DIRECT TORQUE CONTROL OF PERMANENT MAGNET
SYNCHRONOUS MOTOR USING THREE-LEVEL INVERTER

Thesis Submitted in the partial fulfilment of the requirements for the award of degree of

MASTER OF ENGINEERING
In
POWER SYSTEMS & ELECTRIC DRIVES

Submitted by:

ANITPAL SINGH
Reg. No: 800841019

Under the Supervisions of:

Mr. SHAKTI SINGH
Assistant Professor

&
Mr. SSSR SARATHBABU DUVVURI

Lecturer

ELECTRICAL AND INSTRUMENTATION ENGINEERING
DEPARTMENT
THAPAR UNIVERSITY, PATIALA, PUNJAB-147001
June, 2010



CERTIFICATE

“I hereby declare that the work which is presented in the thesis report,
entitled. “DIRECT TORQUE CONTROL OF PERMANENT MAGNET
SYNCHRONOUS MOTOR USING THREFE LEVEL INVERTER” in partial fulfilment
of the requirements for the award of the Master’s Degree in Power Systems & Electric
Drives, submitted in Electrical and Instrumentation Engineering Department, Thapar
University, Patiala, is an authentic vecord of my initial work carried out under the
supervision of My. Shakti Singh and Myr. SSSR Sarathbabu Duvvuri, EIED, T. HAPAR
UNIVERSITY, PATIALA.”

P

pated 09.07.20]0 Anitpal Singh

This is to certify that the above statement made by the candidate is correct and true to the

best of our knowledge. -
‘ W
0. ST SWQ ol

Mr. SSSR Sarathbabu Duvvuri Mr. Shakti Singh
Lecturer, EIED Assistant Professor, EIED
Thapar University, Patiala Thapar University, Patiala

Coutersigned by

C-(ehost

19 ’°r
Dr. Smarajit Ghosh r. R.K. Sharma
Professor & Head. EIED Dean (Academic Affairs)
Thapar University, Patiala Thapar University, Patiala



ACKNOWLEDGMENT

Working without proper guidanaed expecting success is just like making
castles in the air, so whenever one wants to ataytwork, he requires guidance from
experts. | express my sincere gratitude to my gute Shakti Singh (Assistant
Professor) andiir. SSSR Sarathbabu Duvvuri (Lecturer), Department of Electrical and
Instrumentation Engineering, Thapar Universifgr acting as supervisor and giving
valuable guidance during the course of this ingasion, for their ever encouraging and

timely moral support.

| am greatly thankful fr. Smarajit Ghosh, Professor and Head, EIED
Department, Thapar University for his encouragenast inspiration for execution of
the thesis work. | do not find enough words withiahhl can express my feeling of
thanks to entire faculty and staff of Department Edéctrical and Instrumentation
Engineering, Thapar University, Patiala for the@glf) inspiration and moral support,

which went a long way in successfully completiomof thesis.

I’'m grateful to my parents, avinvolved their own thoughts in my work
and gave me worthy suggestions. I'm thankful tavallfriends and N Sood for their help

during my thesis work.

AngpSingh
Reg:N800841019

Email id: er_apsbhamra@yahoo.com



ABSTRACT

Permanent Magnet synchronous motors (PMSMs) ard umsenany applications that
require rapid torque response and high-performapeeation. The PMSM is very similar
to the standard wound rotor synchronous machinepxbat the PMSM has no damper
windings and excitation is provided by a permaneagnet instead of a field winding.
The elimination of field coil, dc supply and slipngs reduce the motor loss and
complexity. For the same frame size, permanent etagrotors have higher pull out
torque. It is mathematically proven that the insee@f electromagnetic torque in a
permanent magnet motor is proportional to the emeeof the angle between the stator
and rotor flux linkages, and, therefore, the fastjtie response can be obtained by
adjusting the rotating speed of the stator flukdige as fast as possible. This is achieved
by using direct torque control (DTC) technique.

The Direct Torque Control (DTC) has been more amate used in industrial
applications with permanent magnet synchronous m{@dSM) using two level
voltage source three-phase inverter with hysteresidroller due to some advantages
like: more simplicity, low dependency on the moparameters, good dynamic torque
response. This type of drive system is named assiclaPMSM DTC. However, the
classic PMSM DTC has some problems like more toaneeflux ripples as well as more
harmonic contents in the stator current. Henceygrcome these problems a novel DTC
algorithm is proposed for three-phase induction anavhich employs a three-level
inverter. It is an extension of the classic DTC tiwo-level inverters. The basic principle
of DTC is to directly select stator voltage vectarxording to the differences between

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

The basic theory of operation for the control teghe is presented. A
mathematical model for the proposed DTC of the PM&idology is developed. A
simulation model is developed in MATLAB/SIMULINK anis used to verify the basic

operation (performance) of the DTC technique.



List of Figures

Page no.

2.1  Two pole three phase surface mounted PMSM. 0 1
3.1 Eight possible voltage space vectors obtaired ¥/Sl. 20
3.2 Phasor diagram of a non-salient pole synchusmaachine in the

Motoring mode. 21
3.3 Incremental stator flux linkage space vectpresentation in the

DQ-plane. 23
3.4  Representation of direct and indirect componenti®stator flux

linkage vector. 25
3.5 Voltage source inverter (VSI) connected toRRE load. 26

3.6 Voltage vector selection when the stator flagtor is located in sectar 28

3.7 Classical DTC scheme. 30
3.8  DTC sectors and reference frames. 32
3.9 VSl vectors used whélg, is in sector 1. 32
3.10 2-level hysteresis comparator. 33
3.11 VSI and how the motor windings are connected. 34

4.1  Three level NPC inverter 39
4.2  Voltage space vectors for a three level NR@riler 40

4.3 Schematic diagram of the DTC PMSM drive systenThree-level

Inverter 42
4.4 Effect of voltage space vectors on torquesdatbr flux linkages 43
4.5  Voltage unbalancing of the inverter capacitors 44
5.1 Simulink model of PMSM motor 48
5.2 Park’s Transformation block 48
5.3 DTC with 2-level inverter 49
5.4  Torque response of DTC with 2-level inverter 50
5.5 Flux trajectory 51



5.6
5.7
5.8
5.8
5.9
5.10
5.11
5.12
5.13

Stator currents, ip & ic

Stator flux amplitude waveform

Harmonic spectrum of Stator current

DTC with 3-level inverter

Electro-magnetic torque with 3-level inverter
Flux trajectory in 3-level inverter

Steady state Stator currept$)i& i

Stator flux amplitude waveform

Harmonic spectrum of Stator current

51
52
52
53
54
54
55
55
56



Vsa, Ve, Vec
isalshlsc

Asa,ASDASC
Laa, Lob, Lec,

LIST OF SYMBOLS

rotor flux

complex space vectors of the three phase stat@mges
currents in the stator winding

resistance of the stator winding

stator flux linkage

stator instantaneous phase voltages.
stator instantaneous phase currents.
stator flux linkages

self-inductances of the stator a, b and c-phesgectively.

Lap Loe,Lca mutual inductances between the a and b phases, b @mases, and a and

Xray)brb)brc

Lis

Lo
Lms
or
fabc
fdqO
Tdqo
Or

A

¢ phases, respectively.

flux linkages that change depending on tterrangle established in the

stator a, b, and ¢ phase windings

leakage inductance of the stator winding
average inductance

inductance fluctuation

angle between the stator D-axis and the baxis
abc vector

dqgO vector

Transformation matrix

angular velocity, electrical angle

d-axis voltage

g-axis voltage



e
La,Lq
A

Rs
Te

om

d-axis and g-axis flux linkage
d-axis and g-axis self inductance
rotor flux amplitude

stator resistance

electro-magnetic Torque

angular velocity, mechanical angle
back emf-constant

stator impedance

load or torque angle

input and output power

number of poles

stator self inductance

sampling time

voltage vector

volatge vectors 1,2...6

state of the switch in each leg a,b and c
DC bus voltage

sector

Torque error

flux error

stator flux linkage amplitude



Table 3.1
Table 3.2
Table 4.1
Table 4.2
Table 4.3
Table 5.1

LIST OF TABLES

Page no.
Switching table 29
Voltage Vector Switching Table 33
Switching states of a three level inverte 41

Voltage space vectors employed in thpgwed DTC algorithm 41
Adopted control strategy 41

Comparision of PMSM with 2-leeeld 3-level inverter 56



VSI
PMSM
DTC
VC
FOC
DSC
THD
AC

DC
DSP
DQ axis

dg axis

MATLAB

LIST OF ABBREVATIONS

Voltage Source Inverter
Permanent Magnet Synchronous Motor
Direct Torque Control
Vector Control

Field Oriented Control
Direct Self Control

Total Harmonic Distortion
Alternating Current

Direct Current

Digital Signal Processor.
Direct and Quadrature axis

direct and quadrature axis

MATTrix LABoratary

10



Chapter 1:

Chapter 2:

Chapter 3:

Table of Contents

Introduction

1.1 Introduction

1.2 Literature Survey

1.3 Overview of the Thesis
Mathematical Model of PMSM
2.1 Introduction

2.2 Permanent Magnet Synchronous Machines
2.3 Permanent Magnet Materials
2.4 Space Vectors

2.5 Park’s Transformation

2.6 Modeling Equations of PMSM

2.7 Summary

Direct Torque Control (DTC) operation OF PMSM Drive

3.1 Introduction

3.2 Torque control strategy in DTC of PMSM Drive

3.3 Flux control strategy in DTC of PMSM Drive

3.4 Voltage Vector Selection in DTC of PMSM Drive

3.5 Conventional Direct Torque Control System
3.5.1 Current Transform
3.5.2 Flux Estimator
3.5.3 Torque Estimator

3.5.4 Sector Calculation

3.5.5 Torque and Flux hysteresis comparators

3.5.6 Look-up Table

3.5.7 Voltage Source Inverter

11

Page no.

13
16
17
18
19
21
23
25
9 2
30
31
31
31
33
33
34



Chapter 4:

Chapter 5:

Chapter 6:

3.6 Advantages and Disadvantages of Direct To@umrol
Technique

3.7 Summary

Three level Voltage Source Inverter

4.1 Introduction

4.2 Three level Neutral point clamped Inverter

4.3 DTC with a3-level inverter

4.4 Vector selection table for 3-level inverter

35
36
37
38
38
39
40

4.5 Control algorithm for DC link capacitor voltagebalancing 44

4.6 Summary

Simulation Results

5.1 Introduction

5.2 MATLAB/Simulink model for PMSM

5.3 DTC technique with a 2-level inverter

5.4 DTC technique with a 3-level inverter

5.5 Summary

Conclusion and Recommendations
Papers from Thesis

References

12

45
46
47
48
49
53
56
57
59



Chapter 1

Introduction

13



Chapter 1

1.1 INTRODUCTION:

Industry automation is mainly developed around orotcontrol systems in which
controlled electric motors play a crucial role &t of the system. Therefore, the high
performance motor control systems contribute, tgreat extent, to the desirable
performance of automated manufacturing sector yaecing the production rate and the
quality of products. In fact the performance of mwdautomated systems, defined in
terms of swiftness, accuracy, smoothness and @fiftgi, mainly depends to the motor
control strategies. The recent developments optiveer electronics industry resulted in a
considerable increase of the power that can bepukated by semiconductor devices. In
spite of that, the maximum voltage supported bgéhdevices remains the major obstacle
in medium and high voltage applications. For suppliaations multilevel converters
have been proposed. Multilevel inverters presemttcharmonic distortion of the output
voltages when compared to standard two-level ieverbperating at the same switching
frequency. Newly developed permanent magnet syncu® (PMS) motors with high
energy permanent magnet materials particularly igevfast dynamics, efficient
operation and very good compatibility with the apgiions if they are controlled
properly. However, the AC motor control includingnérol of PMS motors is a
challenging task due to very fast motor dynamicd highly nonlinear models of the
machines. Therefore, a major part of motor conttevelopment consists of deriving

motor mathematical models in suitable forms

There are two competing control strategies for A@tars i.e. vector control (VC)
and direct torque control (DTC). Almost 30 years,dag 1971 F. Blaschke presented the
first paper on field-oriented control (FOC) for uadion motors. Since that time, the
technique was completely developed and today isumaarom the industrial point of
view. Today field oriented controlled drives areiadustrial reality and are available on

the market by several producers and with diffesstiitions and performance.
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Thirteen years later, a new technique for the tergontrol of induction motors
was developed and presented by I. Takahashi ast dinejue control (DTC) and by M.
Depenbrock as direct self control (DSC). Since llkginning, the new technique was
characterized by simplicity, good performance amoustness. Using DTC or DSC it is
possible to obtain a good dynamic control of theque without any mechanical
transducers on the machine shaft. Thus, DTC and €®e considered as “sensorless
type” control techniques. The basic scheme of DS@referable in the high power range
applications, where a lower inverter switching freqcy can justify higher current

distortion.

The name direct torque control is derived by thet that, on the basis of the
errors between the reference and the estimate@éwvaliutorque and flux, it is possible to
directly control the inverter states in order tduee the torque and flux errors within the
prefixed band limits.

Unlike FOC, DTC does not require any current reggula coordinate
transformation and PWM signals. In spite of its @icity, DTC allows a good torque
control in steady-state and transient operatinglitmms to be obtained. The problem is

to quantify how good the torque control is withgest to FOC.

In addition, this controller is very little senstbto 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-phasehines fed by VSI an excellent
performance even at the low switching frequencesalin heavy power applications. In
DSC the power semiconductors of a three phase MSilieectly switched on and off via
three Schmitt triggers, comparing the time integadlline-to-line voltages to a reference
value of desired flux, if the torque has not yetateed an upper limit value of a two-limit
torque control. When the upper limit value is reathzero voltages are switched on to

the machine, as long as the lower limit value ofite is not yet under passed.
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Modelling and Smulation of Permanent Magnet Synchronous Motor Drive, this paper
addresses the modeling and simulation of Permaviaghet Synchronous Motor drive in
rotor dqg reference frame, it also discusses th&'S?aransformation used to transform

stator abc quantities to the rotor dq referencaéa

A Direct Torque Controller for Permanent Magnet Synchronous Motor Drives, this paper
derives the expression of torque production of PMSM the stator flux linkage xy-
reference frame and finds that the concept of D&R lwe also applied in PMSM drive.
And also states that the core of DTC, is the comtirthe amplitude and rotating speed of
the stator flux linkage and the calculation ofstdlux is then very important. One of the
best and simplest calculation methods is to caleuthe stator flux from the stator
voltage and current, which is independent of theaom@arameters except the stator
resistance and does not need the coordinate tramsion. The switching table for

controlling the stator flux for a PMSM is also dexl.

Sudy on the Direct Torque Control of Permanent Magnet Synchronous Motor Drives,
this paper gives the theoretical basis of the Diferque Control (DTC) for Permanent
Magnet Synchronous Motor (PMSM). In this papesiproven that, when the amplitude
of the stator flux linkage is kept constant thectlmmagnetic torque of a PMSM is
directly proportional to the sine value of the anbgktween the flux linkages of the stator
and rotor (power angle). Therefore precise torqudrol can be achieved by controlling
the instantaneous speed of the stator flux linkagk its amplitude keeping constant,
which is yet fulfilled through the agency of prolyeselecting 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 tatostflux linkage and its angle, with
respect to the rotor flux linkage, is derived, ahdn the control of the amplitude and

rotating speed of the stator flux linkage are anedy

Direct torque control of permanent magnet synchronous motor drive with a three-level
inverter, this paper proposes that when three level invéstased in conventional DTC

technique, it produces three levels in the phastag® thus decreasing the phase voltage
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harmonic contents without increase the semicondude&vices switching frequency
resulting low THD of the motor voltage and curreand also torque and flux ripples

reductions when compared with the two-level inverte

Research on Direct Torque Control of Permanent Magnet Synchronous Motor Based on
Optimized State Selector, this paper discusses that, in conventional di@cjue control
(DTC), there are partitioned six sectors in thei@tary two-axes reference frame and
vectors of stator flux linkage is controlled byesging different vectors of six voltage
vectors. But there are questions in this controthm@& When stator flux linkage is
especially in the adjacent region of two sectous e amplitude of stator flux linkage is
easily fluctuating and more the voltage vector whitiould be selected is uncertainty.
The optimized state selector DTC method is aimedh&st ambiguous question. The
application of optimized state selector DTC in panent magnet synchronous motor
drivers has the same advantage of conventional DTGt has an added advantage in the
aspects of decrease of fluctuation of flux linkagel electromagnetic torque, robustness

of velocity, as well as decrease of switching powastage of power devices.
1.3 OVERVIEW OF THE THESIS:

Chapter 2 gives a detailed theoretical analysis of permaneagnet synchronous motor
like construction, advantages and permanent magagtrials used. And also gives the

details of modeling of the Permanent Magnet Synaobus Motor.

Chapter 3 gives the overview of Direct Torque control tecjue and a methodology is
suggested to employ Direct Torque Control technigue two level inverter driving the
PMSM motor.

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

is developed to avoid voltage unbalance probletherthree level inverter.

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

inverter and a three level inverter and the resuktscompared.

Chapter 6 presents the conclusion and recommendations.

17
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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 desirdblures:

* 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 tempene limitations, and danger of
demagnetization mainly due to the presence of peemtanagnets can be restrictive for

some applications.

In permanent magnet (PM) synchronous motors, pegntanagnets are mounted
inside or outside of the rotor. Unlike DC brush oret permanent magnet synchronous
motor requires a “drive” to supply commutated caotrd his is obtained by pulse width
modulation of the DC bus using a DC-to-AC inved#iached to the motor windings. By
energizing specific windings in the stator, basadttee position of the rotor, a rotating
magnetic field is generated. Currents in the statondings are switched in a
predetermined sequence and hence the permanentetmatiiat provide a constant
magnetic field on the rotor follow the rotating tstamagnetic field at a constant speed.
This speed is dependent on the applied frequendypale number of the motor. Since

the switching frequency is derived from the rotbe motor cannot lose its synchronism.
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The current is always switched before the permansagnets catch up; therefore the

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

Recent developments in the area of semiconduetdches and cost-effective
DSPs and microprocessors have opened a new etfzefadjustable speed motor drives.
Such advances in the motor related sub-areas telpechthe field of motor drives by
replacing complicated hardware structures withveafé based control algorithms. The
result is considerable improvement in cost whileviing better performance of the
overall drive system.

2.3 PERMANENT MAGNET MATERIALS:

The properties of the permanent magnet materidlaffiéct directly the performance of
the motor and proper knowledge is required for $bkection of the materials and for

understanding PM motors.

The earliest manufactured magnet materials werdehad steel. Magnets made
from steel were easily magnetized. However, thaydbold very low energy and it was
easy to demagnetize. In recent years other magatdrials such as Aluminum Nickel
and Cobalt alloys (ALNICO), Strontium Ferrite or i@an Ferrite (Ferrite), Samarium
Cobalt (First generation rare earth magnet) (Sn&@d) Neodymium Iron-Boron (Second
generation rare earth magnet) (NdFeB) have beerlaged and used for making

permanent magnets.
The rare earth magnets are categorized into tvaseta

Samarium Cobalt (SmCo) magnets and Neodymium IrondB (NdFeB) magnets.
SmCo magnets have higher flux density levels bey thre very expensive. NdFeB

magnets are the most common rare earth magnetsrusedors these days [2].

2.4 SPACE VECTORS:

In a permanent magnet synchronous motor (PMSM) evilee inductances vary as a
function of the rotor angle, the two-phase (d-quieglent circuit model is a perfect
solution to analyze the multiphase machines becafigs simplicity and intuition [3].
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Conventionally, a two-phase equivalent circuit mostead of complex three-phase
model has been used to analyze reluctance synamamachines. This theory is now
applied in the analysis of other types of motorsluding PM synchronous motors,

induction motors etc.

Comparing a primitive version of a PMSM with waldrotor synchronous
motor, the stator of a PMSM has windings similathose of the conventional wound-
rotor synchronous motor which is generally threage) Y-connected, and sinusoidally
distributed. However, on the rotor side insteathefelectrical-circuit seen in the wound-
rotor synchronous motor, constant rotor flay frovided by the permanent magnet in/on
the rotor should be considered in the d-g model BMSM.

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

given as:

V= s+ Oho/dt (2.1)

wherers, Vs ,is, andis are the resistance of the stator winding, comgpace vectors of
the three phase stator voltages, currents, andifikages, all expressed in the stationary

reference frame fixed to the stator, respectively.

q axis d axis

a axis

Figure 2.1. Two pole three phase surface mounted P8M [4].
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They are defined as:
Ve= 5 [Vea (1) + & (1) + Evec (1) ]
is= = [isa(t) + dp (1) + isc (1) ] (2.2)
A= 5 [hsa(t) + dn (1) + Ehsc (1) ]

Fig. 2.1 illustrates a conceptual cross-sectiomalvvof a three-phase, two-pole surface

PM synchronous motor along with the two-phase dtating reference frame.

Symbols used in (2.2) are explained in detail below

a, anda® are spatial operators for orientation of the statadings;
a ?%& and %=l
VsaVsp Vs are the values of stator instantaneous phasegesita
Isalsb Isc are the values of stator instantaneous phasentsirre
Asa Asb Ascare the stator flux linkages and are given by:
Asa= Lada+ Ladb + Ladc+ Mra
Asb = Lada * Lobib + Lodc+ Arp (2.3)
Asc = Lada *+ Lodp + Ledc + Arc

where

Laa Lop, andLe, and are the self-inductances of the stator aggiaphase, and c-phase

respectively.

Lap, Loc @andL¢,, are the mutual inductances between the a- and $ephh- and c-phases,

and a- and c-phases, respectively.

Ara, Mb @ndA,c are the flux linkages that change depending ondteg angle established
in the stator a, b, and ¢ phase windings, respeygtidue to the presence of the

permanent magnet on the rotor.
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They are expressed as:
Ara=ArCOD
Mb=ArCOS f -120°) (2.4)
Mc=ArCOS @ +120°)

In (2.4), », represents the peak flux linkage due to the peemamagnet. It is often
referred to as the back-EMF constant.

Note that in the flux linkage equations, inductaneee the functions of the rotor angle,
Self-inductance of the stator a-phase winding,including leakage inductance and a-

and b-phase mutual inductantg, = Lyc have the form:
Laa: Lts + LO‘ Lms COS (E)
b= Lba= %2 Lo - Lms COS (D7) (2.5)

whereLsis the leakage inductance of the stator windingtdube armature leakage flux.

Lois the average inductance; due to the space fundatreer-gap flux;

d="2 (Lg + Lq)

Lms is the inductance fluctuation (saliency); dueh® totor position dependent on flux;

hs = V2 (Lo — Lo)
Similar to that oflL, but with 6 replaced by(0-2r/3) and (6-4x/3) b-phase and c-phase

self-inductanced,, and L, can also be obtained, respectively.

All stator inductances are represented in matnisnfbelow:

Lss

L+ Lo—L, c0os28  —ZLy—L, cos2(8—3)  —>Lg—L,, cos2(8+7)
—%LG—LW cosE[EI—E] L,,+Ly,—L,. cﬂsz[ﬂ—z—ﬂ] —%L,}—Lm cos2(6— m)
—%LD—LW cosz(ﬂ+§] —%LD—LW cos2(8+m) L,.+L,—L,. casz[ﬂ-i-z—ﬂj

(2.6)
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It is evident from the above equation that the elet®s ofLs are a function of the rotor

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

Under a three-phase balanced system with no ratmpahg circuit and knowing the flux
linkages, stator currents, and resistances of thimthe electrical three-phase dynamic
equation in terms of phase variables can be archimgenatrix form similar to that of

(2.1) written as:

Vel = [rd] [ig] + d/dt [i] (2.7)

where,
V] = [Vsa Vst Vs c]'
if = [isa isn isc]'
F=lramr] (2.8)

AH = [}bsa Asby }bsc]t

In (2.7)V, [ig, and [As] refer to the three-phase applied voltages, three-
phase stator currents, and three-phase statodiflkxges in matrix forms as shown in
(2.8), respectively. Furthermorer{] is the diagonal matrix in which under balanced
three-phase conditions, all phase resistancesgar@ ® each other and represented as a

constantfs= r, =rp=r, not in matrix form.

2.5 PARK’S TRANSFORMATION:

As it was discussed beford,ss has time-dependent coefficients which present
computational difficulty when (2.1) is being usea dolve for the phase quantities
directly. To obtain the phase currents from the finkages, the inverse of the time-
varying inductance matrix will have to be compugtavery time step. The computation
of the inverse at every time step is time-consunaing could produce numerical stability
problems. To remove the time-varying quantitiesaftages, currents, flux linkages and

phase inductances, stator quantities are transtbmmea d-q rotating reference frame.
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This results in the voltages, currents, flux linkagpart of the flux linkages equation and
inductance equations having time-invariant coeffits. In the idealized machine, the
rotor windings are already along the d- and g-awe$y the stator winding quantities
need transformation from three-phase quantitiegsht two-phase d-q rotor rotating
reference frame quantities. To do so, Park’s Tansition is used to transform the
stator quantities of an AC machine onto a d-q exfee frame that is fixed to the rotor,
with the positive d-axis aligned with the magnetigis of the rotor which has a
permanent magnet in PMSMs. The positive g-axisefindd as leading the positive d-

axis byn/2 in the original Park’s Transformation, as showiig. 2.1 [4].

The original Park’s Transformation equation istod form:

HJO]:[T dqo(er)] [f abd (2.9)

where the d-q transformation matrix is defined as:

cos8,  cos (6, — za—qj cos (8, + Z—Tj
[Tago (0] =3 | —sind, —sin (8, =) —sin (6, +) (2.10)
1 1 1

and its inverse is given by

cos@, —sin8, 1
[qu(er)] -1 | COS [5".,. - ?] —sin (H.—«- - ?] 1 (211)
cos (f, +7) —sin(6, +) 1

The original d-q Park’s TransformatioE]quo(Qr)] is applied to the stator quantities
shown in (2.7). This is given by:

[Vdgal = [Tdqo (@r)][ Ve

fad = [Taqo (9)][i4] (2.12)
Aadl = [Tago (D[ A
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where

Yaqd = [Vavavol (2.13)

When the three-phase system is symmetrical andsghiages form a balanced three-
phase set ofbc sequences, the sum of the set is zero, henceitbdecttimponents of the
d-q quantities in (2.13) are zero, e/g= 0.

If (2.12) is substituted into (2.7), then the stawltage equation is written in d-q
coordinates as:

Naad = [Taqo (O JIT aac@)] Midad + [Taqo (O)IPLT aqolf)] [ *ad (2.14)

where p is the differential operation

In a three-phase balanced system,paﬂ% the phase resistances are equat,rp ==

rs, such that the resistive drop term in the aboweggn reduces to

%o O [T agol0)] Tided = rofiaad (2.15)
The second term having a derivative part in (2ck4) be manipulated and is given by:
0 -1 0
[&owOKMde&ﬂd):w(1 0 u) (2.16)
o 0 0

Equations (2.15) and (2.16) yield the followingukeswritten in expanded matrix form:

Vg Lg 0 -1 0 ‘Ei"ri ‘:F“ri
qu%F4+wr1 0 0]|%|*tp"e (2.17)
vy iy 0 0 0|k Ao

The transformed motor equations from the three glsdator reference frame to two

phase rotating rotor reference frame is given above

27



2.6 MODELLING OF PMSM:

The model of PMSM without damper winding has beemetbped 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 nelgligib

4) There are no field current dynamics.

Voltage equations are given by:

Vg = Rig— g + 22

Vo = Riq — kg + 53 (2.18)
Flux Linkages are given by

A= Lgig + At

A= Lqiq (2.19)

Substituting equations 2.19 in 2.18:
. . d .
Vq = Rdg —a)quIq + " (Ldld+ 7\.f)

Vg = Rdg—rlqiq + i (Lalq) (2.20)
Arranging equations 2.20 in matrix form
vgy  (R.tsL;  —wlg i 0
(vq) ‘( w, L R3+5Lq) ( ) * (m,}hf) (2.2])

lq
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The developed torque motor is being given by

Te=

Ba | oa

(2) (haiq—2qio) (2.22)
The mechanical Torque equation is

Te =Ti+ Bomt J‘*:Tm (2.23)
Solving for the rotor mechanical speed form equef@3,

om= [ (BTE2n) gy (2.24)

and Wm= Wr (i)

In the above equations is the rotor electrical speed whereugsis the rotor mechanical
speed.

2.7 SUMMARY:

This chapter presents a theoretical review of paantmagnet motors drives which
includes permanent magnet materials, classificatfdhe permanent magnet motors, the
construction and advantages. And also deals wehd#gtailed modeling of a permanent
magnet synchronous motor and derives equivalentptvase mathematical model of the
permanent magnet synchronous motor which can bély easplemented in
MATLAB/Simulink.
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Chapter 3

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 instantaseslactromagnetic torque-controlled
AC drives used for high-performance applicationscter and direct torque control
(DTC) drives. The most popular method, vector aanivas introduced more than 25
years ago in Germany by Hasse, Blaske and Leonfiiglvector control method, also
called Field Oriented Control (FOC) transforms thetor equations into a coordinate
system that rotates in synchronism with the rolimx ¥ector. Under a constant rotor flux
amplitude there is a linear relationship betwees ¢bntrol variables and the torque.
Transforming the AC motor equations into field atioates makes the FOC method
resemble the decoupled torque production in a agggrexcited DC motor. Over the
years, FOC drives have achieved a high degree dfirityain a wide range of
applications. They have established a substantaldwvide market which continues to
increase.

When there was still a trend toward standardimatibcontrol systems based on
the FOC method, direct torque control was introduge Japan by Takahashi and
Nagochi and also in Germany by Depenbrock. Theiowative studies depart from the
idea of coordinate transformation and the analogth iDC motor control. These
innovators proposed a method that relies on a bang-control instead of a decoupling
control which is the characteristic of vector cohtiTheir technique (bang-bang control)

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

After the innovation of the DTC method it has galnmuch momentum. The
basic concept behind the DTC of AC drive, as itsn@aimplies, is to control the
electromagnetic torque and flux linkage directlylandependently by the use of six or
eight voltage space vectors found in lookup tabl®e 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 contralleone for torque error
correction and one for flux linkage error correntidhe hysteresis flux controller makes
the stator flux rotate in a circular fashion alahg reference trajectory. The hysteresis

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

V.(100) D

| o

V,(011) ¢

. ¥,(000)
FL(111)

V,(001)  V,(101)

Figure 3.1. Eight possible voltage space vectorstaimed from VSI.

The control algorithm determines a control signalhose amplitude depends on
the difference between desired and actakie. This control signal can assume
any value in a given interval. The three signaledus1 the control action of a DTC
system are torque error, flux linkage error and dhgle of the resultant flux linkage

vector.

One revolution is divided into six t®s. In each sector the DTC
chose between 4 voltage vectors. Two of thetors increase and the other two
decrease torque. Another pair of vectors increasd decrease flux. For each
combination of the torque and flux Ieyssis comparator states there is only
one of the four voltage vectors which at #g@mne 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 banderived from the phasor
diagram of conventional or permanent magnet symgus motor shown in Fig. 3.2

J-axls
If A

o-axls

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

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

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

as
Vss0—ELE Vs£0-E£&
ls = — = (3.1)
Rs+jXs E550p
where 1Zs| (RETXS) ,  alsoXs= wels
@ = -tan_l (X_S

Rz

Assuming a reasonable speed such thaXtherm is higher than the resistan&g,such

thatRs can be neglected, théyncan then be rewritten as

L)
_vseco  ELé—

— (8.2

X= X=

ls

Such that the real part @fis:
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Re]l=lscosgp = Ecos (— ;) — ;—3 cos(8 — ;j
E T E .
==cos(6 —7) = —sind (3.3)
The developed power is given by:

P|=3VS Re[ls]=3VS|5CDS fp (34)

Substituting (3.3) into (3.4) yields:
iP-s‘%sin 5 Watts/ph (3.5)

This power is positive whefinegative, meaning that when the rotor field lagsdtator
field the machine is operating in the motoring cggiWhens>0 the machine is operating
in the generation region. The negative sign in)(84&n be dropped, assuming that for

motoring operation a negativas implied [4].

If the losses of the machine are ignored, the pdweran be expressed as the shaft

(output) power as well:
R=Po= ZocTem (3.6)

When combining (3.5) and (3.6), the magnitude efdbeveloped torque for a non-salient
synchronous motor (or surface-mounted permanennetagynchronous motor) can be
expressed as:

= 3(:;) LElE in &

we | E|

{3) = Hsin (3.7)

Where o is the torque angle between flux vectdgsand A.. If the rotor flux remains
constant and the stator flux is changed incremignial the stator voltagéeys then the
torque variatiomTen, €Xpression can be written as:

| As+ads||Ar|

Lz

ATer 3(5) sinA& (3.8)
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As it can be seen from (3.8), if the load angleis increased then torque variation is
increased [4]. To increase the load anglahe stator flux vector should turn faster than
rotor flux vector. The rotor flux rotation depenals the mechanical speed of the rotor, so
to decrease load anglé, the stator flux should turn slower than rotorxflrherefore,
according to the torque (3.7), the electromagrtetigue can be controlled effectively by
controlling the amplitude and rotational speed tat® flux vector,As. To achieve the
above phenomenon, appropriate voltage vectorsked to the motor terminals. For
counter-clockwise operation, if the actual torgsismaller than the reference value, then
the voltage vectors that keep the stator flux wedtp rotating in the same direction are
selected. When the load anghe betweenis and), increases the actual torque increases
as well. Once the actual torque is greater thameffezence value, the voltage vectors that
keep stator flux vectols, rotating in the reverse direction are selectateizd of the zero

voltage vectors. At the same time, the load angldecreases thus the torque decreases.
3.3 FLUX CONTROL STRATEGY OF PMSM DRIVE:

If the resistance term in the stator flux estimat&gorithm is neglected, the variation of
the stator flux linkage (incremental flux expressigector) will only depend on the
applied voltage vector as shown in Fig. 3.3

Figure 3.3. Incremental stator flux linkage space ector representation in the DQ-plane.
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For a short interval of time, namely the samplimget Ts = At, the stator flux linkagéls
position and amplitude can be changed incrementaflyapplying the stator voltage
vector,Vs. As discussed above, the position change of duerstlux linkage vector/s
will affect the torque. The stator flux linkageaPMSM that is depicted in the stationary
reference frame is written as:

As= [(V.— R_i)dt (3.9)

During the sampling interval time or switching int&l, one out of the six voltage vectors
is applied, and each voltage vector applied dutireggpre-defined sampling interval is

constant, egn (3.9) can be rewritten as
)Lsz Vst = Rsf isdf +>\zs|t:0 (310)

Where/s=o,is the initial stator flux linkage at the instarfitswitching, Vs is the measured
stator voltageis is the measured stator current, &ds the estimated stator resistance.
When the stator term in stator flux estimationamoved implying that the end of the
stator flux vectords will move in the direction of the applied voltagector, as shown in

Fig. 3.3, we obtain:

A s = VsAt (3.11)

The goal of controlling the flux in DTC is to ke&s amplitude within a pre-defined
hysteresis band. By applying a required voltagdorestator flux linkage amplitude can
be controlled [7]. To select the voltage vectorsdontrolling the amplitude of the stator

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

In each region two adjacent voltage vectors, wigisle the minimum switching
frequency, are selected to increase or decreasartipitude of stator flux linkage,
respectively. For example, according to the Tablevihen the voltage vectov,, is
applied in Sector 1, then the amplitude of theostéitix increases when the flux vector

rotates counter-clockwise. W, is selected then stator flux linkage amplitude dases.

Fig. 3.4 is a basic graph that shows how flux amdue can be changed as a function of
the applied voltage vector. According to the figutiee direct component of applied

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

component changes the flux rotation speed whicmgés the torque [8]. If the torque
needs to be changed abruptly then the flux doegetls so the closest voltage vector to
the indirect component vector is applied. If torgeleange is not required, but flux
amplitude is increased or decreased then the ltagrtor closest to the direct
component vector is chosen. Consequently, if barttpuie and flux are required to change
then the appropriate resultant mid-way voltage arebetween the indirect and direct
components is applied. It seems obvious from &) the stator flux linkage vector will
stay at its original position when zero voltagetoes S (000) andS, (111) are applied.
This is true for an induction motor since the stdiiax linkage is uniquely determined by
the stator voltage. On the other hand, in the DT@ BMSM, the situation of applying
the zero voltage vectors is not the same as inciiwlu motors. This is because the stator
flux linkage vector will change even when the zeottage vectors are selected since the
magnets rotate with the rotor [9]. As a result, Hleeo voltage vectors are not used for
controlling the stator flux linkage vector in a PMSIn other words, the stator flux

linkage should always be in motion with respedh®rotor flux linkage vector.

3.4 VOLTAGE VECTOR SELECTION IN DTC OF PMSM DRIVE:

As discussed before, the stator flux is controbggroperly selected voltage vectors, and
as a result the torque by stator flux rotation. Figher the stator vector rotation speed
the faster torque response is achieved.
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The estimation of the stator flux linkage compdsedescribed previously
requires the stator terminal voltages. In a DTCesoh it is possible to reconstruct those
voltages from the DC-link voltag®/,., and the switching stateS,( S, &) of a six-step
voltage-source inverter (VSI) rather than monitgrthem from the motor terminals [8]-

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

Vs = (2/3) (W + Vv €@ 4 v 4R)m) (3.12)

where, v,, Vp, and v, and are the instantaneous values of the primamg-tb-neutral
voltages. When the primary windings are fed by rareiter, as shown in Fig. 3.5, the
primary voltages,, v, andv; are determined by the status of the three switche$; and
. If the switch is at state 0 that means the plesennected to the negative and if it is

at 1 it means that the phase is connected to thiiymleg.

For example, v, is connected t¥y if S5 is one, otherwisg,is connected to zero.
This is similar forvy andve. The voltage vectors that are obtained this way sirown
in Fig. 3.1. There are six nonzero voltage vecto1(100) ,V2(110), ..., and Ve101)

and two zero voltage vectohé;(000) andvg(111) . The six nonzero voltage vectors afe 60

apart from each other as in Fig. 3.1.

T Q
12 {

AT =

1 1 1

S, S 5, —e S .
0 0 0 D-_-_
r‘“f \‘m"u,

AT Ml H“*L—-,,:‘

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

The stator voltage space vector (expressed in tiatiosary reference frame)
representing the eight voltage vectors can be shmywrsing the switching states and the
DC-link voltage Vqc, as:
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WSS S) = (213)Vud(Sat+ S €@ + g e/3m) (3.13)
WhereVy, is the DC-link voltage and the coefficient of 263the coefficient comes from
the Park’s Transformation. Equation (3.13) can leeivdd by using the line-to-line
voltages of the AC motor which can be expressed as:
¥=ViSa- ) s Voc = VoS — &) s Vea= VoS — Q) (3.14)
The stator phase voltages (line-to-neutral voltages required for (3.12). They can be
obtained from the line-to-line voltages as.
&= (Vab- Vea)/3 , Wb = (Vbe- Van)/3 , Ve = (Vea— Vbo)/3 (3.15)
If the line-to-line voltages in terms of the DIGK voltage,Vy, and switching states are
substituted into the stator phase voltages it gives
¥=(1/3) Vue2S%i~ $ - S)
v/=(1/3) Va(-Sa + 25 - &) (3.14)
V=(1/3) Vae-Sa— S + 29)

Equation (3.14) can be summarized by combining (@th2) as:

%= Re(y = (1/3) u(2S%-S- &)
= Re(y) = (1/3) ud-Sa + 28 - &) (3.15)
&= Re(y) = (1/3) Vu(-Sa— S + 29)

To determine the proper applied voltage vectorfrination from the torque and flux
hysteresis outputs, as well as stator flux vectmsitipn, are used so that circular stator
flux vector trajectory is divided into six symmetil sections according to the non zero

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

According to Fig. 3.6, while the stator flux vecisrsituated in sector i, voltage vectors

Vis1and Vj_1 have positive direct components, increasing th@istlux amplitude, and

Vi+2 andVj.» have negative direct components, decreasing #tertux amplitude.

Moreover, Vj+1 and Vj+2 have positive indirect components, increasingtdhgue
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Figure 3.6. Voltage vector selection when the statfiux vector is located in sectori.

response, andj-1 and Vj.2 have negative indirect components, decreasingothee
response. In other words, applyingj+1 increases both torque and flux but

applyingVj+1 increases torque and decreases flux amplitude.

The switching table for controlling both the amydie and rotating direction of
the stator flux linkage is given in Table | [13]nd voltage vector plane is divided into
Six sectors so that each voltage vector divides eagion into two equal parts. In each
sector, four of the six non-zero voltage vectors rna used [13]. Zero vectors are also
allowed. All the possibilities can be tabulatedirt switching table. The switching table
is shown in Table I. The output of the torque hsetess comparator is denoted gsthe
output of the flux hysteresis comparatoryaand the flux linkage sector is denoteddas
The torque hysteresis comparator is a two valuadpesator;,z = 0 means that the
actual value of the torque is above the referendeoan of the hysteresis limit and=1

means that the actual value is below the

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

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

0

¥ T [eq@) 0(2) 0(3) 0(4) 0(5) 0(6)
=1 | T=1 | Vo(110) | \4(010) | Vi(011) | \k(001) | Vs(101) | V5(010)
T=0 | Ve(101) | V4(100) | Vx(110) | V5(010) | V4(011) | Vs(001)
P=0 | T=1 | V5(010) | W4(011) | V&(001) | Vk(101) | Vi(100) | V5(110)
T=0 | V5(001) | Ve(101) | V4(100) | V5(110) | \4(010) | V4(011)

is below the reference and out of the hysteresig indy = 0 means that the actual
value of the flux linkage is above the reference amdobthe hysteresis limit. Rahman
et al have suggested that no zero vectors shoulgsdx with a PMSM. Instead, a non
zero vector which decreases the absolute value dbthee is used. Their argument was
that the application of a zero vector would makectienge in torque subject to the rotor
mechanical time constant which may be rather longpeved to the electrical time

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

We definey andz to be the outputs of the hysteresis controllers lfor &nd torque,
respectively, and (1) -4(6) as the sector numbers to be used in defining thar $ha
linkage positions. In Table |, iy = 1, then the actual flux linkage is smaller than the

reference value. On the other handy i# 0O, 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 presentddtail and the functions of all

system blocks are explained. Figure 3.7 shows the lliagtam of the DTC. Each block
is described in detail below.

Let's start with the motor currents and follow the signalsiadothe system to the Voltage

Source Inverter output.
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Figure 3.7. Classical DTC scheme.
3.5.1 CURRENT TRANSFORM:

As seen in the figure only two of thgput currents are sensed. The matoa drive
system is normally operated with its neutral pdioating, in this caséa+ ib+ic =0 so
the current not sensed is given of them other fid® i,y current is then transformed to

its quadrature and direct axes componedsording to the Park Transformation.

In chapter two the abc-components were foamed into the rotor reference
frame and absolute rotor position was supposédx ttnown. In reality there is a desire of
not using rotor position explicitly because implies the use of angular encodérs.
the DTC system, variables are transformed intoufhstator reference frame, which does

not make use of any angular information.

This transformation becomes a simple mapping

_1 _ 1y,
i1 H (3.16)

| S
1
) |k

Vi V3
The zero component is left since, when the nefltvats there is no need to consider it.
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3.5.2 FLUX ESTIMATOR:

Now that the current,g, is known, the signal continues in to the fluxrastor. In to this
block also enters the VSI voltage vector transfatnwetheof3-stationary reference frame.

The voltage, i, is calculated as in eqn.3.16 so no further exgtlan is needed.

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

. -2,
Vaq= Riaq+ cor[ ,1'] + g (3.17)

. dt

One can directly obtain a means for stator fluxnestion by noting that w0 and

rearranging
Mg =[ Vop - Rdap)at (3.18)

This formula is the foundation of implementing the« estimator.

3.5.3 TORQUE ESTIMATOR:
The torque in the PMSM motor drive rotor referefreene is given by
Te = (3/4)Pldiq — Agia) (3.19)

which is true for all dg-reference frames. The toggn PMSM motor is estimated
from the calculated currents and fluxes in theietedry ap-reference frame. To
calculate torque one only has to substitbtecorresponding, already, calculated fluxes

and currents. Torque calculation is tusmple operation.

3.5.4 SECTOR CALCULATION:

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

hysteresis comparators. Flux is increased by apglgivector pointing in thiy
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Figure 3.8. DTC sectors and reference frames.

direction and torque is increased by applying aargoointing in the rotational direction.
In order to do so, the angular position of thesstétix vector must be known so that the

DTC can choose between an appropriate set of \edegending on the flux position.
Each sector spans Gflegrees, the sectors are numbered as in fig 3.8.
As seen from the fig the andbecan be found from:

0 = tari"(Ap/ Ay) (3.20)

If Adgq belongs to sector 1, switch vectossvs vsandve are used.

“3 l_l_]

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

Now we know in which sector is the fland its norm, and we also know how
much torque the motor develops. Estimated torcued flux are compared to
their command values. The difference betwemmmand and estimated value is
compared in the hysteresis comparators.

M state

a3

Figure 3.10. 2-level hysteresis comparator[10].
3.5.6 LOOK —UP TABLE:

The hysteresis comparator statesadi ¢, together with the sector number, N, are now

used by the Look-up Table block to chose an apm@tgpvoltage vector.

A table frequently used in DTC when controlling erf@anent Magnet motor is shown in
table 3.2,

Table 3.2. Voltage Vector Switching Table

N

DL |dt 1 2 |3 4 5 6

-1 Us |[Ug |U |[Up |Us | Ug

-1 1 U3 U4 U5 U6 Ul U2

-1 UG U]_ U2 U3 U4 U5

1 1 Uz U3 U4 U5 U6 Ul
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The selected voltage vector is applied at the gitiee Voltage source inverter (VSI).

3.5.7 VOLTAGE SOURCE INVERTER:

[0

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

The VSI synthesizes the voltage vectors commangéhledlook up table block. In the

case of DTC this task is quite simple since no@uglth modulation is used; the output

devices stay in the same state during the entimpléag period.

Figure 3.11 shows a simplified sketch tbé VS output stage,and how the motor

windings are connected.

The output-signals from the Look-up Taldock in Fig. 3.7 ae nam&g S, andS..
These are Boolean variables indicating the switatesn the inverter output-branches.

Let S = 1 when the high or upper switch is on and the loweff, andS =0 when the
lower is on and upper is off. The inverter stat@sy, &), generating each voltage vector

then are:
uwu=@00),2=(110,8=010),u1=(011),5=001),6=(101)

The VSI inverter terminals are connected to mobar tarminals.
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3.6 ADVANTAGES AND DISADVANTAGES OF THE DIRECT TORQ UE
CONTROL TECHNIQUE:

There are many advantages of direct torque cootret other high-performance torque

control systems such as vector control. Some @ktlage summarized as follows [10]:
» The only parameter that is required is statastasce

» The switching commands of the inverter are derifrem a look-up table, simplifying

the control system and also decreasing the proagssie unlike a PWM modulator
used in vector control.

* Instead of current control loops, stator fluxkige vector and torque estimation are
required so that simple hysteresis controllers ased for torque and stator flux

linkage control.

 Vector transformation is not applied becauseostquantities are enough to calculate
the torque and stator flux linkage as feedback tfies to be compared with the

reference values.

Although there are several advantages of the D heéme over vector control, it still has

a few drawbacks which are explained below:

» A major drawback of the DTC scheme is the higlque and stator flux linkage ripples.
Since the switching state of the inverter is updlabmce every sampling time, the
inverter keeps the same state until the outputeamh hysteresis controller changes

states. As a result, large ripples in torque aatbsflux linkage occur.

* The switching frequency varies with load torqueor speed and the bandwidth of the

two hysteresis controllers.

» Stator flux estimation is achieved by integratithg difference between the input
voltage and the voltage drop across the statosteesie. The applied voltage on the
motor terminal can be obtained either by using aliDCvoltage sensor, or two voltage

sensors connected to the any two phases of ther teotoinals. For current sensing there
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should be two current sensors connected on anphases of the motor terminals. Offset
in the measurements of DC-link voltage and thestirrents might happen, because for
current and voltage sensing, however, temperaemsitsve devices, such as operational
amplifiers, are normally used which can introdwae unwanted DC offset. This offset
may introduce large drifts in the stator flux ligjea computation (estimation) thus
creating an error in torque estimation (torquer@pprtional to the flux value) which can

make the system become unstable.

* The stator flux linkage estimation has a stagsistance, so any variation in the stator
resistance introduces error in the stator flux digé& computation, especially at low
frequencies. If the magnitude of the applied vdtagmd back-EMF are low, then any
change in the resistance will greatly affect thtegnation of the back-EMF.

» Because of the constant energy provided fromp#renanent magnet on the rotor the
rotor position of motor will not necessarily be aet start up. To successfully start the
motor under the DTC scheme from any position (withocking the motor at a known
position), the initial position of the rotor magiefiux must be known. Once it is started
properly, however, the complete DTC scheme doesemnpticitly require a position

Sensor.

3.7 SUMMARY:

In this chapter a theoretical review of DTC for Bppg to a PMSM motor is given. An
algorithm for implementation of Direct Torque caittechnique for a two level inverter
driving PMSM motor is developed. The key elemelite torque estimation, flux
estimation and voltage vector selection tabless given.
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Chapter 4

THREE LEVEL VOLTAGE SOURCE INVERTER

4.1 INTRODUCTION

Multi level inverters, such as three level investeare an emerging technology
and are commonly applied to high power motion drivestead of the standard two-level
voltage source inverters (VSI). In three-level inees the blocking voltage of each
switch is half of the DC bus voltage, lower dV/ditgenerated and the output voltage and
current have lower harmonic distortion.. In thesthtevel inverter the voltage selection
possibilities are enhanced since more inverteestate available. In this chapter the
application of the Direct Torque Control (DTC) ségy is studied for this particular
topology and the switching table adapted for amglythree level inverter to the
conventional DTC is discussed.

4.2 THE THREE LEVEL NEUTRAL POINT CLAMPED INVERTER

A multilevel voltage source inverter is a converdgucture that can provide more than
two levels of line to ground voltage in the outpfiteach leg of the inverter. Multilevel

power conversion technology is a very fast grovanga of power electronics with good
potential for further development. The most atik@cteatures of this technology are in
the medium to high-voltage application range ofl8kV), which includes motor drives,

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

topologies have been implemented in multilevel rtess. One of the most used of these
topologies is the Neutral point Clamped (NPC) toggl In Fig 4.1the scheme for the
three level inverter is presented. In Fig 4.2, thiferent vectors or inverter states
available, in a three level inverter, are showthm stator flux locus [18]. As can be seen,

there are 4 different kinds of vectors

» Zero vectors: Vz (with 3 possible configurations).
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» Large vectors: V1L, V2L, V3L, V4L, V5L, V6L.
» Medium vectors: V1m, V2m, V3m, V4m, V5m,Vém.
» Small vectors: V1s, V2s, V3s, V4s, V5s, V6s (witlp@ssible configurations for

each).
! 2)
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Figure 4.1. Three level NPC inverter[21].

Although in a three level inverter there are 279ide states, some of them apply
the same voltage vector [21]. There are two possibhfigurations for each small vector
and three for the zero vector Vz. Therefore, 18dét vectors are available in a three
level inverter Vz to V6s. The state of the switclfimseach leg is shown in brackets (2:
phase connected to the positive of the DC-linkpHase connected to the middle point of
the DC-link (Neutral point NP); O0: phase connedtethe negative of the DC link).

51



4.3 DTC WITH A THREE LEVEL INVERTER

In direct torque control, the torque and the stdlox are regulated to their
reference value by selecting the adequate switcstiaig. The conventional DTC with a
two level inverter makes no difference betweendamgd small flux and torque errors.
The switching states chosen for the large errdrdbeurs during the start up or during a
step change in torque or flux reference are theestiiat have been chosen for the fine
control during steady state. A better quantificataf the input variables increasing the
number of levels of the Hysteresis blocks togethi#r splitting the stator flux position in
to 6 sectors and the increased number of invetdéessavailable for a three level inverter

may lead to a better performance of the contro].[14
B F:“‘Z\ AP
| Vam(120)  V21(220)

V31(020) i

(221)
Vim(021) Vim(210)

V4I(022)

5| Vz (000)
(111)
(222)

Vam{012) V6emi(201)

c L VSI(002)  VBm(102)  V6I(202)

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

4.4 VECTOR SELECTION TABLE FOR THREE LEVEL INVERTER

The proposed DTC algorithm, which is employed watt3-level inverter, is a natural

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

the possible inverter switching states, for eachsphare shown in Tab.4.1 whegeisSa

variable which identifies the switching state ofiaverter leg. Each voltage space vector

generated by the inverter is then identified by-@®ponent vector, like (2 2 1), where
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each component is given by the value gff& each of the three legs of the inverter: Fig
4.2 shows the hexagon of the dtage space vectors which can be generated lhyasuc
inverter. The proposed DTC algorithm employs ondy dctive voltage space vectors,
divided into two categories on the basis of theapaater Ley (voltage level) as shown in
Tab.4.2, without using either the null space vector dynamical reasons as explained
later in this paragraph, or the active vectors (202 120 201 021 012), which are

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

Table 4.1. Switching states of a three level invest

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 froMab.4.2, anyJ; space vector (with i=l, 2, . . . ,6) with Lev low

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

capacitor voltage unbalance, as shown in Table 4.3.

Table 4.2. Voltage space vectors employed in theggosed DTC algorithm

Ul U2 U3 u4 us U6
Lev, High 200 220 020 022 002 202
Low 211 221 121 122 112 212
Low 100 110 010 011 001 101
Table 4.3. Adopted control strategy
Tet ys? Tet s Tel ys1 Tel ys!
Control strategy
(0 sector) Ui Uis2 Uit Ui

(arrow up=increase, arrow down= decrease)
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The employed DTC block diagram, shown in Fig. 43,the natural extension of
classical DTC. It shows that the closed loop cdrafdoth the rotor speed and the stator
flux linkage is performed. Speed control is donedmgploying a PI controller which
processes the speed error obtained as differenweedre the reference speed and the
measured one (obtained by the encoder in Fig.i4.8)tput is the reference torque. Both
torque and stator flux controls are achieved byagidi-level hysteresis comparators the
output of this comparator {J; for the torque and,; for the stator-flux linkage) can be
either 2 (-2) or 1 (-1) according to the positivedative) value of the torque or the flux
error: if the value of the error is within the hgsis loop, then the output of the
comparator is 1 (-1) if the previous comparatopatitvas 1 or 2 (-1 or -2). On the basis
of the sectof (0=1, 2, . . ., 6) in which the stator flux linkage lies and of thegnaude

of
4-lard hygaresic
the T comparators
Dog 5 ks voLTieE
&4 D & T VOLTAGE || SWATCHING SOURCE FENEH
& ial 1 BALANCING LOOKLR [HVERTER :
— ALGORITHM TAELE
o I v e B o 0 ]
CALCUATOR | (s ppf i |1,p;
g v | vy |
E=ardm1‘1—’ [31'12]
i i |i
s aoheal L fﬂf% a ("4
Tm I_g Lirl i _)- a:J-{?n_IsRE}ﬂ
T =2 pldatz -4t )| Y R e ST -
2 *F:J‘{"ﬁ_fﬁﬂs}ﬂ '"F’,[fsﬁw
errors of the torque and flux loops, a voltage speector Y (with i=l, 2, ..., 6 ) is

generated. In this control strategy no null vedias been used to obtain the best
dynamical performances of the electrical drivethat expenses though of higher ripples

in the torque. If the absolute value of the outgfubne of the two the comparators is
Figure 4.3. Schematic diagram of the DTC PMSM drivesystem for Three-level inverter[15].

higher than two, then the voltage space vector Wh Wwev,="high” is generated,

otherwise Ywith Lev,="low” is selected. As clearly shown in Fig. 4.4¢eteffect of the
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voltage space vector with Levu="high” is to causghhvariations both in the torque and
in the stator flux, while the effect of the voltaggace vector with Lg#”low” is to cause

smaller variations. The use of more voltage vecitoithe 3-level inverter fed DTC than
in the 2- level inverter fed DTC permits therefaecorresponding reduction of the

harmonic content in stator voltages and currents.

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

(arrow up=increase, double arrow up= strong irsgea
arrow down= decrease, double arrow down= strongedse)

The stator flux linkage amplitude is estimated wathlassical open-loop “voltage model
based on the well known stator equations of the MM&chine [14]:

EPSD = .r[:usﬂ - Rsi’sﬂjdt
EPEQ = ..r[:usQ - Rsi’sﬂjdt

In the control scheme the stator voltage componamnégscomputed on-line from the
knowledge of the DC-link voltage and the switchistgte S, Sis , Sc of the upper

devices of the legs of the inverter with the follog/formulae [14]:
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Uzg = Udﬁﬁiiﬂm — S5~ chj
U= U EE[ESIE —Saa— chj
Uz = U.:EE(ESI.: —Saa— 5153'

Tshe electromagnetic torque is estimated on-lin¢ghbyknowledge Of the instantaneous

values of the direct and quadrature stator flukdge and current components:

eL (3/2)pCPSD isQ‘ \PSQ isD)

It should be remarked that the final switching @attis selected on the basis of the

elaboration of the “voltage balancing algorithms,described in the next section

45 CONTROL ALGORITHM FOR DC LINK CAPACITOR VOLTAGE S
BALANCING

In the three-level inverter topology the DC linkpeaitor voltage balancing problem is
inherent. It is required that two DC link capacimitages (C1 and C2 in Fig. 4.1) should
be maintained balanced to guarantee three-levetitpe throughout the whole output

voltage range. For this, a switching pattern shaelgroperly selected.

=}
= 11 1e
42| G E : |;] Ij
[
E 1 0 [
1 (=)
|
£ T E
E —— |:|-4|*"|L '
£ |
o T4i5 ot
M [k

Figure 4.5. Voltage unbalancing of the inverter caacitors[15].
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If it is violated, the output of the inverter wdbntain even order harmonics that are fatal
in AC drives. Among the voltage space vectors s$etem this case, the full vectors, do
not unbalances the capacitors voltage becausentsgyarations that connects the motor
windings with positive or negative points, the hadctors unbalances the capacitors due

to it's the configurations that connects to midgkent as shown in the Fig. 4.5.

This figure shows the effect of the voltage spaeetar \b ha¢ ON the capacitors voltage
balancing where the same voltage space vector eageberated with two possible
switching patterns (221) and (110) and one of tkemmect the motor windings between
the points 2 and 1 of the DC link

while the other connects them between the poirgrdLO of the inverter. The switching
configuration in Figs. (4.5a) and (4.5b) has opigosifects on the voltage unbalance of
the capacitors {7 G in steady state. Due to one possible switchinig skee voltage space
vectors of the medium category such as (201) unbel#he capacitors and ones are not
used. The zero voltage space vectors are not usedacaPMSM like explained in the

previous section.

The voltage balancing algorithm and the consegeeiitching pattern selection
which takes into account the voltage balance isvehoow. If the values of the torque
error output or flux error output are larger thasigive hysteresis bandT or dis) or less
than negative hysteresis bandT(-or -dis) then a voltage space vector with level full is
selected as well as the corresponding switchingg,stdherwise, if error values is more
than zero and less than positive hysteresis banflitois less than zero and more than
negative hysteresis band, to avoid capacitor veltagbalance a voltage space vector
with level half is selected, then the sign of therent provided by the DC link is
compared with the one of the last instant whenvalldalf vector had been applied
(algorithm memorizes the kind of the switching eattin the last instark in which a
level half vector had been applied) and, if thensafj the current does not change, then
the other switching pattern type for level hals&ected to permit the capacitor voltages
to be balanced [15].
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4.6 SUMMARY

This chapter presents the direct torque controkepnusing three-level inverter. The
voltage vector selection criterion for a three lewwerter is discussed and a control

algorithm for voltage unbalancing problem in a ¢éhievel 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 &d Fig 4.3 and simulated for
Permanent Magnet Synchronous Motor in the MatlabuBnk environment. The

SimPowerSystem is used for this modeling work. atteantage of the SimPowerSystem
is that it has extensive libraries for machines @ogver electronics circuits. In first
section the Simulink model for the PMSM motor izvem, in the next section the
simulation results of DTC technique implementedwiito level and three level inverter

is given:

The motor parameters used for simulation are:
Stator resistance = 58

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?m
Damping coefficient = .0003882 kg?fm

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

The PMSM motor is modeled in MATLAB/Simulink usirtige modeling equations eqns
2.19 — 2.25 derived in chapter 2. The ahd 4 voltages are obtained from the park’s

transformation of the stator abc voltages. The rhisdgiven below.

1
P P

O, > L D
wd =+Rs id
Transfer Fen
Producﬂ
@4

&ain2

Transfer Fond

Productd

Constant1
lambda f

. )

J.=+B

=j_a »
Transfer Fen2

Tload 4’l: — b.

& aing

Figure 5.1. Simulink model of PMSM motor.

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

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 implensehtn MATLAB environment, and

the simulink model is given below
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With reference to the fig 5.3 the whole model cardlvided into

PMSM motor model
Two level Inverter
Voltage vector selection table

Torque estimator and flux estimator

The torque and flux values are estimated from tirese3.18 and 3.19 and are compared
with the reference values, the error is comparelysteresis comparator and the output
of the comparators along with the flux sect®r @re together used in Switching table to
determine the appropriate voltage vector. The vesstected from the Switching table is
then applied to the Voltage Source Inverter (VSHe voltages Y,V are estimated from
the switching state of the each leg in the inverter

The results for the above control technique arergivelow:

25

Torque (N-m)

Time (sec)

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

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

m at 0.1s. Fig 5.4 shows that the motor torquekgrdice 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 fluxesdpraxis i.e,y., & yg. The fig gives the locus of
the flux vector in the-plane which is a circle.

The steady state currenjsij & i are shown in fig 5.6

Currents (A)

3 i i i i 1 i i i i
03 03z 034 036 038 04 042 044 046 048

Time (sec)
Figure 5.6. Stator currentsi,, i, & ic.

The estimated stator flux is shown below. Fig h@ves 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 currentis shown below. From the fig below it can be
observed that the THD% in the current spectrumbmut 29.67% and the fundamental
component is .8495A.

Selected signal: 25 cycles

_5 1 1 | 1
0 0.1 0z 0.3 0.4 04a

Time (g)
Fundamental (50Hz) = 0.8485 K THD= 29.67 %

300+ q

250t q

200 q

150 q

100 q

hlag (% of Fundamental)

a0+ q

0 200 400 (00 800 1000
Frequency (Hz)
Figure 5.8. Harmonic spectrum of Stator current.
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5.4 DTC TECHNIQUE WITH 3-LEVEL INVERTER:

The Direct Torque Control techniqgue with 3-levelverter is implemented in
MATLAB/Simulink and the results are shown. The @riparameters used for DTC with
2-level inverter are taken in 3-level inverter tmmparison purpose. The results at each

and every point is given below
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The torque in 3-level inverter shown above contééss number of ripples as compared
to DTC with 2-level inverter.

25
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Figure 5.9. Electro-magnetic torque with 3-level iuer.te

The plot between, andyg for DTC with a 3-level inverter is shown below
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Figure 5.10. Flux trajectory in 3-level inverter.

The steady state stator currenisyi& ic are given below, which shows that the ripple in

current is also reduced when compared to two lienvelrter
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Figure 5.11. Steady state Stator currents,ip &I,

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

when compared with twoo-level inverter.
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Figure 5.12. Stator flux amplitude waveform.

The stator currentyispectrum for three level inverter is shown. Thecspum when
compared with the spectrum @fwith two level inverter the THD% has been redutted

24.68 and also the fundamental component has bessased 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 resultvere presented. Matlab

implementation Direct Torque Control Technique whitth 2-level and 3-level inverter

are done and results for both the cases are pesse3itnulation results prove that the use

of 3-level inverter instead of 2-level inverter 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-leel inverter

Fundamental component o

f Percentage THD

current
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 performanbeh power factor, easy and cheap
control, low maintenance demands have led to atgp® of motor excited by permanent
magnets. In this thesis, by means of space veoemry, a mathematical model for the
Permanent magnet Synchronous Motor is developed amglemented in
MATLAB/Simulink

DTC is intended for an efficient control of thedae and flux without changing
the motor parameters and load. Also the flux amgu® can be directly controlled with
the inverter voltage vector in DTC. Two independewsteresis controllers are used in
order to satisfy the limits of the flux and torque.the performed simulation, certain
stator flux and torque references are comparethg¢ovalues estimated from the motor
parameters and errors are sent to the hysteresisazators. The outputs of the flux and
torque comparators are used in order to deterntieeappropriate voltage vector and
stator flux space vector.

In this thesis, DTC technique for a two level festrpanent magnet synchronous
motor is explained and is simulated in MATLAB/Sinmi environment. The simulation
results are analysed and found that the torquanaatdrom the motor is having a large
amount of ripple content. Therefore, in order tduee the ripple content, the DTC
technique is implemented with a three level inverte a three level inverter, the three
levels in the phase voltage permit reduction offthemonic content in stator voltages and
currents and also in torque and flux ripples. Taertonic content in direct torque control
technique for PMSM with a three level inverter il be reduced by employing a new
technique called DTC- Space Vector Modulation (DSZM).

Direct Torque Control Technique of PMSM with a twevel inverter can be
implemented in Real-Time environment and the resgln be validated with the

obtained simulation results.

71



PAPERS FROM THESIS

1. Paper Published entitled “Direct Torque ControlRMSM with a Two-Level
Inverter using MATLAB/Simulink” in National confenee on Recent
Advances in Computational Techniques in Electrical Engineering”,

Longowal, Proceedingpage number: 18Year-2010.

2. Paper Published entitled “MATLAB/SIMULINK BASED DIRCT TORQUE
CONTROL OF 39 PMSM” in National conference onRécent Trends in
Power Energy & Communication Engineering”, Puduchery, Page number:

59-64, Year-2010.

3. Paper accepted for publication iimternational Journal of Engineering and

Information Technology “ (ISSN 0975-529).

National Conference 2

Internation Journal 1

72



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCES:

M. Depenbrock, “Direct Self — Cont(@®SC) of Inverter Fed Induction
Machine”, IEEE Trans. Power Eleaics, Vol. 3, No 4, October 1988.

Enrique L. Carrillo Arroyo “Modeling andif8ulation of Permanent Magnet
Synchronous Motor Drive system”, Ph.Bdils, University of Puerto Rico

Mayagtiez campus, 2006.

Cui Bowen, Zhou Jihua, Ren Zhang, “Modgland Simulation of Permanent
Magnet Synchronous Motor Drivieifth IEEE International Conference on
Electrical Machines and Systems, VolinAug. 2001.

Salih Baris Ozturk “Modelling, Simulaticand Analysis of Low-cost Direct
Torque Control of PMSM using HALL-EFFEGensors”, Ph.D thesis, Texas
A&M University, December 2005

Pragasan Pillay, R. Krishnan“Modeling @drfanent Magnet Motor Drives”,
IEEE Transactions on Industrial Elecicen1988.

S. Morimoto, Y. Tong, Y. Takeda, ahdHirasa, "Loss minimization control
of permanent magnet synchronoa®ndrives,"Industrial Electronics, |IEEE

Transactionson, vol. 41, pp. 511-517, 1994.

L. Zhong, M. F. Rahman, “A Direct Torq@®ntroller for Permanent Magnet
Synchronous Motor DrivesEEE Trans. On Energy Conversion, Vol. 14,
No.3, September, 1999.

S. Dan, F. Weizhong, H. Yikang, "Studythe Direct Torque Control of

73



[9]

[10]

[11]

[12]

[13]

[14]

[15]

Permanent-Magnet Synchronous Motor &y|VFourth IEEE International
Conference on Power electronics and Drive System, October 22-25, Bali,
Indonesia, p. 571-574.

L. Zhong, M. F. Rahman, W.Y. Hu, K.W. LjifAnalysis of Direct Torque
Control in Permanent Magnet Synchrondosor Drive”, IEEE Trans. On
Power Electronics, Vol. 12, No.3, May, 1997.

Sariati Binti Dalib,” The Simulation of éhDirect Torque Control of
Permanent Magnet Synchronous Motor”@rsity Technology, Malaysia,
May, 2007.

D.Casadei, Francesco Profumo, Giovannig&émgelo Tanni, “FOC and
DTC: two viable schemes for Inductiootgl Torque control”, IEEE

transactions on Power Electronics.2200

LANG Bao-hua, LIU Wei-guo, ZHOU Xi-wei,llRong, “Research on Direct
Torque Control of Permanent MagnetcByanous Motor Based on
Optimized State Selector”, IEEE ISIBlI¥me 3, 9-13 July 2006.

Rahman MF, Zhong L. “Voltage switchindpkas for DTC controlled interior
permanent magnet motor”, IECON’99 ?&hnual Conference June, 1999.
p. 1445-51.

Maurizio Cirrincione , Marcello Pucci, &ipaolo Vitale “ANovel Direct
Torque Control of an Induction Motori\i with a Three-Level Inverter”,
IEEE Bologna PowerTech Conferencee28y:26.2003.

K. E. B. Quinderé, E. Ruppert F., Miltonde Oliveira F; Direct torque
control of permanent magnet synchromoasor drive with a three-level

74



[16]

[17]

[18]

[19]

[20]

[21]

inverter' EEE Trans. On Power Electronics, 18-22 June 2006.

D.Casadei, Giovanni Serra, Angelo Tarimgrovememt of Direct Torque

Control by using a discrete S¥#dhnique”, IEEE transactions on Power

Electronics.1998.

David Ocen “Direct Torque Control of arRenent Magnet synchronous
Motor” Ph.D thesis, Stockholm, Swe@€05.

Jurgen K. Steinke “Control strategy forde phase AC traction Drive with
Three-level GTO-PWM inverter”, PESC389

Thomas G. Habetler and Deepakraj M. Dit@antrol strategies for Direct
Torque Control using Discrete PulsedMlation”, IEEE transactions on
Industrial applications, VOL.27 pag)e93-901.1991.

Chapuis, Y.A.; Roye, D.; Davoine, J “Ruiples and implementation of direct
torque control by stator flux oriembat of an induction motor”, Applied

Power Electronics conference proceggiinol.1 Page(s):185 — 191. 1995.
Xavier del Toro Garcia, Antoni Arias, M&t G. Jayne, Phil A. Witting,

Viceng M. Sala, Jose Luis Romeral “N@WC Control Scheme for Induction
Motors fed with a Three-level InveftehsUTOMATIKA, Pages 73-81.2005.

75



