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Abstract

lnduction motors are widely used in many industrial applications due to their mechanical
robustness and low cost. However a draw back of induction machines is that precise
torque control can not easily be achieved. In order to overcome this difficulty vector
control of pulse width modulation (PWM) inverter fed IM drives which guaranlees high
| dynamic and static performance has- been developed The draw backs of this method are
dependency on the rotor resistance value and computatlonal requlrements and time delay
* due to the use of current control loops and axes transformahons Direct torque control
(DTC) has a relatively simple control structure yet performs at least as good as vector
control techmque

In - the present work the Direct Torque Controlled induction motor drive operatmg
"prmc1ple is bneﬂy studied and the various forms of direct torque controlled induction
motor drives that are reported in literature haVe been reviewed. The implementation of
‘simulation of the drive is done using MATLAB/SIMULINK tooll)ox with a epeed sensor
and without speed sensor. The irnplementation aspects of the simulation and the obtained -
results are discussed. The drive_simulation is done for starting from rest,"sudden changes
in load torque, speed reversal- and the speeds above ‘the base speeds operating the
"~ induction motor in the field weakening region. A hybrid fuzzy eontroller for direct torque .
- control induction motor drive is also preSented. The features of the presented hybrid
fuzzy controller will be highlighted by comparing the performance of various control
_approaches, includlng PI control, Pl-type. fuzzy ‘logic control (FLC), proportional-
derivative (PD) type FLC, and combination of PD-type FLC and I control, for DTC-"

based induction motor dnves

i
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~ Chapter 1
Introduction

| 1.1 Introduction

Major improvements in modern industrial process'es over the past 50 years can be
largely attributed to advances in variable speed motor drives. Prior to the 1950’s most -

factories used DC motors because three phase induction motors could only be
operated at a unique frequency. Due to rapid increase of the power range of
controllable semi conductors (lii(e IGBT’s, IGCT’s) ,it is nowadays viable to handle
high power conversion applications employing these kinds of semi conductors instead
of more traditional ones(like thyristors or GTO’s),whose dynémic and static
performanées are still limited. The technical improvement on the semicoriductors
~ allows feeding the induction motor with voltage source inverters (VSI), which in turn
makes possible the usage of standard torque and flux control methods based.on. pulse

width modulation (PWM) or, more recently, direct torque control.

Direct torque coﬁtrol of induction motor has been first reported ten years ago ,and it
was inherently developed for breaking through a common sense in those days ,which
was like that “there is nothing but field oriented control to obtain.a quick torque

response with the induction motor”.

Direct forque control (DTC) has a relatively simple contrél structure yet performs at
least as good as FOC technique. It is also known that DTC drive is less sensitive to
parameter detuning. The control technique is based on limit cyclecontiol‘ and it makes
possible both quick response and high efficiency operation at the s_a'me time. In the
direct torque control system the instantaneous values. of the: flux and: the"torque are
calculated from oniy primary variables. They can be controlled directly and
independently by fhe selection of optimum inverter switching states. The selection is
made so as to restrict the errors of the flux and the torque with in the hysteresis bands
and to obtain the fastest response and highest efficiency at every instant. It enables

-both quick torque response, in the tramsient operation and the reduction of the

harmonic losses and acoustic noise.



1.2 State of Art -
The -AC asynchronoué motor, also known as induction motor, has become the most
widespreadlelectricmot_or in use today. The increase-in the use of induction motors
was largely- attributed to major oil and mining companies converting existingl diesel
and gas powered niachinéry to run off electricity. Over the past five years, the area of
AC motor control has:continued to expand because induction motors are excellent
drives for use ‘in Electric or Hybrid electric vehicles. These facts are due to the
advantages of induction motors over thé rest of the motors. The main advantage is
that induction motors do not require an electrical connection between the stationary
and the rotating*pafts of the motor. Therefore, they db not need any mechanical
commutator leading to the fact that they are maintenance free. Iﬁduction ﬁotors also
have low - weight and inertia, high efficiency and a high overload capability. -
Therefore, bt'hey are cheaper and mote robust, less prone fo any failures at high speeds
and can work in explosive environments.
Before the days of power electronics, a limited speed control of induction mofor was
“achieved. TilC mefhods usually adopted during thoSe days for the speed control
inc_:li;de the following: ’ '

1. Switching the three stator windings from stator connection to delta connection,

. allowing the voltage at the motor windings to be reduced.
2. Induction .motors manufactured with more than three stator windings for |
changing the number:of pole pairs.
3. Speed control in wound rotor induction motor where the rotor winding ends -
are brought out to slip rings. _ _

At that time the above described methods Wgre the ‘only available methods of
induction motor speed control where as infinitely variable speed drives with good
performances for Dc motors alfeady existed. These drives not only provided good
operétioﬁ but also covered a wide power range. Moreover, théy had a good efficiency
and with a suitable control even good response. But the main drawback is the

compulsory requirement of brushes and maintenance costs.

- 1.2.1 DC Drive
In the DC drive the torque is directly proportional to armature current in the motor. '

By using an inner current loop the DC drive system can directly control the torque.



Likewise the constant ‘magnetic ﬁeld onentatlon wh1ch 1s achieved through the-'
commuitator action makes the direct flux given. Thus two primary factors insuring
- responsive. control i.e., both direct torque and direct flux control are both present in
Dc drive. The relatively simple electronics required to implement the DC drive
represents another-advantage. On the negative side, both the initial and maintenance
eost'of the DC motors are. high and high speed accuracy performance can only be

achieved if an encoder is included for feedback.

Fig 1.1 DC motor drive

1.2.2 Scalar Flfequehcy Control

Scalar frequency.c.ontrol offers tﬁe advantage of operation with out an ‘encoder. On
the negative side, torqlie and flux neither directly nor indirectly controlled. A
' frequency and voltage reference generator mstead prov1des control with constant volts
per hertz output, Wluch then ‘drives’the pulse w1dth modulated inverter. Although
51mp1e this arrangement prov1des limited speed accuracy and poor response. Flux and
: torque levels are dictated by the response of the motor to the applied frequency and

voltage and are not under the control of the drive.




123 Flux Vector Control

Flux vector control reestabllshes one of the advantages of the Dc dnves through
1mplementat10n of flux control. The spatial angular posrtron of the rotor flux vector is
calculated and controlled by the drive based on a relative comparison of the known
stator field vector. to feedback of rotor angular position and speed. The motor’s
electrical characterrs_trcs, are mathematically modeled with processor techniques to
enable processr'ng of data. Torque co'ntrol is indirect because of its position in the «
control algorithm prior to the vector control process; however good torciue response is
achieved. Inclusion of pulse encoder-insures high speed and torque ac(:uracy. The
biggest disadvantage of flux vector is the mandated inclusion of the pulse encoder.
Another minor drsadvantage is that torque is mdrrectly rather than directly controlled.
The inclusion of the PWM modulator Whrch processes the voltage and frequency -
outputs of the vector control stage, creates a srgnal delay between the mput references
and the resulting stator voltage vector produced Thus:' the ultlmate ability of the flux
controlled drive to achieve very. raprd flux.and torque control is limited because of the

'last two factors.

wh

- Fig 1.3 Block diagram of field oriented,con_trolled drive

1.2.4 Field Acceleration Control

This method 1s based on avoiding the electromagnetic transients in the stator currents
| keeping its phase continuous. Therefore the equatron used can be simplified saving
the vector transformation in the controllers. This method mamly achieved some
computational reductlon overcommg the main problem in- the vector controllers and

then becoming an 1mportant for the vector controllers, :



1.2.5 Direct Torque Control

‘Direct torque ‘control also reestablishes direct flux ~control in addition to the
implementation of direct torque control. Direct torque control has emerged over the
last decade to become one possible alternative to the well ‘known vector control of
induction machines. Its main characteristic is the good performance, obtaining results |
as good as the'vclassical ‘vector control but with several ‘advanta’ges based on it simple
structure and control diagram. 4
A hysteresis controller controls the flux and the torque drrectly by selectmg the
appropriate ‘inverter. state. The method still requires further research in order to
~ improve ‘the ‘motor performance aS‘_Well as achleve' a better environmental capability
that is essential now a days for ail industrial applications. |
The main features of DTC are as follows:
1) Direct control of flux and torque .
2) Indirect control of stator voltages and currents
3) Approximately sinusoidal stator fluxes and currents
4) - High dynamic-performance even at stand still
The advantages: of the DTC are as follows:
1. Absence of coordinate transforms
-2 Absenoe of voltage modulation block, as well as other controllers PI controller
for flux and torque.
3. 'Minimal torque response time even better than either with DC of flux vector
~ control. »
4. The delays assoclated with the PWM modulator stage are removed since the
PWM modulator is replaced by an optrmal switching logic.
‘5. Assuming moderate speed accuracy is acceptable the need for a speed encoder
is eliminated. |

. The disadVantages of the DTC drive are:

1. Possible loss of flux control during starting

2. -"l{equirement of flux and torque estimators, implying consequent parameters
identification. .

3. Inherent torque and flux ripple.



The original benefits associated with dc drive of direct torque control,. direct flux
control and high responsiveness are thus reestablished. Torque response is better than

that available with either or flux vector control.

Speed |
Control

Fig 1.4 Block diagram of direct torque controlled drive

Since the concept of dlrect torque control has been presented it'has been used in'many |
ac dnves because it provides fast torque response and robustness agamst machme
parameter variations with out speed sensor. Hav1ng passed more than ten years since
the 'technique was first reported there has been a signifit‘:ant advancement of the
technology and the technique has given a systematic solution to improve the operating
characteristics of not only the motor but also the PWM inverter. Several
methodologies for the drive implementation have been reported which have enhanced‘
the performance of the drive compared to Whét was repo_rted' initially.
Although in the reeent years the high performance induction machine drives market
has been dominated by the rotor flux oriented vector control techniqne, there has been
a growing interest in the direct torque.control technique which offers simple control
architecture with a dynamic performance to vector. control. The reason for this is
simple architecture and reduced parameter dependence. of the direct torque controi
| technique over the vector control ,teohnique. In spite of this superiority.of directitorrlue
control there are still two sets of scientists preferring vector control whilst the. other
prefers direct torque control, the switching losses, torque and flux ﬁpples are oftmajor
- concern. The table below gives.a. comparison of the vector and direct torque control

techniques.



Table 1.1 Performance comparison of DTC and Vector control

-

Field oriented control

Direct torque control

Coordinate reference frame

Synchronous rotating d-q

Stationary d-q

Controlled variables- Torque, rotor flux Torque , stator flux
Contrdl variables Stator cur_rehts | “Stator voltage space vector
Sensed variables Rotor mechaﬁical specd Stator voltages
| Stator currents | Stator currents
Estimated variables - Stip frequency ;I‘or(jue
| rotor flux positionoe Stator flux
Regulators ‘Three  stator  currents Torque_regulator(hjfsterésis)
o régiﬂators(hystgresié) |- Stator ' o flux
o .regulatbr(hysferé’sis), |
Torque control | Indirectly ~ controlled by | Directly controlied
stator currents | " ngh dynamics
High dynamics | Controlted torque ripple
Torque ripple | I |
Flux control _Indirecﬂy . controlled by | Directly controlled
stator currents Fast dynamics
Slow dynamics ' _
Parameter sensitivity | Sensitive to. variations of | Sensitive to variations of |
rotor time constant . stator"reéistaﬁce
implementation ' High A complexity- Medium complexity
' calculations requiring
trigonometric functions.




13 Literature Survey

The first direct torque controlled induction motor drive was reported by Takalresi and
noguch1 [1] and this i is known to be the conventional DTC. The detalled prmc1ple of
operation, the modelmg and the control aspects of the drive are presented in the
reference [2]. Smee then ‘many other techniques have been reported to improve the
. performance of the drive. The literature reviews for some of the evolved techniques of

direct torque control are discussed.

1.3.1 Con'veirtio’nal Direct Torque Control Scheme
Takahasi [1] has given'the'novel teehnique for the direct'torqu.e control of induction -
‘ motor drive in 1986. This method is based on the selection of an appropriate voltage
| vector ‘that quickly c;haﬂges:the posiﬁdn of the stator flux linkage vector depending
upon the requirement'of the‘ﬂuxalrd '.torque errors. The 'propoeed scheme is béscd on
limit cycle control of- both the flux and the torque usmg optlmum mverter output -
voltage vectors so as to attam as fast torque response. At present ABB is ‘the only
industrial company :who has introduced a commerc1a11y available direct torque
controlled induction motor drive and it is a drive based on the technology of
Takahashi. The product is patented by the ABB. The implemeritation aspects of the
direct torque controlled induction ‘motor drive along with its advantages »z'md the
considerations for the design of different pe_rameters of the drive have been reported ’
in the reference [3] by john R.-G Schofield, ABB Industrial Systems Ltd.
The other implementations of the optimum voltage vector selection technique that are -
reported includes the one by the Texas instrurhents [4] by utilizing a DSP controller
board, DS1102 from Dspace consisting of TMS320C31 AT 60 MHz. To minimize the
sampling period ef ‘the implemented system, a Xilinx FPGA (XC4005E) is used to
| perform some of the main tasks of DTC drives. The TMS320C31 was programmed in
c-language with the motors termmal vanables sampled at 60us.
'Bibhu Prasad: Panigrahi, Dmkar Prasad Sabyasachi SenGupta [5] proposed
hardware scheme mimics the conventional sw1tchmg table based DTC scheme and
_does not require use of any online fast computing device like microproces'sor, PC or

DSP. The controller uses only.commonly used discrete hardware components.
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Fig 1.5 ABB Model of the direct torque control drive -

* 1.3.2 Constant Frequency DTC

The switching frequency of the inverter used for the direct totque' control in the
| technique proposed by Takahashi is not fixed due to the presence of the hysteresxs
- controllers. To overcome this llmltatlon a constant inverter sw1tchmg frequency DTC
is proposed by N.R.N. Idris, A.H.M. Yatim, N.D. Muhamad and T.C.. Ling [6]. This
paper proposed a'simple solution to the varieble switching 'fre'quency and h1gh torque
| _' npples problems encountered in hysteresis:based DTC drives. The method replaces
the hystere51s-based controllers with fixed swnclnng controllers which operate based
on the comparison between the error s1gnals and the triangular waveforms.
Implementation of these controllers using digital circuits is highly suitable since they
~ only require comparisons of waveforms rather than calculations of duty cyeles"-or
' voltage vectors. . - .
Nik Rumzi Nik Idris Abdul Halim Mohd Yatim Naziha Ahmad Azll 7 proposed a
 new torque controller for constant switching frequency and a compensation scheme to

eliminate the. phase and magnitude errors. for the stator. flux estimation under. steady
| state condition ‘Theses.simple schemes have significantly improved the performance
of the DTC drive system while at the same time . mamtammg the s1mp1e control.
structure of the DTC drive.



- Nik Rumzi Nik Idris, Senior Member, IEEE, and Abdul Halim Mohamed Yatim,
Senior ,Membéi?fEEE [8] proposed a new' torque controller for ‘constant switching
frequency and reduced torque ripple. With the ‘proposed controller, a linear model of
the. torque loop ‘can be de‘riv_e‘d‘and, hence, a proper controller can be designed.The
feasibility of the: proposed‘controller is demonstrated by hardware realization using a
DSP and a Xilinx FPGA. For a higher torque bandwidth and switching frequency,
-realization usmg a hybnd analog—digital circuit can be easily 1mp1emented since the
controller works based on waveforms comparisons.- Th1s s1mple scheme has
significantly improved the performance of the DTC drive system' ‘while at the same
time maintaining the simple control structures of the DTC drive ‘
Jun-Koo Kang, Student Member, IEEE, and Seung-Ki Sul, Senior Member, IEEE [9]
proposed a new direct torque control strategy for induction machines to achieve both
constant switching-frequency regulation' and ' reduced “torque-ripple control. ‘In the
proposed .torque-ripple control algorithm, the: optlmal switching instant is calculated |
at each switching cycle to" satisfy the ripple minimum condltlon based on the
instantaneous torque slope equations. The differences between the proposed and the
conv_entional DTC have been investigated through experiment. The experimental

results verify that the propoeed DTC improves the torque control characteristic

 without detenoratmg the ﬂux control capablhty

- 133 Space Vector Modulation Based DTC

It is well known that the principle of vector control of induction motor drive is to |
align the flux and torque current»along the d axis and q-axie of the reference frame,
respectlvely And therefore the torque can be controlled by the associated cuIrent
- component, once the flux is kept constant. Therefore the main theme of direct torque
~ control is to regulate the torque and magnitude of flux directly without invoking any
-concept of field orientation. In conventional DTC, the torque and stator flux are
controlled to follow their references In the PI regulatlon method the errors of torque
| and stator flux are controlled by two PI regulators [10], and the outputs of regulators
give the d, q space voltage ‘vector to control motor directly. As the amplitude and
angle pbase of voltage vectors are decided by the PI regulation, i.e. an average
dynamic control without large fluctuation, which lead to good steady performance in
low speed range. It is quite straightforward to implement the PI regulators; noweVer,

the coefficients of PI need to be selected properly.‘
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As shown in fig 1 6, two proportional integral (PI) controllers regulate the- flux
amplitude and torque respectively. Therefore, both the torque and the magnitude of
flux are under control, thereby generating the voltage command for inverter control

Noting that no decouplmg mechanism is required since the flux magmtude and torque'
can be regulated by the PI controllers. '

The inverter is controlled by the SVM techmque usmg symmetncal regular sampling.

‘ Therefore, the inverter swrtchmg frequency is srgmﬁcantly increased, and ‘the
' assocrated torque ripple and current harmonics can be dramatrcally reduced. To
increase the inverter switching frequency for .the same sampl_mg frequency, the
symmetrical Regular-Sampled SVM technique is used to control of the new DTC-
based drive. The inverter switching frequency is constant and is equal to samphng,
- frequency. SVM modulator which requues calculatmg several equatlons online for
the swrtchmg time penods

—_
Catnulauonsof B ol
. . - N fi’ gr ",
N - id 4,

Fig 1.6 Block diagram of SVM based DTC Induction motor drive

Since the above technique requires the uee of more number of controllers this is not
usually employed since this form of DTC drives hinders the very. advantage of direct
torque control that has reduced hardware complex1ty

J. Rodr. guez, J. Pontt, C. Silva, R. Huerta and H. Mu'anda [11} proposed a new
method for direct torque control (l_)TC) based.on load angle control is developed. The
use of simple equations to obtain the control algorithm makeé it easier to understand
and implement. Fixed switching frequency and low torque ripple are obtained using

' space vector modulation, overcoming the most importa_nt drawbacks of classic DTC.

11 "':-_'v.';«‘.,...f_ e



P. Marino, M. D'Incecco and N.Visciano [12] presented a paper on comparison of
"vario_usi direct torque .control methodologies (Classical DTC, DSVM-DTC and SVM-
,‘ DTC) have been made in order to evaluate the influence of the motor 6perating

condition on ' steady" state;‘_ performance. A particular em‘phasis on stator cuifrent
| distortion-and on torque ripple has been made. It can be noted that SVM-DTC has the
best pcrformanc_eé, but it'fequires more complex control scheme and the knowledge of
- some motor parameters. DSVM-DTC is a good compromisé. between classical and
SVM DTC schemes. It shows small torque ripple and requires only the knowledge of
. stator resistance. The use of this techniqué- is very useful in applications where the
maximum samplmg frequency is limited by large computat10na1 time.

1.3.4 DSVM Based DTC

The discrete space vector modulation is a control system able to genérafe a number of .
voltage vectors higher than that used in direct t_orqué control scheme’ [13]. The
increased number -of voltage-v"ectors allow the deﬁnition of more accurate switching
tables in which the selection of the voltage vectors is made accordmg to the rotor’
speed, the ﬂux error and the torque error. The switching tables are derived from the
analysis of the equations lmkmg the. apphcd Voltage vector to the. correspondmg
torque and the flux variations. The fllllCthllal block diagram of the DSVM DTC is

shownmf1g19 L
@, [ U S
’r _: B k e .
o, 17 E :
T+ s ‘- ’ DSVM
e - - . | ] .
e P I || switting || vsi
1 [ == R
' Table
¢‘
|
£,
—W
Wy,

Fig 1.7 Block diagram of DSVM based DTC
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Junfeng Xu, Jianping Xu, Yinglei Xu, Fengyan Wang [14] proposed a control strategy
of Direct Torque Corrtrol (DTC) based on discrete space' vector modulation (DSVM)
system of induction motor fed with GTO voltage source inverter applied to rallway '
traction is introduced. The sw1tchmg frequency cannot be high in high power GTO "
inverter applications. When direct torque control of -induction machmes is
irrrplemented using' microprocessor, undesired torque and current ripple happen
_because of dsmg the six voltage vectors and the time delay' due to digital
' 1mplementat10n An lmprovement of driver performance can be obtamed using
DSVM  without mcreasmg the frequency of the system. Moreover it doesn't lead to

ex_tra complexity of the control system.

13.5 Fﬁzzy Based Direct Torque Control .
In the DTC induction motor drive there are torque and flux npples because none of
the VSI states is able to generate the exact voltage value required to make zero both
the torque electromagneuc error 'and the stator flux error The suggested techmque is
based on applymg to the inverter the selected active states just enough time: to achieve
the-torque'.and flux references values. The rest of the switching =period.a null state is
selected vrhich won't almost change both the torque and the ﬂux ‘Therefore;-a duty
ratio (6) has to be determined each switching tlrﬁe.. By means of varying the duty'
ratio between its-extreme values (0 up to l) it is possible to apply any-voltage to:the:
motor. ) | | l
The optlmum duty ratio per sampling. period is a non-linear function - of -the |
electromagnetic torque error, the stator flux position and the workmg point, which is
determined by the motor speed and the electromagnetic torque It is obvious that it is
extremely difficult to model such an expression since. it is a different non linear
* Function per working point. Thus, it is believed that by using a.fuzzy-logic-based.
'DTC system it is possible to perform a fuzzy-logic-based duty-ratio. controller,.wlrere.
the optimum‘duty ratio is determined every switching period..
A fuzzy loglc ‘based. direct torque controlled induction. motor. [15]. [16] - has. the
advantage that the flux and the torque ripples.can be reduced the 50 called. duty. rat104
. control of the inverter switches thus usmg_the.fuzzy technique to.realize the,nonlmear‘
relationship. of the rduty,rati‘o with the.torque and the flux errors.and the position of the
flux linkage space vector. . | | ' ‘



1.4 Sensorless Schemes - . _ |
The advantage of the dlrect-torque_ ‘control_ torque technique is the Capability:of its
ready--appllcation ‘to the sensor less drives because of its reduced parameter'
sensmVlty Also the estlmatlon of the stator flux readlly helps in the speed estimator
being [20-24] mcorporated mto the system there by enabling robust control to be
achieved. . .
' The speed and oosiﬁon- controls require the speed or: position feedbaok; For this
purpose ‘it is‘common to use mechanical sensors directly t‘:oupled to the rotor shaft. In
the last'decade many authors:-have centered their-efforts in solving the rotor speed
measuring problem' without mechanlcal sensors. Some of the methods perform state
estimation ‘using ‘the ‘electric ‘variables, actual values and the machine mode] -
parameters. In'this technique, precision is reduced due to parameters variation with
.‘temperature -or saturation. Other speed estimation methodsare based on the sp.ectral
an_al}iSis of the 'stator current spatial ‘vector. Current harmonics con_tain info‘rmatioo
about the rotor speed, produced by the presence of stator and rotor ‘slots, or by the
dynamic eccentncmes " An oriented field model is used to determine rotor-speed
during dynamlc operation;, and the time frequency transformation is used to adjust the
rotor time' constant dutmg steady state. This allows for real ‘time rotor time constant

calculation and reduces rotor speed estimation errors.

1.5 SWITCHING SCHEMES v

- Over the last decade there has been a significant improvement in the switching
techniques for the voltage source inverters used for direct torque control. This section
presents the different switching techniques of non PWM techniques applled in the
direct torque control of induction motor. " |
'1.5.1 Hysteresis controllers _
Takahashi [1] presented a method in which to determme the inverter switching pattern
using flux and torque errors, two hystereSIS controllers, one for the flux control and
'other for torque control are employed. ‘The inverter is switched based on these errors '
and pos1t10n of the flux within the six region control, in such a way that the inverter
output voltage vector mm1m1zes the ﬂux and torque errors and determines the
direction of rotation. The output of these oontrollers Sa, Sp, Sc with values Oorl, 1s

used to determme the inverter output Voltage vector

- 14



152 Four band flux controller and five band torque controller

This form of the contrel technique is reported in [15] and this is the techmque that
_ uses a non hysteresis controller The algorithm of the techmquc is stated in the
followmg set of equations. ‘
IfAT>8TthenKT-1 :

If 0sAT sevanddAT/dt>0 thenKr=0

.If 0 <AT se1and dAT /dt <0 then Ky =1

If —&r<AT <0 anddAT/ds >0 then Ky =-1

If —er<AT <0 and dAT/dt<0 thenKT 0

If AT <-£1-thenKT— -1

IfA¢>s¢thcnK¢-1

If - £¢SA¢sg¢anddA¢/dt>0thenK¢ 0
I - £¢5A¢Sg¢anddA¢/dt<0thenK¢-1'
IfA¢<-£¢thenK¢ -0
If-£¢sA¢50thenK¢—2
IfA¢<—e¢thenK¢=3.

1.6 Organization of the Report

Chapter 1: It deals with the general aspeétg’ of the direct torque control of induction
motors and the literature review of the direct torque control and various techniques,

cohtrol techniques, torque and flux ripple reduction strategies and about sensor less
direct torque control. | | '

‘Chapter2: It deals with the operating prmc1ple and control strategy of the direct
torque control along with the ,functlon’of the individual blocks in the closed loop DTC '
- system. N - ‘ | |

Chapter 3: It deals with the descnptlon of the different blocks in direct torque control
modeling equatlons. of the different components on the drive system and the \
simulation of the oonventional clirect torque control for induction motor' drive with

speéd sensor and with out épe_ed sensor using MATLAB/SIMULINK toolboxes and

concludes with results of the simulation along with their discussion.
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* . Chapter 4: It deals with the description of fuizy controller structure and the features
~of the presented hybrid fuzzy controller are highlighted by comparilig the
performarice of various control approaches, including PI control, PI-type fuzzy logic

control (FLC), proportional—derivativé (PD) type FLC, and combination of PD-type " .

 FLC and I control, for DTC-based induction motor drives using simulation results and
their discussion. ' , v |
. Chapter 5: It deals with the implementation aspecté.of the conven’t’i;onai direct torque -
control for i_nduétion._ motor drive. Innovative integration sbc6711 DSP board is used
for the implementation of the drive system.-The fabrication of power circuit and the
necessary sensing circuits is detailed in this chapter. | ' |
Chapter 6: Coﬂchision is drawn from the work: doné and presentéd. Future scope fof g
improvements in the same. field to. improve the performance and to handle the
problems associated are briefly studied and presente.d to carry out in upcoming

projects.
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. s ‘ ' : ' _Chapter 2
Direct Torque Control of Induction Motor _
2.1 Introduction
In the last decade, hlgh performance drives based on the 'sp'atialv position of the
flux and on space vector theory have been developed and industrially applied. Based on

the works of - blaschke, Hasse, and Leonard, vector 'controlled drives have become

increasingly popular and have become the standard in the dnves mdustry The advent of’

this. technique has made poss1ble to achieve with an induction motor as fast torque

response as that of a DC motor. D1rect torque controlled dnves were developed ten years -

ago by Depenbrock and Takahash1 However at present ABB is the only mdustnal :
| company that has mtroduced a commercially available direct torque controlled induction-
motor drive, This chapter deals with the description, operatmg prm01ple and control
strategles of -the direct torque controlled induction motor .drive. The general and. the
fundamental aspects of.the direct. torque control of. mductlon machine are exammed in
great detall the mathematlcal -and the physrcal analysis of the processes involved are
explained thoroughly

2 2 DTC Schematlc

The block dragram of the dlrect torque controlled mductlon motor dnve is. shown in. frg ,
2.1. The reference. speed (W*n) and the rotor speed (Wn) are. compared .and. the error is
mput to.the speed controller The error is processed in the speed. controller that. outputs
the reference torque (Teref) Based on the rotor speed (Wn), the. flux. controller provides

: _reference flux (sref). The reference flux and the reference. torque (Te) along with, the
estlmated values of the- torque and Stator ﬂux(fzps ) are fed to the ﬂux and torque

- hysteresrs comparators The output of the comparators is 1, 0, -1 dependmg on the status
. of the torque and flux errors. This is then input to the optimum swrtchmg vector selection
table which grves an appropriate sw1tchmg vector (Sa, Sb, Sc) to be apphed to the
mverter 50 as to mlmmrze the torque and the flux errors. The function of the estlmator is

to estimate the stator fluxes in the direct and the quadrature. axis, the electromagnetic

17
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| torque developed by the induction motor and speed of tlie motor. The inputs to ;hé
estimator are the do link voltagé and any two motor winding currents and the out puts are

. the stator fluxes in direct (ysd )and quadratm'e axis (zpsq) the modulus of the stator flux,

electromagnetic torque developed by the .motor and speed of the rotor. The phase

voltages of the induction motor are obtained from switching vectors and the dc link

voltage.
, S : - : Vie
N e s S e o
| l F1e1;i h : W hysteresis _—l_’ A i
| controller | |&g£| - . —
| GO ¥ 1 | comparator — .
[T Ty PR | Lyl e o [S2 ——— ]
. . o optimum | gp Voltage
‘ switching B source
L Teref _ vectors Sc .| inverter
| Speed: - | > Torque 7 ' -
Al controller | | hysteresis
i B T:? comparator
Te Electromagnetic torque,

Stator flux linkages,
|gr | | Speed estimator

Fig 2.1 Schematic of sfator- ﬂux:baséd DTC induction motor drive

23 Descrlptlon

The conventlonal direct torque controlled mducnon motor dnve as shown in flg 21
_ consists of the following main blocks.

> Plspeed controller

. » Field weakening controller

» Torque hysteresis comparator

18



» Flux hysterésis comparator
> Optimal inverter switching table
» Voltage source inverter

» Induction motor

2.4 Control Strategy . |
This sectibn explains the control strategy of the classical direct torque controlled
" induction motor drive and the selection of the inverter switching vectors depending on

the flux and torque errors.

2.4.1 Inverter Control ‘
Consider the six pulse voltaéc‘ source inverter shown below in fig 2.2. There are six non -
zero active voltage switching space vectors and two zero spaée vectors (ui-, u2, il3, u4,
u5, ub), these are ShOWn.in fig 2.3. The switching voltage space vectors are shown in fig
24, The six active inverter SWltChmg vectors can be expressed as o
us = uk = 2Vyy/3 expli(k-1)7/3] k=1, 2, 3, 4, 5, 6. _— e 1)
Where Ve is the dc link voltage. How ever for k=7, 8 ug= . 0 holds for the inverter

sw1tchmg states where the stator windings are short circuited, w=u = 0.

+

\ 51 | \<3 \Ws';

. \s4 \s6 Ns2 . induction . .
L ’ motot

Fig 2.2 Schematic PWM VSI Inverter
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Fig 2.3 Bight Switching states of PWM VSI
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Fig 2.4 Stator voltage space vectors

Since Awys =usAt, it can be seen that the stator flux linkage space vector will move fast

if nonzero switching vectors are applied , for a zero switchiﬁg vector it will almost stop
(it will move slowly due to the small ohmic voltage drop). In the DTC drive at every
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- sampling period the switchirtg vectors are selected oh the baSisof keeping the ‘stator flux
linkage errors in a required tolelance band and the torque error in the hysteresis band. If
. the stator flux linkage lies in the k th sector, where k=1,2,3,4,5,6,its magmtude can be
increased by using the vectors uk,uk+1,uk-1; however ;its magmtude can be decreased by
using the sw1tch1ng vectors uk+2 ;uk-2 and. uk+3 Obviously the selected voltage vectors
affect the electromagnetic torque as well. The speed of the space vector is zero if a zero
switching vector is selected, and it is possible. to change this speed by changmg the output
_ ratio between the zero and non zero voltage vectors. .

2.4.2 Hysteresns Flux and Torque Control

The ultimate goal of the control is to keep the modulus of the stator ﬂux linkage space
vector with in the hysterems band whose width is 2Ays as shown in the fig 2.5. The

locus of the flux linkage vector is dﬁr‘i’ded into several sectors and due to six step inverter
the mlmmum number steps required is six, six sectors are shown in fig 2 5. Assume that

m1t1a11y the stator flux linkage space vector is at position PO thus in sector 1.

sQ

Sector3 . & '::iectorz

a(3)

Sector 1

(1)
Sectot4 > : sD
a(4)

' Sector 5
afs)

Fig 2.5 Control of stator flux linkage space vector
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The procedure in which the stator flux linkage vector position is varied according to the .
error in the modulus of the stator flux linkage vector is explained in the following steps:
> Assuming that the stator flux linkage space vector is rotating clockwise, since at

position PO the stator flux linkage space vector is at.the upper limit
(}c/zsref + Ays|) it must be reduced and this is achieved by selecting the switching

vector u3. :

> The stator flux linkage space vector is now in the new posmon Pl in sector 2 and
it can be seen that the stator flux linkage space vector is again at its upper limit
and hence it has to be reduced and hence for this purpose'the switching vector u4
have to be selected. Because of which sis moves from point P1 to P2, which is

also in sector 2.

> Since the sector 2 the stator flux linkage space vector is at the lower

11m1t( lapsref A't/)Sl ) it has to be increased- and the quick rotation of the vector in

© this case is achieved by selectmg the sw1tchmg vector u3 and even in tms position

of the stator flux linkage space vector is still in sector 2.

Stoppiﬁg the rotation of the stator flux linkage space vector corresponds to the case when
the electro- magnetic torque" does not haﬁe to be changed. However when the
electromagnetic.torque.has to be changed then the stator flux. lmkage space vector .
has to be rotated dependmg upon Whether the torque need to. mcreased or decreased in the
same or opposite direction is explained in the following steps
> When the stator flux linkage: space vector has to be rotated in the appropriate
_dlrecnon and if an mcrease in the electromagnetlc torque is needed, for example if
the stator flux lmkage space vector lies in the sector 2 at position P1 where the
flux has to be decreased then the electromagnetic torque*increasé can be achieved

by applying switchiﬁg sector.ud.

> When the stator flux linkage space vector has to be rotated in the appropriate

direction and if an decrease in the electromagnetic torque is needed, for example
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if the stator flux linkage space vector lies in the sectof 2 then this can be achieved
by applying sw1tch1ng sector ul since this moves the stator flux hnkage space

vector in the clockwise dlrectlon and also increases the stator ﬂux lmkage

> If the stator. flux linkage space vector is in the second sector and torque decrease
is required, but the stator flux linkage has to be decreased ‘then the switching
vector ul has to be applied.

The fig 2.6 ‘below shows the position of the various 'ﬂﬁx,li'nkage space vectors and

- switching vectors that has to be selected to obtain the required increase (i)i' decrease of the

stator flux linkage -and the required increase or decrease.of the.elqctromhgnetic torque.

;5. Q Wr

.1 SQ‘ . | A . 4 : : . '3;_3-(1?'[,1’{) | \\

wdFDTD | N\ N\ ul(FLTD)

ys in sector 1 - : ys in sector 2 -
Fig 2. 6 Position of various stator flux linkage space vectors and the selection . *-

of the optimum switching voltage vectors
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Thus in general it can be inferred that: -

> If an increase in the torque is required then the torque is controlled by-applying
voltage vecters that advance the flux linkage space vector in the direction of
. rotation. ' - ' :
© > If a decrease in the torque is required then applying voltage vectors that advance
the flux linkage space vector opposite to the direction of the 'torque.'
> If -zero torque 'is- required then that zero switching vector is applied, which
~ minimizes the inverter switching, ‘ |
From the above discussion it Can clearely be seen that in the direct. torque control the
torque demand is simply reduced to a choice of increase (positive torque),. decrease
(negative torque), or zero. Similarly the stator flux linkage vector modulus is hmlted toa
.choice of increase (flux mcrease) or decrease or zero. Decoupled control of the stator
flux linkage modulus and the torque is obtained by acting on the radial and the tangential

cempenents -_respeetiVely of the stator flux linkage space vector in its locus.

2. 4 3. Optlmum Sw1tch1ng Vector Selection

The way to impose the required stator flux by means - of choosmg the most suitable
voltage. source: inverter. state.- This is achieved using the so called optimum switching
vector eelecﬁon table that is shown in table. This table gives the .oﬁtimum s_electioh of the.
switching vectors for all possible .stetor flux linikkage space vector positions depending on ‘
the corresponding errors in the Stetor flux modulus and the ele_ctromaénétic torque -
(dy &dte).The representation of the digital outputs of the two level flux hysteresis
comparator.and the three level torquel' hysteres_is comparator is -

Flux comparator _ S O S
dy =1if |1/Js|sltpsref| -Ays e (22)

. “dzp:-lif [s _Ialwsref +Ays . Lo ‘.:..‘...:.,.(-2.3.)
Torque comparator | | | I

For anticlockwise direction (forward dlrectlon)

- dte- 1if lte |s|teref | 'Ate I ” | -' | 24)
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| dte = Oif lte Iz ]teref l (25)

Foi' clockwise «::lirec'tionv(‘ésackw#d direction):.
dte =-1if lte Izlteref |‘+|Ate l | | (2.6)
dte = 0if [te | = |teref | - Q.7

The seléctiqn.of the flux and torque hysteresis bands has hﬁportant effects, a too small
value may have the effect of losing control as the stator flux Hﬁkag_e may exceed the
values reqﬁired;by'the tolerance"band- width and the switching frequency also increases.
* The flux hysteresis band is usually selected to be very small so as to thain cﬁrrents as
close to sinusoidal as 'possible thu$ reducing the. harmonics and hencé'the losses in thé_

motor,

" Table Z.i'Optiinilin voltage switching vector look up table |

Seétor 4

dy d.te Sector1 | Sector 2 ,S§ctor 3 '>S§ctof 5 ' | Sector 6
‘ 1|02 U3 U4~ | U5 U6 |UL
1 0 | U7 |U8 U7 U8’ U7 s
1 | Us Ul Uz |U3 U4 U5
1 |03 . |ua |05 |06 Ui |02
0 o |us |u7 U8 U7 | U8 U7
| 1. [us - |U6 U1 U2 U3 U4

Active switching vectors: U1(100); U2(110); U3(010); U4(011); U5(001); U6(101)
Zero switching vectors: U7(111); U8(000) -

2.5 Determination of the Flux Linkage Vector Position

For the instantaneous correction of the ﬂux and the torque errors an appropriate voltage
vector needs to be applied to the voltage source invérter and this voltage vector that need
to be applied to compensé.te‘for the flux and torque errors is obtained from the switching

vector look up table. The optimum switching vector ook up table requires the knowledge
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~ of the position of the stator flux linkage space vector, since it must be known in which
sector the stator flux lmkage space vector is located. The discussion below presents the -
 different methods that are oommonly employed, for the sector detrmination, in-the drive -
implementation.
-2.5.1 METHOD-1 o
The stator flux angle can be determined by usmg the estimated values of the direct and
the quadrature axis stator flux hnkages expressed in the statlonery reference frame
(ysd /psq) as
 ps =arc tan (ysq/ysd) - o 28
The angle ps can be used -to determine the various angles « (i), a(2) etc. The
disadvantage of the method Ahowever--is' the computation of the trigonometric functieh,
which if implemented as a look up table in the processor takes in much memory and the -
time of computation is also increased. It is however pessible to eliminate the need‘ for -
using trigonometric. functions, since it is not the..accurate -position..of .the stator flux
'liﬁkag_e,, space vector. that’s has to be. known,.but_ only the sector. number,in:'vvhich the
stator flux linkage spaee vector is positioned. V
2.5.2 METHOD-Z
The information about the location of the stator flux linkage space vector can be simply
obtamed by considering only the 31gns of the stator flux. ]mkage components. and this
allows a simple implementation, which requlres only the use of. comparators. For thlS' _

purpose it should be noted that in-sector 1, wsd >0, but since it sector 1, wsq can both be '
positive .and negative, the sign of, ysqwill not give any useful mformauon .on. the
position of the stator flux linkage space vector in sector. 1.How. ever mstead ofiysq. it is .
-poss1b1e to use the stator ﬂux linkage .in stator. phase B .(ysB), and.it.can:be seen. that
. ysB <0 if zps is in the first sector.. Slmﬂarly 1f1/;s is in sector 2 then z/;sd >0,. 't//sq >0 and

wsB >0 .The results are summarized in the table shown below:

27



Table 2.2 Selection of the stator ﬂux lmkage space. vector sector

[Signs of the | Sector 1 _ Secto; 2 | Sector3 | Sectord . Sector5 | Sector 6

flux
.| linkages

T 2 e P LS P
wsd -

Slgn of ipsq (nu;_:-+) + |+ - (nu, ) - —

S _ — — - = i .
ofysB=sign| | | |
of |
[w/g’i/Jsd-
ysg]

(nu = not useful)

As'it can be inferred from the table the sign of ysq does not give useful mformatlon in
sectors 1and-4, since in both of these sectors the sign can both be positive and negatlve
Thus this method of the determination of the sector in whlch the stator flux hnkage space
vector positioned i is much s1mp1er to be lmplemented than the earlier method.

253 METHOD-3 ‘ _

In th1s technique the signs of the direct and the quadrature axis flux lmkages are
determmed first. These give information on the quadrant where the space vector of the -
stator flux linkage is located. Since every quandrant contains only one full sector and half
of another sector, thus there are two possible' sectors (in a quandrant), but the specific

“sector-where Ws is located can be obtained by using the ratio of ysq/tsd .

2.6 Fundamentals of stator ﬂux-llnkage estimation

In the DTC induction motor drive the stator flux-linkage components have to be
estimated due to two reasons. First, these components are required in the optimum

switching vector selection table discussed in the previous section. Secondly, they are also
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fequired for the estimation of the electromagnetic torque. It should be noted that, in

general, it follows directl§ from the stator voltage equation in the stator reféfgnce frame-
that L ‘
| ysd ={(Vo-ipR)dt (2.9)

| g =§(Vso-isq Rs) dt B (210) °
" and as YsB = («/—‘l,vsd 11)sq)/2 | (2.11)

If non—power—mvanant forms of the space vectors are used, then
¥s=2/3(WsA+avsB+a 2y/sC) = ysD+j¥sQ
WSD= ¥sA= ( (V- isp Rs) dt
Where Vip- Vea and isD = iga.
Further more VsQ=WsB-v sC) /‘.f 3 =((Vsq-isq Rs) dt
Where Vso=(Vss—Vso) / f3 and isQ- (isg —isc) / J3. Hdwevexj since
WsC = - (WsA+¥sB), thus B =(~3 ysd - sq) /2 is obtained. It not necessary to
use three stator voltage sensors and three stator current sensors since it is possible to
show, by considering Vea + Vip + Vac =0 and iga+ isp + isc=0, that Vop and Vip can
“be obtained by monitoring only two stator currents. Thus .
Vip= (1/3)(Vba-Vac) -
Vsa= (-1/I3)(Vact Vi)
 ip=is
is = (1//3) (isa#2isp)
It follows from eq (2. 11) that the 51gn of v sB can be obtained by examining the sign of

Ly

the flux lmkage ('«f— 3ysd- sq ) (physically this corresponds to twice the stator flux
lmkmg stator phase y¥/sB)... | |

It is very important to note that the performance of the DTC drive using Eqns (2. 9) and
. (2.10) will depend greatly on the accuracy of the monitored voltage and currents and also
on and acpu;at,é integration technique. However; errors may occur in.the monitored stator
'\'ro:l't,gges and stator currents due to the. following factors: phase. shift in the measured
values. (due to the sensors used), magnitude. errors.due to .conversion factors and»gain,
offécts m the measurement. system,. .quantiiation. errors in the digital system, etc.

Furthermore, an accurate value has to be used for the stator resistance. For accurate flux
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- Chapter 3

Modeling and Simulation of DTC drive ____
3.1 Introduction

Circuit modeling and simulation plays an important role at a 'preIMary design
stage. Without the comoonent models the simulation of the citcuit becomes futile.
- This fun_damental approximation provides a Ciﬁick way to calculate the system
| parameters. For instance a simulation of the system can be very helpful for tuning the

proi)onional and the integral gains of a PI controller and also other control parameters
of the system. These funtlamen’tai approximations can be achieved at the initial design ‘
stage with the help of the simulation i in which the non-linear equations of the system
are solved to obtain the system performance for dlfferent conditions. The more exact
the modeling equatlons of the system are the more practical are the ‘obtained
simulation results. This chapter outlmes the modeling procedure and the modelmg

equations of the various components in the direct torque controlled ‘induction. motor
| drive with a detailed discussion of the results obtained for the simulation model
-constructe_d using MATLAB/SIMULINK toolboxes. A detalled analysis of . the
obtained results.and the effect on the system performance:of ‘various. parameters like

the flux.and torque hysteresis bands, switching frequency.is presented.

3.2 Modeling of the DTC Drive System

This section presents the mathematlcal modeling of the various blocks in the classical

~ direct torque controlled mductlon motor drive is shown in fig 3.1.: DTC induction

: motor drive constitutes the following main blocks | |
> Field weakenmg controller

PI speed controller

Torque hysteresis controller

Flux hysteresis controller |

- Induction motor : B

YV VYV YV

Voltage source inverter
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" Fig 3.1 Block diagram of classical DTC drive = -
3.2.11M0de1ing>of Torque 'Hyster'esis cOntrollér

- As the ﬁame implies this is a hysteresis comparator. The block has its inplits as fhe

refeArence torque and thé actual torque and it gi‘}es an oi;fput depending on whe;cher.the_

error, which is the difference of the ;'efer'éhce and actual torques, lies within the

hysteresis band or out51de the hysteres1s band. Mathematlcally this can expressed as
> Two level comparator

For anticlockwise dlrectlon (forward direction): '
dte = ]_Llf lte [s-lteref l—lAte [ : ' »_  ' : | | 3.1

.For clockwise direction (backward direcﬁon):

dte = -1 if Jfe | = feref |+ IAte _____ G2
’ > Three level comparator:
,'For anticlockwise direction (forward dlrectlon):. .
dte = 1if [t |s|reref |—|Ate | - . - ,(3.3) |
dtc = Oif [te | =[reref | - - i R G.4)

33



For clockwise direction (backward direction): ‘ o
dte = -1 if |te Izlteref- |+|Ate | a ‘ 3.95)
dte = 0 if jre | = [reref | o o . (36)

3.2.2 Modeling of Flux Hysteresis controller

This block has the"in,pu'ts' as the referenee and the actual values of the stator flux

. linkage and it‘g;ives an oufput depending on whefher the error, which is the difference

* of the reference and the actual flux linkages, lies within or outs1de the hysteresis band.
Mathematlcally this can expressed as- ' '

> Two level comparator |

dp =1if |ys | sfpsref |-Ays - o 37
dy =-1if Iz,vsA['z}tpsref |+A¢gé' _ R . G3)
, » Three lev_el.cempa‘rator _ | o | | A )
dy =1if |ys |s}.p§ref |-A¢s | R - | (39
44-dz./)_.=71 i |ys | = fysref |;A¢s o o _(3,.10)'
ay =0it Jys|aferer | @

-3.2.3 Modelmg of PI Speed Controller

The controller used is the discrete PI controller that:takes in-the reference: speed and
the actual speed and gives the value of the reference torque depending:on the error in
the reference and the actual values. Thcn-mathematlcalequatlons for the discrete PI
controller are given as, | | |

The speed error-We(n) is given as

We@) =W*@)-W@ - G
- The output of the speed controller at the nth instant is given as:. o
T(n)=T(n-1)+Kp[We(n)-We(n-1)]+Ki We(n) I (3.13)

3.2.4 Modeling of voltage source inverter
* The inverter can be modeled in terms of .the syi/itching vector being applied to it. The.:
voltage equation for the inverter for a non-zero voltage space vector being applied to
it can be given as: , o -
us = uk = 2Va/3 exp[j(k-1) /3] k=1, 2, 3, 4,5, 6. ] (3.14)
* Where V dc is the DC link voltage. . ‘




The voltage b‘eiilg applied to the motor at any instant can be obtained from the
knowledge of the switclﬁng 'vector being applied to the motor, DC link vdltage and
- space phasor of the stator voltages in the stationery reference frame can be given in

terms of the sw1tchmg functlons as: . o o
Vs(t)-2/3Ud(Sa(t)+aSb(t)+a28c(t)) S [ | (3.15)
Where a—e’(2”/3) o o _ '
‘3.2.5 Calculatlon ot‘ the direct and qudrature stator voltages

The three phase voltages being applied to the motor at any instant can be calculated
using the sw1tchmg functlons Sa, Sb, Sc as .

Vie= 1BV a2 Se-Sp8) B (3.16)

Vie=(1/3) V.ao- St2Sv:S) | - - (317)
Vo= (13)V.ael-Se- So#280) - S Gas)

The direct and the quadrature axis stator voltages can be obtamed from three phase

voltage equatmns as

Vo= (113) (Ve Vae) - . , - (3.19)
Via= (-113) (VactViss) - " | - (3.20)
Vba-—_-Vbs'V'as“,‘%' e . - o S 3. 21)
VaemVasVes- -« o S c 7))

Thus using the DC link voltage and the sw1tchmg funcnons of each inverter legs the
direct and the quadrature axis voltages in the statlonery reference frame can be
~ obtained from the above equations. ' _ ‘

3.2.6 Calculation of direct and quadrature axis currents

In either the field oriented controlled drive or the induction motor drive normally two
cunen_t Sensors are installed and the third can be obtained l)y numerical summation of
the two since, the sum of three-phase current of symmetrical induction machine is
'zero. The direct and quadrature ax1s stator current can be obtained from two sensed
curreats'as ‘. _ -l _ o | : Coe :

| isp = isa S . (3.23)
isq = (1/43) (isert2ist) - (3.24)
Hence with the knowledge of two phase currents ig, is, the direct and quadrature axis
stator currents in the stationery reference frame can be obtained from the above two ‘

equations. .
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-.3.2.7 Estlmatlon of the direct and quadrature axis stator flux lmkages -
| The stator flux linkages in the DTC drives have to be estlmated for two reasons. First,

these components are reqmred in the optlmum switching vector selection table.

- Secondly they are also reqmred for the estimation of electromagnetic torque. The flux

linkages can be obtained directly from the stator voltages and currents in the

stationery reference frame as : . ‘
sd = (Vip- isp Ry) dt | o . (325)
ysq=f(Vsq-isqRs) dt - o - (3.26)
In general to be accurate in the estimaﬁon flux linkages the model should also include
an online stator resistance estlmator In _practice the integrator poses problem of
, mtegratlon drift or sometimes referred as integration wind-up due to the presence of .
even small offset in the back Electromotlve force (emf) of appropnate cut-off
frequency. This is commonly overcome by replacmg the mtegrator with a low-pass ‘
filter with appropnate cut-off frequency

3.2.8 Estimation of the torque

The electromagnetlc torque developed by the induction motor can be obtamed from
knowledge of the direct and the quadrature axis stator flux lmkages as '

Te= 15P(1jjsdlsq-1,1}sq lsD) | G2

- 3.2.9 Estimation of flux linkage vector posrtlon 4

The various methods commonly employed for the estlmat10n of the sector in Wluch :
~ the flux lmkage vector is located are’ explamed in 2.5.The method that is most
commonly employed is the one in which the signs of the various flux lmkages are
compared to obtain the sector. The mathematical equations showmg the condmons to

 be satisfied for the stator flux linkage vector to be ina partlcular sector are glven as, ._'_ '

| Sectorl: zpsd > 31,0sq rpsd >0 | ' (3.28)

| SectorZ. rzpsd <[3ysq, wsd;O - . a ' . (329)
" Sector3: abs (wsc_l)<.f3wsq,wsd'<(l ~ T T B30
Sectord: abs (ysd ) 23ysq, ysd © | 3 (3.31)
Sectors; abs (ysd ) £/3abs (¥sq), ysd <0, ysq <0 (3.32)
Sector6: _wsdid:?,abs (¥sq), Ysd>0, ysq <0. ' - - (3.33)



~ Using the above conditions thie sector in which the stator flux linkage vector is located
can‘be obtained and -th'is,‘information along with the torque and the flux efrors can be

used-to obtain the switching vector to be applied to-the inverter at that instant.

| 3 2. ]10 Fleld weakenmg controller |

The ﬁeld-weakemng controller sets the reference value of flux dependmg upon the
' base speed and actual speed of the motor If the speed of the motor is below the base
or the nommal speed then the flux referenee is mamtamed at a constant nominal
value If speeds above the base speed are to be attained then the ﬂux of the motor is
weakened and the mathematlcal équations governing the relatlonshlp between the
speed of the motor and the flux linkage reference i is given as: o

F Wt & Wo=>ge =fsret - , ‘ , ‘(3.34)'
| Wyt > Wo =>4 se =rer (W, Wl ) | - B35)
Thus the flux ﬁeld-weakemng controller sets the reference ﬂux command dependmg '

on the speed of the motor.

3.2.11 Modelmg ofa Three—Phase IIldllCthll Motor

The per phase equivalent circuit of the ‘machine is valid in 'steady -state condition only.
In an’ adjustable-speed drive; the machine normally constitutes an element within a
feedback-loop, and therefore its*tfansient‘behavior 'has'tO'be taken into consideration. -
‘The dynamic performance of_. an‘'ac cnachjne is somewhat complex because the three-
phase‘ rotor windings move with respect to the three-phase stator winding.  The
machine model can be described by differential equations with time-varying mutual
inductances but such a model tends to be very complex. R,H. Park in 1920s, proposed
a new theory of ‘electric'machine analysis to solve this ‘problern. He transformed or
referred the stator variables to a synchronously rotating reference frame fixed in the
rotor. With such a transformation -(called Park’s ‘transformat_ion), he showed 'that' all
the tin1e varying inductances that occur due to an electric. circuit in relative motion
_and electric circuits with varying magnetic reluctances can be eliminated. Later in the
1930s, H.C. Stanley showed that time-varying inductances in the voltage equation of
,an,inductance machine due to electric circuits in relative motion can be eliminated by
transforming the rotor variables to variables associated with fictitious stationary .
windings. Later, G. Kron proposed a transformation of hoth stator and rotor variable

to.synchronously rotating reference frame that moves with the rotating magnetic field.
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- D.S. Brereton proposed a transformation of stator variables to a rotating reference
~ frame that is fixed on the rotor. It was shown later by Krause and Thomas that time-

varying inductances can be eliminated by referring the stator and rotor variables to a

_ common reference frame which may rotate at any speed (arbitrary reference frame).

Stator circuit equations:’

| . ‘,qss =R.§iqss + plp qss : ‘ . o (3.36)

. Vdus‘s = Rsidss + plpdss | . E ' (3.37)

Y, is stator q axis flux linkage.
p,,’ is stator d axis flux linkage.

When these equations are converted to d° —g° ﬁame, the following equations can be .

- written as: - A .
Vo' =Ri, + Py, + g, 63
Vdss ?Rsids's 'l'pll’dys."" we"/}és. ce e SR 1.(3.39) -

The rotor actually moves at speedw, , the d-q.axisﬁxed'onf the>rot6;' move_s‘;at a speed
w, —Eo., relative to the synchronously rotating reference frame. The rotor equations

are as given below.

V,=Ri,+pp, +@-oW, (3.40)

Vi =Rigtpp,-@-oN, (34D

The flux linkage éxpressioné in ferms of the- currents can be written as follows: |
Yo =Ly + L, Gy +1,) ) | (342
¥, =Ly, + LG, +i,) o Y V')
Wan =Ly ) IR B | (3:44)
Va Lis+LGa+i) - R PL)
Wy =Ly LGy vy | (3:46)
W, =L Gy+iy) - - e S (34T)
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. Combmmg the above. equat10ns the electrical transient model in terms of voltages and -

. currents can be given in matrix form as

‘,‘Is ’ Rs + SLs T _weLs | . SLm | werm iqs
V| |-@L = Ras, el L, i 548
Vol sL,,, - (co - )L R, +sL, (a) -w)L, ||,

'V,',; (w co)L : ~sL,,, -(w w)L R,+sL i,

: For cage type mductlon motor, V,, V =0.

If the specd w, is consldered constant (inﬁnite inertia .loati), the electrical dynamics
of the machine -are. given by a foﬁrth-‘“or‘der linear system. Then knowing the
inputqus,V .and- @, the currents los> Baeri,, and i, can be solved from equation
(3.48). -

The’torque expression can’be given as

Te= 3( )(wd,,.z w,,mzd;)A". | - | ) | : '.A(3.4'9)

.3 SINIULATION

The mathematlcaL equations: that are llsted in the previous scctlon are used for
simulating the: closed loop -performance of the direct torque controlled induction
motor-drive using MATLAB/SIMULINK toolbox. | o
3.3.1 Selection of the Flux and Torque Hysteresns bands '
The flux and the- torque hysteresis bands are the only gains to be adjusted in direct
torque control. The torque ripple and harmonic loss of motor and sw1tchmg loss of
inverter greatly influence them. Hence these variables must be observed in the controlh
process to maximize the -performance of the system. A small value of the flux
hysteresis band leads to sinusoidal éutrents while small torque hysteresis bands allow
| smoothed torque to be generated. On the other hatnd, small flux and torque hysteresfs
bands usually. determine high SWitching frequeﬁcy thereby increasing the switching
losses ‘in the inverter. ' , _ ,
* The flux and the torque hysteresis bands are so selected as to reduce the totque ripple
and at the same time maintain currents as close to sinusoidal as possible. The flux
hysteresis band is képt low and the torque hysteresis band to be about 2 to 3% of the
rated or the nominal torque of the motor. The flux and torque hysteresisﬂ bands are -

initially chosen and the system is run in open loop without a speed controller for
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. different values of flux hysteresis band values starting from a high value (about 10%
of the nominal value of the flux). The width of the flux hysteresis band is then
'_g_adually. reducecl till the winding currents are 'sinusoldal and at the same time
_ ensuring required performance of the drive. |
3.3.2 Selection of the Stator Flux Reference

‘The reference s;alue of the motor flux greatly influences the motor behavior. It is
' initially chosen as the nominal value in many applications. Many motors work in' an
operating, cycle that includes load intervals of less than their nominal power. In these.
situations, it ls not necessary to set the flux reference value as the nominal value. Thus
the nominal flux of the motor is not an optimum. operating point when the motor load
is less than the noollnal value. Hence a careful choice of the motor flux is essential so _
as to obtain a redoction in the flux from the nominal value can help to improve the |
performance of the motor.- Using an optimum value of the flux reference can reduce
the torque ripple. ' , |
~ 3.3.3 Tuning of the PI speed controller
 The proportlonal and the mtegral gam parameters of the PI speed controller are
obtained by-the trial and error and the system is tuned for the best response
334 Slmulmk Model -

Fig 3.2 simulink model of DTC drive

) 40 T



- 3.3.5 Results.aud Discussion

- Thelsimulation results of the direct torque controlled induction motor drive built using
the MATLAB/SIMULINK toolbox are presented below for the al induction motor _
~ along with discussion. '
Performance of the al Direct torque Controlled Inductlon Motor .
Drive with Speed Sensor ,

The simulation results of the 1Hp induction motor are presented in the figures from
3.3 to 3.10 for the ope_ratron of the drive below the base speed and also for the
operation" above the base speed by field weakening. The terque reference is set at
twice the rated: torque The smlulated model uses a three level -torque hysteresis
comparator and a two level flux hysteresis: comparator The waveforms showing the'
variation-of all the parameters namely, the reference and actual speed, stator winding |
currents '*reference‘load"torque 'and'"actual -torque dex)elo’ped estimated ‘torque ' actual
and estimated' direct ‘and- quadrature axis fluxes, stator- flux- modulus is glven in fig |

3.3.for speed below the base speed-and in fig 3.8 for speed above the base: speed

“ErOci Ll d‘amm&x

.................................

0.
tHime in.sec

Fig 3.3Modulus of stator flux, direct and quadrature fluxes
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Fig 3.3 shows the plots of the modulus of the stator flux linkage vector, and the direct,
quadrature axis stator fluxes of the induction motor in the stationery reference frame.
. As can be seen from the figure the stator flux value is mamtamed constant through out

the running condition. Also can be observed is the change in the duectlon of the two

stator flux linkages followmg speed reversal commands at 0.5 seconds (900 rpm to - -

900 rpm) and 1 seconds (-900 rpm to 900 rpm).
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Fig 3.4 Plots of reference speed, actual speed‘émd stator winding_ currents
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'Fig 3.4 shows the plots of the reference speed set by the. step source extefnally, the
~actual speed of the motor and three winding currents of the induction motor. The three

phase winding currents are approximately sinusoidal and one can observe the

variation of the frequency of the currents of the drive speed éhz_mges and also the -

reversal of a phase current when the speed of the drive is reversed.

: ’ mferenc.e&ac‘tual torque -
102 - T T T -

-0 — L A i 1 . - — . L

- [-3-2 X e Y ¥ 1
o Hme insec:

Fig 3.5 plots of reference torque, actual torque developed and the estiméted torque

| Fig 3.5 sﬁows theiplots of the refernce torque, electromagnetic torque developed by
the motor and estimated torque.. As can be observed from the reference torque and the

| developed torque almost follows the set reference and hence this form of control is

extremely fast. It can be observed that during the accel_’é;-ation and tlie, deceleration of |

- :'the:-_: drive reference torque is set to be 8 N-m by the speed controller thereby enabling
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while their frequency increased when the speed command from the step source is
above the base speed. This change in the speed can alsé be observed froﬁl the winding
current waveform as the freciuency of 'the currents increases with an increase in the
- speed of the motor. Also from the wmdmg current wave form it can be observed that -
the drive current is more while operating in field weakening region. This is.due the
requn‘ement. of the maximum torque with the reduced flux and the only way this can |
- - be achieved is with the increase in the stator current. This increase in the winding -
. ciirrent is clear from fig 3.7 that shows the different plots. To ensure stable operatlon

of the-drive i n’ the field weakening region the reference torque is reduced.
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Fig 3.7 Plots of reference speed, actual speed and stator winding currents
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reference and actual electromagnetic torque
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Fig 3.8 plots of reference torque, actual forque developed and the estimated torque

Fig 3.9 shows the simulation results for the step change in speed and constant load is

impacted. This change in the _Speed observed. from the ‘d-q fluxes waveform as the
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frequency of the currents increases with an increase in the speed of the motor. The
speed reaches to its reference speed at 0.12 sec and it remained constant at reference
value. At time t=0.5 sec reference speed is changed, the actual speed traces the

reference speed accurately. This shows the effective implementation of DTC.
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Fig 3.9 plots of reference and actual speed, d-q fluxes, reference load torque, actual

torque developed and the estimated torque
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developed and the estimated torque
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Fig 3.10 shows the simulation results for the step change in load torque and constant

speed From the. results the drive speed is maintained constant even fora change in the
load torque apphed set by external step source. As can be observed from the reference
'load torquevfhere isa change in the set torque at.0.5 seconds and the developed torque

“almost follows 'the Set reference and hence this form of control is extremely fast.

3 4 Sensorless Drrect torque Contro]led Inductlon Motor Dnve

34.1 Introductlon |

Sensorless -vector dnves have become the norm for the: industry and -almost every
manufacturer has introduced a sensorless induction motor drive. However it is-a main -
 feature of- almosf all of these industﬁa_l, drives that they cannot 'operate-.at very low
frequencies without Speed or positioh sensors. Only one .large manufactnrer (ABB):
has developed one form of direct torque controlled induction motor drive, which can
work very close to zero frequency and no speed or pos1t10n feedback is used.

3.4.2 State of Art -

The mechanical ‘sp‘eed“ sensor used’ for speed reg111ation’often‘presentS' a source of
error'and demands-additional expense. Especially in‘the case of rohust‘asynchronous
machines; there is-a desire to-apply speed regulation with out speed measurement.

In the past few years great efforts have been made to introduce speed and/or shaft
position sensorless torque controlled (vector and direct torque controlled) drives.
However, the first attempts have been restricted to techmques wh1ch are only valid in B
the steady state. These can be used in low-cost drive applications, not requlrmg high
Adynamrc performance and other techniques are also described which are applicable
for hlgh performance applications 'in vector-direct torque controlled drives. These
| drives- are usually referred to. as sensorles,s‘ drives. Although the termmology
‘sensorless’ refers to only the speed and shaft sensors; there are still other sensors in
the drive system, since closed loop operation cannot be performed without them.
There are also techniques that have been re'ported-which can be estimate the three
. phase stator currents of the induction motor and the dc link voltage from the switching
‘_‘fun,ctionsi and other machine parameters but these methods involve complex

calculations and pose problems in their implementation.
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- Conventionally the speed of the electrical machine can be measured by dc tacho
generators, which are nowadays brushless dc tacho gener;itofs. Rotor position can be
measured by using electromagnetic resolvers or digitally by using incremental
~ absolute encoders. Electromagnefic resolvérs are popular for measuring the rotor
| position because of their rugged conmstruction and higher operating temperature.
Obviously if the rotor position is monitored the speed can be estimated directly from
the position, but the speed resolution is limited by the resolution of the position
iransd,ucex and also the sampling time. -
3.4.2.1 Objectives '
The main objectives of sensorless mducuon motor drives are

> Reduction of hardware comple:uty
Increased mechamcal robustness and overall ruggedness
Operatlon in hostile environment
Higher reliability
Decreased maintenance requirements
Increased noise community |
Unaffected machine inertia
» Applicability to off-the shelf motors

3.4.2.2 Speed Estimation Methods |

The main techniques of sensorless speed estimation of induction motor drives are:

VVV YV VY

> Open loop ‘estimators using monitored voltages/currents and improved
schemes ’ |
- Estimators using spatial saturation stator phase third harmonic voltages :
Estimators ﬁsing saliency effects
Model reference adaptlve systems (MRAS)
Observers (Kalman -Luenberger)
Estimators using artificial intelligence (neural  network, fnzzy-loglc based
systems, fuzzy-neural networks)
3.4.3 Slmulatlon of the Sensorless DTC

A closed loop model of the direct torque controlled mducnon motor dnve is built
usmg the MATLAB/SIMULINK toolboxes. The sensorless technique is mcorporatcd

YV VVY




- motor and the sensed parameters The mathemaucal equatlons governing the model of

; the speed estlmator are explamed below
3.4.3. 1 Speed Estlmatlon Method .
~ Estimated speed is calculated using the equation (3 50) shown below.

Wm—[(‘Vds-Llllds) P‘Vqr (‘Vqs L11igs) py’ ar)/[(f as-LATigs)y gr + (\VqS'Llllqs)\V ar] (3. 50)

34. 4 Results and Discussion

,Performance of the 1Hp Sensorless Dlrect torque - Controlled

Induction Motor Drive .
The simulation results of the 1Hp speed sensorless mductmn motor are presented m
the figures’ from 3.11 to'3. 14 for the operatlon of the drive bélow the base speed and .

also for the operation above the base speed by field weakening. -

E “modulus: of stator fius:
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- Fig 3.11 shows the plots of the modulus of the stator ﬂux linkage. vector, and the
direct, quadrature axis stator fluxes of the induction motor in the stationery reference
_ frame As can be seen from the figure the stator flux value is maintained constant
through out the runining condition. Also can be observed is the change in the direction
of the two stator flux l-inkéges following speed reversal commands at O.S seconds (900

1pm fo -900 rpm) and 1 seconds (-900 rpm to 900 rﬁm).

actual and reference speed

{ T T -

speed inpm.

200}
400}

-800}-

1000 - —

speedinpm

:
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_ ‘three: phase winding currents
.B‘ B - — L T

‘Hmein sec

Fig 3.12 Plots of reference speed, actual spéed, estiméted speed and stator winding | )

" "currents

Fig 3.12 shows the plbfs of the refe_rénce speed set by the step source exterﬁally, the
actual'spe'ed of the motdr,' esﬁrﬁated'speed and three winding currents of the induction
motor. The ‘three phase winding currents are ’apprbximateiy'sinusbidal and one can
N obsefve.»the'variation of the -frequency of the currents of the drive speed changes' and

also the reversal of a phase current when the speed of the drive is reversed. -

Fig 3.13 and 3.14 éhows tl_‘1e. different plots with the field weakening employed
a ‘simulating‘ the drive for speeds above the~base speed. As can be seen from the flux

| plots; the modulus and hence the direct and quadrature axis stator flux magnitudes are
| reduced while their frequency increased when the speed command from the step
soui'cc is above the base speéd. This change in the speed can also be observed from
~the winding current waveform as the frequéncy of the currents increases with an
increaée in the speed of the motor, Also from the Winding cﬁrrqnt v(rave form it can be
" _observed that. thel. drive current is more while operating in field weakening region.

. This ié due the requirement of the maximum torque with the reduced flux and the only.

~ way this can be achieved is with the increase in the stator current. This increase in the

winding current is clear from fig 3.14 that shows the different plots.
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" Fig 3.14 Plots of réferencrj: speed, actual speed, estimated speed and stator winding
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3.6 Conclusion

The modeling of the different components of the direc,t' torque controlled induction
motor dﬁve is presented. A simulation model is built using MATLAB/SIMULINK
toolbox and the results of the simulgtion_ are presented with théir detailed diséussion_. '

The detailed results are presented for the cases of direct fofque 'co,ntrol with speed

sensor and without speed sensor.
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Chapter 4

Fuzzy Controllers for Direct Torque Control Inductlon
| Motor Drive , -

4 1 Introductlon

Due to contmuously developmg automatron systems and more demandlng Control
performance requirements, conventional control methods are not always edequate. On the
other ’hand, prectical control problems are usuelly imprecise. The inpnt output relations of
the system may be uncertain and they can be changed by unknown external disturbances.
‘New schemes are needed to solve such problems. One such an approach is to utilize
fuzzy control. Fuzzy control is based on fuzzy logic, which provides an efficient method
to handle in exact information as basis reasoning. With fuzzy logic it is possible to
convert knowledge, which is expressed in an uncertain form, to an exact algorithm. In
-fuzzy control, the controller can be represented with linguistic if-then. rules.” The
mterpretatron of the. controller is the fuzzy but controller is processing exact mput—data
and is producrng exact output-data i in a determrmstrc way. This chapter deals w1th the
description of fuzzy controller structure and the features of the presented hybrid fuzzy
controller will be highlighted by comparing- the -performance of various control
‘approaches, including PI control PI-type fuzzy logic control (FLC), proportlonal- :
derivative (PD) type FLC, and combination of PD—type FLC and I control for DTC-
based mductron motor drives. _ |
4.2 Historical Background |
. Since the introduction of the theory of fuzzy sets by L. A. Zadeh in 1965, and the
industrial application of the first fuzzy controller by EH. Mamadani in 1974, fuzzy
} systems have obtained a major role in engmeermg systems. and consumer’s products in
1980s and 1990s. New applications are presented continuously. .
A reason for this srgmﬁcant role is that. fuzzy computmg prov1des a flexible and powerful
alternative to contract controllers, supemsory blocks computmg units and compensatlon
systems in dlfferent application areas. With fuzzy sets very nonlinear conlrol actions can

be formed easily.. The transparency. of fuzzy rules and.the .locahty_ of parameters are
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Ahelpful in the desrgn and mamtenances of the systems. Therefore prehmmary results can
be obtained w1th1n a short development period.

However, fuzzy control does have some Weaknesses One is that fuzzy control is still |
lacking -generally accepted theoretlcal desrgn tools. Although prehmmary results are
easily, further mprovements need a lot of especrally when the number of lnputs
‘ mcreases the maintenances of the multi-dimensional rule base is tlme consuming |
4.3 Structure of a fuzzy controller . '
Fuzzy control is a control method based on fuzzy logic. Just as fuzzy logic can be
descnbed simply as’ ’computing wlth ‘words rather than numbers >?; fuzzy control can be -
described ‘simply as’ ”control with sentences-rather than equations” ‘There are specific"
components characteristic of a fuzzy controller to support a design procedure In the
.block dlagram in F1g 4.1, the controiler is between a preprocessmg block and a post—

R processmg block The followmg explams the dlagram block by block

" Rule : o
- Prepro- | ! > Fuzz- ‘ ‘ Defuzz- | Postpro- | I
: cessing . fication _.' - > fication _"- cessing
: o : : Inference | - N BE—
engine

~ Figure 4.1: Blocks of a fuzzy controller
4.3.1 Preprocessing :

" . The inputs are most often hard or crisp measurements from some measuring equipment,

" rather than linguistic A preprocessor, the first block in Fig 4.1, conditions the

‘ measurements before they enter the controller. Examples of preprocessmg are:

Quantization in connection with- sampling or rounding to integers; normalization or
‘'scaling onto a particular, standard range; filtering in order to remove noise; A quantiser,
is necessary to convert the incoming values in o_rder to find the best level in a discrete
unii}erse.”Assume, for instance, that the variable error has the value 4.5, but the universe

is U= (-5, -4, 0, 4, 5). The quantiser rounds to 5 to fit it to the nearest level. Quantisation -
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is a means to reduce data, but if the quantization is too coatse the controller may'oscillate
around the reference or evep become unstable. When the inpﬁt to the controller is error,
. the control strategy is a static mapping between input and control signal. A dynamic
controller would have additional inputs, for example derivatives, integrals, or previous
values of measurements backwards in time. These are created in the preprocessor thus
>Mg the controller multi-dimensional, which requires many rules and makes it more
difficult to design. The Ppreprocessor then passes the data on to the controller

43. 2. Fuzzification

The first block inside the controller is fuzz1flcat10n, Whlch converts each piece of input
data to degrees of membership by a lookup in one or several membershlp functions. The .
fuzzification block thus matches the mput data with the conditions of the rules to
determine how well the oondmon of each rule matches that. particular input instance.
There is a degree of memberslnp for each linguistic term that applies to that input
_variable ‘ . | | '

43. 3 Rule base The rule base is to do with the fuzzy mference rules ‘The step response
of the system can be roughly divided mto four areas A; ~A4 and two sets of pomts Cross-

over {b 1, b2} and peak-valley {01, C2} as shown in Flg 4.2, The system equlhbnum pomt
is the origin of the phase plane

Cq N

- Fig. 4.2 General step response -

a) The sign of rules: The sign of the rule base can be deterﬁline_d by following meta-rules-

1) Ifboth e and e are zero, then maintain present control setti-ng.'
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2) If condltlons are such that e will go to zero at a satlsfactory Iate, then mamtam

present control settmg
- 3)Keisnot self-correctmg, then the sign of the rule can be determmed by ﬁve sub-
criterions. ' '
a) Rules for cross-over {bl, bz} should prevent the overshoot in A;/A4
a b) Rules for peak—valley {c1, cz} should speed up the response |
c¢) Rules for area A[/A3 should speed up. the response when e 1s large and prevent the
overshoot in Ag/A4 When e is close to zero.
d) Rules for area A2 should decrease the overshoot around the peak
e) Rules for area A4 should decrease the overshoot around the valley
| . The above heunstrc method can build general rule base
4.3.4 Inference Engme ‘ :
Flgures 4.3 and 4.4 are both a graphlcal construction of the algonthm in the core of the -
controller In Fig. 4.3, each of the nine rows refers to one rule. For example, the flrst oW
says that if the error i negatlve (row 1, column 1) and ‘the change in error is negative -
(row 1, column 2) then the output should be negatrve big (row 1, column 3). The p1cture
corresponds to the rule base in (2). The rules reflect the strategy that the control signal
should. be a combmatron of the reference error and the change in etror, a fuzzy
proportional-derivative »Icontroller. We shall refer to that figure in the following. The
 instances of the -error and the change in error are indicated by the vertical lines on the first
and second columns of the chart. For each rule, the inference engine looks up the
membership values i in the cond1t10n of the rule.
Aggregation: The aggregatron operation is used when. calculatmg the degree of
fulfillment or firing strength . i of the condltron of a rule k. A rule, say rule 1, will
_generate a fuzzy'membersh_ip value llel coming from the error .and a m'embership value
- lee1 coming from the change in error measurement. Theaggregation is their combination,
|  paandper
. fSlmﬂarly for the other rules, Aggregation is equivalent to fuzzification, when there is
lrhg"only one mput to the controller. Aggregatron is sometimes also called fulfﬂlment of the
rule or firing strength
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Activation: The activation of a rule is the deduction of the conclusion, possibly reduced
bjr its ﬁnng strength. Tﬁickened lines in the third column indicate the firing strength of
" each rule. Only the thickened part of the singletons are active.ted, and min or product (*)
is used »as';the 'activatlon operator. It makes no difference in this case, sinoe'the- output
niembership functions are singletons, but in the general case of s-, . - and z- functions in
the third column, the multiplication scales the membership curves; thus preserving the
initial shape, rather than clipping them'es the min operation does' Both methods work
well in general although the multlphcatlon results in a slightly smoother control signal.
In F1g 4.3, only riiles four and five are active.

"L c,hange_iuymr o ) autput

l |

1'.

400 ] T T

¢ .

F1gure 4.3: Graphlcal construcuon of’ the control s1gna1 in a fuzzy PD controller .
(generated in the Matlab Fuzzy Loglc Toolbox)

A rule k can be welghted a pnon by a welghtmg factor Wk €]o, 1], thch is its degree of
conﬁdence In that case the ﬁrmg strength is modxﬁed to ’
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_ oL K= Wk ¥ odk
The degree of: conﬁdence is determined by the designer or a learmng program trymg to
adapt the rules to some input-output relatlonshlp |
Accumulation: All activated conclusions are accumulated, usmg “the max operatlon to
the final: graph on the bottom nght (Fig. 4.3). Alternatlvely, sum accumulation counts
- overlappmg areas more than once (Fig. 4 4). Smgleton output (Flg 4 :3) and sum :
accumulanon results in the simple output. -

& 181K 2* 89+ v.. Tk Sy |

oo

a
Output
'Figure 4.4: One input, one output rule base with no_r;—singlveton‘ output sets.

The alphas are the firing strengths from the k rules and s1 ... sn are the output singletons.
Since this can be computed -as a vector product, this type of mference is relatively fast in . |

a matrix oriented larlguagg. There could actually have been several conclusion sets. An
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example of a one-mput two- outputs rule is “‘If e, is a then oy is x and o, is y’. The

. inference engine can treat two (or several) columns on the conclusion side in parallel by

~ applying the firing strength to both conclusion sets. In practice, one ‘would often

implement this situation as two rules rather than one, that is, “‘If e, is a then o; is x”, “‘If

. eaisathenozisy”.

4.3.5 Defuzzification | | 4
The resulting fuzzy set (Fig. 4.3, bottom right; Fig. 4.4, extreme right) must be converted .

to a number that can be sent to the process as a control signal. This operation is called -
defuzzification, and in Fig. 4.4 the x-coordinate marked By a white, vertical dividing line

becomes the control s1gnal The resulting fuzzy set is thus defuzz1f1ed into a crisp control .
signal. There are several. defuzz1f1cat1011 methods.

Centre of gravity (COG): The crisp output value u (white hne in Fig. 4. 4) is the absc1ssa

under the centre of grawty of the fuzzy set, '

Y r@x
U ==-ommmemnen |
zi 2 iR (x)

Here X; is a running point in a discrete universe, and- ;i(x; ), is its @embership value in
the- membership. function. The expression can be iﬂterpreted as the weighted average of
the elements in the sﬁpport ‘set. Fof the continuous case, replace the summations by
integrals. It is a much used method although 1ts computatlonal complemty is relatively-
h1gh This method is also called centroid of area. :

Centre of gravity method for smgleton (COGS) K the membersh1p functions of the

* conclusions are smgletons (Fig.4.3), the output value is

2, res

‘Here si is the posmon of smgleton iin the umverse, and p (sp, is equal to the flnng
strength . ; of rule i. This method has a relatlvely good computauonal complexity, and u is

differentiable with respect to the smgletons si, which'is useful in neuro fuzzy systems
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Bisector of‘area (BOA)" :This method picks the abscissa of the vertical line that divides

the area under the curve in two equal halves In the contlnuous case,

\ ﬁ.u'={x|f u(x) dx = A_{F u(x) dx}
| 'Here X is s the runmng pomt in the universe p,(x), is 1ts membershlp, Min is- the leftmost
Value of the umverse, and Max is the nghtmost value. Its computatlonal complex1ty is
relatively h1gh and it .can be amblguous For example if the fuzzy set consists of two
smgletons any pomt between the two would divide the area in two halves; consequently it
is safer to say that in the discrete case, BOA is not defined. _
Mean of mammum (MOM) An mtultlve approach is to choose the pomt with the |
‘ strongest p0351b1hty, ie. max1mal membershlp It -may happen though that several such
points ex15t and a common practice is to take the mean of maximum (MOM). This
“method d1sregards the shape of the fuzzy set but the computattonal complexity is
relatlvely good » ‘ ' :
Left max1mum (LM), and nght maximum (RM): Another poss1b111ty is to choose the :
leftmost maximum (LM), or the nghtmost maximum (RM) ‘In the case of a robot for
instance, it must choose between left and right to avoid an obstacle in front of it. The
 defuzzifier m’t;st then choose one or the other, not so_mething'in between. These methods
are indifferent to the shape "of the fuzzy set, but the computational complexity is
relatively small. - | v |
4.3.6 Post processing _ _ ,
Output scaling is also relevant. In case the output is defined on a standard universe this-
must ‘be scaled to engineering units for instanee, rrolts, meters, or tons per hour. An
-example is the scaling from the standard universe [-1, 1] to the physical units [;10; 10]
volts. The post processing block often contains an output gain that can be tuned, and

sometimes also an integrator.
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4.4 Fuzzy Controllers
It is well known that fuzzy logic control consists of fuzzifization process, lmgmstlc rule -

- base, and defuzzification process. The input variables for the illustrated fuzzy logic

_controller as shown in Fig. 4.5 using PI-type and PD-type fuzzy logic control are speed

error and changg of speed error. Fig. 4.6 shows membership function of input variables, E
- (t)and . E (t), which are with conventional triangular shapes and with 50% overlapping.

As shown in Fig,. 4.6, each membership.f'unctio'n is assigned with seven fuzzy sets, which
are negative big (NB), negative medium (NM), negative small (NS), zero (ZE), positive

small (PS), posiﬁve medium (PM), and positive big (PB). Linguisﬁé rules, which depend

on the type of fuzzy logic control, are set up for fuzzy inference. Table 4.1 and 4.2 show-
the linguistic rule bases for Pl-type and PD-type fuzzy loglc controllers, respecnvely The
most distinguishing difference between these two linguistic rules is the switching
boundary at which the sign of rule change. As shown in Table 4.1 for Pl-type FLC, the
-sw1tchmg boundary is. diagonal. In contrast the switching boundary for PD-type FLC as

shown in Table 4.2 is a horizontal hnc along speed, “E,” equals to Zero.

) —> fﬁg Ly Imm% zia(r} -

| PDaypeTLC

~ Fig. 4.5. Block diagram of a PL-type and PD-type fuzzy logic controllers.
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» Fig.4.6 Membership function for input variables.
Table 4.1
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Table 4.2 Linguistic rule for PD type fuzzy logic controller

cele .
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ZE -

NM

NS

ZE

PS

, ,PS.

PS

PS

NS

PS

PM

PB

PB

~PM

NS

“ZE

PS
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| 44.1 Hybrld fuzzy controller

Although fuzzy logic controller is robust to load disturbance, it has srgmﬁcant steady

state error as compared with that for conventional proportronal—mtegral controller. A new

* hybrid fuzz controller is presented to cope with this issue. Fig. 4.7 shows the block
dlag,ram of the presented hybrid fuzzy controller.

Switch=1
- ___ [FiConiolier |

e(t)......p 4

Fig. 4.7. Block diagram of hybrid fuzzy controller.

As shown in Fig. 4.7, the con_troller consists of PI control law, PI-type fuzzy control law
and a s-imple switching mechanism The switching mechanisnichanges the control law.
adaptively and thereby achlevmg high performance control under both tran81ent and
steady states.

The threshold value for sw1tch1ng control, 10 rpm, is selected to be shghtly greater than
the maximum value of steady state ‘error for Pl-type fuzzy logic controller alone. The
'threshold value depends upon the Pl-type fuzzy logic . controller as well as. sampling -
. frequency of controller As the sampling frequency i mcreases, th1s value decreases since
-_ the steady error of PI-type fuzzy log1c controller decreases R »' R |
To highlight the merits of the presented hybnd fuzzy logrc controller, a controller

consists of PD-type fuzzy logic control and mtegral control is also presented. Fig. 4.8
shows the block dragram of the controller.As shown in Fig. 4.8, I-controller actuates
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- under steady state-to reduce the steady state error, and only PD-type fuzzy loglc control is
active under trans1ent state.

sih=0

= Logic Contolfer

F1g 4.8. Block dlagram of a PD + 1 controller PD-type fuzzy loglc control plus Integral
‘ control.

4.5 Simulink Model

NI ) WS 1

=.~ ol eestint
HTeen  Hist . i e '

e | [ o o

= induption mahr

pler el

icwindow

Fig.4.9‘ Simulink model of Hybrid fuzzy controller for DTC
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4.6 Slmulatlon results and dlscussmn

: A new hybnd fuzzy controller for direct torque control (DTC) induction motor drives is

simulated. The newly developed hybrid fuzzy control law' consists of proportronal—
integral (PI) control at steady state, PI-type fuzzy logic control at transient state, and a
© simple switchilrg mechanism between steady' and transient states, to achieve satisfied
performance ulrder steady and transient conditions. The features of the ~presented new
hybrid fuzzy controller will be highlighted by compan'ng the performance of various
control approaches mcludmg PI control, PI-type fuzzy logrc control (FLC), proportional-
denvatrve (PD) type FLC, and combination of PD-type FLC and I control, for DTC-
based induction motor dnve_s. '_I‘he problems and conclusions of these controllers will be -
demonstrated by simulation results"ar_,e.‘shown below. It will be shown that the presented
induction motor drive is wrth fast tracking capability, less steady state error, and robus‘t to. -
load disturbance while not resorting to ‘complicated control method or adaptive tuning
mechamsm | _

The spec1ﬁcatron of mductron motor is shown in the Appendrx-A The parameters of PI |
controller are determined by srmulatlon such that there is no overshoot at 900 Tpm for |
step response, no load. Therefore these parameters are selected to achreve fast response
Similarly, the parameters for PI-type FLC PD-type FLC, PD-type FLC+I control and
~ hybrid FLC, are derived by srmulatron

The below simulation results are obtained for speed reference 1200 rpm and 30% load
.impacted at t= 1 sec. - |
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A few remarks can be derived from the simulation results and are as follows.
1) Since conventional PI control is with one degree of freedom for control, the associated .
.system achieves fast response; however it is not robust to load disturbance; see Fig. 4.10
and 4.13.

2) PD-type fuzzy control does not have integral mechanism, the associated system is with
significant steady state error; see Fig. 4.14.

3) In contrast, for the PD-type FLC with I control, the associated steady state error
converges as shown in Fig. 4.13.

4) Pl-type fuzzy control and new hybrid fuzzy control are nonlinear control laws and with
the integral mechanism the associated system .is both robust to load disturbance and also
with less steady state error, see Fig. 4.11 and 4.12.

Comparison results derived from the; simulatioﬁ can be summarized in Table 4.3, which
shows that the hybrid fuzzy logic controller is superior to the others regarding to the

steady state error, tracking performance, and load disturbance rejection.

Table 4.3
Comparison results of various types of contrdllers
Rank Steady state error Tracking Disturbance
o | performance | rejection
1 - Hybrid FLC Hybrid FLC PI type FLC-
.. Pltype FLC Hybrid FLC
2 " | PDtype FLCHI PD type FLC+ I | PD type FLC+1
control control control .
3 PI type FLC P controller ~ PI controller
4 " Pl controller PD type FLC |  PD type FLC
PD type FLC ' -
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4.7 Conclusion

This chapter contributes to the description of fuzzy controller structure and the
presentation of a hybrid fuzzy controller for a DTC-based induction motor drive. The
, -hybrid fuzzy controller reduces ‘the steady state error as compared with Pl-type fuzzy
logic controller (FLC), while keeping the merits of PI-type FLC. Simulation results
confirm that the présented controller for a DTC-based induction motor drive provides fast
tracking capability, less steady sfate error, and robust to load disturbance, in very wide

speed range.
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Chapter 5

DSP Imglementatlon of Direct Torgue Control

5.1 Introduction o

The applications of VLSI in motor. control are getting more and more important and
~ popular. In 1980s and 1990s, fnicroprocessors, such as Intel’s 8080, 8031, 8098,
80196 and Motorola’s 68000, were mostly used in motor control. Recently,
microcontroller are widely used in industry and the application-of DSP and FPGA
emerged in recent a couple of years, Botlh microcontrollers and DSPs are presently
used in motor control; however, because of the real-time control_a_lgorithms that must
be processed, the majority of these applications are driven by microcontrollers. This is
partially due to engineers' comfort w1th microcontrollers and lack of familiarity with
programming DSPs; however, DSPs are expected to surpass microcontrollers in the
precision control of motors by 2003.

‘Embedded motor control applications are exp¢¢ted to reach 7.3 billion units by 2001
(source: Motion Tech Trends). Motor control is a sighificant, but often ignored,
segment of embedded applications. Motor control applications span everything from
washin‘g.mac':hinés to fans, hand-held power tools, and automotive window lift and
traction control systems. In most of these applications there is a move away from
analog motor control to precision digital control of motors. Digital control of motors
permits a much more efficieht operation of the niotor, resulting in longer life, lower
power dissipation, and a lower overall system Cost. ‘

In motor control area, the -applications of DSP and microcontroller is for control of
DC motor, brushless DC motor, brushless permanent magnetl ~'servo motor, AC
induction motor (M), and swlitched'reluctan'ce. motors. In this thesis, a three phase IM
(SQIM) is used for adjustable speed control because it is Widely used in industrial
applications.

The theoretical study of the direct forque control for induction motor drive and
simulation results are presented along with their discussion in previous chapters. It
can be observed that the simulation results are well in agreement with theoretical
studies. This chapter déals with the implementation aspects of the conventional direct

torque control technique. Innovative integration sbc6711 DSP board is used for the

implementation of the drive system.
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5.2 DTC Induction Motor Drive Architecture

VSI

A Hedld ™)

4 Hall sffect
SCNS0IS

Control -

unit

Development

Fig 5.1 Experimental set-up of DTC induction motor drive

The realization of a direct torque controlled induction motor drive can be divided into

two parts '
> Hardware development

> Software development using SBC6711 DSP Development board

5.3 Hardware development

The system hardwére can be divided in the following blocks.
> waer circuit | ‘

VPulse amplification and isolation circuit

AC current measurement circuit

DC voltage measurement circuit

Power supplies

Circuit protection

VVVVY VY

Delay circuit
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5.3.1 Power Circuit |
Figure5.2 shows the power circuit of the PWM. VSI inver_ter. It consists of six IGBT
switches. Each IGBT switch is used in the circuit consists of an inbuilt énti parallel
free wheeling diode. No forced commutation circuits are required for IGBT’s because
these are self commutated dev1ces (they turn on when the gate signal is hlgh and turn
of when the gate signal is low). An RCD (re51stor capacitor and diode) turn-off
| circuit is connected to protect the circuit against high dv/dt and is protected against
power voltage by connecting MOV (Metal Oxide Varistor).
Insulated gate bipolar transistors (IGBT’s) are widely used in switching power
conversion épplications because of their distinctive advantages, such as easiness in
drive and high frequency switching capability. The performance of IGBT’s has been
continuously improved, and the latest IGBT’s can be operated at 1020 KHz without
including any snubber circuit. Mo'r'é'over, IGBT’s are replacing MOSFET’s for the
several or several tens of kilowatts power range applications since IGBT’s can handle
higher voltage and power with higher power 'density and lower cost compared to
- MOSFET’s. The maximum operating frequency of IGBT’s, however, is limited to
20-30 KHz because of their tail-current characteristic. To operate IGBT’s at high
switching frequencies, it is required to reduce the turn-off switching loss. Zero-
voltage switching (ZVS) with a substantlal external snubber capacitor or zero current
switching (ZCS) can be a solution. The ZCS, howevcr is deemed more effective since

the minority carrier is swept outbefore turning off.

A% %—":I}ﬁ —ll:L}LTs -4(#5

T

1 I

Figure 5.2: PWM VSI inverter.
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5.3.2 Pulse Amplification and Isolation Circuit

The puise amplification and isolation circuit for IGBT is shown in figm;e 5.3. The
opto-coupler (MCT-2E) provides the necessary isolation between the low voltage
isolation circuit and high voltage power circuit .The pﬁlse amplification is provided
by the output amplifier transistor 2N222. ‘

When the input gating pulse is-at +5V level, the transistor saturates, the LED conducts
and the light emitted by it falls on the base 0f phototransistor, thus forming its base
drive. The output transistor thus receive no base drive and, therefore remains in cut-
off state and a +12 v pulse (amplified) appears across it’s: collector terminal
(w.r.t.ground). When the input gating pulse reaches the ground level (0V), the input
switching transistor goes into the cut-off state and LED remains off, thus emitting no
light and therefore a photo transistor of the opto-coupler receives no base drive and,

therefore remains in cut-off state .A-sufficient base drive now applies across the base

of the output amplifier transistor .it goes into the saturation state and hence the output -

falls to ground level. Therefore circuit provides proper amplification and isolation.
Further, since slightest spike above 20v can damage the IGBT, a 12 V zener diode IC
connected across the output of isolation circuit .It clamps the triggering voltage at 12
V. | |

+12V
+2V o
'§ R5
3.8K
R3 0 GATE
10K
2
+5V Ri

o AMY MCT2E b

) s, 2N2222 o

1.2K . ZENER DIODE 12V
- - I - .
R4 :
O SOURCI

FIRING PULSE 10K

470K

~ Figure 5.3: Pulse Amplification and Isolation Circuit
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5.3.3 Power Supplies

DC reguléted pdwer supplies (+12v, -12v, +5v) are required for providing biasing to
various transistors, IC’s etc. The circuit diagram for varidus dc regulated power
supplies aré shown in fig 5.4; in it the single phase ac voltage is stepped down to 12V
a‘nd theﬁ rectified using a diode bridge rectifier. A capacitor of 1000uf, SOvolts is -
~ connected at the oufput-of the bridge rectifier for smoothening out the ripples in the
rectified DC regulated voltages. IC voltage regulators are used for regulating the .
voltages on load also. Different IC Qoltage regulator that are used are; 7812 for +12V,
7912 for -12V and 7805 for +5V. A capacitor of 100pf, 25V capacitor is connected at

the output of the IC voltage regulator of each supply for obtaining the constant and
‘ripple free DC voltage.

+H2V
: [ 712 0
230V / 12V l :
A + [1000uF .| 100uF
© 230V, 50Hz ' 7"{5{“] T~ =V
AC Supply
l : G
' ' ' ' .12V
[ 7012 ——0
230V / 12V '
Y W _ |1000uF _ | 100ur
[ 50V : 25V
230V, 50Hz : —
AC Supply ~ ™ ™
‘ v i_ +- .
G
Q
+5V
—L7805 —°
230V / 12V :
¥ r S L +| 100uF
230V, 50Hz _t sov | 2sv
TN

AC Supply [ i T

Figure 5.4: Circuit Diagrams for IC regulated Power Supplies

.. 81



5.3.4 Circuit Protection
(A) Snubber Circuit for IGBT protection

IGBTs are increasingly the switch of the choice for pwm inverters for used in
power electronics application, because of hard switching applications and lower
conduction losses. Most of the IGBTS are used in hard switching application's upto20
kHz, beyond that switching losses in IGBTs becomes very significant.

Switching such high currents in short time gives rise to letage transients that
could exceed the rating of IGBT _especially if the bus voltage is close to the IGBT’s
rating. Snubbers are therefore needed to protect the sWi;ch from transients. Snubber
circuit for IGBT as shown in Figure

Snubbers are employed to:

» Limit di/dt or dv/dt.

»> Transfer power dissipation from the switch to a resistor.

» Reduce total switched losses.
RCD snubbers are typically used in high current application. The operation of RCD
snubber -is as fallows: The turn-off makes the voltage zero af the instéht‘ the IGBT
turn-off. At turn-off, the device current is transfer through the diode D and the
voltage across the device builds up. At the turn-on, the capacitor Cs discharges

through the resistor Rs. The capacitor energy is dissipated in the resistor R at turn-on.

CRE

Figure 5.5. Snubber circuit of IGBT

%
\
7

(B) Over voltage protection

An additional protective device Metal-oxide-varistor (MOV) is used across each
device to provide protection against the over voltages. MOV acts as a back-to-back
zener and bypass th>e transient over voltage across the device. In general the voltage
rating of MOV is kept equal are below the rating of IGBT to protect it from the over

voltages.

82



(C) Over heating protectibn |

Due to the ohmic resistance of IGBT and anti - barallel diode, I* R loss takes place as
a result of the current conduction, which results the heat generation, thus raising the
- device temperature, this may be large enough to destroy the device. To keep device
temperature within the permissible limits, all IGBTs are mounted on alummum heat
sink and is then dissipated to the atmosphere.

| (D) Short circuit protection

The thermal capacity of semiconductor device is small. A surge current due to a short
circuit may rise device temperature much above its permissible temperature rise limit
which may instantaneously damage the device. Hence, the short circuit protection is

provided by fast acting fuses in series with each supply line.
5.3.5 Current Sensor Circuit -

Closed loop Hall Effect current transducer is.used to sense thé current. The transducer
use the ampere turn compensation method to enable the measurement of current from
DC to high frequency with an ability to follow rapidly changing level or wave shapes.
The application of primary current (Ip) causes a change in flux in the air gap. This in
turn produces a change in outpﬁt from hall element away froﬁl' the steady state
condition. This output is amplified to produce a current (Is), which is passed through a
secondary winding causing a magnetizing force to oppose that of thé primary current,
thereby reducing the air gap flux. The secondary current is increased until the flux is
reduced to zero. At this point the hall element output will f_etum increased until the
flux is redu_ced to zero. At this point the hall element output will return to steady staté ‘
condition and the ampere turn product of secondary circuit will match that of primary.
The scaling of the current measurement is such that for 1 amp current at the input of

the circuit their will be 1 volt voltage at the output of the circuit.
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Figqre 5.6 Curreﬁt sensor circuit
The current that passes through the secondary winding is the output current. The
 transformation ratio is calculated by the standard current tfansformation equation
| N = N, | |
Where
Np= primary current, Ns= secondary current

I,= primary current, Is = secondary current.

5.3.6 DC Link Voltage Sensing Circuit

The dc output voltage of the capacitor is sensed through isolation amplifier AD202

for the voltage control of the inverter. We are using AD202 of DIP configuration.

AD202 provide -the total galvanic isolation between input and outpuf: stages of the

isolation amplifier through the use of internal transformer coupling. It gives a bi-polar

output voltage +5v, adjustable ’gain range from 1v/v to 100v/v, +0.025% max 'n:on_- :
| linearity, 130db 'of CMR and 75mw of power consumption. Circuit diagram is sﬁbwn
"in fig5.6. In the shown figure output amplifier is made using op-amp which will be
helpful in calibration. The transient response will deteriorate by using passive filter at
the input side of AD202; but to_ reduce the ripples in measurement and. control

purpose it cannot be avoided.
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5.3.7. Delay Circuit

Vilues of R and C are chosen to prov1de a delay around 5ys i.e. larger than turn off
trans1t10n time of the IGBT. The sw1tch1ng signals from the lockout delay cu'cult are

sent to the pulse amphflcatlon and 1solat10n circuit.

" Gate of IGBT
7408

Fig.5.8. Delay Circuit
This circuit provides SWS delay and R=5ka and C=0.0011F
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5.4 Software Development using SBC6711 DSP Development board

Implcmentatlon of. advanced motor drive systems requires the followmg fcaturcs from = .

a typlcal motor controller ,
> Capablhty of gene_ratiﬂg multiple hrgh frequency, high-resolution PWM
Waveforms N _ | ' |
>  Fast prooessmg to 1mp1ement advanced algonthms to minimize torque ripple,
on line parameter adaptation, precise speed control etc. _
> Implemer_rtirrg multiple features' using the same controller (motor control,
power factor corr_ection, communication, etc.)
> Making the complete inrble'ment'ation' as simple as possible (reduced
‘ componént count, si_mple board layout and monofacturing. etc.)
Re ~ Implementing a flexible solution so that futllre modification can be realized
by changing software instead of redes1gnmg a separate hardware platform. |
A new class of DSP controllers has addressed these issues -effectively. These
’controllers prov1de the computatlonal capability of a DSP core and mtegrate useful |
penpherals on Chlp to reduce the total chip count. The TI’s DSP2000 fam1ly controller
-is becoming a viable option for even the most cost sensitive applications like
apphances, HVAC systems etc. In addition to-traditional mathematical functlons like
digital filter, FFT implementations, this new class of DSPs integrates all the 1mportant
power electronics peripherals to 51mp11fy the overall system implementation. This
integration lowers over all part count of the system and reduces the board size In my
thesis the DSP controller board SBC6711 from Innovatlve Integratlon is used for
motor control. ' '
5.4.1 SBC6711 Hardware Functlons o
“The SBC671‘1- is a stand alone digital signal processor (DSP) card based around the
Texas Instruments TMS320C6711 processor. Implementing a modular I/O e)rpansion
system, the SBC6711 is particularly well suitcd to data vauisition and control tasks.
The SBC6711 is also supported by a collection of J/O bus functlon cards, which
provide hardware mterfacmg to real-world equ1pment
The SBC6711’s features include ‘
» TMS320C6711 digital signal processor.
> External one wait-state SDRAM memory oools..
» FLASH meory. | ‘
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YV V V VY

>

FIFQ Port communications expansion capability.
OMNIBUS I/O expansion compatible (two available slots).
32 bits of digital I/O.

Synclink and clocklink trigger and clock sharing bus.
Universal Serial Bus (USB) port.

JTAG hardware emulation support.

' The following figure gives a block diagram of the SBC6711.
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Fig 5.9 SBC6711 Block Diagram .

A4D4 OMNIBUS Module
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Jios 1 ézz'ﬁl-;‘xg
e 10510 {11015
- E‘:Dﬂm‘ii.
B3z
Flssh Moy
HEx

The A4D4 OMNIBUS module provides the target card processor with four channels

of high speed 200 kHz, 16-bit resolution analog input to dlgltal output conversion

(A/D) per module slot. In addition, four channels of hlgh speed 200 kHz 16-bit



resolution digital input to analog output conversion (D/A). The A4D4 has analog 1/0
that is tightly coupled with the DSP, makiﬁg it well suited for conirols systems,
process monitoring, and data acquisition applications. The A4D4 module uses two
pairs of Analog Devices AD976AA A/Ds with each channel having independent input
-six-pole anti-alias filters and programmable gain amplifiers provide for flexible input.
While two pairs of Analog Devices AD7846 D/As with output arhplifiers and
independent channel filtering, gain, and trim, provides for high speed data output
signals.

The four analog inputs on the A4D4 module are successive approximation type A/D
converters, which allows for low data latency that is critical in control applications
and multiplexed channel configurations. In addition, eéch A/D channel is calibrated
for offset and gain errors allowing acc1h1rate measurements for a variety of
applications. The converters may be triggered via hardware timer or software access
and are capable of interrupting the target processor in interrupt driven applications.
The TERM card may be purchésed to expand each of the A/D input w1th a
multiplexer for a total of 32 single-ended channels or 16 differential channels of input
to each A4D4 module. The TERM card is controlled by the OMNIBUS host DSP
card so that the channel indexing is under software control.

The following block diagrams has been piovided to show the conceptual arrangement
of the cdmponent circuitry featured of the board.

. The >A/4D4/I‘ERM library functions can be divided into several groups:

> Sample rate control.

A/D control.

D/A control.

Interrupt selection.

vV V. V VY

Identification read back
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. Fig 5.10 A4D4 Block Diagram

Anélog Input

The analog to digital converters are 16-bit devices with a 5 us ma}iimum conversion
time (Anallog' Devices AD976A) capable of digitizing CD ciuality music, sensor
.oufputs like thermocouples and acceleronieters, and other demanding aéquiéition
applications. Each A/D channel is én indepenﬂ_ent conversion path with maépéﬁdént :
filtering and input range. The default bipoiérv_inpﬁt range is +/-10V. ’fhé>A]j976A
A/D converter is internally sampled prior to conversion and requires no external

sample and hold circuitry. The ADC is self-timed and will typically .convert in less

than 5 us, which is the specified maximum éonversion time for all conditions. The

ADC also has its own internal precision ‘volt‘age reférence for accurate conversions.

Do not use the reference output for any other device unless proper signal buffering is.

provided as this may adversely affect the conversion accuracy. ,

The A/D’s ére configured as pairs which read back with a single 32 -bit read. Each 16- .
bit field within the readback value contains a single sample in ﬁwo’éycomplcment

format. The devices may be read by a CPU read or by the DMA controllers.
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Analog Output

Four channels of 16-bit instnimentation-grade digital-to-analog converters (D/A) are
provided on the A4D4. The D/As are useful for analog signal outputs for both control
and signal generation. Digital data is vﬁitten to the D/As for output via a set of
- memory mapped locations. The data bus is connected to the D/As with each pair
sharing a single load location with one device occupying the lower 16 bits of the bus
and the other occupying the upper 16 bits. Data written to the D/A devices is in
straight binary format, rather than two’s complement. Theﬁiverting output stage of
each D/A channel yields a [+10V ... -10V] output voltage for an input code range of
[0..65535]. o | |

Digital /O

The SBC6711 includes 32-bits of software programmable digital I/O for use in
‘controlling digital instruments, or acquiring digital ihputs. The digital I/O port controls
are mapped into memory space using two addresses: one to read/write the digital I/O
data as a single 32-bit word, one for direction control and for each byte of the port and
controlling the source of the clock edge used to latch input data into the digital /O
port register. The direction control registér provides for software control of the drive
direction of the port and the source of the input latch clock. The least significant four
bits of the register control the four bytes available on the I/O port. Bit DO sets the
direction for the least significant eight bits if the port (port bits 0-7), D1 the next least
significant "bits (8-15), D2 the next least significant (16—23) and D3 the most
significant (24-31).Each byte is individually controllable by writing a zero (to select -
output) or a one (to select input) to the:respeétive bit in the direction control register.
For example, if the value 0xC were written to the direction control register, bits 0-15
would act as inputs while bits 16-31 would act as outputs. All bytes default to input
mode upon the board power-up or oh reset. |

Communications

RS232 Serial Port |

The SBC6711 implements a single asynchronous serial port channel with RS232
drivers compatible with standard PC serial port interfaces. The serial port is
implemented using a Texas Instruments TL16C750 UART and Maxim MAX3223

RS232 transceiver. The 16C750 external reset signal is automatically asserted on
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power up and may be reasserted under software control via the SERIAL_RESET bit
~ of the miscellaneous control register.
USB Port
A Universal Serial Bus (USB) compatible host interface port is mcluded on the
SBC6711 to support high data rate host communications requirements. Implcmentcd
using a ScanLogic SL811HST USB interface device, the port allows for
* communications on a USB network at up to 12 Mbité/sec-(USB full speed bit rate).
In-syste,in real data rates will be determined by the USB déta packet sizing, host bus
rate and other limitations. Most éystems can achieve from 4-8 Mbits/sec under
Win2000 (Win98 is slower).The' USB port supports USB specification 1.1 at 12
Mbit/sec or 1.5Mbit/sec data rates. Data rate is antomatically sensed by the controller
chip during the USB initialization. The SL811 provides an efficient dual-port ‘mcmory
interface between the DSP and serial engine with address auto-incrementing that
allows the SBC6711 to achieve high data rates without unnecessary burden. The USB |
interface is accessed starting at address 0x90200000.

On-card memory
The SBC6711 has two types of external ‘memory: synchronous DRAM (SDRAM),

and flash EEPROM. The EEPROM memory is 512K x 16 (leytes) and the
SDRAM is organized as 8Mx32 (32 Mbytes). The flash EEPROM memory contains
the SBC6711’s start-up software. Shipped standard with Innovative’s TALKER
program installed for use with the SBC6711 Development Package, the EEPROM
may be programmed with end user applications throﬁgh the use of tools included in
the Development Package. The EEPROM aﬁd boot process niakes the SBC6711 a
stand-alone processor board capable of remote control and data acquisition tasks. The
EEPROM operates with several wait-states on the processor bus. |

EEPROM memory is implemented on the SBC6711 with a smglc AMD 29F800
(compatible) flash device. In addition to its intended purpose as the boot device for
application software, the 29F800 may also be used to store nonvolatile application-
dependent data. The device is connected to the ‘C6711 processor on the least
significant sixteen bits of the processor bus; and responds to standard AMD
programming sequences. The SBC6711 Development Package contains -support
software for erasing and programming the flash device. | _
The SDRAM memory provides a large, fast memory. area for program and data

“storage. The ‘C6711 has an advanced cache controller that is used to control the
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SDRAM so that the programmer has a' large virtual memory pool of very fast
memory. The cache controller allows the SDRAM to operate at<approximately 80%
the efficiency of internal memory in many cases by caéhin‘g instructions and data in
on-chip memory for faster access. The 16 Mbyte SDRAM operafes at one half the
processor’s bus rate, for a maximum throughput of 300 Mbytes/sec. '

Power Supply |

The SBC6711 processor board requires an off-board power supply capable of
delivering three power supplies: +5V DC, +15V DC, and —15V DC. Power is
delivered to the card via the main power connector. Innovative Integration supplies
linear power supplies suitable for use With AC mains powered installations.

- The software used for the system development is TI floating point. C-compiler. The
software code is written in code composer studio environment using c-language. After
developing the c-code, it is converted into machine level code by using code
composer studio. Here the terminal variables are can be sampled at high frequency.
The optimized switching pattern which are selected based on the flux and torque are

stored in lool-up table implemented using processor.

5.5Conclusion

In tﬁis chapter the implementation aspects of the conventional direct torque control
for induction motor drive aré discussed. Innovative integration sbc6711 DSP board is
. used for the implcméhtation of the drive system. The fabrication of power circuit and

the necessary sensing circuits are detailed.
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Chapter 6

Conclusion and Future Scope ~ |

Conclusion

The presented work deals with the description of the principle of the direct torque
controlled induction motor drive. The simulation and hardware implementation of the
drive are discussed in detail. The simulation is . implemented using
MATLAB/SIMULINK toolbox with the speed sensor and without speed sensor.
~ Various Fuzzy controllers for DTC based induction motor drives also simulated. The
| hardware needed for the drive is assembled.

The following conclusions are drawn from the present work.

1. A method for the simulation of the direct torque controlled drive is presented
using MATLAB/SIMULINK toolbox.

2. The dri\}e is simulated for the following cases

» drive starting from rest

» sudden changes in load torque

> speed reversal

> operation above the base speed with field weakening

3 The response of .the simulations obtained is found to be well in agreement
with results reported in literature.

4 A field weakening cbntroller has been implementéd and with this operation
the speed of the drive has been increased above the base speed.

5 The rotor speed estimation method implemented is found to be suitable for
the sensorless operation except at starting conditions where ripple is in
estimated speed. '

6 The hybrid fuzzy controller reduces the steady state error as compared with
PI-type fuzzy logic controller (FLO), while keeping the merits of Pl-type
FLC. PI type fuzzy control and hybrid fuzzy control are nonlinear laws and
with the integral mechanism, the associated drive system is robust to load
disturbance and with less steady state error.

7 PD-type fuzzy control does not have iritegral mechanism; the associated

system is with significant steady state error.
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Future Scope

1. Reduction of the ripples in the torque and the flux by the use of methods other

than the classical direct torque control.

2. The imPIemcntation of the direct torque controlled induction motor drive with

speed sensor and without speed sensor.
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Appendix A

Specification and the Parameters of Induction Motor:
- 415-v, 3-phase, 50Hz, 4-pole, Squirrel cage type

Machine’s parameters:

Stator resistance/phase Rs=11.728%

Stator leakagé inductance/phase = 0.03515H

Rotor resistance/phase =9.45.q-

Rotor leakage inductance/phase = 0.03515H

Magnetizing = 0.678H

Moment of inertia =0.001Kg-mt>

Hall-Effect Current Transformers/Sensors

Closed-loop HALL-Effect current sensors are widely used in a variety of
applications requiring an accurate, fast response signal proportional to the current being
measured. Products are available for panel and PCB mounting covering primary current
up to 1000A and provide complete galvanic isolation between the primary and the
measuring circuit.

Closed-loop Hall effecf current-sensors use the ampere-turn compensation method
to enable measurement of current from dc to high frequency with the ability to follow
rapidly changing level or wave shapes. The application of primary current (L) causes a .
change of the flux in the air-gap, this in turn produces a change in oﬁtput from the hall
element away from the steady-state condition. This output is amplified to produce a
current (Is) which is passed through the secondary winding caﬁsing a magnetizing force
. to oppose that of the primary current, there by, reducing the air-gap flux. The secondary
current will increase until the flux is reduced to zero. At this point, the hall element
output will have returned to the steady state condition and the ampere-turn product of the

secondary circuit will match that of the primary. The current that passes through the

secondary winding is the output current.
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L
I
11
IV.
V.
VL

Main features of the current-sensor used are:

High accuracy.

Galvanic isolation between primary and secondary.
Non-Contact ness.

Covers ac, dc and impulse current measurements.
Ease of installation. -

Wide dynamic range.

Linearity of the sensor is 0.1% of normal primary cufrent and the operating temperature
range is 0-70°C. ’

Voltage Sensors AD202/AD204

Features

L
IL
I1L.
Iv.
V.
VL

Small Size: 4 Channels/inch

Low Power: 35mW (AD204)

High Accuracy: £0.025% Max Nonlinearity (K Grade)
High CMR: 130 dB (Gain = 100 V/V)

Wide Bandwidth: 5 kHz Full-Power (AD204)

High CMYV Isolation: #2000 Vpk Continuous (K Grade)

(Signal and Power)

L
1L

Isolated Power Outputs '

Uncommitted Input Amplifier

Applications

L
IL
III.
Iv.
V.

Multi-channel Data Acquisition
Current Shunt Measurements
Motor Controls

Process Signal Isoiation

High Voltage Instrumentation Amplifier
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. General Description

The AD202 and AD204 are general purpose, two-port, and transformer- coupled
isolation amplifiers that may be used in a broad range of applications where input signals
must be measured, processed, and/or transmitted without a galvanic connection. These
industry standard isolation amplifiers offer a complete isolation function, with both signal
and power isolation provided for in a single compact plastic SIP or DIP style package.
The primary distinction between the AD202 and the AD204 is that the AD202 is powered
directly from a 15 V dc supply while the AD204 is powered by an externally supplied
clock, such as the recommended AD246 Clock Driver. '

The AD202 and AD204 provide total galvanic isolation between the input and
output stages of the isolation axﬁplif_ier through the use of internal transformer-coupling.
The functionally complete AD?D2l and AD204 eliminate the need for an external, user-
supplied dc-to-dc converter. This permits the designer to minimize the necessary circuit
overhead and consequently reduce the overall design and component costs. The design of
the AD202 and AD204 emphasizes maximum flexibility and ease of use, including the
availability of an uncommitted op-amp on the input stage. They feature a bipolar +5 V
output range, an adjustable gain range of from 1V/V to 100 V/V, * 0.025% max
nonlinearity (K grade), 130 dB of CMR, and the AD204 consumes a low 35mW of

power.

Figure A-1
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The functional block diagram of AD202 is shown in fig A-I and fig A-2 shows the
pin configuration of AD202 in SIP and DIP package respectively.
Power Semiconductor Switches

Traditionally thyristors have been used as switches in converters. But the PWM
technique requires forced-commutation of thyristors that necessitates the need for
additional commutation circuitry, thus, adding to the cost, bulkiness and complexity of
the converter circuit. Further more, the thyristors can’t be switched at higher frequencies
and this puts a limit on the switching frequency of the PWM converters. In recent years,
more and more power semiconductor devices with high switching frequencies and/or
power capability such as bipolar transistors,' power MOSFETS, GTOs and IGBTs are
becoming quite popular. This makes possible the easy use of the PWM technique to
improve the quality of input current waveform and power factor.

(.

Power Transistor

A power-transistor employed as a solid-state switching device and requires only
one signal to turn it ON and it turns OFF automatically on the removal of this signal.
Thus, in the PWM voltage-source converters, no commutation circuitry is required and
the problems associated with the commutation (of thyristors) are autdmatically overcoie.
Further, the control circuitry is much simplified. Since the turn-ON and turn-OFF times
of the order of lusec or less are achieved in power transistors, the devices can be
operated at a high switching frequency. The power transistors suffer from a major
problem of the second breakdown (SB), which is a destructive phenomenon, resﬁlting |

from the current-flow to a small portion of the base and pioducing localized hotspots. If
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the energy in these hotspots is sufficient, the excessive localized heating may damage the
device. Other drawbacks are the sensitivity to transients and low overload capacity. The

schematic block diagram is shown in fig A-3.

Collector

Gate —
Emitter

Figure A-3

Gate Turn OFF Thyristors (QTOS)

GTOs seems to hold a lot of promise fo the future. Presently their use is limited
because of high cost and non-availability. A GTO can be turned-OFF by a negative gate-
pulse and can be triggered by a positive gate-pulse. When a GTO has been turned-ON, it
behaves as a thyristor. It can be manufactured for the highest voltage and current ratings |
(several kV and kA) and is mainly used for high poWer and/or high voltage equipment.
With the obvious advantage of the non-requirement of a commutation circuit, which lays
a restriction oﬁ the operating frequency of thyristors, the. GTO has also some
disadvantages. During turn-ON-and turn-OFF, a GTO acts like a transistor, running a risk
of second breakdown if the gate-pulse is insufficient. A GTO has a higher ON-state
voltage as compared to a thyristor and the latching and holding currents are also high.

Power MOSFET

A Power Mosfet is a voltage-controlled device and requires only a small input
current. The switching speed is very high and the switching times are of the order of
nano-seconds. Power Mosfet’s are finding increasing applications in low-power, high
. frequency converters. Mosfet’s don’t have the problems of the second breakdown as do

the BJT’s. Mosfet’s are of two types
1) Deletion Mosfet’s and,
2) Enhancement Mosfet’s.
The main features of power Mosfet’s are summarized as below:

I. Better reliability.
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II. Simpler and cheaper driver circuitry.
III. Higher switching frequency (well above 1Mhz) due to fast switching speed and
better efficiency, smaller overall circuit size and weight at high frequency.
IV. High overload and peak current handling capability. :
V. Absence of second breakdown reduces the snubber circuitry in switching
applications and
VI. Better temperature capability.
Like any other semiconductor device, Power Mosfet’s do have their own
subtleties and these must be recognized for the successful operation of the devices.
STATIC CHARGE: Power Mosfet’s can be damaged by static charge when
handling, testing or installing into a circuit. However, they have greater self-capacitance
and are much more able to absorb the static charge. It is wise to employ the elementary
precautions such as the grounded wrist straps, electrically grounded stations and
grounded soldering irons. |
GATE-VOLATGE TRANSIENTS: Excessive voltage applied to the gate of a
power Mosfet’s will punch through the gate oxide, thus causing a permanent damage. A
typical gate-source voltage rating is +20V. The simplest solution where the gate voltage
transients are suppressed is to connect a clamping Zener diode between the gate and the
source. ‘
All the power Mosfet’s have an integral body-drain diode built into their
structure. This is shown in the fig A—4.

Figure A-4
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INSULATED GATE BIPLOAR JUNCTION TRANSISTORS (IGBT’S)

An IGBT combines the advantages of the BJT’s and Mosfet’s. It has high input’
impedance like Mosfet’s and low ON-state condition losses like BJT’s. But there is no
second breakdown problem like BJT’s.

An IGBT is a voltage-controlled device like a power Mosfet. It has the advantages
of ease of gate-drive, peak-current capability and ruggedness. It is inherently faster than a
BJT. However, the switching speed is inferior to that of Mosfet’s. They have three
terminals, and they are Gate (G), Collector(C) and Emitter (E). IGBT’s are finding
increasing applications in medium-power applications such as dc and ac motor drives,

power supplies, etc. The schematic diagram is shown infig A-5.

Collector

Gate .l ~

Emitter

Figure A-5
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