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ABSTRACT

In this thesis, a DSP based pulse-width-modulated dual voltage source converter
double-cage induction machine drive for wind energy conversion system is
presented. The detailed modeling of the double-cage induction machine is obtained
with hybrid abc/qd and qd/abc models as well as the conventional qd/qd model. The
determination of the equivalent circuit parameters of the induction machine is
achieved by applying genetic algorithm. The converters are designed and
implemented with a single fixed-point DSP to control the power flow in a wind
energy conversion system. In the implementation of the system, two digital PI
controllers are used in dc link voltage regulation and rotor speed control. The
methods rely on hysteresis current control and slip regulation technique on the line-
side convérter and machine-side converter, respectively. The results obtained from
computer simulations of the complete mathematical model of the drive circuit and
double cage induction machine are compared to experimental work carried in
laboratory. Finally, the implemented system is tested with a SkW wind turbine in the

campus.

Keywords : Wind Energy Conversion System, Double-Cage Induction Machine,
PWM Voltage Source Converter



OZET

Bu tezde DSP tabanli darbe genislik bindirimi teknigini kullanan geviricilerin ¢ift-
kafes asenkron makina stiriiciisi olarak riizgar enerjisi doniisiimii sisteminde
uygulanmas1 amaglanmigtir. Cift kafesli asenkron makinanin detayli matematiksel
modellemeleri yapilmis, gd/qd modelinin yam sira hibrid abe/qd ve qd/abc modelleri
¢ikanlmigtir. Asenkron makinanin esdeger devre parametreleri genetik algoritma
yontemi uygulanarak bulunmustur. Riizgar enerjisi doniistim sisteminde gii¢ akigim
denetlemek etmek amaciyla geviriciler tek bir sayisal isaret islemci kullanilarak
tasarlanms ve uygulanmigtir. Sistemin uygulamasinda dc link gerilimini ve mil
hizin1 denetlemek i¢in iki adet sayisal PI denetleyici tasarlanmugtir. Sebeke tarafi ve
jeneratdr tarafi ceviricilerde sirasiyla histeresis akim denetimi ve kayma faktorii
regiilasyonu yontemlerinden yararlanilmigtir. Siiriicii devresi ve asenkronun makina
modelleri kullanilarak elde edilen bilgisayar benzetimleri sonuglar1 laboratuvarda
uygulanan sistemden elde edilen deneysel sonuglarla karsilagtirilmigtir. Son olarak
gergeklestirilen sistem kampiis i¢erisinde kurulan SkW giiciinde riizgar tiirbini ile test

edilmistir,

Anahtar Soézciikler : Riizgar Enerjisi Donilisim Sistemi, Cift Kafes Asenkron
Makina, PWM Cevirici
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CHAPTER ONE
INTRODUCTION

The use of wind power has been in existence for over 3000 yeéars, especially in
mechanical systems for water pumping and grain grinding. The utilization of wind
power for electricity generation is not a new concept and this idea was first realized
in 1891. Since then, step by step improvements were made in this technology, but it
is not considered to be the consistent source for providing electric power. In 1970s,
the researches on the wind power systems are encouraged by the oil price shock and
the improvements of power electronics applications on power control. The fact of
that fossil fuel resources are not renewable and have harmful impacts on
environment prompted the researches to focus on clean and safe energy resources as
an alternative. During last decades, an increasing interest has emerged on wind
energy technology and it is considered to be one of the most important renewable
energy resources (Hansen et al, 2001), (Ackermann & Séder, 2000), (Walker &
Jenkins 1997). Today, it is one of the rapidly growing technologies and markets. By
the end of 2003, the total installed capacity of wind energy is estimated to be more
than 35,000 MW all around the world (WEB_1).

With increasing attention on renewable energy resources, wind energy conversion
systems (WECS) are today’s one of the most popular subject that the researches are
intensively carried on. Many applications of wind power can be found in a wide

_power range from a few kilowatts to several megawatts in small scale off-grid stand-
alone systems or large scale grid-connected wind farms. The status and issues in
many different wind power applications such as power grid integration, power
quality, economic aspects, environmental impacts, turbine aerodynamics,
technology, and applications have been researched and discussed in publications

(Hansen et al, 2001), (Walker & Jenkins 1997), (Ackermann & S&der, 2000).



The conversion of wind power into electrical form is achieved by means of wind
turbines driving generators. The wind turbines used in these systems are mostly
three-bladed, horizontal-axis or propeller type and they dominate the wind turbine
applications. The wind turbine is mounted on a nacelle on the top of a tower. The
nacelle contains the generator, gearbox, and nacelle rotor. The shaft of the generator
is coupled to the wind turbine through a gearbox. The nacelle is oriented into the
wind with a tail vane on small turbines, while it is yawed into or out of the wind by
electrical control of the nacelle rotor on large turbines. The modern wind turbines
with two or three blades are designed to operate at higher tip-speed ratio. This allows
the use of a smaller and lighter gearbox. But, their starting torque is low and might
need to be started when the wind speed reaches the operation range (Ackermann &
Soder, 2000). As an another type, the vertical-axis wind turbines are still being
investigated and developed, but so far they have not proved as cost-effective as

horizontal-axis types (Walker, 1997).

The selection of the generator type depends on many factors such as application
type, machine characteristics, maintenance, price etc. Currently, induction machines
dominate the commercial wind turbine generators. The well-known advantages of
induction generators are their robustness, low cost, and ease of maintenance (Bansal

“et al, 2003). In wind energy applications, they are also preferred since they provide
some flexibility against fluctuating wind due to asynchronous operation. The major
disadvantage is that they need excitation through supply terminals (Hansen et al,
2001). Various application types with induction generators, such as squirrel cage
(Simoes et al, 1997), wound-rotor (Cadirci & Ermis, 1992), and brushless doubly-fed

(Brune et al, 1994), are proposed for wind power systems.

Induction machines used in high power industrial applications mostly have double
squirrel cage rotor. The rotor designs of the induction machines produce a large
variety of torque-speed characteristics. Induction machines having double-cage rotor
structure fall under the Class C in standard design classes defined by NEMA and

IEC. These are preferred to single-cage induction machines because of their



improved starting torque and reduced starting current capabilities in applications that
require high-starting torque, such as loaded pumps, compressors, and conveyors
(Chapman, 2002). The torque-speed characteristics of the induction machines are
highly dependent upon the variation of the voltage level at the armature terminals.
Such a variation causes a significant change on the performance of the induction
machine because the developed torque is proportional to the square of the voltage.
As a result, this drawback has prompted some of the manufacturers to design the

induction machines rated more than 5 kW as double cage.

In order to simulate the systems such as WECS consisting of induction machines,
a precise modeling and the parameters of the induction machine are required. Lack of
machine data and inappropriate choice of the machine equivalent circuit will yield to
incorrect results in the analysis (Waters & Willoughby, 1982). The modeling of
single-cage induction machines in system studies is well-known and their parameters
can be determined through a set of standard test procedures (IEEE Standard no.112-
1996, 1997). However, this is somewhat complicated in the modeling and parameter
determination of the double-cage induction machines. Since the extra rotor circuit in
the construction of the double-cage induction machines causes nonlinearity in the
analysis of the equivalent circuit, the machine parameters cannot be directly
determined from standard tests and needs to be estimated. The success of
conventional optimization techniques relies on initial guess of the parameters due to
convergence problem to a local minimum instead of global minimum (Nangsue et al,
1999). Recentiy, an optimization technique called genetic algorithm (GA), is applied
to the parameter determination problem of induction machines to overcome this

convergence difficulty (Nangsue et al, 1999), (Shahalami & Saadate, 1998).

Due to the advances in power electronics technology, the use of power electronic
converters in wind energy conversion systems has rapidly been growing. With the
improved reliability, higher power ratings, and lower price per kilowatts of the power
electronic components, the techniques used in torque and speed control of
synchronous and induction machines are mostly applied in wind energy conversion

systems. The main advantages of employing power electronic converters are that



they allow the variable-speed operation in order to maximize the power production
of the wind turbine and enhanced control (Zinger & Muljadi, 1997), (Hansen et al,
2001). A well known fact is that a good matching of the coupled energy conversion
devices (i.e. wind turbine and generator) is essential since the conversion efficiency
is determined through the interaction of these devices (Buehring & Freris, 1981).
Power electronic converters provide and interface between the generator terminals
and the utility grid line or autonomous loads. Hence, various control techniques that
employ different power electronic converter topologies are proposed depending on

the system and generator types as well as the required conversion and control

purpose (Khater, 1996).

Many different power electronic converters are used in wind energy conversion
systems. These are used for converting power from one ac system to another;
typically, from the constant voltage constant frequency ac grid line to variable
voltage variable frequency generator in such systems. There are many circuit
topologies for ac to ac power conversion. In such converters, two common
approaches can be used. These are direct conversion, such as in cycloconverters or
matrix converters (Skvarenina, 2002) and dc link conversion, also called acfdc-ac
conversion (Kassakian et al, 1991). Two back to back there-phase voltage source
converters (VSCs) using pulse width modulation (PWM) technique fall under the
second category. An intermediate dc link is provided between two converters via a
capacitor. This intermediate stage provides energy storage and filtering function.
Since the converters on the line-side and machine-side are decoupled by a dc link
capacitor, the two converters can be controlled separately (Hansen et al, 2001). These
active converters can provide bidirectional power flow between two ac systems. The
use of back to back PWM VSCs in wind energy applications is widespread because
of this bidirectional power flow ability and Various control strategies have been
proposed (Simoes et al, 1997), (Pena et al, 2001). Moreover, due to the advantages of
adjustable power factor and low total harmonic distortion of the ac mains currents of
the back to back PWM converters, this cifcuit topology is considered. to be an ideal
frequency changer and solution to the problems of conventional diode or thyristor

based drives (Singh et al, 1999). Due to the standards limiting the harmonic pollution



of electrical mains, it becomes necessary to modify power electronic equipments
interfacing to power supply lines. Hence, PWM converters are being considered to
be the prime candidates as a reliable power electronic interface in applications that
require bidirectional power flow (Liserre, 2001). This converter topology provides
sinusoidal ac line currents at a desired power factor at the ac grid or line-side. Hence,
this feature of adjustable power factor in these converters also allows their use as
active filters for minimizing current harmonics of the polluting loads in ac power

systems or VAR compensation (Akagi et al, 1990).

Many publications deal with the ac current control of the line-side PWM VSCs
such as predicted current control with fixed switching frequency (Wu et al, 1990),
(Wu et al, 1991), hysteresis current control (Ooi et al, 1987), indirect current control
(Dixon & Ooi, 1988) for dc link voltage regulation and sinusoidal line current
waveforms at the desired power factor. Predicted current control with a fixed
switching frequency (PCFF) relies on the prediction of line currents from dc link
voltage variations. In indirect current control (ICC), a standard sinusoidal PWM
switching pattern is provided without needing current transducers. In PCFF and ICC,
system parameters are required for obtaining sinusoidal PWM switching patterns and
stability of the converter is dependent upon the parameter variations. Hysteresis
current control (HCC) is a simple and robust method that keeps the line current
errors within a defined hysteresis band. This method is quite robust to the parameter
variations in the system and easy to implement. The main disadvantage of HCC is
the varying switching frequency depending on the load conditions. (Zargari & Joos,
1995).

The cascaded PWM voltage source inverter (VSI) at the machine-side is used for
dc to ac conversion and provides variable voltage variable frequency at the stator
terminals of DCIM. The magnitude and frequency of its ac output voltage or current
can be controlled electronically using sinusoidal PWM technique in such inverters,
which is commonly used in most induction motor drives (Ong, 1998). The principle
of adjusting voltage or current magnitude and frequency is referred to as scalar

control. The simplicity of the scalar control systems with respect to vector controlled



systems are their advantages. The common scalar control techniques are the constant
volts per hertz (CVH) control that relies on the principle of adjustment of the
magnitude of the stator voltage in proportion to its frequency in order to maintain
approximately constant stator flux and torque control (TC) technique, in which the
magnitude and frequency of the stator currents are adjusted so that the steady-state
torque of the machine is controlled. The CVH is a simpler speed control scheme
since it requires only speed feedback, while the TC is more complicated since the
speed feedback has to be supplemented by a current feedback (Trzynadlowski,
1994).

The typical speed control scheme for PWM VSI fed induction machine drive
using CVH scalar control method relies on slip regulation technique. Adjustment of
the slip at positive and negative values allows the operation of the induction machine
for both motoring and generating (Ong, 1998). The circuit topology with active
converters on both line and machine sides allows four-quadrant operation of the
DCIM. The main advantage of using the slip regulation technique is to achieve a
simpler speed control scheme that requires only speed feedback as discussed above.
Also, since limiting the slip within a defined range provides the machine currents be
controlled indirectly, the requirement for an inner current control loop is not needed

(Dubey, 1989).

In addition to the circuit topology and control methods mentioned above,
appropriate controller logic is also required for a reliable conversion operation of the
system. The solutions for controller requirements are based on classical control
theory that includes proportional-integral-derivative (PID) and modern control theory
including self-tuning controllers, model reference adaptive controllers etc., which
require precise mathematical models. Recently, fuzzy logic controllers (FLC) have
received more interest due to their advantages over conventional controllers, such as
not requiring precise mathematical models, robustness, handling nonlinearities, and
being closer to human thinking etc. (Raviraj & Sen, 1997), (Ross, 1995). Due to
nonlinear and time varying structure of the power electronic systems, FLC seems to

be a suitable solution in the control of these systems (Liserre, 2001).



With emerging of fast computing digital signal processors (DSPs), the analog
control systems for electric motor drives are being replaced by digital controllers.
The well-known disadvantages of analog controllers are derating, aging, noise
sensitivity etc. and they are being replaced by digital controllers due to these
problems. The DSPs allow the implementation of sophisticated control algorithms
and offer significant advantages such as fast processing of vast data, high operational
flexibility. As a result of these benefits, they attract increased attention and widely
used in implementations in control of electric motor drives. For example, Texas
Instruments offers C24x series of DSP controllers for a wide range of digital motor
control applications. Prices of these DSP controllers are low and they provide a
better solution that meets the signal processing requirements in electric motor drives

(WEB_2).

The purpose of this thesis is to design the DSP based PWM voltage source
converters (VSCs) feeding a double-cage induction machine (DCIM) in a grid-
connected wind energy conversion system. The modeling and implementation of the
proposed system will be given in this thesis. The block scheme of the proposed
system is given in Figure 1.1. The system consists of two back to back PWM VSCs,
which provides a power electronic interface between the DCIM terminals and the
utility grid line. The wind turbine is a propeller type, three-bladed turbine and
coupled to the DCIM shaft through a gearbox. The generator is a 3-phase 4-pole
induction machine with double-cage rotor. Since the starting torque of the wind
turbine is low, the DCIM should satisfy the torque required for the startup of the
system. The system can be started by driving the DCIM as motor via PWM
converters, which allow both generator and motor operation of the DCIM. The PWM
VSC at the line-side is connected to the ac grid through series inductors. These series
inductors on each phase of the ac line are required for line current harmonic filtering
and boost operation of the PWM VSC at the line-side. The control of both line
- current and dc link voltage can be achieved in these converters. The ac currents of
the line-side converter and dc link voltage are controlled by hysteresis current control

(HCC). The speed control of the DCIM is achieved by employing the slip regulation



technique because it provides inherent current limiting and reduces the amount of
measurement devices. The complete control of the system is carried out by the
software developed on the TMS320F240 DSP, which is a fixed-point processor of
Texas Instruments C24X family. Required computations and generation of switching
signals based on the proposed control logic are performed on DSP.’. In closed-loop
control schemes, the digital proportional-integral (PI) and fuzzy logic control (FLC)
approaches are implemented. A detailed analysis and mathematical modeling of the
parts in the drive system are obtained. The implementation of the drive system was
tested in the laboratory and employed in the wind turbine built in the university
campus. The results obtained from computer simulations and experiments are

compared. The rest of the chapters are organized as follows:

Figure 1.1 Variable speed wind generation system

In Chapter 2, the mathematical modeling of the double-cage induction machine
will be given. The derivations of the commonly used qd/qd model (Adkins & Harley,
1975), and the hybrid abc/qd and qd/abc models of the machine will be given. The
qd/qd model of the DCIM has been derived in some papers (Khalil et al, 1982),
(Richards, 1988), (Richards & Sarma, 1994) from the universal machine model.
However, this approach for the modeling of the DCIM is not correct in. The mistake
made in the derivation of this model from the universal machine model is recognized
and reported (Siirgevil & Akpinar, 2003) after deriving the hybrid abc/qd and qd/abc
models, which are obtained first time in this study, and comparing their results to the

ones obtained from the qd/qd model given by (Adkins & Harley, 1975). The off-line



parameters of the single-cage and deep bar induction machines were determined by
using GA in the paper proposed by (Nangsue et al, 1999). The equivalent circuit
parameters of the DCIM have been obtained using GA approach first time in this

study and verification is performed by experimental tests.

In Chapter 3, the mathematical models of both PWM converters will be given in
order to predict the steady-state and transient response of the drive system using
computer simulations. The derived models will be combined with the DCIM models,
which are given in Chapter 2. The closed-loop dc link voltage and speed control
schemes will also be included into the models. The conventional proportional-
integral (PI) and fuzzy logic controller (FLC) schemes for closed-loop voltage and
speed control Will be presented. The performances of the fuzzy logic and PI
controllers in the drive system will be compared in computer simulations. The
proposed system in this thesis differs from the systems that use the same power
electronic converter topology given in the papers (Simoes et al, 1997), (Pena et al,
2001) from the viewpoint of control methods applied. The control of the converters
in these papers relies on vector control method on both converters employing fuzzy
logic controllers in WECS application. The applied control methods in this thesis
employ hysteresis current controller on the line-side converter and slip regulation on
the DCIM side with digital PI controllers. These control methods in the design of the
converters in this thesis are chosen such that they eliminate the need for system
parameters and reduce the requirements for measurement as well as the
computational burden. Hence, the proposed system suggests a simpler solution in a

WECS application, which has not been reported in the literature so far.

In Chapter 4, the DSP based design of the PWM VSCs for DCIM drive in the
laboratory will be presented. The control logic of the PWM converters proposed in
Chapter 3 is implemented on Texas TMS320F240 DSP by employing digital PI
controller on both closed-loop dc link voltage and DCIM speed control. The
dedicated control program flowcharts and auxiliary electronic circuits that are used in
the drive system will be given. By including the models of the controllers in Z-

domain, the inclusion of the sampling rate and execution time of the DSP into the
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complete model is achieved. The detailed simulation model is used to compare the
digital PI and fuzzy PI controllers that are employed in the WECS first time in the
study. The experimental results obtained from laboratory test setup of the system will

be compared with computer simulations.

In Chapter 5, the classification of the wind energy conversion systems will be
briefly introduced. Different application types of WECS are investigated and
presented. The modeling of the wind turbine characteristics for computer simulations
will be given. The simulations of the implemented drive system with wind turbine
model are performed. The actual moment of inertia of the turbine is also included
into the model in this part. The effect of varying wind conditions is carefully
recorded during experiments. The excluded effects of actual wind conditions on the
emulation system are clearly reported in this study. The implemented system in the
campus is the first horizontal axis wind turbine at the power level of SkW designed
in Turkey. Finally, the experimental results obtained from the implemented wind

energy conversion system will be presented and discussed.



CHAPTER TWO
MODELING OF DOUBLE-CAGE

INDUCTION MACHINE

The stator of a double-cage induction machine (DCIM) is the same as that of a
conventional induction machine and its rotor has two cages: The outer cage of the
rotor has a small cross sectional area that provides a high resistance and owing to its
higher permeance, it provides a low leakage inductance. On the contrary, the inner
cage has greater cross sectional area with a lower permeance, which in effect
provides a low resistance and high leakage inductance. The outer and inner cages are

short circuited by a common or separate end rings (Kostenko & Piotrovsky, 1977).

The effect of each cage on the performance of the machine can be evaluated
separately. DCIM uses the skin-effect principle in order to obtain a variable rotor
resistance with respect to rotor speed. At low rotor speeds of the machine, the
frequency of the rotor current is high and the current mostly flows in outer cage
because of its lower reactance. However, when the machine is operating at small
slips near the synchronous speed, the frequency of the rotor current is low. The effect
of the reactances can be neglected and the current mostly flows in the inner cage.
Hence, the effective rotor resistance decreases from a higher value to a lower value
as the speed of the machine increases from standstill to synchronous speed. As a
consequence, machine can develop higher starting torque with reduced armature

currents and during steady-state, can operate at small slips (Fitzgerald et al, 1993).

While studying on the induction motor transients, it is convenient to represent the
machine variables in qd/qd reference frame, since the time-varying inductances

between stator and rotor of the induction machine are transformed into time invariant
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form using generalized reference frame theory (Krause et al, 1994). However, it has
some advantages in the applications to express the machine variables in abc/qd or
qd/abc reference frames, such as using the soft starting drive connected to the stator
(Cadirc et al, 1999); bus transfer of induction motors (Akpinar & Ungan. 1999); and
slip energy recovery drive connected to the rotor sides (Akpmar & Pillay, 1990). The
selection of the reference frame may change depending on the application in order to

take the effects of specific variables into account.

In the modeling of the DCIM, three more equations are needed in addition to
single-cage machine model in order to represent the second rotor circuit in terms of
machine variables. The dg/dq model of a double-cage induction motor includes the
mutual inductance between top and bottom rotor slots (Adkins & Harley, 1975).
Also, the reduced order models have been obtained from the qd/qd model of the
machine deduced from the universal machine model (Khalil et al, 1982), (Richards,
1988), (Richards & Sarma, 1994). But, the inductance L,3 does not exist in these
models, since the field and damper windings of a synchronous machine are being

interpreted as the upper and bottom cages for the DCIM.

The machine inductances can be predicted by using magnetic field solver
packages if the manufacturers provide the motor dimensions. The parameters of a
double-cage machine including L»; have been obtained by using the finite element
method by (Nabeta et al, 1997). Also, analytical methods have been proposed to
determine the DCIM parameters depending on the assumption that the rotor starting
cage leakage reactance is equal to zero (Chalmers & Mulki, 1970), (Waters &
Willoughby, 1983), (Alger, 1965).

Many numerical equation solvers fail to solve all the machine parameters from the
no-load, locked rotor, full-load and breakdown test results although the number of
equations is equal to the number of unknown machine parameters because of highly
non-linearity of the equations obtained from the exact equivalent circuit model.
Therefore, recently there have been published papers (Nangsue et al, 1999),
(Shahalami & Saadate, 1998) to overcome this difficulty by using the genetic
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algorithm, which is an optimization technique. This optimization procedure provides
incorrect results and sometimes does not converge to feasible solution, if the
equations in the cost function are not consistent (i.e., some equations are written
from approximate equivalent circuit and some of them are from exact equivalent
circuit) to represent the real and reactive power flow in the practical machine. The
genetic algorithm is applied to estimate the motor parameters for the DCIM from the
no-load, locked rotor, breakdown and full-load tests in the paper proposed by
(Nangsue et al, 1999), but the mutual inductance between top and bottom part of the

rotor slot L3 is not considered.

In this chapter, the derivation of the mathematical models of the double-cage
induction machine will be introduced. First, the derivation of the equations in terms
of machine variables is given in Section 2.1. The qd/qd, abc/qd, and qd/abc models,
which are obtained using generalized reference frame theory, are given in Sections
2.2,2.3, and 2.4, respectively. The derivation of torque expressions for all models is
given in Section 2.5 for complete modeling of DCIM. Steady-state equivalent circuit
is derived in Section 2.6. In Section 2.7, the motor parameters in the exact equivalent
circuit are estimated from the genetic algorithm, and used for transient and steady
state analysis of the machine. The results of digital simulation using dynamic models

are compared to the experimental results and discussed in Section 2.8.
2.1 Voltage Equations in Machine Variables

The winding diagram of a 2-pole 3-phase Y-connected, symmetrical double-cage
induction machine is given in Figure 2.1. It is assumed that the stator windings of the
machine (denoted by 1) are identical and have sinusoidal distribution with 120°
displacement. Each stator winding has N, turns and resistance 7. The rotor part of
the machine is represented by two equivalent 3-phase windings connected in parallel.
Each upper-cage or starting-cage winding (denoted by 2) has N, turns and
resistance r,, while each lower-cage or running-cage windings (denoted by 3) have

N, turns and resistance ;. Also, the rotor windings are assumed to be identical and

sinusoidally distributed with 120° displacement. The magnetic axes of both rotor
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windings (a2, a3) are the same and the angular displacement between the rotor and

stator magnetic axis (al) is depicted by 4,.

The winding inductances of the double-cage induction machine can be obtained
from the relationship between the flux and current. By definition, the self inductance
of a winding is the ratio of the flux linked by that winding to the winding current of
itself, while all other winding currents are zero for a magnetically linear system. The
mutual inductance between two windings is the ratio of the flux linked by one
winding to the current flowing in the other winding while all other winding currents

arc zZ<ro.

R

NZ”';I ! . ',»,Ibg p{‘y‘:"gl !
i f:tatér rotor starting-cage o - rofor running-cage

Figure 2.1 Winding diagram of a 2-pole, 3-phase, Y-connected double-cage

induction machine
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In order to obtain a linear model of the machine, mmf drops and saturation in the
magnetic core of the machine are neglected. Since the rotor of the machine is
cylindrical, the air gap of the machine is assumed to be uniform. Under these
assumptions, the total flux linking stator al winding due to the current flowing only

in al winding can be written as

N 7 17
A =Ly, +(71) #Tolal (2.1)

where L, is stator leakage inductance due to leakage flux. / is the axial length of air
gap and r is the radius of the inside circumference of stator. x4, is the permeability
of free space and g is the air-gap length. Hence, the self inductance of the stator al

winding is obtained as

N\ 7wl
Lalal =L11 +(—2‘1') IL;O =L/1 +Lml (2.2)

Similarly, the self inductances of other stator windings b1 and cl can be obtained as

N Y 7 rl
Ly =Ly, "‘(71) go =L, +L, (2.3)

N Y 7y, rl
Lo =Ly + (71) . =L, +L, 24

In order to determine the mutual inductance between the stator al and bl
windings, the flux linking al winding due to the current flowing only in b1l winding

is computed as

1(NY vl *
Ao =_5(71) lel (2.5)
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and the mutual inductance between these windings is

1N zurl 1
Loy =_5("LJ '&_=“_L (2.6)

a 2 g 2ml

Similarly, the mutual inductances between the stator al-c1 and bl-c1 windings are

1N zurl 1

Lyg=—| 2| 221, 2.7)
28 2 g 2
1N zurl 1

Lblcl = —+ i =- Lml (2-8)
202 ) ¢ 2

The mutual inductance between the stator al and rotor a2 windings is determined
by computing the flux linking stator al winding due to the current flowing only in

rotor a2 winding as follows

ﬂ'alaZ = ﬂ & Mi‘zz (2-9)
2 N2 g

and the mutual inductance is

Lym= L B Mcos 6. =L, cos6, (2.10)
2 2 g

It is clear that the mutual inductance between the stator al and rotor a3 windings is

Lyes = (*&)(&J M cosd, =L, cosd, 2.11)
2 2 g
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Since the rotor windings are displaced by 120°, the mutual inductances between

other stator and rotor starting-cage windings are

N, YN, \=u,rl .
Loy = Ly = Loyay = [71)( > ) 2 cosd, = L, cos(d, +120°) (2.12)
and
La = L =L = | 2|2 cos0, = L,y cost, ~1207) 2.13)
g

Similarly, the mutual inductances between other stator and rotor running-cage

windings are obtained as

7l
L, S =(-N2—L](A; J”‘;’ cosd, =L, cos(6, +120°) 2.14)
and
Ly =Ly = Loy =(%J[A2’ )”“0 " 088, = L, cos(d, —120°) (2.15)
g

Hence, the flux linkages of the stator al, b1, c1 windings can be written in expanded

form as follows

Aot = Loty + Loyl + Loyorfey + Lorgalsy + Loyl + Ly ok
+ Lisles + Lapalys + Lyyales

1 1
=(L,+L,)i, 2 L., - 2 —L i, (2.16)

+ L, cos(8, +120°);,, + L, cos(8, —120°)i,
+ L, cos(, +120°)i,, + L, cos(6, —120°)i,

+ L, cosb.i

r‘a2

+L,cosb.i

r‘a3
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A = Lyyaying + Ly + Lyyoriy + Lyyanlay + Lygalyy + Lyyealys
+ Ly alys + Lyygalys + Lyieales

= —%Lmlial +(Ly + L, )iy, —';'L ] (2.17)

'ml°cl
+ L, cos(d, —120°)i,, + L, cos b,i,, + L,, cos(8, +120°)i,
+ L5 cos(8, —120°)i,; + L,; cosB,i,; + L; cos(8, +120°)i ,

Iy + Lopydyy + Loy + Logoly + Logylyy + Loyoles

clel’cl

A

cl

=L

‘clal’al

+ Lyyoaiys + Loypalys + Lyl

1 , 1 , .
ELmllal - ELmllbl +(Ly +L,)i, (2.18)

+ L, cos(@, +120°)i,, + L, cos(8, —120°)i,, + L, cosb,i,
+ L5 cos(8, +120°)i , + L,; cos(6, —120°)i,; + L;; cos0,i_,

The flux linkage in a DCIM is shown in Figure 2.2. In equations (2.16)-(2.18), the
leakage inductance L, is due to the leakage flux of the stator winding, which is

shown by ¢, , and the mutual inductances L ,, L,, L, are due to mutual flux shown

by ¢, in Figure 2.2.

Figure 2.2 Flux lines in a DCIM
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In a similar way given in the determination of stator winding inductances above,
both rotor winding inductances can be determined. The rotor starting-cage and

running-cage self inductances are

N, murl

Lazaz = Lb2b2 = chcz = L/z + (‘2‘2‘) e + Lzs = le + Lm2 + Lza (2° 1 9)
N.Y murl

La3a3 = Lb3b3 = Lc3c3 =L+ (_;‘J e + Lzs = L/s + Lm3 + Lza (2'20)

where L, and L, are the rotor starting-cage leakage inductance and rotor running-
cage leakage inductances due to leakage flux of each winding, respectively. L,, is

the inductance due to flux linking both rotor windings as shown in Figure 2.2.

The flux linking any two of different rotor windings is the magnetizing flux also
linking the stator windings. So, the mutual inductances between rotor starting-cage
windings a2-b2, a2-c2, and b2-c2 are determined as

N, x Nl 1
Lis2 = Lozes = Ly =“(_2] E/u =—=L (2.21)

and the mutual inductances between rotor running-cage windings a2-b2, a2-c2, and
b2-c2 are

N3 :uorl

2
r 1
Losss = Loges = Liyps = “(7) P g = _EL

(2.22)

'm3

In order to find the mutual inductance between the same windings of rotor-starting
cage and rotor running-cage, the total flux linking a2 winding due to the current

flowing only in a3 winding is computed as
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/10203 = L23ia3 + [&)[ﬂj Mig‘_; (223)
2 N2 g
which yields to
Ly =Ly + (&)(ﬁ) alit =Ly, + Lm;S (2.24)
2 2 g

Similarly, the mutual inductances of other windings of the rotor

N, N, \#murl
Lypys =Ly + -z —3) as =Ly + L,y (2.25)
2 2 g

Lires =Ly + iv__z_ _]X_a_ ! =Ly+L,,; (2.26)
2 2 g

Since the flux path linking rotor a2-b3, a2-c3, b2-c3 windings is associated with the

magnetizing flux path, the mutual inductances between these windings are

N, Y N;\m p,rl 1
Losss = Lozes = Lypes = —('_ZZ_J(?) 57 = _5 L, (2-27)

Hence, the flux linkages of rotor starting-cage can be written in expanded form as

follows

Aaz = Lopatlar + Logpiiyy + Logerber + Laganlen + Lopalyy + Lol

a a2al’al

+ La2a3ia3 + La2b3ib3 + LaZc3 ic3
= L, cosf.i,, + L, cos(8, —120°),, + L,, cos(8, +120°)i,

r

(2.28)

. 1 .1 .
+ (LIZ + Lm2 + L23 )102 - ELmZIbZ - ELmZICZ

; 1 | )
+ (L + L)y — ELm23lb3 - —2—Lm231c3



sy = Lypayiyg + Ly + Lyp iy + Lyggoley + Lyggalyy + Lypenlin
+ Lyyosiss + Lypslys + Lygesles
= L, cos(f, +120°)i, + L, cosb,i,, + L,, cos(8, —120°)i,,

1 , 1 .
- 5 =L, pby (L + Ly + Ly )i, _El’mzlcz

1 ) , 1 .
- ELmzs Ly ¥ (Lygs + Log )iy; — 5 L

Aoz = Lgaiia + Loy + Logerley + Loganlny + Logalyy + Ligeols

‘c2al’al

+ Lypalyy + Logpalys + Liogesles
= L, cos(6, —120°)i,, + L,, cos(f, +120°)i,, + L, cosb,i,

1 . 1 . ,
- '2‘Lmzlaz - ELm2lb2 +(L, + L, + Ly)i,
1 , 1 ) ,
- > Loty — 2 Lybys + (Lpas + L3 )iy

(2.29)

(2.30)

The flux linkages of rotor running-cage windings in expanded form are written as

A

w3 = Losarbon ¥ Lasprios + Lagericy + L

‘a3al’al a3cl’cl ‘a3a2 02 +La3b2’b2 + LaScZ c2

+ Lisaslas + Logpatps + Lisesles
= L, cos8.i, + L,; cos(6, —120°)i,, + L,; cos(6, +120°);

cl

1 1 .
+(Lpgs + Ly )iy — 2 L,k — ‘Z‘Lmzslcz

1 ,
+(Lys + L + Ly )iy — = Lysly; — > =L,i

Ays = Lysgyiny + Lysybyy + Lyserio + Lysanlay + Lyspatyy + Lyseoles
+ Ly iy + Lysalys + Lysesiy
= L, cos(@, +120°)i,, + L, cosb,i,, + L,; cos(8, —120°)i,,

m

1 ) ; 1 .
- EL by ¥ (L + Loy )iy — ELmBch

1 .
—ELm3la3 +(Lyy + Log + Ly )iy == L,305

2.31)

(2.32)
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2’03 = c3alial + Lc3blibl + Lc3clicl + Lc3a2i02 + Lc3b2ib2 + Lc3c2i02
+ Lc3a3 ia3 + Lc3b3ib3 + Lc3r:3 ic3
= L, cos(8, —120°)i,, + L,; cos(6, +120°)i,, + L;; cosb,i,
1 . 1 . ,
'"2‘Lm23 Io— ‘2'Lm23’b2 + (L + Ly )i,
1 . 1 , .
- 'Z‘Lmslas i) Ly +(Lys + Loy + Loy )iy

(2.33)
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Once the flux linkages are expressed in terms of machine variables, the voltage

equations of the machine can be obtained as follows
Vo =hia + PAy

Vs =hiy T PAy

Vo =hiy + pA,

Vo =hlg + PAy,

Via =hly + Py

Vo =hiy + Ay,

Vay =iy + PAg

Vi3 =Fylys + Py

vc3 = r3lc3 + p/lc?’

where p =§ is the derivative operator
!

(2.34)

(2.35)

(2.36)

2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)
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The above voltage equations (2.34)~(2.42) of the machine can be rewritten in

matrix form as follows

v abcel rl 0 0 1 abel )" abel
vabc2 = 0 rz 0 labcz + p z'abr:z (2‘43)
V abc3 0 0 ryfi,, A3

where r,, r,, r; are the diagonal stator, rotor starting-cage, and rotor running-cage

resistance matrices, respectively. From the flux linkage equations derived above, the

matrix form of the flux linkages can be written as

)"abcl Lll LlZ L13 iabcl
M |= Ly, )T L, Ly || iase (2.44)
)"abc3 (L13 )T (L23 )T L33 iabc3

The inductance matrices in equation (2.44) are expressed as follows

- 1 1 -
Lll +Lml —ELml __2_Lml
1 1 %
L,=| - ‘Z“Lml Ly+L, - E L, (2.45)
1 1
I - ELml ELml Ln + Lml |

is the stator self inductance matrix. Here, L, is the leakage inductance and L, is the

magnetizing inductance of the stator windings.

cosd, cos(d, +120°) cos(d, —120°)
L, =L,| cos(d, —120°) cosé, cos(d, +120°) (2.46)
cos(d, +120°) cos(d, —120°) cosf,

is the stator to rotor starting-cage mutual inductance matrix and L,, is the amplitude

of the mutual inductances between these windings.
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cos(d, +120°) cos(8, —120°)
cos(8, +120%)
cosd,

cosf,
L,; = L,|cos(8, —120°) cosd,
cos(d, +120°) cos(d, —120°)

(2.47)

is the stator to rotor running-cage mutua] inductance matrix and L, is the amplitude

of the mutual inductances between these windings.

[ 1 1
le + Lm2 + L23 - ELmz - 5 LmZ
1 1
L, = - ’Z‘Lmz le +L,,+Ly, - ELmz (2'48)
1 1
- ‘2‘ Lm2 - ELmz le + LmZ + L23

is the rotor starting-cage self-inductance matrix. Here, L,, is the leakage inductance
and L _, is the magnetizing inductance of the rotor starting-cage windings. L,, is the

inductance due to flux linking two rotor windings.

_ { | -
L13 + Lm3 + Lsz - E Lm3 - E Lm3
1 1
Ly= - 5 L, L13 + Lm3 + Lsz E Lm3 (2 ‘49)
1 1
- E Lm3 - 5 ‘Lm3 L13 + Lm3 + Lsz

is the rotor running-cage self inductance matrix. Here, ;; is the leakage inductance

and L, is the magnetizing inductance of the rotor running-cage windings.

1 1
L23 l"' Lm23 - 5 Lm23 - ? Lm23
. Lm23 L23 + Lm23 - E Lm23
1 1
- 5 Lm23 - '2' Lm23 L23 + Lm23

(2.50)



25

is the rotor starting-cage to rotor running-cage mutual inductance matrix. L ., is the

inductance of both rotor windings associated with main magnetizing flux path.

Hence, the machine equations of each circuit are obtained. The rotor variables of

the machine are referred to the stator side by the turns ratios as follows

1 N3
i i iy = 2, @.51)
be2 : be2 bc3 Nl be3
et =LY Vs =Ly 2.52)
NZ 3
1 (2.53)

The flux path of the magnetizing inductances of each winding is the same. Also,
the mutual inductances between rotor and stator windings are defined over the same

magnetic flux path. So, the following expression can be written:

2
L, = ;’—1 (2.54)
=M N (2.55)
R, ,
p, =N N, (2.56)
Rm 1
where the reluctance of main flux path (R, ) is defined by
R =—2% (2.57)

vl
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The stator to rotor mutual inductance matrices referred to the stator side are

expressed as

. N

L, =N—;L12 (2.58)
t N

L, = F:L” (2.59)

2

Substituting equations (2.46) and (2.47) into (2.58) and (2.59) yields to

[ cos@, cos(8, +120°) cos(6, —120°)
cos(, —120°) cos @, cos(d, +120°) (2.60)
cos(d, +120°) cos(f, —120°) cosd,

cosé, cos(d, +120°) cos(8, —120°)
L, =L, | cos(@, —120°) cosf, cos(d, +120°) (2.61)
cos(d, +120°) cos(€, —120°) cos@,

Since the stator and rotor magnetizing inductances are defined over the same

magnetic flux path, the following expression can be written

2 2
g, =M =M g (2.62)
N, N,

The rotor self inductance matrices are referred to the stator side by the square of the

turns ratios as follows

2
1] N
L, = (m] L, (2.63)



1
—ELml

Ly, + L, + Ly,
1

_ELml

Ly’

ml

L13 + Lml + L23

Y
2

~—L
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(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

The relationship between the stator magnetizing inductance and the mutual

inductance between the two rotor windings can be expressed as

L, =20

L | 2.70
ml N2 N3 m23 ( )
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The mutual inductance matrix between the two rotor windings is referred to the stator

side as follows

1 N2
L, =—\"1L 2.71
® NN, ® @71)

and substituting equation (2.50) into (2.71) yields to

. 1 1
Lzs + Lml - ’2' Lml - 5 Lml
r 1 . 1
Ly=| - E e ELmI (2.72)
1 1 .
i 5 Lml - E Lml L23 + Lml |

Finally, the resistances of the rotor windings are referred to the stator side as follows

2 |

(N

, {N_;] . @.73)
N 2

. Z(X/ﬂ . @.74)

The flux linkages referred to the stator side in compact form are expressed as

)“' abel L 11 L'12 L'13 i abel
Aoper |=| L) Ly L i (2.75)
l abe3 (L'IS ) ! (L 23 ) ! L'33 i abc3

Thus, the voltage equations of the double-cage induction machine referred to the

stator side can be written in compact form as
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¥ abel r, + pL,, PL'lz PL'13 L abel
Vb2 | = P(Lu)T r, + pL,, pLy, i gpes (2.76)

o’

v’abc3 P(L'ls )T P(L'23 ) I :; + PL'ss Lobes

The voltage equations in the matrix form are obtained and given in equation
(2.80). Here, the self inductances are expressed as the sum of their leakage and

mutual inductances as follows

Ly=L,+L, (2.77)
L,=L,+L, (2.78)

Ly,=L,+L, (2.79)
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2.2 Voltage Equations in Arbitrary Reference Frame

In the voltage equations expressed in terms of machine variables, the inductances
are time-varying and introduce difficulty in the analysis of the machine. In order to
eliminate these time-varying inductances, transformations are applied to stator and
rotor variables of the machine. Hence, the time-varying inductances of the machine

are transformed into time-invariant form as described in reference-frame theory.
Let f be the variable representing the quantities voltage, current, and flux linkage.

The stator variables, which are expressed in machine variables and denoted by abc,

are transformed into qd0 variables by applying the transformation as follows
foaor =K f (2.81)

8" abel

The transformation matrix K, is defined as

cosd cos(@—-120°) cos(@d+120%)

K, :-‘;1 sind sin(@~-120°) sin(6 +120°) (2.82)
1 1 1
2 2 2
where
0 = [w(&)dé +6(0) (2.83)
0

and & is dummy integration variable. w(&) defines the angular speed of the
reference frame and may have any arbitrary value. The inverse transformation matrix

K;' can be obtained as
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cosf sin 8 1
K" =|cos(0 —120°) sin(60—120°) 1| - (2.84)
cos(d +120°) sin(@+120°) 1

Similarly, the transformations applied to the rotor variables of the machine are as

follows

foaoe =K, L, | (2.85)
£ =K, £ (2.86)
where

cos B cos(f—-120°) cos(f+120°)
K, o sin B sin(8-120°) sin(B +120°) (2.87)
1 1 1

2 2 ' 2

In equation (2.87), B =6 -6, and the angular displacement of rotor is expressed as
0, = [,(5)d£+6,(0) . (2.88)
0

where @, (&) is the angular speed of the rotor. The inverse transformation matrix K;'

can be expressed as

cos sin S 1
K;‘:-% cos(8—120°) sin(8—-120°) 1 (2.89)
cos(8 +120°) sin(B+120°) 1
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Applying the transformations to stator and rotor abc variables of the induction
machine as given in equations (2.81), (2.85), and (2.86), the expression of flux

linkages given in equation (2.78) can be written as

Ks_lqum Ly, L'nz vas Ks_liqd()l
K:l)"qdoz = (Lu)T Ly Ly K:l_iquZ (2.90)
K:I)"qd03 (LIS)T (L23)T L33 K:liqd03

The expression of flux linkages in terms of gd0 variables can be rewritten by

using the properties of matrix multiplication as follows

A‘qdf)l KsLllK;l KsL’uK;I KsL'mK;l iqdm
M | = K, L)' K K LK KLyK! i, (2.91)
)"qu03 Kr (]_"'13)1‘1(5_I Kr(L'B)TK;] K,-L'33K:I iqd03

The elements of the transformed impedance matrix given in equation (2.91) are

defined and obtained as follows

M gaon ay ap Ay |y
A || 3y Ay iy (2.92)
M gao ay ay; Ay iy
L,+M 0 0
a, =KL, K= 0 L, +M 0 (2.93)
0 0 L,
L, +M+L, 0 0 ,
a, =K Lp,K'=. 0 Ly+M+L, 0 (2.94)
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L,+M+L, 0 0
a, =K, LK} = 0 Ly +M + Ly, 0 (2.95)
0 0 Ly+L,
M 0 0
a,=a, =KL K" =KL ;K" =0 ‘M 0 (2.96)
0 0 O
M 0 0
a, =a, =K, (L,) K=K, L,)K=/0 M 0 (2.97)
0 0 0
Ly,+M 0 0
a,=a,=K L, K'=K L) K'=| 0 L,+M 0 (2.98)
0 0 A
where
3
M==L (2.99)

ml

The derivation of the matrices given in equations (2.93)-(2.98) is obtained using the

trigonometric relations, which are given in Appendix A.

Once the flux linkages are obtained, the voltage equations of stator windings are

written in terms of qd0 variables for an RL circuit as follows

(2.100)

vabcl = rllabcl + p)"abcl

V gao1 =Ksr1Ks_liqd01 +Ksp[Ks_ll'qd01] (2.101)
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The transformed stator resistance matrix is the same as in machine variables, hence

equation (2.101) becomes

Va0 =Tl an +KsP[K;l J LY +KsKs—lp)"qd01 (2.102)
—sinf cosd - 0
p[K;l] = | —sin(d —120°) cos(@ -120°) 0O (2.103)

—sin( +120°) cos(d +120°) 0

where @ is the rotational speed of the reference frame. Using the trigonometric

relationships given in Appendix A, the following equation can be derived

0 10
K, p[K'1=|-1 0 0 (2.104)
0 00

and the voltage equation for stator windings becomes

Vgaor = il ggop + @k gy + DAy (2.105)
where
Oog) =[Ayy =2y 0] (2.106)

Similarly, the voltage equations of the rotor windings referred to the stator side can
be obtained applying the transformation given in equation (2.87) to the rotor

variables

v,qd02 = r;i:;doz +(@-o, )7"@2 + p)';doz (2.107)

V,qd03 = r;i'qd03 +o-o, ))";iq3 + Px;dm (2.108)
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where o, is the rotational speed of the rotor and

(i) = =24, 0] (2.109)

(Ags)" =[Ags ~ 245 01 ' (2.110)

The voltage equations for stator windings in expanded form now can be written as

Vg =hiy + @4, + pl, (2.111)
Va =hiy — @4, + piy (2.112)
Vo =hip + PAy (2.113)

The voltage equations for rotor starting-cage windings in expanded form are

Vor =hip +(@— @)y + Ay, (2.114)
Var =Tyigy — (@ —@,) Ay + phyy (2.115)
Vo =lyig + DAy (2.116)

The voltage equations for rotor running-cage windings in expanded form are
Vs =nig+ (@ —o,)A; + ply, (2.117)
Vys =hiy = (@ —@,) A + ply, (2.118)

Voy = Fyigs + DAy (2.119)
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The flux linkage equations for stator windings in expanded form are written as

Ag =Ly +M)iy +Mi, +Mi, (2.120)
Agy =Ly + M)y + Mi, + Mi,, - (2.121)
Aoy = Lyt (2.122)

The flux linkage equations for rotor starting-cage windings in expanded form are

Ap =Miy + Ly + M + Lyy)iy +(Lyy + M)i (2.123)
A;zz =Mi, + (L'IZ +M+ L'zs )i:'iz + (L'zs + M)i;is (2.124)
Ao =Ly + Ly iy + L (2.125)

Finally, the flux linkage equations for rotor running-cage windings in expanded form

are .

Ay =Miy +(Liy + M + Ly)i s +(Ly + M)i, (2.126)
Agy = Miy + Ly + M + Ly)ins +(Lyy + M)iy, (2.127)
Aoy = Loy + (Lys + Loy )igg | (2.128)

Substituting equations (2.120)-(2.128) into equations (2.111)-(2.119), the voltage
equations can be rewritten. The voltage equations for stator windings in expanded

form are as follows
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Vo =hiy + Ly piy + Mpi, +Mpi; + oL, i, ++oMi,, +oMi, (2.129)
Vg =ty + Ly piyy + Mpiy, + Mp,, — oL, i, —oMi,, - oMi,, (2.130)
Vor =1yig + Ly piy, (2.131)

The voltage equations for rotor starting-cage windings in expanded form are

Vo = rzli;z + (lez + L'zs )Pi;z + Mpi,, + (L'zs + M)Pi;ﬂ (2.132)
+t(@-0,)Mi, +(@-o, )(L’zz + Zzs )i;z +t(@-~-o, )(L'zs + M)i;s

v:zz = rzli;zz + (L'zz + L‘zs)l’i:zz + Mpi, + (L'zs + M)Pi;n (2.133)
— (@ - @, )Mi, —(@— &, XLy, +Ly)iy, — (@ -0, Ly + M)i,

Voo =iy +(Lyy + Lyg) Piy + Lig Piy (2.134)
The voltage equations for rotor running-cage windings in expanded form are

V;?; = "3'1-«’,3 + (L‘33 + L'zs)pi;,s + Mpiql + (le3 +M)Pi;2

' o ' , (2.135)
to-0 )M, +(@-0, )Ly +Ly)iy +(@—o,) Ly +M)iy,
V;i3 = r;i:i3 + (L'33 + L;3 )Pi:is + Mpi,, + (L'zs + M)Pi;lz (2.136)
—(@-0,)Miy ~(@—,)Ly; + Ly )i —(@—0,)Ly + M),
V;)3 = r;i(;3 + (L’13 + L'23 )Pit;s + L‘zspi;)z (2.137)

where the self inductances are defined as

Ly=L,+M “ (2.138)
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Ly=L,+M (2.139)
Ly=L,+M (2.140)

The voltage equations given in (2.129)-(2.137) are expressed in stationary reference
frame by letting @ =0 and rearranged in'compact form with zero sequence equations

are omitted as follows

[va] [n+lwp O Mp 0 Mp 0 Tia]
Vi 0 n+lyp 0 Mp 0 Mp i
V;z _ Mp oM . 2' +(L22 +L‘23)P —o, (Lzz +L'23) (lez +M)p —@, lea +M) iz'ﬂ
Var o, M Mp oLy +Ly) 1, +( Ly +Lp)p  @,(Lyy+M) Ly +M)p iy,
Mp oM (L,+M)p ~0,(Ly+M) r+(Ly+Ly)p ~o,(Ly+Ly) i;;s
oM Mp a, (Lza +M) (L'u +M)p D, (L33 +Eza) r ; +(E13 +Ez3)p_ _iz‘i3_
(2.141)

2.3 Voltage Equations in abc/qd Reference Frame

In order to express the double-cage induction machine in abc/dq reference frame,
which retains the actual stator phase variables but transforms the rotor only to
examine the transients of the machine, the K_ transformation in equation (2.87) is
applied to rotor variables. In this model, it is assumed that the q axis coincides with
phase a of the stator. Substituting the equatidns (2.85) and (2.86) into (2.75), the

flux linkage matrix can be written as follows

)"abcl L11 L’u L'13 iabcl
K [=| (L) Ly Lo | K (2.142)

'

K | (L) (L) Ly [ K s

Rearranging this equation yields to



Aober L, ) L'IZK:I

)“quoz =K, (L'u )T

K rL'ZZK:l

LK

1 abel

](rl"'ﬁl(s—l i;]dOZ
)“qu3 Kr(I‘l:S)T Kr (LB)TK;I KrL33K:] iqu3
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(2.143)

Using the trigonometric relations given in Appendix A, the elements of the

impedance transformed matrix given in the above equation are obtained as follows

)“quI b, by, by iqul
)"quZ =|by by by iquZ
)"qu3 by, by by iqd03
i 1 1, ]
Ln + Lml - 5 Lml - 5 Lml
1 1
b,=L, = "’2_Lm1 L,+L, —ELml
- l Lml - l Lml Lll + Lml
i 2 i
(L, + M+ L, 0
b, =K L,,K' = 0 L,+M+L,
0 0
(L, +M+L,, 0
b, =K L, K'= 0 Ly+M+L,
0 0
Ly,+M
by =by, =KrL'23K:l =Kr(L'23)TK:l = 0
0

(2.144)

(2.145)

(2.146)

(2.147)

(2.148)

which are previously derived in Section 2.1 and Section 2.2. The rest of the elements

of the flux linkage matrix can be obtained as
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M cosd Msin@ 0
b, =b, =LK' =LK' =|Mcos(f ~120°) Msin(d-120°) 0 (2.149)
12 13 12%%r 135%™ r
M cos(6+120°) M sin(6+120°) 0

b, =b; =K, (1;12 )T =K, (L'IS )T

L, cos@ L, cos(@—-120°) L, cos(@+120°) (2.150)
={ L sin@ L, sin(@-120°) L, sin(d+120°)
0 0 0

The voltage equations of the stator windings in terms of abc variables are written

as
vabcl = l-liab(.‘l + p)“abcl (2'151)

and the voltage equations of the rotor windings referred to the stator side in terms of

qdO variables are
Voo =Falg + (@ — @)y, + DAy, (2.152)
v'qd03 = r:;i'qd03 +(@-o, )"‘ldq:‘» + p)“;d03 (2.153)

Substituting flux linkage matrix given in equation (2.144) into equations (2.151)-

(2.153), the voltage equations can be written in expanded form as follows

Vg =ni, +L,+L,)pi, -%Lmi,,1 —%Lmic1

(2.154)
+ pM cos b, + pM sin 6, + pM cos i, + pM sin 6,
. . .1
Vo = _ELmlal +hiy + (L, +L,)piy, _ELmlcl
+ pM cos(6 —120°)i,, + pM sin(@ +120°),, (2.155)

+ pM cos(6 —120°)i,, + pM sin(6 +120°)i,,
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1. 1 . . ;
Va = —ELmlal _ELmlbl +ni, + (L, +L,)pi,

[4

+ PM cos(8 +120°)i,, + pM sin(6 +120°)1, (2.156)
+ pM cos(6 +120°)i,; + pM sin(6 +120°)i,,

The voltage equations for rotor starting-cage windings in expanded form are

v'q2 =(w-w, )L, siné, + L, sin(@—-120°i,, + L, sin(@ +120°)i,)
+ rz'i;z + (L'zz + L'23 )Pi;z +(@-o, )(lez + L’zs )i;iz (2.157)
+(Ly + M) piy; + (@~ 0, )Ly +M)iy

v, =—(@— o, )L, cosbi, + L, cos(@—120°i,, + L, cos(8 +120°)i,,)
- (0 -, )(L'zz + L’23 )i;z + rzli:iz + (Ezz + L'zs )Pi:n (2.158)
-(w-o, )(Lzs + M)i;3 y (L’23 + M)pi:iii

V;)2 = rz'if')z + (L;z + Ezs )pi(;2 + L'23pi(',3 (2.159)
The voltage equations for rotor running-cage windings in expanded form are
v;ﬂ =(w-w,)(L,sinbi, +L,sin(@-120°i,, + L, sin(d +120°)i )

+(Ly + M) pi;2 +(w—-o,)Ly + M)i, (2.160)

+ r:;i;3 + (L;3 + L'23 )Pi;,s +(@-o, )(L'n + L'23 )i{’i3

v, =—(@ -, )L, cosbi, + L, cos(d-120°i, + L, cos(d +120°)i,)
-(w-o, )(L'z:% + M)i:;z +(Ly + M)pi;iz (2.161)

-(0-o, )(L‘:«m + L'za )i;s t+r 3.i;13 + (L’ss + L'zs )Pi;s
v;)3 = "3"'(.)3 + (L'I3 + Ly ) pigs + L'zspig)z (2.162)

In order to eliminate time varying inductances, the equations (2.154)-(2.162) are

expressed in the stationary reference frame by letting @ = 0. Assuming there is no
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neutral line connected to the stator windings (i.e, the sum of line currents and their
derivatives are equal to zero) the equation given in (2.163) is obtained for a double-

cage induction motor at stationary reference frame with zero sequence equations

omitted.

(vl [n+Lyp 0 0 Mp 0 Mp 0 ] Pan 1
Vo 0 n+L,p 0 —%Mp —gMp ——;—Mp —l/z—iMp iy
v, 0 0 f+Lyp —%Mp {3—Mp -%Mp ?MP i
il W eLh o iidiny ey G ewei |,
il | on Lrp Ly aainy drGarhor eeny G i
Vs Mp m,?Lm —m,l/z—';iLm (L, +M)p —0,(M+Ly) n+Ly+Ly)p ~0,(Ly+Ly) | i,
ol |om Lrp Pup owrrny G eaGrhy 5edrhsis

(2.163)
2.4 Voltage Equations in qd/abc Reference Frame

In order to express the double-cage induction machine in dg/abc reference frame,
which retains the actual rotor phase variables but transforms the stator only to

examine the transients of the machine, the K, transformation in equation (2.82) is

applied to stator variables. In this model, it is assumed that the q axis coincides with
phase a of the rotor. Substituting the equation (2.81) into (2.75), the flux linkage

matrix can be written as follows

K;I)“quI Lll L'12 L'IJ Ks_liquI
Az || @) Ly Lyl e (2.164)

’

)" abc3 (L’13 )T (L'23 ) ! L'33 i abe3

Rearranging the above equation yields to



)"qul KsLllK;l KsL'n KsL'u
2'abcz = (le)TK;l Lzz L23
My | L) K'Y (L) Ly

Y01

1 abc?2

1 abc3
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(2.165)

The elements of the transformed impedance matrix given in the above equation are

obtained using the trigonometric relations given in Appendix A similarly and

expressed as follows

A 01 €y €2 € i
Moper |[= €n €y €y 1502
Moes €y €3 Cy i
. L,+M 0 0
[ =KSLHK;1 = 0 L,+M 0
0 0 .
Foo . 1
LIZ + Lml + L23 - ‘Z‘Lml
; 1 . .
¢y =Ly = _ELml L,+L, +Ly
- %Lml - %Lml
- . 1
L13 + Lml + Lzs - ELmI
L4 1 1 1]
¢ =Ly = _ELml Liy+ L, +Ly
—%Lml - %Lml
- 1 1
L23 + Lml - E Lm1 - 5 Lml
, 1 . 1
€y =Ly = _'2‘ R —ELmI
Ly Ly Ly+L,

(2.166)

(2.167)

(2.168)

(2.169)

(2.170)
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1 1
Lzs +Lm1 —ELml ELml
t 1 v ].
€32 =(L23)T = _’2“ m Loy ¥ Ly ——Z'Lml (2.171)
_%Lml 1 me L'23 +Lm1

which are previously derived in Section 2.1 and Section 2.2. The rest of the elements

of the flux linkage matrix can be obtained as

L, cosf L cos(f—120°) L, cos(B+120°]
¢, =¢,=KL,=KL,=|L sing L, sin(f-120° L, sin(f-120° | (2.172)
0 0 0 |

Mcos f Msin g 0]
8y =y, = (L) K = (L) K" =| Mcos(8-1209 Msin(f-120°) 0] (2.173)
M cos(f +120°) M sin(f+120°) 0

The voltage equations of the stator windings in terms of qd0 variables are written

as
Y qaor =Tk g1 + @y + Ph oy (2.174)

and the voltage equations of the rotor windings referred to the stator side in terms of

abc variables

V;bcz = rz'ilabcz + P)v;bcz (2.175)

Vates = Fslapes + Phoes (2.176)

Substituting flux linkage matrix in equation (2.166) into equations (2.174)-(2.176),

the voltage equations for stator windings can be written in expanded form as follows
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Vg =niy + (L, +M)pi, +o(L, + M),
+o[L, sin fi,, + L, sin(f —120°),, + L, sin(8 +120°)i.,]
++w[L,, sin fi,, + L sin(f —120°i,; + L_ sin(f8+120°)i.,] (2.177)
+ pL, cos fi,, + pL, cos(fB —120°i,, + pL, cos(B +120°)i,,
+ pL,, cos fi., + pL, cos(fB —120°i,, + pL, cos(B +120°)i,

Va =hig + (L, + M)piy, +o(L, + M)i,
+a@[L,, cos fi,, + L, cos(B—120i,, + L cos(fB +120°)i,,]
++w[L,, cos fi,, + L, cos(B—120i,, + L, cos(B +120°)i,] (2.178)
+ pL, sin fi,, + pL_ sin(B —120°i,, + pL  sin(B +120°)i.,
+ pL, sin fi,, + pL, sin(f —120°),, + pL, sin(f +120°),

Vor =hiy + Ly, piy, (2.179)
The voltage equations for rotor starting-cage windings in expanded form are

v,, =10, + pM cos Bi, + pM sin fi,,

i g s 1 .1 K
+(Ly, + L, +Ly)pi, - Emele - EmelcQ (2.180)
. y 1 .1 "
+ (L23 + M)pla3 - .Z_melbii - EmelC3
Vyy =iy, + pM cos(B —120°)i,, + pM sin(f —120°)i,,
1 o ' ' K 1 K
- 5 L,piy + Ly + L, + Ly)piy, - 5 L,pi., (2.181)
1 o . o l K]
- E L, pi s +(Ly +M)piy;, — Emelcs
V. =i, + pM cos(f +120°)i,, + pM sin(f +120°)i,,
(2.182)

1 N 1 N , . r
- 'Z'melaz - Eme’n +(Ly + L, +Ly)pi,

1 . 1 X ‘ .
- E L,pi;— Eme’bs +(Ly + M)pi

Finally, the voltage equations for rotor running-cage windings in expanded form



47

V3 =Rl + pMcos Bi, + pMsin i,

+(Lys + M) pi,, ~ ";—mei,',z - -—;—mei;z (2.183)

. . B 1 B 1 .
+ (LI3 + Lm + L23 )pla3 - _2_ melb3 - Emelﬂ

Vis =iy + PM cos(f —120°i,, + pM sin(f —120°)i,,

1. . .
=5 LuPin + (L + M)piy; - -;—L”, pi., (2.184)

1 . , ) . 1 o
- ‘Z‘melas +(Ly; + L, +Ly)piy; - El'mpla

Vs =Ty, + pM cos(f +120°),, + pM sin(f +120)i,,

™ %mei;z i ‘;‘meil’:z + (L‘za + M)Pi;z (2' 1 85)

1 | P ' : N
- “Z“mela = E‘Lml”bs +(Lys +L, + Ly)pi,

In order to eliminate time varying inductances, the equations (2.177)-(2.185) are
expressed in the rotor reference frame by letting @ =w,. Assuming there is no
neutral line connected to the rotor windings (i.e., the sum of line currents and their

derivatives are equal to zero) the equation (2.186) is obtained for a double-cage

induction motor at rotor reference frame with zero sequence equations omitted.
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2.5 Torque Expressions

The relation between the torque and rotor speed for the induction machine is

given by the equation as follows

4

T, = J(%) po, +T, (2.187)

Here, J is the inertia of the rotor, w, is the electrical rotor speed, P is the number
of poles, 7, is the load torque on the shaft of the machine, and 7, is electromagnetic

torque developed by the double-cage induction machine. The electromagnetic torque

can be expressed in terms of machine variables as follows

P . a g o! P . a ’ ot
Te = (Ej(labcl )T 67[L 12 ]labc2 + (E)(l abcl )T EE:[L 13 ]labc3 (2’ 1 88)

Arranging the above equation using trigonometric relationships given in Appendix
A, the expression of electromagnetic torque developed by the machine in terms of

machine variables becomes

.. 1.1, AP BT TR | | S
[0 (ay — <o _'2"’cz)+’b1 (s, __2—1a2 _Elcz) +i,(, _Elal _Elbz )]sin 6,

P 2
n-{3)
e 2 m
LB

) (i Gy —ip0) + iy Gy —,p) +iy (F,y — )] C0S0,

.o 1. 1. .o 1. 1. . e 1. 1. ]
[0 Gas "”2“’b3 _Elc3)+lbl (s _5103 —Elc3)+lcl (s —5103 _Ellﬁ )Isin6,

“@L'" B

+ T[ial (s = i3) Fiyy (s —iy5) +i,(fys —ip)]cosO,

(2.189)

In order to express the electromagnetic torque in terms of qd/qd, abc/qd, and

qd/abc variables, transformations given in equation (2.82) and (2.87) are applied to
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the stator and rotor variables. The electromagnetic torque is expressed in terms of

qd/qd variables as
P .. 0 ' wpo-ts’ P . . O pr qpretst
g =(_) sllqdol)T EE[Lu ]Krllqdoz +(5)(K“11‘1"°1)T E_OF:[LB ]K’llqm (2'190)

Arranging the above equation using trigonometric relationships given in Appendix
A, the expression of electromagnetic torque developed by the machine in terms of

qd/qd variables becomes

3(P Lo . AR
T, = E[EJM{(Z"IZ‘& ~igig)+ Uiy _zdlqu)} (2.191)

The electromagnetic torque can be expressed in terms of abc/qd variables in a similar

way as follows

P . a ' -]e! P . a * ]
T, =(3)(labcl)r —67,[1‘]2 rllquZ +(a‘]('abel)r —37,[L13 ]Krllqu?r (2.192)
which becomes

.. 1, 1, 3., .
P igy (i — Elbl - Elcl) + By iy2(fpy —12)
T, = (—)M ' (2.193)
2 o1 1 B

iy — 5’1;1 - Elcl) + 7%3 (fpy = 1cy)

Finally, the electromagnetic torque in terms of qd/abc variables is

P 1. e v oo P 1. 2 .+ ..
T, =(5‘)(Ksllqd01)T %[le Bioser + (E)(Ksllqdm)T ‘a"g—[Lls Bigses (2.194)

which becomes
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V3 .
{ ’dl(laz Y c2)+ 5 q1(’b2 i)

B3

c3)+ 5 ql(’b3 c3)

(2.195)

+iy (la3 "2"ib3 5

2.6 Steady-state Equivalent Circuit

The steady-state per phase equivalent circuit of a double-cage induction machine

can be obtained from the voltage equations in arbitrary reference frame by letting
p=jo, -o) (2.196)

where @, is the electrical supply frequency in radians per second. Substituting the

above equation into stator and rotor g-axis voltages given in equations (2.111),
(2.114), and (2.117) yields to

Va =hiy + 04, + j(@, —0)4, (2.197)
Vyy =iy +(@=0,) Ay, + j(0, —0) (2.198)
Vys =Nyigs +(@ = @,) s + j(@, — ®) A5 (2.199)

It must be noted that the g-axis of stator coincides with phase a of the stator, so it

can be written that
Fa=Fa (2.200)
For steady-state conditions, the following expressions can be written

Fa=jFa (2.201)
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Far=jFp (2.202)

Fis=jFg (2.203)

Substituting equations (2.201)-(2.203) into (2.197)~(2.199) yields to

Vg =hiyg + jo,4, (2.204)
Vo =hig + j(@, —0,) 2, ‘ (2.205)
Vs =iy + j(@, —@,) A (2.206)

Rearranging the equations (2.204)-(2.206), the steady-state g-axis voltages can be

obtained as follows

. . @, , . K
v, = Hhig +_]a)—[(X“ +X,, )qu +Xqu2 +Xqu3] (2.207)
b

o fo,-e,) oy o .
Vpp =hl,y + J(—)[(Xzz + Xy + X5 )ig (X + X )iy + X iy ] (2.208)
b

w,-o,

Vs =Tyl +f[ )[(X,; + Xy + X )iy + (X + X )iy + X001 (2.209)
b

where @, is the base frequency. Hence, the inductive reactances are calculated as

X, =w,l, (2.210)
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X, =w,L, (2.211)
X,=0,L, (2.212)
X, =w,L, (2.213)
X, =o,M (2.214)

Since the rotor terminals are short circuited, the rotor voltages are equal to zero.
The g-axis voltage of stator is equal to the stator phase a voltage. So, the equivalent
circuit satisfying the equations (2.207)-(2.209) is obtained and given in Figure 2.3

Figure 2.3 Equivalent circuit of double-cage induction machine
2.6.1 Analysis of the Equivalent Circuit

For the analysis of the steady-state per phase equivalent circuit of the DCIM given
in Figure 2.3, the rotor circuit is considered to be consisting of one equivalent
resistance and reactance such as in single-cage machine. The rotor equivalent
‘resistance and reactance at any slip are obtained from the equivalent circuit and

defined by the following equations (Waters & Willoughby, 1983)
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L] t 1 L} 2 t l2 ] 12
. _nn(n +r)+s"(nxs +r3x;) ‘ (2.215)
e [ 1 0 1 .

(r +r3)2 +s2(x2 +x3)2

12 1] '2 1) 2 T 1 t L}
-ABI NI (2216)
(m +13)" +57(xy +x3)

X,

Thevenin voltage, resistance and reactance of the stator side are obtained from the

exact equivalent circuit and given below;

Vv
V, = gt 2217
N7+ (g +x, )
2
oy m——m"_ (2.218)
r12 +(x +Jc,,,)2
2, .2 2
2y =2 (" +x)+ %1% (2.219)

r12 +(x1 +xm)2

where the reactances related to the inductances in the equivalent circuit are as

follows

X = a,L, (2.220)
x, =L, (2.221)
X, =,L, (2.222)
Xy, =@, L, (2.223)
x, =o,M (2.224)



55

The electromagnetic torque developed by the machine is calculated as

2
7o Vi T (2.225)

@ ¥, \2 2 §
y (rzh+§_) +(x, +x,,)

where o, is the synchronous speed of the machine and expressed as

0 =21 (2.226)
P

2.7 Determination of Machine Parameters

The parameter determination of a double-cage induction machine is quite a
difficult task with respect to a single-cage machine. Because the additional rotor
windings make the analysis of the equivalent circuit more complicated. Hence,
optimization techniques are applied in the determination of the machine parameters.
In the following, the genetic algorithm approach, which is an optimization technique,

will be introduced.
2.7.1 Genetic Algorithm Approach

The Genetic Algorithm (GA) is an evolution program, which uses an iterative
procedure to measure of its fitness function from the generated population of
potential solutions. The members of the generated population are expressed in binary
digits (or chromosomes) and the strength of each member is measured using the
fitness function. At each iterative step, a new population is generated, by altering
some members of the population using genetic operators, crossover and mutation, to
fit more individuals to the solution. The generation of new populations continues
until the best population is obtained to fit an optimum solution. The GA is applied to
problems to find a global maximum/minimum of multivariable equations. The main

advantage of GA is that it provides global optimum of the cost (fitness) function
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without good estimation of initial values of the variables and the derivatives of the
cost and constraints. During the application of the GA to an optimization problem, 6

stages given below should be completed.

a) determination of the problem
b) genetic representation

c) creation of initial population
d) An evaluation function

€) genetic operators

f) determination of parameters that GA uses

At the first step, the fitness function of a specific problem should be determined.
Assume that the problem is to find a value of x which maximizes the value of a

single variable function F = f(x) within a given range, i.e., f(x,)= f(x) for all

X €[Xp Xpae 1

At the second stage, the members of population (or variables) are expressed as
binary vectors for their given ranges. For the problem given above, the range is

x_. —X.. and it should be divided into N equal size in order to meet the required

max min
precision. The number of bits (»n) required to represent a binary vector
(chromosome) is chosen considering the following criterion

2" >N (2.227)

Hence, a binary string {b,b,_,...b,} represents a real number x and can be converted

from base 2 to base 10 as follows:

({8,b,1--B,}), = (Zn:bizf) =x (2.228)

i=0

and the corresponding value of x is
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* Xmax ™ Xonin_ (2.229)

The chromosomes {00..0} and {11...1} represent the boundaries x_, and x__ ,

respectively.

At the third stage, an initial population of chromosomes is created. The size of
population (P) is determined and the bits of the binary vectors are initialized
randomly. Each individual member of population that is represented by a binary

vector is considered to be a potential solution to the described problem.

At the fourth stage, the fitness of the each individual is evaluated using the
evaluation function for binary vectors (v). This evaluation function is equivalent to

fitness function such as eval(v) = f(x).

The members of potential solutions are v,,v,,...,v, and each correspond to the
real values x,,x,,...,x,. For a maximization problem, the member of the population

that gives the highest value is chosen to be the best member.

At the fifth stage, the genetic operators, crossover and mutation, are used to alter

the bits of each vector, thus creating the offspring of the generation. Mutation alters

the bits of a binary vector and the probability of mutation (p, ) is determined by

mutation rate. The selected bit of the binary vector for mutation is simply flipped.
Crossover swaps the bits of two binary vectors and its probability ( p,) is determined

by crossover rate. Hence, a new population is generated through the genetic

operators that are supposed to give better potential solutions to the problem.

As a final stage, the size of population ( P), the rate of mutation and crossover

(p,,p.), and the number of generations should be determined before starting the

procedure. After the each iteration, the GA creates a new population and the fitness
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of the members in the generated population is evaluated until an optimum solution is

obtained to the specified function (Michalewicz, 1992).
2.7.2. Motor Equations for Genetic Algorithm

The GA approach relies on the solution of the equations from the equivalent
circuit of the DCIM. The nonlinear equations from the equivalent circuit of the
machine are constructed such that they form a fitness function that the GA evaluates.
A similar approach was proposed by (Nangsue et al, 1999) for a deep bar induction

machine.

The steady-state per phase equivalent circuit of the DCIM was given in Figure
2.3. Two parallel rotor branches can be represented by an equivalent resistance and a

series reactance as shown in Figure 2.4. The rotor equivalent resistance ( r;)!and

reactance ( x, ) at any slip were given in section 2.6.1.

A v LA e

¥4

EECE

h‘:ﬁ :

Figure 2.4 Equivalent single rotor circuit

The input power factor at full-load, electromagnetic torque developed by the
machine at the full-load, break-down torque, starting torque and no-load impedance
are used in fitness function of genetic algorithm. Hence, the following equations can

be written as follows
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2
F, =100 Ve -1 (2.230)
T,w,s, [(’m +"'§)7)2 + (X + X0 ){l
, ‘
F, =100 Vuler 1 (2.231)
¥
T,aW,Spq [(r:h + _esg)z + (%, + X, )2:|
2
F, =100 Vala ~1 (2.232)

Yol N2 2
Tlrws ':(’;h + _:'l) + (xth + xmnl) :,

r.0.Te1- 7.5 are the full-load, locked-rotor, and breakdown resistances respectively.
Similarly, x,,,0s%mm>*nm2 @re the rotor reactances at full-load, locked-rotor, and

breakdoWn, respectively. These values are calculated from (2.215) and (2.216) at the

corresponding rotor speeds. Another equation for the full-load power factor equation

( -1 {xﬂ :U
cos| tan _—
nl) 4 (2.233)

of

is written as

F, =100

where pf is the full-load power factor and

N
7 (2.234)
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2
S
i (2.235)

2
,
[L‘) +(x, +%x,,,)
Sq

Finally, the equation for no-load impedance of the machine is written as

2 2

F, = 1oo£\/”‘ t 5t x,) -1] (2.236)
Z nl

where Z,, is the no-load impedance. Hence, the fitness function for the genetic

algorithm is constructed by combining the equations (2.230), (2.231), (2.232),
(2.233), and (2.236) and defined as below

100
F =
100 +|F|+|F, |+ |F| +|F,| +]F|

(2.237)

The fitness function given in equation (2.237) is evaluated by GA iteratively and the

optimum values of the equivalent circuit parameters can be obtained.
2.7.3. Machine Parameters

The test machine is a 3-phase, Y-connected, squirrel cage, 50 Hz, 4-pole, 380 V,
2.5 kW DCIM. The no-load, locked- rotor, break-down and full-load tests have been
performed on the machine while it is Y connected. These test results are given in
Table 2.1. Friction and windage losses of the machine have been measured to be
40W during the no-load test by gradually decreasing the stator voltage level. The
inertia of the induction motor is J=0.02002 kg.m* received from the manufacturer.

The stator resistance per phase is measured as 3 ohms. The ratio of the resistance of
the starting and running cage is also obtained to be r;/r, =0.75 from the cross

sectional areas of bottom and top slots of the rotor structure provided by the
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manufacturer. This ratio reduces the number of unknown variables estimated in the
genetic algorithm. The fitness function given in equation (2.237) is evaluated by a
GA program, which is given in Appendix A. The GA parameters in this program are

determined as follows

Population size=100
Generation number=10000
Crossover rate=0.8

Mutation rate=0.2

Table 2.1; Test on star-connected motor

Test \Y% I pf T rpm
No-load; 230V 1.30A 0.13 ONm 1500rpm
Full-load; 230V 4.48A 0.87 16.8Nm | 1430rpm

Break-down; 163V 8.04A 0.78 15.8Nm | 1200rpm
Locked-rotor; | 230V 22.5A 0.63 23.2Nm Orpm

For the given number of iterations, the predicted machine parameters as a result of

the GA are obtained and results are given in Table 2.2

Table 2.2: The DCIM parameters obtained from GA

h n 13 % X X3

3.0Q 5050 | 3.77Q | 751Q | 0220 | 9380 | 13902 | 169540

2.8 Simulation and Experimental Results

The equivalent circuit parameters of the DCIM, which are obtained by GA, have
been verified by computer simulations and experimental tests. Also, the validity of
the mathematical models has been verified with these equivalent circuit parameters.
The simulation study of the machine is carried out by using the gd/qd, abc/qd, and
qd/abe models derived in previous sections. Numerical solutions of the equations that

represent the behavior of the machine are obtained using fourth order Runga Kutta
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integration method. The simulation results from all models are expected to be
identical. Simulations are carried out using FORTRAN programming language. In
order to investigate the validity of estimated machine parameters from GA, the free
acceleration and load tests are carried out on the machine fed by the supply of 230
volts (line to neutral). During the tests, as shown in Figure 2.5, a separately excited
dc generator is used as a load having the torque-speed characteristics given below

T =Ko, +Tﬁv(g) + wa(m) (223 8)

\

where Tgyg= 0.62 Nm and T4,y = 0.26 Nm are the friction and windage torque

values of the generator and motor respectively. K is equal to 0.025 at light load and
0.074 at normal load, which are obtained from the dc generator parameters and the
resistance connected to the terminals of the machine. The moment of inertia of the dc

generator is 0.0223 kg.m” received from the manufacturer. This value is added to the

moment of inertia of the motor (J, = 0.042 kg.m2 , which is the combined moment of

inertia) during the simulation under load.

Figure 2.5 Circuit diagram for loading tests of DCIM

2.8.1 Load Test

The induction motor was initially loaded to a value of K=0.025 and the load was
suddenly changed to a value of K = 0.074 by means of the external resistance

switched on the terminals of dc generator. The simulation and experimental results of
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rotor speed are given in Figure 2.6, for a time interval of 0.38 seconds. The ripples in
the experimental speed waveform are due to the tacho-generator used for speed

measurement. Transient response of the machine is mostly estimated via simulation

with a speed error about %2.7.

In Figure 2.7, the simulation result for electromagnetic torque is shown. The
electromagnetic torque is obtained from all models and all of the models give the
same result. The shaft torque as a function of time is not recorded by the data
acquisition system but its steady-state value is read. The rotor speed and shaft torque
at light load are measured as 1478 rpm and 4.5 Nm, respectively while their values

are 1448 rpm and 11.8 Nm under normal load when K = 0.074.
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Figure 2.6 Speed response of the machine during transition from light load to normal

load (upper trace-simulation, lower trace-experimental)
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Figure 2.7 Torque response of the machine during transition from light load to

normal load (simulation)
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Figure 2.8 shows the experimental and simulation results of phase current during

this test. The results show that measured and predicted values of stator current are

close to each other.

phase current {A)

Figure 2.8 Phase current of the machine during transition from light load to normal

load (dotted lines-simulation, continuous lines-experimental)
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In this test, the shaft of the induction machine is uncoupled from the dc machine

and it is started up under 230 volts (phase) directly switched on the stator terminals.

The stator phase current is recorded by the data acquisition system. Figure 2.9 and

Figure 2.10 show the rotor speed from simulation and experiment, respectively. The

machine accelerates to no-load speed approximately in 0.2 seconds and this is

predicted in simulations for all models. In Figure 2.11, the simulation result for

electromagnetic torque is shown. This is also verified by all models of the machine.

Figure 2.9 Rotor speed for free acceleration test (simulation)
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Figure 2.10 Rotor speed for free acceleration test (experiment, 750 rpm/div, time-

base:0.05s/div)
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Figure 2.11 Electromagnetic torque for free acceleration test (simulation)
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Figure 2.12 shows the digital simulation and experimental results of phase current

for this test taking into account the synchronization between simulation and

experimental work at starting instant. It is found that the peak value of starting

current deviates from the simulation results and the results of analysis performed on

exact equivalent circuit at the steady-state under locked rotor case. The reason is that

the leakage reactances are affected from the saturation under heavy starting current.

This is verified by applying different level of voltages to the stator as the rotor is

blocked and the results are given in Table 2.3. The results show that the locked rotor

impedance is changing according to the level of stator current while the magnetizing

impedance is almost constant and not very much affected by the voltage level during

this test,

+ Table 2.3: Locked rotor test under different supply voltages

(A)

Supply 25 41 57 73 89 122 220
Voltage (V)
Line current 1.48 2.88 422 5.54 7.02 10.1 19.8
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Figure 2.12 Phase current of the machine during free acceleration test (dotted lines-

simulation, continuous lines-experiment)

2.8.3 Steady-state characteristics

The torque-slip characteristic of the machine that is obtained from the parameters
above is given in Figure 2.13. When the torque-slip characteristic of the machine is
compared with the experimental results given in Table 2.1, it shows that the genetic
algorithm properly estimates the machine parameters. If the resistance ratio
(r3/r, =0.75) between the bottom and top slots is not used in the genetic algorithm,
the GA still provides an estimation for the rotor resistances fitting the torque slip
characteristics but the estimated rotor resistances deviate from this ratio and it affects

the electrical transients as a result of rotor time constant.
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Figure 2.13 Steady-state torque-slip curves at rated and reduced armature terminal
voltage. Continuous lines show the curve obtained from estimated parameters while

the dots show measured values.
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CHAPTER THREE
MODELING AND CONTROL OF

THREE PHASE PWM AC-DC-AC
VOLTAGE SOURCE CONVERTERS

3.1 Modeling of Line-Side PWM Voltage Source Converter

The circuit of the 3-phase PWM ac-dc-ac converter that is used to drive a double-
cage induction machine (DCIM) is given in Figure 3.1. In this scheme, the line-side
converter is supplied by balanced three-phase ac voltages and provides a constant dc
voltage through the capacitor C. The value of the capacitor should be high enough to
minimize the dc ripple voltage and provide energy storage. The converter stage
consists of six switching devices each of which has an anti-parallel diode. The

switching signals of upper side devices of each leg are shown by d,,d,,d, and those
of lower side of each leg are simply their complements, which are shown by
d ,d,,d,. This is because of that the switches of the same leg should not be turned

on simultaneously to avoid the short circuit of the dc link. Also, a sufficient dead-
time should be introduced between the turn on signals of the upper and lower side

switches of the same leg. Series inductors L having an internal resistances R, are

introduced at the ac lines of each phase for filtering of the currents. These
inductances are also required for boost operation of the converter. The load
connected across the dc link voltage terminals can be of linear or nonlinear type,

such as a combination of passive elements or chopper and inverter fed drives.
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Figure 3.1 Electrical circuit of 3-phasePWM ac-dc-ac converter

A detailed analysis and modeling of the converter under RE load (a resistance
connected in series with a back emf for modeling both rectifier and regenerative
operation) was given by (Wu et al, 1990), (Wu et al, 1991a), and (Wu et al, 1991b).
To obtain the mathematical model of the converter circuit, the following assumptions

are made;

a) the converter is fed from a balanced three-phase source, i.e. the sum of the
instantaneous phase voltages is equal to zero,

b) the three-phase system has no neutral line, i.e. the sum of the instantaneous phase
currents and their derivatives is equal to zero,

c¢) switching losses are neglected and each switching device is considered to be an
ideal bilateral switch,

d) the passive circuit components are assumed to be linear, i.e. the inductances are
not affected by saturation,

e) dead-time between the switches of the same leg is not taken into account.

The voltage equations of the line-side converter, which is shown in Figure 3.1,

can be written for each phase as follows

di .
Ls7;+Rsll =V =€ =Vpo =€, =(Vpy +Vyo) G.D
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di,

L, dr + Ry =V =) Vo =€, =(Vay +Vyo) 32
di, .
LS -_d—;-—,- Rsl3 = VCF = e3 - VFO = e3 - (VFN + VNO) (3.3)

The voltages at the converter input @oints D, E, and F) with respect to neutral
point (O) of the supply voltages are determined by the switching states of the
converter. Since the upper and lower side switching signals are complemented, there
are 8 different combinations of possible switching states. Hence, the above equations

(3.1)~(3.3) can be expressed as

di,

LSE+RJ1 =V, =e —(dug, +Vy) (3.4
di, )

L, = + Ry =V =€, —(dytig +Vip) (3.5)
di, )

L, _d_t—+ Riis =V =3 —(dsug +Vy) (3.6)

where d,, d,, and d; are the switching states of the upper side controlled solid-state

devices.

For balanced three-phase supply voltages and there is no neutral line connected to
the system, the sum of the line voltages and the sum of the line currents with their

derivatives are equal to zero. Hence, the V,, voltage can be obtained from the

summation of equations (3.4)-(3.6) as follows

u 3
V., = _%de (.7
k=1
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Substituting equation (3.7) into equations (3.4)-(3.6), the expression of the phase

voltages can be obtained as

di U, <

L —L=—Ri+e —(du, ——%Yd 3.8
s G e —(duy, 3 Z‘; %) (3.8)
di ) u 3
Ls72=_Rs12 +e, —(dyuy _izdk) (3.9
t 3 =
H 3
Lsfj;i=—Rsi3 +ey —(dyuy ——23d,) (3.10)
! 3 :

Finally, the current equation at the dc link can be written as

du,,

=i =iy iy, = di +doiy + oy~ (3.11)

Assuming that the lossless converter is fed from a balanced three-phase system
without a neutral connection, the mathematical model of the converter can be derived

1in convenient compact state-space form as follows (Blasko & Kaura, 1997)

3

L%y Ry =, —(ugd, -3 d,) (3.12)
dt 3 & »
3
e _ D dyi, —ig (3.13)
a4

where £=1,2,3, and R ,L, are the resistance and inductance of the inductor

connected between converter and ac source. The switching losses of the converter are

neglected. The balanced three-phase supply voltages (e, ), the upper side switching
signals of each leg (d, ), and the load current (7, ) are the inputs to the converter

system, while the three-phase supply currents (i, ) and the dc link voltage (u,, ) are
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the states. Using the equations (3.12) and (3.13), the block representation of the

converter model can be given as shown in Figure 3.2.

ol

Figure 3.2 Block representation of line-side PWM voltage source converter model

The state-space equations given in (3.12) and (3.13) can also be written in explicit

form as

Zi = Ax+ Bu (3.14)
where

x =i, iy,d5,u,] (3.15)
u=[e,e,e5,i, 1 (3.16)

~-R, 0 0 —dl—lzdk
3 J

.
% —EZd", | (3.17)

N
0 0 -R —ds—%de
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I, 0 0 0
0 L 0 0
7= s (3.18)
0 0 L 0
0 0 0 C
1000
0100
B= (3.19)
0010
0001

3.1.1 Current Control of Line-Side PWM Voltage Source Converter

In order to control ac line currents in PWM voltage source converters, an
appropriate switching pattern for switching devices is required. There are various
control methods that have been proposed, such as hysteresis current control (Ooi et
al, 1987), predicted current control with fixed switching frequency (Wu et al, 1990),
(Wu et al, 1991), and indirect current control (Dixon & Ooi, 1988). Hysteresis
current control (HCC) is a simple and robust method that keeps the line current
errors within a defined hysteresis band. The main disadvantage of HCC is the
varying switching frequency depending on the load conditions. Predicted current
control with a fixed switching frequency (PCFF) relies on the prediction of line
currents from dc link voltage variations. In indirect current control (ICC), a standard
sinusoidal PWM switching pattern is provided without needing current transducers.
In PCFF and ICC, system parameters are required for obtaining sinusoidal PWM
switching patterns and stability of the converter is dependent upon the parameter

variations (Zargari & Joos, 1995).

When the current control of the line-side VSC is achieved by a hysteresis current
controller, it first generates the command current waveforms and then forces the line
currents (i) to trace command current waveforms (i, ) within a limited hysteresis
band. The appropriate switching waveforms of the switching devices in VSC are

obtained from the tracking error of line currents to keep this error in the defined

hysteresis band. Since the converter is desired to operate at a specified power factor,
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the shapes of command currents are simply obtained from the supply voltages, which

have the following form:

. 2
e, =E, sm[a)t — (k- 1)——3—} (3.20)
Hence, the expression of generated command current waveforms is as follows
. . 27 ,
i,=1, sm[(ot—(k—l)—3~+6v,} (3.21)

where [, is magnitude of command currents and 6, is the desired phase angle.

Once the command current waveforms for the converter are obtained, the switching

signals are generated according to the following logic:
i,~i, >g = d, =0,d, =1 (3.22)
i, —i, <—g = d, =1,d, =0 (3.23)

where —¢, and ¢, are the lower and upper limits of the hysteresis band, respectively.

If the error in current tracking stays in the hysteresis band, the previous states of the

switching signals are preserved.
3.1.2 Closed-loop voltage control

The generation of command current waveforms is achieved via a closed-loop
control of the converter. Such a controller regulates the dc link voltage at the desired
voltage level and adjusts the magnitude of command currents. Once the required
magnitude of ac line currents is calculated, it is formed into command current
waveforms of each phase. The hysteresis current controller then forces the ac line

currents to track these command current waveforms as described in the previous
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section. The block scheme of closed-loop hysteresis current controlled line-side
voltage source converter is given in Figure 3.3. The design of closed-loop dc link

voltage controller will be given in Section 3.5.
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f . " Ll vokage
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Figure 3.3 Closed-loop control scheme of 3-phase PWM ac-to-dc converter
3.1.3 Design Considerations of Line-Side PWM VSC

When the converter is fed from three-phase balanced supply voltages, which have
the form given in equation (3.20), then the following condition should be satisfied for

stable operation of this boost converter:
vV, >\3E, (3.24)

This states that the dc link voltage should be greater then the peak of line-to-line
voltage of the 3-phase voltage source. Usually the dc link voltage is chosen %5-10
above the peak of line-to-line input voltage of the rectifier. When the switching states
of the converter is determined by PWM signals, the converter input voltage ¥ is

expressed as
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V =KmV, (3.25)

where K =1/242 and m is the modulation index. The maximum value of the
modulation index is m =1 for sinusoidal PWM modulation and m =1.154 for space-

vector modulation.

The phasor diagrams depicting the unity power factor operation of the line-side
converter in both rectifier and regenerative modes are shown in Figure 3.4.
Neglecting the ac side resistance and converter losses, the following condition should

be satisfied for unity power factor operation on the ac side of the converter:
V?=E* +(wL)* I’ (3.26)

where E and [ are the rms supply phase voltage and current, respectively. Hence,

the power rating of the converter can be derived as follows

JmV2 (8- E
P=3E (3.27)

ol

5

The power rating of the converter is directly proportional to the dc link voltage and
inversely proportional to the line inductor value. As stated by equation (3.27), the
appropriate values of circuit parameters can be chosen considering the power range

of converter operation (Liserre, 2001).
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Figure 3.4 Unity power factor operation of the converter (a) rectifier (b) regenerative
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3.1.4 Determination of DC Link Capacitor

Assuming that both converters are lossless, the average input power drawn from
the grid will be equal to the average output power consumed by the DCIM. If the
input and output ac currents are purely sinusoidal in a three-phase system, their
instantaneous powers will be equal regardless of their fundamental operating
frequency. However, the switching frequencies of the converters at the line-side and
machine-side can be different. This means that the instantaneous powers at both sides
are not the same due to harmonics generated by converters. So, an energy storage
element is required for absorbing or delivering the difference between these
instantaneous powers. For VSCs, the energy storage element is chosen to be a

capacitor.

If both converter currents are equal on the dc side, the dc link voltage will remain
constant as implied in equation (3.11). The charging and discharging current of the
dc link capacitor is determined by the direction of the power flow. In rectification
mode of the line-side converter, the time rate of change of the dc link voltage will be
positive, if its dc side current (7,) is greater than the load current (i, ). Hence, a
charging current flows into éapacitor and increases the dc link voltage as a
consequence. Conversely, if i, is lower than 7, , a discharging current flows out of

the dc link capacitor resulting in a decrease in the dc link voltage (Liserre, 2001).

The size of dc link capacitor depends on the amount of ac energy storage and
voltage ripple. The integral of the difference between the instantaneous powers
determines the energy absorbed or delivered by the dc link capacitor C Hence, the
peak to peak amplitude of energy AE can be expressed in terms of peak to peak
ripple voltage AV, as follows (Kassakian et al, 1991):

2 2
A = E[(Vdc +A_V¥c_) —(Vd _A_;’é) ] (3.28)
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The peak to peak variation of AE is expressed as (Liao & Yeh, 2000)
t

AE = [p,, (v) - p,(2)}d7 (3.29)
0 .

where p,, and p, are the instantaneous powers at the output and input,

respectively. The required dc link capacitor can be calculated from equation (3.28)
by determining the peak to peak variation of the difference between instantaneous

pOWers.

In order that the converter can perform a fast transient response, the dc link
capacitor value must be chosen low enough. On the contrary, its value must be
chosen high enough for a better voltage filtering. These criteria should also be

considered in the choice of the dc link capacitor value.
3.2 Modeling of Machine-Side PWM Voltage Source Inverter

The wvoltage source inverters supply variable voltage variable frequency
waveforms to ac loads. The ac voltage waveforms are generated through sinusoidal
PWM switching pattern, which is simply obtained from sine-triangular wave
comparison. The machine-side VSI given in Figure 3.1 has the same electrical circuit

that of line-side PWM VSC. The switching signals of upper side devices of each leg
are shown by d,,d,,d, and those of lower side of each leg are again their
complements, which are shown by d|,d,,d,. The inverter is fed from dc link and

supplies the stator windings of the DCIM on its ac side. For Y-connected DCIM
stator windings, the voltage equations can be obtained in a similar way as described

in Section 3.1. The phase voltages of DCIM stator windings are as follows:

C U, o
va1=udcdl——:;’52dk o (3.30)

k=1
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CU N
V,, = U, d, ——;Lde (3.31)

k=1

3
v, =u,d, ~%’C—Z d, (3.32)

k=1
The dc link current is expressed as
i, =i,d +i,d,+id, (3.33)

The transformation given in equation (2.82) is applied to three-phase variables
(iger »Vapes 4, ) in order to obtain two-phase stationary reference frame model
(@ = 0) of the inverter as follows:

1
X, = §(2xa ~X, —X,) (3.34)

q

Xy = —L(—xb +x,) (3.35)

NG

where x_,x, represents transformed variables of three-phase quantities. Substituting

equations (3.30)-(3.32) into (3.34) and (3.35) yields to

=u,d, (3.36)

ql q

v, =u,d, (.37

where d,d, are the transformed inverter switching signals. The de link voltage is

now expressed in terms of transformed three-phase variables as follows
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e D
i =5 Gl +igdy) (3.38)

where i, ,i, are the transformed machine currents.

The equations (3.36)-(3.38) represent the qd model of the inverter in stationary
reference frame. Inverter output voltages v,,,v,, are the inputs to the qd model of the
DCIM in stationary reference frame. The transformed inverter switching signals
(d, ,d,), DCIM stator currents (i,,,i, ), and dc link voltage (u,,) are inputs to the
inverter model. Finally, the dc link current of the inverter (i, ) is the input to the line-

side converter model. Using the equations (3.36)-(3.38), the block representation of

the machine-side inverter model is obtained as shown in Figure 3.5.

v

Figure 3.5 Block representation of machine-side PWM voltage source inverter model
3.2.1 Closed-loop speed control

The closed-loop speed control scheme of DCIM is given in Figure 3.6. The
variable-speed control of DCIM is achieved by adjusting the slip factor by the speed
controller. The output of the speed controller forms the desired slip for machine

operation (a);,,.p ). Then the desired slip factor is added to the rotational speed of the
DCIM (®,) and the command frequency (") signal for PWM VSI is formed. By
keeping the V/f ratio constant within zero to rated frequency range, the command

voltage signal (V") required magnitude for ac output voltage is calculated. Above the
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rated frequency, the V/f ratio is reduced by limiting the voltage at rated level. This
method relies on scalar control by V/f adjustment for induction machine stator
voltages. In order to obtain speed feedback signal, a tacho-generator is needed. Since
the slip limiter ensures that the machine operates within the defined slip limits, the
current drawn by the DCIM is also indirectly limited. Hence, this method does not
require an inner current-loop for limiting the machine currents (Dubey, 1989),
(Trzynadlowski, 1994). The speed controller can be chosen as either digital PI or
fuzzy PI controller and their performances obtained from computer simulation results

will be given in Section 3.6.

machine-side v
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; z d : ’

from line-side |
3-phase PWM VSC |
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generator ;
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. slip limiter SRR ALer
Pslip L speed
1 controller

Figure 3.6 Closed-loop speed control scheme of the DCIM

3.3 Fuzzy Logic Control

The fuzzy set theory was first introduced by Zadeh in 1965. Since then, it has
received attention by researchers in various areas and become a pioneering work for
many scientific researches. In seventies, the term 'fuzzy control' was proposed based
on fuzzy set theory. During last decades, fuzzy control has emerged in numerous
applications of engineering (Ross, 1995).
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Fuzzy logic control (FLC) relies on the use of linguistic approach in system
control. Since the control rules and variables are expressed in linguistic terms, the
logic is close to human thinking. Unlike classical control methods, precise
mathematical models of systems are not required in FLC. It can provide the ability to
control complex systems without needing accurate knowledge on those systems.
With a prior knowledge or experience, the control of the systems can be achieved. In
that way, FLC seems to offer an effective solution in the control of non-linear and

time varying systems.

The use of FLC in power electronics is wide spread since power electronic
systems are non-linear and time-varying in nature. The classical control techniques
require exhaustive mathematical analysis on those systems. In addition, the
robustness of controller to the variations of system parameters and disturbances are
the major problems that have to be tackled. However, lack of a systematic design

procedure and stability analysis is the drawback of FLC.

In this section, the closed-loop control of PWM VSCs will be introduced. The
control design includes FLC and digital PI control techniques. DC link voltage
control of line-side PWM VSC and speed control of DCIM via machine-side PWM
VSC will be achieved using both control techniques. The simulation results both

control methods will be compared.
3.3.1 Structure of Fuzzy Logic Control

The aim of fuzzy logic controller (FLC) is to provide a control output for the
process. The structure of FLC is given in Figure 3.7. The input and output variables
of FLC are crisp values and inside FLC these variables are processed through

linguistic control rules. The FLC structure consists of the following modules:

Fuzzification Module: Converts the crisp values of input variables into fuzzy set, so

the process variables are expressed in linguistic terms instead of quantitative terms.
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A process variable is said to be a member of a fuzzy set by a degree defined by fuzzy

membership functions.

Inference Module: Produces a fuzzy output depending on the fuzzified state variables
and defined linguistic rules. The control action to be taken is obtained by inference

mechanism.
Knowledge base: Consists of two modules called data base and rule base. The data
base provides information for fuzzification and defuzzification procedures. The rule

base provide information for control action.

Defuzzification Module: Converts the fuzzy set variables into crisp values.

T FLC

 Koowiedse |
. Base :
e i T o e X . i 5
2 —t-w Fuzzification |—»  Inference |——»| Defuzzification i >

Figure 3.7 Structure of a fuzzy logic controller
3.3.2 Fuzzy Sets and Membership Functions

In classical sets, the membership of an element is well-defined and said to be
'crisp'. For a crisp set A defined in the universe of discourse U, any element u of U is
either a member of A (u € A4) or not (u ¢ 4). However, in a universe containing
fuzzy sets, the membership of any element is gradual. The element # may not only
necessarily be a complete member of a fuzzy set, but also may be the member of
other fuzzy sets defined on the same universe. The membership degree of an element
in a fuzzy set is measured by a function that describes vagueness and ambiguity

(Ross, 1995).
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Let x be an element and A be a fuzzy set in the universe X. The membership of x
in the fuzzy set A is characterized by a membership function x, such that

H,(x) €[0,1] (3:39)

If the universe X is discrete and finite; the fuzzy A set can be expressed as

A={”A(xl)+ "‘A("Z)+..}={Z———”A(x’)} (3.40)
X X, i x;

and if the universe X is continuous and infinite
A= j“—Ax—) (3.41)
x

Fuzzy sets are described by their membership functions, each of which has its
own shape. Through the membership functions, the elements of a fuzzy set are
mapped to the unit interval [0, 1], which is defines as membership degree.
Commonly used membership functions in fuzzy logic control are given in Figure 3.8.
These functions are normal fuzzy sets, i.e. at least one element x in the universe has
unity membership value. Additionally, the membership functions that have smooth
shapes, such as bell-shaped, sigmoid etc, can be used. However, their mathematical
expression is rather complicated and increases the computational burden in

implementation (Zakharov, 1996).

Figure 3.8 Commonly used membership functions



The Gamma-function given in Figure 3.8a is defined as follows:

0 x< A
T(x,4,B) = ((Z“Z) A<x<B
0 x>B

The L-function given in Figure 3.8b is defined as follows:

0
L(x,4,B) =

(4-x)

x< A4

(B~-4)

0

A<x<B

x>B

The Lambda-function given in Figure 3.8¢ is defined as follows:

A(x,4,B,C) =4

The Pi-function given in Figure 3.8d is defined as follows:

Ti(x,4,B,C,D) =1

-

0
(x=4)
(B~ 4)
1
(C-=)
(0-0)
|0

x<A4
A<x<B
B<x<C

BLx<C

x>B J

N
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(3.42)

(3.43)

(3.44)

(3.45)



87

3.3.2.1 Fuzzy Set Operations
The set operations used in fuzzy logic control are union, intersection, and
complement, which are depicted in Figure 3.9. Let A and B be the fuzzy sets defined

on the universe X. For any element x in the universe, the membership value of two

fuzzy sets union is defined as

Vxe X i pry,(0) = max{p, (x), s (%)} (3.46)

The membership value of two fuzzy sets intersection is defined as

Vx€ X phyng(¥) = min {41, (x), 1, ()} (3.47)

and the complement of fuzzy set A is defined as

VxeX: p(x)=1-p,(x) (3.48)

Figure 3.9 Fuzzy set operations
3.3.2.2 Fuzzy Relations

Fuzzy relations are used to map the elements of one universe to another universe

through the Cartesian product of the two universes. A fuzzy relation can be
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considered to be a mapping from a Cartesian product space to the unit interval [0, 1]

through the membership function of the relation u,(x,y), which is a set of ordered

pairs from the two universes. Let A and B be the fuzzy sets defined on the universes
X and Y, respectively. The Cartesian product between these fuzzy sets will result in a
fuzzy relation R = Ax B on the Cartesian product space X xY . The binary fuzzy

relation R has the membership function defines as follows:

P (%, ¥) = fhyep (%, ¥) = min{ g1, (x), 115 (¥)} (3.49)
Let R and S be the fuzzy relations defined on Cartesian product space X xY . The

union, intersection, and complement operations on fuzzy relations are defined as

follow:
The union of the two fuzzy relations
Hpos (%,¥) = max { 1, (x, ), 45 (%, ¥)} (3.50)

The intersection of the two fuzzy relations

Hpns (%, ) = min { 11, (x, ), s (%, ¥)} (3.51)
And, the complement of fuzzy relation R

Hr(%,y) =1= 11, (%, ) (3.52)

3.3.2.3 Linguistic variable

A linguistic variable can be defined as a variable whose value is a word or
sentence in a natural or artificial language. In contrast to numerical variables, the

values of a linguistic variable are not numbers. A linguistic variable can be expressed

by a quintuple (x,7(x),U,G,M). Here, x is symbolic name of the linguistic
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variable. T(x) is the term-set of x, which is a set of linguistic values that x can take
over a defined physical domain U. G is a syntactic rule that generates the names of
the values of x. M is a semantic function associated with the meaning of linguistic
variable (Lee, 1990). For example, let error be a linguistic variable. The term-set of

error can be
T(error) = {NB,NM,NS,Z,PS, PM,PB}

and each term of T(error) is defined by a fuzzy set over a normalized domain U,

which is defined in the interval [-1, 1]. For example, the values of error , which are
less than -0.5, can be interpreted as NB (negative big), the values greater than 0.5 as
PB (positive big), and so on. The terms of T(error) can be represented by fuzzy sets

- as shown in Figure 3.10.

PB

Figure 3.10 Representation of error as a linguistic variable
3.3.2.4 Fuzzy Rules
The behavior of fuzzy logic controller depends on the rules represented by expert
knowledge about plant. The most common way to represent knowledge is to express

it in IF-THEN rules such as

IF premise(antecedent) THEN conclusion(consequent)
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This is a linguistic expression of a conditional statement in natural language. In fuzzy
logic control, the antecedent is a condition in application and the consequent is the

control action to be taken. For example,

IF (erroris positivebig) THEN (the output is positive big)

The statement implies that if the controlled variable of the fuzzy system is much far

from the desired set point then a big increase in the controller output should be done.

Let A and B be fuzzy sets defined on X and Y, respectively. There many
techniques for obtaining a fuzzy relation R based on the rule /FF 4 THEN Bor

R = A — B. These are known as fuzzy implications and mostly used in fuzzy control

is Mamdani implication such that
R=A->B=ANnB (3.53)

and the membership function values of fuzzy relation R defined on the Cartesian
product space X xY

He () = min {2, (x), 5 ()} (3.54)

3.3.2.5 Aggregation of Rules

Fuzzy rule-based systems generally consist of more than one rule. In order to
obtain an overall consequent from all individual consequents, two simple aggregation

strategies are used:

1) Conjunctive system of rules: In this method the rules are connected by AND
connectives. The aggregated output y can be obtained from r individual consequents

and expressed as
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y=y'ny'n..ny (3.55)
which is defined by the membership function
1, () =min{ s, (), 42 (W)sr ;) yEY (3.56)

2) Disjunctive system of rules: In this method the rules are connected by OR

connectives. The aggregated output y can be expressed as

y=y'uytu..uy (3.57)
which is defined by the membership function

1,() = max{ s, (), 1 W) ()} yEY (3.58)

3.3.2.6 Inference Process

Let us consider a fuzzy system with two antecedents (x, and x,) and one
consequent ( y ). Let the fuzzy system be described by a collection of r linguistic IF-
THEN rules such that

IF (x,isA¥) AND(x,is A*) THEN (y*isB*) k=1,2,...,r (3.59)

The aggregated output of r rules can be obtained based on the Mamdani

implication method and for a set of disjunctive rules such that
ity ) =max{min] sy {50}y (D]} k=120t (3.60)

In Figure 3.11, the graphical interpretation of the above equation is illustrated.
The symbols 4,, and 4, refer to first and second antecedents of the first rule,



92

respectively. Similarly, the symbols 4,, and 4,, refer to first and second antecedents
of the second rule, respectively. The symbols B, and B, refer to consequents of the

first and second rule, respectively. The aggregated membership function can be
formed depending on the Mamdani implication method and disjunctive rules as
shown. The crisp value for aggregated output y* can be obtained by employing a
defuzzification technique (Ross, 1995). Defuzzification techniques will be given in

the following section.

Hy H
' ¥ AIA $ 2 A i}.. B
oA T 12 |
A% N A BN
Hy oo LHi
e TR
R R A R
o Ll N N, min
*1 g2

Figure 3.11 Graphical representation of inference

3.3.2.7 Defuzzification Methods
As mentioned before, defuzzification is the process of converting fuzzy quantities

to precise quantities. A fuzzy output is obtained by combining all fuzzy output parts
and the overall fuzzy output membership function can be expressed as

c=Jc (3.61)
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The following methods are the most popular and commonly used ones for

defuzzifying operation (Ross, 1995):

1) Max-membership principle: The graphical representation of this method is shown
" in Figure 3.12a. This method returns the value of element which has the maximum

membership degree at the fuzzy output function such that
4 (Z)2u.(z) VzeZ (3.62)

2) Centroid method: The graphical representation of this method is shown in Figure
3.12b. This is also called center of gravity method and given by the algebraic

expression as follows:

z = —J-‘ﬁj.c—(-z—zi;di (3.63)
Helz

3) Weighted average method: The graphical representation of this method is shown
in Figure 3.12c. This method is valid for membership functions having symmetrical

output and given by the algebraic expression as follows:

£ = %%f (3.64)

4) Mean-max membership:- This method is also called middle of maxima and given

by the expression

Z = “‘2”’ (3.65)

where a and b are shown in Figure 3.12d.
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5) Center of sums: This method involves the algebraic sum of the individual outputs

instead of their union. The defuzzied output can be expressed as

*

o3, o3
7 = k=1

=k (3.66)
IZ HMc, (2)dz
k=1

6) Center of largest area: In this method, the convex fuzzy sub region with the
largest area is used to obtain the defuzzified value such that

o JHe @z

= (3.67)
Iﬂc,,, (2)

7) First/Last of maxima: This method uses the overall output of all individual fuzzy
sets and determines the smallest value of the domain with maximized membership

degree. The first of maxima is found such that

Z =inf{zeZ, p, (2)= hgt(C,)} (3.68)
And the last of maxima is found such that

z = sup{z € Z, u, (2)=hgt(C, )} (3.69)

where hgt denotes the largest height in the union, supremum (sup) is least upper

bound, and infinum (inf) is the greatest lower bound.
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Figure 3.12 Graphical representations of defuzzification methods (a) Max-

membership (b) centroid (c) weighted average (d) max-min membership
3.4 Digital Proportional-Integral Controller

In a closed-loop negative feedback system, the error is formed by the difference
between the reference and actual values. The controller output for analog

proportional-integral (PI) is expressed as
u(t) = Kpe(t) + K, [e(t)dr (3.70)

where K, and K, are the proportional and integral error gain gains. Digital PI

controller is the discrete form of the analog PI controller. The digital PI controller is

incremental type and its output is expressed as a difference equation for a given

sampling time (7, ) as follows:

U(nT,,) =U,(nT,,)+U, (nT,,) 3.71)
where

U,(nT,,)=K,E(nT,,) (3.72)
and

U, (nT,,) = U, [(n=DT,,, 1+ K, T,,,, B(nT,,,) (3.73)
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To calculate the controller output, the incremental form is used. In that way, the
change of controller output (AU) is calculated from error ( £) and change of error
(AE) and the output (U) is calculated by adding the change of output (AU ) to the
sum of its previous values at each step. To calculate the change of output, its

previous value is subtracted from its current value and

AU(nT,,)=U(nT,,)-Ul(n-1T,,]
=U,(n7,,,)-Upl(n-DT, 1+U,(nT,)-U[(n-1T,,]

mp

(3.74)

which yields

AU(nT,

mp

)= K,AE(nT,

mp

)+K,T,, E(nT,,) (3.75)

The parameters for the digital PI controller are now error gain ( X ) and change of
error gain ( K, ), which can be expressed in terms of analog PI gains and sampling

period as follow:

K, =KT

smp 2

Ky =K, (3.76)

3.5 DC link voltage control

Digital PI or fuzzy controllers can be used on the line-side PWM VSC in order to
regulate the dc link voltage at a desired level u,,. In the following, the design of
digital PI and PI based fuzzy logic controllers is given.

3.5.1 DC link voltage control with PI Controller

The block scheme of PI controlled line-side PWM VSC is given in Figure 3.13.
The dc link voltage u,, is fed back to the control system and an error signal e is

obtained. For digital implementation of the PI controller, an additional control signal
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ce , change of error, is required and it is simply obtained from the difference between

error and its previous value at k™ sampling instant such that
ce(k) =e(k)—e(k—1) B.77)

Since an incremental form is used in the design of digital PI controller, the output
is also incremental. That means, the output determines the amount of change in
command currents magnitude (Al ). Hence, the controller forms its output, the
command currents magnitude, I, by adding the output generated by PI controller

sequentially. The output of the closed-loop controller processed through the
hysteresis current controller (HCC) in order to generate switching signals of line-side

PWM VSC. Determination of controller gains will be discussed in Section 3.6.

o Men gy e
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Figure 3.13 Block scheme of PI controlled line-side PWM VSC

3.5.2 DC link voltage control with FL.C

The block scheme of fuzzy controlled line-side PWM VSC is given in Figure
3.14. Since the fuzzy controller is designed to be PI-like, the error and change of
error signals are obtained and processed through the FLC.
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Figure 3.14 Block scheme of fuzzy controlled line-side PWM VSC
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During fuzzification procedure, the membership functions given in Figure 3.15
are used. The crisp values of error and change of error are expressed in terms of 7
linguistic variables in the defined universe of discourse, which has the range between
[-512, +511]. These are NB (negative big), NM (negative medium), NS (negative
small), ZE (zero), PS (positive small), PM (positive medium), and PB (positive big).
The membership functions have triangular waveform and membership degrees range
in [0 1]. The scaling of the range of universe is chosen such that it conforms the 10-

bit A/D converter range considering the implementation procedure.

Error and change of error signals are expressed in 7 linguistic variables and total
49 rules can be constructed with two antecedents and one consequent. These rules
are used for control action and shown in Table 3.1. The output of the fuzzy controller
also expressed in terms of 7 ﬁnguistic variables. The membership functions used to
describe the output of the controller is given in Figure 3.16. During inference
process, Mamdani implication method is used for a disjunctive set of rules as
described in Section 3.3.2.6.



Table 3.1: Rule matrix for PI based fuzzy controller

| NB [NM | NS | Z | PS | PM | PB
e
NB | NB | NB | NB | NB | NM | NS | Z
NM | NB | NB | NB [NM | NS | Z | PS
NS | NB | NB |[NM | NS | Z | PS | PM
Z |[NB|NM|NS| Z | PS | PM | PB
PS [NM | NS | Z | PS | PM | PB | PB
PM | NS | Z | PS | PM | PB | PB | PB
PB | Z | PS |PM | PB | PB | PB | PB

99

For the design of fuzzy controller structure, MATLAB Fuzzy Logic Toolbox is

used. The Fuzzy Logic Toolbox is a powerful program, which provides fuzzy

inference system editor, ruler editor, membership function editor, fuzzy inference

viewer, and output surface viewer. In this way, it is easier to create a fuzzy logic

system. The computer simulation results of a closed-loop fuzzy controlled line-side

PWM VSC will be given in Section 3.6

‘NM NS ZE PS
i X 5 A -

B
6 i

Figure 3.15 Membership functions for error and change of error
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Figure 3.16 Membership functions for change of output
3.5.3 PI Speed Controller

In order to achieve speed control of DCIM, a digital PI controller is used as
described in Section 3.4. The speed control of DCIM via slip regulation technique
was described in Section 3.2.1 and closed-loop scheme with PI controller is shown in

Figure 3.17.

S Y machineside e,
" 3-phase PWMVSI DEnF

) zom N
[T\ | [T I

Figure 3.17 Closed-loop scheme of PI speed controller
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3.6 System Parameters and Simulation Results

Computer simulations of the drive system are carried out in MATLAB Simulink
environment. The mathematical models of the line-side PWM VSC, machine-side
PWM VSC, and DCIM are constructed using Simulink blocks. Closed-loop
controllers are introduced on the line-side converter with digital PI and fuzzy PI in
order to make a comparison between the responses of both controllers. In speed
control of DCIM, a digital PI controller is used. The complete Simulink model of
each block will be given in Appendix B.

During simulations, the dc link reference voltage is set to 500V. The magnitude of
the balanced ac supply voltages is set to 280V line-to-line. The circuit parameters for

the line-side converter are chosen as
L, =50mH,R = 0.80hms,C = 4.TmF

The hysteresis band limits for HCC used in the current controlled line-side PWM
VSC is chosen to be 0.2A. The error and change of error gains are chosen to be the
same for both digital PI and fuzzy PI controllers in order to investigate the
performances of both controllers under the same conditions. The sampling rate of the

digitized signals is chosento be 7, =0.25ms .

mp
3.6.1. Instrumentation Gains for Simulation

The voltage and current feedback signals are obtained through sensors with
different output signal levels and sampled by 10-bit A/D converter operating with
signal levels of 0-5V, their gains are taken into account in the Simulink model. In the
Simulink model, all waveforms (voltages, currents, and speed) that are sensed by
A/D converter are multiplied by their determined gains, quantized and floored for

integer operation.
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The dc link voltage (u,,) conversion range is (0-800V) to (0-5V) or (160:1) in the
implemented system. Taking the A/D converter gain into account, the dc link voltage

gain for Simulink model is obtained as follows:

11023

“160” 5

The supply voltages (e,. ) conversion range is from peak to peak values
(-E,.E,) to (-2V, +2V) or normalized to 2 by their magnitudes. Supply voltage

gain is calculated as

2 1023
= —X—

K
eabc E 5

m

For the supply currents (i, ) and dc link current (i, ), the gain is calculated from

the conversion range of (-10A, +10A) to (-2.5V, +2.5V) or (0.250V/A) as follows:

1023

K de = OZSxT

iabe

For the dc link voltage control, the command currents magnitude (/) is

multiplied by the sampled supply voltage signals and then a gain factor of 1/32768 in
order to obtain command current waveforms. The command currents magnitude is
allowed to change between (-30720, +30720). Since the supply voltages are
normalized to 2 instead of 2.5, this also produces a gain factor of 0.8 in the
calculation of command currents magnitude. So, for a given range of command
currents magnitude, it points out a supply current range of (-7.5A, +7.5A). Its

maximum value can be found as follows:

ommax = ~3—E)Ex~2—x10 =754
i 32768 2.5
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Hence, for a stable operation of the converter, the peak value of the line currents

should not exceed 7.5A

In DSP programming, inverter command frequency adjusted within the range of
0-2048, which corresponds to a frequency range of 0-62.5Hz for PWM waveform
generation. Since the reference speed input is within the range of 0-5V, its value is
multiplied by 2 in DSP program. The speed feedback signal obtained from the tacho-
generator output has output range of 0-1875rpm to 0-5V and it is also multiplied by
2. Hence, in the Simulink model of the real system, the speed feedback is obtained
from the electrical rotor speed of the DCIM and its gain in the model is calculated as

follows:

3.6.2 Determination of Digital PI Parameters of Voltage Controller

In order to obtain suitable PI parameters of the voltage controller, the following
procedure is applied: The converter is operated with a resistive load of 100ohms,
error and change of error gains are set to 1, the command currents magnitude is
adjusted in open-loop configuration so that the dc link voltage is built up at the
reference value of S00V for the rectification mode of the converter slightly above its
rated power, and the error and change of error signals are observed as shown in
Figure 3.18. Since the error and change of error take values in the universe that has
the range of [-512, +511}, the maximum values of both signals, which are obtained
from open-loop operation, are magnified with the appropriate gains so as not to
extend these signals beyond the boundaries of the universe. In simulations, these
gains are rounded to the nearest binary integer power considering the implementation
on fixed point DSP. Hence, the arithmetic operation burden of the DSP is reduced to
only bitwise shift operations instead floating point multiplication or division.
Considering these criteria, the controller parameters for line-side converter are

obtained as follows
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Figure 3.18 Open-loop responses for determination PI parameters on the line-side

converter (a) error (b) change of error
3.6.3 Determination of Digital PI Parameters of Speed Controller

The PWM frequency of the machine-side PWM VSC is chosen to be 2kHz. The
switching signals of this converter are obtained through sine-triangle comparison.
The command frequency signal generated through speed controller is converted to
sine wave through a reference generator taking the V/f profile of the DCIM into
account. The parameters of the DCIM were given in Chapter 2. In the speed
controller part, slip is limited to 15 percent of the rated frequency, i.e. 7.5Hz. The
reference speed is set to 1350rpm. Finally, error and change of error gains are set to

the values given below:

1 1
KE,speed = g’ KCE,speed = 5

3.6.4 Simulation Results

Computer simulation tests are performed for the motor and generator operation of
the machine. The following value of the moment of inertia, which is the combination

of DCIM and load, is used in the simulations:
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J =0.04kg.m’

In both tests, the dc link voltage is stabilized at its reference value of 500V first.
The initial value of dc link voltage is set to its peak line-to-line supply voltage value
and then it is boosted up to S00V by the line-side converter. After the dc link voltage
is stabilized, the switching signals of the machine-side PWM VSC are applied and
the machine is accelerated to the reference speed of 1350rpm from standstill. The
friction and windage torque is measured to be approximately 0.7Nm at the steady
state value of this rotational speed. To take the effects of the friction and windage

into account, a shaft torque proportional to square of the rotor speed is defined.

3.6.4.1 Motor Operation

In this test, the dc link voltage and rotor speed are stabilized at their reference
values given above during 0-5s and 5-10s, respectively. While the DCIM is running
at steady-state at no-load, a step shaft torque of 10Nm is applied to the machine for
motoring operation during 10-15s. Then, the torque is removed and the machine is

pulled back to no-load operation again during 15-20s.

In Figure 3.19, the dc link voltage and speed response of the DCIM with digital PI
controller are given. The voltage oscillations during startup of the line-side converter
are due to chosen PI parameters which makes the controller slower. Also, since the
magnitude of the command currents are limited to 7.5A as described in Section 3.6.1,
the response of the line-side converter is slower. The dc link voltage oscillations
when the DCIM is under load are smaller than the oscillations when the machine is
operating at no-load. The voltage and current waveforms on the ac line of the line-
side converter are given in Figure 3.20 when the machine is operating as motor at
steady-state. It can be seen that the converter operates as rectifier at unity power
factor for motor operation of the DCIM. In Figure 3.21, the dc link voltage and speed
responses of the DCIM are given, with a fuzzy PI controller employed on the line-

side converter. The fuzzy controller gives a similar transient response to that of PI
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controller, but its response is slightly faster and the magnitude of the voltage
oscillations is considerably reduced. In Figure 3.22, the voltage and current
waveforms on the ac line of the line-side converter are shown for rectifier operation

at steady-state and when a fuzzy controller is employed on the line-side converter.
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Figure 3.19 Simulation results for motor operation with digital PI controller on the

¢
)

line-side converter (a) dc link voltage (V) (b) rotor speed (rpm)
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Figure 3.20 Simulation results for rectifier operation of the line-side converter at

steady-state with digital PI controller (a) ac line voltage (V) (b) ac line current (A)
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Figure 3.21 Simulation results for motor operation with fuzzy controller on the line-

side converter (a) dc link voltage (V) (b) rotor speed (rpm)
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Figure 3.22 Simulation results for rectifier operation of the line-side converter at

steady-state with fuzzy controller (a) ac line voltage (V) (b) ac line current (A)

3.6.4.2 Generator Operation

At the generator operation, a similar operating procedure is followed as described
in the motoring case. A step shaft torque of -8Nm is applied to the DCIM during 10-

15s and then the input torque is removed.

In Figure 3.23, the dc link voltage and speed response of the DCIM are shown
with digital PI controller. The voltage and current waveforms on the ac line of the
line-side converter are given in Figure 3.24 when the machine is operating as
generator at steady-state. Figure 3.25 shows the dc link voltage and speed responses
with fuzzy controller employed on the line-side converter, while Figure 3.26 shows

the voltage and current waveforms on the ac line at steady-state.
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Figure 3.23 Simulation results for generator operation with digital PI controller on

the line-side converter (a) dc link voltage (V) (b) rotor speed (rpm)
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Figure 3.24 Simulation results for regenerative operation of the line-side converter at

steady-state with digital PI controller (a) ac line voltage (V) (b) ac line current (A)
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Figure 3.25 Simulation results for generator operation with fuzzy controller on the

line-side converter (a) dc link voltage (V) (b) rotor speed (rpm)
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Figure 3.26 Simulation results for regenerative operation of the line-side converter at

steady-state with fuzzy controller (a) ac line voltage (V) (b) ac line current (A)



CHAPTER FOUR
IMPLEMENTATION OF PWM CONVERTERS

IN INDUCTION MACHINE DRIVE

The proposed drive system has been designed and implemented in laboratory in
order to employ it in 2.5 kW wind energy conversion system. The complete block
diagram of the designed drive system is given in Figure 4.1. The system consists of
two back to back PWM converters that are connected between the stator of double-
cage induction machine (DCIM) and the utility grid, TMS320F240 digital signal
processor (DSP) that performs the control of the drive system, and other electronic
circuitry. At the power converter stages, two 6MBP75RA120 FUII insulated gate
bipolar transistor (IGBT) intelligent power modules (IPMs) were used. Each IPM
contains 6-pack IGBT, which are rated at 1200V, 75A and provided with internal
gate drive and protection circuitry. Details of specifications on IPMs can be found in

Appendix C.

Control of the complete system has been performed using a single TMS32F240
16-bit fixed-point digital signal processor (DSP) evaluation module board (EVM).
The DSP has TMS320C2XX CPU core with 50ns instruction cycle time, 16K words
on-chip flash memory, dual 10-bit on-chip analog to digital converter with
multiplexed 16 channels and minimum conversion time of 6.6microseconds, PLL,
Watchdog Timer, SCI, SPI, 28 multiplexed multi-functioning I/O ports, and Event
Manager with 12 PWM/compare outputs and 3 general purpose timers having the
feature of programmable PWM generation with adjustable dead-band, which is
especially suifable for digital motor control applications. Also, it has the power drive

protection circuitry, which allows the designer to introduce additional protection for
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power converters in case any fault occurs. The software for controlling the complete

system was developed using C compiler provided by Texas Instruments.
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Figure 4.1 Block diagram of the implemented drive system

In the following, the rest of the electronic circuitry used in the drive system will
be explained. These are gate drive interface, circuit for current and voltage sensing,

speed feedback, and power supplies.
4.1 Gate Drive Interface

The gating signals of IGBTSs are passed through the optocoupler drive interfaces.
HCPL4504 high speed optocouplers have been employed for each IGBT of IPMs to
isolate the control signals from the power stages. The circuit scheme of a single opto
drive interface is shown in Figure 4.2. The gate signals are generated by
TMS320F240 DSP EVM and passed through a buffer circuit using TL072 opamp in
order to prevent overheating of DSP because of the currents drawn by the photo

diodes (approximately 10mA for each).
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Figure 4.2 Optocoupler drive interface for gating signals of IGBTs
4.2 Voltage and Current Sensing Circuits

In order to obtain the feedback signals to the controller, hall-effect voltage and
current sensors are used at ac line and dc link. Sensed signals are suited at 0-5V
range for A/D converter inputs of the DSP. In Figure 4.3 and Figure 4.4, the circuits
for voltage and current sensing are shown, respectively. The operation of the sensors
relies on hall-effect principle (LEM, 1996). For the voltage measurement, the voltage
sensor LV25-P requires a primary current (IP) from the voltage terminals. Hence, a
primary resistor with an appropriate watt (RP) should be introduced at the high
voltage side of the sensor. The output of the voltage sensor should be terminated with
a measurement resistor (RM). The instantaneous voltage at the output of the sensor
(VM) is determined by the current transfer ratio (2500/1000 for LV25-P) and the

measurement resistor as follows:

2500 2500 7,

=20 =227 4.1
1000 "™ 1000 R, 1)

V,=1I,R,

Hence, the voltage turns ratio can be calculated from equation (4.1). With the gain
of the additional amplifier circuit introduced, this ratio is adjusted to 160V:1V in the

implemented system. For ac supply voltage measurement, a 2.5V offset is
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introduced, but this offset is not necessary for the dc link voltage since it is

unidirectional.

The hall-effect current sensors (LTA100P) have the instantaneous voltage output
with the ratio of 100A/5V. This ratio is decreased in the physical system by
introducing additional 10 turns around the measurement hole of the current sensor.
Considering the gain of the amplifier circuit used in current sensing, the overall turns
ratio is adjusted to 250mV/A. For both ac supply and dc link current measurements,
a 2.5V offset is introduced in order to form the signals for A/D converter input of
DSP.

: - oy RS -

e 1. A WNTZ072) aar

S R S A/D Converter
— > Rag ISV 50K Q- .
= ..%M,K T QIK 166K 82pF 2= 51

= . : . = = =

Figure 4.3 Voltage sensing circuit
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Figure 4.4 Current sensing circuit

4.3 Speed Feedback

A permanent magnet tacho-generator is used to provide the speed feedback. The
output of the tacho-generator is passed through a first order low-pass passive filter in
order to eliminate the measurement noise. The circuit for speed sensing is given in

Figure 4.5. The ratio for speed measurement is adjusted to 1V/375rpm in the system.
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Hence, the allowed speed range of the DCIM is chosen to be 0-1875rpm according
the A/D signal level of DSP.

- 270pH
feedback
 270pH

Figure 4.5 Filter circuit for tacho feedback signal
4.4 Power Supply Circuits

Isolated power supplies are used in above electronic circuits. Transducers,
optocoupler interface and gate drive circuits require =15V supplies. In these power
supply circuits, 7815 and 7915 fixed voltage regulators are employed as shown in
Figure 4.6.

ST

+2ogs Bd— o157

Figure 4.6 Power supply circuit
4.5 Experimental Setup

In experiments, a 3-phase, 380V, 50Hz, 4-pole double-cage induction machine,

which is analyzed in details in Chapter 2, was used. In laboratory experiments, the
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machine was controlled in motoring and generating mode of operation by a Ward-
Leonard system, which consists of two back to back connected DC machines and is
shown in Figure 4.7. The load torque on the shaft of the DCIM is adjusted via Ward-
Leonard system. Hence, bidirectional power flow through the DCIM is achieved.
The line-side converter was connected to the ac source at a voltage level of 280V

(line to line) and the dc link voltage at the output of the converter was set to S00V.

Figure 4.7 Ward-Leonard system

In the Ward-Leonard system, the armature emfs of the DC machines are (Ersak &
Ermis, 1997)

e, =K g = Kl'iflml 4.2)
e, =K,p,0, = K;if2mr 4.3)

During steady-state condition, the difference between the armature emfs of the
DC machines is equal to the total voltage drop on armature resistances as follows:

eal - eaz = ia (ral + raZ) (44)
The armature current is

- Kiij o, —Kyio,

a

(4.5)

ral +raZ
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Hence, the load torque developed on the shaft coupled to the DCIM is expressed as

K K,w,i K}l

s s f2 . 2%r2 :

T, =K,ipi, =iy -0, (4.6)
ral+r02 ral+ra2

If i, is kept constant, then linearly varying load torque-speed characteristics are

obtained as follows:

@.7)

[AEEN

T, = 4i,, — Bw

4.6 Software Programming

The flowchart of the complete software program is given in Figure 4.8. The
control software for TMS320F240 DSP was developed on Code Composer
environment provided by Texas Instruments. Code Composer software is provided
with C compiler, assembler, linker, and debugging tools, which are useful in
developing programs for Texas DSPs. The project workspace includes 2 assembler
source files (boot.asm and vectors.asm) for booting procedure and definition of
interrupt vector locations, respectively. The run-time support object library
(rts2xx.lib) contains the features of ANSI C, low-level support functions, intrinsic
arithmetic routines, system startup routine etc. The header files (adc.h, c240app.h,
pwm.h, and tst mainh) contains the definitions and register addresses for A/D
converter operation, PWM operation, peripheral register declarations, macro
definitions, and other useful definitions. The linker command file (asd240.cmd)
defines the memory mapping, which is necessary for vector, program memory, and
data memory locations. The rest of the project is included with C source files
developed for the control software. The project workspace on Code Composer

environment is given in Appendix C.

At startup of the program, the variables needed for system control are initialized

in a subroutine (initvars.c), such as sine table, initial values of control parameters for
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the power circuitry, and essential definitions for PWM generation. Also, the wait-

state generator, interrupts, and event manager setup are configured at startup.

The control logic of converter circuits and maximum power point tracking
(MPPT) operation are depicted in subroutines in the flowchart. In the main program
(asd240.c), the control, reference, and feedback signals are read through the A/D
converter via a C subroutine (adc.c) and appropriate program subroutine for each
power converter is called. The operation of line-side converter, machine-side
converter, and MPPT are controlled via external switches, C?Ch determines the
appropriate program routine to be executed. DC link and speed \reference signal are
generated externally and input to the A/D converter of DSP. In addition, the setting
of DIP switches (DS1-8) on the EVM board determines whether the speed reference
is controlled externally or it is determined internally for maximum power point

operation.

In hysteresis current control subroutine (hcc.c), six I/O ports are used to generate
gate signals of line-side converter according to the switching logic as mentioned in
previous chapters. Sufficient dead-time between the two gate signals of each leg is
introduced in order to prevent simultaneous conduction of IGBTs at the line-side
converter. Also, the closed-loop control of dc link voltage is performed in this

program routine.
4.6.1 Sinusoidal PWM Waveform Generation

Two synchronized timers are used in the C program (ev_pwm.c) to generate
PWM signals for voltage source inverter, one is to provide the desired PWM
frequency and the other is to generate an interrupt to update the PWM registers. The
reason for using two timers is that the locations of power drive protection interrupt
and Timer 1, which is used for PWM generation, are defined in the same global
interrupt service routine. Hence, synchronizing Timer 2 with Timer 1 and enabling

only Timer 2 interrupt, different interrupt service locations are used.
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In order to generate a sine wave at desired frequency and amplitude for PWM
switching, a lookup table is used, which is generated at startup. First, the command
fré&luency of the inverter is calculated by the subroutine that performs closed-loop
speed control operation. Here, it must be noted that the closed-loop speed control
subroutine is called once after 128 cycles of program, so the sampling rate of the
speed feedback is reduced, because one complete program cycle is too small
(approximately 250 microseconds) with respect to mechanical time constant of the
system. During the 128 cycle of the program, the average of speed of the machine is
calculated and at the end of the cycle, the inverter command frequency is calculated
through PI controller. The PWM registers are updated with sine values quickly after
one PWM period ends. By the meantime, the incoming timer interrupt subroutine is
called at the end of the PWM period and this subroutine provides the sine values for
ne;it PWM period. The step size to be taken on the sine table determines the
frequency of the inverter. Two 16-bit registers are used to perform sine wave
generation based on the method described in (DSP Solutions, 1999). One counter
register accumulates the step-size (also the command frequency of the inverter) to
determine the location of next sine value, the other register is the sine table pointer,
which extracts the sine value from its location. The sine table has 1024 entries, so the
upper 10 bits of the counter register determines the location of the next sine value.
The upper 10 bits of counter register are loaded into table sine pointer, simply by
bitwise shift operation, so the information in counter register is preserved. When the
counter register overflows, one complete sine cycle is completed. In that way, the

frequency of sine wave is determined by the following formula:

step
= : 4.8
T 4.8)
For the PWM frequency of 2 kHz and step value (or the command frequency)
ranging from 0 to 1638, the motor frequency is adjusted from 0 to 50Hz. Also, the
modulation index is linearly changed from 0.128 to 0.96 within this range of

frequency and kept constant at 0.96 above 50Hz.
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Figure 4.8 Flow-chart of the developed control software

4.6.2 Maximum Power Point Tracking Routine

120

In MPPT routine, the electrical power is measured via dc link voltage and current,

and averaged over 4096 cycles of the program. The speed reference is increased or

decreased after each 4096 cycles of the program by a small amount of change

(18.75rpm) depending on the changes in electrical power and rotor speed (Altas &
Sharaf, 1996). The flowchart of MPPT routine is given in Figure 4.9.
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Figure 4.9 MPPT algorithm

4.7 Simulation and Experimental Results

Experiments are performed on DCIM and proposed drive system. Ward-Leonard
system is used for adjusting the shaft torque of DCIM in both modes as mentioned
before. When 280V line-to-line, 3-phase voltage is applied to the input of PWM line-
side converter, the dc link capacitance is charged to peak value of line to line voltage
through the anti-parallel diodes of IGBTs. In order to limit charging current of
capacitor at startup, a resistance of 470 ohms is connected in series with the capacitor
at the output of rectifier and after the capacitor is fully charged, the resistance is
bypassed. The switching signals of the line-side converter are applied and the dc link
voltage is boosted to its reference value of 500V. The circuit and control parameters

of the line-side converter are given in Section 3.6 and Section 3.6.2

The drive system is tested for the motor and generator operations of the induction
machine. The machine and speed control parameters are given in Section 2.7.3,

Section 2.8, and Section 3.6.3. Experiments are performed at three stages.
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1) No-load free acceleration test
2) Load test for motor and generator operation of the DCIM

3) Maximum power point tracking

In the following, the experimental results are given and compared to simulation
results. The simulation study of the drive system is performed using MATLAB
Simulink models, which are given in Appendix B. The instrumentation gains for

system simulation were given in Section 3.6.1.

4.7.1 No-load operation as motor

After the dc link voltage is stabilized at 500 V, the inverter switching signals are
applied and the rotor speed is accelerated to its reference value of 1350 rpm from
standstill under no-load. Figure 4.10 shows the records of the experimental results of
dc link voltage and rotor speed during free acceleration, while Figure 4.11 shows the
simulation results of these variables. The voltage response of the line-side converter

is slow, which causes a transient voltage oscillation after the overshoot of the speed.
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Figure 4.10 Experimental results during free acceleration of DCIM (upper trace: dc
link voltage-160V/div, lower trace: rotor speed-375rpm/div, time/div: 0.5s)
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Figure 4.11 Simulation results during free acceleration of DCIM (a) dc link voltage,
(b) rotor speed-375rpm/div, time/div: 0.5s

4.7.2 Load Tests

The stator terminals of the motor are energized via inverter after detecting rotor
speed from the output of tacho-generator driven by the prime mover (Ward-Leonard
system) and setting the reference frequency of the inverter to this rotor speed in
electrical radian per second. Therefore, the induction motor is connected to the
supply under zero torque developed at synchronous speed. It should be noted that
this zero torque is expected to be obtained at steady-state, if the rotor rotates at
synchronous speed. But during the closing time of three phase motor terminals to the
3-phase voltage source, the electromagnetic torque developed by the machine is not
zero, and some amount of torque and current transients are expected. These records
from the experiments and simulation results are given in Figure 4.12 and Figure 4.13.
A significant negative deep of electromagnetic torque given in Figure 4.13 can be
reduced by applying reduced terminal voltage to motor via inverter. In this study, the
rotor speed is read from the output of tacho-generator as 1350 rpm just before

feeding power to the machine through inverter. After energizing machine terminals
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and getting steady-state operation, the shaft torque is changed by the prime mover.

The experimental results will be given for motor and generator operation below.
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Figure 4.12 Machine phase current transient during closing at set rotor speed (trace-
5A/div, time/div: 20ms)

30

20p-----sf----

- = = =
- = = =
]

]

]

1
1
- - ]
)]

]

]

I
]
R N YR
]

1)

]

'

1
e === =
e o= b= =
I
!

I
t
'

e e b ]
1
)
|
|
1
L

11| T BT CETTTS SR BEERE ST SR

10 T i L) L ¥ T T T
1 ] 1 ] ! 1 1 1
1 1 1 Hl ] 1 ) ]
1 J ) 1 1
D 4 VT :. ————— 1 )
] 4 1 1 1 [ ] 1
1 1 1 1 ] 1 1 I
| M O R s SR SRR SR R S
t T ] 1 i ] [ I
[} ] t I 1 ] [ 1
1 ) t 1 I 1 1 t
20f----- R R R
1 1 1 [ I t ] ]
] ) 1 ] I 1 ] 1
.30 L1 1 I ] i I [

)

Figure 4.13 Simulation results of transient during closing at set rotor speed (a)

machine phase current (A) (b) electromagnetic torque (Nm), time/div: 50ms



125

4.7.2.1 Motor Operation

Figure 4.14 shows the experimental results of motor line-to-line voltage and one
phase current at steady-state. The measured value of the shaft torque was 10Nm and
the rotor speed is set to 1350rpm. The stator phase current of the DCIM is
approximately 6A under this loading condition at steady-state. The steady-state
results obtained from computer simulation is given in Figure 4.15. The line-side
converter input voltage and phase current are given in Figure 4.16. Three-phase,
280V line-to-line voltages have been applied to the converter by means of a variac.
The peak value of the line currents is approximately 5A and the average electrical
power drawn from the ac line was measured to be nearly 2kW. The simulation results
for steady-state phase voltage and current are shown in Figure 4.17. In Figure 4.18
and Figure 4.19 simulation and experimental results of the dc link voltage and rotor
speed under a step load change are shown, respectively. In experiments, while the
machine is running as a motor, the shaft torque, 10Nm, was suddenly removed from

the shaft, which is simulated as a step change of load torque in models.

{ I 141
LR S ] LI

i

Figure 4.14 Motor operation at steady-state observed at motor load test (upper trace:
line-to-line DCIM voltage-320V/div, lower trace: DCIM phase current: SA/div,

time/div: 5ms)
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Figure 4.15 Simulation results for motor operation at steady-state (a) line-to-line
voltage of DCIM (V), (b) DCIM phase current (A)
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Figure 4.16 Rectifier operation of the line-side converter observed at motor load test
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(upper trace: phase voltage-110V/div, lower trace: phase current-4A/div, time/div:
10ms)
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Figure 4.17 Simulation results for rectifier operation of the line-side converter (a)

phase voltage (V) (b) phase current (A)
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Figure 4.18 Simulation results for transient response under step load change for

motoring operation (a) dc link voltage (V) (b) rotor speed (rpm), time/div: 1s
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Figure 4.19 Experimental results under step load change for motoring operation

(upper trace: dc link voltage-160V/div, lower trace: rotor speed-375rpm/div,

time/div: 0.5s)

4.7.2.2 Generator operation

Figure 4.20 shows the line-to-line voltage and phase current of the DCIM at

generator mode. The measured value of the shaft torque was -8Nm at 1350 rpm rotor

speed, where minus sign indicates the reverse power flow. In Figure 4.21, computer

simulation results are given for this operating condition of the drive system. In

Figure 4.22, the phase Voltage and current of the line-side converter are given for

generator operation of the DCIM. The power delivered to the ac line was measured

to be nearly 1kW. The simulation results of the line voltage and current are given in

Figure 4.23. While the machine is running as a generator under the shaft torque of -

8Nm, this load is removed. In Figure 4.24 and Figure 4.25 simulation and

experimental results of the dc link voltage and rotor speed under a step input torque

change in generator mode are shown, respectively.
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Figure 4.20 Generator operation at steady-state observed at generator load test (upper

TR

trace: DCIM line-to-line voltage-320V/div, lower trace DCIM phase current: 2A/div,

time/div: 10ms)
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Figure 4.21 Simulation results for generator operation at steady-state (a) DCIM line-
to-line voltage (V) (b) DCIM phase current (A)
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Figure 4.22 Regenerative operation of the line-side converter observed at generator

load test (upper trace: phase voltage-110V/div, phase current-4A/div, time/div:
10ms)
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Figure 4.23 Simulation results for regenerative operation of the line-side converter

(a) DCIM phase voltage (V) (b) phase current (A)
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Figure 4.24 Simulation results for transient response under step load change for

generator operation (a) dc link voltage (V) (b) rotor speed (rpm), time/div: 1s
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Figure 4.25 Experimental results under step load change for generator operation

(upper trace: dc link voltage-160V/div, lower trace: rotor speed-375rpm/div,

time/div: 0.5s)
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4.7.3 Maximum Power Point Tracking Test

In order to extract maximum power from the wind turbine, a search algorithm was
implemented in DSP. Before the algorithm starts, it is assumed the rotor of the
DCIM is rotating at a speed (@, ), determined by the speed reference (w, ). To
ensure that operation, first of all, the rotor of the DCIM is rotated by the prime
mover. When the rotor speed reaches at a steady-state value, the four quadrant
induction machine drive system is started in the procedure described in the previous
section. The reference speed value is set to current value of rotational speed and the
DCIM is energized via PWM inverter. At this point, the DCIM operates at no-load
condition. When the maximum power tracking (MPPT) algorithm is started, the
speed reference value is disturbed by a small amount of change (Aw, ). The electrical

power is measured from the dc link, which is simply equal to

1%
Pdc =?0udcldc (49)

The variation of the dc link power with respect to rotor speed is depicted in Figure
4.26. In this figure, the power-speed characteristic is obtained from a DC motor
driven under constant field and armature voltage. The shaft of the DC motor is
coupled to the DCIM in order to deliver power to the network via drive circuit. As it
can be seen in the Figure 4.26, at speeds above maximum power point (1 and 2), the
sign of the change of dc link power is the same as that of change of speed. Inversely,
at speeds below maximum power point (3 and 4), the signs are opposite. In order to

achieve the operation at maximum power point, the controller sets the change of
speed reference (Aw.) to a small negative value in cases 1 and 2; and to a small

positive value in cases 3 and 4. Here, it must be noted that the average value of dc

link power is negative for generator operation of the DCIM.

The experimental results of dc link voltage and rotor speed are given in Figure
4.27. Initially, the rotor is running at 820 rpm at no-load driven by the DC motor.
When the DCIM is energized via four-quadrant drive, the rotor speed locked at this



133

value. After the MPPT algorithm is started, the drive system searches for the
maximum power point. This is obtained at 477 rpm and the developed torque is
measured to be 9 Nm. The variables measured are given in Table 4.1. Here, it is seen
that increasing armature current reduces the applied terminal voltage to the DC

motor. This causes the maximum power delivered by the DCIM reduce.
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Figure 4.26 Variation of dc link power with respect to rotor speed
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Figure 4.27 Experimental results during maximum power point tracking operation
(upper trace: dc link voltage-160V/div, lower trace: rotor speed-375rpm/div,
time/div-10s)

4.7.3.1 Analysis of DC Motor for Maximum Power Point Operation
The wind turbine is emulated by a DC motor because the shaft power-rotor speed
characteristic of a DC motor has similar waveshape to power-speed characteristic of

a wind turbine at constant wind speed.

The back emf that the motor produces at a constant rotor speed is
e, =Ki,o, (4.10)

and the torque produced by the motor is

- _VKip (Kip)?

4.11
’ Ra2 Ra2 ’ ( )

The electromechanical power developed by the motor is
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(4.12)

The rotor speed where maximum power is developed by the motor (@, . ) is

obtained from P =0 and
do,
(or,maxP = l I-/t (413)
2(Kip)
which yields
2
P.= l v (4.14)
4R,

It is easily seen that the maximum power developed by the motor solely depends

on the applied armature terminal voltage. For an armature resistance of

R, =3.80hms of the DC machine and the operating conditions given in Table 4.1,

the maximum power delivered by this machine is P, =532/ at the rotational

speed B, o p

=43rad /s .

Table 4.1: Measured quantities during MPPT

DCmotor | DC motor | DC motor | Rotor speed Torque
terminal armature | field current (rpm) (Nm)
voltage (V) | current (A) (A)
100 0.9 0.35 820 0 No-load
90 9.5 0.35 477 9 Max. power




CHAPTER FIVE
WIND ENERGY CONVERSION SYSTEMS

5.1 Torque and Power Characteristics of 2a Wind Turbine

The mechanical characteristics of a wind turbine are formulated by power and
torque equations. The mechanical power and torque developed by a wind turbine are

given by the following formulas (Buehring & Freris, 1981):

P, =0.5C,(B,A)prR*v’ (Watts) (5.1)
T, = 0.5%’-ﬂ p7R’v: (Nm) (5.2)

Here, p is the air density (kg/m®), R is the turbine radius (m), v is the wind
velocity (m/s), S is the blade pitch angle (degree), and A is the tip-speed ratio
which is defined as

PICES (5.3)

where @, is the rotational speed of the turbine in rad/s. In equation (5.1) and (5.2),
the term C,(B,4) is the power coefficient of the turbine, which is dependent on the

pitch blade angle and tip-speed ratio and determines the characteristics of power

versus rotational speed. The ratio of the power coefficient to tip-speed ratio is the

torque coefficient C, (f,4)of the turbine and given by
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C,(B.A
Cr(B,4) = —”%f—l (54)

In Figure 5.1 and Figure 5.2 typical power and torque coefficient characteristics of
a wind turbine are shown, respectively. A wind turbine can operate at its maximum
power point for a given optimum tip-speed ratio as shown in Figure 5.1. Hence, it
can be seen that the maximum power loéus of the wind turbine varies with the cube
of the wind speed or rotor speed as equation (5.1) implies. Similarly, from equation
(5.2), the torque values corresponding to maximum power points vary with square of
the wind speed or rotor speed. So, this requires speed control on the shaft of the
generator coupled to the turbine (Buehring & Freris, 1981). Wind turbines that are
used for electricity generation are typically horizontal axis and two or three-bladed.
These types of wind turbines are designed to operate at higher tip-speed ratios. So,
their starting torque is low and in some cases they need to be started (Ackermann &
Soéder, 2000). However, by employing blade pitch angle control, it is possible to
obtain larger starting torque from the turbine as shown in Figure 5.2.

Acp .. mmmmpawer ,
| transferpeints:
- CpmaxsNape)

e N incroasing blads
¢ pitch angle

>3

)"npt. |

Figure 5.1 Power coefficient characteristics
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Figure 5.2 Torque coefficient characteristics

5.2 Classification of Wind Energy Conversion Systems

Types of wind energy conversion systems (WECS) are determined by their
operation which depends on the turbine speed and generator output frequency. They

can be classified into 3 groups as follow:

a) Constant-speed constant-frequency (CSCF) systems
b) Variable-speed constant-frequency (VSCF) systems
c) Variable-speed variable-frequency (VSVF) systems

In the following, an overview of WECS types is given. The torque and power
characteristics of wind turbine are required for dynamic simulations of the systems;

hence, they will be given in the following section.
5.2.1 Constant-speed constant-frequency (CSCF) systems

The terminals of the ac generator of which shaft is driven by the wind turbine are
directly connected to the utility grid in such systems. A three-phase synchronous or
induction machine can be used as a generator. When a synchronous generator is

used, the rotational speed is strictly fixed and determined by the grid frequency.
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However, the rotational speed slightly changes when an induction generator is used.
This speed change is over the stable operation region of the induction generator and
very small. The shaft speed is also required to be above synchronous speed to

maintain generator operation.

The rotational speed of wind turbine is considerably low in comparison with that
of the conventional electrical machines. So, in the CSCF systems, a gearbox
mechanism is needed in order to increase the turbine shaft speed to synchronous
speed of the generator. It is also possible to use a generator with large number of

poles so that the gearbox can be omitted, and direct coupling between generator and

turbine may be achieved.

In Figure 5.3, a low and medium power WECS application is shown where a
synchronous generator is used with diesel generators in a local grid system (Khater,
1996). Voltage regulation and power factor adjustment is achieved via controlling
the excitation current of the synchronous generator. In large scale grid connected
wind power applications, synchronous generator outputs are directly connected to
utility grid and control technique is the same as given in this application. The
connection scheme is the same when an induction generator is used. However, power
factor cannot be controlled in this case and the reactive power is supplied to the
induction machine from the utility grid for generator operation. Additional capacitors

should be inserted at the induction generator terminals for power factor correction.

Because the maximum power developed by the wind turbine varies over a wide
range of rotational speed, the CSCF systems are not efficient. They can not extract
the whole energy that is produced by the wind turbine at all wind speeds. However,

complexity and the initial cost of these systems are considerably low.
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Figure 5.3 CSCF system with field excited synchronous generator.
5.2.2 Variable-speed constant-frequency (VSCF) systems

Variable speed wind energy systems are more efficient but more complex
compared to constant speed systems. The maximum power developed by the wind
turbine can be extracted by means of a maximum power point tracker control.
Variable speed operation can be maintained in various ways and numerous papers
can be found in literature with different type of proposed systems. In such systems,
the generator output can not be directly connected to utility grid since the generator
output voltage and frequency are variable in nature. In order to make synchronization
with utility grid, the voltage and frequency converters can be employed between the

wind turbine generator and power system.

In Figure 5.4, a VSCF application is shown. The variable speed operation is
achieved by the control of power electronic converters. Also, the proposed system
contains blade pitch angle control for starting and power regulation above maximum
speed. At low wind speeds, pitch angle control improves torque coefficient
(C,(B,4)) of the turbine providing higher starting torque. At high wind speeds, the

power produced by the turbine is limited by pitch angle control as well (Lima et al,
1999).
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Figure 5.4 VSCF system with pitch blade angle control

The system given in Figure 5.5 employs a slip-ring induction machine, which is
used as generator. In this system the generator output is directly connected to the
utility grid and variable speed operation is achieved by external rotor resistance
control of the machine via a solid-state controller (Velayudhan et all, 1984). The

method relies on the dynamics of the systems such that

dw
T =J—=T -T 5.5
a dt w d ( )

where

T, is the accelerating torque (Nm),
T,, is the torque available from the wind turbine (Nm),
T, is the torque developed by the induction generator (Nm),

J is the combined moment of inertia of the rotating system (kg.m?),

o is the angular velocity (rad/s).

T,, depends on wind velocity and rotational speed while. 7, depends on rotor

resistance and rotational speed. The torque developed by the induction generator

decreases as the rotor resistance increases and vice versa (ensuring that the rotor
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speed is maintained constant). Under varying wind conditions, the turbine will be

accelerating (7, > 0) or decelerating (7, < 0). The adjustment criteria is to minimize

T, such that the rotor resistance is decreased while the turbine is accelerating
do . . . . .
(—(}t— >0) and the rotor resistance is increased while the turbine is decelerating

(idg:‘ < 0). The advantage of this system used here is to employ a low power rated

converters on the rotor part of the generator.

ROTOR RESISTANCE |
[ LCONFROL .

\ N[ aCCELERATION | 4
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Figure 5.5 VSCF system with a slip ring induction machine

Another VSCF system is shown in Figure 5.6. Here, variable speed operation is
achieved by fuzzy controlled PWM converters. The reactive power of the induction
generator required is supplied by PWM converter at the machine side and the power
factor is unity at the line side. Three fuzzy logic controllers (FLC) performs the
following operations: generator speed tracking control (FLC1) for maximum power
point tracking from the wind turbine; generator flux programming control (FLC2) for
efficiency control of the generator; closed-loop generator speed control (FLC3) for
ensuring the operation of the machine at the desired speed. The main advantage of

the proposed system is that the current control at the line-side with minimized
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harmonic content and unity power factor (Simoes et al, 1997). The main
disadvantage of the system here is to employ the converters at full power rating of

the WECS.
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Figure 5.6 VSCF system with fuzzy controlled PWM converters

In the proposed system given in Figure 5.7, a brushless doubly-fed induction
machine (BDFM) is used as generator. Such a machine has two separate windings
and by adjusting the frequency of the control windings, the rotor speed can be
controlled. BDFM has two separate winding with different pole number. The
relationship between rotor shaft speed and stator frequencies of power and control

stator windings is given as follows:
fo=fF,+F)-], (5.6

where
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P, and P,are the pole pair numbers of the stator power and control windings

respectively.

S, is the utility grid frequency
£, is the shaft speed dictated by the variable-speed generation algorithm

£, is the required converter output frequency of the control windings.

Hence, the variable-speed operation of the system is achieved via the excitation of
the control windings. In this system, since the converters are employed at the stator
control windings, the power ratings of the converters are quite low, which is

approximately 25 percent of the system kVA rating and brushes are not needed

(Brune et al, 1994).
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Figure 5.7 VSCF system with brushless doubly-fed induction generator

The system given in Figure 5.8 is a wind-driven slip energy recovery system and
is used to recover the energy that would be dissipated in the rotor windings (Akpinar
& Pillay, 1990). In this system, the grid-connected wound rotor induction generator
is driven by a vertical axis wind turbine. The generator is also connected to grid by
its rotor through six-pulse fully controlled converters. The system delivers power to
grid in both sub-synchronous and super-synchronous modes of operation depending

on the wind conditions. By appropriately adjusting the firing angles of the converters
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(o ,@,) specific operation mode of the induction generator is determined as follows

(Ugtug et al, 1994), (Cadirct & Ermis, 1992):

Supersynchronous mode Subsynchronous mode

~1<s<0 0<s<l
0° <, <90° 90° <o, <180°

90° <, <180° 0°<a, <90°

1

Figure 5.8 VSCF system with slip-energy recovery drive
5.2.3 Variable-speed variable-frequency (VSVF) systems

VSVF systems are generally autonomous systems that are used for charging
batteries or heating loads. Permanent magnet generators, synchronous generators, or
capacitor self-excited induction generators can be used in such systems. The output
of the generator may be converted to dc at desired voltage level. A system that is
used for feeding an autonomous load is given in Figure 5.9. The control of the
armature terminals voltages is achieved via field current -control of the synchronous
generator and the terminals are connected to a 3-phase uncontrolled rectifier for
supplying the battery and load. (Ermis et al, 1992). A chopper circuit between the
rectifier and battéry is used to control the maximum power flow and voltage level

across the battery terminals.
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Figure 5.9 VSVF system with a field excited synchronous generator

In Figure 5.10, a VSVF system with a capacitor excited induction generator is
shown. Here, the required reactive power for induction generator is controlled by a
fixed capacitor and thyristor controlled inductor. The variable-voltage variable
frequency output of the induction generator can be converted to other forms via

solid-state converters for autonomous loads (Khater, 1996).

load

Figure 5.10 VSVF system with a capacitor excited induction generator
5.3 Wind Turbine Modeling

The mechanical power and torque developed by the wind turbines are given by

the equations (5.1) and (5.2). In the modeling of the wind turbines, power or torque
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coefficient of the wind turbine must be known. The characteristics of the wind
turbine have a nonlinear relationship with the tip-speed ratio, which is determined by
the equation (5.3), and were given in Figure 5.2 and Figure 5.3. These nonlinear
functions can be either approximated to a polynomial function with curve fitting

(Simoes et al, 1997) or a lookup table can be employed.

For a wind turbine with fixed-pitch-blade angle and blade length of 2.75m, the
SIMULINK model of the wind turbine is constructed. In this model, the turbine
power coefficient is determined referring to the equation (5.1) for a given wind
velocity, turbine rotational speed, and the constants rotor radius and air density. Once
the power coefficient is determined, the torque coefficient of the machine is
calculated from equation (5.4) and stored in a lookup table. For the value of the tip-
speed ratio at stand still, the torque coefficient is set to zero in the lookup table, so
the starting torque of the turbine is zero. In simulations, turbine is started by the

induction machine in motor mode, which is the starting procedure in implementation.

The approximate C, ~A4 characteristic of the turbine is obtained by using the

formula as follows
C, = de P (5.7)

In this formula, the constant A determines the maximum power coefficient

(C, .. ), B determines the shape of the curve, and C determines the optimum value

p,max
of the tip-speed ratio (4,, ), which corresponds to the maximum power point of the
turbine. Also, if the data of the C, — 1 curve exists, the parameters in equation (5.7)

can be estimated using curve fitting methods, such as least-square method.

In the study of simulation, the constants of C, —A4 curve are chosen as A=0.4,

B=0.2, C=4.3 and the power and torque coefficients as a function of tip-speed ratio

are obtained as shown in Figure 5.11 and Figure 5.12, respectively. The parameters
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are chosen such that the turbine produces approximately 3 kW of maximum

mechanical power at 8 m/s wind velocity and an optimum tip-speed ratio of 4.3.
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Figure 5.11 Power coefficient of the wind turbine versus tip-speed ratio
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Figure 5.12 Torque coefficient of the wind turbine versus tip-speed ratio

5.3.1 Efficiency Analysis of Double-Cage Induction Machine

The steady-state equivalent circuit of a double-cage induction machine (DCIM) at

a supply voltage frequency of w, is given in Figure 5.13. Here w, and o, are the
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electrical supply frequencies at the given and the rated values, respectively. The
machine parameters have their values at rated frequency. Core loss resistance is not
shown in the equivalent circuit. The reactance values in the equivalent circuit are

calculated as follows:

x=(“’e]X (5.8)

,
where x and X are the reactance values at the given supply electrical frequency and
rated supply frequency, respectively. From the analysis of the equivalent circuit, the

efficiency can be calculated as follows

The input impedance seen by the source is

o . o r' . ! r‘ .t
Z, =+ jx)+(x, ) 1 jxy +(i“+lxz)//(‘§+lx3)]=lzm Z¢ (5.9
The stator current is

I =—L (5.10)

where 7] is the per phase supply voltage. The electrical power is

P

elect

=3V,1, cos ¢ (5.11)
The rotor current is

' Eg Vi-1,(n + jx;)
12= = T T

. , (5.12)
. 2 . r . . 2 L r .
[Jxy + ('j""]xz)//(f"'fxs)] [/xy +(?2+Jx2)//(;3+1x3)]

The electromagnetic torque is
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T =;3S-]1;|2re’q (5.13)

where re'q is the equivalent-rotor resistance at the specific operating condition (i.e. at

a given slip, so in the above formula it is not divided by slip), @, = %a)e is the

0, -0, . . . .
synchronous speed, and s =—"—= is the slip factor. Equivalent rotor resistance
@

s

(r;) and the reactance (xlal) referred to the stator side were given in equations

(2.215) and (2.216). The mechanical power is

Precn = @, T, (5.16)
where
o, =(1-5)o, (5.17)

Hence, the efficiency is calculated for the motor operation as follows:

Foesr (5.18)

and the efficiency for the generator operation is as follows:

_ Lot ’ (5.19)

mech
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Figure 5.13 Equivalent circuit of double-cage induction machine
5.3.2 Effect of Gearbox on the Machine Efficiency

Here, the aim is to investigate the effect of the gearbox ratio on the overall
efficiency of the system. The system that is simulated in this part for the efficiency
prediction of machine is a type of constant-speed constant-frequency. The stator
terminals of the double-cage induction machine (DCIM) are connected to the grid as
it is shown in Figure 5.14. While the turbine speed is transmitted to the DCIM shaft

by a speed-up gearbox with a ratio of n,,,, the turbine torque is transmitted to the

DCIM shaft by the inverse of gear ratio.

: : )

" gearbox .

gnd
Figure 5.14 Direct grid connection scheme
In the SIMULINK modeling of this direct grid connected system, the

mathematical models of the turbine and DCIM are used. The SIMULINK model of
CSCF system is given in Appendix B. In the model of the system, the mechanical
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speed output of the DCIM is reduced by the gear ratio (7, ) and formed an input to

the wind turbine model. Similarly, the turbine torque output appears as a negative
load torque in the DCIM model after being reduced by the same gear ratio. The
electrical terminals of the' DCIM are connected to the 230V, SOHz utility grid. The
wind velocity is a constant input in the wind turbine model. The following results,
which are given in Table 5.1, are obtained from the simulation of the system during
steady-state for different wind conditions and gear ratios. The core loss of the
machine is calculated by taking the core loss resistance into account for each
operating condition and subtracted from the electrical power obtained from

simulation in order to calculate overall efficiency. The per phase core loss resistance

is measured as R, =1350Q2.

From the results, it can be seen that at low wind velocities, the gear ratio should
be reduced in order to keep the operation of the system near to the maximum power
point. This ratio is fixed unless a control mechanism exists to control this gear ratio
and should be selected to extend the operation over a wide range of wind velocities.
When considering a constant speed wind energy conversion system, the total energy
development is highly dependent upon the gear ration chosen (Zinger & Muljadi).
Hence, the selection of the gearbox ratio depends on the wind conditions where the

turbine will be installed in.
5.4 Speed Control of DCIM driven by the Wind Turbine

The block scheme of the implemented variable speed wind energy conversion
system was given in Figure 1.1. The system consists of a current controlled PWM
voltage source converter (VSC) on the line-side, a PWM voltage source inverter
(VSI) on the machine-side, and a double-cage induction machine (DCIM) driven by
a wind turbine. The wind turbine is coupled to the DCIM through a speed-up
gearbox. There are two closed-loop controllers in the system. The PI controller on
the line-side converter regulates the dc link voltage at the desired level and the PI
controller on the machine-side inverter adjusts the rotor speed at the given reference

value.
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Vo B | Mg | @ L, b, n 1, T,
(w/s)| (W) (xd/s) | (W) (W) (Nm) | (Nm)
10 | 5810 | 1/9 | 167.9 | -4176 -5060 | 0.825 | 271.5 | -30.1
1/10 | 169.3 -4572 -5660 0.808 | 334.6 | -33.5
1/11 | 169.6 | -4667 -5805 | 0.804 | 376.5 | -34.2
1/12 | 169.1 -4540 -5600 | 0.811 | 397.5 | -33.1
8 2975 | 1/10 | 161.7 | -1905 | .-2165 0.880 | 1339 | -134
1711 | 162.7 | -2300 -2628 0.875 | 177.8 | -16.1
1/12 | 163.2 | -2517 -2800 | 0.871 | 2125 | -17.7
1/13 | 163.4 | -2587 -2974 | 0.870 | 236.7 | -18.2
1/14 | 163.3 -2547 -2920 0.872 | 250.7 | -17.9
6 1255 | 1/14 | 1594 -905 -1060 0.854 | 93.1 -6.6
1/15 | 159.6 | -1007 -1173 0.859 | 1102 | -73
1/16 | 159.8 | -1065 -1235 0.862 | 123.8 | -7.7
1/17 | 159.8 | -1084 -1255 | 0.864 | 1335 | -7.8
1718 | 159.8 | -1070 -1240 | 0.863 | 139.8 | -7.7
4 372 | 1/21 | 157.8 -195 -320 0.609 | 36.7 | -2.05
1/22 | 157.8 -215 -340 0.633 | 478 -2.2
1/23 | 157.9 -235 -360 0.653 | 523 -2.3
1/24 | 157.9 -244 -370 0.659 | 56.1 -2.35
1725 | 157.9 -245 -372 0.659 | 58.9 -2.4

5.4.1 Simulations Results of Variable-Speed Drive with Wind Turbine

The system is simulated under certain wind conditions and its performance is

investigated. The computer simulations are carried out using MATLAB Simulink

models of the DCIM, PWM converters, wind turbine, and closed-loop controllers,

which are given in Appendix B. The wind turbine used in the implemented system is

a fixed pitch, three-bladed and horizontal axis type. In the modeling of the wind

turbine, a lookup table is used which determines the turbine torque coefficient versus
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tip-speed ratio. Since the starting torque of the turbine is very low, the starting of the
turbine rotation is achieved by the motor operation of the DCIM. Also, a starting
process under supervisory controller is required in order to prevent the over-speeding
of the turbine, especially in high wind speed conditions. The combined moment of
inertia of the overall system was approximated to be equal to the turbine moment of
inertia plus the moment of inertia values of the generator and the drive train, which is
assumed to be 10 percent of the turbine moment of inertia. Assuming each turbine
blade as a uniform rod with a blade length of R and the weight of m, the total

moment of inertia of the three-bladed turbine is calculated approximately as follows
J, =mR’ (520
Including the drive train and generator moment of inertia to that of the turbine, the

total moment of inertia value of the mechanical system is referred to the shaft of the

DCIM with the speed-up gear ratio as follows

: (5.21)

‘gear

J,=1.1

In computer simulations, the parameters of the implemented wind turbine are used
and their values are given in Table 5.2. The digital PI parameters and feedback gains
are modified such that the system gives a better response with higher moment of
inertia and the characteristics of the wind turbine. The parameters of the electric

circuit and controllers are given in Table 5.3.

Table 5.2: Wind turbine parameters

Apr =10 speed-up gear ratio

m =20kg weight of each turbine blade

R=2.75m blade length

J, =151kg.m’® turbine moment of inertia

J,, =1.66 kg.m? total moment of inertia value referred to DCIM shaft
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Table 5.3: Electrical circuit and control parameters

E, = 17042 magnitude of the ac supply voltages

o, =27.50rad | s electrical supply frequency

L, =50mH ac line filter inductance

R, =0.80hms resistance of filter inductance

C =1200uF dc link capacitor

Ty =250us sampling rate

u, =500V dc link voltage reference value

Kip =4, Keg g = 64K, 4 PI voltage controller gains
1 1023 dc link voltage feedback gain

ude = ﬁx 5 _

K, = _Z_xH)_Z_?{ measurement gain of supply voltages
E, 5

K,, =0.125% 1023 feedback gain of line currents

HBW =10 hysteresis bandwidth, corresponds to 0.4A

X, - %’ KCE,SPM _4 KE‘ISPM P1I speed controller gains

N=128T,, speed sampling rate

In simulations, first the DC link voltage is stabilized at its reference value of 500V
between 0-2s and then the reference speed is increased as a step function (375 rpm)
at t=2s. The system is started up under wind speed zero in order to simulate the
condition when the tail vane is locked and the turbine is directed out of wind. The
friction losses of the mechanical system are measured to be SO0W at 1500 rpm and
taken into account in simulations. They are assumed to be proportional to the rotor
speed and modeled as positive input torque to the shaft of the DCIM. In Figure 5.15,
the free acceleration of the rotor from standstill to 375 rpm and the developed
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electromagnetic torque of the DCIM when the turbine is directed out of wind are

shown.

Figure 5.15 Free acceleration of the DCIM to 375 rpm when the turbine is directed
out of wind (top: electromagnetic torque of DCIM, bottom: DCIM rotor speed)

At the second stage, the rotational speed is increased to 1500 rpm when the tail
vane is closed and the turbine is directed out of wind again. The free acceleration of
the DCIM from standstill to 1500 rpm is shown in Figure 5.16. In Figure 5.17,
steady-state waveforms of the ac line supply Vbltage and current are shown when the
DCIM is operating as motor at a rotor speed of 1500 rpm. In Figure 5.18, DCIM
phase voltage and current are shown at steady-state for the same operating
conditions. In this condition, since the DCIM operates as motor, the line-side
converter operates as rectifier and draws approximately SO0W from the ac line to

compensate the frictional losses.
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Figure 5.16 Free acceleration of the DCIM to 1500 rpm when the turbine is directed
out of wind (top: electromagnetic torque of DCIM, bottom: DCIM rotor speed)
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Figure 5.17 Supply voltage and current at the line-side converter at the rotational

speed of 1500 rpm when the turbine is directed out of wind
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Figure 5.18 DCIM phase voltage and current at the rotational speed of 1500 rpm

when the turbine is directed out of wind

At the third stage, the wind speed is set to 8m/s when the rotational speed is 1500
rpm. The steady-state waveforms of the ac line voltage and current are shown in
Figure 5.19. In Figure 5.20, the DCIM phase voltage and current are given for this
operating condition. The wind turbine operates at a tip-speed ratio of 5.4 for this
operating condition and the corresponding power coefficient is approximately 0.3.
The turbine develops a mechanical power of 2.3kW at this operating point. The net
electrical power delivered to the grid is approximately 1.5kW.
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Figure 5.19 Supply voltage and current at the line-side converter at the wind speed of
8m/s and the rotational speed of 1500 rpm.
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Figure 5.20 DCIM phase voltage and current at the wind speed of 8m/s and the
rotational speed of 1500 rpm.
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5.5 Experimental Results

Experimental works are carried out on the wind turbine designed and
implemented. The wind turbine used in the system is a horizontal axis, three-bladed,
fixed pitch angle turbine with a blade length of 2.75m. A free yaw mechanism that
consists of a tail vane is used to turn the nacelle to the wind direction such that it is
perpendicular to the swept rotor area. The turbine drives the DCIM on the shaft
through a gearbox of which speed-up ratio is chosen to be 10. The DCIM is

controlled via PWM VSCs to achieve variable-speed operation of the generator.

In experiments, the reference rotor speed of the DCIM is set to a fixed value. For
this operating condition of the system, the wind speed, the rms ac line current, the dc
link current, and the rotor speed of the DCIM are recorded over a long time range. In
Figure 5.21 and Figure 5.22, the recorded rms values of ac line current and the rotor
speed of the DCIM over a time range of 545 seconds are shown, respectively. During
this measurement, rotor reference speed is fixed to 940 rpm and the PI speed
controller keeps the actual rotational speed almost stable at the reference value. In
normal operating conditions, some small excursions of the actual rotor speed occur
due to turbulent wind conditions. Also, a large excursion has been observed during
404-423s due to wind gusts, The line current changes between 2.5A and 0.8A
because of shaft power fluctuation. Figure 5.23 shows the recorded dc link current
during measurement. The sign of the dc link current indicates the direction of power
flow. The negative value of the dc link current indicates that the power flow is from
generator to the grid and inversely from grid to generator for positive values of the dc
link current. Especially, during 97-129s, wind condition is quite stable and
approximately 1kW power is delivered to the grid. This corresponds to time interval
when the wind speed reaches its highest value. The recorded wind speed during this
measurement is shown in Figure 5.24. The system generates constant real power as
the wind flows regularly in one direction. Under this condition, the fluctuations in the
wind speed are mostly absorbed by the wind turbine due to its high moment of

inertia. However, the oscillations in the dc link current, and as a consequence the
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instantaneous electrical power, can be observed in these long term recordings due to
rapidly changing wind direction. The responses of the converters to these rapid
changes are satisfactory. The line-side converter quickly responses to the load
changes and regulates the dc link voltage at its given reference value. The speed
controller also shows a good performance and recovers the rotational speed from the
disturbing effects of the wind gusts. In Figure 5.25 and Figure 5.26, the recorded
values of dc link current and the wind speed of the DCIM over a time range of 289
seconds are shown, respectively. These quantities are recorded when the rotor speed

of the DCIM is set to 865 rpm.
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Figure 5.21 Recorded rms values of the ac line current at a rotor speed of 940 rpm.
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Figure 5.22 Recorded rotor speed of the DCIM (188 rpm/div)
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Figure 5.23 Recorded dc link current at a rotor speed of 940 rpm
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Figure 5.24 Recorded wind speed at a rotor speed of 940 rpm (3.2m/s/div)
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Figure 5.26 Recorded wind speed at a rotor speed of 865 rpm (3.2m/s/div)

In Figure 5.27, the recorded waveforms of voltage and current on the grid are
shown, when the rotor speed of the DCIM is fixed at 940 rpm. The line to neutral
supply voltage is fixed at 180V rms and the rms ac line current is measured
approximately 2A. These waveforms are recorded when the power delivered to the
grid is measured to be approximately 1kW. The measured quantities are also
recorded at another rotor speed of the DCIM. In Figure 5.28, the recorded waveforms
of voltage and current on the grid are shown, when the rotor speed of the DCIM is
fixed at 865 rpm. The measured value of the rms ac line current is approximately

1.2A. These waveforms are recorded when the power delivered to the grid is
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measured to be approximately 600W. As shown from these figures, the line-side
converter keeps the operation at unity power factor and line currents approximately
sinusoidal except switching transients in hysteresis band. The ac line current
waveforms shown in these figures contain an acceptable level of distortion. The line
currents are forced to stay in a fixed hysteresis bandwidth of 0.4A and the increase in
execution time of the DSP reduces the maximum switching frequency of the
hysteresis current controller. This causes some amount of error in tracking of actual
ac line currents, which in effect violates the defined hysteresis band. As a result, the
total harmonic distortion is at higher levels when the peak current is lower but it is
reduced as the magnitude of the ac line currents increase. The instantaneous wind
speed and DCIM phase current waveforms obtained at 940 rpm and 865 rpm are
shown in Figure 5.29 and Figure 5.30, respectively. The switching frequency of the
PWM converter connected to the DCIM terminals is 2 kHz. Therefore, the effect of
this switching is clearly observed on DCIM current waveform. The audible noise is
not taken into consideration. In order to reduce the switching losses in the converter,

the switching frequency is kept lower at the value of 2 kHz.

Frame 1 of 1
B - INP1:1¥:10ms
I INP2:500mY:10ms

,_,,,.,
i
s

N

il

=i

==

i

=

et

=

A

-
foddoddedondnd
NS O

%

——

-

e

o=

]

Figure 5.27 Grid voltage and current on the line side when the rotor speed is fixed at
940 rpm (upper trace: grid voltage-125V/div, lower trace: grid current-4A/div)
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Figure 5.28 Grid voltage and current on the line side when the rotor speed is fixed at
865 rpm (upper trace: grid voltage-125V/div, lower trace: grid current-4A/div)
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Figure 5.29 DCIM phase current and wind speed when the rotor speed is fixed at 940
rpm (upper trace: wind speed-3.2 m/s/div, lower trace: DCIM phase current-2A/div)
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Figure 5.30 DCIM phase current and wind speed when the rotor speed is fixed at 865
rpm (upper trace: wind speed-3.2 m/s/div, lower trace: DCIM phase current-2A/div)



CHAPTER SIX
CONCLUSIONS

The abc/qd and qd/abc models have been obtained for a double-cage induction
machine by using the transformations applied for the standard qd/qd model of the
machine in reference frame theory. The simulation results during the transient and
steady-state operations have been obtained from the models and compared with the
test results. The genetic algorithm has been eranoyed for the off-line determination
of the motor parameters. This algorithm is sufficiently good for the estimation of
these parameters, if the exact equivalent circuit equations in the cost function are
properly defined. It is observed that the GA may not converge to a feasible solution
if some of those equations are written from exact equivalent circuit and some of them
are written from approximate equivalent circuit. Also, the mutual inductance
between top and bottom part of the rotor slots, which does not exist in the double-
cage induction machine models obtained from universal machine model, is
considered in the formulation for the GA. With the equivalent circuit parameters
obtained from GA and the derived models of the DCIM, the simulation results
depicting the behavior of the machine closely matches to experimental results.
However, the measured value of the peak starting current under no-load deviates
from the simulation results. The reason for that is the effect of saturation on leakage
reactances due to the high starting current, which is not included into the dynamic
model of the machine. Also, the breakdown torque used in the GA is measured at the
reduced voltage level because the dc machine ratings are not enough to load the
induction motor up to breakdown torque under rated voltage. However, the peak of
the torque at the rated voltage may not proportionally increase with the square of the

voltage due to the saturation in the magnetic circuit.
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The mathematical models of the PWM ac-dc-ac converters have been derived and
combined with the DCIM model for computer simulations. The modeling of digital
PI and fuzzy logic controllers are also included into these models. The system is
simulated for motor and generator operation of the DCIM with these two types of
controllers. The performance of the fuzzy logic controller due to the variation of the
de link voltage and rotor speed is found to be slightly better than PI controller with

the same controller gains and operating conditions of the system.

The results obtained from simulations are verified by experimental ones carried
out on the implemented system in the laboratory. Two back to back DSP based PWM
converters are designed to control the power flow in the WECS. The control of the
complete system was achieved by one fixed-point DSP. Total execution time of the
DSP in one cycle of the program was approximately 250 microseconds, which is
enough to control the system. In the implementation of the closed-loop controllers,
the PI type is chosen because the execution time of the DSP increases with the
application of the FLC due to increasing computational burden. One FLC routine
brings an extra computational delay of approximately 200 microseconds and the total
execution time of the DSP is almost doubled when a FLC are employed for speed or
voltage control instead of PI. As a result, the maximum switching frequency of the
line-side converter is reduced since the HCC updates the switching positions over a
program cycle. Hence, the current tracking error on the line-side converter increases

and this results in poor line current waveforms.

The experimental and simulation result show that even if the inverter output
voltage is applied to the motor terminals at the frequency, which is equal to electrical
rotor speed, the electromagnetic torque developed by the machine has a deep
negative value. In order to eliminate this instant negative torque, which may cause
damage on the coupling system, the effective value of voltage should be increased
slowly with a ramp function. Laboratory tests are carried out for emulating the
WECS and to investigate the performance of the implemented drive system. Since
the power-speed characteristic of a dc machine is similar to that of wind turbine, the

maximum power point tracking routine is also tested on the system in laboratory.
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This simple search algorithm works well under stable loading conditions and lower

moment of inertia of the system.

The performance of the system with a wind turbine is investigated by simulations
including the turbine model to the derived converter and machine models. Hence, a
complete model of the system is obtained. The implemented drive system is tested
with a wind turbine and the electrical quantities are recorded during the operation of
the system. Power fluctuations shown in the experimental records are due to
turbulent wind conditions. The stability of the converters in the system is satisfactory

under randomly varying wind conditions.
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FURTHERWORK

The simulations have not been performed yet for the recorded wind speed, since
the complete data for the turbine modeling are not provided by the manufacturer and
the wind direction is not recorded in experiments. The modeling of the turbine can be
obtained from long term measurements including the wind direction. By adjusting
the rotational speed over a wide range of operation and recording the measurements
over a long time range, the power-speed characteristic of the turbine can be obtained.
Hence, the turbine model used in simulations can be replaced by a new one with only
a few modifications. By including the wind direction into turbine model, it is
possible to predict the dynamic behavior of the implemented system under varying

wind conditions.



APPENDIX A

Trigonometric Relations

cosx + cos(x —120°) + cos(x +120°) =0
sin x + sin(x —120°) + sin(x +120°) =0
sin x cos x + sin(x — 120°) cos(x ~120°) + sin(x +120°) cos(x +120°) = 0

cos’ x + cos® (x —120°) + cos® (x +120°) = —;—

sin? x + sin® (x —120°) +sin® (x +120°) = %

sin x cos y + sin(x —120°) cos(y —120°) + sin(x +120°) cos(y +120°) = %sin(x -y)
sin xsin y + sin(x —120°) sin(y —120°) + sin(x + 120°)sin(y +120°) = %cos(x -¥)
cosxsin y + cos(x —120°) sin(y —120°) + cos(x +120°) sin(y +120°) = ——;—sin(x -y)
cosxcos y + cos(x —120°) cos(y —120°) + cos(x +120°) cos(y +120°) = %cos(x -y)
sin xcos y + sin(x +120°) cos(y —120°) + sin(x —120°) cos(y +120°) = %sin(x +3)
sin xsin y + sin(x + 120°)sin(y —~120°) + sin(x ~120°) sin(y +120°) = —%cos(x + )
cosxsin y +cos(x +120°)sin(y —120°) + cos(x —120°)sin(y +120°) = %sin(x +y)

cos xcos y + cos(x +120°) cos(y —120°) + cos(x —120°) cos(y +120°) = %cos(x +y)



Basic Genetic Algorithm C Source Code, Applied for the Parameter

Determination of Double-Cage Induction Machine

#include <vcl\condefs.h>
#include <stdio.h>
#include <stdlib.h>
#include <string.h>

#pragma hdrstop

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#define NVARS 8

double Vs,Vsbd, Tfl,Tbd,Tlr,Ws,pf;

double sfl,slr,sbd, Znl;

double Re0,Xrun0,Rel,Xrunl,Re2,Xrun2;
double Vth,Rth,Xth,Rfl,Xfl,Rlr,Xlr, Rbd,Xbd;
double x[NVARS+1];

//x[1]=R1
//x[2]1=X1
//x([3]=XM
//x[4]1=R2
//x[5]=R3
//x[6]1=X2
//x[7]1=X3
//x[8]1=X23

#define Rel

((x[41*x[5]*(x[4]+x[5])+sfl*sfl* (x[4]*x[T]*x[7]+x[5]*x[6]*x[6]))/((x
[41+x[5])* (x[4]1+x[5])+sfl*sfl* (x{6]+x[7])* (x[6]+x[7])))

#define Xrun0
((x[4]*x[4]1*x[T]+x[5]1*x[5]*xX[6]+sfl*sEl*x[6]*x[T]1*(x[6]+x[7]))/{(x[4
1+x[5])* (x{4]1+x[5])+sfl*sfl* (x[6]+x[7])*(x[61+x[7]))+(x[8]))

#define Rel

((x[41*x[5]* (x[4]1+x[5])+slr*slr* (x[4]1*x[T7]) *x[7]+x[5]*x[6]*x[6]))/((x
[4]1+x[51)* (x[4]1+x[5])+slr*slr*(x{6]+x[7])*(x[6]1+x[71)))

#define Xrunl
((x[4]1*x[4])*x[7]+x[5]*x[5]1*x[6]+slr*slr*x[6]1*x[7]1*(x[6]1+x[7]))/ ((x[4
1+x[5])* (x[4]1+x[5] )} +slr*slr* (x[6]+x[7]) *(x[6]+x[T7]))}+(x[8]))

#define Re2

({x[41*x[5]*(x[4]+x[5])+sbd*sbd* (x[4]*x[7]*x[7]+x[5]*x[6]*x[6]))/((x
[41+x[5])*(x[4)+x[5])+sbd*sbd* (x[6]+x[7])*{x[6]+x[7])}))

#define Xrun2
((x[4]*x[4]*%x[7]+x[5)1*x[5]1*x[6]+sbd*sbd*x[6]*x[7]*(x[6]1+x{7]))/((x[4
1+x[5]) * (x[4]+x[5])+sbd*sbd* (x[6]+x[7])*(x[6]1+x[7]))+(x[8]))

#define Vth Vs*x[3]/sqrt (x[1]*x[1]+(x[2]+x[3])*(x[2]+x[3]))
#define Rth (x[3]*x[3]*x[1])/(x[11*x[1]1+(x[2]+x[3])*(x[2]+x[3]1))



#define Xth
(x[31*(x[1]1*x[1]1+x[2]*x[2])+x[3]*x[3]*x[2]) /(®[1]*x[1]+(x[2]+x[3])*(
x[21+x[3]))

#define FUNCTION1

100*100*pow ( {3*Vth*Vth*Re0/ (Tf1l*Ws*sfl* (pow( (Rth+Rel/sfl), 2) +pow( (Xt
h+Xrun0),2)))-1),2) /*TEL*/

#define FUNCTION2

100*100*pow ( (3*Vth*Vth*Re2/ (Tbd*Ws*sbd* (pow ( {(Rth+Re2/skd), 2) +pow ( (Xt
h+Xrun2),2)))-1),2) /*Tbd*/

#define FUNCTION3 '

100*100*pow ( {3*Vth*Vth*Rel/ (Tlr*Ws* (pow{ (Rth+Rel), 2)+pow( (Xth+Xrunl)
,2)))-1),2) /*T1lx*/

#define Rfl
x[11+(x[3]*x[3]*Re0/sfl)/((Re0/sfl)*(Re0/sfl)+(x[3]+Xrunl)* (x[3]+Xru
n0) )

$define Xfl

x[2]+(x[3]* ((Re0/sfl)* (Re0/sfl) +Xrun0*Xrun0)+x[3]*x[3] *Xrunl)/( (Re0/
sfl)* (Re0/sfl)+ (x[3]+Xrunl)* (x[3]+Xrun0))

$define FUNCTION4 100*100*pow((cos(atan((Xfl)/(R£fl)))/pf-1},2)
/*pf*/

#define FUNCTIONS
100*100*pow((sqrt(x[l]*x[l]+(x[2]+x[3])*(x[2]+x[3]))/an—l),Z)
/*Znl*/

#define FUNCTION6 100*100*pow((x[4]1-(0.75*x({5]1}),2)

#define FUNCTION
100/(100+(Sqrt(FUNCTIONl)+sqrt(FUNCTION2)+sqrt(FUNCTION3)+sqrt(FUNCT
ION4) +sqrt (FUNCTIONS) +sqgrt (FUNCTIONG) ) )

//#define FUNCTION
100/(100+(sqrt(FUNCTIONl)+sqrt(FUNCTION2)+sqrt(FUNCTION3)+sqrt(FUNCT
ION4)+sqgrt (FUNCTIONS) ) )

#define MAXPOPSIZE 100
#define TRUE 1
#define FALSE O

void main();

int MINMAX; /* maximize or minimize */

int POPSIZE; /* population size */

int MAXGENS; /* max number of generations */
float PXOVER; /* crossover rate */

float PMUTATION; /* mutation rate */

int generation; /* current generation no. */
int cur best; /* best individual */

FILE *galog; /* an output file */

struct genotype /* genotype (GT), a member of population */
{

double gene[NVARS]; /* a string of variables */
double fitness; /* GT's fitness */

double upper [NVARS]; /* GT's variables upper bound */
double lower [NVARS]; /* GT's variables lower bound */
double rfitness; /* relative fitness */

double cfitness; /* cumulative fitness */

}i



struct genotype population[MAXPOPSIZE+1l]; /* population */
struct genotype newpopulation[MAXPOPSIZE+1]; /* new population; */
/* replaces the  */
/* old generation */

/* Declaration of procedures used by this genetic algorithm */

void initialize(void);

double randval (double, double);

void evaluate (void);

void keep the best(void);

void elitist (void);

void select (void);

void crossover (void);

void Xover (int, int);

void swap{double *, double *);

void mutate (void);

void report (void);
/**************************************************************/
/* Initialization function: Initializes the values of genes */
/* within the variables bounds. It also initializes (to zero) */
/* all fitness values for each member of the population. It */
/* takes upper and lower bounds of each variable. It randomly */
/* generates values between these bounds for each gene of each*/

/* genotype in the */

/**************************************************************/

void initialize(void)
{

int i, 3;

double lbound, ubound;

/* initialize variables within the bounds */

for (i = 0; 1 < NVARS; i++)
{
printf ("enter lowerbound and upperbound of variable $%i>",1i);
scanf ("%1f", &lbound) ;
scanf ("$1£f", &ubound) ;

for (3 = 0; j < POPSIZE; j++)

{

population([j].fitness = 0;

population{jl.rfitness = 0;

population{jl.cfitness 0;

population[j].lower[i] lbound;

population[j] .upper[i] = ubound;

population([j].gene[i] = randval (population[j].lower[i],
population(j] .upperiil);

1

}
}

}

/***********************************************************/

/* Random value generator: Generates a value within bounds */
/***********************************************************/



double randval (double low, double high)

{

double val;

val = ({(double) {rand()%1000)/1000.0)* (high - low) + low;
return(val);

}

/**************************************************************/

/* Evaluation function: This takes a user defined function. */

/* Each time this is changed, the code has to be recompiled. */
/**************************************************************/

void evaluate (void)
{

int mem;

int 1i;

for (mem = 0; mem < POPSIZE; mem++)
{
for (i = 0; i < NVARS; i++)
x[i+l] = population[mem].gene[i];
if (MINMAX==1)
{

population[mem] .fitness = FUNCTION;
}
else
{
population[mem] .fitness = - (FUNCTION) ;

}
}
}

/**********************************************************’****/
/* Keep the best function: This function keeps track of the */
/* best member of the population. Note that the last entry in */
/* the array Population holds a copy of the best individual */

/********************************************************‘******/

void keep_ the best()
{

int mem;

int i;

cur best = 0; /* stores the index of the best individual */
for (mem = 0; mem < POPSIZE; memt+)

{
if (population[mem].fitness > population[POPSIZE].fitness)
{ .

cur_best = mem;

population[POPSIZE].fitness = population[mem].fitness;

}

}
/* once the best number in the population is found, copy the genes
*/
for (i = 0; 1 < NVARS; i++)

population[POPSIZE] .gene[i] = population[cur best].gene[i];
}



/****************************************************************/

/* Elitist function: The best member of the previous generation */
/* is stored as the last in the array. If the best member of */
/* the current generation is worse then the best member of the */
/* previous generation, the latter one would replace the worst */

/* member of the current population */
/*******************;&*************a\-******************************/

void elitist ()

{

int i;

double best, worst; /* best and worst fitness values */

int best _mem, worst mem; /* indexes of the best and worst member */

best = population[0].fitness;
worst = population([0].fitness;
for (i = 0; i < POPSIZE - 1; ++i)
{
if (population([i].fitness > population[i+l].fitness)
{
if (population([i].fitness >= best)
{
best = population[i].fitness;
best mem = i;
}
if (population[i+l].fitness <= worst)
{
worst = population{i+l].fitness;
worst mem = i+l;
}
}
else
{
if (population(i].fitness <= worst)
{
worst = population([i].fitness;
worst mem = i;
}
if (population[i+l].fitness >= best)
{
best = populatiocn[i+1].fitness;
best mem = i+l;
}
}
}

/* if best individual from the new population is better than */

/* the best individual from the previous population, then */
/* copy the best from the new population; else replace the */
/* worst individual from the current population with the */
/* best one from the previous generation */

if (best >= population[POPSIZE].fitness)
{
for (i = 0; 1 < NVARS; i++)
population[POPSIZE].gene(i] = population{best mem].gene{i];
population[POPSIZE] .fitness = population[best mem].fitness;
}

else



{
for (1 = 0; 1 < NVARS; i++)
population[worst mem].gene[i] = population[POPSIZE].gene[i];
population[worst mem].fitness = population[POPSIZE].fitness;
}
}

/**************************************************************/

/* Selection function: Standard proportional selection for */
/* maximization problems incorporating elitist model - makes */
/* sure that the best member survives */

/**************************************************************/

void select (void)
{
int mem, i, j, k;
double sum = 0;
double p:
/* find total fitness of the population */
for {mem = 0; mem < POPSIZE; memt+)
{
sum += population[mem].fitness;
}
/* calculate relative fitness */
for (mem = 0; mem < POPSIZE; mem++)
{

population[mem] .rfitness = population[mem].fitness/sum;

}

population[0] .cfitness = population([0].rfitness;

/* calculate cumulative fitness */
for (mem = 1; mem < POPSIZE; mem++)

{

population[mem] .cfitness = population[mem-1].cfitness +
population[mem] .rfitness;

}

/* finally select survivors using cumulative fitness. */

for (i = 0; i < POPSIZE; i++)
{
p = rand{)%1000/1000.0;
if (p < population[0].cfitness)
newpopulation[i] = population{Q];
else
{
for (j = 0; j < POPSIZE; j++)
if (p >= population(j].cfitness &&
p<population[j+1].cfitness)
newpopulation[i] = population[j+1];
}
}

/* once a new population is created, copy it back */

for (i = 0; i < POPSIZE; i++)
population[i] = newpopulation[i];

}

/*‘k-k************************************************************/

/* Crossover selection: selects two parents that take part in */
/* the crossover. Implements a single point crossover */



/**************************************’k************************/

void crossover (void)

{

int i, mem, one;

int first = 0; /* count of the number of members chosen */
double x;

for (mem = 0; mem < POPSIZE; ++mem)
{
x = rand()%1000/1000.0;
if (x < PXOVER)
{
++first;
if (first % 2 == 0)
Xover {one, mem);
else
one = mem;
}
}
}

/**************************************************************/

/* Crossover: performs crossover of the two selected parents. */
/**************************************************************/

void Xover{int one, int two)

{

int i;

int point; /* crossover point */

/* select crossover point */
if(NVARS > 1)
{
1if (NVARS == 2)
point = 1;
else
point = (rand() % (NVARS -1)) + 1;

for (i = 0; 1 < point; i++)
swap (&population{one] .gene[i], &population[two].geneli]);
}

}

/*************************************************************/

/* Swap: A swap procedure that helps in swapping 2 variables */
/*************************************************************/

void swap{double *x, double *y)

{
double temp;

temp = *x;
kR = *y;
*y = temp;

/********l‘k*********************‘k‘k*******'***********************/
/* Mutation: Random uniform mutation. A variable selected for */
/* mutation is replaced by a random value between lower and */
/* upper bounds of this variable */



/**************************************************************/

void mutate (void)

{

int i, j;

double lbound, hbound;
double x;

for (i = 0; i < POPSIZE; i++)
for (j = 0; j < NVARS; j++)
{ 0
x = rand()%1000/1000.0;
if {(x < PMUTATION)
{
/* find the bounds on the variable to be mutated */
lbound = population[i].lower(jl:
hbound = population[i] .upper(]jl;
population[i] .gene[j] = randval (lbound, hbound);
}
}
}

/**************************************************************/

/* Report function: Reports progress of the simulation. Data */

/* dumped into the output file are separated by commas */
/**************************************************************/

void report (void)

{

int i;

double best wval; /* best population fitness */

double avg; /* avg population fitness */

double stddev; /* std. deviation of population fitness */
double sum_ square; /* sum of square for std. calc */

double square_ sum; /* square of sum for std. calc */

double sum; /* total population fitness */

sum = 0.0;
sum_square = 0.0;

for (i = 0; i < POPSIZE; i++)
{
sum += population[i].fitness;
sum_square .+= population[i].fitness * population(i].fitness;
}
if (MINMAX==1)
{
avg = sum/ (double)POPSIZE;
best val = population[POPSIZE].fitness;
}
else
{
avg = -sum/ (double)POPSIZE;
best val = -(population[POPSIZE].fitness);
}
square_sum = avg * avg * (double)POPSIZE;
stddev = sgrt{(sum_square - square_sum)/(POPSIZE - 1));

fprintf(galog, "\n%5d, $6.3f,%6.3f,%6.3f \n\n",generation,
best val, avg, stddev);



}

/**************************************************************/

/* Main function: Each generation involves selecting the best */

/* members, performing crossover & mutation and then

*/

/* evaluating the resulting population, until the terminating */

/* condition is satisfied

*/

/**************************************************************/

void main (void)

{

int 1i;

printf ("maximize(l) or minimize(0) the function>");
scanf ("%d", §MINMAX) ;

printf("enter population size (max 100)>");

scanf ("%d", &POPSIZE) ;

printf ("enter generation number (greater than 500)>");:
scanf ("%d", &MAXGENS) ;

printf ("enter crossover rate (about 0.8)>");

scanf ("%£", §PXOVER) ;

printf("enter mutation rate (about 0.2)>");

scanf ("%f", §PMUTATION) ;

Vs=230;
Vsbd=163;
Tf£1=16.8;
Tlr=23.2;
Tbd=31.5;
s£1=0.0467;
slr=1.0000;
sbd=0.2000;
Znl=176.9;
pf=0.8700;
Ws=157.1;

//s£1=0.047;

//sbd=0.267;

//printf("full-load rotor resistance (Re fl)=");
//scanf ("$1f", &Re fl);

//printf("full-load rotor reactance (Xrun_£1l)=");
//scanf ("$1f", &sXrun fl);

//printf("locked-rotor resistance (Re lxr)=");
//scanf ("$1f", &Re lr);

//printf("locked-rotor reactance (Xrun_ lr)=");
//scanf ("$1£", &Xrun_lr);

//printf ("breakdown rotor reactance (Xrun bd)=");
//scanf ("$1£f", &Xrun bd);

//printf("full-load slip (sfl)=");

//scanf ("%1f", &sfl);

//printf ("breakdown slip (sbd)=");

//scanf ("$1f", &sbd) ;

if {((galog = fopen("galog.txt"™, "w"))==NULL)
{
exit(l);
}

generation = 0;

fprintf{galog, "\n generation best average standart \n");
fprintf(galog, " number value = fitness deviation \n");



initialize{);
evaluate();
keep the best();
while {(generation<MAXGENS)
{
generation++;
select ();
crossover () ;
mutate () ;
report();
evaluate () ;
elitist (),
}
fprintf(galog, "\n\n Simulation completed!!!\n");
fprintf(galog, "\n Best member: \n");

for (i = 0; i < NVARS; i++)

{

fprintf (galog,"\n var(%d) =
%3.3f",1,population[POPSIZE] .gene[i]);

}

if (MINMAX==1)

{

fprintf(galog, "\n\n Best fitness
%3.3f",population[POPSIZE].fitness);

}

else

{

fprintf(galog, "\n\n Best fitness
(population[POPSIZE] .fitness));

}
fclose(galog) ;

i

$3.3£", -

printf ("\n\n Simulation completed!!!\n");
printf ("\n Best member: \n");

for (i = 0; 1 < NVARS; i++)

{

printf ("\n var(%d) = %3.3f",1i,population[POPSIZE].gene[i]);

) -

if (MINMAX==1)

{

printf ("\n\n Best fitness =
$3.3f\n",population[POPSIZE].fitness);

}

else

{

printf ("\n\n Best fitness = %3.3f\n",-
(population[POPSIZE] .fitness));

}
printf (" Intermediate steps are in GALOG.TXT\n");
}

/********************-k-k*************END*****************************

******/
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Wind Turbine Model
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DCIM DRIVE SYSTEM MODEL WITH DIGITAL PI

Ju

A

Ju(a)m ouyoe, d [enbia-oys Lxnuieg
V_y V_y M xnwe |
M
-0 . ~M Xnag
(AS0) BIres
<M JBuI'qL.eAUp XNy xnweq g4
i
el
amw
.|V_H”V|..Iv Z(Ln.gg'0
onb.o) uogouy
I
_ H _||| Id 1enBla-00H
opn
(sS1=40) 'S} =u0y)
Jewj -0 £pn
- Py A
I a * Wmv.m L ogee
A T i0jeseued oqe1
.ll, QouaIsjay
WIog
1SA WMd
JM e
” i
< - oon L & %N [« o WM OSA WMd
Jojeujuus | < £pt cba M 2azp |4 92In0s
mAI. X [ €l < 1pbA e age| eseyd-¢
Zong—a P . paouejeq
M zp bl “ 0 _ 2 youmg (sg=uoy)
< zbl J Jouip) aqee [f— )
1PA g
””H 1ba zba opn ¢ MmN\ ir] opn
[ ap| !v
opn
< |
I!I
(a)lim’opn ] w
N -
1ew e aAup — xniy

uopejnws Buppes alojeq widiz uni
JpwrideAup




DOUBLE-CAGE INDUCTION MACHINE MODEL
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IHYSTERESIS CURRENT CONTROL WITH Pl CONTROLLER |
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HYSTERESIS CURRENT CONTROL WITH FLC
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LINE-SIDE PWM CONVERTER MODEL
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MACHINE-SIDE PWM CONVERTER MODEL

ap!

oA

Zba

pules cung

HOA

«—()

A\

e

%00]qqnS ISA WMd pIs-suiyosw

. ZHppe=wmd;
] W
guleo LLwng
Z +|¢ §ois  euns
9P +1¢ — -
.| Xy
— Zsxe-p XN Zue grwng 2uBis
P > +l - gung xnweg
% [€ (s 3 xny L < ],
< e 5P M = e —(——
Zsixe-b Lues swng Lubis —1
ywng
(W g +i [ -l
Zbp WP +|< <
p— e
pnpoid
x -
-
£ionposd
el
x i
Zpl
Zionpasd
”i
x i
zby

apn



REFERENCE SINE WAVE GENERATOR
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SLIP REGULATION CONTROL WITH DIGITAL PI
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BALANCED THREE-PHASE SUPPLY
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IGBT IPM Data Sheets
FuJ' IGBT IPM
aeome OMBP 75RA-120 aavon

intelligent Power Module ( R-Series )

B Maximum Ratings and Characteristics H Outline Drawing
* Absolute Maximum Ratings (T.=25°C)
Items Symbol Rating Units
Min. Max,
DC Bus Voitage Vne 0 900
DC Bus Voitage {surge) Voc(sumel o] 1000 v
DC Bus Voltage {short operating) Vsc 200 800
Callector-Emitter Voltage Vees 0 1200
Inverter Continuous c 75
Collector ims cp 180 A
Current Duty=62.6% -lg 75
Collector Power Dissipation 0ne Transistor Pc 595 w
Voitage of Power Supply for Driver Vee 0 20 v
Input Signal Voitage Vi [0} Vz
Input Signal Current ™ ‘ 1 mA
Alarm Signal Voltage Vam 0 Veo Vv
Alarm Signal Current lam 15 mA
Junction Temperature T 150
Operating Temperature Top -20 100 °C
Storage Temperature Tatg -40 125
Isolation Voltage [A.C. 1min. Viso 2500 Vv
Mounting *1 3.5
Scajlogue Terminals *1 3.5 A0
Note: *1; Recommendabla Velue; 2.5 ~ 3.0 Nm (M5)

* Electrical Characteristics of Power Circuit ( at T=25°C, vcc=15V)

Items Symbols Conditions Min. Typ. Max. Unlts
Callector Current At Off Signal Input Ices Vee=1200V, Input Terminal Open 1.0 mA
INV [ Collector-Emitter Saturation Voltage Ve(gan Ic=75A 2.6 Vv
Forward Voltage of FWD Ve -lc=75A 3.0 \'A
» Electrical Characteristics of Control Circuit ( at T=25°C, Voc=15V )
items Symbols Conditions Min. Typ. Max. Units
Current of P-Line Side Driver (One Unit) lccp fow=0~15kHz, T¢=-20~100°C 3 18 mA
Current of N-Line Side Driver (Three Units) lcon few=0~15kHz, T¢=-20~100°C 10 85
On 1.00 1.35 1.70
Input Signal Threshold Voitage Vingtn) of .95 160 7105 v
Input Zener Voltage Vz Riy=20kQ 8.0
Over Heating Protection Temperature Level Tcon Voc=0V, Ic=0A, Case Temp. 110 125
Hysteresis Ten 20 og
IGBT Chips Over Heating Protec. Temp. Levei Tion Surface Of IGBT Chip 150
Hysteresis Ty 20
Inverter Collector Current Protection Level foc T=125°C 113 A
Over Current Detecting Time tooc T=25°C 10 us
Alarm Signal Hold Time tarm 1.5 2 ms
Limiting Resistor for Alarm Rawv 1425 1500 1575 Q
Under Voltage Protection Level Vv 11.0 12.5 v
Hysteresis Vi 0.2
* Dynamic Characteristics ( at Tc=Tj=125°C, Voc=15V )
Items Symbois Conditions Min. Typ. Max. Units
ton 1c=50A, Vpc=600V 0.3
Switching Time torr 3.6 ps
trr 1r=50A, Vpc=600V 0.4
» Thermal Characteristics
items Symbols Conditions Min. Typ. Max. Units
Rifre) Inverter IGBT 0.21
Thermal Resistance Ring-o) Diode 047 | ‘CW
Ringen With Thermal Compound 0.05
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B Equivalent Circuit
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Drivers include following functions

Short circuit protection circuit
Ampilifier for driver

Undervoltage protection circuit
Overcurrent protection circuit
IGBT Chip overheating protection
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IGBT IPM

6MBP 75RA-120 ExT3A

il Control Circuit

cc [MA]

Power Supply Current

Under Voltage : V., [V]

Alarm Hold Timen :t , , [ms]

Power Supply Current vs. Switching Frequency
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50
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Switching Frequency : fsw [kHz]
Under Voltage vs. Junction Temperature
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Junction Temperature : T, [°C]
Alarm Hold Time vs. Power Supply Voltage
3.0
2,5
iT125°G
2,0
T=25°C
1.5
1,0
0.5
0.0
12 13 14 18 16 17 18

Power Supply Voltage : V_, [V]
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6MBP 75RA-120

IGBT IPM

1200V
6x75A

H Inverter
Coll Current vs. Coll -Emitter Voltage
T=26°C
150
< Vi =17V,15V, 13V
? 100 /

Callector Current
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0l ]
[ 1 2 3 4
Collector-Emittar Voltage : V. [V]
Time vs. Col Current
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B Inverter

Reverse Blasad Sate Operating Area

Transient Thermal Resistance
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Case Temperature : T, (°C)

Case Temperature : T, (°C)

Current

Vp=300V, V =18V, T2125°C

g Loss vs. Ci

Switching Loss vs. Collactor Current
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M Inverter
Over Curraent Protection vs. Junction Temperature
VvV, =15V
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Junction Temperature: T, [*C}

M Outline Drawing
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Specification is subject to change without notice October 98
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ELECTRIC CIRCUIT SCHEMATICS
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[BUFFER CIRCUIT SCHEMATICS |

FUIOUINOLLINMIEL

YRIOVIWNDTI/NMILL

£RLOVINDLUNMILL

P o T
o s ST o ¢ S LED
s . STED s o MTTED
R ) 1)
y ¢ S LED y ¢ ED
¢ 1 SiTED o D
(zn) g sorauto)) (11} 1 smpoeno)y TRAOVBANIIEHMS
THIOVBIWIIINAS
ant
» — ANt
d-
poi. &1 ST pguomawonnma LT gwonmma

(14} 303311800 O71 WA GFTIDTESHL T (14) 3220103 () WAS GPZATLESINL




g 188

OPTOCOUPLER GATE DRIVE INTERFACE
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ADC DRIVE INTERFACE SCHEMATICS
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NOTES

Practical Considerations

Thermal heating occurs on the resistance which is used for the dc link voltage
measurement. This resistance used on the primary side of the hall-effect voltage
transducer and should be chosen at higher power rating. An aluminum housed power
wire wound resistor as shown in the following figure with heatsink attachment

should be used in order to prevent thermal overheating.

The devices and other electronic circuitry, which are connected to the utility line,
are affected by electromagnetic interference (EMI) when the drive system is running.
In order to prevent conducted EMI, a line filter should be placed before the
connection of the drive system to the grid. Radiated EMI due to long motor cables
can be suppressed by employing motor filter on the machine side. Also, shielded

cabling to the motor is necessary for reducing the EMI.

The printed circuit boards in the system are located in a cabinet as shown in the
following figure. However, these are affected by the moisture of the environment. In
order to protect the electronic circuitry from climatic conditions, conformal coatings

_should be applied on PCB surfaces.
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