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ABSTRACT

The principle of vector control of AC machine enables the dynamic control of AC motors, -
and induction motors in particular to a performance level comparable to that of a DC machine.
Various control methods of induction motor drive like voltage control, frequency control, voltage
and frequency control, current control, etc, provide steady-state performance, but their dynamic
response is poor. The vector control technique, which is also known as field-oriented control
(FOC), allows a squirrel-cage induction motor to be driven with high dynamic performance that
~ is comparable to the characteristics of DC motor.

The vector control technique decouples the two components of stator current: one
providing the air-gap flux and the other producing the torque. It provides independent control of
* flux and torque, and the control characteristic is linearized. In this technique, the stator currents
are converted to a fictitious synchronously rotating reference frame with the flux vector and are
transformed back to the stator frame before feeding back to the machine. The two components
are d-axis component, ig; analogous to armature current and q-axis component, igs analogous to
the field current of a separately excited DC motor. Thus, the vector control must ensure the
correct orientation of the space vectors and generate the control input signals. Therefore, with a
vector control, an induction motor can operate as a separately excited DC motor.

In this work, a comprehensive mathematical modeling of vector controlled induction motor
drive (VCIMD) system has been carried out to investigate fhe performance of drive system. The
dynamic response of VCIMD m&er various operating conditions such as stértirig,-speed reversal,
speed re-reversal and load perturbation is simulated and examined in MATLAB 6.5 environment
using simulink and power system block set toolboxes. Further, the dynamic response of the
VCIMD depends on the type of the speed controller used in the closed loop operatiorf@he speed
controllers used in this work are Proportional Integral (PI) speed controller, Fuzzy Logic (FL)
speed controller, hybrid of PI and FL speed controllers and Fuzzy Pre-compensated PI (FPPI)
speed contfoller. A comparative study of the response of VCIMD is made with different speed
controllers using MATLAB-simulink software. PWM signals for a three phase Voltage Source
Inverter (VSI) are generated using MATLAB Embedded Controller I-843 8-. |
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CHAPTER I

INTRODUCTION

Faraday discovered electro-magnetic induction in 1831. After this discovery, it took about
fifty years for the development of the first induction machine by Nikola Tesla in 1888. The
development of this electrical machine that do not require brushes for its operation marked a
revolution in electrical engineering and gave a scope for the wide spread use of poly-phase
generation and dibstribution systems. The choice of present mains frequency (60 Hz in the USA and
50 Hz in Europe and Asia) was established in the late G century because Tesla found it suitable
for his induction motors. 60 Hz was found to produce no flickering when used for lightening
applications.

Now-a-days, more than 60% of all the electrical energy generated in the world is used by cage.
induction motors. Induction machines have been mostly used at fixed speed for more than a century.
On the other hand, DC machines have been used for vanable speed applications using a Ward-
Leonard conﬁguratlon This however requires three machines (2 DC machines and an induction
motor) and is therefore bulky, expensive and requires careful maintenance.

In DC. machines armature mmf axis ié. established at 90° electrical to the main field axis. The
electromagnetic torque is -proportional to the product of field flux and armature current. Field flux is
_directly proportional to the field current and is unaffected by the armature current because of
orthogonal orientation between annafure mmf and field mmf. Therefore in a separately excited DC
machine, with a constant value of field flux, torque is directly proportional to armature current.

Hence direct control of armature current gives direct control of motor forque and fast response,

because motor torque can be altered as rapidly as armature current can be altered. Hence dc motors

are simple in control and offer better dynamic response inherently. Numerous economical reasons,
for instance high initial cost, high maintenance cost for.commutators, brushes and brush holders of
dc motors call for a substitute which is capable of eliminatiﬁg the persisting problems in dc motors
and has all the advantages present in dc motors. Freedom from regular maintenance and a brushless
robust structure of the three phase squirrel cage inductipn motor are among the prime reasons,
which brings the motor forward as a gOOd substitute.

The ac induction motors are the most common motors used in industrial motion control

systems, as well as in main powered home appliances. Simple and rugged design, low-cost, low



maintenance and direct connection to an ac power source are the main advantages of ac induction
motors. Various types of ac induction motors are available in the market. Different motors are
suitable for different applications. Although ac induction motors are easier to design than dc motors,
the speed and the torque control in various types of ac induction motors.require a greater

understanding of the design and the characteristics of these motors.

1.1 CONTROL TECHNIQUES OF INDUCTION MOTOR

Various speed control techniques implemented by modern-age VFD [1-2] are discussed in this
section. In scalar control, the motor is fed with variable frequency supply generated by an inverter
controlled by Pulse Width Modulation (PWM) techniques. Here, the V/f ratio is maintained
constant in order to get constant tofque fhrough out the operating range of the motor. Since only
magnitudes of the input variables — frequency and voltage — are controlled, this is known as “scalar
control”. '

In general, the drives with this type of control are without any feedback devices i.e. open loop
control. Hence, a control of this type offers low cost, easy to implement and also a very little
~ knowledge of the motor is required for frequency control; Thus, this type of control is widely used.

But there are certain disadvantages with this type of control which includes, the torque developed is
| load dependent and is not controlled directly. Also, the transient response of such a control is not
fast due to the predefined switching pattern of the inverter. Now variable speed applications by
indﬁction motors came into existence with the arrival of solid-state power electronic devices like
thyristors, IGBTS and MOSFETS, etc. These provide high performance torque, speed and flux
control. Although induction machines using V/f control can maintain a constant flux, their torque
and flux dynamic performance is extremely poor. The advantages of induction machines are clear in
terms robustness and price; however it Was not until the development and implementation of Vector
Control (VC) or Field Oriented Control (FOC) that induction machines were able to compete with
DC machines in high performance applications.
The principle behind FOC is that the machine flux and torque are controlled independently, in
a similar fashion to a separately excited DC machine. Instantaneous stator currents are
“transformed” to a reference frame rotating at synchronous speed aligned with the rotor, stator or
air-gap flux vectors, to produce a d-axis component current(flux producing) and a g-axis component
of current(torque producing). Such a rotating frame of reference is referred- as the synchronously

rotating reference frame (SRRF). In this work, SRRF is aiigned with rotor mmf space vector. In the



'SRRF, the stator current is split into two decoupled components, one controls flux and other}
controls.torque respectively. "

An induction motor is said to be in vector control mode, if the decoupled components of the
stator current space vector and the reference decoupled components defined by the vector controller
in the SRRF match each other respectively. Alternately, instead of matching the two-phase currents
(reference and actual) in the SRRF, the close match can also be made in three phase currents
(reference and actual) in the stationary reference frame. Hence in spite of induction machine’s
nonlinear and highly interacting multivariable control structure, its control has become easy with
the help of FOC. Therefore in the FOC method the induction motor can be operated like a
separately excited DC motor for high performance applications. A

The transformation from the stationary reference frame to the rotating reference frame is done
and controlled with reference to a specific flux linkage space vector (stator flux linkage, rotor ﬂui
linkage or magnetizing flux linkage). In general, there exists three possibilities for such selection
and hence, three different vector controls. They are Stator flux oriented control, Rotor flux oriented
control and Magnetizing flux oriented control. '

As the torque producing component in this type of control is controlled only after
transformation is done and is not the main input reference, such control is known as “indirect torque ‘
control”. The most challenging and ultimately, the limiting feature of the field orientation, is the
method whereby the flux angle is measured or estimated. Depending on the method of measurement,
the vector control is divided into two subcategories: direct and indirect vector control. In direct
vector control, the flux measurement is done by using the flux sensing coils or the Hall devices.
This adds to additional hardware cost and in addition, measurement is not highly accurate.

. Theréfore, this method is not a very good control féchnique. The more common method is indirect
vector control. In this method, the flux angle is not measured directly, but is estimated from the

equivalent circuit model and from measurements of the rotor speed, the stator current and the

voltage.
1.2 APPLICATIONS OF VCIMD

Because of the efficient, smooth and maintenance free operation of VCIMDs, such drives are
finding increasing applications in rh_any drive applications such as air-conditioning refrigerators,

fans, flowers, pumps, waste water treatment plants, elevators, lifts, traction, electric vehicles etc.



1.3 LITERATURE REVIEW

Induction motors have been intensively investigated and described in the engineering
literature for several decades. BLASCHKE [10] has reported the pioneer concept fo initiate the
work based on the concept of vector control.

Vector control is a technique, which is capable of introducing decoupled control between flux
and torque in an induction motor to control it similar to a separately excited DC motor [3-4]. As a
result, the method of vector control also named as FOC has now become a very popular control
strategy for 3-¢ IM. It has transformed the IM from a non linear control structure to a linear
decoupled control structure. ,

Most basic text books [7] develop the induction motor theory using equivalent approach. The
commonly used equivalent circuit is convenient only for steady state operating conditions, that is,
when the motor is fed from a fixed frequency sinusoidal supply and is rotating at a constant speed.
The very purpose of using vector control is to achieve high motor performance under dynamic
conditions. Therefore, an approach which is completely based on motor equivalent circuit is not
very useful in presenting the concepts of vector control. There forth Joseph Vithayathil[11]
presented a paper on field oriented control (vector control) of 3 phase induction motor which

“explains the basic concepts of vector control, as applied to a 3 phase squirrel cage induction motor
and aiso explained in detail and in exact manner, the variables used in the related mathematical

“theory. The concept of space vectors, which perhaps the simplest means of presenting the concepts
of vector control, is also explained in detail. ‘

. B.K.Bose [7] has explained the principle of ‘Sinusoidal PWM with instantaneous .curren.t
control and SVM in detail. Space Vector Modulation (SVM) is an advanced and computational
intensive technique for control of AC drives. It is the best among all the PWM techniques [21-26].
SVM can be implemented by the representation of voltages in the a-B plahg [29]. The authors have
given a step by step procedure of generating the PWM pulse pattern for a voltage source inverter in
detail.

Various software packages for simulation have been proposed in the recent years, for
electronic circuits, like SPICE and SABER, power networks like EMTP and EUROSTAG or
specialized simulation of power electronic systems like SIMPLORER, POSTMAC, SIMSEN,
ANSIM and PSCAD. Such software packages offer a more or less user friendly énvironment, but

not-using the concept of visual design. More recently, a lot of attention have been given to libraries



of models for the various components of a power electronic system and electrical machines,
developed in the MATL AB/simulink environment, in order to explore the computational power and
flexibility and integrate the visual design facilities[41]. _
Artificial Intelligence (AI) techniques, such as expert system (ES), fuzzy logic (FL), artificial
neural network (ANN), and genetic -algorithm (GA) have recently expanded the frontier of power
electronics and motor drives which are already complex and interdisciplinary areas. Fuzzy logic and
neural network constitute the most important elements of Al and are often defined as “soft
computing” or approximate computation compared to hard or preciée computation. According to
George Boole, who published the articlé “Investigation of the Laws of Thoughts™ in 1854, human
beings think and take decisions on the basis of logical “yes/no” or “trﬁe/false” reasoning. This gave
birth to Boolean algebra and gradually became the basis of our modern digital computers. Lofti
Zadeh [28] argued that human thinking is often fuzzy or uncertain in nature and does not alwayé
follow crisp “yes/no” logic. He organized the “fuzzy logic” theory in 1965 and created a storm of
controversy in the intellectual community. Now fuzzy logic is often applied in the robust control of

a feedback system with parameter variation problem and the load torque disturbance.

1.4 CONCLUSION

From the above discussion it éan be concluded that the control of induction motor is very
necessary as it is the common motor used in industrial motion control systems, as well as in main
powered home appliances. Heﬁce a well establishéd induction motor drive which is simple, rugged,
low cost and low maintenance can serve the requirgd purpose. Many authors have published several
research papers on the control techniques of indﬁction motor. At the same time it is also necessary
to control the. output voltage of the inverter used in the drive. These control techniques are also
explained in the second chapter of this thesis. The modeling and MATLAB implementation of the
Vector Controlled Induction Motor Drive (VCIMD) is also explained in detail in the third chapter.
The implementation of PWM strategies in MATLAB Embedded Controller, I-8000 and the details
of the same controller is explained in the fourth chapter. Fifth chapter gives the results obtained in
the simulation of VCIMD in MATLAB environment and also the experimental results. Finally sixth

chapter gives the conclusions carried out in this work.



CHAPTER II

CONTROL STRATEGIES OF VSI

2.1 INTRODUCTION

A significant improvement in converter behavior has been achieved by means of closed loop
control techniques. A number of control strategies have been applied to three phase AC-to-DC
- converters some of which include sinusoidal pulse width modulation (SPWM), hysteresis current
control (HCC), indirect current control (IDC), SPWM with instantaneous current control, space
vector modulation (SVM). All these control strategies achieve the same steady-state characteristics,
but with different implementations, dynamic response, PWM patterns and harmonic contents. This
new breed of converters has been made possible mainly because of the use of modern solid-state,
self-commutating power seini-cbnducting devices sucﬁ as Power MOSFETs, IGBTs, GTOS, etc.
Because of the advances in solid state power devices and microprocessors, switching power
converters are used in more and more modem motor drives to convert and deliver the required
~ energy to the motor. _

Pulse Width Modulating (PWM) signals applied to the gates of the power transistors controls
the energy thatA a switching power converter delivers to a motor. PWM signals are pulse trains with
fixed frequency and magni_tude and variable pulse width. There is one pulse of fixed magnitude in
every PWM period. However, the width of the pulse changes from pulse to pulse according to a
moduiating signal.

When a PWM signal is applied to the gate of a power transistor, it causeé the turn on and turn
off intervals of the to change from one PWM period to another PWM period according to the same
modulating signal. The frequency of a PWM signal must be much higher than‘that of the
mbdulating signal, the fundamental frequency, such that the energy delivered to the motor and its
load depends mostly on the modulating signal.

In many industrial applications, control of the output voltage of the inverters is often

- necessary: ‘
1. to cope with the variations of the dc input voltage.
2. to regulate voltage of the inverters and
3. to satisfy the constant volts and freduency control . requirement.



2.2 ADVANTAGES OF PWM TECHNIQUES -

The major advantages of PWM based switching power converter over linear power amplifier
are:
Easy to implement and control.
No temperature variations and aging-caused drifting or degradation in linearity.

Compatible with today’s digital micro-processors and

VVVYV

Lower power dissipation.
2.3 VARIOUS VOLTAGE CONTROL TECHNIQUES OF THREE PHASE VSI:

A three phase inverter shown in fig.2.2 may be considered as three single phase
inverters and the output of each single-phase inverter is shifted by 120°. The voltage control
techniques mentioned above are appreciable to three phase inverters. However, the

following techniques are most commonly used for three-phase inverters[9].

1. Sinusoidal PWM

2. Third-harmonic PWM

3. 60° PWM

4. Space Vector Modulation

In this report, the main focus is on SPWM and SVM techniques.

2.3.1 Sinusoidal PWM

The SPWM technique is very popular for industrial converters. The basic principle of the
PWM technique involves the cqmparison of triangular carrier wave freqpency with the fundamental
frequency sinusoidal modulating wave. In this technique, there ;are three sinusoidal references .
waves or modulating waves (Vima, Vs, and viyc) each shifted by 120° as shown in fig2.1.

The three phase reference waves vma, Vmp, and vimc are represented as:

Vma(®t) = £ (m, wt)
Vma(ot) = £ (m, ot-(2/3)[]) - , ' :
Vinc(ot) = £ (m, ot+(2/3)[]) _ 2.1

where f (m, ot) denotes the modulating function employed .



The sinusoidal modulating function f (m, wt) = m sin (fn, ot). This modulating function can be
replaced with any other modulating function, such as third harmonic.

A carrier (triangular) wave is compared with the reference signal corresponding to a phase to
generate the gating signals for that phase. Comparing the carrier signal Vc.,- (or vy;) with the reference
phases Vma, Vms, and vmc produces gi, g3 and gs respectively as shown in fig. Then the.
instantanéous line-to-line output voltage is Vas= V(g1-g3). The output vbltage as shown in fig2.2 is
génerated by eliminating the condition that two switching devices in the same arm cannot conduct
‘at the same time. _

The fundamental frequency component in the inverter output voltage can be controlled by
amplitude modulation index, _

ma=Vn/ Ve . | @.2)
Where V , and V ; are the peak values of the modulating and carrier waves respectively. The

ainplitude modulation index m, is usually adjusted by varying V m while kéepipg V « fixed. The
frequency modulation index is defined by,
| C me=£, /£, | ' (2.3)

Where f;, and f,; are the frequencies of the modulating and carrier waves respectively.

The waveform of the fundamental frequency cdmponent,VLLl of inverter line-to-line voltage,
Vs is also shown ih fig 2.2 .The magnitude and frequency of Vi, can be independently controlled
by m, and f;, respectively. ' |

The operation of the switches S; to S is determined by comparing the modulating waves with
the carrier wave. When Vm, > Ve, the upper switch S; in inverter leg A is turned on. The lower
switch S operates in a complementary manner and thus is switched off. .The resultant iﬁverter
terminal voltage Van, which is the voltage of the phase A terminal with respect to the neéative dc
bus, is equal to the dc bus voltage V4. When vma<ve, S4 is on and S; is off, leading to Van=0 as
shown in fig2.1. Since the waveform of Van has only two levels, V4 and 0, the inverter is knbwn as
two-level inverter. | .

The normalized carrier frequency ms should be odd multiple of three. Thus, all phase-voltages
(Van.Ven and Vcen) are identical,v but 120° out of phase without even harmonics; moreover,
harmonics at frequencies multiple of three are identical in amplitude and phase in all phases. Thus,
the ac output line voltages Vap= Van— Ve does not contain the ninth harmonic. Therefore, for odd
multiples of three times the normalized carrier ﬁequenéy my, the harmonics in the ac output voltage

appear at normalized frequencies f;, centered around my and its multiples.



Because the' maximum amplitude of the fundamental phase voltage in the linear region (M <

1)is V;/Z, the maximum amplitude of the ﬁlﬁdamental ac output line voltage is Vapi(max) = \/é_ V2.

Therefore one can write the fundamental peak amplitude as

VaB1(max) = M&/EVS/2 for0O<M<1 | R

rier signel- Madulating signal

ST AR
IR R e

AN

Figure 2.1. Three phase sinusoidal PWM waveforms

Overmodulation: To further increase the amplitude of the load voltage, the amplitude of the

modulating signal Vy; can be made higher than the amplitude of the carrier signal V;, which leads .

" to over- modulation. The relationship ‘between the amplitude of the fundamental ac output line



-voltage and the dc link voltage becomes nonlinear. Thus, in the overmodulation region, the line

. Vs o ~ ~ 4 =V,
voltage region in, /3 —25- < Va1 = Via = Va1 < ;\/5 75 (2.5)

2.3.2 60-Degree PWM

, .The idea behind 60° PWM is to “flat top” the waveform from 60° to 120° and 240° to 300°.
The power devices are held ON for one-third of the cycle (when at full voltages) and have reduced
switching losses. All triple harmonics (3%, 9%, 15%, 21% 27", etc.) are absent in the three-phase

% voltages. The 60° PWM creates a larger fundamental (2/ «/5 ) and utilizes more of the available dc
voltage (phased voltage V, = 0.57735V; and line voltage V1=V) than does sinusoidal PWM[14].
The output waveform can be approximated by the fundamental and the first few terms as shown in
fig.2.2

oulput

o | R 2%
Where, Vjy(x)--—--- 60f’ PWM output

Vi(x) ------ fundamental
V3(X) ------ third harmonic

Figure 2.2. Output waveform for 60° PWM
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2.3.3 Third-Harmonic PWM

This technique is implemented in the same manrier as sinusoidal PWM. The difference is that
the reference ac waveform is not sinusoidal but consists of both a fundamental component and a
third-harmonic component as shown in fig 2.3 As a result, the peak-to-peak amplitude of the
~ resulting .reference function does not exceed the DC supply voltage V;, but the fundamental

componént is higher than the available supply V.
The presence of exactly the same third-harmonic component in each phase results in an

effective cancellation of the third harmonic component in the neutral terminal, and the line-to-line

phase voltages(Van, Ven and Vcy) are all sinusoidal with peak amplitude of | V, =V \/g =
- 0.57735V;. The fundamental component is the same peak amplitude V,; = 0.57735V; and the peak
line voltage is Vi = \/g V, = \/5 * 0.57735Vs; = V,. This is approximately 15.5% higher in
amplitude than that achieved by the sinusoidal PWM. Therefore, the third-harmonic PWM provides
better utilization of the dc supply voltage than the sinusoidal PWM does.

- ‘Where, Vy(x) ----—-- Third-Harmonic injection . -
Vi(x) ----- fu'ndamenta_l |

V3(x) ------ third harmonic

Figure 2.3. Oiltput waveform of third-harmonjc PWM
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2.3.4 Space Vector Modulation

Space Vector niodulation (SVM) technique was originally developed as a vector approach to
pulse-width modulation (PWM) for three-phase inverters. It is a more sophisticated technique for
generating sine wave that provides a higher voltage to the motor with lower total harmonic
distortion. It confines space vectors to be applied according to the region where the output voltage
vector is located. A different approach to PWM modulation is based on the space vector
represehtation of voltage.in the - plane. The Space vector modulation technique is an advanced,
computation intensive PWM technique and is possibly the best among all the PWM techniques for
drives applications. Because of its superior performance characteristics, it is been ﬁndmg wide
~ spread apphcatlon in recent years

One of the most preferred pulse width modulation (PWM) strategies today is space-vector
modulation (SVPWM). Thislkind of scheme in voltage source inverter (VSI) drives offers improved
bus voltage utilization and less commutation losses. Three-phase inverter voltage control by space
vector modulation includes switching between the two active and zefo voltage vectors so that the
time interval times the voltages in the chosen sectors equals the command voltage times the time
period Within each switching cycle. During the switching cycle the reference voltage is assumed to
be constant as the time period would be very low. By simple digital calculation of the switching
time one can easily implement the SVPWM scheme. However, the switching sequence may not be
unique. |

The three-phase full-bridge circuit with six semiconductor power switches is shown in fig.2.4.
Vd and Vq are the d-q voltage components of the output voltage vector v(t) which is generated by d-

q current controllers.
2.4 SPACE VECTOR MODULATION(SVM)
2.4;1 Definition
Space Vector Modulation(SVM) is a digitally modulating technique where the objective is to
generate PWM load line voltages that are in average elqual to a given (or reference) load line

voltages. SVM is quite different from the other PWM methods. With PWMs, the inverter can be

thought of as three separate push-pull driver stages, which create each phase waveform

12



independently. SVM, however, treats the inverter as a 'single unit; specifically, the inverter can be
driven into eight unique states. Modulation is accomplished by switching the state of the invérter.
The control strategies are implemented in digital systems. -.

SVM was originally developed as a vector approach to PWM for three phase inverters. It is a
more sophisticated technique for generating sine wave that provides a higher voltage to the motor
with lower total harmonic distortion. It confines space vectors to be applied according to fhe regioﬁ

where the output voltage vector is located.
2.4.2 Features of Space Vector PWM

The main aim of any modulation technique is to obtain variable output (voltage) having a
-maximum fundamental component with minimum harmonics.

During the past years many PWM techniques have been developed for allowing the inverters
to posses various desired output characteristics to achieve: '

e Wide linear modulation range

e Less switching losses

e Lower total harmonic distortion(THD)

The SVM technique is more popular than conventional PWM technique because of-the
following excellent features:

. .It achieves the wide linear modulation range associated with PWM third harmonic -
inj éction autdmatically, | _

e It has lower base band harmonics than regular PWM or other sine based modulation -
methods or otherwise optimizes harmonics[30].- |

® 15% more output voltage than conventional modulation, that is better DC link 'utili.zation.

e More efficient use of DC supply voltage |

e SVM increases the output capability of SPWM without distorting line-line output voltage
wave form. } '

e Advanced and compufation intensive PWM technique..

e Higher efficiency.

¢ Prevent unnecessary switching eind hence less commutation losses[21].

e A different approach to PWM modulation based on space vector representation of the

voltages in the a-f plane.
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2.4.3 Space Vector(SV) concept:

The concept of SV is derived from the rotating field of AC machine which is used for
modulating the inverter output voltage[21-26]. ‘ |
~ In this modulation technique, the three phasé quantities can be transformed to their equivalent
two phase quantity either in synchroﬁously rotating frame or stationary frame. From this two phase
;éomponent, the reference vector magnitude can be found and used for modulating the in\}erter
oufput. The process of obtaining the rotating space vector is explained below, considering the
stationary reference frame. |
Let the three phase sinusoidal voltage components be,
Va = Vo sin (ot) |
Vp= Vi sin (ot-271/3)
V, = Vpsin (ot-47/3) | | | (2.6)
When this three phase voltage is applied to the AC machine, it produces a rotating flux in the
air gap of the AC machine. This rotating flux component can be represented as a single rotating
voltage vector.
The magnitude and angle of the rotating vector can be found by means of Clark’s
Transformation as explained below in the stationary reference frame.

The representation of rotating vector in complex 'plane is shown in fig.2.1.

" Space vector representation of the three phase qliantity:

V'=V,+jVg = 23(VataVy+a’Vy) Q.7
wherea=e jams3
* 2 2 -1
‘V. = ’\/Va +-VB And a=tan" (Vp/ Vy)

V' =V, +jV, 23(Vat+ eV, +e PPV

= 2/3(Vatcos(2n/3)Vyt+cos(Rn/3)V)+
j 2/3(sin(2n/3) Vy -sin(27/3) Vo) 2.8)
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Equating real and imaginary parts:
Vo = 2/3(Vgtcos (2n/3)Vyt+cos (2n/3) V) | 2.9
Vp = 2/3(0V,+sin (2n/3) Vy, -sin (27/3) V) (2.10)

, , v,
Vo | > 1 cos(2m/3) cos(2w/3) v
Vg 0 sin(2n/3) -sin(2n/3)|| "

' Vv
1 -1/2 -1/2 “
= 23 vV, 2.11) -

0 3/2 —+f3/2

v

8
Modulating . 1
vector Y‘. = {v)ap Vy= ‘ Sector number

V7 and V3 are zero vectors

Figure 2.4. Representation of rotating vector in complex plane

15

~



2.4.4 Generalization of the SVM::

Five steps can be identified to implement the SVM for VSI [33]:

1. Deﬁnition of the possible switching vectors ‘in the output voltage space: In this step, it is
possible to include a co-ordinate transformation in the output voltage space, to simplify its
representation.

2. Identification of the separaﬁon planes between the sectors in the output voltage space: The
separation planes are required in an algorithm that determines the sector where the desired -output
voltage vector is located. |

3. Identification of the boundary planeé in the output voltage space: The boundary planes
define whether a given voltage vector can be implemented by the inverter. If it is possible to
implement this voltage vector, go to 4th step.

4. Obtaining the decomposition matrices: The decompositidn matrices allow computing the -
time duration that each switching vector should be applied in a sampling period. |

5. Definition of the switching sequence: Finally, the switching sequences are selected to

minimize an additional quantity, which can include.

° Commutation losses
e _ THD, in some inverters
° . ‘"The unbalance of the DC bus neutral point

In the following sections methodology is applied to three phase three wire inverters.
2.4.5 Three-phase three-wire VSI: Modeling of SVM

Here the concepts of SVM are applied to three phase three wire inverter as shown in fig2.5. It
is assumed that S; and S, S; and Sg as well as Ss and S, are switched in complementary way. Thus
there are 8 possible switching vectors presented in table 2.1.

It can be verified that the output voltage space of the inverter shown in fig.2.4 is two
dimensional, because if two voltages are known, for instance V,, and Vi, fhé third Ve, is implicitly ‘

-defined. In order to simplify the practical 1mplementat1on, it is useful to transform the coupled three
phase system in a decoupled two-phase system by using one orthogonal linear transformation,

called ap transformation, given by,
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where a,b and c are switching variable vectors
Figure 2.5.Three phase three wire VSI
Then the output voltage space can be constructed by projecting the leg-voltage space onto a
two-dimensional plane orthogonal to the [1 1 1]7 vector in abc co-ordinates. This can be
accomplished by applying equation 2.7 to the eight switching vectors in table 2.1.

2.4.5.1 Switching pattern and switching vectors

In the new co-ordinate system (ofy), there are 6 non-zero vectors (whose extremes are the
vertices of a regular hexagon), which have a phase angle of 60° among them, with amplitude equal

to 2/3. In addition there are two vectors with amplitude equal to zero, as shown in fig.2.4.

a= l;itop switch in leg ‘a’ is ON.

a = 0; lower switch in leg ‘a’ is ON.

b = 1; top switch in leg ‘b’ is ON.
b=0; loWer switch in leg ‘b’ is ON.

17



c = 1; top switch in leg ‘¢’ is ON.
¢ = 0; lower switch in leg ‘c’ is ON.

Where a, b and ¢ are switching variable vectors.

Siate 1:[1 0 0] Blate 1:(1 0 0] Saats 3:[01 B}
Ty { ] + | | + \l \I

Vde ™ ™ T Ve ™ ™ Vde

A B c A B c A B c

State 4310 1 1] © Sate B0 0 1] $tate 6: [1 © 1]
* | * ’ ] + \|
vee ) . vde N D vde

A 8 < A B c A 8 C

Siate 0: [0 0 0} State 7:(1 1 1)
+ \l \l \’ -
- \ta vde

a

Figure 2.6. Possible switching pattern of the inverter

2.4.5.2 Separation and boundary planes

From fig.2.4, it is possible to identify 6 sectors between two adjacent vectors to the command

vector V. The separation planes of these sectors can be defined by the following equations:
PS;: Vg + «/§Va =0
PSy: Vg —+/3V, =0
PSs: VB =0 (2.13)
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On the other hand the boundary planes of each sector are presented in table 2.2.

Voltage Switching Vectors Line to neutral voltage | Line to line voltage

Vectors a b < Vau Via Veu Vab Vie Ve
Vy 0 0 0 0 0 0 0 0 "0
Vv, 1 0o | o 2/3 -113 | -1/3 1 0 -1
v, 1 1 0 13 173 | -23 0 1 -1
v, 0 1 o | -3 | 23 | -1 -1 1 0
V4 0 1 1 -2/3 1/3 1/3 -1 0 1
Vs 0 0 1 A3 | 13 | 23 0 -1
Ve 1 0 1 1/3 =213 173 1 -1 0
vV, 1 1 1 0 0 0 0 0

(Note that the respective voltage should be multiplied by V. )

Table 2.1. Possible switching vectors of three-phase three-wire VSI.

Sector Plane

S; PL;: VB+J§Va—J§=O
Sz | PL,: Vz—+/2/2=0

S3 PL;: V3 —+/3V, —42=0
S+ | PLy: V3443V, +4/2=0
Ss  PL;: Vp++/2/2=0

S PL;: V3 —+3V, +42=0

Table 2.2. Boundary planes of the three-phase three-wire VSL
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2.4.5.3 Decomposition matrices

It is assumed that the command vector V is into the sector 1 and the implemented switching
- sequence is Vo, V1, V2, Vg, Va, V1,V . That is switching vectors utilized are Vi, V, and V,/Vy , and

the duration times associated to each vector are T;, T, and Ty respectively.

Therefore the average output voltage vector of the inverter in a sampling period is equal to A

if the following equation is satisfied.

Vi.Ti+ Va.To + Vo.To = V. Ts - | (2.14)

Where T1+T,+Ty = Ts (or T;), sampling period

Revﬁ‘iting equation (2.9) in the matrix form;

v, v, V|0 v |
1 2 0
T . T, 2.15
[ 1 1 1 jl 2 { ] :| 2.15)
It is important to observe that the last row added to the matrix of switching vectors makes this

matrix non-singular. This is desirable because the computation of the duration times can be carried

out in a unique way,

Tll Va. .
ie. | T, | = M. VB T : (2.16)
' T, 1
-1
VvV, V, V
Where M, = ! 2 0
1 _ 1 1

Where V, and V  are the components of the command vector V and M, is the decomposition

matrix associated with sector 1.
2.4.5.3.1 Duration times of sector 1:

The duration times Tj, T; and Ty of sector 1 are determined as follows[9][38]:
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0<—45 >
Figure 2.7. Reference vector as a combination of adjacent vectors at sector 1.
T, T__ T+T_ T,
[Vigdt = [Vidt +  [Vadt +  [Vodt @.17)
0 0 T, T+T,
= T.. Vet = T1.V; + T,. V, (2.18)
— cosaL 1 — [cos(r/3)
=T, Vref} e @) Ve | |+ @B Ve | | 2.19)
' sino 0 ’ sin(z/3)
(Where 0 < a <-60°)
Equating two rows and simplifying, we get,
' . T
sin(— —a.)
T, = T,.a.—3 2.20)
sin(%)
3
sin(a)
and T, = T, - 2.21)
sin(—)-
3
To = T,—(T1+ T3),

}vrt\af
[ where T,= 1/f; | and a= I ]
gvdc

2.22)
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Where T; , Tz and Ty represent the time widths for vectors Vi, V, and Vj respectively. Ty is
the period in a sampling period for null vectors should be filled. '
As each switching period (half of sampling period) T, starts and ends with zero vectors, that is

there will be two vectors T, or four null vectors per Ts, duration of each null véctor is To/4. .

2.4.5.3.2 Switching time duration at any sector:

VBT, Vet | T (1: n-1 ) |
T = {sSm| ——a+ (1 (2.23)
| Ve, L \3 3 |
‘\/g.TZ.Vref i . ( T )
= ——/Smn——uo
Vi B 3
‘\/g-Tz-vref l: . n n . jl
-{ SIN—T.COSOL — COS—T.SIn O
=V, 3 3 (2.24)
*/§-Tz-vref . ( n-—1 j _ . .
Ty = ———|smm|a———= (2.25)
Vdc 3 :
\/§Tz vref [ . — n—1 .
——— | —SIN——N.COSO + COS——T.SIn O
= v, 3 3 2.26)
To = T,-Ti -T2 (2.27)

where n =1 through 6 (i.e. sector 1 to 6) and 0 <a <60°)

Note: The null time.has been conveniently distributed between the V, and V; vectors to
‘describe the symmetric pulse width. Studies have shown that a symmetric pulse pattern gives
minimal output harmonics. ‘ | |

Fig.2.8 gives the switching patterns of each thyristor in each sector and tabie 2.3 gives the

switching time table of each thyristor at each sector.
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2.4.5.3.3 Determining switching time for each thyristor:
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Figure 2.8. Space vector PWM switching patterns at each sector
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- Sector | Upper Switches (S, S, 8s) | Lower Switches (S, 3; 8))

S =2T+T+T 2 2Ty 2

1 |Sy=TptTof2 Se= T + Ty /2
55 = Tnfz Sg = Tj'l‘Tg*To 2
Sg=T1+T012 S4=T2+T0}2

2 S3zT1+T2+T0f2 S6=T012
S{; = Tg 2 SZ = Tg‘f‘Tz‘('Tg 2
5,2Ty2 8= T, 12

3 35=T1+T2+ch2 Ssﬁ'l},ff? .
Ss“Tg'f‘Tom .Sg=T1-i-Tu!2
31 = TD i2 84 = T1+72+Tg 2

4 S,=T+ T2 Se=Ty+Tgl2
$5=T1*T2+Tg_!2 83=T912
S, =T+ Tyf2 ' S, 2T+ Tg/2

5 53 = Tn i2 56 = T1+TQ+T° 2

: Sg=T1+T2+Tofz Sg=T°]2 s

S1=T1+T2+Tg!2 .S4=T°}2

6 [S;=Tp | Sg = Ti+TpeTof2
Ss=T +To/2 S22 Ta+To/2

Table 2.3. Switching time table at each sector

2.4.5.4 Switching sequence

The SV sequence should assuré that the load line voltages have the quarter-wave symmetry to-

reduce even harmonics in their spectra. To reduce the switching frequency, it is also necessary to
arrange the switching sequence in such a way that the transition from one to the next is performed
by switching only one inverter leg at a time. Althéugh there is no systematic approach to generate

an SV sequence, these conditions are met by the sequence V. V,, Vuu, V. (where V, is

. alternatively chosen between Vy and V7). The switching pattern in each sector can be seen in fig.2.8.

Using the same concepts explained in the previous section, table IV presents a symmetric
switching sequence, where the 3 legs of the inverter switch at high frequency, resulting in an output
voltage with low THD. Another switching sequence is also shown in table.2.4, which reduces the

commutation losses due to the fact that in each sector one leg commutates at 60 Hz.
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Sector -Symmetric-sequence One leg at 60 Hz
Si ' ' Vo-Vl-Vg-V7-V£-V1-V0 ' V1-V,-V;-V,-V;
S, Vo-V3-V3-V7-V5-V3-Vy = V2-V3-V-V3-V,
S3 V0-V3-V4-V7-V4-V3-Vy V3-V4-V7-V4-V3
Sy Vo-Vs5-V4-V1-V4-V5-V V4-V5-Vo-Vs-V,
Ss V0-V5-Vg-V7-V4-V5-Vo ‘} V5-V6-V7-V6-Vs
S Vo-Vi-VeV7-VeVi-Vo Ve-V1-Vo-V1-Vs

Table 2.4, Switching sequences for the three-phase three-wire VSI

2.4.6 Output waveforms of space vector modulation:

The instantaneous phase voltages can be found by time averaging of the SVs during one |

switching period for sector 1 as given by[9],

V, (-T T, V.. (= .
=5 +T+T, +-% [=—=sin| —+0 2.28
N 2Ts( 2 1772 2J 2 (3 ) (2:28)
V. (=T T : 3. ¥/
Vi = '8 Z_ T 4+T,+-2|=vV. X sinl 6-—= ' 2.29
bN 2Ts[ > 1+ 12 ZJ s Sm( 6) | (2.29)
V. (-T, . T -
= —T—Ty +-2% |=-Vy 2.30
® oN 2Ts( > h~lh 2) (2.30)

To minimize characteristic harmonics in SV modulation, the normalized sampling frequency
" £, should be an integer multiple of 6; that is,
T>6nT, for n=1,2,3....
This is due to the fact that all the six sectors should be equally used in one period for
producing sjmmetric line output voltages. As an example, fig.2.10 shows typical waveforms of an

. SV modulation for f;, = 18 and M=0.8.
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() Méa,uiaiing‘ signals

| (b) Switch S, state

e i
o . 90 80 .. 270
o . (&) Switch Sy state

.. (d) Ac output voltage spectrum

.. Figure 2.10. Three phase waveforms for space vector modulation ~ (M=0.8, f;;=18)[9]

2.5 CONCLUSION

From the above discussions, it can bé concluded that SVM technique is superior PWM
technique for three phase inverters drives compared to the-traditional PWM techniques. The
s1gmﬂcant advantages of SVM are the ease of microprocessor 1mplementat10n and the fact that the
waveforms produced are very nearly loss mininised. But sinusoidal PWM technique is easy for

_1mplementat10n.
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CHAPTER III

MODELING AND IMPLEMENTATION OF VECTOR CONTROLLED
. INDUCTION MOTOR DRIVE (VCIMD) IN MATLAB ENVIRONMENT

3.1 INTRODUCTION

There are various issues attached to the driving of the motor apart from the nonlinear
characteristics of the induction motor. Now these issues are discussed briefly. Earlier motors tended
té be over designed to drive a specific load over its entire range which resulted in a highly
inefficient drive, as a significant part of the input\ powér was not doing any useful work. Most of the
~ time, the generated motor torque was more than the required load torque. |
~Moreover,'iche steady state motoring region for an induction motor is restricted from 80% of
~ the rated speed to 100% of the rated speed due to the fixed supply frequency and the number of
poles. Further, a very high inrush current is drawn by induction motor during starting due to
absence of back EMF at starting. This results in high power losses in the trarismission line and also
in the rotor, which will eventually heat up and may fail due to insulation failure. This high ini'ush
current may- also cause a voltage dip in the supply line, which will affect the performance of other
utility equipment connected on the same supply line.

When the motor is operéted at a minimum load (i.e. open shaft), the current drawn by the
motor is primarily the magnetizing current and is almost purely inductive. As a result, the PF is very
low, typically as low as 0.1. The magnetizing current remains almost constant ove r the entiré
operating range, from no load to full load. Hence, with the increase in the load, the working current
begins to increase, the PF will also improve. | '

When the, motor operates at a PF less than unity, the current drawn by the motor is not

sinusoidal in nature. This condition degrades the power quality of the supply line and may affect the

performance of the other equipment connected to the same supply line. The most important thing to

consider while operating the motor is, it is often necessary to stop the motor quickly and also to
reverse it. In many applications like cranes or hoists, the torque of the drive motor may have to be
controlled so that the load does not have any undesirable acceleration. The speed and accuracy of

stopping or reversing operations improve the productivity of the system and the quality of the

product.
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In the app_licétions such as fan, blower, pump, etc., the input power is a function of the speed.

In thése type of loads, the torque is proportional to the square of the speed and the power is

proportional to the cube of the sfaeéd. Hence, variablé spéea, depending upon the load requkemgt,

;;fovides signiﬁcan:cﬁc;nergy saving. A reduction os 20% in the operating speed of the motor from its
rated speed will result in an almost 50% reduction in the input power to the motor. This is not
possible in a system where the motor is directly connected to the supply line.

When the supply line is delivering the power at a PF less than unity, the motor draws current

T —

rich in harmonics. This result in higher rotor loss affecting the motor life. The torque generated by

the motor will be pulsating in nature due to harmonics. At high speeds, the pulsating torque"
frequency is large enough to be filtered out by the motor impedance. But at low speeds, the
~ pulsating torque results in the motor speed pulsation. This results in jerky motion on motor and
affects the Bearings’ life. |

‘Hence, all the above mentioned problems are faced by both consumers and the industry. Thus,
~ it is strongly recomméndgd for an intelligent motor control. Thus, as mentioned in chapter 1, with
the advancement of solid state device technology (BJT, MOSFET, IGBT, SCR, etc.) and IC
fabrication technology, which gave rise to high-speed microcontrollers and microprocessors capable

of executing real-time complex algorithm to give excellent dynamic performance of the AC

induction motor.
3.2 CONCEPT OF VECTOR CONTROL

As explained earﬁer, with vector control, it is possible to achieve high dynamic performance
equivalent to that of a separately excited DC motor, in variable speed AC drives. Therefore a vector
controlled induction motor drive(VCIMD) can be used in the place of a dc motor as the induction
motor is smaller, mechanically more rigid, less expensive, maintenance and sparking free as it does

not have commutator and brushes.
3.2.1 Controlled quantities in vector control
Like in a dc motor, tofque is produced in the induction motor by the electromagnetic

interaction of current in the rotor conductor and the magnetic flux density in the air gap to which the

rotor is subjected. But in three phase induction motor of squirrel cage type, all the electrical ihputs
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. are given to stator only. It is neither convenient nor practical te sense the rotor currents as there is
no electrical connectlon to the rotor. '

~ The currents flowing on the stator coils are primarily responsible for two things:

1. inducing currents in the rotor . ' |

2. creating magnetic field in the airgap {‘

The technique of vector control is based on a method of separating out these basic two
functions of the stator current. In a VCIM, the current flowing in the stator phase is the sum of two
,compon‘ents at every instant — one component known as field component responsible for producing
the magnetic field in the airgap and the other component known as torque component responsible
for inducing the torque by inducing the corresponding current in the rotor conductors.

~ The necessary computatlon for determining the torque component and the field component of

] each stator phase current is done online by suitably programmed computing blocks (MATLAB —
Simulink blocks are used in this work). Then a closed loop controller compares the torque
component against the demanded torque. The demanded torque is the reference input provided by
an outer speed‘ control loop. This.loop determines the necessary change to make he torque
component equal to the demanded torque. In a similar way there is a control loop for field control.
This loop compares the computed value of the field component against the field reference. The field
reference has a constant value at all speeds below the base speed as in the case of a DC motor. To
1mp1ement field weakenmg above the base speed, the reference input to the field controller is
reduced. In either case, the field control loop compares the computed value of the actual field
component against the field reference. This loop determines the change, if any, necessary to make
the actual field component equal to the commanded value. '

In this manner, the torque control loop determines the required change in the torque
component and the field control loop determines the change required in the field component. These
two individual values of the required c_hanges are added to get the total change required in the
output current of the inverter. The inverter switching times are appropriately modified to implement’

- the required total change.
3.2.2 Mathematical analysis and simulation of vector control :

The proposed field oriented control scheme shown in fig.3.1 uses three control loops namely,

the flux control loop, torque control loop and current control loop. It utilizes the rotor speed to
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derive the field coordinates (igs and,iqs*, i.e. the flux producing componerit and the torque producing
comﬁonent) of the stator current vector. The reference torque T" is computed in torque control loop.
For the same error signal o) obtained from the rotor speed o and its reference counterpart @, is
used. T is used to compute the reference value of torque producing component (iqg*) of the stator
current vector is. .

Each and every subsystem of the block diagram shown fig. 3.1 is modeled individually by
using a definite set of equations and then all the subsystems are integrated to obtain the desired
vector control for an induction motor. The description and modeling of the different subsystems is

given in the following sections.
3.2.2.1 Mathematical Model of Induction Machine:

The squirrel cage induction motor is modeléd using d-q theory in the stationary reference
frame so that we get less number of equations and the analysis becomes eésy. The voltage-current
relationship in the stationary reference frame of the induction motor in terms of the d-q variable is
expressed as [1]:

[]=[R]i]+[L]pli]+ 2[GT1] 3.1
Therefore by simplifying equation (3.2), the current derivative vector can be expressed as

follows:

plil=1L]" {v]-[Ri]- #lG]i]} (3.2)
where ‘p’ is the differential operator (d/dt) and ‘w’ is the rotor speed in electrical ‘rad/sec’.

Current and Voltage vectors are given as follows:
. . . . . T
[l]' = [lqss zds's R lqrs ldrs] (3 '3)
_ ' ‘

[V] = [vqs.v vds.v vqrs v.drs] ’ . (3 '4)
where Vgss and v, are the g- and d-axis voltages applied across the stator windings referred to
the stator and v, and va are the q- and d-axis voltages across the rotor windings referred to the
stator. As the rotor bars are short circuited in a squirrel cage induction motor, the voltages Vgrs and .
Vars are zero. Similarly the currents are also defined. [L] is the inductance vector, [R] is the |

resistance vector and [G] is the rotational inductance matrix and have the usual meaning. All the

voltages and currents are expressed in the stationary reference frame.
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Figure 3.1. Basic block diagram of Vector Controlled Induction Motor Drive

3.2.2.2 Speed Controllers:

In this work, four different speed controllers have been used. Each speed controller has been
modeled separately as given below. Each speed controlled is followed by a limiter. Generally the
speed error, which is the difference of reference speed and actual speed, is given as input to these
controllers. These speed controllers process the speed error and give torque value as an output. Then
the toque value is fed to the limiter which gives the final limited reference torque. The speed error at
any nth instant of time is given as: ' ‘

Dy o) = Drte) = Dt ' -GS
where @,y is the reference speed of the motor

®ym) is the actual speed of the motor
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Various speed controllers used in this work are explained in the below sections.

3.2.2.2.1 Proportiohal Integral (PI) speed controller

- The PI speed controller is the simplest speed controiler compare to any other speed controller.
The general block diagram of the PI speed controller is shown in fig 3.2. The output of the speed

controller at nth instant is expressed as follows:

T n-1) + K §2 {mre(n) - a)re(n—l) } + Ki a)re(n) : (3 . 6)

m =1

(
where Ty, is the torque output‘ of the speed controller at the n instant.
‘ K, and K;; are proportional and integral gain constants

@, ¢(n-1) 1S the speed error at (n-1)th instant

W, - T
- » K, . ————»@——»
. .
K; -
Fm=l

Figure 3.2 Block diagran{ of PI speed controller

h 4

The PI speed controller gain parameters shown in the block diagram and the equation (3.4) are
selected by trial and error basis by observing their effects on the response of the drive. The
numerical values of these controller gains depend on the fatings' of the motor and they are presented
in the Appendix-B for the motor drive system used in Athis work. | |

The MATLAB/simulink model diagram of the PI controller in discrete time is shown in

fig.3.3. As seen in figure, using the proportional and integral gain parameters namely, k, and k;

respectively along with the limiter, the reference torque is calculated in accordance to the motor

rating used.
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Gain1

Figure 3.3 MATLAB model for Proportional Integral (PI) Controller

.3.2.2.2.2 Fuzzy Logic (FL) speed controllers

The conventional speed controllers for vector controlled induction motor drive (VCIMD)
suffer from the problem of stability, besides these controllers show either steady state error or
sluggish response to the perturbation in reference setting or during load perturbation. The motor
control issues are traditionally handled by fixed gain PI and Proportional-integral-derivative (PID)
,controllers. However, . the fixed-gain ‘ccl)‘ntrollers are very sensitive to parameter Variaﬁons, load
disturbances, etc. Thus, the controller parameters have to be continually adapted. However, it is
often difficult to develop an accurate system mathematical model due to unknown load variation,
temperature variations, unknown and unavoidable ?arameter variations due to saturation and system
disturbances. In order to overcome the above problems, recently, the fuzzy-logic controller (FLC) is
being used for motor control purpose. The mathematical tool for the FLC is the fuzzy set theory
introduced by Zadeh [28]. As compared to the conventional PI, PID, and their adaptive versions, the
FLC has some advantages such as:

-1. It does not need any exact system mathematical model.

2. It can handle nonlinearity of arbitrary complexity.

3. It is based on the linguistic rules with an IF-THEN general struéture, which is the basis of
human logic. |

However, the appiication of FLC has faced some disadvantages during hardware and software

implementation due to its high computational burden.
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MODELING OF FUZZY LOGIC BASED SPEED CONTROLLER:
A. Variables of input and output for controller:

The block diagram of speed control system using a fuzzy logic controller (FLC) is shown in
fig.3.4 In order to establish the FLC, firstly, variables of the input and the output for the controller
must be clearly defined. Though the FLC can have several observed values as inputs, the most
significant variables entering the FLC have been selected as the speed error (w) and its time
derivative i.e. change in error (Aw(n)). The output of this controller is the torque, T.

At a sampling time n, the input variables are expressed as

re (1) = @ "(n) — () - | - (.7)
Awre(n) = 0y (0) — Wre(n-1) (3.8)

Where o, and w, are reference speed command and the actual speed of the induction motor.
B. Fuzzy variables and control rules:
In order to obtain better control results, it is necessary to use appropriate number of fuzzy

variables and to formulate appropriate control rules. In this study, we use the fundamental seven

| kinds of fuzzy variables as follows:

NL : Negative Large PL : Positive Large
NM : Negative Medium - PM : Positive Medium
NS : Negative Small PS : Positive Small

_ ZE : Approximately Zero

The next step is to decide the appropriate shape of the membership functions for we and we,.
More fuzzy sets in w, and we. will lead to higher precision in this input space. Hence seven fuzzy
sets are assigned to each of the inputs in their respective universe of discourse. Consequently, if the
number of fuzzy sets in a pa1ﬁcular universe of discourse is increased to infinity, then all fuzziness
will be lost and it will be equivalent to a conventional input domain. To simplify mathematical
.computations, the shape of the fuzzy sets on the two extreme ends of the respective _uﬁivérse‘ of

discourse is taken as trapezoidal whereas all other intermediate fuzzy sets are triangular. This is

illustrated in fig.3.5.
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Figure 3.5 Fuzzy sets considered for speed control

The control rules for the FLC can be described by language using the input variables w, and

Wee, and the output variable, T. For example the i-th control rule can be usually written as:

Rule i : if w, is F; and we. is G; then T is H;.

Where F;, G; and H are fuzzy variables.

In general, it is difficult to formulate control rules for an unknown system. However, we
already know the system and can predict a step response of the motor speed. Therefore it is
comparatively easy to formulate control rules.

The typical step response of the speed from 0 rpm to a set value as shown in fig.3.6
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Tine
Figure 3.6. Step Response of the speed

The characteristic points are shdwn with dots in this figure. To formulate control rulés, itis-
necessary to examine the condition at each characteristic point and to consider the relation among E,,
Er (dot) and AT, so as to bring the step response close to the set speed value. The fuzzy rule table
used in this work is given in table 3.1 [35].

Figure 3.7 shows the simulink model block diagram for the FL speed controller. The two
inputs namely speed error and change in speed error are properly scaled and fed to the MATLAB
fuzzy logic controller. The defuzzified output 6f the FL block is scaled by proper scaling factor and

after limiting, forms the reference torque for the vector controller.

Saturation

Fuzzy Logic
Controller

Figure 3.7 MATALB model for Fuzzy Logic (FL) speed> controller
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Ammm’e NB| NM| NS | ZE | PS PM | PL
NB - NB | NB

NM | NB NB | NB

NS | NB | NM | NM | NM [ PM
ZE | NB | NM | NS | ZE | PS PM | PB
PS | NM 1 Ps PS PM

PM | ‘ PM | PB | PB

PL | PM | PM | PB

Table 3.1 Logic rules for Fuzzy Logic (FL) speed controller

3.2.2.2.3 Hybrid speed controller

A hybrid fuzzy controller for a VCIMD is presented in this section. The hybrid fuzzy
controller consists of proportional-integral (PI) control at stea\dy state, fuzzy logic (FL) control at
transient state and a simple switching mechanism between steady state and transient states, to
achieve satisfied performémce under steady state and transient conditions[27].

The major disadvantagé vﬁth FL control is the presence of steady state error on load.
Therefore, to eliminate this disadvantage it is necessary to combine this FL controller with another
simple suitable controller, such as PI speed. controller which is capable of removing the
disadvantage of FL controller. A switching miechanism is incorporated between FL and PI
controllers such that near the operating point the PI controller takes over action eliminating the
disadvantage of FL controller. Similarly, when away from the operating point FL controller
~ dominates and eliminates the errors due to PI such as occurrence of overshoot and undershoot in the
drive response. ’

Hence, a speed controller where the weighted combination of' two controller outputs
contributes to the net output is called Hybrid Speed Controller. |

. In this work, the total operating region is divided into four regions narﬁely A,B,Cand D in
which only FL controller takes over action outside these regions i.e. away from the ‘operating point,

only PI controller takes over action near the operating point and both PI and FL acts in the regions
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"A,B,CandDina particular ratio. Fig 3.8 shows the pattern 6f combination of torque outputs of PI

and FL speed controllers respectively as a function of speed error scaled with in a suitable range.

Fuzzy Logic Fuzzy Logic

]
| Region A |
| 1
v 1

Proportiohal Inegral
1
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1.0 .06 0.0 D6 1.0
- S rafpu) —

Regian B

: RegionD Repion C

= Prnpuriiunal Inegral .

Figure 3.8 Contribution of FL and PI controllers in hybrid controllérs
The net torque output of the hybrid speed controller is expressed as:

T = Wrrk T e + Were T pi | (3313)
where k=A, B, Cand D ' _
T refers to the torque output of thev FL speed controller in the k™ region of the
combination pattern, T pix refers to the torque output of the PI speed controller in the k™ region -of
combination pattern and Ty refers to the net output torque of the hybrid speed controller from the k™
region of combination pattern fed to the limiter.

For ease of the mathematical calculation, four sub regions in the combination ‘pattern are

defined as below with respect to fig 3.7.

Region A : Speed érror between 0.6 pu and 1 pu
WrL = 1.0 ' '

We1 = 1- @y epu ‘

Region B: Speed éfror between 0.0 puand 0.6 pu
WrL = (1/0.6) &y

Wpr=1 - & e(pu

Region C : Speed error between -0.6 pu and 0.0 pu
WeL = ~(1/0.6) @y e(pu
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Wpr=1+ o, e(pu

Region D: Speed error between -1pu and -0.6 pu
WFL = 1.0

Wp = 1+, e(pu)

where Wy, refers to the weight of the FL speed controller, Wpy refers to the weight of the PI
speed controller and @, ¢(pu) repre'senfs the épeed error in pu scale.

Figure 3.9 shows the MATLAB/simulink model for the hybrid speed controller which
combines fhe outputs’ of FL and PI speed controllers respectively asa weighted sum. Ty represents
torque output of FL speed controller and Ty; represents the torque output of PI controller. Ta, Tb, Tc -
and Td represent the hybrid controller output is the regions A, B, C and D respectively. ‘

3.2.2.2.4 Fuzzy Pre-compensated Proportional Integral (FPPI) speed controller

The block diagram for the FPPI speed controller is shown in fig.3.10. Fuzzy pre—compensﬁtion
means that the reference speed signal ((or*)v is altered in advance using fuzzy iogic in accordance
with the rotor speed (®;), so that a new reference speed signal (mrl*)'is obtained. By using this
controller, some specific features such as overshoot and undershoot occurring in the speed response

which are obtained with PI controller can be eliminated [35].

As usual, the inputs to the FL are speed error (@, e*(n)) and the change in speed error (A(Dé(n)')
nd the output of the FL controller is added to the reference speed to generate a pre-compensated
‘reference speed (8), which is to be used as a reference speed signal by-lthe PI controller.

The fuzzy pre-compensator cab be mathematically modeled as follows:

Dr efe) = O (o) - Or(n) (3.9

AWe(n) = We(n) = De(n-1) (3.10)
8y = F [ @eqrys A®eu)] - @3.11)
@1 = 8n) + O | ' | (3:12)

where F is fuzzy logic mapping
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Figure 3.10 Block diagram of fuzzy pre compensated FPPI controller

Figure 3.11 shows the MATLAB model of the FPPI . As shown in figure the FL control]er
- produces the modified reference speed 51gna1 by which the speed error is calculated and is fed as a

reference signal for the PI controller.

P! Control

: I FL Control

Wref

Figure 3.11 MATLAB model for Fuzzy Pre-compensated Proportional Integral (FPPI)

speed controller.
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3.2.2.3 Field Weakening Controller:

The reference value of the exciting current (ime ) is a function of the rotor speed. However, as
long as the motor operates below the base speed in either direction, the rated air gap flux is
maintained to achieve the desired speed in the constant torque nﬁode. This is analogous to the
operation of a separately excited dc motor below rated speed. However, above the base speed, field
weakening is allowed and corresponding value of the magnetizing current vector (imr ) is obtained

-.from fuction expressed between rotor speed and i - Mathematically the logic for computation of
the exciting current (imr ) MAy bé stated as follows: '

imr‘(n) =In if @,(n) < base speed of motor (3.14)
i )= Ke I / @, (1) if ®_ (1) >= base speed of motor ‘ (3.15)
where Kf is flux constant and

I.; is rms value of the magnetizing current

where the value of the magnetizing current, I, is calculated from the equivalent circuit of the

motor.
Figure 3.12 shows the MATLAB model for the field weakening controller in which the above

mention operation takes place.

Fen

imri

Switch

imr

Figure 3.12 MATLAB model for the field weakening controller
-3.2.24 'Vector Controller: [Estimator for ids', iqs' and coz']

The modeling of vector controller block is the heart of the entire modeling of the vector

controlled induction motor drive. This section calculates the direct and the quadrature axis stator.
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current components (igs and iqs*) in the synchronously rotating reference frame (SRRF) aligned
with rotor inclined at flux émgle (y) with respect to stationary reference frame (SRF).

Mathematically, the equations for éaléulating these two components of the current in the
discretised form are stated as follows[1-3][40]: |

*

e (@) = i)+ 7, L BT

. * T*

1gs (n) =Eﬂ:§‘nT)n) ' . (317)
* iqs * (n)

o (n) = m (3.18)

where 7, is the rotor time constant defined as

7.,= L:/R;
)

P is the number of poles, iqs*(n) and iq;(n) refer to flux and torque components of stator

3. P M
(s

current at n™ instant, o, "(n) refer to n™ instant reference slip speed of rotor, M is the mutual
inductance, o, is the rotor leakage factor and L, is the rotor self inductance and is defined as below

Li=Liy+Ln or L;=(1+ o;)M |
L _L,+L,

r

R R

r r

Gr=

R; is the rotor resistance and Ly, is the magnetizing inductance.

The MATLAB model for the estimation of i , igs and @," is shown in fig.3.13
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Figure 3.13 MATLAB model for the estimation of igs , i and a"
3.2.2.5 Field orientation and Reference current generation:

This block converts the two phase reference currents(igs and iqs*) in rotating frame into three
phase reference currents (ias » ibs and ics ) in stationary frame. In this section, the flux angle (y) at
which the SRRF is to be inclined is also calculated as given below. First the reference slip
frequency of the rotor (@, @) is added to the sensed rotor speed (@) and then a discrete

integration is carried out to calculate the flux angle at the n™ instant.

The flux angle () is defined at the n™ instant as:

Yo = Yy (02 @t O) AT (3.19)

where AT is the sampling time
After calculating the flux angle and d-q components of the reference stator current in the
SRRF, its time to calculate the required fhree phaise reference current (ias',ibs' and ias*) in the
stationary reference frame (SRF). The required transformation from d-q components to abc

components is given as below:
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Two-Phase rotating to three phase stationary reference frame converter can be modeled as

follows:
fas =-igs Siny+ig Cosy . (3.20)
. * ’ . | . | r
ips = [(-Cos y +V3 Sin V) igs (5 )H[(Sin v + V3 Cos V) igs (5 )] 3.21)
icstz'(iasu‘ibs*) ‘ * (3.22)

where i4s and iqs* refer to decoupled components of the stator circuit i in two-phase system
rotor reference frame and ias' , ibs and ics are three phase currents in stator reference frame. |

Figure 3.14 shows the calculation of flux angle in the discrete frame in which the sampling
time is taken as 10e-6 sec. Similarly the MATLAB model for calculating the three phase reference

currents is shown in fig.3.15.

delta T SI('HJ

Unit Delay

Figure 3.14 MATLAB model for calculating the flux angle

‘Figure 3.15 MATLAB model for the three phase reference current generation
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3.2.2.6 PWM Current Controller

As there are three phases, there will be three current errors. The current error for-a particular
phase is defined as the difference between the reference current and the sensed (actual) winding
current for that phase only. Hence the current errors in the three phases at the n™ instant are

modeled as below:

iaesw(n) = ias*(n) - ias(n) (3.23)
ibes*.(:n)__= s (n) = Ibstn) | (3.24)
fces ()= ics (n) = losn) ‘ - (3.25)

These current errors in each phase are processed through a proportional controller to generate
a modulating signal for each phase. This modulating signal is then compared with a triangular
carrier waveform to generate a switching signal. The frequency of the modulating signal is the
fundamental frequency of the inverter output voltage and the frequency of the catrier wave-is the
switching frequency of the inverter. The MATLAB model for calculating the current errors required
for the PWM current controller is shown in fig3.16.

(23 3pulses to inverter

P current cantroller

is_abso

Field arientatian and
reference current generation

Figure 3.16 MATLAB model for the three phase reference current generation

45



3.3 SIMULATION OF VCIMD IN MATLAB USING SIMULINK AND POWER SYSTEM
BLOCK (PSB) TOOLBOXES

Integrating all the MATLAB models described in the previous sections, vector control can be
implemented in MATLAB/Simulink as shown in fig.3.17. This control structure is developed with a
controller sampling pe.riod-of IOOusec. The simulation model have been developed in MATLAB
environment along with simulink and power system blockset (PSB) foolbox for simulation response

of VCIMD wunder different operating conditions such as starting, speed reversal and load

perturbation.
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Figure.3.17 Simulation diagram of vector controlled induction motor drive (VCIMD) in MATLAB

environment using simulink and Power System Blockset (PSB) toolboxes.
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3.4 CONCLUSION

The technique 6f vector control is modeled using developed mathematical equations and also
simulated in the MATLAB environment. The responses obtained in simulating the VCIMD, shown
in fig.3.17, using different speed controllers are shown in fig.3.17. From the above discussions, it
can be concluded that developing the MATLAB/Simulink model for VCIMD becomes easy, if the
total function of drive is divided into different blocks and than integrating all the individual blocks.
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CHAPTER IV

 IMPLEMENTATION OF PWM CONTROL STRATEGIES IN MATLAB
EMBEDDED CONTROLLER I-8438

4.1 INTRODUCTION

Néw a days more and more applications require that the front AC-to-DC converters have both
rectifying and regenerating abilities with fast response to improve the dynamic performance of the
whole system. A better solution is to use Pulse Width Modulated (PWM) AC-to-DC voltage source
converters or current controlled converters which have the merits of nearly sinusoidal input/output
current, good power factor and regeneration capability. Various PWM techniques are explained in
the third chapter and the implementation of sinusoidal PWM technique in MATLAB Embedded
Controller I-8000 is explained in this chapter.

4.2 INVERTERS

Inverters can be classified as voltage source inverters (V SIs) and current source inverters
(CSIs). A voltage source inverter is fed by a stiff dc voltage, whereas a current source inverter is fed
by a stiff curré_nt source. A voltage source can be converted to a current source by connecting a
series inductance and then varying the voltage to obtain the desired current. _

A VSI can also be operated in current-controlled mode, and similarly a CSI can also be

- operated in the voltage control mode. The inverters are used in variable frequency ac motor drives,
uninterrupted power supplies, induction heating, static VAR compensators, etc. The widely used
inverter shown in fig.4.1, known as the three-phase PWM VSI offers many good features such as
very low distortion in voltages and currents on the ac side and the dc side, minimum component
count, minimum voltage and current stresses in the components, bi-directional power flow
capability, power factor correction and dc voltage regulation capabilities, high power density and

~ high efficiency. Hence, a VSI is chosen in this work and the operation of VSI is explained in the

below section.

~
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4.2.1 Voltage Source Inverter

A three-phase voltage source inverter configuration is shown in Fig.4.1. The VSIs are
controlled either in square-wave mode or in pulsewidth—modulated (PWM) mode. In square-wave
mode, the frequency of the output voltage is controlled within the inverter, the devices being used to
switch the output circuit between the plus and minus bus. Each device conducts for 180 degrees,
and each of the outputs is displaced 120 degrees to generate a six-step waveforn.l, as shown in
Fig.4.2. The amplitude of the output voltage is controlled by varying the dc link voltage. This is
done by varying the firing angle of the thyristors of the three-phase bridge converter at the input.
| The square-wave-type VSI is not suitable if the dc source is a battery. The six-step output voltage is
rich in harmonics and thus needs heavy filtering. ‘

In. PWM inverters, the output voltage and frequency are controlled within the inverter by
varying the width of the output pulses. Hence at the front end, instead of a phase-éontrolled
thyristor converter, a diode bridge rectifier can be used. A very popular method of controlling the

voltage and frequency is by sinusoidal pulse width modulation.

. Figure.4.1. Three phase voltage source inverter configuration

The harmonic components in a PWM wave are easily filtered because they are shifted to a
higher-frequency region. It is desirable to have a high ratio of carrier ﬁ'equency to fundamental
frequency to reduce the harmonics of lower-frequency components. There are several other PWM
techniques mentioned in the literature. The most notable ones are selected harmonic elimination,

hysteresis controller, and space vector PWM technique.
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Figure.4.2. Three phase square wave inverter waveforms

In inverters, if SCRs are used as power switching devices, an external forced commutation
circuit has to be used to turn off the devices. Now, with the availability of IGBTs above 1000-A,
1000-V ratings, they are being used in applications up to 300-kW motor drives. Above this power
rating, GTOs are generally used. Power Darlington transistors, which are available up to 800 A,

1200 V, could also be used for inverter applications.
4.2.2 Insulated-Gate Bipolar Transistor IGBT):

The IGBT has the high input impedance and high-speed characteristics of a MOSFET with the
conductivity characteristic (low saturation voltage) of a bipolar transistor. The IGBT is turned on by
just applying a positive gate voltage to open the channel for n carriers that is, by applying a positive
voltage between the gate and emitter and, as in the MOSFET, it is turned off by removing the gate
voltage to close the channel that is, by making the gate signal zero or slightly negative. It requires a
very simple driver circuit as shown in fig.4.4. The IGBT’s equivalent circuit is shown in fig.4.3.

The IGBT has a much lower voltage drop than a MOSFET of similar ratings. An IGBT is a
voltage controlled device similar to a power MOSFET. The structure of an IGBT is more like a
thyristor and MOSFET. For a given IGBT, there is a critical value of collector current that will
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cause a large enough voltage drop té‘ gcti@ate the thyristor: Hence, the device manufacturer specifies
the peak allowable collector curr}ent‘ that can flow without latch-up occurring. There is also a
corresponding gate source voltage that permits this current to flow that should not be exceeded.

Like the power MQSFET, the IGBT does not exhibit the secondary breakdown phénomenon
common to bipolér transistors. However, care should be taken not td exceed the maximum power
dissipation and specified maximum junction temperature of the device under all c;onditions for
. gﬁaranteed reliable operation. The on state voltage of the IGBT is heavily dependent on the gate
voltage. To obtain a low on-state voltage, a sufficiently high gate voltage must be applied.

An IGBT has lower switching and conductihg losses while sharing many of th;-: appealing
features of power MOSFETS, such as ease of gate drive , peak current, capability, and ruggedness.
- An IGBT is inlrierently faster than a BJT. However, the switching period of IGBTs is inferior tb that

of MOSFETs.

O U —— |

b

Figure.4.3. Equivalent Circuit of IGBT
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Figure.4.4. Driver circuit of IGBT

The cuﬁent rating of single IGBT can be up to 1200 V, 400A, and the switching frequency
can be up to 20kHz. IGBTs are finding increasing applications in medium-power applications such
- as dc and ac motor drives, power supplies, solid-state relays, and contractors. As the upper limits of
‘commercially available IGBT ratings are increasing (e.g., as high as 6500 V and 2400 A), IGBTs
are finding and replacing applications where BJTs and conventional MOSFETs were predominantly
used as switches,

Protection cﬁcﬁts are normally required to keep the operating di/dt and dv/dt pfotection
within the allowable limits of the transistor. A typical IGBT protection circuit is shown in fig.4.5

below.

Rs

ST R |

PR
Cs

Figure.4.5. Snubber circuit of IGBT
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4.3 EMBEDDED CONTROL SYSTEM
4.3.1 Digital implementation:

Any modulation scheme can be used to create the variable-frequency, variable voltage ac
waveforms. The sinusoidal PWM compares a high frequency triangular carrier with three
sinusoidal reference signals, known as modulating signals, to generate the gating signals for the
inverter switches. This is basically an analog domain technique and is commonly used in power
conversion with both analog and digital implementation. In contrast to sinusoidal PWM technique,
the space vector PWM method does not consider each of the modulating voltages as a separate
identity. The three voltages are simultaneously taken into account with a two-dimensional reference
frame and the complex reference vector is processed as a single unit. The SVM has the advantages
of lower ‘harmonics and a higher modulation index in addition to the features of complete digital
implementation.

Therefore it is clear from the above discussion, that the two considered control topologies can
be implemented using a digital processor. This chapter explains the. features, limitation and

operation of the considered embedded control system.

What is a control system? . »

° (IEEE): “ A4 system in which a desired effect is achieved by operating on various inputs to the
system until the output, which is a measure of the desired effect, falls within an acceptable range éf
values.”

What is an Embedded system?

o (IEEE): “ 4 computer system that is part of a larger system and performs some of the
requirements of that system; for example, a computer system used in an aircraft or rapid transit

>

system.’
Characteristics of embedded control system:
1. Embedding the control system into a product
2.  Referring to implementation technology

3.  Wide applicability. -
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- 4.3.2 8000 SERIES — EMBEDDED CONTROL SYSTEM

'4,3.2.1 Introduction:

1-8438/8838 is the MATLAB Embedded Controller solution built in Ethernet and series
interface with I/O expansion slot for Matlab development environment. For this application there
are over 20 analog and digital I/O modules and also system-level Simulihk Blocksets have been
developed[10]. .

Hence by using the Silﬁulink development environment and the Matlab Driver’s blocksets,
control algorithm can be easily constructed and verified without writing any code. Once the
algorithm has been verified, by pressing a build button, we can convert a' model to executable code,
and download it to controller for test or practlcal implementation via RS232, Ethernet, RS485 and

even Modem.
4.3.2.2 Features of I-8438/8838 ser_igs modules:

. The 1-8438/8838 series modules software driver for MATLAB development perfectly and -
easily combines with MATLAB/Simulink/stateflow.

e The sophisticated tasks of creating, analyzing and simulating block diagram models can all
be solved conveniently with MATLAB/Simulink/stateflow with the support of library of many -
extended powerful blocks for the I-8000 series module I/O hardware driver. _

. Communication Interfaces: The 1-8000 Matlab solution gives us the function needed for our
control aIgorlthm to download and upload expenmental data through the media of RS232 and
Ethernet communication interfaces as shown in fig.4.6 below.

. Easy-to-use: The 1-8000 Matlab solution provides GUI (Graphical User Interface) for easy
application, which enables us to communicate conveniently with the I-8xx8 target hardware.

o Extensibility of I/O driver blocks: This Matlab solution is tailored for the I-8438/8838
control system, which provides 4 or 8 expansion slots. Therefore /O capability can be extended if
necessary. Currently this software provides over 20 /O blocks to cooperate with matlab
- development environment, which includes DI, DO, DIO, Al AO, Relay and encoder blocks.
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4,3.2.3 Limitations:

I.  The I-8000 series module software driver for MATLAB only supports single tasking and
' Fixed-step modes, due to the limitations of the Real-Time Workshop (RTW) Embedded Coder.

> In simulink sfngle tasking means In Simulink, single tasking means that only one sample
rate can be used in the whole control system. That is, every block must have the same sampling rate.
> Because the RTW 4.x.or 5.0 have not supported variable step time, the Solver options on the

Simulation Parameters dialog box can only be set to Fixed-step. -
II. Furthermore, the RTW Embedded Coder does not support the following built-in blocks yet.-

1. Simulink\Contiﬁuous
- No blocks in this library are supported
2. Simulink\Discrete
- First-Order Hold
3. Simulink\Function and Tables
-MATLAB Fen
4. Simulink\Math
- Algebraié Constraint
- Matrix Gain
5, Simulink\Nonlinear
- Rate Limiter
6. Simulink\Signals & System
- Bus Selector
-1C
7. Simulink\Sinks
- XY Graph
- Display
- To File
8. Simulink\Sources‘
- Clock
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4.3.2.4 Module list supported for Matlab Driver :

The following table is a list of cﬁrrently supported 1-8000 I/O modules by Matlab Driver.
They include DI, DO, DIO, Al, AO, relay, and encoder modules. '

Digital input module 1-8040, 1-8051, 1-8052, |
o f 1-8053, I-8058
DO | Digital ontput module | 1-8041, 1-8056, 1-8057 _
DIO | Digital input & output module 1-8042, 1-8054, FI—8055, 1-8063
Al Analog input module I-8017H
AO Analog output module 1-8024
Relay | Relay output module 1-8060, 1-8064
Encoder | Encoder counter board 1-8090

Table.4.1. 1-8000 I/O modules supported by Matlab Driver.
4.3.2.5 Software and Hardware specifications:

The required toolbox of the MATLAB software for I-8000 MATLAB solution is listed as follows:
»  MATLAB 6.1 or 6.5 below installed. |

> Simulink 4.1 or 5.0 below installed.
N > Real-Time Workshoi) 4.1 or 5.0 installed.

> Real-Time Workshop Embedded Coder 2.0 or 3.0 installed. -

> Stateflow and Stateflow Coder 4.1 or 5.0 (not necessary).

The current solution is only tested in the Window system, which is Win98/2000/XP. The hardware
specifications of [-8438/8838 are given in appendix A. |
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4.4 IMPLEMENTATION OF PWM TECHNIQUE IN I-8438

4.4.1 Objective

The main objective in using the Matlab Embedded controller is to generate six gating pulses
by usihg Simulink blocks, which are supported by the RTW Embedded coder. Once, the simulink
block is build up successfully, the six gating pulses can be taken out of the controller via DIO

module and can be given to the inverter as shown in fig.4.7.

PIWM2 PWM3 ACI 3
3 ’: 'it pie

PWMS' l PWMGI I

Figure 4.7. Pulses from Embedded controller to the inverter

The MATLAB/Simulink block diagram of the considered PWM control technique is given
below. As there are.certain limitations of I-8000 mentioned in the previous chapter, a triangular
wave, which is required as a carrier wave, cannot be generated using the Repeating sequence in the
- Simulink/Sources.
| Hence a triangular wave is generated in discrete time frame using a discrete time integrator as
shown in fig.4.8. The PWM current controller shown in fig. 4.9 generates six PWM signals to the -
respective gate driver circuits driving IGBTs of the three phase VSI bridge. The inputs to this
controller are the modulating signals calculated in the section 3.2.2.6. this modulating signal is
compared with the friangular carrier wave to’ generate the PWM switéhirig signal. Six PWM
s.Witching signals are generated, where in two complementary signals are meant for each leg of the

bridge inverter.
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Figure 4.8. MATLAB/Simulink block diagram for triangular wave generation in discrete time

frame.
4.4.2'Simulink model with I-8000 driver:

If the simulation output was satisfied, we can replace the built-in Simulink blocks with the I-
8000 driver blocks. To add an I-8000 driver block to the model, the fol»lowing steps are to be
followed: _ ' . ;

1. A SYS_INIT block is inserted from the system block library.

2. Double click on the SYS_INIT block opens the SYS_INIT dialog box. Then the correct 4
type from the popup menu on the dialog box is selected. Here, we select the type as I-8438.

3. An I-8054 block is copied from the DIO library and the simulation output (6 gate
signals) is connected to the DO port of the 1-8054 as shown in fig.4.10

After the above steps aré done, we can start to build our control model with the I-8000 driver

blocks. The simulink block diagram is as shown in fig.4.10 below.
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|Embedded controller based implementation of PWM techniques for VSI|
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Figure 4.10. Simulink block diagram to generate PWM pulses with 1-8000 drivers
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4.4.3 Building the program by Real Time Workspace (RT'W):

In this section conversion of the control model created in the previous section into .exe file by
RTW is shown. To achieve this task, the following steps are to be followed.

1. The Simulation Parameters dialog box is opened by choosing simulation parameters
from the Simulation menu. | |

2. On the dialog box that displays, the type and mode are selected as Fixed-step and

Single. Taskmg in the “Solver options” field. .
3. - Then a click on “Real-Time Workshop” tab changes the pane. On the pane that

shows up, select “Target configuration” from the “Category” field. Then the “System Target File
Browser w1ndow is opened by clicking on the Browse button.

4. On the System Target File Browser dialog, the correct system target file from the list
and then OK button is clicked to close the dialog box. Here I-8xx8.tlc is choosen.

5. Now, the “ERT code generation options” (for MATLAB 6.1) or “ERT code
generation options(1)” (for MATLAB 6.5) is selected in the Category field. Therl the Terminate
function required and single output/update function options are only selected. : -

6. For MATLAB 6.5, “ERT code generation options(3)” is selected from the Category

ﬁeld Then the option Generate an example main program is cancelled.
7. When the above steps are done, the Build button is clicked to start the build process.
After the process ends successfully, the message in the MATLAB command window displays the

following message.

##H+ Created executable filename.exe

### successful completion of Real-Time Workshop build procedure for model
Note: The name of the model cannot be over 4 characters. (This is due to limitation of Turbo

C/C++ Compiler.
4.4.4 Program downloading & data uploading:
Now the .exe S0 far generated can be downloaded for testing by following the below steps:

1. ISxxS control system is turned ON and is set in OS mode.
2. gu18000 is entered at the MATLAB prompt to start the GUL Then RS232

communication mode is selected to download the application program.
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3. The serial port that we use in our PC(COM 2) is selcted. Then Baud rate, Parity,
Data bits, Stop bit as ‘115200, none, 8, 1°. '

4. Now the Connect button is clicked. If the connection is successful, the message,
“Connection is established” appears on the dialog box.

5. Nowit’s time to download our program. Download button is clicked and the selected
file is downloaded by pressing OK button and then the download process starts.

6. The start button is clicked after the progress of program downloading was completed
to run our control program.

7. After the program is executed successfully, Upload button is clicked to collect the
data from the I8xx8 control system and the data will be saved in a file. |

8. Finally close the GUI dialog box.

Hence the Embedded controller is ready ‘to give the generated pulses in MATLAB/Simulink.
The six gate signals from DIO module (1-8054) can be given to the six IGBTSs’ gates.

4.5 CONCLUSION

The implementation of sinusoidal PWM technique is explained in detail. With this technique
the gate pulses for the VSI are generated at an frequency of nearly 125 Hz. These pulses are able to
trigger the IGBT in;iividually. But if all the six pulses that are being generated by the controller are
- connected to the six devices at a time, the pulses are beiﬁg dropped due to loading effect. Thé pulse
output from embedded controller and the voltage across each device (when connected individually)

are shown in fifth chapter.
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CHAPTER V

RESULTS AND DISCUSSIONS

The performance of VCIMD system is simulated using mathematical equations in MATLAB
environment using simulink and Power System Blockset (PSB) toolboxes under different dynamic
conditions such as starting, speed reversal and load perturbatibn i.e load application and load
removal. The total system is realized in discrete frame which operates at a sampling interval of
100psec.

A set of responses consists of reference speed (03,*), rotor speed () in electrical rad/sec, three
phase reference currents (ias ,ips and ics ), three phase winding currents (as, ibs and ics) in Amperes,
developed électromagnetic torque (Te) and the load torque (TL). The performance of induction
motor under different modes of operation is investigated. The simulation results of vector control of
induction motor corresponding to Thp and 30hp with different spéed controllers are shown in figs
5.1-5.4 and figs 5.5-5.8 respectively. This section also presents a comparative study of proportional
integral (PI), Fuzzy Logic (FL), Fuzzy Pre-compensated Proportional Integral controller (FPPI) and
Hybrid (FL and PI) speed controllers for 1hp and 30 hp vector controlled induction motor drive
(VCIMD) as presented in tables 5.1 and 5.2 respectively.

' The following salient feature are observed for the observed results.

5.1 STARTING DYNAMICS

Three phase squirrel cage induction motor is fed from a controlled voltage and frequency
source. Initially the motor is started at low frequency and finally runs at the set reference speed
value. In this work the reference speed is set at 250 electrical rad/sec as the base speed is 314
electrical rad/sec. The torque limit is set at twice the rated value and hence the starting current is
limited with in twice the rated value when the motor builds up the required starting torque. When
the speed error reaches nearly zero rad/sec, the winding current also réduces to no load value and
the developed toque equals the load torque as observed in the starting response as shown in figs.
5.1-5.8.
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5.2 REVERSAL DYNAMICS

“When the reference speed is changed from 250 rad/sec to -250 rad/sec, the motor tends to run
in réverSe direction. When the controller observes this change, it first reduces the frequency of the
stator ‘currents demonstrating the regenerative braking followed by the phase reversal for sfarting
the motor in reverse direction. As the drive is in the same dynamic state (on no load) just before and
after the reversal phenomenon, the steady state values of the inverter currents are observed to be
same in either directions of the rotation of the motor. However the phase sequence of these currents

in two directions will be different.

5.3 LOAD PERTURBATION

The study of the performance of VCIMD under load variations is really important as the speed
of the motor should not changed under any load conditions. In this work this study is performed by
applying load and removing the load on the motor when it runnihg at a steady speed of 250 rad/sec.
sudden application of load on the rotor causes an instantaneous fall in the speed of the motor. In
response to this drop in speed value, the output of the controller responds by increasing the
reference torque value. »Therefore,' the developed electrorfmgnetic torque of the motor increases
causing the motor speed settle down to the reference speed with the increased winding currents.

Similarily, when the load is removed suddenly from the motor, a small overshoot in the speed
‘of the motor occurs. Because of this small increase in speed, the torque output of the speed
controller reduces thereby reducing the speed of the motor. Thus the motor settling at the reference
speed value. After the load removal the stator currents also sets to the steady state value. In this

manner the controller keeps the motor running at a constant speed under the load variations.
5.4 COMPARATIVE STUDY AMONG DIFFERENT SPEED CONTROLLERS

The dynamics of the motor discussed in the sections 5.1-5.3 are observed using different speed |
 controllers namely PI, FL, Hybrid and FPPI and the responses are shown in figs, 5.1-5.4 for 1hp
and figs 5.5-5.8 for 30hp squirrel cage induction motor. Table 5.1 also shows a comparative
performance of these different speed controllers. The observations from the tables 5.1-5.2 are

discussed below.
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_ The advantages of PI controller are simple in operation and zero steady state error when
operating on load. But the disadvantages of this PI controller is the occurrence of overshoot while
starting , undershoot while load application and overshoot while load removal. These disadvantages
can be eliminated with the help of a FL controller. But the disadvantage of the steady state speed
error is observer in case of FL speed controller. Hence to take over the advantages present in both
PI and FL controllers, a hybrld controller is used in which both PI and FL controllers are used. In
this controller, when the speed error is near to zero, the control is switched to PI thereby eliminating
the dlsadvantage of steady state speed error of FL controller. When the dnve speed is away from the
reference value, the controller is changed over to FL controller, whlch provides improved dynamic
response. _

The control action of PI, FL and hybrid controllers is governed by the magnitﬁde of deviation
in the rotor epeed from the reference value. Instead of this action, if FL controller is applied to
modify the reference speed and the main control action uses PI speed controller then an
improvement in the drive performanee is observed as seen in table 5.1 for 1hp motor and table 5.2

for 30hp motor. Such a speed controller is known as FPPI controller. _

Type of | Starting Reversal Speed dip on| Speed dip on | Steady State

Speed Time Time Full Load | Full Load Speed error on

Controller] (msec) (msec) Application | Removal Full load
(rad/sec) (rad/sec) (rad/sec)

PI 109 200 2.95 3 0

FUZZY |90 170 1.1 0 0.7

HYBRID | 100 183 31 3.16 0

FPPI 97 175 . 1.1 0.8 0

‘Table 5.1 Comparative Performance of Different Speed Controllers for Thp VCIMD with reference

speed of 250 rad/sec; reversal speed of -250 rad/sec and T;=2.5Nm.
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- Figure 5.1. Starting, Speed Reversal and Load Perturbation Response of 1hp VCIMD system
with Proportional Integral (PI) Speed Controller.
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1 Type of | Starting Reversal Speed dip on| Speed dip on | Steady State

| Speed Time Time Full Load | Full Load Speed error on
Controller] (msec) (msec) Application Removal | Full loadv

(rad/sec) (rad/sec) (rad/sec) .

PI 298.50 301.75 3.83 . 3.94 ‘ 0
FUZZY |210.38 266.30 812 |0 -8.01
HYBRID | 230.01 | 274 4.02 212 - |0
FPPI 169.08 252.04 1.01 1 0.45 0

Table 5.2 Comparati\.re Performance - of ,Diﬁ'eljenf Speed Controllers for- 30hp VCIMD with

reference speed of 250 rad/sec, reversal speed of -250 rad/sec and T1=175Nm.
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Figure 5.5. Starting, Speed Reversal and Load Perturbation Response of 30hp VCIMD system
with Proportional Integral (PT) Speed Controller.
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Figure 5.7. Starting, Speed Reversal and Load Perfurbation Response of 30hp VCIMD syéterﬁ
with Hybrid Speed Controller.

69



Reference Currents{8)

BRSPS o A ——
g 1 |Ii||||l|>l|l|l|}||li[-||I|[|l

- ..,,.,._'l'llll'l'II'IIII'I'II*I'I'II'I'IlII'I'II'I*IIII'IIII'I*IIII-IIII', R ——
Dl e e

1 1
o 05 1 Speed(rad/sec) 1.5 2 25
250 ! : L
o] / =
260 T 1 1 i -
o 0.5 ) 1 Torque{Nm) 15 2 25
500 \ g T T T - T
D L/\J | I
- 1 1 1 1
SDDD - 0.5 1 1.5 2 258

———* Tims(sec)
Figure 5.8. Starting, Speed Reversal and Load Perturbation Response of 30hp VCIMD system
with Fuzzy Pre-compensated Proportional Integral (FPPI) Speed Controller.

5.5 EXPERIMENTAL RESULTS

The gate pulses for a three phase Voltage Source Inverter (VSI) are generated by using
MATLAB Embedded Controller, 1-8438. Six gate pulses are generated by the controller by
implementing sinusoidal PWM technique. The Embedded controller supports only up to a limited
frequency of nearly125 Hz fir sinusoidal PWM. If the pulses are generated by using pulse generator
block in MATLAB/simulink library, the a pulse frequencies of 333Hz and 500 Hz can also be '
obtained as shown in figs. 5.9 and 5.10 respectively. The six pulses generated by sinusoidal PWM
technique at about 125Hz are shown in figs. 3.1 1-5.13 respectively. If these pulses are given to
IGBT individually, the devices are being switched on and the corresponding output across each
device are shown in figs. 5.14-5.19. But if these six pulses from Embedded controller are all
cennected to six devices of the inverter, then the pulses are being dropped due to loading effect-and-

the controller is not able to drive the inverter.
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Figure 5.13. Switching pulses for devices S3 and S6 respectively generated by 1-8438 controller
using sinusoidal PWM technique at a freq of about 125Hz . Time scale: 10ms/div.
Voltage scale: 2V/div
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Figure 5.15 The output and input pulses respectively across the switching device S4 with a dc
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

The Vector Controlled Induction Motor Drive (VCIMD) has been mathematically modeled in
MATLAB enviroﬁment using simulink and power system blockset (PSB) toolboxes and the drive
response ié simulated under different bpeljating cdndition_s such as starting, speed reversal and load
perturbation. A comparative study of different speed controllers namely proportional integral (PI)
controller, fuzzy logic (FL) icoﬁtroller, hybrid controller and fuzzy pre4coﬁlpénsated proportional
integral (FPPI) controller has also been made for the VCIMD system. This comparative study of
different speed controllers for variable speed operation has shown their respective merits and
demerits of the individual speed controllers. Gate pulses for the voltage source inverter are
generated using Sinusoidal pulse width modulation technique. |

The comparative study of different speed controllers under various operating conditions of .
VCIMD system has shown that the individual speed controllers have their own merits and demerits.
The choice of the speed controllers depends on the requirement of the application. If the
requireﬁlent is that of simplicity and ease of application, the PI speed controller is a good choice.
But the PI controller suffers with the disadvantage of occurrence of overshoots and undershoots.
When intelligence and fast dynamic response ‘without disadvantages such as undershoot and
overshoot are required, the FL controller may be better option. The main disadvantage in FL
controller is presence of steady state speed error on load application. To eliminate such
disadvantages and to maintain a high level of performance, a combination of PI and FL controllers
will be a better choice. Such a combination of controllers is referred as the Hybrid controller. To
retain simplicity and ease of control and eliminate disadvantages such as overshoot and undershoot,
the reference speed signal is pre-compensated using FL controller. This pre-compensafed épeed
signal is used as reference speed signal to the PI controller. Such a combination of controllers is
known as FPPI speed controller. Finally it can be concluded that a FPPI speed controller is a much
better choice when the requirement is of high-level accuracy and good dynamic VCIMD system.

The gating pulses are generated for a three phase Voltage Source Inverter (VSI) by MATLAB
Embedded Controller, 1-8438 using sinuspidal PWM technique. Although the pulses are not
generated at required frequenéy, the devices are able to switch on at a freq of about 125 Hz, which

is the maximum limit for the controller using Sinusoidal PWM. But the pulses using pulse generator
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block can be generated up to a freq of 500 Hz. And also due to loading effect, the pulses are
dropping down when giv‘en'to all the devices at a time and the controller is not able to drive the
inverter. |

Although,‘ the requirements for a good induction motor drive system can be obtained by vector
control and different speed controllers, there are certain factors to be taken in consideration in order
.to develop a more better VCIMD system. For example the reduction of sensors in VCIMD system
can be further investigated and implemented. The reduction in number of sensors without any‘ loss
. in quality of the signal estimated could lead to a simple controller and the controller can become

more robust and can reduce the overall cost of the drive system.
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APPENDIX - A
MOTOR PARAMETERS-I

Type : Squirrel cage induction motor
Phase : 3

Power : 1 Hp

Voltage :420V

Current :2A

Speed : 2820 RPM

Poles : 2

Frequency: 50 Hz

No Load Test parameters: V=420 V I =138 A

Blocked Rotor Test parameters: Vgg =98 V Igr=2 A

Equivalent circuit parameters:

DC Resistance = 9.27 Q

' 'Stator resiétance per phase =11.124 Q

Rotor resistance per phase = 8.9838 Q (referred to stator)
Stator reactance per phase = 10.48 O o
Rotor reactance per phase = 10.48 Q (referred to stator)
Magnetizing reactance per phase = 154.08 Q

Moment of inertia per phase =0.0018 J (Kg-m®)
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WNL =352 W

WBR = 228 W



APPENDIX - B

MOTOR PARAMETERS-II

Type : Squirrel cage induction motor
Phase : 3

Power :30 Hp

Voltage :420V

Current :45A

Poles : 4

Frequency: 50 Hz

- Equivalent circuit parameters:

Stator resistance per phase = 0.2511Q |

Rotor resistance per phase = 0.2489 Q (referred to stator)
Stator reactance per phase =0.439 Q

Rotor reactance per phase = 0.439 Q (referred to stator)
Magnetiziﬁg reactance per phase = 13.085 Q

Moment of inertia per phase =0.3051J _(Kg—mz)
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APPENDIX - C

HARDWARE SPECIFICATIONS OF 1-8438/8838

General environment
Operating'temperature: -25Cto+75C

Storage temperature: -30 C to +85 C
Humidity: 5 ~ 95%

Built-in power protection & network protection circuit

System
CPU: RDC, 80MHz, or compatible
SRAM: 512K bytes
FLASH ROM: 512K bytes
COM ports for the 1-8438 & 8838 '
COM1=RS-232, COM3=RS232/RS485, COM4=RS-232.
Ethernet: 10 BaseT -
- RTC, NVRAM & EEPROM '
Programs download from COM]1 & Ethernet
Built-in 64-bit hardware unique serial number
Built-in Watchdog Timer
I/O Expansion Slot
4-slot for 1-8438

8-slot for I-8838

85



APPENDIX -D
MATLAB DRIVER BLOCK REFERENCE

This section presents detailed descriptions of used blocks in the MATLAB Driver block
library.

> SYS INIT

ICPDAS
18838
Embedded Contrailer

SYS_INIT
Description: Initialize the I-8xx8 control system.
Library: System
Dialog Box:

Driver Block Parameters:
Target Hardware Type - The type of the I-8xx8 control system that is used. The setting
must match with the actual situation; otherwise, it might. cause unexpected problems. The

following table presents a list of the types available and the difference between them.

TYPE | Slots Available
1-8438 4
1-8838 8
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> 18054

{nQ
In1
In2
In3
»DO_val Ina
InS
InB
In7
-8054

LA A B B

Description: :

16-channel Isolated Digital /O Module.

Library: .
DIO

Dialog Box:

Driver Block Parameters:

DI Channel - Enter numbers between 0 and 7. This block allows the selection of digital input lines
in any order. The number of elements defines the number of digital inputs used. For
example, to use the first 8 digital inputs, enter [0 1234 56 7]

Slot - The number of the slot where I-8054 module is located. For example, choose 2 from the

popup list if you have mounted an I-8054 module on slot 2.
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Scaling Input to Qutput (digital input):

Hardware Input | Block Output Value
Below 1V =0
3.5V ~30V =1

Scaling Input to Output (digital output):

Block Input Value Hardware Output
Q All channels are off,
1 Cho is on, and the others are off.
2 : Chl is on, and the others are off,
255 : All channels are on.
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APPENDIX -E

HARDWARE CONNECTIONS OF I-8438

Front view of i-8438:

COM3 | CPU module i-8438

68438 e | ||| stsses [l e || dreases || S|
‘ . L] ]m‘ "
t L e 5|
S-MMI—] [ S H ™ T @ 5
. " ® oy =3
L (=
/ ] '? {} ‘

| ; » ot te) . |
COM1 I |
RS-232 | Slot3 Net ID

Power Ethernet Slot0
10M
(COM2)

Host PC connect to COM1 of i-8438:

' l Default baud rate=115.2K I O Jfexx

POWER SUPPLY
HIOVIOVDE

WS IETaT R ETER T8¢

Short INIT* & INIT# COM together will disable
AUTOEXEC.BAT in the power-up stage.

HOST COMPUTER
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