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ABSTRACT 

  

Permanent Magnet synchronous motors (PMSMs) are used in many applications that 

require rapid torque response and high-performance operation. The PMSM is very similar 

to the standard wound rotor synchronous machine except that the PMSM has no damper 

windings and excitation is provided by a permanent magnet instead of a field winding. 

The elimination of field coil, dc supply and slip rings reduce the motor loss and 

complexity. For the same frame size, permanent magnet motors have higher pull out 

torque. It is mathematically proven that the increase of electromagnetic torque  in a 

permanent magnet motor is proportional to the increase of the angle between the stator 

and rotor flux linkages, and, therefore, the fast torque response can be obtained by 

adjusting the rotating speed of the stator flux linkage as fast as possible. This is achieved 

by using direct torque control (DTC) technique.  

 The Direct Torque Control (DTC) has been more and more used in industrial   

applications with permanent magnet synchronous motor (PMSM) using  two level 

voltage source three-phase inverter with hysteresis controller due to some advantages 

like: more simplicity, low dependency on the motor parameters, good dynamic torque 

response. This type of drive system is named as classic PMSM DTC. However, the 

classic PMSM DTC has some problems like more torque and flux ripples as well as more 

harmonic contents in the stator current. Hence, to overcome these problems a novel DTC 

algorithm is proposed for three-phase induction motor which employs a three-level 

inverter. It is an extension of the classic DTC for two-level inverters. The basic principle 

of DTC is to directly select stator voltage vectors according to the differences between 

the references of torque and stator flux linkage and their actual values.  

 The basic theory of operation for the control technique is presented. A 

mathematical model for the proposed DTC of the PMSM topology is developed. A 

simulation model is developed in MATLAB/SIMULINK and
  
is used to verify the basic 

operation (performance) of the DTC technique. 
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Chapter 1 

 

1.1 INTRODUCTION: 

Industry automation is mainly developed around motion control systems in which 

controlled electric motors play a crucial role as heart of the system. Therefore, the high 

performance motor control systems contribute, to a great extent, to the desirable 

performance of automated manufacturing sector by enhancing the production rate and the 

quality of products. In fact the performance of modern automated systems, defined in 

terms of swiftness, accuracy, smoothness and efficiency, mainly depends to the motor 

control strategies. The recent developments of the power electronics industry resulted in a 

considerable increase of the power that can be manipulated by semiconductor devices. In 

spite of that, the maximum voltage supported by these devices remains the major obstacle 

in medium and high voltage applications. For such applications multilevel converters 

have been proposed. Multilevel inverters present lower harmonic distortion of the output 

voltages when compared to standard two-level inverters operating at the same switching 

frequency. Newly developed permanent magnet synchronous (PMS) motors with high 

energy permanent magnet materials particularly provide fast dynamics, efficient 

operation and very good compatibility with the applications if they are controlled 

properly. However, the AC motor control including control of PMS motors is a 

challenging task due to very fast motor dynamics and highly nonlinear models of the 

machines. Therefore, a major part of motor control development consists of deriving 

motor mathematical models in suitable forms 

There are two competing control strategies for AC motors i.e. vector control (VC) 

and direct torque control (DTC). Almost 30 years ago, in 1971 F. Blaschke presented the 

first paper on field-oriented control (FOC) for induction motors. Since that time, the 

technique was completely developed and today is mature from the industrial point of 

view. Today field oriented controlled drives are an industrial reality and are available on 

the market by several producers and with different solutions and performance. 
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Thirteen years later, a new technique for the torque control of induction motors 

was developed and presented by I. Takahashi as direct torque control (DTC) and by M. 

Depenbrock as direct self control (DSC). Since the beginning, the new technique was 

characterized by simplicity, good performance and robustness. Using DTC or DSC it is 

possible to obtain a good dynamic control of the torque without any mechanical 

transducers on the machine shaft. Thus, DTC and DSC can be considered as “sensorless 

type” control techniques. The basic scheme of DSC is preferable in the high power range 

applications, where a lower inverter switching frequency can justify higher current 

distortion.  

The name direct torque control is derived by the fact that, on the basis of the 

errors between the reference and the estimated values of torque and flux, it is possible to 

directly control the inverter states in order to reduce the torque and flux errors within the 

prefixed band limits. 

Unlike FOC, DTC does not require any current regulator, coordinate 

transformation and PWM signals. In spite of its simplicity, DTC allows a good torque 

control in steady-state and transient operating conditions to be obtained. The problem is 

to quantify how good the torque control is with respect to FOC.  

In addition, this controller is very little sensible to the parameters detuning in 

comparison with FOC. 

1.2 LITERATURE SURVEY: 

Direct self control (DSC) of inverter fed induction machine, this paper proposes a method 

of simple signal processing which gives three-phase machines fed by VSI an excellent 

performance even at the low switching frequencies usual in heavy power applications. In 

DSC the power semiconductors of a three phase VSI are directly switched on  and off via 

three Schmitt triggers, comparing the time integrals of line-to-line voltages to a reference 

value of desired flux, if the torque has not yet reached an upper limit value of a two-limit 

torque control. When the upper limit value is reached, zero voltages are switched on to 

the machine, as long as the lower limit value of torque is not yet under passed. 
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Modelling and Simulation of Permanent Magnet Synchronous Motor Drive, this paper 

addresses the modeling and simulation of Permanent Magnet Synchronous Motor drive in 

rotor dq reference frame, it also discusses the Park's Transformation used to transform 

stator abc quantities to the rotor dq reference frame. 

A Direct Torque Controller for Permanent Magnet Synchronous Motor Drives, this paper 

derives the expression of torque production of PMSMs in the stator flux linkage xy-

reference frame and finds that the concept of DTC can be also applied in PMSM drive. 

And also states that the core of DTC, is the control of the amplitude and rotating speed of 

the stator flux linkage and the calculation of stator flux is then very important. One of the 

best and simplest calculation methods is to calculate the stator flux from the stator 

voltage and current, which is independent of the motor parameters except the stator 

resistance and does not need the coordinate transformation. The switching table for 

controlling the stator flux for a PMSM is also derived. 

Study on the Direct Torque Control of Permanent Magnet Synchronous Motor Drives, 

this paper gives the theoretical basis of the Direct Torque Control (DTC) for Permanent 

Magnet Synchronous Motor (PMSM). In this paper it is proven that, when the amplitude 

of the stator flux linkage is kept constant the electromagnetic torque of a PMSM is 

directly proportional to the sine value of the angle between the flux linkages of the stator 

and rotor (power angle). Therefore precise torque control can be achieved by controlling 

the instantaneous speed of the stator flux linkage with its amplitude keeping constant, 

which is yet fulfilled through the agency of properly selecting the voltage space vector 

generated by an inverter and its acting time. 

Analysis of Direct Torque Control in Permanent Magnet Synchronous Motor Drives, in 

this paper the torque expression in terms of the stator flux linkage and its angle, with 

respect to the rotor flux linkage, is derived, and then the control of the amplitude and 

rotating speed of the stator flux linkage are analyzed. 

Direct torque control of permanent magnet synchronous motor drive with a three-level 

inverter, this paper proposes that when three level inverter is used in conventional DTC 

technique, it produces three levels in the phase voltage thus decreasing the phase voltage 
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harmonic contents without increase the semiconductor devices switching frequency 

resulting low THD of the motor voltage and current, and also torque and flux ripples 

reductions when compared with the two-level inverter. 

Research on Direct Torque Control of Permanent Magnet Synchronous Motor Based on 

Optimized State Selector, this paper discusses that, in conventional direct torque control 

(DTC), there are partitioned six sectors in the stationary two-axes reference frame and 

vectors of stator flux linkage is controlled by selecting different vectors of six voltage 

vectors. But there are questions in this control method. When stator flux linkage is 

especially in the adjacent region of two sectors and the amplitude of stator flux linkage is 

easily fluctuating and more the voltage vector which should be selected is uncertainty. 

The optimized state selector DTC method is aimed at this ambiguous question. The 

application of optimized state selector DTC in permanent magnet synchronous motor 

drivers has the same advantage of conventional DTC, but it has an added advantage in the 

aspects of decrease of fluctuation of flux linkage and electromagnetic torque, robustness 

of velocity, as well as decrease of switching power wastage of power devices. 

1.3 OVERVIEW OF THE THESIS: 

Chapter 2 gives a detailed theoretical analysis of permanent magnet synchronous motor 

like construction, advantages and permanent magnet materials used. And also gives the 

details of modeling of the Permanent Magnet Synchronous Motor. 

Chapter 3 gives the overview of Direct Torque control technique and a methodology is 

suggested to employ Direct Torque Control technique for a two level inverter driving the 

PMSM motor.  

Chapter 4 gives the complete description of three level inverter and a control algorithm 

is developed to avoid voltage unbalance problem in the three level inverter.  

Chapter 5 gives the simulation results of Direct Torque Control technique for a two level 

inverter and a three level inverter and the results are compared. 

Chapter 6 presents the conclusion and recommendations. 
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Chapter 2 

MATHEMATICAL MODELLING OF PMSM 

 

2.1 INTRODUCTION: 

Synchronous machines with permanent magnets in the rotor also referred to as PMSMs, 

have a smaller inertia, higher efficiency and a higher torque to volume ratio compared 

to asynchronous machines. These advantages have resulted in an increased application 

of the PMSM in hybrid vehicles, ships, windmills, compressors, pumps and fans. 

Furthermore high-performance, highly dynamic drives with PMSMs have many 

applications in such production processes and transport systems where a fast and 

accurate torque response is required.  As reliability and cost of modern PMSM drives are 

of importance, advanced control techniques have been developed.  

In this section, an equivalent two-phase circuit model of a three-phase PM 

synchronous machine (interior and surface mount) is derived and the concept of the 

Park’s transformation and the relation between three-phase quantities and their 

equivalent two-phase quantities are also discussed. 

 

2.2 PERMANENT MAGNET SYNCHRONOUS MACHINES: 

Permanent magnet synchronous machines have been widely used in variable speed 

drives for over a decade now. The most common applications are servo drives in power 

ranges from a few watts to some kilowatts. A permanent magnet synchronous machine 

is basically an ordinary AC machine with windings distributed in the stator slots so that 

the flux created by stator current is approximately sinusoidal and uses permanent 

magnets to produce the air gap magnetic field rather than using electromagnets. These 

motors have  
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significant advantages, attracting the interest of researchers and industry for use in 

many applications [4]. 

The popularity of PMSMs comes from their desirable features:  

• High efficiency  

• High torque to inertia ratio  

• High torque to inertia ratio  

• High torque to volume ratio  

• High air gap flux density  

• High power factor  

• High acceleration and deceleration rates  

• Lower maintenance cost  

• Simplicity and ruggedness  

• Compact structure  

• Linear response in the effective input voltage  

However, the higher initial cost, operating temperature limitations, and danger of 

demagnetization mainly due to the presence of permanent magnets can be restrictive for 

some applications. 

 In permanent magnet (PM) synchronous motors, permanent magnets are mounted 

inside or outside of the rotor. Unlike DC brush motors, permanent magnet synchronous 

motor requires a “drive” to supply commutated current. This is obtained by pulse width 

modulation of the DC bus using a DC-to-AC inverter attached to the motor windings. By 

energizing specific windings in the stator, based on the position of the rotor, a rotating 

magnetic field is generated. Currents in the stator windings are switched in a 

predetermined sequence and hence the permanent magnets that provide a constant 

magnetic field on the rotor follow the rotating stator magnetic field at a constant speed. 

This speed is dependent on the applied frequency and pole number of the motor. Since 

the switching frequency is derived from the rotor, the motor cannot lose its synchronism. 
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The current is always switched before the permanent magnets catch up; therefore the 

speed of the motor is directly proportional to the current switching rate [2]. 

 Recent developments in the area of semiconductor switches and cost-effective 

DSPs and microprocessors have opened a new era for the adjustable speed motor drives. 

Such advances in the motor related sub-areas have helped the field of motor drives by 

replacing complicated hardware structures with software based control algorithms. The 

result is considerable improvement in cost while providing better performance of the 

overall drive system. 

2.3 PERMANENT MAGNET MATERIALS: 

The properties of the permanent magnet material will affect directly the performance of 

the motor and proper knowledge is required for the selection of the materials and for 

understanding PM motors. 

The earliest manufactured magnet materials were hardened steel. Magnets made 

from steel were easily magnetized. However, they could hold very low energy and it was 

easy to demagnetize. In recent years other magnet materials such as Aluminum Nickel 

and Cobalt alloys (ALNICO), Strontium Ferrite or Barium Ferrite (Ferrite), Samarium 

Cobalt (First generation rare earth magnet) (SmCo) and Neodymium Iron-Boron (Second 

generation rare earth magnet) (NdFeB) have been developed and used for making 

permanent magnets. 

The rare earth magnets are categorized into two classes:  

Samarium Cobalt (SmCo) magnets and Neodymium Iron Boride (NdFeB) magnets. 

SmCo magnets have higher flux density levels but they are very expensive. NdFeB 

magnets are the most common rare earth magnets used in motors these days [2]. 

2.4 SPACE VECTORS: 

In a permanent magnet synchronous motor (PMSM) where the inductances vary as a 

function of the rotor angle, the two-phase (d-q) equivalent circuit model is a perfect 

solution to analyze the multiphase machines because of its simplicity and intuition [3]. 
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Conventionally, a two-phase equivalent circuit model instead of complex three-phase 

model has been used to analyze reluctance synchronous machines. This theory is now 

applied in the analysis of other types of motors including PM synchronous motors, 

induction motors etc.  

  Comparing a primitive version of a PMSM with wound-rotor synchronous 

motor, the stator of a PMSM has windings similar to those of the conventional wound-

rotor synchronous motor which is generally three-phase, Y-connected, and sinusoidally 

distributed. However, on the rotor side instead of the electrical-circuit seen in the wound-

rotor synchronous motor, constant rotor flux (λr) provided by the permanent magnet in/on 

the rotor should be considered in the d-q model of a PMSM.  

The space vector form of the stator voltage equation in the stationary reference frame is 

given as:  

                 vs = rsis +  dλs /dt                                                                       (2.1)                         

where rs , Vs , is , and λs are the resistance of the stator winding, complex space vectors of 

the three phase stator voltages, currents, and flux linkages, all expressed in the stationary 

reference frame fixed to the stator, respectively.  

 

 

 

 

 

 

 

 

Figure 2.1. Two pole three phase surface mounted PMSM [4]. 
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They are defined as: 

                    vs=  [vsa (t) + avsb (t) + a2vsc (t) ] 

                              is=  [isa (t) + aisb (t) + a2isc (t) ]                                              (2.2) 

                              λs=  [λsa (t) + aλsb (t) + a2λsc (t) ] 

Fig. 2.1 illustrates a conceptual cross-sectional view of a three-phase, two-pole surface 

PM synchronous motor along with the two-phase d-q rotating reference frame. 

 

Symbols used in (2.2) are explained in detail below:  

a, and a2 are spatial operators for orientation of the stator windings; 

                                a  = e j2π/3    and      a2 = e j4π/3  

vsa, vsb, vsc.    are the values of stator instantaneous phase voltages. 

isa, isb, isc   are the values of stator instantaneous phase currents. 

λsa, λsb, λsc are the stator flux linkages and are given by: 

                               λsa = Laaia + Labib + Lacic + λra 

                               λsb = Labia + Lbbib + Lbcic + λrb                                                                          (2.3) 

                               λsc = Lacia + Lbcib + Lccic + λrc                

where  

Laa, Lbb, and Lcc, and are the self-inductances of the stator a-phase, b-phase, and c-phase 

respectively. 

Lab, Lbc and Lca, are the mutual inductances between the a- and b-phases, b- and c-phases, 

and a- and c-phases, respectively. 

λra, λrb and λrc are the flux linkages that change depending on the rotor angle established 

in the stator a, b, and c phase windings, respectively, due to the presence of the 

permanent magnet on the rotor.  
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They are expressed as: 

                               λra = λr cosθ 

                               λrb = λr cos (θ -120˚)                                                                                           (2.4)  

                               λrc = λr cos (θ +120˚)                                                                                                                               

In (2.4), λr represents the peak flux linkage due to the permanent magnet. It is often 

referred to as the back-EMF constant. 

Note that in the flux linkage equations, inductances are the functions of the rotor angle, 

Self-inductance of the stator a-phase winding, Laa including leakage inductance and a- 

and b-phase mutual inductance, Lab = Lbc have the form: 

                          Laa =  Lts + L0 - Lms cos (2θ) 

                              Lab = Lba = ½ L0 - Lms cos (2θ )                                   (2.5) 

where Lls is the leakage inductance of the stator winding due to the armature leakage flux. 

 L0 is the average inductance; due to the space fundamental air-gap flux; 

                              L0 = ½ (Lq + Ld) 

Lms is the inductance fluctuation (saliency); due to the rotor position dependent on flux; 

                              Lms = ½ (Ld – Lq) 

Similar to that of Laa but with θ replaced by 	θ-2π/3
 and  	θ-4π/3
 b-phase and c-phase 

self-inductances, Lbb and Lcc, can also be obtained, respectively. 

All stator inductances are represented in matrix form below: 

Lss=

                                                                                                                        

                                                                                                                             (2.6) 
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It is evident from the above equation that the elements of Lss are a function of the rotor 

angle which varies with time at the rate of the speed of rotation of the rotor. 

Under a three-phase balanced system with no rotor damping circuit and knowing the flux 

linkages, stator currents, and resistances of the motor, the electrical three-phase dynamic 

equation in terms of phase variables can be arranged in matrix form similar to that of 

(2.1) written as:       

                 [vs] = [rs] [is] + d/dt [λs]                                                           (2.7) 
  

where,  

                            [vs] = [vsa, vsb, vs c ]
t 

                            [is] = [isa, isb, isc ]
t 

                            [rs] = [ra, rb, rc ]
t                                                                                                            (2.8) 

                            [λs] = [λsa, λsb, λsc ]
t 

 

                     In (2.7), [vs], [is], and [ λs] refer to the three-phase applied voltages, three-

phase stator currents, and three-phase stator flux linkages in matrix forms as shown in 

(2.8), respectively. Furthermore, [ rs ] is the diagonal matrix in which under balanced 

three-phase conditions, all phase resistances are equal to each other and represented as a 

constant, rs= ra = rb= rc, not in matrix form. 

2.5 PARK’S TRANSFORMATION: 

As it was discussed before, Lss has time-dependent coefficients which present 

computational difficulty when (2.1) is being used to solve for the phase quantities 

directly. To obtain the phase currents from the flux linkages, the inverse of the time-

varying inductance matrix will have to be computed at every time step. The computation 

of the inverse at every time step is time-consuming and could produce numerical stability 

problems. To remove the time-varying quantities in voltages, currents, flux linkages and 

phase inductances, stator quantities are transformed to a d-q rotating reference frame. 
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This results in the voltages, currents, flux linkages, part of the flux linkages equation and 

inductance equations having time-invariant coefficients. In the idealized machine, the 

rotor windings are already along the d- and q-axes, only the stator winding quantities 

need transformation from three-phase quantities to the two-phase d-q rotor rotating 

reference frame quantities. To do so, Park’s Transformation is used to transform the 

stator quantities of an AC machine onto a d-q reference frame that is fixed to the rotor, 

with the positive d-axis aligned with the magnetic axis of the rotor which has a 

permanent magnet in PMSMs. The positive q-axis is defined as leading the positive d-

axis by π/2 in the original Park’s Transformation, as shown in Fig. 2.1 [4].  

The original Park’s Transformation equation is of the form:              

                        [fdq0]=[Tdq0(θr)][f abc]                                                   (2.9) 

where the d-q transformation matrix is defined as: 

        [Tdq0 (θr)] =                             (2.10) 

 

and its inverse is given by 

        [Tdq(θr)]
-1=                                    (2.11) 

The original d-q Park’s Transformation 0( )dq rT θ   is applied to the stator quantities 

shown in (2.7). This is given by: 

                   [vdq0] = [Tdq0 (θr)][vs] 

                [idq0] = [Tdq0 (θr)][ is]                                                                 (2.12) 

                            [λdq0] = [Tdq0 (θr)][  λs] 
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where  

                [vdq0] = [vdvqv0]                                                                         (2.13) 

      

When the three-phase system is symmetrical and the voltages form a balanced three-

phase set of abc sequences, the sum of the set is zero, hence the third components of the 

d-q quantities in (2.13) are zero, e.g .v0 = 0. 

If (2.12) is substituted into (2.7), then the stator voltage equation is written in d-q 

coordinates as: 

        [vdq0] = [Tdq0 (θr)][r s][Tdq0(θr)]
-1[idq0] + [Tdq0 (θr)]p[Tdq0(θr)]

-1[ dq0]            (2.14) 

where, p is the differential operation  

In a three-phase balanced system, all 
d

p
dt

=  the phase resistances are equal, ra = rb = rc= 

rs, such that the resistive drop term in the above equation reduces to 

                           [Tdq0 (θr)][r s][T dq0(θr)]
-1[idq0] = rs[idq0]                                       (2.15) 

The second term having a derivative part in (2.14) can be manipulated and is given by: 

                           [Tdq0 (θr)](p[Tdq0(θr)]
-1) = ω                                (2.16) 

          

Equations (2.15) and (2.16) yield the following result, written in expanded matrix form: 

                            = rs  + ωr   + p                          (2.17) 

The transformed motor equations from the three phase stator reference frame to two 

phase rotating rotor reference frame is given above. 
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2.6 MODELLING OF PMSM: 

The model of PMSM without damper winding has been developed on rotor reference 

frame using the following assumptions [2]: 

1) Saturation is neglected. 

2) The induced EMF is sinusoidal. 

3) Eddy currents and hysteresis losses are negligible. 

4) There are no field current dynamics. 

 

Voltage equations are given by: 

                          vd = Rsid – ωrλq +  

                          vq = Rsiq – ωrλd +                                                                 (2.18) 

Flux Linkages are given by 

                          λd = Ldid + λf 

                          λq= Lqiq                                                                                                      (2.19)  
     

Substituting equations 2.19 in 2.18: 

                          vd = Rsid – ωrLqiq +  (Ldid+ λf) 

                          vq = Rsiq – ωrLqiq +  (Lqiq)                                                      (2.20) 

  

Arranging equations 2.20 in matrix form 

                           =   +                                   (2.21) 
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The developed torque motor is being given by 

                          Te =     (λdiq – λqid)                                                                    (2.22) 

The mechanical Torque equation is 

                         Te =TL+ Bωm+ J                                                                      (2.23) 

Solving for the rotor mechanical speed form equation 2.23, 

                         ωm =                                                                    (2.24) 

and            ωm = ωr  

 

In the above equations ωr is the rotor electrical speed where as ωm is the rotor mechanical 

speed.  

 

2.7 SUMMARY: 

This chapter presents a theoretical review of permanent magnet motors drives which 

includes permanent magnet materials, classification of the permanent magnet motors, the 

construction and advantages. And also deals with the detailed modeling of a permanent 

magnet synchronous motor and derives equivalent two phase mathematical model of the 

permanent magnet synchronous motor which can be easily implemented in 

MATLAB/Simulink. 
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Direct Torque Control (DTC) of PMSM Drive 
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Chapter 3 

DIRECT TORQUE CONTROL (DTC) OF PMSM DRIVE 

 

3.1 INTRODUCTION:  

Today there are basically two types of instantaneous electromagnetic torque-controlled 

AC drives used for high-performance applications: vector and direct torque control 

(DTC) drives. The most popular method, vector control was introduced more than 25 

years ago in Germany by Hasse, Blaske and Leonhard. The vector control method, also 

called Field Oriented Control (FOC) transforms the motor equations into a coordinate 

system that rotates in synchronism with the rotor flux vector. Under a constant rotor flux 

amplitude there is a linear relationship between the control variables and the torque. 

Transforming the AC motor equations into field coordinates makes the FOC method 

resemble the decoupled torque production in a separately excited DC motor. Over the 

years, FOC drives have achieved a high degree of maturity in a wide range of 

applications. They have established a substantial world wide market which continues to 

increase.  

 When there was still a trend toward standardization of control systems based on 

the FOC method, direct torque control was introduced in Japan by Takahashi and 

Nagochi and also in Germany by Depenbrock. Their innovative studies depart from the 

idea of coordinate transformation and the analogy with DC motor control. These 

innovators proposed a method that relies on a bang-bang control instead of a decoupling 

control which is the characteristic of vector control. Their technique (bang-bang control) 

works very well with the on-off operation of inverter semiconductor power devices.  

 After the innovation of the DTC method it has gained much momentum. The 

basic concept behind the DTC of AC drive, as its name implies, is to control the 

electromagnetic torque and flux linkage directly and independently by the use of six or 

eight voltage space vectors found in lookup tables. The possible eight voltage space 

vectors used in DTC are shown in Fig. 3.1[7]-[9].  
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 The typical DTC includes two hysteresis controllers, one for torque error 

correction and one for flux linkage error correction. The hysteresis flux controller makes 

the stator flux rotate in a circular fashion along the reference trajectory. The hysteresis 

torque controller tries to keep the motor torque within a pre-defined hysteresis band. 

 

 

 

 

 

 

 

 

Figure 3.1. Eight possible voltage space vectors obtained from VSI. 

The control algorithm determines a control   signal   whose   amplitude   depends   on   

the   difference   between   desired   and   actual value. This control signal can assume 

any value in a given interval. The three signals used in the control action of a DTC 

system are torque error, flux linkage error and the angle of the resultant flux linkage 

vector.   

 One   revolution   is   divided   into   six   sectors.  In   each   sector   the   DTC   

chose   between   4 voltage   vectors. Two of the vectors increase and the other two 

decrease torque. Another pair of vectors increase and decrease flux. For each   

combination   of   the   torque   and   flux   hysteresis comparator   states there  is  only 

one  of  the  four voltage vectors which  at  the  same  time compensate torque and flux as 

desired[4]. 
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3.2 TORQUE CONTROL STRATEGY IN DTC OF PMSM DRIVE:  

The torque equation used for DTC of PMSM drives can be derived from the phasor 

diagram of conventional or permanent magnet synchronous motor shown in Fig. 3.2  

 

 

 

 

 

 

 

 

Figure 3.2. Phasor diagram of a non-salient pole synchronous machine in the motoring mode[4]. 

When the machine is loaded through the shaft, the motor will take real power. The rotor 

will then fall behind the stator rotating field. The motor current expression can be written 

as 

                        Is =                                        (3.1)  

where                   |Zs| =  (Rs
2+Xs

2) ,    also Xs = ωeLs 

                                   

Assuming a reasonable speed such that the Xs term is higher than the resistance, Rs, such 

that Rs can be neglected, then Ιs can then be rewritten as: 

               Is =                                                (3.2)  

Such that the real part of Ιs is: 
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                            Re[Is] = Is  =  

                                       = -                                   (3.3) 

The developed power is given by: 

                   Pi=3Vs Re[Is]=3VsIs                                                                  (3.4) 

Substituting (3.3) into (3.4) yields: 

                             Pi= -3     Watts/ph                                                    (3.5) 

This power is positive when δ negative, meaning that when the rotor field lags the stator 

field the machine is operating in the motoring region. When δ>0 the machine is operating 

in the generation region. The negative sign in (3.5) can be dropped, assuming that for 

motoring operation a negative δ is implied [4]. 

If the losses of the machine are ignored, the power Pi can be expressed as the shaft 

(output) power as well: 

        Pi=P0= ωeTem                    (3.6) 

When combining (3.5) and (3.6), the magnitude of the developed torque for a non-salient 

synchronous motor (or surface-mounted permanent magnet synchronous motor) can be 

expressed as: 

                             Tem= 3  

                                   = 3                                                            (3.7) 

Where δ is the torque angle between flux vectors λs and λr. If the rotor flux remains 

constant and the stator flux is changed incrementally by the stator voltage, Vs then the 

torque variation ∆Tem, expression can be written as: 

             ∆Tem= 3                                    (3.8) 
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As it can be seen from (3.8), if the load angle, δ, is increased then torque variation is 

increased [4]. To increase the load angle, δ, the stator flux vector should turn faster than 

rotor flux vector. The rotor flux rotation depends on the mechanical speed of the rotor, so 

to decrease load angle, δ, the stator flux should turn slower than rotor flux. Therefore, 

according to the torque (3.7), the electromagnetic torque can be controlled effectively by 

controlling the amplitude and rotational speed of stator flux vector, λs. To achieve the 

above phenomenon, appropriate voltage vectors are applied to the motor terminals. For 

counter-clockwise operation, if the actual torque is smaller than the reference value, then 

the voltage vectors that keep the stator flux vector, λs, rotating in the same direction are 

selected. When the load angle, δ, between λs and λr increases the actual torque increases 

as well. Once the actual torque is greater than the reference value, the voltage vectors that 

keep stator flux vector, λs, rotating in the reverse direction are selected instead of the zero 

voltage vectors. At the same time, the load angle, δ, decreases thus the torque decreases. 

3.3 FLUX CONTROL STRATEGY OF PMSM DRIVE:  

If the resistance term in the stator flux estimation algorithm is neglected, the variation of 

the stator flux linkage (incremental flux expression vector) will only depend on the 

applied voltage vector as shown in Fig. 3.3  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Incremental stator flux linkage space vector representation in the DQ-plane. 
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For a short interval of time, namely the sampling time, Ts = ∆t, the stator flux linkage, λs 

position and amplitude can be changed incrementally by applying the stator voltage 

vector, Vs. As discussed above, the position change of the stator flux linkage vector, λs, 

will affect the torque. The stator flux linkage of a PMSM that is depicted in the stationary 

reference frame is written as: 

                        λs = dt                                                      (3.9)  

During the sampling interval time or switching interval, one out of the six voltage vectors 

is applied, and each voltage vector applied during the pre-defined sampling interval is 

constant, eqn (3.9) can be rewritten as 

                                 λs = Vst - Rs + λs|t=0                     (3.10)  

Where λs|t=0, is the initial stator flux linkage at the instant of switching, Vs, is the measured 

stator voltage, is, is the measured stator current, and Rs, is the estimated stator resistance. 

When the stator term in stator flux estimation is removed implying that the end of the 

stator flux vector, λs, will move in the direction of the applied voltage vector, as shown in 

Fig. 3.3, we obtain: 

                        ∆ λs = Vs ∆t                                                                    (3.11) 

The goal of controlling the flux in DTC is to keep its amplitude within a pre-defined 

hysteresis band. By applying a required voltage vector stator flux linkage amplitude can 

be controlled [7]. To select the voltage vectors for controlling the amplitude of the stator 

flux linkage the voltage plane is divided into six regions, as shown in Fig. 3.3. 

 In each region two adjacent voltage vectors, which give the minimum switching 

frequency, are selected to increase or decrease the amplitude of stator flux linkage, 

respectively. For example, according to the Table I, when the voltage vector V2, is 

applied in Sector 1, then the amplitude of the stator flux increases when the flux vector 

rotates counter-clockwise. If V3, is selected then stator flux linkage amplitude decreases.  

Fig. 3.4 is a basic graph that shows how flux and torque can be changed as a function of 

the applied voltage vector. According to the figure, the direct component of applied 

voltage vector changes the amplitude of the stator flux linkage and the  indirect  
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Figure 3.4. Representation of direct and indirect components of the stator flux linkage vector[4]. 

component changes the flux rotation speed which changes the torque [8]. If the torque 

needs to be changed abruptly then the flux does as well, so the closest voltage vector to 

the indirect component vector is applied. If torque change is not required, but flux 

amplitude is increased or decreased then the voltage vector closest to the direct 

component vector is chosen. Consequently, if both torque and flux are required to change 

then the appropriate resultant mid-way voltage vector between the indirect and direct 

components is applied. It seems obvious from (3.9) that the stator flux linkage vector will 

stay at its original position when zero voltage vectors Sa (000) and Sb (111) are applied. 

This is true for an induction motor since the stator flux linkage is uniquely determined by 

the stator voltage. On the other hand, in the DTC of a PMSM, the situation of applying 

the zero voltage vectors is not the same as in induction motors. This is because the stator 

flux linkage vector will change even when the zero voltage vectors are selected since the 

magnets rotate with the rotor [9]. As a result, the zero voltage vectors are not used for 

controlling the stator flux linkage vector in a PMSM. In other words, the stator flux 

linkage should always be in motion with respect to the rotor flux linkage vector. 

 

3.4 VOLTAGE VECTOR SELECTION IN DTC OF PMSM DRIVE: 

As discussed before, the stator flux is controlled by properly selected voltage vectors, and 

as a result the torque by stator flux rotation. The higher the stator vector rotation speed 

the faster torque response is achieved.  
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 The estimation of the stator flux linkage components described previously 

requires the stator terminal voltages. In a DTC scheme it is possible to reconstruct those 

voltages from the DC-link voltage, Vdc, and the switching states (Sa, Sb, Sc) of a six-step 

voltage-source inverter (VSI) rather than monitoring them from the motor terminals [8]-

[9]. The primary voltage vector, Vs, is defined by the following equation: 

                    vs = (2/3)(va + vb ℮
j(2/3)� + vc ℮

j(4/3)�)                                      (3.12) 

where, va, vb and vc and are the instantaneous values of the primary line-to-neutral 

voltages. When the primary windings are fed by an inverter, as shown in Fig. 3.5, the 

primary voltages va, vb and vc are determined by the status of the three switches, Sa, Sb and 

Sc. If the switch is at state 0 that means the phase is connected to the negative and if it is 

at 1 it means that the phase is connected to the positive leg. 

 For example, va is connected to Vdc if Sa is one, otherwise va is connected to zero. 

This is similar for vb and vc. The voltage vectors that are obtained this way are shown 

in Fig. 3.1. There are six nonzero voltage vectors: V1 (100) , V2  (110) , …, and  V6(101) 

and two zero voltage vectors: V7(000)  and V8(111) . The six nonzero voltage vectors are 60 o 

apart from each other as in Fig. 3.1. 

 

 

 

 

 

 

Figure 3.5. Voltage source inverter (VSI) connected to the R-L load. 

The stator voltage space vector (expressed in the stationary reference frame) 

representing the eight voltage vectors can be shown by using the switching states and the 

DC-link voltage, Vdc, as: 
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             vs(Sa,Sb,Sc) = (2/3)Vdc(Sa + Sb ℮
j(2/3)� + Sc ℮

j(4/3)�)                     (3.13) 

Where Vdc, is the DC-link voltage and the coefficient of 2/3 is the coefficient comes from 

the Park’s Transformation. Equation (3.13) can be derived by using the line-to-line 

voltages of the AC motor which can be expressed as: 

                        vab = Vdc(Sa - Sb) , vbc = Vdc(Sb – Sc) , vca = Vdc(Sc – Sa)           (3.14) 

The stator phase voltages (line-to-neutral voltages) are required for (3.12). They can be 

obtained from the line-to-line voltages as.  

                        va = (vab - vca)/3 , vb = (vbc - vab)/3 , vc = (vca – vbc)/3                 (3.15) 

If the line-to-line voltages   in terms of the DC-link voltage, Vdc, and switching states are 

substituted into the stator phase voltages it gives: 

              va =(1/3) Vdc(2Sa – Sb - Sc) 

                         vb =(1/3) Vdc(-Sa + 2Sb - Sc)                                                     (3.14) 

                         vc =(1/3) Vdc(-Sa – Sb + 2Sc) 

Equation (3.14) can be summarized by combining with (3.12) as: 

              va = Re(vs) = (1/3) Vdc(2Sa – Sb - Sc) 

                         vb = Re(vs) = (1/3) Vdc(-Sa + 2Sb - Sc)                                      (3.15) 

                         vc = Re(vs) = (1/3) Vdc(-Sa – Sb + 2Sc) 

To determine the proper applied voltage vectors, information from the torque and flux 

hysteresis outputs, as well as stator flux vector position, are used so that circular stator 

flux vector trajectory is divided into six symmetrical sections according to the non zero 

voltage vectors as shown in Fig. 3.3 [4]. 

According to Fig. 3.6, while the stator flux vector is situated in sector i, voltage vectors 

Vi+1 and   Vi-1  have positive direct components, increasing the stator flux amplitude, and 

Vi+2  and Vi-2  have negative direct components, decreasing the stator flux amplitude. 

Moreover,  Vi+1  and  Vi+2  have positive indirect components, increasing the torque 
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Figure 3.6. Voltage vector selection when the stator flux vector is located in sector i. 

response, and  Vi-1  and  Vi-2  have negative indirect components, decreasing the torque  

response.  In other  words,  applying  Vi+1   increases  both  torque  and  flux  but 

applying Vi+1  increases torque and decreases flux amplitude. 

The switching table for controlling both the amplitude and rotating direction of 

the stator flux linkage is given in Table I [13]. The voltage vector plane is divided into 

six sectors so that each voltage vector divides each region into two equal parts. In each 

sector, four of the six non-zero voltage vectors may be used [13]. Zero vectors are also 

allowed. All the possibilities can be tabulated into a switching table. The switching table 

is shown in Table I. The output of the torque hysteresis comparator is denoted as τ, the 

output of the flux hysteresis comparator as ψ and the flux linkage sector is denoted as θ.  

The torque hysteresis comparator is a two valued comparator; τ = 0 means that the 

actual value of the torque is above the reference and out of the hysteresis limit and τ = 1 

means that the actual value is below the 

reference and out of the hysteresis limit. The flux hysteresis comparator is a two 

valued comparator as well where ψ = 1 means  that the actual value of the flux linkage  
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Table 3.1. Switching table 

 

is below the reference and out of the hysteresis limit and ψ = 0 means that the actual 

value of the flux linkage is above the reference and out of the hysteresis limit. Rahman 

et al have suggested that no zero vectors should be used with a PMSM. Instead, a non 

zero vector which decreases the absolute value of the torque is used. Their argument was 

that the application of a zero vector would make the change in torque subject to the rotor 

mechanical time constant which may be rather long compared to the electrical time 

constants of the system. This results in a slow change of the torque [7], [9]. 

We define ψ and τ to be the outputs of the hysteresis controllers for flux and torque, 

respectively, and θ (1) -θ (6) as  the sector numbers to be used in defining the stator flux 

linkage positions. In Table I, if ψ = 1, then the actual flux linkage is smaller than the 

reference value. On the other hand, if ψ = 0, then the actual flux linkage is greater than 

the reference value. The same is true for the torque. 

 

3.5 CONVENTIONAL DIRECT TORQUE CONTROL SYSTEM: 

In this section the basic DTC control system is presented in detail and the functions of all 

system blocks are explained. Figure 3.7 shows the block diagram of the DTC. Each block 

is described in detail below. 

Let’s start with the motor currents and follow the signals around the system to the Voltage 

Source Inverter output. 

 

Ψ 

 

Τ  

                                                           θ  

θ(1) θ(2) θ(3) θ(4) θ(5) θ(6) 

Ψ=1 Τ=1 V2(110) V3(010) V4(011) V5(001) V6(101) V3(010) 

Τ=0 V6(101) V1(100) V2(110) V3(010) V4(011) V5(001) 

Ψ=0 Τ=1 V3(010) V4(011) V5(001) V6(101) V1(100) V2(110) 

Τ=0 V5(001) V6(101) V1(100) V2(110) V3(010) V4(011) 
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Figure 3.7. Classical DTC scheme. 

3.5.1 CURRENT TRANSFORM: 

As   seen   in   the   figure   only two   of   the   input   currents   are   sensed.  The   motor   in   a   drive 

system is normally operated with its neutral point floating, in this case ia + ib + ic = 0 so 

the current not sensed is given of them other two. The iabc current is then transformed to 

its   quadrature   and   direct   axes   components   according   to   the   Park   Transformation. 

 In  chapter  two the  abc-components   were  transformed  into  the   rotor  reference  

frame  and absolute rotor position was supposed to be known. In reality there is a desire of 

not using rotor   position   explicitly because this   implies   the   use   of   angular   encoders.  In   

the   DTC system, variables are transformed into the αβ stator reference frame, which does 

not make use of any angular information. 

This transformation becomes a simple mapping 

                  =                                             (3.16) 

The zero component is left since, when the neutral floats there is no need to consider it. 
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3.5.2 FLUX ESTIMATOR:  

Now that the current, iαβ, is known, the signal continues in to the flux estimator. In to this 

block also enters the VSI voltage vector transformed to the αβ-stationary reference frame. 

The voltage, Vαβ, is calculated as in eqn.3.16 so no further explanation is needed. 

The dq-volatge eqn’s with zero components left is  

                 Vdq = Rsidq + ωr                                                             (3.17)  

One can directly obtain a means for stator flux estimation by noting that wr=0 and 

rearranging 

                 λαβ = ∫ (vαβ - Rsiαβ)dt                                                                                       (3.18) 

This formula is the foundation of implementing the flux estimator. 

 

3.5.3 TORQUE ESTIMATOR: 

The torque in the PMSM motor drive rotor reference frame is given by 

             Te = (3/4)P(λdiq – λqid)                                                       (3.19)  

which is true for all dq-reference frames. The torque in PMSM motor is estimated 

from the calculated currents and fluxes in the stationary αβ-reference frame. To 

calculate torque one only has to substitute the corresponding,   already, calculated   fluxes   

and   currents.  Torque   calculation   is   thus   a simple operation. 

 

3.5.4 SECTOR CALCULATION: 

The control action taken by the DTC control is based on the states of the flux and torque 

hysteresis comparators. Flux is increased by applying a vector pointing in the λdq 
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Figure 3.8. DTC sectors and reference frames. 

direction and torque is increased by applying a vector pointing in the rotational direction. 

In order to do so, the angular position of the stator flux vector must be known so that the 

DTC can choose between an appropriate set of vectors depending on the flux position. 

Each sector spans 60o degrees, the sectors are numbered as in fig 3.8. 

As seen from the fig the angle θ can be found from: 

                  θ = tan-1(λβ / λα)                                                                    (3.20) 

If λdq belongs to sector 1, switch vectors v2, v3, v5 and v6 are used. 

 

 

 

 

 

 

 

Figure 3.9. VSI vectors used when λdq is in sector 1. 
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3.5.5 TORQUE AND FLUX HYSTERESIS COMPARATORS: 

Now  we   know  in   which  sector  is   the   flux   and  its   norm,  and   we  also  know  how  

much torque the motor develops.  Estimated   torque   and   flux   are   compared   to   

their   command   values.   The   difference between command and estimated value is 

compared in the hysteresis comparators. 

 

 

 

 

Figure 3.10.  2-level hysteresis comparator[10]. 

3.5.6 LOOK –UP TABLE: 

The hysteresis comparator states, dT and dφ, together with the sector number, N, are now 

used by the Look-up Table block to chose an appropriate voltage vector. 

A table frequently used in DTC when controlling a Permanent Magnet motor is shown in 

table 3.2, 

Table 3.2. Voltage Vector Switching Table 

 

 

 

 

 

 

 

 N 

Dλ dτ 1 2 3 4 5 6 

 

-1 

-1 U5 U6 U1 U2 U3 U4 

1 U3 U4 U5 U6 U1 U2 

 

1 

-1 U6 U1 U2 U3 U4 U5 

1 U2 U3 U4 U5 U6 U1 
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The selected voltage vector is applied at the gate of the Voltage source inverter (VSI). 

 

3.5.7 VOLTAGE SOURCE INVERTER: 

 

 

 

 

 

 

 

Figure 3.11. VSI and how the motor windings are connected. 

The VSI synthesizes the voltage vectors commanded by the look up table block. In the  

case of DTC this task is quite simple since no pulse width modulation is used; the output 

devices stay in the same state during the entire sampling period. 

Figure   3.11 shows   a   simplified   sketch   of   the   VST   output   stage, and   how   the   motor 

windings are connected. 

The   output-signals   from   the   Look-up   Table   block   in   Fig.  3.7 are   named Sa, Sb and Sc. 

These are Boolean variables indicating the switch state in the inverter output-branches. 

Let Si = 1 when the high or upper switch is on and the lower is off, and   Si = 0 when the 

lower is on and upper is off. The inverter states (Sa Sb Sc), generating each voltage vector 

then are: 

u1 = (1 0 0), u2 = (1 1 0), u3 = (0 1 0), u4 = (0 1 1), u5 = (0 0 1), u6 = (1 0 1) 

The VSI inverter terminals are connected to motor abc terminals. 
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3.6 ADVANTAGES AND DISADVANTAGES OF THE DIRECT TORQ UE 

CONTROL TECHNIQUE:  

There are many advantages of direct torque control over other high-performance torque 

control systems such as vector control. Some of these are summarized as follows [10]:  

• The only parameter that is required is stator resistance 

• The switching commands of the inverter are derived from a look-up table, simplifying     

the control system and also decreasing the processing time unlike a PWM modulator      

  used in vector control. 

• Instead of current control loops, stator flux linkage vector and torque estimation  are 

required so that simple hysteresis controllers are used for torque and stator flux      

linkage control. 

• Vector transformation is not applied because stator quantities are enough to calculate    

the torque and stator flux linkage as feedback quantities to be compared with the   

reference values. 

Although there are several advantages of the DTC scheme over vector control, it still has 

a few drawbacks which are explained below: 

• A major drawback of the DTC scheme is the high torque and stator flux linkage  ripples.   

Since the switching state of the inverter is updated once every sampling time, the   

inverter keeps the same state until the outputs of each hysteresis controller changes   

states. As a result, large ripples in torque and stator flux linkage occur. 

• The switching frequency varies with load torque, rotor speed and the bandwidth  of the  

two hysteresis controllers. 

• Stator flux estimation is achieved by integrating the difference between the input 

voltage and the voltage drop across the stator resistance. The applied voltage on the 

motor terminal can be obtained either by using a DC-link voltage sensor, or two voltage 

sensors connected to the any two phases of the motor terminals. For current sensing there 
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should be two current sensors connected on any two phases of the motor terminals. Offset 

in the measurements of DC-link voltage and the stator currents might happen, because for 

current and voltage sensing, however, temperature sensitive devices, such as operational 

amplifiers, are normally used  which can introduce an unwanted DC offset. This offset 

may introduce large drifts in the stator flux linkage computation (estimation) thus 

creating an error in torque estimation (torque is proportional to the flux value) which can 

make the system become unstable.  

• The stator flux linkage estimation has a stator resistance, so any variation in the  stator 

resistance introduces error in the stator flux linkage computation, especially at low 

frequencies. If the magnitude of the applied voltage and back-EMF are low, then any 

change in the resistance will greatly affect the integration of the back-EMF. 

• Because of the constant energy provided from the permanent magnet on the rotor the 

rotor position of motor will not necessarily be zero at start up. To successfully start the 

motor under the DTC scheme from any position (without locking the motor at a known 

position), the initial position of the rotor magnetic flux must be known. Once it is started 

properly, however, the complete DTC scheme does not explicitly require a position 

sensor.  

 

3.7 SUMMARY: 

In this chapter a theoretical review of DTC for applying to a PMSM motor is given. An 

algorithm for implementation of Direct Torque control technique for a two level inverter 

driving PMSM motor is developed.  The key elements like torque estimation, flux 

estimation and voltage vector selection table is also given. 
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Chapter 4 

THREE LEVEL VOLTAGE SOURCE INVERTER 

 

4.1 INTRODUCTION 

 Multi level inverters, such as three level inverters, are an emerging technology 

and are commonly applied to high power motion drives instead of the standard two-level 

voltage source inverters (VSI). In three-level inverters the blocking voltage of each 

switch is half of the DC bus voltage, lower dV/dt is generated and the output voltage and 

current have lower harmonic distortion.. In the three level inverter the voltage selection 

possibilities are enhanced since more inverter states are available. In this chapter the 

application of the Direct Torque Control (DTC) strategy is studied for this particular 

topology and the switching table adapted for applying three level inverter to the 

conventional DTC is discussed. 

 

4.2 THE THREE LEVEL NEUTRAL POINT CLAMPED INVERTER  

A multilevel voltage source inverter is a converter structure that can provide more than 

two levels of line to ground voltage in the output of each leg of the inverter. Multilevel 

power conversion technology is a very fast growing area of power electronics with good 

potential for further development. The most attractive features of this technology are in 

the medium to high-voltage application range of (2-13KV), which includes motor drives, 

power distribution, power quality and power conditioning applications. Different circuit 

topologies have been implemented in multilevel inverters. One of the most used of these 

topologies is the Neutral point Clamped (NPC) topology. In Fig 4.1the scheme for the 

three level inverter is presented. In Fig 4.2, the different vectors or inverter states 

available, in a three level inverter, are shown in the stator flux locus [18]. As can be seen, 

there are 4 different kinds of vectors  

� Zero vectors: Vz (with 3 possible configurations). 



51 

 

� Large vectors: V1L, V2L, V3L, V4L, V5L, V6L. 

� Medium vectors: V1m, V2m, V3m, V4m, V5m,V6m. 

� Small vectors: V1s, V2s, V3s, V4s, V5s, V6s (with 2 possible configurations for 

each). 

 

  

 

 

 

 

 

 

 

 

Figure 4.1. Three level NPC inverter[21]. 

 

Although in a three level inverter there are 27 possible states, some of them apply 

the same voltage vector [21]. There are two possible configurations for each small vector 

and three for the zero vector Vz. Therefore, 19 different vectors are available in a three 

level inverter Vz to V6s. The state of the switches for each leg is shown in brackets (2: 

phase connected to the positive of the DC-link; 1: phase connected to the middle point of 

the DC-link (Neutral point NP); 0: phase connected to the negative of the DC link). 
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4.3 DTC WITH A THREE LEVEL INVERTER 

 In direct torque control, the torque and the stator flux are regulated to their 

reference value by selecting the adequate switching state. The conventional DTC with a 

two level inverter makes no difference between large and small flux and torque errors. 

The switching states chosen for the large error that occurs during the start up or during a 

step change in torque or flux reference are the same that have been chosen for the fine 

control during steady state. A better quantification of the input variables increasing the 

number of levels of the Hysteresis blocks together with splitting the stator flux position in 

to 6 sectors and the increased number of inverter states available for a three level inverter 

may lead to a better performance of the control [14]. 

 

 

 

 

 

 

 

 

 

Figure 4.2. Voltage space vectors for a three level NPC inverter[21]. 

4.4 VECTOR SELECTION TABLE FOR THREE LEVEL INVERTER   

The proposed DTC algorithm, which is employed with a 3-level inverter, is a natural 

extension of the classical DTC to multilevel inverters. With an inverter shown in fig 4.1 

the possible inverter switching states, for each phase, are shown in Tab.4.1 where Sx is a 

variable which identifies the switching state of an inverter leg. Each voltage space vector 

generated by the inverter is then identified by a 3-component vector, like (2 2 l), where 
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each component is given by the value of Sx, for each of the three legs of the inverter: Fig 

4.2 shows the hexagon of the 19 voltage space vectors which can be generated by such an 

inverter. The proposed DTC algorithm employs only 12 active voltage space vectors, 

divided into two categories on the basis of the parameter Levu (voltage level) as shown in 

Tab.4.2, without using either the null space vector, for dynamical reasons as explained 

later in this paragraph, or the active vectors (210 102 120 201 021 012), which are 

characterized by three different numbers, for capacitor balancing reasons [14]. 

Table 4.1. Switching states of a three level inverter 

SxA S1A S2A S3A S4A 

2 On On Off Off 

1 Off On On Off 

0 Off Off On On 

 

As it can be seen from Tab.4.2, any Ui space vector (with i=l, 2, . . . ,6) with LevU= low 

can be obtained with two different switching patterns and this is exploited to avoid the 

capacitor voltage unbalance, as shown in Table 4.3. 

Table 4.2. Voltage space vectors employed in the proposed DTC algorithm 

  U1 U2 U3 U4 U5 U6 

Levu High  2 0 0 2 2 0 0 2 0 0 2 2 0 0 2 2 0 2 

 Low 2 1 1 2 2 1 1 2 1 1 2 2 1 1 2 2 1 2 

 Low 1 0 0  1 1 0 0 1 0 0 11 0 0 1 1 0 1 

 

Table 4.3. Adopted control strategy 

 Te↑ ψs ↑ Te↑ ψs ↓ Te↓ ψs ↑ Te↓ ψs ↓ 

Control strategy 

(θ sector) 

 

Ui+1 

 

Ui+2 

 

Ui-1 

 

Ui-2 

(arrow up= increase, arrow down= decrease) 
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 The employed DTC block diagram, shown in Fig. 4.3, is the natural extension of 

classical DTC. It shows that the closed loop control of both the rotor speed and the stator 

flux linkage is performed. Speed control is done by employing a PI controller which 

processes the speed error obtained as difference between the reference speed and the 

measured one (obtained by the encoder in Fig. 4.3) its output is the reference torque. Both 

torque and stator flux controls are achieved by using 4-level hysteresis comparators the 

output of this comparator (Tout for the torque and ψout for the stator-flux linkage) can be 

either 2 (-2) or 1 (-1) according to the positive (negative) value of the torque or the flux 

error: if the value of the error is within the hysteresis loop, then the output of the 

comparator is 1 (-1) if the previous comparator output was 1 or 2 (-1 or -2). On the basis 

of the sector θ (θ=1, 2, . . ., 6) in which the stator flux linkage lies and of the magnitude 

of 

the 

errors of the torque and flux loops, a voltage space vector Ui (with i=l, 2, ..., 6 ) is 

generated. In this control strategy no null vector has been used to obtain the best 

dynamical performances of the electrical drive, at the expenses though of higher ripples 

in the torque. If the absolute value of the output of one of the two the comparators is   

Figure 4.3. Schematic diagram of the DTC PMSM drive system for Three-level inverter[15]. 

higher than two, then the voltage space vector U, with Levu=”high” is generated, 

otherwise U, with Levu=”low” is selected. As clearly shown in Fig. 4.4, the effect of the 
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voltage space vector with Levu=”high” is to cause high variations both in the torque and 

in the stator flux, while the effect of the voltage space vector with Levu=”low” is to cause 

smaller variations. The use of more voltage vectors in the 3-level inverter fed DTC than 

in the 2- level inverter fed DTC permits therefore a corresponding reduction of the  

harmonic content in stator voltages and currents. 

 

 

 

 

 

 

 

 

Figure 4.4. Effect of voltage space vectors on torque and stator flux linkages[14]. 

(arrow up= increase, double arrow up= strong increase 

arrow down= decrease, double arrow down= strong decrease) 

The stator flux linkage amplitude is estimated with a classical open-loop “voltage model 

based on the well known stator equations of the PMSM machine [14]: 

                                                                    

In the control scheme the stator voltage components are computed on-line from the 

knowledge of the DC-link voltage and the switching state SxA, SxB , SxC of the upper 

devices of the legs of the inverter with the following formulae [14]: 
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Tshe electromagnetic torque is estimated on-line by the knowledge Of the instantaneous 

values of the direct and quadrature stator flux linkage and current components: 

                        te = (3/2)p(ΨsD isQ- ΨsQ isD)  

It should be remarked that the final switching pattern is selected on the basis of the 

elaboration of the “voltage balancing algorithm”, as described in the next section.  

4.5 CONTROL ALGORITHM FOR DC LINK CAPACITOR VOLTAGE S 

BALANCING 

In the three-level inverter topology the DC link capacitor voltage balancing problem is 

inherent. It is required that two DC link capacitor voltages (C1 and C2 in Fig. 4.1) should 

be maintained balanced to guarantee three-level operation throughout the whole output 

voltage range. For this, a switching pattern should be properly selected. 

  

 

 

 

 

 

 

 

Figure 4.5. Voltage unbalancing of the inverter capacitors[15]. 
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If it is violated, the output of the inverter will contain even order harmonics that are fatal 

in AC drives. Among the voltage space vectors selected in this case, the full vectors, do 

not unbalances the capacitors voltage because its configurations that connects the motor 

windings with positive or negative points, the half vectors unbalances the capacitors due 

to it’s the configurations that connects to middle point as shown in the Fig. 4.5. 

This figure shows the effect of the voltage space vector V2,half on the capacitors voltage 

balancing where the same voltage space vector can be generated with two possible 

switching patterns (221) and (110) and one of them connect the motor windings between 

the points 2 and 1 of the DC link 

while the other connects them between the points 1 and 0 of the inverter. The switching 

configuration in Figs. (4.5a) and (4.5b) has opposite effects on the voltage unbalance of 

the capacitors C1, C2 in steady state. Due to one possible switching state the voltage space 

vectors of the medium category such as (201) unbalance the capacitors and ones are not 

used. The zero voltage space vectors are not used also to PMSM like explained in the 

previous section.  

The voltage balancing algorithm and the consequent switching pattern selection 

which takes into account the voltage balance is shown now. If the values of the torque 

error output or flux error output are larger than positive hysteresis band (dT or dλs) or less 

than negative hysteresis band (-dT or -dλs) then a voltage space vector with level full is 

selected as well as the corresponding switching state, otherwise, if error values is more 

than zero and less than positive hysteresis band or if it is less than zero and more than 

negative hysteresis band, to avoid capacitor voltage unbalance a voltage space vector 

with level half is selected, then the sign of the current provided by the DC link is 

compared with the one of the last instant when a level half vector had been applied 

(algorithm memorizes the kind of the switching pattern in the last instant k in which a 

level half vector had been applied) and, if the sign of the current does not change, then 

the other switching pattern type for level half is selected to permit the capacitor voltages 

to be balanced [15]. 
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4.6 SUMMARY 

This chapter presents the direct torque control concept using three-level inverter. The 

voltage vector selection criterion for a three level inverter is discussed and a control 

algorithm for voltage unbalancing problem in a three level inverter is developed. 
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Chapter 5 

Simulation Results 
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Chapter 5 

SIMULATION RESULTS 

 

5.1 INTRODUCTION: 

The control system block diagrams shown in Fig 3.7 and Fig 4.3 and simulated for 

Permanent Magnet Synchronous Motor in the Matlab-Simulink environment. The 

SimPowerSystem is used for this modeling work. The advantage of the SimPowerSystem 

is that it has extensive libraries for machines and power electronics circuits. In first 

section the Simulink model for the PMSM motor is given, in the next section the 

simulation results of DTC technique implemented with two level and three level inverter 

is given: 

 

The motor parameters used for simulation are: 

Stator resistance = 5.8 Ω 

Direct axis self inductance = 44.8 mH 

Quadrature axis self inductance = 102.7mH 

Rotor flux constant = 0.533 WB  

Motor Moment of Inertia = .000329 kg-m2 

Damping coefficient = .0003882 kg-m2/s 

Number of poles = 2 
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5.2 MATLAB/Simulink model for PMSM : 

The PMSM motor is modeled in MATLAB/Simulink using the modeling equations eqns 

2.19 – 2.25 derived in chapter 2. The Vd and Vq voltages are obtained from the park’s 

transformation of the stator abc voltages. The model is given below. 

Figure 5.1. Simulink model of PMSM motor. 

 

Park’s transformation converts stator abc 3-phase voltages to equivalent 2-phase dq-

reference frame ie, to the rotor reference frame. The eqns are given by eqn (2.11) 
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Figure 5.2. Park’s Transformation block. 

5.3 DTC TECHNIQUE WITH A TWO LEVEL INVERTER: 

The control technique shown in fig 3.7 is implemented in MATLAB environment, and 

the simulink model is given below  
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With reference to the fig 5.3 the whole model can be divided into  

PMSM motor model 

Two level Inverter 

Voltage vector selection table  

Torque estimator and flux estimator  

The torque and flux values are estimated from the eqns 3.18 and 3.19 and are compared 

with the reference values, the error is compared in hysteresis comparator and the output 

of the comparators along with the flux sector (θ)  are together used in Switching table to 

determine the appropriate voltage vector. The vector selected from the Switching table is 

then applied to the Voltage Source Inverter (VSI). The voltages Vα,Vβ are estimated from 

the switching state of the each leg in the inverter. 

The results for the above control technique are given below: 

 

 

 

 

 

 

 

Figure 5.4. Torque response of DTC with 2-level inverter. 

The command signal for the torque is taken as a step change changing from 1N-m to 2N-

m at 0.1s. Fig 5.4 shows that the motor torque tracks the step change in command torque 

but wit a large amount of ripple content. 
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Figure 5.5. Flux trajectory. 

A graph is drawn between the fluxes in αβ-axis i.e, ψα, & ψβ. The fig gives the locus of 

the flux vector in the αβ-plane which is a circle. 

The steady state currents ia, ib & i c are shown in fig 5.6 

 

 

 

 

 

 

 

Figure 5.6. Stator currents ia, ib & ic. 

The estimated stator flux is shown below. Fig 5.7 shows that the stator flux amplitude is 

restricted in a hysteresis width of .007. 
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Figure 5.7. Stator flux amplitude waveform. 

The spectrum for the stator current ia is shown below. From the fig below it can be 

observed that the THD% in the current spectrum is about 29.67% and the fundamental 

component is .8495A.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8. Harmonic spectrum of Stator current. 
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5.4 DTC TECHNIQUE WITH 3-LEVEL INVERTER: 

The Direct Torque Control technique with 3-level inverter is implemented in 

MATLAB/Simulink and the results are shown. The drive parameters used for DTC with 

2-level inverter are taken in 3-level inverter for comparison purpose. The results at each 

and every point is given below  
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The torque in 3-level inverter shown above contains less number of ripples as compared 

to DTC with 2-level inverter.  

 

 

 

 

 

 

Figure 5.9. Electro-magnetic torque with 3-level inver.ter 

              The plot between ψα and ψβ for DTC with a 3-level inverter is shown below  

 

 

 

 

 

 

 

Figure 5.10. Flux trajectory in 3-level inverter. 

 

The steady state stator currents ia, ib & i c are given below, which shows that the ripple in 

current is also reduced when compared to two level inverter  
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Figure 5.11. Steady state Stator currents ia,ib &i c. 

The estimated stator flux is shown in fig. 5.12.  The result shows the ripples reduction 

when compared with twoo-level inverter. 

                       

Figure 5.12. Stator flux amplitude waveform. 

The stator current ia spectrum for three level inverter is shown. The spectrum when 

compared with the spectrum of ia with two level inverter the THD% has been reduced to 

24.68 and also the fundamental component has been increased to 1.018A. 
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Figure 5.13. Harmonic spectrum of Stator current. 

5.5 SUMMMARY: 

In this chapter MATLAB Models and simulation results were presented. Matlab 

implementation Direct Torque Control Technique with both 2-level and 3-level inverter 

are done and results for both the cases are presented. Simulation results prove that the use 

of 3-level inverter instead of 2-level inverter in DTC technique results in lower ripple 

content in torque, stator flux and stator currents. 

TABLE 5.1 Comparision of PMSM with 2-level and 3-level inverter 

 

 

 

 Fundamental component of 
current 

Percentage THD 

With 2-level inverter 0.8495 29.67 

With 3-level inverter 1.018 24.68 
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Chapter 6 

Conclusion and Recommendations 
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Chapter 6 

CONCLUSION AND RECOMMENDATIONS 

Motor criteria such as durability, high performance, high power factor, easy and cheap 

control, low maintenance demands have led to a new type of motor excited by permanent 

magnets. In this thesis, by means of space vector theory, a mathematical model for the 

Permanent magnet Synchronous Motor is developed and implemented in 

MATLAB/Simulink  

DTC is intended for an efficient control of the torque and flux without changing 

the motor parameters and load. Also the flux and torque can be directly controlled with 

the inverter voltage vector in DTC. Two independent hysteresis controllers are used in 

order to satisfy the limits of the flux and torque. In the performed simulation, certain 

stator flux and torque references are compared to the values estimated from the motor 

parameters and errors are sent to the hysteresis comparators. The outputs of the flux and 

torque comparators are used in order to determine the appropriate voltage vector and 

stator flux space vector.  

In this thesis, DTC technique for a two level fed permanent magnet synchronous 

motor is explained and is simulated in MATLAB/Simulink environment. The simulation 

results are analysed and found that the torque obtained from the motor is having a large 

amount of ripple content. Therefore, in order to reduce the ripple content, the DTC 

technique is implemented with a three level inverter. In a three level inverter, the three 

levels in the phase voltage permit reduction of the harmonic content in stator voltages and 

currents and also in torque and flux ripples. The harmonic content in direct torque control 

technique for PMSM with a three level inverter can still be reduced by employing a new 

technique called DTC- Space Vector Modulation (DTC-SVM). 

Direct Torque Control Technique of PMSM with a two level inverter can be 

implemented in Real-Time environment and the results can be validated with the 

obtained simulation results. 
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