and (4.2), if Sr to Sb' 

=1 then the top switch of the respective leg is ON similarly when Sr to Sb' =0 the bottom switch 

of the respective leg is ON. 
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Figure 4.2 Location of space vectors for Inverter-1 and Inverter-2 (a) for two and three-level inversion (b) For 

four-level inversion 
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CMV of OEWIM is given by (4.4) and it is obtained from resultant pole voltages. 
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The phase voltages of OEWIM were obtained by taking the difference between resultant pole 

voltages and the common-mode voltage. The phase voltages of OEWIM are given by (4.5) 
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From (4.5), the simplified inverter model in terms of pole voltages of Inverter-1 and Inverter-2 

can be written as (4.6) 
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4.2.1 Discretized Model of OEWIM drive 

Discrete model of OEWIM is implemented in stationary reference frame and is shown in 

Figure 4.3. Stator and rotor voltages of OEWIM in stationary reference frames are given by 

(4.7) and (4.8). The voltage equations of stator and rotor are obtained by applying abc-αβ 

transformation [3]. 
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where: p is d/dt, 

Flux linkages of stator and rotor are given by (4.9) and (4.10); (4.11) represents magnitude of 

stator flux space vector [49].   
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Figure 4.3 CMV model and OEWIM configuration in stationary reference frames 
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Torque of OEWIM is given by (4.12),  
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Speed of OEWIM is obtained from state-space model (4.13) 
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4.3 Proposed FCS-PTC strategy 

The block diagram of the proposed PTC is shown in Figure 4.4. For an induction motor, 

stator flux and electromagnetic torque can be varied by choosing proper voltage vector. The 

voltage vector should vary the magnitude of torque and flux either to increase or to decrease 

with the help of angle between stator flux and stator current. In PTC the same principle of DTC 

is used. In PTC the future values of stator flux and torque are predicted. The predicted torque 

and flux are compared with the reference torque and flux by using cost function. The cost 

function is evaluated for all possible switching states of the inverter configuration. The 

switching state which gives minimum value of cost function is considered to be an optimal 

switching state and it is applied to inverter in the sequential control interval. 
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Figure 4.4 Block diagram of proposed predictive torque control of OEWIM drive fed with multi-level inversion 

In this chapter PTC algorithm for OEWIM drive has been divided into three modes 

based on output voltage from the inverter, Mode-1: two-level output voltage, Mode-2: three-

level output voltage and Mode-3: Four-level output voltage. DTC of OEWIM drive with two-

level output voltage and the switching states of inverter is described in chapter-2. The voltage 

space vectors of OEWIM inverter for multi-level inversion can be determined using (4.14), 

(4.15) and (4.16). 

The resultant voltage space vector (4.16) is obtained by using (4.14) and (4.15). The 

output voltage of Inverter-1 is given by (14), whereas (15) gives output voltage of Inverter-2. 
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In (4.16), vs1 indicates voltage space vector of Inverter-1, vs2 indicates voltage space 

vector of Inverter-2 and vs indicates resultant voltage space vector of dual-inverter. Table 4.1 

depicts switching states of OEWIM drive for two-level inversion, whereas Tables 4.2 and 4.3 

show switching states and realization of space vectors for three and four-level inversion 

configuration.  
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Voltage space vectors are obtained from the switching states of Inverter-1 and Inverter-

2. If Inverter-1 and Inverter-2 are operated with equal DC link voltages (i.e. x=y=1/2), then it 

gives two-level (6 active space vector locations) and three-level (18 active space vector 

locations) output voltage, whereas four-level output voltage can be obtained by operating 

inverters of unequal DC link voltages (i.e. x=2/3 ; y=1/3). In switching tables „1‟ indicates that 

the upper switch in respective leg is ON whereas „0‟ indicates that the lower switch is „ON‟. 

Based on switching states of Inverter-1 and Inverter-2 shown in Tables 4.1, 4.2 and 4.3, the 

locations of voltage space vectors are shown in Figure 4.5(a), 4.5(b) and 4.5(c) for two-level, 

three-level and four-level inversion are obtained.  

The classical DTC of induction motor requires three-level torque hysteresis controller; if 

it is desired to operate the induction motor for more than two-level inversion then it requires 

multi-level hysteresis controllers and modifications of look-up table which this is tedious. To 

circumvent this problem and also to operate induction motor with multi-level inversion, 

OEWIM drive is a better alternative to meet the features of ASDs. In the proposed PTC 

strategy, the voltage space vector locations are classified into various groups. In case of two-

level inversion mode there are 6 active vector locations, while the computational burden 

involved in this mode is less when compared to three and four-level inversion mode.  

In three-level inversion mode, the active voltage space vector has 18 locations wherein 

locations v1 to v6 are used for speeds less than 50% of rated speed. The active vector locations 

v7 to v18 are used for speeds for more than 50% of rated speed.  

In four-level inversion, the active voltage space vector has 36 locations where locations 

v1 to v6 are used for speeds less than 35% of rated speed, locations v7 to v18 are used for speeds 

between 35% of rated speed to 70% of rated speed and locations v19 to v36 are used for speeds 

more than 70% of rated speed. For multi-level inversion, PTC involves large computational 

burden; to handle this problem, voltage space vector is classified into various categories. Once 

the switching states and their realizations are calculated, it is easy to predict torque and flux of 

OEWIM. 
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Table 4.1 Realization of active voltage space vectors for two-level inversion 

Inverter-1 Inverter-2 Space Vector Realization CMV 

Sr Sy Sb Sr' Sy' Sb' vs Complex Form Vc 

0 0 0 0 0 0 v0 0 0 

1 0 0 0 1 1 v1 Vdc(0.667) -Vdc/6 

1 1 0 0 0 1 v2 Vdc(0.333+0.577i) Vdc/6 

0 1 0 1 0 1 v3 Vdc(-0.33+0.577i) -Vdc/6 

0 1 1 1 0 0 v4 Vdc(-0.667) Vdc/6 

0 0 1 1 1 0 v5 Vdc(-0.33-0.577i) -Vdc/6 

1 0 1 0 1 0 v6 Vdc(0.333-0.577i) Vdc/6 

Table 4.2 Realization of active voltage space vectors for three-level inversion 

Inverter-1 Inverter-2 Space Vector Realization CMV 

Sr Sy Sb Sr' Sy' Sb' vs Complex Form Vc 

1 1 0 1 1 0 v0 0 0 

1 1 0 0 1 0 v1 Vdc(0.333) Vdc/6 

0 1 0 0 1 1 v2 Vdc(0.167-0.287i) -Vdc/6 

0 1 1 0 0 1 v3 Vdc(-0.167+0.28i) Vdc/6 

0 0 1 1 0 1 v4 Vdc(-0.333) -Vdc/6 

1 0 1 1 0 0 v5 Vdc(-0.167-0.28i) Vdc/6 

1 0 0 1 1 0 v6 Vdc(0.167-0.287i) -Vdc/6 

1 0 0 0 1 1 v7 Vdc(0.667) -Vdc/6 

1 1 0 0 1 1 v8 Vdc(0.5-0.287i) 0 

1 1 0 0 0 1 v9 Vdc(0.333+0.577i) Vdc/6 

0 1 0 0 0 1 v10 Vdc(0.577) 0 

0 1 0 1 0 1 v11 Vdc(-0.33+0.577i) -Vdc/6 

0 1 1 1 0 1 v12 Vdc(-0.5+0.287i) 0 

0 1 1 1 0 0 v13 Vdc(-0.667) Vdc/6 

0 0 1 1 0 0 v14 Vdc(0.333-0.577i) 0 

0 0 1 1 1 0 v15 Vdc(-0.33-0.577i) -Vdc/6 

1 0 1 1 1 0 v16 Vdc(-0.577i) 0 

1 0 1 0 1 0 v17 Vdc(0.333-0.577i) Vdc/6 

1 0 0 0 1 0 v18 Vdc(0.5-0.287i) 0 

4.3.1 Prediction Algorithm  

The concept of PTC depends on measurements, estimation and prediction of behaviour 

of the OEWIM in the next control cycle. In the previous section, discrete model of OEWIM is 

shown in stationary reference frames at k
th

 instant, for prediction of torque and flux at (k+1) 

instant, it require speed and current measurements. If currents are measured then by using stator 

voltage flux linkages of stator (4.17) can be estimated. The stator flux of OEWIM drive is 
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estimated by sensing DC-link voltages of Inverter-1 and inverter-2. The effective DC-link 

voltage is given by Vdc=x Vdc+yVdc. 

Table 4.3 Realization of active voltage vectors for four-level inversion 

Inverter-1 Inverter-2 Space Vector Realization CMV 

Sr Sy Sb Sr' Sy' Sb' vs Complex Form Vc 

0 0 0 0 0 0 v0 0 -Vdc/6 

1 0 0 1 0 0 v1 Vdc(0.222) -Vdc/18 

1 1 0 1 1 0 v2 Vdc(0.11+0.193i) Vdc/18 

0 1 0 0 1 0 v3 Vdc(-0.11+0.19i) -Vdc/18 

0 1 1 0 1 1 v4 Vdc(-0.222) Vdc/18 

0 0 1 0 0 1 v5 Vdc(-0.11-0.193i) -Vdc/18 

1 0 1 1 0 1 v6 Vdc(0.11-0.193i) Vdc/18 

1 0 0 1 1 1 v7 Vdc(0.444) -Vdc/6 

1 0 0 1 0 1 v8 Vdc(0.33+0.193i) -Vdc/6 

1 1 0 1 1 1 v9 Vdc(0.22+0.385i) Vdc/18 

0 1 0 0 1 1 v10 Vdc(0.385i) -Vdc/6 

0 1 0 1 1 1 v11 Vdc(-0.22+0.38i) -Vdc/6 

0 1 0 1 1 0 v12 Vdc(-0.33+0.19i) -Vdc/6 

0 1 1 1 1 1 v13 Vdc(-0.444) Vdc/18 

0 0 1 1 0 1 v14 Vdc(-0.33-0.193i) -Vdc/6 

0 0 1 1 1 1 v15 Vdc(-0.22-0.385i) -Vdc/6 

0 0 1 0 1 1 v16 Vdc(-0.385i) -Vdc/6 

1 0 1 1 1 1 v17 Vdc(0.22-0.385i) Vdc/18 

1 0 0 1 1 0 v18 Vdc(0.33-0.193i) -Vdc/6 

1 0 0 0 1 1 v19 Vdc(0.667)  -Vdc/6 

1 0 0 0 0 1 v20 Vdc(0.55+0.193i) -Vdc/18 

1 1 0 0 1 1 v21 Vdc(0.44+0.385i) Vdc/18 

1 1 0 0 0 1 v22 Vdc(0.33+0.577i) Vdc/6 

1 1 0 1 0 1 v23 Vdc(0.11+0.577i) Vdc/18 

0 1 0 0 0 1 v24 Vdc(-0.11+0.57i) -Vdc/18 

0 1 0 1 0 1 v25 Vdc(-0.33+0.57i) -Vdc/6 

0 1 0 1 0 0 v26 Vdc(-0.44+0.38i) -Vdc/18 

0 1 1 1 0 1 v27 Vdc(-0.55+0.19i) Vdc/18 

0 1 1 1 0 0 v28 Vdc(-0.667) Vdc/6 

0 1 1 1 1 0 v29 Vdc(-0.55-0.19i) Vdc/18 

0 0 1 1 0 0 v30 Vdc(-0.44-0.38i) -Vdc/18 

0 0 1 1 1 0 v31 Vdc(-0.33-0.57i) -Vdc/6 

0 0 1 0 1 0 v32 Vdc(-0.11-0.577i) -Vdc/18 

1 0 1 1 1 0 v33 Vdc(0.11-0.577i) Vdc/18 

1 0 1 0 1 0 v34 Vdc(0.33-0.577i) Vdc/6 

1 0 1 0 1 1 v35 Vdc(0.44-0.385i) Vdc/18 

1 0 0 0 1 0 v36 Vdc(0.55-0.193i) -Vdc/18 
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Figure 4.5 Voltage space vectors of dual inverter configuration: (a) Two-level inversion. (b) Three-level inversion 

and (c) Four-level inversion 
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The effective DC-link voltage has two functions: (i) It is used for the realisation of 

voltage space vectors in control algorithm and (ii) To estimate the phase voltages of OEWIM 

drive. From the total DC-link voltage, the phase voltages of OEWIM drive are estimated by 

using (4.4)-(4.9). vsα(k) and vsβ(k) are obtained by applying Clarke‟s transformation to phase 

voltages (Vrr', Vyy' and Vbb'). The stator flux of OEWIM drive is obtained by using (4.17) and 

(4.18). 

The predicted values of torque and flux are obtained from the measurements and 

estimations at k
th

 instant. 
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The predictions of torque and flux are developed by using forward Euler‟s approach [52] and it 

is shown in (4.19). 
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Therefore from (4.19) the next state can be predicted as: 
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From (4.19) and (4.20): 

 
 

 
 

 
 

 
 

ms

s

ms

s
s

ms

s
s

ms

s

k

k

ki

ki
R

kv

kv
T

k

k














































































1

1
  (4.21) 

 
 

 
 

 
 

 
 

 
 

 
  



































































ms

s

ms

s

ms

s

ms

s

ms

s

ms

s

kV

kV
F

ki

ki
D

k

k
B

ki

ki
E

k

k
AC

ki

ki
p
































(4.22) 

Stator current can be predicted from (4.22) and it is given by: 
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v1, v2….. v36], Ts is sample time, m  indicates speed in mechanical rad/sec and e  indicates 

speed in electrical rad/sec. 

4.3.2 Formulation of Cost Function 

To obtain the switching states of inverter, optimization of cost function (g) is required. 

The pre-requisites of cost function are common-mode voltage (Vc), stator flux reference (ψsref), 

predicted values of stator flux (ψs(k+1)), torque reference (Tref) and predicted value of 

electromagnetic torque (Te(k+1)). The cost function of the proposed PTC is shown in (4.25). 

    cnssreferefT VkkTTg    11   (4.25) 

The cost function (4.25) should be verified for all active voltage space vectors of 

OEWIM drive configuration. The optimization of cost function is in such a way that the 

selected stator voltage vector can produce fewer ripples in torque, flux and less CMV. In (4.25), 

T ,  and n are weighting factors of torque, flux and CMV. The weighting factors used for 

simulation and experiment are T  =1,  =75 and n = 0.01. The branch and bound algorithm 

is used to determine weighting factors and they are obtained from several offline simulations. 

The procedure to find weighting factors for CMV and stator flux is reported in [75] and [76]. In 

[75], the procedure to select stator flux weighting factor and its effect on the performance of 

induction motor drive was presented. The selection of weighting factor for CMV and its 

influence on current is reported in [76]. The steps to develop PTC of OEWIM with four-level 

inversion are shown in Figure 4.6. 

4.4 Simulation and Experimental Results 

To verify the effectiveness of the proposed PTC strategies of OEWIM shown in    

Figure 4.4, the model was simulated using MATLAB and verified experimentally by using 

dSPACE 1104 control board. VSIs used in OEWIM drive operated with DC link voltages of 

270V and 270V respectively, for two and three-level inversion scheme, therefore the effective 
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DC link voltage was 540V. For four-level inversion, Inverter-1 and Inverter-2 are operated with 

DC link voltages of 360V and 180 V with an effective DC link voltage of 540V.  

To verify the proposed PTC algorithms, the OEWIM drive is programmed to operate at 

various speeds; in the interest of brevity, the simulation and experimental results are shown for 

100 rad/s, 200 rad/s and 250 rad/s in both forward and reverse motoring modes. The parameters 

of OEWIM drive used for verification of experimental response are given in Table A.1 

(Appendix).  The test bench used for verification of the proposed algorithms is described in 

Appendix-A. The focus of this chapter is to develop PTC for OEWIM drive with equal and 

unequal DC link voltages and also to show the simulation and experimental response for three 

inversion schemes. 

Start
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Predict ψs(k+1), is(k+1), Te(k+1) 
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Figure 4.6 Flowchart of PTC of OEWIM with four-level inversion 
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It is well known that by operating induction motor drives with multi-level output 

voltages, the torque ripple and flux ripple decreases. To show comparison between two-level, 

three-level and four-level inversion schemes with PTC, an algorithm is presented with 

simulation and experimental results. OEWIM was tested under no-load condition; therefore the 

reference torque is zero in steady state condition and nominal/reference flux is 1 Wb. Torque 

ripple and flux ripple is estimated from the deviation of actual values of torque (4.12) and flux 

(4.11) with respect to reference torque and flux. 

Figures 4.7 to 4.12 show simulated and experimental response of OEWIM drive at 

various speeds. The step change of speed response from 100 rad/s, 200 rad/s and 250 rad/s are 

shown in Figure 4.7 for two-level, three-level and four-level inversion respectively in forward 

motoring. From Figure 4.7, it can be observed that, if motor drive is operating with multi-level 

output voltage fed by inverter, it gives reduced ripple in torque and flux. 

Figure 4.8 shows simulated and experimental response of OEWIM drive in reverse 

motoring mode for step change in speed. Figure 4.8 gives variation of torque and flux ripple for 

different output voltage levels of inverter and it gives higher ripple in torque and flux at             

-100 rad/s; as the speed of the motor drive increases, the input voltage to its stator terminals 

may increases and gives reduced ripple in torque and flux at -200 rad/s and -250 rad/s.       

Figure 4.8(a), is simulated and the experimental response of OEWIM drive in reverse motoring 

for two-level inversion is shown whereas Figures 4.8(b) and 4.8(c) represent simulated and 

experimental response of OEWIM for three-level and four-level inversion. 

Simulated and experimental response of speed, torque and flux of OEWIM drive for a 

step change of 200 rad/s to -200 rad/s are shown in Figure 4.9, for two, three and four-level 

inversion respectively. Figure 4.10 shows simulated and experimental response of speed, 

current and voltage of OEWIM drive in forward motoring at a speed of 250 rad/s. Figure 4.11 

shows simulated and experimental response of speed, voltage and CMV of OEWIM drive at a 

speed of 200 rad/s. Figure 4.12 illustrates r-phase current of OEWIM drive at a load torque of 

14 Nm and flux loci of OEWIM for two, three and four-level inversion respectively. 
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Figure 4.7 Speed, torque and flux in forward motoring of OEWIM drive for 100 rad/s, 200 rad/s and 250 rad/s. (a) 

Simulated and experimental response for two-level inversion. (b) Simulated and experimental response for three-

level inversion. (c) Simulated and experimental response for four-level inversion 

 

 

Figure 4.8 Speed, torque and flux in reverse motoring of OEWIM drive for -100 rad/s, -200 rad/s and -250 rad/s: 

(a) Simulated response and experimental response for two-level inversion. (b) Simulated and experimental 

response of three level inversion and (c) Simulated and experimental response for four-level inversion 
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Figure 4.9 Speed, torque and flux in forward to reverse motoring of OEWIM drive for 200 rad/s to -200 rad/s: (a) 

Simulated and experimental response for two-level inversion. (b) Simulated and experimental response for three -

level inversion and (c) Simulated and experimental response for four -level inversion 

 

 

Figure 4.10 Speed, current and voltage of OEWIM drive: (a) Simulated and experimental response for two-level 

inversion. (b) Simulated and experimental response for three-level inversion and (c) Simulated and experimental 

response for four-level inversion 
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Figure 4.11 Speed, voltage and common-mode voltage of OEWIM drive: (a) Simulated and experimental response 

for two-level inversion. (b) Simulated and experimental response for three-level inversion and (c) Simulated and 

experimental response for four-level inversion 

 

Figure 4.12 Speed, torque, phase-current and flux locus of OEWIM drive for (a) Two-level (b) Three-level and (c) 

Four-level inversion respectively 

From Figure 4.9, torque and flux ripple reduces for four-level inversion when compared 

with two and three-level inversion. Figure 4.9 also illustrates the settling time required for four-

level inversion is less when compared to two and three-level inversion. Figure 4.10(a) gives 

simulated and experimental response of OEWIM drive for a speed of 250 rad/s in forward 

motoring for two-level inversion, whereas Figures 4.10(b) and 4.10(c) represent simulated and 

experimental response of OEWIM drive for a speed of 250 rad/s in forward motoring for three 
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and four-level inversion respectively. Figure 4.11(a) shows speed, voltage and common mode 

voltage of OEWIM drive for a speed of 200 rad/s in forward motoring for two-level inversion 

whereas Figures 4.11(b) and 4.11(c) represent simulated and experimental response for three 

and four-level inversion schemes. 

From Figure 4.11 it is evident that by operating OEWIM with three and four-level 

inversion, CMV can be reduced. In the cost function of the proposed algorithm, the CMV is 

added, by adding this term into cost function the switching states are chosen accordingly for 

minimum values of CMV. Therefore the effect of CMV is reduced from two-level inversion to 

four-level inversion. 

From Figure 4.7 to Figure 4.9, it is clear that the torque and flux ripples decrease by 

using multi-level inversion scheme. To reduce the computational burden on the controller, the 

voltage vectors have been classified into different groups, whereas for two-level inversion or in 

the case of classical PTC, there are 6 active voltage vectors and a null vector. Therefore for 

two-level inversion and classical PTC, the 6 active voltage vectors are applied for all speed 

ranges whereas in the proposed three-level and four-level inversion schemes, the voltage 

vectors are classified to operate based on input reference speed; therefore classification of 

active voltage vectors not only reduces torque and flux ripple but also affects the computational 

burden of the controller.  

Flux locus is obtained by estimating α-axis and β-axis flux with simple flux observer. 

By integrating (4.17), the real and imaginary components of the flux are estimated. From Figure 

4.12(c), flux ripple is low when compared to two and three-level inversion. The peak-peak 

variations in steady-state torque and flux ripple of OEWIM drive for various speeds of 

operation is listed in Table 4.4. Computation of % torque and flux ripple (peak to peak 

variation) is given in Appendix-B, (B.3) and (B.4). The proposed PTC algorithms develop 

lower ripple in torque and flux when compared with classical DTC for OEWIM configuration. 
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Table 4.4 Experimental steady-state torque and flux ripple of OEWIM drive for different operating speeds 

Control 

Algorithm 

Speed 

(rad/s) 

2-level Inversion 3-level Inversion 4-level Inversion 

Torque 

ripple 

Flux 

ripple 

Torque 

ripple 
Flux ripple 

Torque 

ripple 

Flux 

ripple 

Nm % Wb % Nm % Wb % Nm % Wb % 

DTC 

100 

4.5 18.38 0.057 5.7 4.1 16.74 0.048 4.8 3.4 13.8 0.038 3.8 

Proposed 

PTC 
3.8 15.52 0.032 3.2 3.2 13.07 0.028 2.8 2.8 11.4 0.025 2.5 

DTC 

200 

3.3 13.48 0.045 4.5 3 12.25 0.038 3.8 2.8 11.4 0.03 3 

Proposed 

PTC 
2.8 11.43 0.02 2 2.5 10.21 0.018 1.8 2 8.16 0.016 1.6 

DTC 

250 

2.5 10.21 0.035 3.5 2.25 9.19 0.028 2.8 1.85 7.55 0.025 2.5 

Proposed 

PTC 
2 8.16 0.013 1.3 1.75 7.14 0.0125 1.25 1.4 5.71 0.01 1 

4.5 Summary 

This chapter develops the scheme of PTC for OEWIM drive using equal and unequal 

DC link voltages. It clearly describes implementation, mathematical modelling and analysis of 

PTC and the impact of classification of voltage vectors on speed, torque and flux. To reduce 

complexity and computational burden one step ahead prediction (prediction horizon N=1) is 

performed. The proposed algorithms are simple and extendable for more than four-level 

inversion by replacing two-level inverters with three-level NPC inverter. For three-level and 

four-level inversion the computational burden is high; the burden can be reduced by classifying 

the voltage vectors. By using OEWIM drive it is easy to implement PTC with reduced torque 

and flux ripples for multi-level inversion. The simulation and experimental results show the 

effectiveness of the proposed PTC algorithms and gives better steady-state response for multi-

level inversion. In this chapter PTC of OEWIM drive is presented to show for two, three and 

four-level inversion schemes. The voltage vectors used in this chapter will provide minimum 

CMV; hence the CMV involved in the four-level inversion of OEWIM drive is much less when 

compared with two and three-level inversion. 
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Chapter 5 

Improved Predictive Torque Control Strategies for an Open-end 

Winding Induction Motor Drive fed with Four-level Inversion 

5.1 Introduction 

In the previous chapter, PTC of OEWIM drive was introduced with two, three and four-

level inversion. The formulation of cost function in PTC is always chosen to track reference in 

classical PTC, whereas in the present trends, in addition to torque and flux control, reduction of 

CMV and balancing of neutral voltage potential are added in cost function for MLI fed 

induction motor drives [49]-[55]. The minimization of cost function is achieved by tuning the 

weighting factors involved in the cost function. There is no particular method to select the 

weighting factors; some of them use branch and bound algorithm to select the weighting factors 

[49], [53]-[57], [60]-[64]. In [49], the selection of flux weighting factor is given by the ratio of 

rated torque and flux; for real-time implementation further tuning is required. Multi-objective 

ranking based PTC algorithm was implemented to eliminate weighting factor selection [73], but 

it involves large computations when compared to classical PTC. In [74], weighting factors was 

eliminated by converting torque and flux reference into equivalent flux space phasor. In [82], 

the weighting factors of cost function are chosen by heuristic methods.  

Based on the literature, the challenges in FCS-PTC are: variable switching frequency, 

tedious tuning of weighting factors and higher ripples in torque and flux. In order to overcome 

these limitations duty-cycle control, dead-beat control and MLI fed induction motor drives are 

implemented. In this chapter, an attempt is made to eliminate weighting factors, reduce 

switching frequency, torque and flux ripples by using MLI fed OEWIM configuration. 

From the previous chapter and literature, it is identified that PTC requires tuning of 

weighting factors. The tuning of weighting factors is quite cumbersome, when compared with 

the tuning of PI controller [49], [79]. In order to tune weighting factors several off-line 

simulations are performed and the switching frequency involved in the implementation of PTC 

is very high when compared with DTC strategy. In order to address these two problems, this 
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chapter proposed a PTC algorithm with modified cost function and the tuning of weighting 

factors is simplified with the help of normalized weighted sum model (WSM), in addition, this 

chapter also proposed a simplified weighting factor eliminated PTC for the OEWIM drive.  

In this chapter, four-level inversion is used to operate OEWIM drive; hence the cost 

function is evaluated for all 37 voltage space vector locations of dual inverter configuration. 

The switching frequency of dual inverter configuration is controlled by introducing an 

additional term into the cost function. In classical PTC, the switching frequency control is quite 

difficult and various methods are introduced to control switching frequency [66]-[69], [85]. The 

classical PTC uses torque and flux errors in cost function and hence it cannot control switching 

frequency. If it is required to add the other control objectives (constraints) into the cost 

function, then the tuning of multiple weighting factors is unavoidable.  

 In this chapter a simplified switching frequency control algorithm is used instead of 

complex control strategies [66]-[69], [78], [85]. The control algorithm is implemented by using 

difference of voltage space vector applied in the previous control cycle and the voltage space 

vector in the present control cycle. To simplify the selection of weighting factors and also to 

minimize multi-objective cost function one of the multi-criterion decision making algorithms is 

used. The WSM is a multi-criteria decision making algorithm and it is easy to implement [87], 

[88].  

 This chapter also proposed, a simplified weighting factor eliminated PTC strategy for 

the OEWIM drive. The weighting factor elimination is obtained by splitting the cost function 

into two individual functions. Cost function-I comprise flux control; the optimization of cost 

function gives a set of voltage space vectors, the voltage vectors obtained from the optimization 

of cost function are used in cost function-II. Cost function-II comprises torque control as an 

objective and the optimization of cost function-II gives optimum voltage vector to control 

torque and flux of OEWIM drive. The effectiveness of the proposed PTC algorithms was 

verified by implementing it with MATLAB/SIMULINK and experimentation. The 

experimentation was carried by implementing the proposed algorithms with dSPACE DS-1104 

controller. 
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5.2 Classical FCS-PTC of OEWIM 

Classical FCS-PTC of OEWIM can be implemented by using the following steps:        

(i) Implementing the dynamic model of VSI to identify all possible switching states (ii) 

Implementing discrete model of OEWIM to identify control variables (iii) Measuring the 

variables (speed and current) required for prediction (iv) Estimating the non-measurable 

variables (flux and torque) at k
th

 instant (v) Predicting the control variables for all possible 

switching combinations (vi) Implementing the cost function and (vii) Minimizing cost function 

to generate switching pulses. The flowchart to develop classical PTC of OEWIM drive is 

shown in Figure 5.1. 

5.2.1 Prediction of Control Variables 

The control variables in classical PTC are torque and flux. To predict control variables, 

forward Euler method (5.1) and (5.2) are used. The control variables are predicted for 37 

possible space vector locations of OEWIM drive are given in Table 4.3. The state-space model 

of OEWIM drive is used to predict torque and flux of OEWIM by predicting stator current. 
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The state-space equations of stator flux are obtained by using (4.9),  
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From (5.3), stator flux can be predicted as follows: 
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The simplified state-space equations of stator current are derived from (4.22)-(4.23).  
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Stator currents can be predicted from (5.5) and it is given by 
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If stator flux and current equations are known, then it is easy to predict torque of OEWIM 

          msmsmsmsm kikkik
P

kT 1111
22

3
1      (5.7) 

From (5.4), the magnitude of predicted stator flux is given by 
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m=[v0, v1, v2….. v36], Ts is sample time, m  indicates angular speed in mechanical rad/sec and 

e  indicates angular speed in electrical rad/s. 

5.2.2 Formulation of Cost Function 

In classical PTC, the cost function (g) comprises torque and flux control terms. The 

selection of switching states is made by minimization of cost function. The cost function is used 

to meet control law. In classical PTC, control law is defined to reduce torque ripple and flux 

ripple. The cost function is given by 

     mssrefmeref kwkTTwg 11 21       (5.9) 

Cost function of classical PTC consists of two parts. The first part is to reduce the 

torque error and second part of cost function is to minimize the flux error. In (5.9), w1 and w2 

indicate weighting factors of torque and stator flux respectively.  

The selection of w1, w2 plays a vital role on the performance of OEWIM. Initially w1 

and w2 is taken as fixed value whereas for real time implementation tuning of w1 and w2 is 

required. Tuning of weighting factors is a cumbersome and tedious process.  

Minimization of cost function is evaluated for all possible space vector combinations of 

the inverter. The switching frequency required in classical PTC is very high. In power 

converters, switching frequency is an effective measure of switching losses. As switching 
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frequency increases, number of commutations of power switches increase. To limit the number 

of commutations, switching frequency has to be reduced. In order to reduce the torque and flux 

ripples, multi-level inversion is used. The switching frequency is reduced by modifying cost 

function. This study uses normalized WSM to provide the same performance of classical PTC 

along with reduction of switching frequency and an attempt to reduce tedious tuning process of 

weighting factors. 

Start

Measure Speed, Vdc, is(k)

Estimate ψs(k)

Predict ψs(k+1), is(k+1), Te(k+1) 

Formulate cost function (g)

for i=1 to 37

Evaluate cost function (g)

if

i=37 

Select voltage vector for which the cost 

function is minimum

Yes

No

 

Figure 5.1 Flowchart of classical PTC of OEWIM with four-level inversion 
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5.3 PTC of OEWIM using Normalized Weighted Sum Model 

The block diagram of the proposed PTC strategy is shown in Figure 5.2. In classical 

PTC cost function comprises only two control variables. For multi-level inversion, the number 

of switches is more, which increases commutations and causes switching losses. In order to 

reduce the switching frequency, cost function is reframed with three control objectives. The 

proposed PTC algorithm is implemented by considering multi-objective cost function. If the 

cost function consists of multiple control objectives then it is obvious to find weighting factors 

associated with each and every individual control objective and the tuning of these weighting 

factors becomes unavoidable. This chapter uses a multi-criteria decision making algorithm to 

simplify the selection of weighting factors by using normalized WSM as shown in Figure 5.3. 
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Figure 5.2 Block diagram of proposed PTC of OEWIM using normalized WSM 

5.3.1 Implementation of Normalised WSM 

The selection of weighting factor affects the performance of OEWIM drive. If the cost 

function comprises more than two control variables, then the selection of weighting factors is 

complicated. In the proposed PTC algorithm, the cost function comprises of three control 

objectives. The steps involved to implement proposed PTC are given below: 

 Generate decision matrix using control objectives. 

 Normalize the decision matrix. 

 Obtain weighted normalized decision matrix. 

 Determine the optimum voltage vector to meet control objective. 
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Start

Measure Speed, Vdc, is(k)

Estimate ψs(k)

Predict ψs(k+1), is(k+1), Te(k+1) 

Divide cost function into (G1, G2 and 

G3)

for i=1 to 37

Perform Normalization (N1, N2 and 

N3)

if

i=37 

Select voltage vector for which the cost 

function is minimum

Yes

No

Formulate cost function (G) by using 

WSM model

Evaluate Cost function G

 

Figure 5.3 Flowchart of  proposed NWSM model based PTC of OEWIM drive with four-level inversion 
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In classical PTC, single cost function is used, whereas in the proposed PTC multi-

objective cost function is developed by separating it into individual cost functions. The control 

objectives used in the proposed PTC algorithm are given by (5.10) - (5.12).  

    merefm kTTG 11        (5.10) 
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and       msms
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m kvkv
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G 1

1
3       (5.12) 

Four-level inverter fed OEWIM drive has 37 possible space vector locations (switching 

states). The decision matrix is developed to reduce torque ripple (5.10), flux ripple (5.11) and 

switching frequency reduction (5.12). The decision matrix is shown below. The switching 

frequency of an inverter depends on the control effort involved to optimize the cost function. 

By reducing the control effort, it is possible to reduce the switching frequency. In general, the 

control effort is associated with voltage variations, current variations or switching losses. 

In this chapter, the switching frequency of dual inverter configuration is controlled by 

reducing the number of voltage transitions.  

   
mm GGGD 321      (5.13) 

Normalized decision matrices are obtained from (5.13) and it is given by 
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By normalizing the control objectives (5.10) to (5.12), their range is converted to exist in the 

range of 0 to1. 

With the help of normalized decision matrix, the cost function can be formulated by 

using weighted sum model (WSM) and is given by 

       
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3
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where, w1=w2=w3= 1/3. The weighting factors used in proposed PTC are fixed quantities; hence 

the tedious tuning process is eliminated. Evaluation of cost function by using normalized 

weighted sum model for one sample period is shown in Table 5.1. In Table 5.1, vs is voltage 

space vector, G1 is torque control law, G2 is flux control law and G3 is control law to reduce 

switching frequency.  

Table 5.1 Optimal voltage vector selection in one sample period from online simulation 

Voltage Space Vector (vs) G1 G2 G3 N1 N2 N3 G 

v0 3.4256 0.4774 0.5879 0.4485 0.0625 0.077 0.196 

v1 4.3741 0.1618 0.7698 0.5727 0.0212 0.1008 0.231567 

v2 2.9703 0.3067 0.5879 0.3889 0.0402 0.077 0.1687 

v3 2.0218 0.3266 0.3849 0.2647 0.0428 0.0504 0.1193 

v4 2.4771 1.1128 0.444 0.3243 0.1457 0.0582 0.176067 

v5 3.8809 1.2605 0.6667 0.5082 0.1651 0.0873 0.253533 

v6 4.8294 0.6192 0.8012 0.6324 0.0811 0.1049 0.2728 

v7 5.3229 0.8048 0.9686 0.6969 0.1054 0.1268 0.3097 

v8 3.9188 0.9439 0.8012 0.5131 0.1236 0.1049 0.2472 

v9 2.5149 1.092 0.6667 0.3293 0.143 0.0873 0.186533 

v10 1.5664 0.4606 0.4444 0.2051 0.0603 0.0582 0.107867 

v11 0.6179 0.1668 0.2222 0.0809 0.0218 0.0291 0.043933 

v12 1.0732 0.956 0.2222 0.1405 0.1252 0.0291 0.098267 

v13 1.5286 1.7442 0.3849 0.2002 0.2284 0.0504 0.159667 

v14 2.9324 1.8979 0.5879 0.384 0.2485 0.077 0.2365 

v15 4.3363 2.0425 0.8012 0.5678 0.2674 0.1049 0.313367 

v16 5.2848 1.3991 0.8889 0.692 0.1832 0.1164 0.330533 

v17 6.2333 0.752 1.0184 0.8162 0.0985 0.1333 0.349333 

v18 5.7779 0.0258 0.9686 0.7566 0.0034 0.1268 0.2956 

v19 6.2711 1.4515 1.1759 0.8211 0.1901 0.154 0.3884 

v20 4.8673 1.5849 1.0184 0.6373 0.2075 0.1333 0.326033 

v21 3.4634 1.7272 0.8889 0.4535 0.2262 0.1164 0.265367 

v22 2.0596 1.8782 0.8012 0.2697 0.2459 0.1049 0.206833 

v23 1.1111 1.2488 0.5879 0.1455 0.1635 0.077 0.128667 

v24 0.1626 0.6233 0.3849 0.0213 0.0816 0.0504 0.0511 

v25 0.7859 0.0019 0.2222 0.1029 0.0003 0.0291 0.0441 

v26 0.3306 0.7901 0 0.0433 0.1035 0 0.048933 

v27 0.1247 1.5813 0.2222 0.0163 0.2071 0.0291 0.084167 

v28 0.5801 2.3715 0.4444 0.076 0.3105 0.0582 0.148233 

v29 1.9839 2.5314 0.5879 0.2598 0.3315 0.077 0.222767 

v30 3.3877 2.682 0.7698 0.4436 0.3512 0.1008 0.298533 

v31 4.7916 2.8233 0.9686 0.6274 0.3697 0.1268 0.374633 

v32 5.7401 2.1778 1.0184 0.7516 0.2852 0.1333 0.390033 

v33 6.6886 1.5285 1.1111 0.8758 0.2001 0.1455 0.407133 

v34 7.6371 0.8755 1.2373 1 0.1146 0.162 0.425533 

v35 7.1818 0.1011 1.1759 0.9404 0.0132 0.154 0.3692 

v36 6.7265 0.6746 1.1547 0.8808 0.0883 0.1512 0.373433 
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Table 5.1 is an example of individual cost function evaluated for all 37 possible 

combinations. Out of these switching combinations, the switching state which provides 

minimum value of cost function is selected as optimal voltage vector. The selected voltage 

vector is applied to dual inverter fed OEWIM drive configuration. 

The cost function (5.17) uses multi-objective function, so the proposed PTC strategy 

can reduce ripples in torque, flux and also switching frequency. Number of switching state 

transitions in a fixed time period is called as average switching frequency. The switching 

frequency of OEWIM drive can be reduced by the number of voltage vector transitions. 

5.4 Simulation and Experimental Results of PTC using NWSM 

After implementing dynamic models of VSI and OEWIM, the proposed PTC algorithm 

is tested by implementing it in MATLAB/SIMULINK. The parameters used to implement the 

proposed algorithms are given in Table A.1 (Appendix). Figures 5.4 to Figure 5.10 demonstrate 

simulation and experimental results of classical and proposed PTC algorithms. 

The four-level inversion is obtained by operating the two VSIs with unequal DC 

voltages (2:1 ratio). The two VSI‟s are operated with the voltages of 360 V and 180 V. Hence, 

the effective DC voltage is 540 V. The proposed PTC algorithm was tested at various operating 

conditions. The results of classical and proposed PTC algorithms are described for 100 rad/s, 

200 rad/s and 250 rad/s. The simulation and experimental results are shown for forward and 

reverse motoring modes with no-load and load conditions.  

Figure 5.4 describes speed, torque and flux of OEWIM drive for step changes at speeds 

of 100 rad/s, 200 rad/s and 250 rad/s in forward motoring mode. Figures 5.4(a) and 5.4(b) 

present simulated and experimental results of classical PTC for step changes in speed (forward 

motoring). Figures 5.4(c) and 5.4(d) present simulated and experimental results of the proposed 

PTC for step change in speed (forward motoring). From Figure 5.4 it is evident that the 

proposed PTC reduces torque and flux ripples. 

Figure 5.5 describes speed, torque and flux of OEWIM drive for step changes in speed 

of -100 rad/s, -200 rad/s and -250 rad/s in reverse motoring mode. Figures 5.5(a) and 5.5(b) 

present simulated and experimental results of classical PTC for step changes in speed (reverse 
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motoring). Figures 5.5(c) and 5.5(d) present simulated and experimental results of the proposed 

PTC for step change in speed (reverse motoring). From Figure 5.5 it is evident that the 

proposed PTC gives low torque and flux ripples. 

Figure 5.6 describes speed, torque and flux of OEWIM drive when a step change in 

speed applied from 250 rad/s to -250 rad/s (forward motoring to reverse motoring).         

Figures 5.6(a) and 5.6(b) present simulated and experimental results of classical PTC for step 

change in speed from forward motoring to reverse motoring. Figures 5.6(c) and 5.6(d) present 

simulated and experimental results of the proposed PTC for step change in speed from forward 

motoring to reverse motoring. From Figure 5.6 it is evident that the proposed PTC gives all the 

features of classical PTC. In addition it reduces some amount of torque and flux ripples. Figure 

5.7 demonstrates speed, current and voltage of OEWIM drive at a steady speed of 250 rad/s.  

 

Figure 5.4 Forward motoring of dual inverter fed OEWIM: (a) Simulated response of classical PTC. (b) 

Experimental response of classical PTC. (c) Simulated response of proposed PTC and (d) Experimental response 

of proposed PTC 
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Figure 5.5 Reverse motoring of dual inverter fed OEWIM: (a) Simulated response of classical PTC. (b) 

Experimental response of classical PTC. (c) Simulated response of proposed PTC and (d) Experimental response 

of proposed PTC 

 

Figure 5.6 Forward and reverse motoring of dual inverter fed OEWIM: (a) Simulated response of classical PTC. 

(b) Experimental response of classical PTC. (c) Simulated response of proposed PTC and (d) Experimental 

response of proposed PTC 
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Figure 5.7 Steady-state speed, current and voltage of dual inverter fed OEWIM: (a) Simulated response of classical 

PTC. (b) Experimental response of classical PTC. (c) Simulated response of proposed PTC and (d) Experimental 

response of proposed PTC 

Figures 5.7(a) and 5.7(b) present simulated and experimental results of classical PTC 

whereas Figures 5.7(c) and 5.7(d) presents simulated and experimental results of the proposed 

PTC. From Figure 5.7, it is observed that the proposed PTC can reduce switching frequency. 

Figure 5.8 describes speed, torque and r-phase current of OEWIM drive in forward 

motoring at a steady speed of 200 rad/s and a load torque of 6 Nm. Figures 5.8(a) and 5.8(b) 

present simulated and experimental results of classical PTC for forward motoring.           

Figures 5.8(c) and 5.8(d) represent simulated and experimental results of the proposed PTC in 

forward motoring. Figure 5.9 describes speed, r-phase pulse and selection of optimum voltage 

vector at a steady-speed of 200 rad/s. Figures 5.9(a) and 5.9(b) presents simulated and 

experimental results of classical PTC, whereas 5.9(c) and 5.9(d) represents simulated and 

experimental results of proposed PTC. From Figure 5.9 it is clear that the proposed PTC 

operates with lower switching frequencies. Switching frequency (Hz) involved in classical and 

proposed PTC algorithms are shown in Figure 5.10. From Figure 5.7 and 5.9 it is notified that 

the proposed PTC operates at low switching frequencies. Hence, the switching frequency is 

reduced. Table 5.2 represents experimental steady-state torque and flux ripple of OEWIM 
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drive. Torque and flux ripples are obtained by considering the sum of the difference between 

the measured and reference over 125000 samples. 

 

Figure 5.8 Forward motoring of OEWIM for a load torque of 6 Nm at 100 rad/s: (a) Simulated response of 

classical PTC. (b) Experimental response of classical PTC (top-dynamic variation of load, bottom-zoomed 

portion). (c) Simulated response of proposed PTC and (d) Experimental response of proposed PTC (top-dynamic 

variation of load, bottom-zoomed portion). 
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Figure 5.9 Steady-state speed, switching pulse of r-phase and selected voltage vector of four-level inverter fed 

OEWIM drive: (a) Simulated response of classical PTC. (b) Experimental response of classical PTC. (c) Simulated 

response of proposed PTC and (d) Experimental response of proposed PTC. 
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Table 5.2 Steady-state torque, flux ripple and switching frequency of OEWIM drive for various speeds of 

operation 

Control Scheme Speed (rad/s) 
Torque ripple  Flux Ripple 

Switching Frequency (Hz) 
Nm % Wb % 

Classical PTC 
100 rad/s 

2.8 11.43 0.025 2.5 3423 

Proposed PTC 2.5 10.21 0.022 2.2 2131 

Classical PTC 
200 rad/s 

2.2 8.98 0.016 1.6 3727 

Proposed PTC 2.0 8.16 0.015 1.5 2388 

Classical PTC 
250 rad/s 

1.4 5.71 0.012 1.2 3648 

Proposed PTC 1.25 5.10 0.01 1 2285 

 

5.5 Weighting Factor Eliminated PTC of OEWIM Drive 

The block diagram of proposed weighting factor elimination based PTC strategy to an 

OEWIM drive is shown in Figure 5.11. The algorithm used to implement this strategy is as 

follows: 

Step 1: Estimate flux at k
th

 instant for all 37 voltage space vector combinations of dual 

inverter configuration by using current measurement and realization of voltage space vectors. 

Step 2: Predict the flux at (k+1) instant by using (5.4) for 37 voltage space vector 

locations. 

Step 3: Formulate cost function g1 by using ѱs(k+1), ѱsref. 

Step 4: Evaluate the cost function g1 and arrange the first 20 minimum values of cost 

function with their switching state combinations. 

 11  kssrefg        (5.18) 
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Figure 5.11 Block diagram of proposed weighting factor eliminated PTC strategy to an OEWIM drive 
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Step 5: Store these first 20 optimum voltage space vector combinations and ѱs(k+1) for 

those switching combinations. 

Step 6: Predict current at (k+1) instant by using (5.6) for the switching combinations 

obtained in step 4. 

Step 7: By using predicted current and predicted flux obtained in Step 5 and Step 6 and 

predict torque at (k+1) instant by (5.7).   

Step 8: Formulate the cost function g2, with the help of T(k+1) and Tref. 

 12  kTrefTg       (5.19) 

Step 9: Minimize the cost function g2 and the voltage vector which gives less torque 

ripple is chosen as optimum voltage vector and applied in the sequential control cycle. 

The proposed algorithm has several advantages, when compared with classical PTC 

these are as follows: 

(i) The cost function is divided into g1 and g2, therefore it eliminates weighting factors, and 

hence the effect of weighting factors is eliminated. 

(ii) Cost function g1, gives the voltage vectors which produce minimum flux ripple and the 

cost function g2 delivers an optimal voltage vector which gives minimum torque ripple, 

therefore the obtained voltage vector can reduce flux ripple as well as torque ripple. 

(iii) The cost function g1 is evaluated for 37 combinations, whereas g2 is evaluated and 

optimized only for 20 switching combinations. Therefore, the computational burden on 

controller reduces, since the prediction of flux is easy whereas the prediction of torque 

involves more number of steps. 

(iv) In step 4, on arranging the ascending order of voltage vectors which gives minimum flux 

ripple provides another advantage i.e, the voltage vectors near to another gives minimum 

flux ripples, thereby the number of switching transitions between one voltage space 

vector to other voltage space vector is less, therefore switching frequency gets reduces. It 

does not involve additional terms into cost function to reduce switching frequency. 

(v)  As switching frequency reduces the common-mode voltage also gets decreases. 

Figure 5.12 demonstrates the effect of voltage space vectors on flux ripple. The dark 

portioned voltage vectors shown in Figure 5.12 give minimum flux ripple, if the flux space 
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vector is in sector-1. Another advantage of this method is, it does not need sector information, 

whereas the recent PTC strategies [74] requires sector information therefore the complexity 

gets increases. 
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Figure 5.12 Voltage space vectors used to increase or decrease flux ripple by assuming flux space vector in sector1 

Figure 5.13 represents flow chart of proposed PTC strategy. To develop the proposed 

PTC strategy, g1 is used to minimize flux error whereas g2 is used to minimize torque error. If 

the cost function g1 is used to minimize the torque error, then g1 should be evaluated for 37 

space vector locations, out of these 37 space vectors to reduce torque ripple there exist 22 

voltage vectors. Then g2 should be evaluated for the 22 optimum switching combinations 

obtained from the minimization of g1. The torque error based PTC strategy is shown in [74], as 

per this article if torque ripple is considered in function g1 then it increases computational 

complexity and minimization of cost function g2 has to be performed for 22 space vector 

locations rather than 20 space vector locations. 
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Figure 5.13 Flow chart of proposed weighting factor eliminated PTC strategy 
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5.6 Results and Discussions of Weighting Factor Eliminated PTC Strategy 

 In order to verify the effectiveness of developed PTC strategy, simulation and 

experimental studies are carried on OEWIM drive. After implementing the proposed PTC 

strategy, the obtained experimental results are compared with classical PTC strategy. The 

simulated response of OEWIM drive with classical and proposed PTC strategy is shown in 

Figure 5.14. Figure 5.15 demonstrates torque and flux of OEWIM drive at a steady speed of          

150 rad/s and 200 rad/s. Figure 5.16 presents phase voltage, phase currents and switching 

transitions of OEWIM drive at a speed of 250 rad/s. Figure 5.17 demonstrates CMV of 

OEWIM drive at a speed of 250 rad/s. To verify the dynamic response of proposed PTC, the 

OEWIM drive is subjected to a sudden load torque and it is shown in Figure 5.18. Figure 

5.14(a) represents simulated response of classical PTC whereas Figure 5.14(b) represents 

proposed PTC. Figure 5.14 shows speed, torque, flux, r-phase current, r-phase voltage and 

CMV of OEWIM drive for forward motoring to reverse motoring. Figure 5.14 is to describe the 

dynamic variation of speed from forward motoring (200 rad/s) to reverse motoring (-200 rad/s). 

From Figure 5.14, it is evident that torque ripple of proposed PTC is less. From Figure 5.14(a) 

and 5.14(b) it is also observable that the proposed PTC provides all characteristics as that of 

classical PTC in addition it gives less switching frequency and CMV.  

 

Figure 5.14 Simulated response of OEWIM drive: (a) Classical PTC and (b) Proposed PTC 

 The experimental studies are performed by implementing with dSPACE-1104 

controller. Speed, DC-link voltage and phase currents are sensed with transducers and these are 
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control algorithm, switching pulses are obtained and these are provided to inverter with the help 

of digital I/O pins. The experimental studies are performed for various speeds and different 

loading conditions, in the interest of brevity the response of OEWIM drive is shown for        

150 rad/s, 200 rad/s and 250 rad/s during loaded and no-load conditions. From the experimental 

results also the proposed PTC algorithm provides all the features of classical PTC. 

 

Figure 5.15 Experimental steady-state torque and flux ripple of OEWIM drive: (a) Classical PTC and (b) Proposed 

weighting factor eliminated PTC. 

250 rad/s

10 Vectors/div

250 rad/s250 rad/s

200 V/div

200 V/div

2 A/div

2 A/div

(a) (b)

250 rad/s

10 Vectors/div

 

Figure 5.16 Experimental response of phase-voltage, phase-current and space vector transitions of OEWIM drive 

at a speed of 250 rad/s: (a) Classical PTC and (b) Proposed weighting factor eliminated PTC. 
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Figure 5.17 CMV of OEWIM drive at a steady speed of 250 rad/s: (a) Classical PTC and (b) Proposed PTC. 

 

Figure 5.18 Phase current of OEWIM drive at a load torque of 6 Nm and steady speed of 250 rad/s: (a) Classical 

PTC and (b) Proposed weighting factor eliminated PTC. 
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clearly observed that the proposed PTC gives less torque ripples and less current distortions. 

Experimental studies are performed for various speeds of operation, for simplicity only some of 

the results are presented.  

 Table 5.3, represents steady-state numerical values of peak to peak torque ripple and 

flux ripple. Computation of percentage torque and flux ripples is given in Appendix-B, (B.3) 

and (B.4). The proposed PTC is compared with classical PTC and recent PTC [74] form Table 

5.3, it is identified that the proposed gives better performance. After implementing proposed 

PTC strategy and recent PTC strategies [74], it is evident that the proposed PTC is simple and 

easy. The complexities of [74] are: estimation of flux space phasor angles of both stator and 

rotor, identification of flux space phasor position, sector information of flux space phasor and 

an additional PI controller. The above problems are addressed by developed enhanced 

weighting factor eliminated PTC strategy. 

Table 5.3 Quantified values of peak to peak steady-state torque and flux ripple 

Speed 

(rad/s) 

Classical PTC PTC [74] Proposed PTC 

Torque ripple  Flux ripple  Torque ripple  Flux ripple  Torque Ripple  Flux ripple  

Nm % Wb % Nm % Wb % Nm % Wb % 

100 3.65 14.91 0.035 3.5 3.45 14.09 0.033 3.3 2.82 11.51 0.028 2.8 

200 3.24 13.23 0.024 2.4 2.86 11.68 0.023 2.3 2.32 9.47 0.017 1.7 

250 2.58 10.53 0.016 1.6 2.35 9.59 0.016 1.6 1.86 7.59 0.013 1.3 

5.7 Comparison of proposed DTC and PTC strategies  

 This thesis emphasizes application of various DTC and PTC strategies for the OEWIM 

drive. This section, describes various performance indices of OEWIM drive for the proposed 

DTC and PTC strategies. The performance indices such as average torque ripple, average flux 

ripple, rms value of CMV, average switching frequency, computational burden on the controller 

and response time of the OEWIM drive for a load torque has been considered.  

 Table 5.4, presents average torque ripple and flux ripple of OEWIM drive with two-

level and multi-level inversion fed DTC and PTC strategies. The computation of % average 

torque and flux ripples are shown in Appendix-B, (B.1) and (B.2). Table 5.5, exhibits average 

torque and flux ripples of OEWIM drive for the classical and proposed PTC strategies. Table 

5.6 and 5.7 represents the switching frequency of various DTC and PTC strategies. Table 5.8 

and 5.9 presents the RMS value of CMV of various DTC and PTC strategies. Table 5.10 shows 
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the computational burden and response time of the various DTC and PTC strategies for the 

OEWIM drive. 

Table 5.4 Steady-state average torque, flux ripple of OEWIM drive for various inversion schemes (in percentage) 

Control 

Algorithm 

Speed 

(rad/s) 

Two-level Inversion Three-level Inversion Four-level Inversion 

% Torque 

ripple 

% Flux 

ripple 

% Torque 

ripple 

% Flux 

ripple 

% Torque 

ripple 

% Flux 

ripple 

DTC 
100 

14.29 5.7 10.21 4.5 9.59 4.9 

PTC 12.25 2.9 10.08 2.65 8.78 2.2 

DTC 
200 

13.27 4.2 9.47 3.8 8.98 3.2 

PTC 10.01 1.74 8.78 1.6 7.55 1.45 

DTC 
250 

12.25 3.6 8.98 3.6 8.16 2.9 

PTC 7.96 1.3 6.2 1.12 5.51 0.92 

Table 5.5 Steady-state average torque, flux ripple of OEWIM drive for various PTC schemes (in percentage) 

Speed 

(rad/s) 

Classical PTC NWSM PTC WFE PTC 

% Torque 

ripple 

% Flux 

ripple 

% Torque 

ripple 

% Flux 

ripple 

% Torque 

ripple 

% Flux 

ripple 

100 11.43 2.5 10.21 2.2 9.15 2.12 

200 8.98 1.6 8.16 1.5 7.25 1.35 

250 5.71 1.2 5.1 1 5.1 1 

Table 5.6 RMS values of CMV for various multi-level inversion schemes 

Speed (rad/s) 

Two-level 

DTC 

Three-level 

DTC 

Four-level 

DTC 

Two-level 

PTC 

Three-Level 

PTC 

Four-Level 

PTC 

CMV (V) CMV (V) CMV (V) CMV (V) CMV (V) CMV (V) 

100 rad/s 155.62 102.85 78.35 169.65 112.27 91.26 

200 rad/s 141.82 97.25 72.46 158.5 102.85 86.54 

250 rad/s 131 89.24 65.48 144.8 79.25 84.2 

Table 5.7 RMS values of CMV for various multi-level inversion schemes 

Speed (rad/s) 
Classical PTC NWSM PTC WFE PTC 

CMV (V) CMV (V) CMV (V) 

100 rad/s 91.26 87.25 88.28 

200 rad/s 86.54 80.34 82.45 

250 rad/s 84.2 71.45 75.4 

Table 5.8 Average switching frequency of dual inverter fed OEWIM drive for various multi-level inversion 

schemes 

Speed (rad/s) 

Two-level 

DTC 

Three-level 

DTC 

Four-level 

DTC 

Two-level 

PTC 

Three-Level 

PTC 

Four-Level 

PTC 

Switching 

Frequency 

(Hz) 

Switching 

Frequency 

(Hz) 

Switching 

Frequency 

(Hz) 

Switching 

Frequency 

(Hz) 

Switching 

Frequency 

(Hz) 

Switching 

Frequency 

(Hz) 

100 rad/s 2396 2418 2561 3028 3395 3684 

200 rad/s 2460 2551 2628 3235 3487 3824 

250 rad/s 2318 2485 2495 3146 3282 3726 
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Table 5.9 Average switching frequency of dual inverter fed OEWIM drive for NWSM PTC and WFE PTC 

Speed (rad/s) 

Classical PTC NWSM PTC WFE PTC 

Switching Frequency 

(Hz) 

Switching Frequency 

(Hz) 

Switching Frequency 

(Hz) 

100 rad/s 3423 2131 2712 

200 rad/s 3727 2388 2934 

250 rad/s 3648 2285 2874 

 From the proposed DTC and PTC strategies, four-level inversion fed PTC, NWSM PTC 

and WFE PTC are found to be effective solutions to reduce torque ripple, flux ripples etc. From 

5.4 to 5.5, it is evident that the NWSM PTC maintains less torque and flux ripples with low 

switching frequencies. The proposed WFE PTC needs high switching frequencies, but it 

maintains less torque ripple and flux ripple compared to NWSM PTC. 

Table 5.10 Computational burden and response time of the proposed DTC and PTC strategies for the OEWIM 

drive 
DTC/PTC Strategy Computational Time Response Time 

2-level DTC 38.6 µs 0.4 s 

3-level DTC 42.14 µs 0.38 s 

4-level DTC 50.26 µs 0.38 s 

2-level PTC 52.5 µs 0.36 s 

3-level PTC 59.25 µs 0.36 s 

4-level PTC 65.5 µs 0.36 s 

NWSM PTC 68.5 µs 0.36 s 

WFE PTC 58.4 µs 0.36 s 

5.8 Summary 

This chapter, provides basic idea to implement classical PTC to an OEWIM drive with 

all possible space vectors of dual inverter configuration.  Improved PTC strategies for an 

OEWIM drive using normalized WSM PTC and weighting factor eliminated PTC are 

developed. In classical PTC, selection of weighting factor plays a vital role on the performance 

of OEWIM drive. This chapter suggests a method to enhance the selection of weighting factors. 

The switching frequency involved in multi-level inversion fed OEWIM drives is too high. To 

address this problem, multi-objective cost function is formulated with the help of WSM to 

reduce switching frequency, torque and flux ripples. Classical PTC can reduce torque and flux 

ripples with high switching frequencies. The proposed PTC strategies can reduce torque, flux 

ripples and also enable significant reduction in switching frequency. Simulation and 

experimental results shows the effectiveness of the proposed PTC algorithm.  
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Chapter 6 

Conclusions and Scope for Future Work 

This thesis investigated the performance of OEWIM drive with DTC and PTC 

strategies. This thesis addresses the problems involved in the implementation of DTC scheme 

for multi-level inversion fed induction motor drives. The outcomes of this thesis are 

summarized in section 6.1.  

6.1 Conclusions 

This thesis laid emphasis on the implementation of DTC strategies for an OEWIM 

drive. The advantages offered by OEWIM drive with other multi-level inversion topologies are 

presented. The configuration of OEWIM does not require complex control strategies and more 

number of switches. OEWIM configuration can provide four-level output voltage with less 

number of switches. The other multi-level inversion topologies require more number of 

switches to deliver four-level output voltage (chapter-3). The proposed DTC and PTC 

algorithms utilize two two-level inverters for its operation; however this configuration provides 

four-level output voltage.  

The OEWIM drive has been operated with equal and unequal DC-link voltages. In 

chapter-2 the dual inverter configuration operated with equal DC sources, hence this 

configuration provides two-level and three-level inversion. The voltage vectors are classified 

into two categories in order to simplify the look-up tables. The three-level inversion fed DTC of 

OEWIM utilizes three-level torque hysteresis controller and a two-level flux hysteresis 

controller similar in classical DTC of induction motor. By using three-level inversion scheme, 

torque and flux ripples are reduced. The voltage vectors used in three-level inversion will 

always give minimum CMV, so the proposed three-level inversion fed DTC scheme gives less 

CMV when compared with classical two-level DTC. 

In chapter-3 an effective voltage switching state algorithm is proposed to a direct torque 

controlled OEWIM drive with four-level inversion. The voltage vectors used in this scheme are 

divided into three categories based on rotor speed. By dividing the voltage vectors into various 
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categories, the switching frequency, torque and flux ripples are reduced and also the selection 

of voltage vector becomes easy. The four-level inversion uses only 37 voltage vectors. These 

37 voltage vectors give minimum CMV out of 64 switching combinations. The improvisations 

of four-level inversion scheme are as follows: 

 The effective DTC strategies developed in this study use three-level torque hysteresis and 

two-level flux hysteresis controllers whereas the other MLI fed DTC strategies use multi-

level torque and flux hysteresis controllers [24]-[26], hence the strategies designed in this 

study are simple. 

 MLI fed DTC strategies require complex look-up table, whereas the proposed four-level 

inversion uses simple look-up tables. 

 The voltage vectors are classified accordingly to rotor speed.  

 The four-level inverter configuration provides low CMV and fewer ripples in torque and 

flux when compared with two-level inversion scheme and classical DTC of induction 

motor.  

 Finally simplified DTC strategies are implemented to an OEWIM drive for symmetrical 

and unsymmetrical configurations. 

The limitations observed in chapter-2 and chapter-3 are: necessity of look-up tables, 

identification of flux space vector location, identification sector of flux space phasor, complex 

use of trigonometric calculations and the use of hysteresis controllers. In discrete platform, the 

hysteresis controllers cause higher ripples and variable switching frequency. To abate these 

limitations model predictive based DTC strategies are implemented in chapter-4 and chapter-5. 

Chapter-4 focused on discrete realization of power converter and OEWIM 

configuration. The discrete modelling of power converter and load is necessary in model 

predictive control. The discrete models of power circuit and OEWIM are used to estimate flux 

at k
th

 instant. Flux and currents at k
th

 instant are used to predict the future behaviour of OEWIM 

drive.   

 The flux and currents at k
th

 instant are used to estimate flux and torque at (k+1) instant. 

The obtained torque and flux at (k+1) instant are compared with reference torque and flux with 

the help of cost function optimization. This thesis proposed modified cost functions to reduce 
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torque, flux ripples, CMV and also switching frequencies. In chapter-4, the PTC of OEWIM 

drive with two, three and four-level inversion schemes was introduced with modified cost 

function. Another limitation of PTC is computational burden on the controller, to reduce the 

computational burden voltage vectors were categorised into various groups based on rotor 

speed. The effectiveness of the proposed PTC is demonstrated by testing the OEWIM drive 

with all possible configurations. 

In chapter-5, the PTC of OEWIM was introduced to simplify the selection of weighting 

factors using normalized weighted sum model.  The limitation observed in chapter-4 is the cost 

function which comprises dissimilar terms; the evaluation of cost function with dissimilar terms 

needs weighting factor. In real time implementation the tuning of weighting factors is quite 

cumbersome and there exist 37 active voltage vectors in four-level inversion, so the switching 

frequency may increase. In order to address the problem of weighting factors and also to reduce 

switching frequency, a multi-criterion decision making algorithm (normalized WSM) is used. 

In general the switching frequency control is quite cumbersome. To control switching 

frequency, the proposed PTC utilizes the changes in voltage space vectors applied to OEWIM 

drive hence it reduces computational complexity. The proposed normalized WSM based PTC 

strategy gives the same performance as that of classical PTC with reduced switching 

frequencies. A novel weighting factor eliminated PTC strategy for an OEWIM drive has been 

introduced. The developed weighting factor eliminated PTC utilizes two individual cost 

functions to reduce flux and toque ripples. The cost function used in chapter-5 comprises of 

torque error control, flux error control and the third term is switching frequency control. In 

general, the switching frequency control is quite cumbersome. To control switching frequency 

instead of using switch transitions, the proposed DTC utilizes the changes in voltage space 

vectors which reduce computational complexity. Finally, simplified DTC and PTC strategies 

are developed to OEWIM drive. 

6.2 Scope for Future Work 

Any research never ends without leaving open window for further research, hence the 

findings from this thesis present rich possibilities: 
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 The proposed DTC and PTC are applicable for special machines like PMSM (Permanent 

Magnet Synchronous Machine). 

 The Proposed DTC and PTC strategies can be extended for more than four-level 

inversion by replacing two two-level inverters with three-level inverters. 

 The proposed DTC and PTC strategies operate with variable switching frequency; in 

order to obtain constant switching frequency modulation techniques are unavoidable. 

 PTC is highly parameter dependent; the implementation of PTC with parameter 

insensitive may be taken up for research in future. 

 The proposed DTC and PTC strategies utilize encoders and transducers. Sensor-less 

control with sliding mode control or MRAS (model reference adaptive systems) or EKF 

or full order observer based DTC/PTC schemes are possibilities for research in future.  

 The proposed PTC algorithms use modified cost function. However, in the modified cost 

function tuning of weighting factors is unavoidable. 

 The eliminations of tuning factors by replacing the terms in the cost function is another 

area of research problem. 

 One of the example to replace the cost function is; torque of OEWIM drive is 

proportional to q-axis current or q-axis flux, whereas flux error is proportional to d-axis 

flux. The cost function can be replaced with β-axis and α-axis flux terms. 
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Appendix-A 

Experimental Test-Rig 

The experimental setup used to verify the proposed DTC and PTC schemes of 

OEWIM drive are developed using dSPACE DS-1104 and it is presented in detail in this 

section. The block diagram of the experimental setup for investigating all the proposed schemes 

is shown in Figure. A.1. This block diagram consists of a 5 HP, 4-pole, 50 Hz, 3-phase OEWIM 

coupled with a 5 HP, dc generator on one side and an incremental shaft encoder on the other 

side, IGBT based voltage source inverters, dSPACE DS-1104, two Hall-effect current sensors 

for measurement of stator currents, one Hall-effect voltage sensor for measurement of dc-link 

voltage and a front end 3-phase diode rectifier. The outputs of the Hall-effect voltage and 

current sensors are used to estimate the stator flux and torque. The photograph of experimetal 

setup is shown in Figure. A.2. 
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Figure A.1 Block diagram of experimental setup 
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Figure A.2 Experimental test-rig used to verify proposed DTC and PTC strategies. 

Photographs of various apparatus of the experimental setup such as current sensor and 

voltage sensor are shown in Figures. A.3 and A.4. The data sheets for the above are given in 

[89], [90]. 

Table A.1 Rating and specifications of OEWIM drive used for simulation and experimental verification 

Name of the Parameter Symbol Quantity 

Stator Resistance Rs 4.2 Ω 

Rotor Resistance Rr 2.67 Ω 

Stator Inductance Ls 0.54 H 

Rotor Inductance Lr 0.54 H 

Mutual Inductance Lm 0.512 H 

Poles P 4 

Moment of Inertia J 0.031 kg-m2 

Line-Line Voltage Vrms (L-L) 400 V 

Rated Power Pnom 3.7 kW 

Rated Torque Tnom 24.48 Nm 

Nominal (or) Reference Flux ѱref (or) ѱnom 1 Wb 

Nominal Speed Nr 1440 RPM 

Synchronous Speed Ns 1500 RPM 

Nominal Angular Speed ωm (Mechanical Systems) 150.8 rad/s 

Nominal Angular Speed ωr (or) ωe (electrical Systems) 301.6 rad/s 
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Figure A.3 Current sensors used for experimental 

verification 

 

Figure A.4 Voltage sensors used for experimental 

verification 

In order to implement the proposed DTC and PTC control schemes of OEWIM drive in 

real-time dSPACE DS1104 R & D control board is used as an interface between MATLAB/ 

SIMULINK/RTI model and OEWIM drive. This control board is placed in the PCI slot of the 

personal computer (PC), then the PC becomes a power PC. Software related to dSPACE control 

board has to be installed in the PC. The dSPACE control board software requires MATLAB/ 

SIMULINK/RTW as prerequisite. Simulink models for all the proposed control schemes are 

developed. To connect a simulink model to the induction motor drive, it is necessary to 

introduce I/O interfaces into the model using dSPACE RTI blocks. This will allow the 

simulation to interface with hardware connected. A model will be created with Simulink and 

RTI blocks using the Simulink® CoderTM (formerly Real-Time Workshop®). This generates 

C code. The RTI build process compiles the generated C code and links the object files and 
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libraries into an executable application and downloads the application to the real-time hardware 

directly after the compilation (build). The build status is displayed in the MATLAB Command 

Window and generates the four files namely  

PPC : The real-time application to be downloaded to a PowerPC board 

MAP : Map file with address information of variables 

TRC : Variable description files to be used by Control Desk. 

SDF : System description files with references to the PPC, MAP, and TRC file 

Using the information from the SDF file the Control Desk can read and write the 

variables in real-time. Control Desk provides numerous instruments with their control knobs to 

measure the variables, to control the variables, to view the output and to change the scale of the 

output parameter displayed. The values of various parameters can be changed in real-time to 

observe their effect in real-time and also for fine tuning of parameters in real-time. 

Experimental results in steady-state and transient operation for all the four proposed control 

schemes are obtained by executing the appropriate MATLAB/SIMULINK files and models. 

Experimental results of conventional DTC and SVM-DTC are presented in next section and 

also all the proposed schemes are presented in chapters 4, 5, 6 and 7. The induction motor 

parameters are presented in Table. A.1. 
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Appendix-B 

Methods to find Torque ripple and Flux ripple 

In this thesis, average values of torque, flux ripples and peak to peak torque, flux ripple 

are used. The average torque and flux ripples are defined as follows.  

The average torque and flux ripples are obtained by considering sum of difference 

between actual value and reference value over N samples. The percentage torque and flux 

ripples are obtained by using the following formulae (B.1) and (B.2). 

100*
Torque Rated

ripple Torque Average
ripple Torque % 








     (B.1) 

100*
Flux Rated

rippleFlux  Average
rippleFlux  % 








     (B.2) 

The peak to peak values of torque and flux ripples are obtained by considering the 

variation of torque and flux values as shown below. In Figure B.1 shown below, torque ripple is 

2.4 Nm and the flux ripple is 0.03 Wb.  
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Figure B.1 Calculation of peak to peak ripples of OEWIM drive: (a) Torque ripple and (b) Flux ripple 
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