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ABSTRACT

Direct Torque Control (DTC) of induction machine has received wide acceptance in
many adjustable speed drive applications due to its simplicity and high-performance
torque control. However, the DTC using conventional design poses two major
problems such as high switching frequency and larger torque ripple. These problems
are due to inappropriate voltage vectors which are selected among a limited number of
voltage vectors available. The proposed research aims to formulate an optimal
switching strategy for dual-open end winding induction motor. By using dual inverters,
it provides greater number of voltage vectors which can offer more options to select
the most appropriate voltage vectors. By selecting the suitable voltage vectors, it
allowed the motor to produce minimum torgue slope but enough to reach the required
demand. To achieve this result, the proposed method does not require speed
information, Pl controller, frame transformation, space vector modulator, reference
voltage estimator and machine parameters. The improvements obtained are
minimizing the switching frequency with reducing the losses and torque ripple

reduction.



ABSTRAK

Kawalan dayakilas langsung (DTC) untuk motor aruhan telah mendapatkan
penerimaan yang luas dalam kebanyakkan aplikasi pemacu pelarasan laju atas sebab
reka bentuk ia ringkas dan mempunyai prestasi yang agak tinggi. Walau bagaimanapun,
DTC yang menggunakan reka betuk yang biasa menimbulkan dua masalah, iaitu riak
dayakilas yang besar dan frekuensi pensuisan yang tinggi. Masalah-masalah tersebut
ditimbulkan kerana ketidak sesuaian vektor voltan terpilih antara vektor voltan yang
terhad. Kajian yang dicadangkan bertujuan untuk memformulasi sebuah strategi
pensuisan yang optimal bagi dual-open end winding motor aruhan dengan memakai
dua inverter. Dwi inverter ini akan memberikan lebih banyak pilihan dalam vektor
voltan dan mendapatkan vektor voltan yang sesuai untuk situasi motor yang berbeza.
Dengan memilih vektor voltan yang sesuali, ia dibenarkan motor untuk menghasilkan
cerun minimum tork tapi cukup untuk mencapai permintaan diperlukan. Untuk
mencapai keputusan ini, kaedah yang dicadangkan memerlukan kelajuan maklumat,
Pl pengawal, rangka transformasi, space vektor modulator, rujukan voltan estimator
dan parameter mesin. Penambahbaikan yang terdapat daripada kajian yang
dicadangkan adalah dapat meminimumkan frekuensi pensuisan yang dijangka akan

mengurangkan kehilangan kuasa dan pengurangan riak bagi dayakilas.
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CHAPPTER 1

INTRODUCTION

1.1  Research Background

Direct torque control (DTC) and Field Oriented Control (FOC) were
introduced by Takahashi and Noguchi and Siemens' F. Blaschke in 1980. Both
methods utilized the AC motor drives. DC motor drives was widely used in many
industrial applications due to their structure and fast torque dynamic control. But due
to its construction of brushed DC motor, the DC motor required regular maintenance
such as replacing the carbon brush and it can’t operate in high speeds. Slowly AC
motor drive become the top choice of many industrial applications due to its low

maintenance, high efficiency and tolerate in very high speeds demand.

The first method introduced, Field Oriented Control (FOC), this method is
based on two mathematical transformation introduced by Clark and Park. Clark and
Park transformation are used in high performance drive or vector control which
involved magnet machines. With these the torque and flux will then can be control by
using the generated current component, ig, and ig,; in the reference frame. To use FOC
method it required the frame transformer, the speed data and current controller to
control the torque and flux. Besides, FOC needed a frame transformation to convert

the produced current from the excitation frame (g, and ig,) to the stationary reference



frame. To convert, it required a complex mathematical calculation and varies sensors.

Further detail will be discuss in chapter 1I.

Later then the Direct Torque Control (DTC) method was introduced. Even
though the FOC method provide more advantages most of the companies are then
slowly shift from FOC to DTC method. The DTC requires lesser sensitivity on
parameter variation to estimate the control parameters. On the other hand, DTC
eliminated the use of frame transformation which involved in complex mathematical
calculation. Besides using the sensor in DTC, it utilizes the hysteresis controller and a
single PI controller to regulate the speed. To establish a fast-instantaneous torque and
flux control, a decouple structure is employed and with the present of three-level and
two-level hysteresis the torque and flux can be controlled even better.

Coordinate
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Figure 1: FOC and DTC structure



Although DTC provides varies of benefits compared to FOC but there is one major
drawback of DTC, large torque ripple and variable switching frequencies. There are
many modifications been proposed from many areas to minimize the torque ripple and
the problem in switching frequencies. Among all the modification proposed, the Space
Vector Modulation (SVM) has gained the interest of the public and widely acceptance
due to its offer great reduction of torque ripple and a constant switching frequency.
Even though this modification, SVM, offered a great improve to DTC but at the same
time it increases the complexity and leads to the inaccurate of the performance in
control as well as the dynamic torque control.

1.2 Problem statement

With the comparison between DTC and FOC, it clearly shows that the DTC
provides more advantages over FOC. Although the DTC offers these advantages and
a simple control structure with fast dynamic control but with the use of hysteresis
controller come with a next problem, namely large torque ripple and variable inverter
switching frequencies. These problems are due to the digital implementation of
hysteresis controllers which with a low sampling time. As the sampling time was small
it tends to create delay and resulted in torque overshoot the upper band or the lower
band of the hysteresis. In the other way it means the torque error are not within the
restricted bandwidth of the hysteresis controller. As the torque error are not accurate
it will then affect the selections of the voltage vector. The incorrect selection of voltage

vector causes the large torque ripples.

Due to the torque slope behaviour, it leads to high switching frequencies as
well as the switching losses and hence reduces the efficiency of the inverter. As the
power loss emitted in the form on heat, through time the switching devices will

degrade and in the end to malfunction.



1.3 Objectives of Research

The objective of this thesis is to reduce the torque ripple and the switching

frequencies by implementing dual-inverters for open-end windings induction machine.

1.4 Scopes of Work

The scopes of work for this study are:

e Improve the DTC performances by selecting the most suitable voltage vector.
e To formulate the optimal switching strategy by using a look-up table and
modification of torque error status.

e To verify the improvements with simulations and experimentations.

1.5  Research Methodology

A study on the various switching strategies in DTC was carried out in order to
understand the how to reduce the torque ripple and maintain a constant switching

frequency.

Based on the study, voltage vectors method was the most popular and
interested by the public. By selecting the appropriate voltage vector based on the
torque error for different speed operation it will certainly help in reducing the torque
ripple as well as the switching frequencies. After the justification of torque error, the

voltage vector will then be selected by referring to the look-up table.

To obtain constant switching frequencies, the hysteresis controller was then

replaced by the constant switching frequency torque controller (CSFTC) to eliminate

the use of PI controller. With CSFTC the major problem in DTC structure can be
minimize without changing the entire original DTC structure.

4



1.6

1.7

Thesis Contributions

The research work gave the contribution as follow:

The torque ripple and switching frequency can be reduce with the appropriate
selection of voltage vector.

The comparison between torque error status and flux error produced by
hysteresis controller was made to remain the simple structure of the original
DTC design. By then, the use of speed sensor and complex calculation can be
eliminated.

Increase the control bandwidth of DTC by replacing the hysteresis controller
with CSFTC and eliminated the use of PI controller.

Thesis Outline

In this thesis the chapters are:

Chapter 2 provides an overview of Direct Torque Control structure of induction
machine. The parts used in DTC and the mathematical formula were discussed.
The basic principle of DTC and the major problems will to be discussed.

Chapter 3 will explain the detail of methods used to formulate an optimal
switching strategy of DTC using dual-inverter for open-end windings induction

machine.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter an overview of Direct Torque Control (DTC) of induction motor
will be introduce. DTC method is widely used in many industries as the method used
to are much better as compared to the Field Oriented Control (FOC). In this chapter,
the control of torque and flux in DTC will be explained and the problem in hysteresis

2.2 Direct Torque Control of Induction Machine

Most of the electric motor drive are implemented with DTC method due to its
simpler and effective control method. These methods were introduced by Takahashi
and Noguchi in 1986. In DTC hysteresis controller and look-up table are applied.
Space Vector Modulation (SVM) was introduced in DTC along with the look-up table
to produce fast instantaneous torque and flux control by selecting the suitable voltage

vector.
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Figure 2: Structure of DTC of Induction Machine

2.2.1 Voltage Source Inverter (VSI)

In this VSI it contains 6 IGBTSs. VVSI can be used as a toggle switch in the DTC
as the switching of the upper IGBTs are complementary to the lower switch. For
example, if the switch S1, S3 or S5 switches to high the S2, S4 or S6 will be set to low.

S, 0! S0l s “E} AC motor

SJOJ? SGOJI } SZOJ

Figure 3: Voltage Source Inverter




The switching state of each IGBT can then form an eight possible switch configuration

which then defined as the space vectors. The figure below shows the switching state

of S1, S3 and S5 in bracket.
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Figure 4: Voltage Space Vectors with Corresponded Switching State

2.2.2 Stator Flux and Torque estimator

To ensure the flux and torque move within the band of the hysteresis an
estimator is required to adjust the stator flux and torque. In this estimator few equations
are applied to calculate or to determine the stator flux and torque. In the modeling of

three phase induction machine an equation was introduced:

. 2.1
Vs = Rsls + W ( )



Rearrange this equation to form an integrator for estimating the stator flux:

Ps = f(ﬁs — Ryiy)dt (22)

The estimation of stator flux can be expressed in term of its d-g axis components by
separating the real and imaginary part:

~ . 2.3
Psa = f(vsd — Rilsq)dt ( )

~ - 2.4
Psq = j(vsq - Rslsq)dt 24)

To find the stator flux for d-q axis the ¥; and iy parameters must be found, by using

lsqg = g (2-5)

1
isq = ﬁ(ib = 1s) (2.6)
2
Vsqg = §(VDC)(51 — Sy — 5‘3) (27)
(2.8)

1
VUsq = E(VDC)(SZ — S3)

The iy, i, and i, are the phase current, whereas the s;,s, and s3 are the switching
status of the IGBTSs it will be either 1 or 0 and the Vp¢ is the supplied voltage of the

inverter.



2.2.3 Look-up Table

To control the torque and stator flux a suitable voltage vector must be selected. To do
S0, the switching states of the IGBTs will be represented as the voltage vector as what
been discussed in section 2.2.1.

Table 1: Look-Up Table

Stator Torque Sector
Flux Error
Error Status, o
Status,a,, I I Il v \/ VI
+1(T, 1| 7, 7, U3 Ty Vg U

(s D| 0T, b Vo vy Vo vy Vo Uy

‘l (Te ll) 175 176 171 172 1.73 174
(001) | (101) | (100) | (110) | (010) | (011)
+1(Te -1 | 7, V3 Vg Us Vs vy

O(ps V)| O (T. b Uy Vo Uy Uy 1Z Vo

‘l (Te ll) ‘,74_ ‘,75 176 171 172 173

The selection of these voltage vectors will be determined by the stator flux error status

and the torque error status. Where the errors are determined by the hysteresis controller.

10



2.3 Principle of Direct Torque Control

There are 2 parameters being control in DTC, torque and flux. They can be
controlled independently or simultaneously using same voltage vectors. It will be

divided in to two parts.

2.3.1 Principle of Flux Control

The stator flux can be controlled using the two-level hysteresis controller as
shows in figure 2. Based on stator voltage equation (2.1), it can be shown that the
variation of flux, Ay, is directly affected by the applied voltage vector, where the

ohmic drop can be neglected. Hence,

AGe = B, At (2.9)
q
\ ) 7,
Ps k+1
A, "\
(ﬁs.k
-~

Figure 5: Motion of Stator Flux Vector
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The principle of stator flux can be described from figure 5, the trajectory of stator flux
is controlled to form a circular locus by controlling the radial component of stator such
that its ripple is restricted within the predefined band of the two-level hysteresis
controller. The difference between the reference and estimated flux will produce a flux
error status, either O(touches the Upper Band) or 1(touches the Lower Band). When
the flux error status is 1, it tends to increase the flux otherwise it will decrease the flux.
From figure 4 the locus is located at the origin of the circle; therefore, the locus can be
divided in to equally six sectors with six equally to 60°. To increase the stator flux
from position @, t0 @541 required an increment of A@s. There are two vectors
which allowed the stator flux to move from @, t0 @1, Vector vz and v,. In every
sector there are two suitable vectors, these vectors are used to control the stator flux.
In this case, for 775 is used to increase the stator flux whereas the v, is used to decrease

the stator flux.

(PB?"?"

UB

LB

(@ (b)

Figure 6: (a)Possible voltage vector for each section, (b) relation between bands and

flux error status
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2.3.2 Principle of Torque Control

The principle of torque control can be explained if the torque equation,

3 (2.10)
T, = EP((psxls)
Is written into another form, stator flux and rotor flux vector.
3 L o 2.11
T, ZEPO_L—:ILrlfps”(prlgn(Ssr) ( )

From equation (2.11), it shows that the torque is mainly controlled by the load
angle, &4, as the other parameters are assumed to be constant. The load angle is the

angle between the stator flux and rotor flux vector.

In figure 7, it shows the relation between the stator flux and rotor flux. Assume
the rotor flux rotating in a constant angular frequency, w,, and the stator flux with
different angular frequency due to the applied voltage vector. Which concluded the
load angle is mainly affected by the changes of the stator flux vector. Like the principle
of flux control, in torque control the torque error status is generated by comparing the
reference and estimated torque. The torque error generated is either +3(touches the
Upper Band),0(touches the Middle Band), or -3(touches the Lower Band) due to it
utilizing the three-level hysteresis comparator. If the generated torque error status is
+3, the DTC tends to increase the torque, 0 tends to decrease the torque whereas when-

3 decreases the torque rapidly.

13
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Figure 7:(a) Relation between stator flux and rotor flux and torque, (b) Relation

between bands and torque error status
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2.4 Major Problem of Direct Torque Control

In DTC there are 2 drawbacks called large torque ripple and variable switching

frequencies.

2.5  Performance Improvements of Direct Torque Control

Throughout the years many methods were proposed to minimize the problems.
Some of these methods retain the simple structure of DTC with a minor modification
whereas the other proposed methods are more toward on modulation or different
control techniques which somehow increase the complexity of the DTC structure. In

this sub-chapter will discuss the following proposed methods:

e Space Vector Modulation (SVM)

e Carrier Based Modulation

2.5.1 Space Vector Modulation (SVM)

Among the proposed methods, the SVM method gain the acceptance widely
by the researchers for providing constant switching frequency and reduction of torque
ripple in DTC. In this method, the space vector modulator replaced the look-up table

and hysteresis comparator. This scheme is referred to as DTC-SVM scheme.

15



Frame [~® SVM
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Figure 8: DTC-SVM structure

In this method, the reference voltage has to be estimated to be the input of the
modulator. The reference voltage estimated is then synthesized in the modulator to
switching the corresponding voltage vector with appropriate switching time, as given
in (2.12)

L — 4 — 1 2.12
vszvsa?a-l'vsb?'{'vsz?z ( )

Where 7,, and v, are two adjacent voltage vectors of the reference voltage vector
Vs, and the v, is the zero-voltage vector. Note that, t,, t,, and t, are the on-duration
for switching the respective vectors v, Ug, and v, where T is the switching period

of the modulator. Which satisfied the total time of switching vectors.

T=t,+ t, +t, (2.13)

The reference of space vector based on (2.12) is illustrated in figure 9. In this

case, the 77 is located between the two adjacent vectors v,,=v, and v,,=v5. The

16



reference of voltage vector can be expressed in term of voltage components as well as
given in (2.14).

Vg = Vgq + jUsq (2.14)

Where the d and g axis components of voltage can be obtained from figure 9 using

trigonometry theorems as follow:

(2.15)

—

te b )
Vsqg = |vsa|?a+ IvsbIF.cos(60 )

Lty 2.16
Vsq = Ivsbl?b.sm(60 ) (2.16)

The on-duration for switching the vectors v, ¥5;, and v, can be calculated by
determining the magnitude of adjacent voltage vector is constant at 2V, /3 and

rearranging the equations (2.13),(2.15) and (2.16).

" _EL(U _’iﬁ) (2.17)
C T2\ T3
v
(= V3T (2.18)
VDC
t,=T—t,— t, (2.19)
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Figure 9: Reference of Space Voltage Vector based on (2.12)

The duty ratio d;, d, and d; were calculated using the on-duration for
switching the vectors which were then compared with a carrier waveform to generate

switching status, s;, s3 and sz to drive the power switches of the inverter.

The torque ripple reduced significantly from figure 10 due to higher number of
switching of vectors over one sampling period. It shows that the selections of vectors

give an impact to the variation of torque to be regulated closer to its reference.
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Figure 10: Generation of Switching of Vectors and its Effect on Torque Variations
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2.5.2 Carried Based Modulation

named as dithering technique, which is simple and effective to minimize the torque
ripple even performing DTC at limited sampling frequency. This method offered great
reduction of ripple, however it may then produce high switching frequency and leads

Besides, SVM method to reduce the torque ripple it can be obtain by injecting
high-frequency triangular waveforms to the errors of torque and flux. This method

to higher losses which is not suitable for high power applications.

comparator was replaced with a constant switching frequency torque controller

(CSFTC). It should be noted that the inverter switching frequency is mainly affected

HBq
------ et -1 + Ve -
ey ‘ i
- | L8] ; e
2 i +(_\‘ N [T o % | Sa [ !
\( :' S A 8 Voltage ||
! 1 : ‘ | st | source |
: N\/\ : Look-up Table — inverter [
- . I Vsl |
o | 1 o+ (VSD) |
+/> B g y %% - I
_.‘\1 e 0 1 ‘ . ’I
: . aiy)ic| |
! : | J a|lp|lc ’I
: : b — L |
:L /\A/\ : HB(p gsec] | Voltage L J!'
""" Sector | | calculation |
Detection | 35l s =
d| |
?s Psa Psq 5 o -J J
T Stator flux and electromagnetic torque \‘—’ // N ’f
estimators 1 /|
bsd| | flsq |
‘ d-q current
calculation —_—

Figure 11: DTC with Dithering Signals Structure

Another simple approach was proposed which the three-level hysteresis

by the switching frequency of the torque controller in the DTC scheme.

switching frequency by replacing the flux hysteresis comparator with CSFTC. These

controllers are based on Field Programmable Gate Arrays (FPGA) which allows the

20
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generations of switching states at high frequency. With these conditions the time for

selection of vectors can be minimize and reduce the torque and flux ripples
significantly.

Other than operate it in high frequency, the reduction of torque ripple can too

be achieved even though running in lower sampling frequency by selecting a suitable
gain of PI controller employed in CSFTC.

1 1
1 C 1 + Vdc =
1 A/V\ upper 1
e i
T . & : st
T + & To i +¥ igp Voltage
Y m + ¥ | S source
- : ; . + + : Look-up Table 7 eriap
i ) i s+ (VSD)
1
:t. VW Clower : <
» ‘ 1 G, la|lp]| Lc
Ps +C £p (3 i
S Y
o 0 | Bsec Voltage
— F—— DsteCt?r | calculation
HBo etectio - Veq
@s Psa Psq
T, Stator flux and electromagnetic torque [
estimators M
isd isq
d-q current
calculation

Figure 12: DTC with Constant Switching Frequency Torque Controller
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This method provided significant improvement with retaining the simple
structure of the original DTC scheme, but it requires the knowledge of machine
parameters to design a suitable P controller. Similar to the SVM method, the reduction
of torque is obtained by operating the DTC at high switching frequency but the
increasing in losses made it not suitable for high power applications.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

In this chapter the method used to formulate the proposed optimal switching
strategy for open-end windings induction machine using dual-inverter will be
discussed. As this proposed method involved induction machine, the mathematical
modelling of the induction machine will too be discussed. Besides, the voltage vector
available in dual-inverter are mapped into a d-g voltage vector plane by doing this
more degrees of freedom will be provided in selecting the most optimal voltage vectors

for improving the DTC performance.

3.2  Mathematical Modelling of an Induction Machine

Since the DTC is worked under the stator stationary reference frame it is more
beneficial to model the induction machine based on stator stationary reference frame,
d-g axis. The induction machine can be expressed using space phasors by the following

equations:
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Assumption were made to simplify the analysis of the motor model:

e Assuming the rotor using squirrel cage model.
e Rotor and the stator having infinity permeability.
e Flux density radial in the air gap.

e Neglecting the effects cause by slotting, iron loss and end-effects.

_ g 4dpd (3.1)
) = R, + dts + jw, @3
_ 4 4 _ (3.2)
v}g = erg + d_tr-l'](wg - wr)§0§g
Qa:sg = Lsff + Lml_f (3-3)
@ = L10 + L,i0 (3.4)

*superscript ‘g’ stands for general reference frame.

As these equations are expressed in stationary reference frame, then w, = 0 can be

written as:

d@s (3.5)
dt

Us = Ryl +

_ _ o dor (3.6)
Uy = R0, +d_tr + Jwr Oy
Ps = Lsls + Lyl (3-7)
@y = Ly, + LT (3-8)
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By substituting (3.7) into (3.5):

Vs = Ryl + %Lsfs + %mer (3.9)
By substituting (3.8) into (3.6):
Uy = Ryl + %Lﬁr + %mes +jwr(LyTy + L) (3.10)
Putting (3.9) and (3.10) into matrix form with respected to 7, and z,:
[l's] i 1 RoL, + jw L, 1 =Ryl + jerer] [rs] (3.11)
) L% —LL \—Rslpy — jwrLynLs  R.Lg—jow,L.Ly |1t

—2J I\
LmZ—LsLT Ly  —Lsl vy

Besides, the motor torque is required since the motor current and rotor speed will be

affected by the net torque. The mechanic torque equation:
Mechanical:

dw 3.12
Te=]d—:+me+TL (312)
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To develop the electrical torque equation, equation (3.7) will be split into real and
imaginary parts as follow:

Psa = Lslsqg + Lipirq (313)
Psq = Lsisq + Lmirq (3.14)

By substituting the following equations into (3.7),

Ty = igq + jisg (3.15)
I = ipg + Jirg (3.16)

Then the torque equation for electrical part in term of stator flux and stator
current components will be obtained by using a cross product of the stator flux and

stator current vectors:

Electrical:

(3.17)

T, = EPLm(isqird - isdirq)

Where B is the vicious friction and w,, is the mechanical angular speed and J is the

moment of inertia.
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3.3  Dual Voltage Source Inverters

As for open-end winding induction machine, both sides of the stator windings
will be connected to the three-phase voltage with the VVoltage Source Inverter (VSI).

As shown in Figure 14.

L]
]
Ll
Ll

INVERTER 1 INVERTER 2

Figure 14: Dual Voltage Source Inverter configuration with Open-End Winding

It has to be made sure that the upper switch does not switch at the same time
as the bottom switch. If the upper switch set to 1 the bottom switch has to switch to 0

or off, for avoiding short circuit conditions.

By using dual-inverter, the voltage vector provided are more as compare to the
conventional DTC model, a greater number of selections of voltage vector the better

the performance of the DTC.

Although there are 64 voltage vectors offered using dual-inverters but only 19
voltage vectors are used. These offered voltage vectors each having their very own
characteristic. For example, the flux control vector, torque control vector in the
category of short, medium and long vector. As compared to the conventional DTC, the
dual-inverters method offered a lower switching loss. In space phasor equations, the
space phasor is a means of representing any of the three phase variables, current,
voltage and flux by a single vector which rotates in space and is valid for both steady
state and transient operations. Once the space phasor forms, then it can be express in

the form of d-q axis.
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2
X =3 (xg +ax, +a'x,) (3.18)

To express in d-q axis, the space phasor can be conveniently expressed as follow:
x = (x4 +jxq) (3.19)

By separating (3.18) into d-q axis,

2
X4 = Re[x] = Re [§ (xq + ax, + &Zxc)]

= %(xa - %xb = %xc) (3.20)
xq = Im[x] = Im E (xq + axp, + C_szc)] = \%(xb ~x,) (3.21)

Applying (3.20) and (3.21), the stator voltage vector components can be written as:

2 1 1 (3.22)
Vsa = §(van - Evbn - Evcn>

(3.23)

Usq 3 (Vpn = Ven)

In term of switching status, the stator voltage vector components in (3.22) and (3.23)
can be written as:

2 1 3.24

vea =5 Voc (Sa =55 = 5¢) (524
1 3.25

Vsq = EVDC (Sb - Sc) ( )
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Applying the (3.24) and (3.25) in the simulation for both inverters,

»| 2/3*Vde2*(2*u(1) - u(2) -ud))
1 Fen

Sx z
B sqr3)2/3*Vde/2*(u(2) - u(3))

Unit Delay
Fent

Figure 15: Dual VVoltage Source Inverter Schematic (Inverter 1)

3.4  Proposed Optimal Switching Strategy

It is important to understand the effects of torque variations for every
application voltage vector at different speed operation. The effect of voltage vector on
the torque variations are investigated to identify the most suitable voltage vector to
improve the DTC performance in term of torque ripple reduction and switching

frequency.

3.4.1 Principle of Torgue Control based on Load Angle, &,

The principle of torque can be explained if the torque equation is expressed

into another form.

3 3.26
T, = Ep(q)sxls) ( )
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Rearrange the relation in (3.7) into the terms of rotor current vector.

_ Ps — Lmlr (327)

T, = 3 p (@mer) (3.28)

The rotor current vector in term of rotor flux vector can be obtained by rearranging
(3.8),

Or — Linls (3.29)

Substituting (3.29) into (3.28),

3 PsXP 3 D, XL,
Te = =Pl ((ps (pr) +=PLp,* (‘pr S) (3.30)

From (3.26), it can be rearranged to obtain the cross product of stator flux and stator

current vectors,

T2 (3.31)

(Psxts) = 3p
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Applying (3.31) into (3.30),

3 Ly \_ _ (3.32)
Te=-3F (aLer)‘psx‘pr
or
03 (L N\ (3.33)
T, = ~5P (515 181 1@lsinGs.)

Where,d, is the angle difference between the stator flux vector and the rotor flux

vector and o is total leakage factor which is given by:

12, (3.34)

From equation (3.34), it proven that how load angle affects the control of torque. With
(3.34) the relation between torque and load angle will be, the greater the load angle,
the greater the torque. By selecting a forward leading voltage vector, the load angle
will increase. On the other hand, the torque can be reduced quickly by reducing the
load angle by selecting a backward voltage vector and to reduce the torque with a
slower rate the zero-voltage vector will be the best fit. The diagram below will give a
better idea on how voltage vector affecting the load angle and lead to increase or

decrease torque.
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Figure 16: Relation between selection of vector and torque and flux status

3.5  Definition of Flux Sectors for Selecting Optimal Voltage Vectors

There are two type of flux sector as this method implementing dual-inverters.
In Figure 17, it shows the long/short and medium voltage vector flux sector. In the 12
long and short voltage vectors, they are all aligned with same angle and rotation but
different in amplitude. On the other hand, in the medium voltage vector flux sector, it
contains 6 medium voltage vectors which having 30 difference in angle as compare
to the respective long and short voltage vectors. These vectors are used to increase or

decrease the torque or stator flux.
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Figure 17: Flux sector and suitable Voltage Vector for (a) Long/Short (b) Medium

In figure 17, it shows the suitable vectors for each sector for long/short and

medium. The vectors will be discussing later in Look-up Table.

3.6  Look-up Table for Selecting Optimal VVoltage Vector

According to Takashi and Noguchi, the voltage vector used to increase the
torque should have more tangential component to the flux vector and the most radial
component to the stator flux vector must avoided. In the proposed method, it has
differences, it offers more voltage vector with different amplitude, the short, medium
and long. There is more option in this proposed method for reducing the rate of change

of torque as well as switching frequency.
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Table 2: Look-up Table for Selection Optimal VVoltage Vectors in Dual-Inverters

Stator Flux | Modified Sector | Sector | Sector | Sector | Sector | Sector
Error torque error
status,o,, sta?us,cr{f ! . . v v Vi
3 L2 L3 L4 L5 L6 L1
[100101] | [101001] | [011001] | [011010] | [010110] | [100110]
2 M5 M4 M3 M2 M1 M6
[010010] | [011000] | [001001] | [100001] | [100100] | [000110]
1 S2 S3 S4 S5 S6 S1
[000101] | [101000] | [010001] | [001010] | [010100] | [100010]
1 0 Z0 Z0 Z0 Z0 Z0 Z0
[010101] | [101010] | [010101] | [101010] | [010101] | [101010]
= S6 S1 S2 S3 S4 S5
[010100] | [100010] | [000101] | [101000] | [010001] | [001010]
2 M3 M2 M1 M6 M5 M4
[001001] | [100001] | [100100] | [000110] | [010010] | [011000]
3 L6 L1 L2 L3 L4 L5
[010110] | [100110] | [100101] | [101001] | [011001] | [011010]
3 L3 L4 L5 L6 L1 L2
[101001] | [011001] | [011010] | [010110] | [100110] | [100101]
2 M6 M5 M4 M3 M2 M1
[000110] | [010010] | [011000] | [001001] | [100001] | [100100]
1 S3 S4 S5 S6 S1 S2
[101000] | [010001] | [001010] | [010100] | [100010] | [000101]
0 0 Z0 Z0 Z0 Z0 Z0 Z0
[101010] | [010101] | [101010] | [010101] | [101010] | [010101]
1 S5 S6 S1 S2 S3 S4
[001010] | [010100] | [100010] | [000101] | [101000] | [010001]
) M2 M1 M6 M5 M4 M3
[100001] | [100100] | [000110] | [010010] | [011000] | [001001]
3 L5 L6 L1 L2 L3 L4
[011010] | [010110] | [100110] | [100101] | [101001] | [011001]
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3.7  Proposed Control Structure

Figure 18 shows the control structure of the proposed method of DTC using
dual-inverters for open end winding induction motor. The proposed method keeping
most of the conventional DTC structure. The difference between the proposed method

and the conventional DTC is in proposed method it is utilizing dual-inverters.
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Figure 18: Proposed Control Structure of DTC

37



CHAPTER 4

Result and Discussion

4.1 Introduction

In the chapter, it will be focus on the result obtained via the simulations and
test run to highlight how the proposed method performance are better compared to the

conventional DTC.

4.2  Torque Ripple Reduction and Switching Frequency Reduction

To reduce the torque ripple and the switching frequency, an appropriate voltage
vector will be the main factor as shown in Chapter 3. To justify the proposed method
working in reducing the torque ripple and switching frequencies, tests were carried out
at constant reference torque for all low speed, medium speed and high-speed operation.
In Figure 19, it shows the torque, currents and phase voltage waveform obtaining from
the simulation in the low speed operation. The operation speed is around 92rad/s

(879rpm) as shown in Figure 19.
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Figure 19: Speed of the motor 92rad/s (a) general view (b) Zoomed version
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The result obtained from the simulation in Figure 20 initially was running
under the non-optimized switching mode, from there it can be observed that the torque
ripple is very big but when the optimized method applied it can be seen that the torque
ripple was reduced significantly as the rate of increase of torque is slower. The effect
of torque increases due to appropriate vector selection. In Figure 20 (b), it can be
observed that the switching indicated by regulation of torque is less often with the
optimal switching. Which implies, the selection of short voltage vector can greatly
reduce the slope of torque increase mainly contributes the reduction of switching
frequency. Besides, in the phase currents, it too can be observed that the ripple of the
3 currents are very high as well, with the aids of proper voltage selection, i.e. short
voltage vector, the ripple was reduced. On the other hands, phase voltage, before the
optimized method applied, the phase voltage having different amplitude of
fundamental components. When the optimized method applied, the phase voltage
exhibits in a lower amplitude as the selection of voltage vector was short to increase
the torque and zero-vector to decrease the torque whereas the conventional DTC select
long voltage vector to increase the torque and zero-vector to decrease the torque.
Figure 21 shows the operation speed for the medium speed test; the speed is around
123rad/s (1175rpm). In Figure 22, it shows the waveforms of torque, currents and
phase voltage from the simulation. Same condition was applied as in the low speed
operation. The simulation was initially run under non-optimized condition where it is
utilizing the conventional DTC setting. As in Figure 22 the non-optimized and
optimized waveforms of respective elements. From Figure 22 (a), the torque ripple
reduced as the proposed method applied. Similar improvements obtained for the phase
currents and phase voltage. For the high-speed operation at 140rad/s (1337rpm),
similar result is obtained as well in reducing the torque ripple and switching frequency

in Figure 24.
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Figure 20: Waveforms of Torque (Te), Phase Currents (ia, ib, ic) and Phase Voltage
with non-optimized and optimized switching at Low-Speed Operation. (a) General

view (b) the zoom-in version
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(b)

Figure 21: Speed of the motor 123 rad/s (a) general view (b) Zoomed version
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Figure 22: Waveforms of Torque (Te), Phase Currents (ia, ib, ic) and Phase Voltage
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with non-optimized and optimized switching at Medium-Speed Operation. (a)

General view (b) the zoom-in version
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(b)

Figure 23: Speed of the motor 140rad/s (a) general view (b) Zoomed version
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Figure 24: Waveforms of Torque (Te), Phase Currents (ia, ib, ic) and Phase Voltage
with non-optimized and optimized switching at High-Speed Operation. (a) General

view (b) the zoom-in version
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4.3  Reduction of Torque Ripple and Switching Frequency for a Torque
Dynamic Control

The use of optimal switching strategy can be applying under torque dynamic
condition as well. Under the dynamic condition, the effect of optimal switching
strategy can be even display clearer by determining the appropriate voltage vector for
reducing the torque ripple and the switching frequency under different speed. In Figure
25 to Figure 27 shows the waveform of torque, phase voltage and phase current for a
step change of reference torque in DTC with non-optimized switching strategy at low,
medium and high speed. As a step change in the reference torque it will accelerate the
motor speed which can be seen through the increase of the phase current frequency.
Notice that the amplitude or the peak of the phase voltage waveform remaining the
same throughout the entire operation for various speed. Considering the non-optimized
switching utilizing the long voltage vector to increase the torque and zero vector to
decrease the torque for all type of speed. Since the selected voltage vector is not
appropriate, therefore the torque ripple and switching frequency will appear in a large
manner throughout the entire operation or process. The effect of inappropriate voltage
vector selection can be shown by magnifying the waveform of Figure 25 to Figure 27.
These magnified images are display as (b) from Figure 25 to Figure 27. From Figure
28 to Figure 30 shows the waveforms torque, phase voltage and phase current for the
step change of reference torque of the simulation using the DTC with optimized
switching strategy. With the suitable voltage vector selected for respective operating
condition, where the decrease or increase of torque are determined by the respective
vector resulted in torque ripple reduction and switching frequency reduction as

compared to the waveforms obtained with non-optimized DTC.

46



M ||I H|L|'|||L|||1"m“w HWI‘\I””:,”‘”)M”\l\ ” |I NV” ‘le‘l'h‘l‘l‘l‘l‘h‘lm'\"“ll‘lm Ulvwnl‘ml\
M s

ffﬁ ....MwMwJ!f\ww«wwwwww.mﬂmﬁwmwmmmww

|

|

(b)

Figure 25: Waveform of Torque, Phase Voltage and Phase current for a Step Change
of Reference Torque in DTC with Non-Optimized Switching Strategy at Low-Speed

Operation (a) General View (b) Zoom-in Version
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Figure 26: Waveform of Torque, Phase Voltage and Phase current for a Step Change
of Reference Torque in DTC with Non-Optimized Switching Strategy at Medium-

Speed Operation (a) General View (b) Zoom-in Version
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Figure 27: Waveform of Torque, Phase Voltage and Phase current for a Step Change
of Reference Torque in DTC with Non-Optimized Switching Strategy at High-Speed

Operation (a) General View (b) Zoom-in Version
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Figure 28: Waveform of Torgue, Phase Voltage and Phase current for a Step Change
of Reference Torque in DTC with Optimized Switching Strategy at Low-Speed

Operation (a) General View (b) Zoom-in Version
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Figure 29: Waveform of Torgue, Phase Voltage and Phase current for a Step Change
of Reference Torque in DTC with Optimized Switching Strategy at Medium-Speed

Operation (a) General View (b) Zoom-in Version
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Figure 30: Waveform of Torgue, Phase Voltage and Phase current for a Step Change
of Reference Torque in DTC with Optimized Switching Strategy at High-Speed

Operation (a) General View (b) Zoom-in Version
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Besides, the optimized method can also be applying on the step reduction of
reference torque. The result of the effectiveness of this method will be the same as the
step change but in the reverse manners. The Figure 31 to Figure 33 shows the
waveform of torque, phase voltage and phase current for a step reduction of reference
torque in DTC with non-optimized switching strategy at low, medium and high speed.
From Figure 34 to Figure 36 shows the waveforms torque, phase voltage and phase
current for the step reduction of reference torque of the simulation using the DTC with

optimized switching strategy.
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Figure 31: Waveform of Torgue, Phase Voltage and Phase current for a Step
Reduction of Reference Torque in DTC with Non-Optimized Switching Strategy at

Low-Speed Operation (a) General View (b) Zoom-in Version
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Figure 32: Waveform of Torgue, Phase Voltage and Phase current for a Step
Reduction of Reference Torque in DTC with Non-Optimized Switching Strategy at

Medium-Speed Operation (a) General View (b) Zoom-in Version
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(b)

Figure 33: Waveform of Torgue, Phase Voltage and Phase current for a Step
Reduction of Reference Torque in DTC with Non-Optimized Switching Strategy at
High-Speed Operation (a) General View (b) Zoom-in Version
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Figure 34: Waveform of Torgue, Phase Voltage and Phase current for a Step
Reduction of Reference Torque in DTC with Optimized Switching Strategy at Low-

Speed Operation (a) General View (b) Zoom-in Version
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Figure 35: Waveform of Torgue, Phase Voltage and Phase current for a Step
Reduction of Reference Torque in DTC with Optimized Switching Strategy at

Medium-Speed Operation (a) General View (b) Zoom-in Version
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Figure 36: Waveform of Torgue, Phase Voltage and Phase current for a Step
Reduction of Reference Torque in DTC with Optimized Switching Strategy at High-

Speed Operation (a) General View (b) Zoom-in Version
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CHAPTER 5

Conclusion and Recommendation

51 Conclusion

The overall objectives of this thesis are to reduce torque ripple and switching
frequency for open-end winding induction machines. With the carried experiments or
simulations, it shown that the more the number of voltage vector offered, the better the

effect in reduction of torque ripple and switching frequency.

In achieving these improvements, this research has made some contributions

as follow:

e Retaining the simplicity of the conventional DTC structure to eliminate the use

of speed sensors.

e Torque ripple and switching frequency been reduced with the selection of

appropriate voltage vectors.

e The proposed optimal switching strategy select the voltage vector that shows
the most tangential to the flux vector and the longest amplitude during torque

dynamic condition for producing the fastest torque dynamic response.

These improvements of the proposed methods are tested with simulation and

experimental results. It has shown that the proposed method successfully in reducing
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the torque ripple and the switching frequency by selecting the suitable voltage vector
according the sector and the tangential to the flux vector.

5.2 Recommendations

Some recommendations for future work to improve further the DTC

performances,

e Add in Fuzzy Logic Control (FLC) in to the design to achieve a more robust in
control. The suitable voltage vector in the proposed method was depending on
the comparison between the switching for torque hysteresis controller and flux
hysteresis controller, by choosing the appropriate threshold value. By applying
FLC, the selection of suitable voltage vector can be simplified.

e Replacing the hysteresis controller with constant frequency torque controller
to provide a constant switching frequency. As using hysteresis will lead to

variation of switching frequency.
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APPENDIX A
MATLAB SIMULATION BLOCK CODING

A.1  Sector Detection Block Coding

‘ ‘ Look-Up

Sector Detection

Figure 37: Sector Detection Simulation Block

function sec_k = sec(u)

% u[1] = angle, y[0] = sector

sector=1,

angle = u(1);

if( (angle >= -pi/6) && (angle < pi/6))
sector = 2;

elseif ((angle >= pi/6) && (angle < pi/2))
sector = 3;

elseif ((angle >= pi/2) && (angle < 5*pi/6))
sector = 4,

elseif ((angle >= 5*pi/6) || (angle < -5*pi/6))
sector = 5;

elseif ((angle >= -5*pi/6) && (angle < -pi/2))
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sector = 6;

elseif ((angle >= -pi/2) && (angle < -pi/6))
sector = 1;

end

sec_k =[sector];

end
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A.2  Look-up Table Coding

Look-Up table

Figure 38: Look-up Table Simulation Block

%Standard Look-up table (LUT) proposed by Takahashi

%input: torque erros status=u(l1), flux error status=u(2) and sector=(3)
function sf = lut(u)
%initialization the output switching status,.e. sa, sb and sc

sx=[000000];

%0ODbtain the inputs to index the LUT

tstat = u(1);
fstat = u(2);
sec = u(3);

%Selection of vector for Sector 1
if(sec == 1)
if(fstat == 1)
if (tstat == 3)
sx=[100101];
elseif (tstat == 2)
sx=[010010];
elseif (tstat == 1)
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sx=[000101];
elseif (tstat == 0)

sx=[010101];
elseif (tstat == -1)

sx=[010100];
elseif (tstat == -2)

sx=[001001];
elseif (tstat ==-3)

sx=[010110];
end

elseif (fstat == 0)
if (tstat == 3)
sx=[101001];
elseif (tstat == 2)
sx=[000110];
elseif (tstat == 1)
sx=[101000];
elseif (tstat == 0)
sx=[101010];
elseif (tstat ==-1)
sx=[001010];
elseif (tstat == -2)
sx=[100001];
elseif (tstat == -3)
sx=[011010];
end

end

%Selection of vector for Sector 2
elseif(sec == 2)
if(fstat == 1)
if (tstat == 3)
sx=[101001];

70



elseif (tstat == 2)
sx=[011000];
elseif (tstat == 1)
sx=[101000];
elseif (tstat == 0)
sx=[101010];
elseif (tstat == -1)
sx=[100010];
elseif (tstat == -2)
sx=[100001];
elseif (tstat ==-3)
sx=[100110];
end

elseif (fstat == 0)
if (tstat == 3)
sx=[011001],
elseif (tstat == 2)
sx=[010010];
elseif (tstat == 1)
sx=[010001];
elseif (tstat == 0)
sx=[010101];
elseif (tstat ==-1)
sx=[010100];
elseif (tstat == -2)
sx=[100100];
elseif (tstat == -3)
sx=[010110];
end

end

%Selection of vector for Sector 3

elseif(sec == 3)
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if(fstat == 1)
if (tstat == 3)
sx=[011001];
elseif (tstat == 2)
sx=[001001];
elseif (tstat == 1)
sx=[010001];
elseif (tstat == 0)
sx=[010101];
elseif (tstat == -1)
sx=[000101];
elseif (tstat == -2)
sx=[100100];
elseif (tstat ==-3)
sx=[100101];

end

elseif (fstat == 0)
if (tstat == 3)
sx=[011010];
elseif (tstat == 2)
sx=[011000];
elseif (tstat == 1)
sx=[001010];
elseif (tstat == 0)
sx=[101010];
elseif (tstat ==-1)
sx=[100010];
elseif (tstat == -2)
sx=[000110];
elseif (tstat == -3)
sx=[100110];
end

end
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%Selection of vector for Sector 4
elseif(sec == 4)
if(fstat == 1)
if (tstat == 3)
sx=[011010];
elseif (tstat == 2)
sx=[100001];
elseif (tstat == 1)
sx=[001010];
elseif (tstat == 0)
sx=[101010];
elseif (tstat == -1)
sx=[101000];
elseif (tstat == -2)
sx=[000110];
elseif (tstat == -3)
sx=[101001];

end

elseif (fstat == 0)
if (tstat == 3)
sx=[010110];
elseif (tstat == 2)
sx=[001001];
elseif (tstat == 1)
sx=[010100];
elseif (tstat == 0)
sx=[010101];
elseif (tstat ==-1)
sx=[000101];
elseif (tstat == -2)
sx=[010010];
elseif (tstat == -3)
sx=[100101];
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end
end
%Selection of vector for Sector 5
elseif(sec == 5)
if(fstat == 1)
if (tstat == 3)
sx=[010110];
elseif (tstat == 2)
sx=[100100];
elseif (tstat == 1)
sx=[010100];
elseif (tstat == 0)
sx=[010101];
elseif (tstat ==-1)
sx=[010001];
elseif (tstat == -2)
sx=[010010],
elseif (tstat ==-3)
sx=[011001];

end

elseif (fstat == 0)

if (tstat == 3)
sx=[100110];

elseif (tstat == 2)
sx=[100001];

elseif (tstat == 1)
sx=[100010];

elseif (tstat == 0)
sx=[101010];

elseif (tstat == -1)
sx=[101000];

elseif (tstat == -2)
sx=[011000];
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elseif (tstat == -3)
sx=[101001];

end

end
%Selection of vector for Sector 6
elseif(sec == 6)
if(fstat == 1)

if (tstat == 3)
sx=[100110];

elseif (tstat == 2)
sx=[000110];

elseif (tstat == 1)
sx=[100010];

elseif (tstat == 0)
sx=[101010];

elseif (tstat == -1)
sx=[001010],

elseif (tstat ==-2)
sx=[011000];

elseif (tstat == -3)
sx=[011010];

end

elseif (fstat == 0)

if (tstat == 3)
sx=[100101];

elseif (tstat == 2)
sx=[100100];

elseif (tstat == 1)
sx=[000101];

elseif (tstat == 0)
sx=[010101];

elseif (tstat == -1)
sx=[010001];
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elseif (tstat ==-2)
sx=[001001];
elseif (tstat ==-3)
sx=[011001];
end
end
end

%output switching status, i.e. sa, sb and sc

sf=sx;

end
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A3 Induction Motor Simulation Block Parameters

%Induction machine parameters
Rs=6.1;  %Stator resistance

Rr =6.2298; %Rotor resistance

Ls =0.47979; %Stator self inductance
Lr =0.47979; %Rotor self inductance
Lm=0.4634; %Mutual inductance
P=1; %number of pole pairs
J=0.01,; %moment of inertia

B=0; %viscous friction

Lls=Ls-Lm;  %Stator leakage inductance

Lir=Lr-Lm;  %Rotor leakage inductance

%Control system parameters

HBT =0.45; . %Torque hysteresis bandwidth
HBF = 0.8*0.01; %Flux hysteresis bandwidth
fref=0.8; %Reference flux = 0.8

DT = 50e-6; — %sampling period

Vdc =240;  %DC voltage
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APPENDIX B

MATLAB SIMULATION BLOCK

B.1 Induction Motor Simulation Block
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Figure 39: Induction Motor Simulation Block
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Figure 40: Interior of Induction Motor Simulation Block
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B.2  Dual-Voltage Source Inverter Simulation Block
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Figure 41: Dual VVoltage Source Inverter Simulation Block
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Figure 42: Interior of Dual VVoltage Source Inverter Simulation Block
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B.3

Stator ﬂlrJ:(

a

Torque and Flux Estimator Simulation Block
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Figure 43: Torque and Flux Estimator Simulation Block
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Figure 44:Interior of Torque and Flux Estimator Simulation Block
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