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Abstract

This thesis describes an investigation into enhancing the performance of induction
motors by secondary reactance control without injecting to or extracting energy from the

rotor as in the case of double fed machines.

Firstly, a space-vector model of the motor is used to investigate the changes in
performance induced by the insertion of equal capacitance in each secondary phase. The
effect of the secondary capacitance is to introduce leading vars into the rotor. A set of
equations that simplifies simulation of an induction motor performance, in both the
short circuited rotor mode and with externally modified rotor impedance, are developed.

The simulations showed that impractical high values for capacitors are required to phase

advance the rotor current to achieve performance enhancement.

Electronic methods of achieving phase advance have been researched from literature
and appraised. These methods were found not suitable for this application. A novel
method using Pulse Width Modulated (PWM) controlled H-bridge with bi-directional
switches and a capacitor as central component is presented in this thesis for controlling
the phase angle in high power, low frequency RL circuits. The system increases the
capacitive effect by several orders and thus reduces the physical size of the capacitor

required.

The technique was applied to a low power induction motor. The results showed an

enhancement ofthe motor performance.

The duty ratio and its resolution are dependent on the rotor circuit parameters that vary
with the motor load. Fuzzy control for the duty ratio to achieve the required phase angle

is investigated. Verification is presented by experimentation in a single-phase circuit.
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List of symbols and abbreviations

A0,An,C0,C,,S50,Sn - Fourier coefficients;

Ce - emulated capacitor;

Ceff - effective capacitor;

Cr - inserted capacitor;

cos”™ - power factor;

d - duty ratio;

d and q - direct and quadrature axis of thetwo-axis model(chapter 2);
Dw - damping constant;

DFM - doubly fed induction machine;

e - error;

E - DC power supply;

Er - air gap voltage;

EV - equivalent DC power supply;

Ae - change of error;

fs - switching frequency;

fsam - sampling frequency;

g -gyration resistance;

i - averaged value ofthe current over a switching period;
lax - auxiliary current;

id - desired current;

if - input current;

Im - current amplitude;

ir - space phasor of the rotor current  in areference frame fixed to the rotor

circuit;
- space phasor ofthe rotor current in a reference frame fixed to the stator
KbyKc “rotor currents;

1x,i - direct and quadrature components of irg;
- space phasor ofthe stator current in a reference frame fixed to the stator
circuit;

is - space phasor ofthe stator current in a general reference frame;

is,ir, MiUttr - modulus ofthe statorcurrent, rotor current, stator voltage and
rotor voltage space phasors;

i, ,isb,isc - stator currents;

isg, irg - space phasors of the stator and rotor currents in a reference frame
fixed to the stator circuit;
isx,isy - direct and quadrature components of isg;

i0 - output current;
J - inertia of'the rotor;



L - inductance;

Lm - three phase magnetising inductance;

Ls - stator selfinductance per phase;

Lsl - leakage inductance ofthe stator;

Lr - rotor selfinductance per phase;

LA - leakage inductance ofthe rotor;

LFR  -loss free resistor;

LX - set of linguistic values;

Mx  -semantic function;

N - rotor speed;

Ns - synchronous speed ofthe induction machine;

Nse  -number ofeffective stator turns of an induction machine;
Nre  -number of effective rotor turns ofan induction machine;

NB, NM, NS - negative big, negative medium and negative small linguistic

values;
p - number ofpole pairs;
P - active power;
Pa - total copper losses in the induction machine;
PdQy ' copper losses in the rotor circuit;
Pi - input power;

- mechanical power;

PO - output power;

PB, PM, PS - positive big, positive medium and positive small linguistic
values;

PWM - pulse width modulation;

0 - reactive power;

Ag - charge variation,;

R - resistance;

Rr  -rotor resistance per phase;

Rs - stator resistance per phase;

£ - slip;

S ~apparent complex power;

S1,82,83, 54 - bi-directional switches;

T - supply period;

tx - time interval when a switch is ON;

t2 - time interval when a switch is OFF;

te - electromagnetic torque; q

tl - load torque;

Ts - switching period;

TVG - time variant gyrator;
TVT -time variant transformer;



u - averaged value ofthe voltage over a switching period;

Uc - space phasor of capacitor voltage in a reference frame fixed to the
rotor;
uca,uchuc - voltages across the capacitors inserted in the rotor circuit;

u@ - space phasor of capacitor voltage in a general reference frame;

uccucy" direct and quadrature components of ucg;

Um - voltage amplitude;

Ur - space phasor ofthe rotor voltage in a reference frame fixed to the rotor
circuit;

u'r - space phasor ofthe rotor voltage in a reference frame fixed to thestator
circuit;

ura, urb, urc - input rotor voltages;

UX Uy - direct and quadrature components of u7g;

Us - space phasor of the stator voltage in a reference frame fixed to the
stator circuit;

us - space phasor of the stator voltage in a reference frame fixed to the
rotor;

usa’'usb>usc " diput stator voltages;

usg, Uyg - space phasors ofthe stator and rotor voltages in a general reference
frame;

usx,usy - direct and quadrature components of usg;

v - space phasor of va,vb,vc in a stationary reference frame;

vasvb’ve " sinusoidal variables;

Vir - output bridge voltage;

Vap - capacitor voltage;

vg - space phasor of va,vb,vc in a general reference frame;
V. - input voltage;
v0 - output voltage;

Vref  -reference voltage;

Zu - input impedance;
Z12  -reverse transfer impedance;
72 - forward transfer impedance;

72  -output impedance;

Ze - equivalent impedance;
Zt - input impedance;
Z/ - load impedance;

ZQ - output impedance;

70 - zero linguistic value ofa fuzzy variable;
X - symbolic name;



a - phase angle produce by an RL circuit;

as - phase angle of a space phasor v;
P - phase angle produce by a RC circuit;
7 - efficiency;

(r - the desired phase angle;

Jjli - membership function;

Jic - clipped membership function;

6 - space phasor angle ofthe general reference frame;

167) - angular* velocity of an AC circuit;

cox - angular velocity from the stator circuit;

002 - angular velocity from the rotor circuit;

cog - angular speed ofa general reference frame;

cor - angular speed of'the rotor circuit;

Qr  -rotor angular speed;

y/s - space phasor ofthe stator flux in a reference frame fixed to the stator
circuit;

)/ sa, i/sb, y/sc - instantaneous values ofthe stator linkage flux;

// , y/rg - space phasors of the stator and rotor fluxes in a general reference

frame;

if/r - space phasor of the rotor flux in a reference frame fixed to the rotor
circuit;

f - phase angle between the space phasors or the stator and rotor currents;

K - physical domain of a fuzzy variable;
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Chapter 1

INTRODUCTION

The induction machine is widely used in industrial and domestic applications. The range
of power varies between hundreds of watts to megawatts, depending upon the
application. For domestic applications, the single phase induction motor is a common
choice. The single phase induction motor is essentially a two phase machine with one
winding in series with a capacitor to give the required phase shift. For industrial
medium power applications a three phase squirrel-cage motor is preferred. These motors
are relatively low cost and robust. In higher power applications, eg pumps and cranes,
the wound rotor type ofthe induction machine is often used. Compared to the squirrel-
cage machine the wound rotor motor is more expensive and with slip rings and carbon

brushes on the shaft, is not as maintenance free as the squirrel cage machine.

Before the advent of power electronic control and variable frequency output inverters,
the squirrel-cage induction motor was considered to be a near-constant speed machine.
For modifying the synchronous speed and hence the operational speed, pole changing
was the common technique used. The wound rotor motor permits the comiection of
external impedance which modifies the torque-speed characteristics and offers a degree
of speed control. Other possibilities are the doubly-fed machine in which the rotor slip
rings are connected to a second supply and the cascading of two machines by
connecting the slip-rings of one machine to the stator of the second machine. Slip
energy recovery schemes such as the Kramer, Scherbius or LeBlanc systems give
efficient speed control. These complex schemes are expensive. The modification of the
rotor impedance, due to the low rotor frequency, is mainly achieved with additional
resistance and is inefficient due to losses in the added and rotor resistance. Speed
variation in this case is dependent 011 the load torque. Constant torque drives are good

examples of such applications.

The development of the static converters made possible the implementation of variable
frequency and voltage power supplies. Considerable work has been done in developing

new stator control strategies that offer better control properties and high efficiency. The
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complexity of such drives increases with tighter performance specifications on
accuracy, response time, speed range, etc. Apart from the complexity, the major
disadvantage ofthese solid state drives are their relatively higher cost, especially at high
power levels, as well as the harmonic distortion induced in the supply and the motor

currents.

At present wound rotor motors still find applications in drives with high inertia loads
like the pumping of water, oil and petroleum . In these applications, due to the high
power levels, consideration of losses is of paramount importance. Of the two main
methods, slip energy recovery offers the highest efficiencies. Rotor impedance
modification is used mainly to increase starting torque. The slip power recovery method
has its own inherent drawbacks like the necessity of auxiliary machines or frequency
converters, rotor position sensing and instability problems at certain frequencies. These

drawbacks have attracted the attention of many investigators.

For example, in [1], W. Cheng starts from the idea that vector or field control of a
doubly fed induction machine without a shaft position sensor is more complicated than
that of a singly-excited cage rotor machine. He tries to eliminate this drawback by the
use of a control strategy to realise torque and reactive power control using a position
sensorless scheme in which the torque angle is estimated from the rotor voltages and
currents, plus the rotor reactance. He claims that in this way the cost is reduced and
reliability is enhanced by the calculation of torque angle by a microprocessor or a PC..
He concludes that the torque angle can be estimated satisfactorily and that it contains
information of the rotor mechanical speed and angle but there are problems at very low

rotor frequencies or whenever the load torque is very light.

M. Ioannides approaches in [2] the problem of a generalised method for predicting the
optimised performance of the doubly fed induction machine (DFM) at any load
condition - in which torque depends on speed. The model of an optimally controlled
DFM is deduced in the paper. The equations describing this model are expressed as
functions of the voltage applied to the rotor. This voltage is analysed in direct and
quadrature axis components giving a considerable simplification of the analyisis. Each

one of the electromagnetic characteristics of the optimally controlled DFM , such as
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current, torque, power factor, losses, efficiency etc., are deduced as combination of one
ofthe following pairs: magnitude ofthe rotor voltage and slip; magnitude of the direct
component of the rotor voltage and slip; magnitude of the quadrature component of the
rotor voltage and slip. M Ioannides concludes, as a result of the simulation and
experimental results, that the model is ideal for the prediction ofthe performance ofthe

machine in the steady state when it is used in a closed loop control system.

In the last decade, there have been some attempts to analyse and produce a rotor control
technique that avoids double feeding and the associated disadvantages. The present
work is based on modifying the rotor impedance, but instead of adding resistance, a

capacitance is used to change the rotor circuit.

In [3] Y. Baghouz and O.T. Tan propose a method to improve the efficiency of a
variable -speed induction motor drive with rotor resistance control by inserting
external variable capacitors and inductive reactance in series with the external rotor

resistance.

<-{==}-—A i m m R/s

JjXe "R/s -jXJs
Fig. 1.3 - Lumped parameter equivalent circuit ofthe induction machine

with external modified rotor impedance

The authors claim a reduction ofthe copper losses due to the improvement in the power
factor of'the rotor circuit. They present an algorithm to minimize the total copper losses
using the conventional wound-rotor induction motor model. Their simulation results (fig
1.4) show a reduction of copper loss as a function of slip. For constant-torque loads, the
percentage reduction in copper losses peaks at die lower values of slip, whereas for fan-
type loads the most significant percentage copper loss reduction occurs at both the
higher and the lower slip values. Also, it is proved diat the acceleration of the rotor in
start-up or a sudden change in the speed setting is considerably greater than the

acceleration when a pure rotor resistance is added.
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Although authors do not specify clearly the capacitor values used in simulation, it can
be deduced that there are situations (especially, for light loads) when the capacitance
required exceeds 1 Farad (Fig. 1.4). Also, Baghouz and Tan mention that their
capacitance is a bank that can only be switched in 9 discrete steps. They underline the
necessity of developing a system of solid state devices to smoothly control the external

rotor impedance.

In [4] Reinert shows the possibility of obtaining various torque-speed characteristics for
a wound-induction motor by operating the motor with its rotor at resonance with
resultant high starting and braking torques. The paper proposes an approach in which
the induction motor can keep its natural shunt-characteristic over the whole speed range,
which means that by considerable load changes give minimal slip changes, Reinert

claims that the speed-torque characteristic obtained by varying the rotor impedance
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suggests that the machine would act as a filter to the power supply and, therefore, the
machine can be used with non-sinusoidal supply voltages.

Reinert starts from the idea that the maximum torque is obtained when the rotor
resistance is approximately equal to the slip times the rotor reactance, i.e..Rr =sXr.
This condition can be achieved either by increasing the rotor resistance (this imposes a
limit to the rotor current) or by reducing the inductive reactance by the addition
capacitive reactance. The experimental results were obtained by gradually reducing the
supply voltage until the minimum voltage needed to hold the torque at the desired value
(in the new configuration with capacitance) was achieved. The strategy was based on
the fact that the maximum torque at any speed is proportional to the square root of the
input voltage to the machine. This can be achieved by lowering the input voltage while
holding the output torque at a specific value.

The simulation and experimental results show that large values of capacitance are
required and, therefore, it is necessary to introduce a variable inductor to reduce the size

ofthe capacitor required and, also, to implement a great flexibility ofthe system.

Salama extends in [5] the work of [3] by optimizing external rotor circuit parameters.
Variable voltage and frequency stator supplies are introduced. The motor under test is
considered to be operating on a variable frequency supply while delivering a torque near
to the value obtained at fiill-load-slip at rated frequency. The variable-frequency source
maintains constant air-gap flux at all frequencies. The author uses the results to

conceive a design criteria to achieve the control strategy by a power electronic system.

3000

2 lsm
0.2. tat: G

20 35 40 45 55 0.2 12
Frequency

Fig. 1.5(a) Copper loss / frequency Fig. 1.5(If) Power factor / slip

A continuous current tuned-circuit analysis is used to provide the optimization data and,

in this way, to deduce the values of capacitance for optimal performance. The
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capacitance values are translated into a relationship between the induced emf and the
rotor current. The paper mentions that the required capacitance values are often
unpractically large and no viable method is specified to implement such big values.
The authors calculate some steady-performances ofthe machine for capacitor of either a

fixed or a continually adjustable value with respect to the rotor (Fig. 1.5).

The main drawbacks ofthe proposed methods in references [3], [4], [5] are:

1. To determine the required value of capacitance, the rotor speed or the e.m.f. induced
in the rotor circuit is required.

2. The capacitor values required are very high, in Farads, and are not practical. This be
to achieved by the parallel connection of several capacitors, leading to a bulky and
costly solution, or by using a step-up transformer. Also, to optimise the machine
performance as a function of the load it is necessary to modify the capacitor value

dynamically.

A capacitor is also used to enhance the performance of a single phase induction motor
which has two phases designed to operate in quadrature. Quadrature fluxes are produced
by connecting a capacitor in series with one of the windings. Appropriate choice of
capacitance can optimise performance. The capacitor is important both at starting and in
steady-state. The main problem is in the choice ofthe capacitor. The capacitor size must
carefully determined according to the terminal impedance and from the fact that two
different values of the capacitor are required for starting and steady state miming. The
capacitor used in the steady state is between five and ten times as small as the capacitor
used for starting. The difference between these two values results in the use of two
different capacitors, the large value is placed in series with the auxiliary winding during
starting and the small one is switched in the circuit when the machine reaches full
speed. At the instant of switching in the small capacitor, the large capacitor is switched
out of circuit.

The authors of [6], [7], [8] proposed methods of avoiding the use of two capacitors in
the auxiliary winding and they have generally succeeded The approaches used in these
papers are similar but there is a significant difference. T.A.Lettenmaier emulates the
starting and running capacitor using a DC capacitor placed in a H bridge with uni-

directional switches, while T.H.Liu and E.Muljadi use an AC capacitor equal, in value,
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with the capacitor required for steady-state operation periodically short-circuited during
starting by a switch placed in parallel with it. Both principles will be analysed in chapter
3.

T.A.Lettenmaier claims that the single phase machine develops better performance in
his configuration than in the standard configuration with AC capacitors. Both, T.H.Liu
and E.Muljadi, state that starting performances obtained using their method are very
close to the performance of the single phase machine with a starting-capacitor. Liu
presents optimisation algorithms, which obtain a maximum starting torque by
electronically adjusting the value of the appropriate capacitor. Also, they expect the
reliability of their method to be higher than the traditional one in which the centrifugal
switch is the component most prone to failure due to arcing.

The main disadvantage is the current deformation in the auxiliary winding.

The objective of the thesis

Based on background reading [3-5], the following objectives were set:

* to extend the theoretical investigation into the influence on the induction machine
performance due to the insertion of capacitor in the rotor circuit.

* to develop a method of producing effects of high valued capacitor in a low
frequency, high powered RL circuit.

» to verify this method experimentally.

* to test it in the rotor circuit of an induction machine.
Outline of the thesis
The objective was fulfilled as follows:
Chapter 2 presents the mathematical model of the induction machine with externally
modified rotor impedance by inserting capacitors. A novel algorithm to estimate the

required capacitance for performance improvement and an algorithm to evaluate the

performance as a function ofthe inserted capacitance are presented.
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Chapter 3 reviews the potential methods of emulating the high values of capacitance

and their practical viability.

Chapter 4 introduces a method of capacitor switching which is widely used in
microelectronics to emulate resistors. Further, in the chapter, the method is extended to
anovel application of controlling the phase angle ofthe current in a low frequency, high

powered inductive circuit. The resulting system is simulated.

Chapter 5 presents practical implementation of the system and the experimental
verification of the novel application. The new system is placed in the rotor circuit of a

small induction motor and the effect on the performance is analysed.

Chapter 6 describes a control strategy, based on frizzy theory, of the phase angle of a

power RL circuit. Experimental tests are performed.

Chapter 7 concludes the achievements of this work and makes suggestions for further

work.
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Chapter 2

THE ANALYSIS OF THE INDUCTION MOTOR
WITH EXTERNALLY VARIED ROTOR IMPEDANCE

Abstract: The mathematical analysis of the both motors: short-
circuited rotor and with externally modified rotor impedance is
introduced. A set ofequations thatpredicts the dynamic behavior
and the performances is deduced. Simulation results for 3

different induction motors arepresented.

The referenced papers [3.4,5] do not tackle the complete mathematical modelling of the
induction motor with variable rotor impedance for performance prediction. Baghouz[3]
and Salama[5] used a relation that estimates the steady state evolution of the copper
losses of an induction motor that has the rotor impedance externally modified by the
insertion of a variable capacitor. The output of this relation is obviously the copper
losses whilst the inputs are the motor parameters, the load torque and the rotor speed.
Reinert[4] deduced a formula that evaluates the influence of the inserted capacitor over
the speed-torque characteristic. The author considers in his analysis, that besides

measurement ofthe motor parameters, the e.m.f. induced in the rotor as also measured.

In this chapter, a set of equations capable of evaluating the performance (efficiency,
power factor, copper losses, starting and peak torque, etc.) of the induction motor in
both configurations: short circuited rotor and with modified rotor impedance are
presented. This analysis is based on space vector theory applied to the induction motor

and a few drawbacks ofthe methods presented in [3,4,5] are overcome.

2.1 Brief presentation of the space phasors

Phasor theory and the space vector basics of the induction motor are given in reference
[9]. A summary of space phasors is made in the following section.

Three variables va, vhand vc are defined in a stationary reference frame. If vb is

multiplied by a and vc by a2, where a=e ®*js and the products are added :
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V- [(v«(0+ (0 *«+ve(0 *a2=[v|eM =vd+jvg 2.1)

Where v is called the space phasor of va,vb and vc and [v], as are the modulus and the

phase angle respectively related to the real axis of the stationary reference frame. The

space phasor v has real and imaginary components which are given by the formulae:

2.2)

where d and ¢ are the conventional direct and quadrature axes of a two-axis model.

If va,vb and vcare symmetrical and balanced, the tip of v will describe a circle, if

otherwise, an ellipse will be described.

If va,vb and vchave the expressions:

va -V cos(cot +S)
vb =Vcos{cot+S - 2n/3) 2.
ve =V cos{cot+ 8 + 2w/ 3)

where o is constant, then the space phasor of va,vband vc will be ofthe form:

v = Vediity (2.4)

In figure 2Act the space phasor vis represented in a fixed reference frame and

as ~cot+S . Then, in fig. 24b, a frame is considered as a general reference frame that

is spinning with the angular speed cog( Gg =a)gt ) with respect to stationery reference

frame. The space phasor of va,vband vc expressed in the new reference frame is

(2.5)

10
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Im Im
Img
Reg
Re Re
Fig. 2.1a - Fixed reference frame Fig. 2.1b - General reference frame

Equation (2.5) defines the connection between the space phasors of the same

components expressed in a different reference frame.

2.2 Dynamic model of the induction motor

In [9] the mathematical model of the induction motor is presented with the following
assumptions : that the stator and rotor are cylindrical with a smooth air gap with
symmetrical three-phase windings displaced by 120° electrical degrees. In this analysis
the magnetic circuit is assumed to be infinitely permeable, the flux density is assumed
to be radial in the air gap and the effect of iron losses and end-effects are neglected. The

number of effective stator turns, Nse and effective rotor turns Nre are equal. The stator

winding voltages are:
=Ri +*]£-

dVsb
clt

d ¥sc

+
RJsc dt

where usa,usbiuscare the input stator voltages, isq isbisc are the stator currents, Rs is
the stator resistance per phase, #/sa,)/sh,i/scare the instantaneous values of the stator

flux linkages ofeach ofthe three phases.
Starting from this system, it is possible to write the space phasor equation that
characterises the stator circuit in a reference frame fixed to the stator (stator reference

frame):
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us =Rsls + ~- =RJs +Ls™ +Lm" - (2-6)
s J* dt Ss i dt  mdt

where us,is,y/s,i; are the space phasors in the given reference frame of stator voltage,
stator current, stator flux and rotor current; Lsand Lmare the stator self inductance per

phase and three phase magnetising inductance respectively.
Similarly for the rotor circuit in a reference frame fixed to the rotor (rotor reference

frame):

yr =Rrir £ " z- =£€rir +Lr— +Ilm~ /7>

+
r "y dt dt md

where Rr is the rotor resistance per phase, Lr is the rotor self inductance per phase
ur,ir, R ,ig are the space phasors in the given reference frame of rotor voltage, rotor
current, rotor flux and stator current

Equations (2.6) and (2.7) are written in the stator reference frame and in the rotor
reference frame respectively. These equations are rewritten in a common reference
frame and, in this way, it will be possible to describe the behavior of the motor. To

transform from one reference frame to another, equation (2.5) is used to give :
- ig | _ : :
u$g —Rsisg + Ls HLm bjcog(Lsi& + Lmirg)
dt at 2.9)
Ug =Rxg +Lf + Ln +J(@>g - cor){Ljsg +L,Jrg)

where agis the angular velocity of the spimiing general reference frame, (Dris the

angular speed of the rotor; all the space phasors are represented with respect to the

general reference frame.

Also from [9], the system defined in equation (2.8) is completed with the mechanical

equation of motion :

t.-t,~ A +DjDr (2.9)
at

where feis the electromagnetic torque produced by motor(Nm), ¢{is the load torque

(Nm), J is the inertia of the motor (kgm ) and Dw is damping constant -representing

the dissipation of energy due to windage and friction.

Equations (2.8) and (2.9) along with torque expression:
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3 3
2 PV/sg*hs=~~ (2.10)

describes the behaviour ofthe induction motor (where p is the number ofpole pairs).

The following system is obtained if we split the equations from system (2.8) into the
direct and quadrature components and if we operate a few mathematical operations (see

Appendix 2.1):

di _R.LrL ta@rL]isy h RrLmitc + ojrLmLriry + Lriisx - [ ylix

dt LD +Ggly

dipy S Dsx Rsisy _a rLsLriiy —Lmusc + Lsun

dt LD + °)8Llry (2 11)
dhy COLrizml*sx - LVRSZSLV - CO;~Lern +Ln1Rer +LWWNRM h, .

dt LD ~>8lsx

di_jy COrLm R sis)] 3" R sisy +a>7"L7"LSln - L SR siry NLWS/V + Lsuﬁ;

dt LD c

where LD= LsLr- L.

Equation (2.10) can be rewritten as:

3 - 3 3
t, =xP("J,-g +LJSE) X S=2 PLJ * xisg=jPLJU sy-U ry (2.12a)

Equation (2.12a) can be, also, expressed as function ofthe modulus ofboth rotor current

and stator current space vectors, and the displacement angle £ between these two

vectors:

PLm isg sm£ (2.12b)

Equation (2.9) is brought to the following form:

dcor _t -te~Dwor

2.13
dt J @.13)

Equations (2.11), (2.12a) and (2.13) form a differential equation system that facilitates
the simulation of the dynamic behavior of an induction motor using Runge-Kutta

algorithm for solving differential equations.
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2.3 Steady state performances of the induction motor

Starting from equation (2.8), stator equation is rewritten in the stator reference frame

and the rotor equation written in the rotor reference frame.

u,=R,l,+L," +LmO - (2.14)
at dt
ur=ILL +Lr”" - +Lm" (2.15)
' dt " dt

The induction motor (without added capacitance) is analyzed in steady state and the

rotor supply voltage is zero. This means |/V,//r|and cor are constant and lwr\=0. Dwis

neglected. From (2.14) will result:

J = V,-j<D\Lml ¥ (2.16)

From equation (2.15) results :
0= R~ir +jcolL j; +jco2l~ir (2.17)
where cox is the angular velocity from the stator circuit and co2 is the angular velocity

from the rotor circuit.

Substituting equation (2.16) into (2.17) and introducing space vector transformation

from the stator reference frame to the rotor reference gives :

J = ~ J°J 2L mirs ; (2.18)
(RrRs +cox(2L- o xo2LrLs) + jX(DdLsRr +co2LrRs)

GZLmU% (2.19)
w42  BAO2+(7
where

A =co\L\ +co2L2L2-2 co\LMLrLs + L2R 2= {codh- a>LrLsf + L].R2
B =2a>RrRsL
C=R2R2+({D2LJR2

14
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The relationship between the copper rotor losses ( Pecur) and the electromagnetic torque

is then used:

P, 3 P _/\IE 12 2N (2 .20)
co. 2~ (> 3 pRr

Combining equations (2.19) and (2.20) results in the following second order equation
for rotor angular frequency:
Aco +(B—D)co2+C =0 (2.21)

where

DJ -pRr* 4 vy

2 L.

If the equation (2.21) has two real positive solutions, the smallest represents the rotor
angular velocity, the other one is the equivalent point on the unstable branch of the
speed-torque characteristic for the given torque. If there are no positive solutions the

load torque is bigger than the peak torque developed by the motor.

Then, using (2.20), it is possible to calculate and iJ from equation (2.22):

2.22
T \r ( )
The copper losses are calculated using the expression given in reference [9]:
AN=1f(*T f+ * sfer) (2-23)
Considering the expressions oftorque:
3 pR,\ir2 (2.24a)
2 e
or
=3 p®2LAR,\i" (2.24b)

e 2 R*+col2l?

and combining (2.23) with (2.24a) or (2.24b), an expression for copper losses as

function of angular velocity ofthe rotor circuit and induction motor parameters results:
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S
P —— a-+ R, R 2+to
P v R. A2 An

(2.25)

One of the most important characteristics of the induction motor is the torque-speed
characteristic. This characteristic can be drawn from equations (2.19) and (2.20) if the

motor parameters are known, giving the expression :

2

2 Aco2MBeg2 + C

2.3.1. Mechanicalpower and efficiency

Another two performances of the induction motor can be analysed using the space
vector equations ofthe motor: the efficiency and the power factor.

The expression ofthe rotor current space vector from equation (2.17) gives:

7 ®A,*: (2.27)

Rr+ J°>2Lr

Ir —

Similarly using equation (2.16) and making the appropriate space transformations from
the rotor reference frame to the stator reference frame gives the space vector of the

stator current:
- u,{Rr+jm2Lr)
V+jiw
where:
V =RrRs+a>a2(LIl-LrLs)
W =o0)ILsRr +co2l,.R,
The apparent complex power S can be expressed in space-vector terms of the stator

voltage and ofthe complex conjugate ofthe stator current as given in reference[9]:

R 3 R
S = EUSI‘S (228)
-
- 3% 3« (Rr- jco2L jV +J
§ = sis —
2 2 V2 +

16
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The real component of S gives the input active power (P):

(2.29)

The imaginary component of S gives the input reactive power (Q):

(2.30)

The power factorcos ¢, is then calculated from the input active and reactive powers

using the expression of (2.31):

P
(2.31)
The mechanical power developed by the motor is expressed by:
P, —t,PI, (2.32)

where Qr the rotor angular speed and can be calculated:

The motor efficiency may be expressed by the ratio between the mechanical power

developed by the motor and the active input power ( Dw being neglected, PMis equal

with power transmitted to the motor shaft):

(2.34)

2.4 Dynamic model of the induction motor with variable rotor impedance

In the present section, a set of differential equations that predicts the dynamic behavior
of a motor with externally controlled rotor impedance is developed using the space
vector model of the induction motor. Starting from this system, the steady state
performances ofthe induction motor with variable rotor impedance will be achieved.

If a capacitor is introduced on each phase of the rotor circuit, each phase of the rotor

circuit will have the following configuration:

17
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Fig. 2.2 - General configuration ofthe rotor circuit with modified impedance

The behavior of phase A is described by the following equations:

1 = 727/  Je—e—a,j/
ra rra 1, ca
at

ditca  ha

dt Cr

where wuais voltage across the capacitor.

Similar equations can be written for each phase ofthe rotor:
dw.

1lrb ~ Rrirb + ZZ; + Uch

dlleb _ Kb_

dt Cr

urc=Rrirc+-Adf-+ ua
t

<Kc
[/ ®

The space vector equations can now be written in a reference frame fixed to the rotor,

starting from the above equations :

_ — dy/r
ur =Rrir +—— +iuc
dt
du,, z
dt C,
Combining with (2.7) results in:
ur- Rrir+ Lf + Lm +uc (2.35)
A= (2.36)
dt C

18
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The stator circuit equation is not affected by the insertion of capacitors. Considering a
general reference frame for equations (2.6), (2.35), (2.36) and using the transformation
rules from one reference system to another, results in :

dis,, di
Usg=RJsg + Ls—" + Lm + JMg (Lslsg + Lmirg)

- B . ) ) 2.37)
Urs =Rrirst £, — + Lpt + )(4 gt )+

ducS Ke

— =--7K -«,.K

This system in combination with equations (2.12a) and (2.13) describes the behaviour of

an induction motor with variable rotor impedance in a general reference frame.

The induction motor will be considered in the stator reference frame (this implies

cog =0), with no voltage supplied into motor from the rotor side (ur =0), with Dw

neglected and a system similar to (2.11) is obtained by splitting the equations (2.37) into
the direct and quadrature components

dige _~ t ttfimhy + RrLmkx + CorLmLriy + RrUsc + RmUcc

o

dt LD

di.  RsRmKc ®rRmRs<iy - R rLsirx- O)rLsLriry ~ RmUsc  Rd*cx

dt LD

, , 2.38
dig, ~—corlmisc . RyRshy ' (“rKKdrx + RmRdry + L¥ll$ + RmUcgy ( )
dt LD

% corL mLsis>; RmRsisy + corL,.Lsin; —TsRij[y RnlLly ~ LsUy

dt LD
dup iy .

dt ~ a. r *

Wkt

dt Cr

where LD= LsLr- Dm.
The expression of the torque equation remains the same and, thus, system (2.38) along
with equations (2.12a) and (2.13), offers the possibility to analyze the induction motor

with modified rotor impedance in dynamic regime.

19
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2.5 Steady state performances of the induction motor with variable rotor

impedance

The equations (2.6) and (2.35) form the basis for the motor model in steady state

operation. This means and cor are constant. Equation (2.6) is then modified to
the form:

- _ Us- j(PILmir (2.39)

The expression is identical with the equation of the induction motor -without

capacitance.

Equation (2.35) is different from the equivalent equation of the induction motor in

standard configuration given in (2.7), resulting in:

0 =Rrir+ j(o2Lmis +j(Q:Lrir +,—lr (2.40)
jeco:Cr

where coxis the stator angular velocity and co: is the rotor angular velocity.

The mathematical combination of(2.39) and (2.40) gives :

0= ((R¥R, + @td2L] - (ocoll L+~ + + —
a>Cr m:Cr

The modulus ofthe rotor vector current is obtained from:
(RrRs +®,®24 - a lo>LsLr + (S’A—; +j(a):LsRr +m:LIRs - - ™ r)
@ Gy

and results in:

Us (2.41)

k,,®2 +B,,a>. ‘FC T@—

20
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where:
4, ={"A-co,LsLr) +LrR;

Bm = 2coR,.Rslim

C,, = (RrRs)2+ («,4Rr Y-2 +2 A

Dn- +
L Cr, Ay

In (2.41) all variables except <2 are known, the rotor angular velocity will be

determined from the relation between the electromagnetic torque and the rotor current

as follows:

1)
3 pRr'M (2.42)
2

Which results in a the fourth order polynomial in co2:

4ici +(5. -4, W* +C,®2+D, =0 (2.43)

where:

Equation (2.43) will give the solution of the rotor angular velocity. This equation has

maximum 2 real positive solutions as discussed in the following paragraph.

First, equation (2.43) is split in two separate functions:
/m=4X +(K -+
A=-D,,
It can be seen that, for a given capacitance, f: is negative and constant. Function fx is
variable in co: and its parameters depending on Cr. The intersection points between the
graphic representations of fxand f: represent the solutions of equation (2.43). Also, fx

could be considered as a combination ofthe two following second order functions:
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8§2 ~C02

If gj and g2are regarded just as second order functions (without any implications about

the induction motor), it can be noticed that g:is a positive parabola depending only on

a *

The case when gx is positive for the whole range of the rotor angular velocities, is not

relevant because the resulting fx is positive too. If g} has negative values, this implies

that equation gx=0 has 2 real solutions and there are 3 distinctive cases to be

considered:

[y

a.

Equation gx=0 has 2 negative solutions (fig. 3a). This implies that j| gets
negative values just for negative rotor angular velocities and the intersection

points between fx and /2 correspond to negative cd2.

Equation gj = 0 has one negative and one positive solution (fig. 3b). This
means that /j is negative for negative and positive values of c2. It is
possible that fx to intersect f2 in 4 points corresponding to 2 negative and 2
positive values of cd2.

Equation gx=0 has 2 positive solutions (fig. 3c). Function fx reaches
negative range just for positive values of 2, implying that the intersection

of /j with f> might occur in maximum 2 points.

2 . 0 1 2 3 A = 25 15 0.5 0.5

rotor angular velocity [rad/s] rotor angular velocity [rad/s]

Fig. 3a - Quadratic and Fourth order functions against rotor frequency
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-1 0 1 2 0 1 2

rotor angular velocity [rad/s] rotor angular velocity [rad/s]

Fig. 3b - Quadratic and Fourth order functions against rotor frequency

2 -1 0 1 2 0 0.5 1 1.5 2
rotor angular velocity [rad/s] rotor angular velocity [rad/s]

Fig. 3¢ - Quadratic and Fourth order functions against rotor frequency

The cases 3b and 3c are interesting as potentially real operating conditions ofthe motor.
In these cases (3b, 3c), if two real positive solutions exist, the smallest one is the sought
value. The other one is probably the rotor frequency from the unstable branch of the
speed-torque diagram. Of course, the real negative solutions (3b) are not taken into
account because they might correspond braking operating mode of the induction motor.
The case when there is just one positive solution, represents the maximum torque

condition.
This is a theoretical analysis. In practice a numerical method or a matrix solution can be
used to solve equation (2.43). The matrix method is implemented in MATLAB and is

used in future simulations(see appendix 2.2).

Similarly to the solution when the induction motor is in the normal configuration, it is

possible to calculate the modulus ofthe stator vector current:
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\%
R:+ G L,

<Cr (2.44)

co,Lh

Then using the expressions ofthe electromagnetic torque will be determined the copper

losses:

R2+col L -

ra= @+"° frer (2.45)
P R. (02Ll

It is possible to draw the torque-speed diagram using space vector approach, from a
knowledge ofjust the motor parameters. Equation (2.41) will be used for this purpose.

The modulus ofrotor current vector is introduced in (2.42):

3 pRra>\1}Jp,\ (2.46)
2 Amco: + Bmeo: + Cneo2 +Dn

Similarly to the induction motor in normal configuration, the expression ofrotor current

space vector is deduced from (2.40):

Ir =

Rr +jco: L.
m\Ct
The last expression substituted in (2.39) gives:
\\
Rr +jC02 L. (247)
I —
Vm+JWm

where:
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| o2 CrJ

Wm = alLsRr L
<Cr

The input active power is given by:

_ 2 w
vs  RrVm—+co:Wm L (2.48)
P= \s
Vi +Wl
and the input reactive power is given by:
T f w
Us er/l/n -
: V Y (2.49)
Vi +wli

are deduced, starting from the expression ofthe apparent complex power S .
Thus, it is possible to calculate power factor and the motor efficiency using (2.31),

respective (2.34).

2.6 Simulation results

Starting from the space vector model of the induction motor, given in the previous
sections, expressions that permit the calculation of the speed-torque characteristic, the
total copper losses, the efficiency, the power factor of the induction motor in normal
(short-circuited rotor) operation and when operating with variable rotor impedance

were derived.

The speed-torque characteristic can be analysed using equations (2.26) and (2.46)
respectively, where slip s (a= =scox) is varied between 0 and 1. Reinert[4] makes a

similar theoretical analysis using formula:
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E?Rr(Ns-N)

. (2.50)

[cv: R:+ k(Ns- N)Lr
k(Ns- N)Cr

where:

Ns - synchronous speed

N - rotor speed

k - constant: 2;r/60

Er - em.f. induced in the rotor circuit
This paper relies on a measured e.m.f. in addition to the motor parameters. In this thesis,
this drawback is overcome by the use of equations (2.26) and (2.46) respectively and
using the the supply voltage (which can be considered a motor parameter) , instead of

the measured e.m.f

Salama [5] uses the following formula to calculate the losses:

f 1 A
+Le)- — —
va"’R-e +Sy S 0)0eJ (251)
X, s Rr+Re

where

Lr - leakage inductance ofrotor referred to the stator;
Le - external inductance ofrotor referred to the stator;

R. - external rotor resistance referred to the stator;

Equation (2.45) is similar to (2.51). The difference is in the consideration of the slip
value: Salama considers slip as measured and, here, the slip is calculated using (2.43)

for a given load..

The efficiency and power factor are determined using (2.34) and (2.31) in combination

with (2.29) and (2.30) respective (2.48) and (2.49).
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Theoretical investigations by simulations were carried out to explore the effect of
introducing capacitance in the rotor circuit over motor performances of three motors for

which the parameters were known. The details ofthese motors are given below:

Motor 1I:
380V, 50Hz, 4 pole, wound motor 20KW

7"=1.640,"=1.450

Lsi=3mH, Ld=3mH, Lm=\63.6mH, J =0.203kgm?2

Motor 2:
220V, 50Hz, 4 pole, wound motor 1KW

Rs=100,Rr=6.5Q

Lsl=43.067mH, Ld =40.107m/:/, Lm=421.19m//, J = 0.0\kgm?2

Motor 3:
460V, 50Hz, 4 pole, wound motor IMW
Rs=0.040,Rr=0.040

Lsl=0.1687mH, L = 046S7mH, Lm="T3mH,J =22kgm?2

To study the effect of the capacitor insertion in the rotor circuit over the motor
performances the following simulation strategy is considered:

- to survey the effect of a variable capacitor over the speed, efficiency, power
factor and copper losses at a given torque; for each motor, there are
considered 3 different loads from the areas of peak torque, operating torque
and small torque.

- to study the steady state response of the motors for a constant capacitor for
whole slip range; there are to be considered 3 different capacitors and
targeted torque/slip, efficiency/slip, power factor/slip, efficiency/torque and
power factor/torque characteristics.

- the possibility to achieve certain slips for different load torques varying the

inserted capacitor is undertaken, including the unity slip case that
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corresponds to the starting torque.
the dynamic response ofthe induction motor with modified rotor impedance
to the load torque variation or to the inserted capacitor variation is to be

studied.

The first set of simulations considers the behavior of the speed, efficiency, power factor

and copper losses as a function of added rotor capacitance with load torque remaining

constant;

the values were chosen from peak, rated and low torque regions. The

characteristics were generated using the program pfef.m given in Appendix 2.2 and the

results are given in figures 2.4-2.12. The speed, efficiency, power factor and copper

losses deduced for short circuited rotor are also shown in the figures.
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Fig. 2.4 - Motorl C2QKWI1
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By varying the capacitor value, the rotor speed may be controlled between 0 and the
value ofthe speed that will be reached ifthe rotor circuit was short-circuited (graphs a).
When the load torque is in the peak area (the peak torque of the short-circuited rotor
configuration), higher rotor speeds may be achieved (figures 2.4a, 2.7a, 2.10a). If the
inserted capacitor is too small, the motor may become unstable.

The efficiency and power factor may be improved (graphs b and c¢) if the capacitor is
varied. The efficiency has significant improvements in the low and high torque areas
(figures 2.4, 2.7, 2.9, 2.10,2.12). Around the normal operating point the improvement is
not that significant. The power factor may be “pushed” towards almost unity in any load
condition.

The copper losses for a given load can be controlled if a capacitor is inserted in the rotor
circuit (graphs d). A low capacitance value produces an increase oflosses (this confirms
the low efficiency for small capacitor values in graphs b). Increasing the capacitor
decreases the losses and it is possible to reduce these to half ofthe losses of the short-
circuited rotor configuration. A high value of capacitance has the same effects as in
normal configuration. The percentage of copper losses reduction is significant for high

and low loads. This gives appreciable energy saving in high power motors.

The former set of simulations was generated for a variable capacitor. The next
set(figures 2.13-2.15) has been achieved with constant values of capacitance inserted in
the rotor circuit. The speed-torque characteristics are given for the three motors with

different capacitor values (graphs a). On the same graph, the speed-torque curve of the

34



Chapter 2

motor in standard configuration is presented. Equations (2.26) and (2.46) have been
used for simulation. The evolution of the efficiency is displayed on graphs b and
equation (2.31) in corroboration with (2.29),(2.30) and (2.48),(2.49) respectively have
been used. Equations (2.32),(2.34),(2.29),(2.48) have been used to represent the power

factor as a function ofslip (graphs ¢) (see program tstm from Appendix 2.2).

Motor 1 Motor 1

al - Torque/slip b) - Efficiency/slip
Motor 1 Motor 1
0.7
0 0.6
0.5
1
dod
0.3
0.2 0.4 0.6 0.8 1
slip torque [Nm]
cl - Power factor/slip di- Efficiency/torque
otor C=8000uF .
1 Hoter! 0 —t—-——3-—3-——1}-— }-——-~
0.9
08
0.7
o 06 £100
a
1 0.4
with capacitor;
0.3
®
01 without capac
0. 50 100 150 200 250 300 350 400 ~0 50 100 150 200 250 300 350 400
torque [Nm] torque [Nm]
e) - Power factor/torque f) - Rotor current/torque

Fig. 2.13 - Motorl (20KW)
Curve 1: without capacitor; Curve 2: with a capacitor of 300pF;

Curve 3: with a capacitor of 8000F;  Curve 4: with a capacitor of 70* 103pF;
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Motor 2 Motor 2
0.9
8
0.7
06
20.5
£<D0.4
0.3
0.2
a1
a) - Torque/slip b) - Efficiency/slip
1 Motor 2 oo Motor 2
0.9 0.8
08 0.7
0.7 06
%06
%'0.5
A@O.S ©
;0‘4 E 0.4
0.3
0.3
® ®
01 a
b 2 « w s 1
slip torque [Nm]
c) - Power factor/slip d) - Efficiency/torque
Motor 2 C=5000uF
0.9
0.8
0.7
o0 0.6
t: 0.5 . .
rithcap'acitor
0.4
0.3
0.2
0.1
torque [Nm] torque [Nm]
e) - Power factor/torque f) - Rotor current/torque

Flg 2.14 - Motor2 (1x w )
Curve 1: without capacitor; Curve 2: with a capacitor of 30pF;

Curve 3: with a capacitor of SOOOLF; Curve 4: with a capacitor of20* 103_iF;
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Motor 3 Motor 3
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a)- Torque/slip b)- Efficiency/slip
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0.6
a 0.6
0.5
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0.3 A s
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0.2 _:':Z/\ 02 '\2
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0.5 1.5
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0.9
5000 -
0.8
0.7
0.6
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0.3 —
02 = 1000
0.1 toutcapacitor;
0.5 1.5 0.5 1.5
torque [Nm] torque [Nm] m
e) - Power factor/torque f) - Rotor current/torque

Fig. 2.15 - Motor3 fIMW")
Curve 1: without capacitor; Curve 2: with a capacitor of 10mF;

Curve 3: with a capacitor of 500%103pF;  Curve 4: with a capacitor of 3*106pF;

The simulation results can be grouped in 3 categories determined by the value of used

capacitor.
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First category consists of curves 2 from figures 2.13, 2.14, 2.15. It can be seen that the
value of the capacitance used is very small and that the motors are not operable, the
starting torque being very small and, in general, the overall efficiency and power factor

are smaller than in the case ofthe short-circuited rotor.

A second category consists of curves 4 from figures 2.13, 2.14, 2.15. The performance
of the induction motors with externally modified rotor impedance do not differ

significantly from the performances ofthe induction motors in a standard configuration.

The third group is formed of curves 3 from figures 2.13, 2.14, 2.15. It is noticeable the
peak and starting torque are improved. The graphs » and ¢ of each figure show that the
power factor and efficiency as a function of slip do not have significant improvements -
there are situations when they are even worse than those of the short-circuited rotor
configuration. This suggests that the modification of rotor impedance is recommended

in applications where the speed is not regulated within a narrow band.

The power factor and efficiency representations from graphs d,e show that a constant
improvement of these performance for the whole range oftorque could be achieved by
just varying the capacitor value in accordance to the load. The improvement of the
performances, keeping the capacitor constant, are achieved for limited torque regions,
for the rest of the loads the performances are worse than in short-circuited rotor

configuration.

The evolution of curves 3 that represents the power factor on graphs ¢ of each figure
might raise doubts about its validity as function of slip. In such representations, the
unity power factor is reached twice for different slip value (load torques) or the same
power factor is achieved more than twice. As it can be seen, in short-circuited rotor

configuration such situations do not occur.
The short-circuited rotor induction motor is seen from the supply side as a combination

ofresistors and inductances that form a second order circuit. The addition of capacitors

in the rotor circuit modifies the order of the circuit and the equation for power factor
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rises from second order to fourth order (see appendix 2.3). This implies that the same

power factor may be achieved for different load torques.

The rotor current/torque evolution for each motor with capacitor values used to draw
curves 3 of each figure, is represented to explain the decrease of the rotor speed in the
first section ofthe torque/slip characteristic when a capacitor is inserted. It is noted that
the rotor current increases its value on the respective section in the configuration with

capacitor. The decrease in the rotor speed is in accordance with equation (2.42).

[fthe capacitor is kept constant while the motor is running, an improvement ofthe peak
and starting torque can be achieved. Other performances are not significantly improved.
If the capacitor is too small the motor is not operable and the use of a too large a
capacitor does not improve the motor performance greatly. The capacitor values are
influenced by the motor power. The higher power ofthe motor, the higher the capacitor

value required.

The capacitor values required to maintain the desired slip for different loads are
presented in the third set of simulated results. The torque value that produces the same
slip in the case ofa short-circuited rotor motor is displayed. Equations (2.26) and (2.46)
are the basis of the calculation used. The capacitor is varied for the given slip and the

resulting torque is recorded (program testb.m from Appendix 2.2).

without capacitor slip=0.01 slip=0.15

200
[ ] 1 [ ]
fljh capacitdr
n 1 1
150 e A LN

N

0.5 1 1.5 2 2.5 3 0 0.1 0.2 0.3 0.4 0.5
capacitance [F] capacitance[F]

a) s=0.01 Torque/Capacitance at constant slip and Torque without capacitance  b)s=0.15
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Fig. 2.16 - Motor1 f20KW)
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Fig. 2.17 - Motor2 tIKW)
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Fig. 2.18 - Motor3 (TMW)

The simulations show that by varying the capacitor, the desired slip may be achieved for
a torque smaller than the torque that produces the same slip in the short-circuited rotor
configuration. The slip may be kept constant even for a torque bigger than the normal

one, but this case is not valid for small slips.

An interesting case is the case ofunity slip that corresponds to the starting moment. The
graphs ¢ show that varying the capacitor it is possible to achieve superior starting
torque. The results confirm the improvement of the speed-torque characteristics that

were achieved in some situations ofthe figures 2.13-2.15.

The last set of simulations concerns the dynamic response of the motor to the change of
the capacitor value at constant load torque and the modification ofthe load torque, when

the capacitor is kept constant. The simulations (figures 2.19, 2.20) have been made
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using the differential equation system (2.38), (2.12a) and (2.13) (program dinc.m from

Appendix 2.1).

140 t1=200 Nm C=50000uF
t1=250 Nm
120 0]
100 10
X
*0
)
Q.
S 40 %
C=1000uF
_21 -20,
0.5 1.5 2 0.5
time [s] time [s]
a b

Fig. 2.19- Motorl QOKWh
a) constant load torque (200Nm), variable capacitor (50*103pF respective 1000pF)
b) constant capacitor (50*103pF), variable load torque (250 Nm respective 300Nm)

tI=4 Nm C=5000uF
160 160
140
0 120
& 60
=20 -20

0.5 0.5
time [s] time [s]
a b

Fig. 2.20 - Motor2 fIKWh
a) constant load torque (4Nm), variable capacitor (5*103pF respective 100pF)
b) constant capacitor (5*103pF), variable load torque (4Nm respective 13 Nm)

The simulation results show that the modification of one of the parameters - capacitor
(graphs a) or torque (graphs b)- produces a transient regime (exemplified on the graphs
with the speed modification) that is proportional to the parameters of the motor
parameters (rotor resistance and inductance, inserted capacitor), and the time constant of

the rotor circuit. These simulations open the possibility of a dynamic control of the
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speed by varying the value ofthe inserted capacitor.

2.7 Conclusions

Theoretical analysis and simulation results confirm the conclusions stated in the [3,4,5]:
that the performance of an induction motor may be improved from the rotor side,
without the need for a second supply, by inserting a capacitor on each phase of'the rotor

circuit and that the required value of such a capacitor is very large.

This chapter introduced a set of differential equations based on space vector theory.

These equations have estimated the dynamic behavior ofthe induction motor.

A set of equations that evaluates the impact of the inserted capacitor over the motor
performances has been derived. This algorithm in comparison with similar methods
does not need supplementary information relating to motor such as: induced e.m.f. or

slip that are considered measured in [3.,4,5].

The simulations show that improvements of the speed torque characteristic may be

achieved, principally an increase ofthe peak and starting torque.

An optimization ofthe efficiency and ofthe power factor can be realized if the capacitor
is varied as a function of the load torque, achieving significant improvements of the

efficiency in the low and high torque areas and a power factor close to unity.

The steady state analysis and the simulations in the dynamic case show the possibility of
speed control of the motor by varying the value of the inserted capacitor. This method
may be a practical product but limitations when the capacitor becomes too small, have

to be considered.

If the inserted capacitors are too small the motor becomes unstable (low efficiency,
huge copper losses, etc.) and if the capacitor is too big, the performance of the motor
tends to overlap the performances of the short-circuited rotor motor. The value of

capacitance required is proportional to the motor power.
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The theoretical analysis of the induction motor with modified rotor impedance shows
that such a control method is appropriate in applications in which better efficiency,

power factor or torque are sought rather than speed.

Simulation results confirm what was stated in [3] about the significant values of the
capacitor that are required. In fact, this was the main impediment in experimental
checking of the theoretical analysis presented in these papers. Just, Reinert makes
exception with some experimental attempts but he remarks the necessity of a dynamic

variation ofthe capacitor value.

These appreciable capacitor values and the necessity for their dynamic and fine control

require electronic methods to emulate the effects ofthese capacitances.
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Chapter 3

REVIEW OF THE ELECTRONIC PHASE
CONTROL METHODS

Abstract: Modification possibilities ofthe currentphase angle are
reviewed. A few methods for power factor control are reviewed.
Also, this chapter presents some concepts such as: gyrator,
switched capacitor that could be used in generating high
capacitive effects. Implementation methods and their viability for

this project are discussed.

In the previous chapter, it was shown by simulations that large capacitor values are
required for the improvement of induction motor performances by secondary control,
varying from several hundred micro-Farads (small motors) to Farads (high power
motors). This large capacitance can be implemented using capacitor banks but the
physical size will be too large to be practical. It is possible to reduce the capacitor value
by transformer coupling to the rotor slip-rings but the low values ofrotor frequency will
make the transformer size very large. Dynamic load changes will necessitate variation
of rotor capacitor values with the load. All these elements make passive component

solutions impractical.
The insertion of a capacitor in a RL circuit modifies the circuit impedance and changes
the circuit power factor. The reference list shows how the dynamic power factor control

has been achieved using different types of electronic converter. Fig. 3.1 show common

ac to dc converter:

Dc-dc
Converter

Fig. 3.1 - Standard structure in AC/DC conversion applications
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M.J. Schutten et al [12] consider that when the DC voltage obtained from a single phase
rectifier with a small DC link capacitor is applied to the input of a parallel resonant
converter, a relatively high power factor inherently results, even with no active control
of the input line current but, high total harmonic current distortion occurs. He showed
that dual closed-loop control consisting of an inner current loop and an outer voltage

loop, produces a neat* unity power factor and low input harmonic currents.

D.R. Vaes et al. [13] present a novel PWM voltage source rectifier controlled by the
load DC current. This method has the advantages over the direct current control method
in the elimination of'the need for input current sensors and an unchangeable and unique
PWM pattern. This system may give leading power factor operation for all load
conditions but with the drawback that the power factor is load dependent and ,hence, it

requires adjustment for each load condition.

B.M.M. Mwinyiwiwa et al [14] describe a delta modulated, current source, three phase
rectifier designed to work in conjimction with controlled current inverters. The control
system consists of an outer feedback loop regulating the unidirectional output current
flowing through the DC link and of an inner feedback loop that maintains near
sinusoidal waveform input currents at unity or leading power factor. The inner loop
controls the current indirectly by delta modulation of the voltage across the AC

terminals ofthe converter.

R. Liu [15] gives an analytical design procedure for the optimization of power factor
correction in driven series resonant converters. This method eliminates much of
switching losses occurring in converters like boost or flyback when employed in similar

tasks.

A.F. de Sousa [16] introduces a new single phase power rectifier that features regulation
by conventional PWM, soft commutation and instantaneous average line current
control. He claimes that the new topology provides a significant reduction in conduction
losses in comparison with the conventional configuration composed by four diodes front

end rectifier followed by a boost converter.
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There is a consistent sequence of system elements in most applications dealing with the
problem of power factor control. This sequence shown in Fig. 3.2 consists of supply,

converter and load.

Supply Converter Load
Fig. 3.2 - Regulator component sequence

In the rotor circuit, the induced voltage is the supply and the rotor winding is the
element producing the current phase angle between voltage and current(the load). This

situation modifies the sequence to supply, load, converter as shown in fig. 3.3.

Load
Supply Converter

Fig. 3.3 —Rotor circuit schematic

The sequence of fig. 3.3 requires different solutions to produce the required capacitor
values using novel converter structures. This chapter presents several methods that
could be candidates in implementing high capacitive effects, starting with the gyrator

concept.
3.1 Gyrator concept

B.D.H. Tellegen [17] introduced the idea that, in addition to the elements capacitor,
resistor, inductor or ideal transformer, a new linear, constant, passive network element
is conceivable. First, he analyzed the four main properties that characterizes the passive
networks known at that time ofwriting 1948. There were:

1. That the relation between the terminal voltages and currents is formed by a system

of ordinary linear differential equations.
2. That these differential equations have constant coefficients.
3. That the 2n-pole is passive, i.e. it can deliver no energy, because includes just

passive elements.

47



Chapter 3

4. That the reciprocity relationship between input and output current and voltages must

be satisfied.

Tellegen considered that, in conceiving a new network element, one or more from these
properties has to be dropped. Dropping any of the first three properties is not
recommended because the implementation of the resulting system would be
complicated. For example: ifthe third property is dropped the system requires an energy
source. Amplifier valves and operational amplifiers, for instance, require DC energy

sources and thus constitute elements are more complicated than the passive elements.

Tellegen believed that the fourth property was less important than the other three

properties and he considered dropping the reciprocity requirement.

A 4 pole network (n=2) shown in fig. 3.4, is considered in the investigation of dropping
the fourth rule. This can be mathematical described by the equations:

Vl = Ziilj +Zui:

(3.1
v2=Z7Z2h + Ziih
“Black box"
Fig. 3.4 - Four-terminal network
The black box may represent a converter.
For four-terminal networks of'this type, the reciprocity law is shown by the equality:
le =7 21 (3‘2)
and (3.1) could be written as:
(7 7 —7 7 .~
\{ = _n + 22 21 21 12
1 zg 2 21 (3.3)
1 z2 .
h =~7~12
21 Z

The expression relating the input impedance to the output impedance ( see Appendix

3.1) is given by:
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(3.4)

where Z, is the load impedance and Z, is the input impedance.

The ideal transformer is an example of a four-pole network satisfying the reciprocity

relation:

fj ~-ui:

Vi = uvo (3.5)

Tellegen, starting from these considerations, introduced a new network element that
does not obey the reciprocity rule. He called this element ideal gyrator and it is

described by the equations:

(371
v2=gh

The coefficient g is the gyration resistance and has the dimension of a resistance.
The ideal gyrator has the property, resulting from (3.6), that it “gyrates” a current into

voltage, and vice versa. Thus, if we connect an impedance Z between the secondary
terminals, the impedance between the input terminals is g:/Z . An example ofthis is an
inductance L connected to the output of the gyrator. This causes an emulated

capacitance C -L /g2 between the input terminals of the element Similarly, if a
capacitance C is connected to the output terminals, an inductance L - g 2C will appear

across the input terminals.

A gyrator structure implies
(3.7)

Considering (3.4) and(3.7), results that:
ZH=0, Z2=0 (3.8)
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Two ideal gyrators in cascade compose an ideal transformer, an ideal gyrator and an
ideal transformer in cascade constitute another gyrator, but two ideal transformers in

cascade do not create an ideal gyrator[15].

3.2 Gyrator implementation

As shown in chapter 2, high capacitor values are required in the rotor circuit of an
induction motor to improve efficiency and power factor. The gyrator concept is one of
the paths that can be followed in the investigation of emulating high capacitive effects.

The main problem is how to implement a gyrator structure at power electronic levels.

The gyrator concept has a wide application in microelectronics and in integrated circuits
where the technology does not permit the inductor implementation. A gyrator structure
with a capacitor connected at the output terminals emulates the inductive effects that are
required in integrated circuits, especially for filters. A common gyrator structure is built
using a network of operational amplifiers [18] as shown in Fig.3.5 (see appendix 3.2 for

the analysis).
The high input impedance and the “infinite” amplification ofthe operational amplifiers,

allow the breaking of the reciprocity relation and make possible the generation of the

gyration effect.

Input side

Output side

Fig. 3.5 - Gyrator implementation using operational amplifiers
Unfortunately, at power electronic energy levels a single device with the performance of

an operational amplifier has not yet been implemented and thus it has to be

implemented in other ways if gyrator effect is to be achieved.
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S. Singer is one ofthe first researchers to try to apply the gyrator in power electronics.

In [19] he considered that theoretically gyrator may be implemented in following fields:

* The transformation of voltage sources into current sources: The author took into
account the current flow stability problem that occurs at points of direct connection
between loads, like storage batteries or motors, and sources, or at the coupling by
means of a transformer, due to the high sensitivity of the operating point. Singer
states that a gyrator principle may be used to achieve a stable intersection between
source and load characteristics at correct angle and in this way to have a lower
sensitivity ofthe operating point to voltage variation.

* dc/dc conversion: Singer projected the insertion ofthe gyrator as a current regulator
between the load and source, ensuring in this way a lower variation ofthe current;

* ac/dc conversion: Singer considered that the power flow control between an AC
source and a DC source can be achieved by means of a time variable gyrator ,
obtaining in this way a harmonic-free conversion by the regulation of the gyrator
resistance g();

» capacitor var generation: The author assumes that capacitive var generation can be
achieved by coupling an inductance to an AC source through a gyrator with constant
gyration resistance. Conforming to gyrator principle, the inductance and its series

resistor are transformed into their dual: a capacitor in parallel with an admittance;

Singer states that gyrator structures can be implemented by the means of converters
whose input power Pt{t) equals the output power P () (PIPO converters):

A (0= (0 (39)
and offers the possibility to control the input or output current value in such a way that

it achieves the required values. Ifthe imposed output current is /*(/) from (3.9) results:

(3.10)

If the desired gyrator structure is characterized by the gyrator resistance g(/), the

required output current is:

C(o: (3.11)
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and the control circuit would have the following structure:

- T —-0 >
nmnrv
PIPO mt A
; <g
L
T
0 g(t)

Fig. 3.6 —Gyrator with output current controlled by a drive /*

Singer considered that POPI equation is completely obeyed just by circuits based on
transformer or gyrator and can be satisfied by some other circuits that include source
elements. I-le estimated that a reasonable reduction in gyrator implementation is the

equality of average powers:

=0 (3.12)

-0
A
Vs
0
a b
0- -0
SWITCHING |
CELL I
0- -0

Fig. 3.7- A basic family of switching converters suitable for gyrator realization
a) Boost; b) Buck; c) Basic switching cell with input and output capacitors applied for

continuous conduction and ripple reduction

Singer considered that a classical family of circuits satisfying (3.12) is one that includes
the buck, boost, buck-boost converters (fig. 3.7). The basic switching cell (from which

all three converters are derived) includes inductance switched at high frequency

52



Chapter 3

between the input and output terminals. Input or output current regulation is achieved
by the inductance charging process. During each switching cycle the charging current
increases as a ramp function until it equals the reference current signal. Then the

inductance is switched to the output and discharged until the end of the switching

period. The voltage transfer function vo /v, is determined by the duty cycle d, where d is

proportion of the period during which the inductance is switched to the input terminal.
The average value of d must be determined by the feedback and control circuit so that
the relations mentioned above ((3.11) and (3.12)) are obeyed, when voltage sources are

connected to the input and output terminals ofthe switching cell.

Singer and Erikcson [20] show that some converters under certain conditions operate
naturally like gyrators: Cuk or resonant converters as shown in fig. 3.8 are in this
category. They proved their statement analyzing the resonant converter behavior,
starting from the fact that this type of circuit exhibits current-source output

characteristics. The converter is modeled by the equations:

,>gV?” (3.13)
h o=
where
g- h-
Ro & fo
Ro
:n-iLC

f's is the switching frequency

Singer and Erikcson emphasized that all of these considerations are valid when the

enumerated converters work in discontinuous conduction mode.
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ii=<iin>

out

Load

Fig. 3.8 - Series resonant converter

D.M Divan[21] tackled the gyrator realization using non-dissipative switched networks.
He attempts to prove that an AC/AC full or half bridge converter can be emulated as a
gyrator. In his strategy the capacitive load is to be transformed into its dual as. an

inductor and the switches S:- S+ are modulated at a high frequency using a PWM

strategy. The bridge shown in fig. 3.9 is supplied with a sinusoidal supply.

/s .

Fig. 3.9 - Full wave a.c. bridge with capacitive load

A control loop determines the modulation to maintain the capacitor voltage proportional
to the input current, at the supply frequency o). The input and output voltages are
determined in Divan’s vision by the relations:

va(t) =110 =L o5y (3.14)
g g

h0) C dv: cocjsfncot (3.15)

g g’

The terminal equations represent a gyrator with resistance g. The driving point

impedance is jC /g 2.
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Divan stated that the duty ratio d is not constant and that for a sufficiently high

switching frequency, the duty ratio expression derived from (3.14) and (3.15) is:

tan cof +1 (3.16)

According to (3.16), the duty ratio is time dependent and gets values higher than 1 that
are not possible in a PWM switching strategy.

D1 2\

BA204 T ppi3s. 10/PLP

BD130

Fig. 3.10 - Delta modulated half bridge converter

In the same paper, D.M. Divan presented the implementation of a “negative” inductor
using a halfbridge converter shown in fig. 3.10 driven by a delta modulator controller.

The value ofthe equivalent “negative” inductor is found to be:
Lay— (3.17)
where q is a correction factor, set in the delta controller. The author considered the

circuit adequate for VAR compensation applications.

M. Eshani et al [22] introduced a new topological concept of a converter for DC-DC
power conversion claimed by the authors to give advantages of smaller size and lower
weight than similar converters at the same power rating. The new converter is called the
inverse dual converter (IDC) and is basically a modification of the inductor converter
bridge (ICB). In this paper and in [23], the authors modelled the new structure based on
gyrator theory, stating that this converter shown in fig. 3.11 naturally behaves as a

gyrator with no need for an extra control circuit.
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Fig. 3.11 - Inverse dual converter

The converter is driven by a clock sequence of pulses with constant switching intervals

SsiSsa,SS$:88:,SslSs4 etc. in the source converter. The same switching sequence and

frequency is used on the load side. The source and load side converter switching events

need not be synchronized but must be of the same frequency. The capacitor C in the

AC link serves two purposes, it temporally stores the energy that is transferred from one

side to the other and supplies the reverse voltage required for the commutation of the

switches. Output voltage control and input current continuity is accomplished by two

control variables, the common converter frequency and the phase-difference between

the twoconverters.

M. Eshanideduced the following equations that define the converter:

with

0 <4<x
ovC

where c is operating angular velocity and ¢) is the load converter advance angle.

From equations (3.18) and (3.19),
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(L) = (vs)_k (3.21)
(*s) (L)
Comparing (3.21) with the gyrator equation (3.6), shows that the IDC is characterized

by a gyration conductance:

1 coC
(3.22)

M. Eshani concluded that the inverse dual converter is capable of continuous voltage
step up/down control over a wide range and that the input voltage is viewed from the

load side as a constant current source (a gyration process).

The only practical realization ofthe gyrator in power applications is mentioned in [24].
There, S. Singer started from the idea that resistors inserted in power circuits, damp
oscillations and balance the power flow in AC/DC conversion systems. The energy
dissipated by such resistors is the main drawback of the method. To overcome this, S.
Singer conceived a system that emulates a loss free resistor (LFR), using concepts like
the time variant transformer (TVT) or the time variant gyrator (TVG) (transformers or
gyrators with time variable transformation ratios and time variable gyrator resistance
respectively). These structures were implemented with switched-mode converters,
combining a buck converter and an inverter, composed of loss free elements (excluding
the switching losses). The author designed a practical circuit based on a LFR synthesis

fora CO2 LASER system.

3.3 Some considerations about gyrator in power circuits

The gyrator is an attractive concept for the regulation process in high power circuits.
The possible applications of this 4 pole network element listed by Singer in [19],

provided the stimulus for implementation.

This chapter has reviewed the relevant papers presenting gyrators in power electronic
systems. The interest in this concept is relatively new and this explains the relatively

small number of significant papers and the fact that most of them are published after

1987.
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Most of the theoretical and practical attempts to implement gyrators in power circuits
were made using DC structures, but there is a significant exception where
D.M. Divan [21] developed a negative inductor in an RL circuit using 2 supplementary
DC sources that is in contradiction with the 3rdrule ofthe passive network elements. In
the same paper, the structure proposed for emulating inductive effects is impossible to

implement due to the duty ratios above unity that result from (3.16).

Singer and Erickson [20] proposed to implement the gyrator using buck, boost or Cuk

DC converters.

These DC converters have corresponding AC converters, one example ofthese is shown
in Fig.3.12. S.Sirivasan [25] analyses AC boost, buck, flyback and Cuk converters
concluding that the AC voltage transfer ratios are the same as the ratios in the

corresponding DC converters.

00000 —p~c

Ll Cl: X kH L2 C2-

— —Oorrrv-t WW
Ll CI=L. y C2r=

LI 2 .
Cl: V4 P C,

Fig. 3.12 - Three Phase Buck converter with input filters

Singer also stated in [19] that: “The gyrator can be realized by each circuit whose input

power equals its output Pift)=Po(t) (denoted PIPO) in which the input (or output)

current can be controlled. This can be approximately achieved by a family of switched-

mode circuits including buck, boost, buck-boost and flyback”.
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Alternatively consider a boost converter with an inductance for a load. The converter
output has a capacitor connected in parallel with the load as Singer [19] recommended.

This is shown in Fig.3.13.

Fig. 3.13 - Boost converter with inductance for a load

When the switch is in position 1 (time interval 0 -¢x), the following equations are valid :

dix u

dt Lx
duc _ ic (3.23)
~dt~~~C

diz .

dt L

where uc is the voltage across the capacitor , ix is the current through Lx, # is the

current through L.

During the time interval (q -7% the following equations apply:

dix u~uc

dt h
duc ~ (3.24)
_ h
dt C
di> uc
dt L

where Tsis the switching frequency. The duty ratio d is defined as : d = I/7S,d"' = 1- d .

Using the averaging space method [27] for the analysis of systems (3.23) and (3.24),

gives the following result:
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dix u-d uc

dt Z,

duc _d'ix-i:

~dt~ C
wi:

Applying Laplace transforms to equation (3.25):
Uu-d'vu,,
Li

sUc=ikz A4
C

From (3.26), the input impedance is deduced to be:

U _ s:LLIC+sL,+s(d'jL
Z, =

T sLC+1

The load impedance is given by the expression: Z, = sL and gives

If the boost converter had acted as the gyrator, then the input impedance

had the following form :

(3.25)

(3.27)

would have

(3.28)

There is a significant difference between the form ofthe expressions in equations (3.27)

and (3.28).
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The gyrator structure presented by Singer in [20], based on resonant converters, has the
disadvantage of operating in the discontinuous conduction mode, which is a major

drawback.

Bilgic’s converter [23] has natural gyrator behavior, but has the same disadvantage as
other implementations based on converters. All the foregoing methods involve the
rectification ofthe ac source at some stage. Due to this rectification stage, in three phase
circuits, the conduction period on each phase is less than 180 degrees. This introduces

harmonics oflower order with relatively large magnitudes.

Gyrator theory states that an inductor placed at the output of a gyrator structure is
“seen” as a capacitor at the input. The gyrator box (fig. 3.14) is constituted in a supply
for the inductor. This then absorbs reactive energy from the box, while the source that
supplies the gyrator sees the input ofthe box as a capacitor. This means that the supply
system receives reactive energy from the gyrator. The gyrator therefore delivers reactive
energy to both input and output ports. If the circuit uses no energy source, it is a
perpetual VAR generator. Clearly this is nonsense in the case of boost, buck, cuk

converters etc.

Gyrator
;0 C BOX

Fig. 3.14 - Inductor supply through gyrator box
3.4 Switched capacitors

The interest that exists in the field of single-phase induction motor operation for
avoiding the need oftwo different capacitors for starting and running was mentioned in
the introduction chapter. The research efforts were focused in finding solutions of
emulating the starting capacitor and two methods were developed: one introduced by

T.H. Liu[8] and E. Muljadi[7] and another one presented by T.A Lettenmaier [6].

Liu’s and Muljadi’s methods consist of placing in series with an ac RL circuit, an ac

capacitor in parallel with a solid state switch that must allow bidirectional current flow
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as with a mechanical switch (fig. 3.15). When the switch is open, current flows through
the capacitor and a RLC circuit is formed. The current bypasses the capacitor when the
switch is closed (RL circuit case). The switch is closed at the instant the voltage across
the capacitor reaches zero. Thus, a zero voltage switching operation is performed and

the switch is reopened after the shorting interval y has passed. By shorting the switch

periodically, the fundamental component of the voltage across the capacitor appears to
be lower than the case without the periodic shorting interval so that the effective size of

the capacitor appears to be larger than the actual size. As the shorting interval y reaches

n rad, the effective size ofthe capacitor approaches infinity.

R L

Fig. 3.15 - Switched capacitor in inductive circuits
In [8], it is stated that the emulated capacitance has the value:

1
A-'effective Arunning ll_d (329)

whered ~ ¥ and Ts =y +tof , tofis the turn offinterval of the electronic switch.

s

If we examine closely what is happening during the y interval the following equations

are valid:
di _u —Ri
dt (3.30)

dur _
dt

The capacitor is separated from the active circuit and 110 charge passes through it. The

things change when the switch is turned off and the current flows through the capacitor.

The tofinterval lasts until the capacitor voltage again reaches zero and the equations in

the offinterval are:
di _u- Ri- 1c
dt 3.31)

duc i
~~df ~ ~C
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Using equation sets (3.30) and (3.31), the system can be simulated. The resulting
waveforms of the current and capacitor voltage are shown in figures 3.16 and 3.17,
where u —20sin(1007tf),Z, = 20m H,C = SOpif.i? = 5f2.

Legend: Input voltage divided by 4,

Current divided by 2,

Voltage across capacitor divided by 30

5

Fig. 3.16 - Current and capacitor voltage wheny = 0.005s

Fig. 3.17 - Current and capacitor voltage wheny = 0.007s
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The simulation results are in agreement with the waveforms presented in [7], [8]. The
graphs show that the control of phase difference between the supply voltage and the

current is achieved by varying y . However the graphs show that the resulting current is

quite distorted.

Another drawback of this method is the dependence of the period 75 on the charge and
discharge times ofdie capacitor. This defines the interval when the switch is off. In fact,

this means that #f is function of circuit parameters and supply frequency.

Lettenmaier [6] proposed a method of using electronic switching to replace centrifugal
switch that introduces/removes the starting capacitor in the auxiliary winding of the
single phase induction motor. The method used presents the motor with a continuously
variable capacitance. It is achieved by using a transistor H bridge to switch a DC
charged capacitor. The capacitor is charged from the motor AC supply and the bridge is
pulse-width modulated using the sine-triangle modulation algorithm. The author uses a

reference voltage FVrefsynchronised with Fs. The capacitor is considered to be large
enough for the capacitor voltage Vap to be considered to be DC with negligible ripple.

Therefore, the bridge output voltage Vor is a pulse width modulated approximation to

the sine wave with a fundamental component phase angle adjustable in relation to the

supply voltage The phase angle between the bridge voltage Vjh.and Vs is called

bridge phase angle and is the primary adjustment factor used to control the transistor
switching. The bridge output synthesizes a capacitance that can be varied if the
switching is made in an appropriate manner. The author states that the size of the DC
capacitor from the bridge needs only to be large enough to compensate the AC ripple at

the capacitor terminals.

Controlling the peak of the triangle wave Mr, it is possible to adjust the magnitude of

the modulation. The effect ofthis adjustment is to change the capacitor DC voltage.

Lettenmaier states that the effective capacitance at the output ofthe bridge circuit can be

calculated from:
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c = (3.28)

Auxiliary Winding

Fig. 3.18 - Switched DC capacitor

In this paper, Lettenmaier uses a 100pF dc capacitor to achieve performance of a single
phase motor similar to of a SpF ac capacitor. The DC capacitor is priory charged. The
waveforms of the auxiliary current are similar to the currents presented in figures 3.16
and 3.17. In fact, the system developed in [7,8] was derived from Lettenmaier’s bridge-

capacitor.
3.5 Conclusions

This chapter reviews electronic power factor control methods as presented in recent
literature. The research undertaken for electronic power factor control is critically
appraised in the context of secondary control of three-phase induction motors. In this
application, the system power level is high, while except in starting and acceleration to
full speed, the rotor voltages and frequencies are small. The basic systems introduced in
[10 to 14] are difficult to use in the motor application because the sequence of elements,

supply - converter - load does not correspond to the induction motor sequence of
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supply - load - converter. The present research aims to introduce controlled phase angle

performance in a system in which the load precedes the converter.

The gyrator principle, even if it is extremely generous, does not have a viable
implementation. The attempts that were made, produced either just approximate
implementations or required the use of a supplementary supply, which is not convenient
in current application. Despite this, the gyrator remains an interesting element for high
power circuit, its implementation in alternative circuit could revolutionize these

systems.

The impedance control applications in references [6-8] using an ac capacitor in parallel
with a bi-directional switch or a dc capacitor in a bridge are close to the requirements of
the present application. Simulation has shown that relatively good control of the current
phase angle relative to the voltage is possible. The main disadvantage is the distortion of

the current.

Chapter 3 has critically appraised the present state of the art in electronic control of

phase angle. The limitations ofthe present systems have been determined.
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Chapter 4

NOVEL APPLICATION OF SWITCHED
CAPACITORS IN RL CIRCUITS

Abstract: The switched capacitorprinciple used in I.C. RCfilters
is reviewed at the beginning of the chapter. The development of
the RL circuit in series with a H bridge with a DC supply in the
middle, is analyzed. A novel application of switched capacitors in
alternating RL circuits is presented and analyzed. The operation

ofthe application is verified by simulation.

In chapter 3 a few concepts that could be used to implement high value capacitors were
presented. Some ofthe methods (based on the gyrator concept) are not currently viable
for emulating high capacitance at motor power levels due to hardware limitations or
need of an additional power supply. Applications based on a capacitor in parallel with a
bi-directional switch are closer to the requirements of this project, but have the
disadvantage of generating harmonics in the rotor circuit and the supply current. The
system will operate inefficiently and is unlikely to satisfy the electromagnetic

compatibility (EMC) requirements.

Divan [21] used the principle of switched capacitor to implement inductive effects. His

system used the RC filter concept from microelectronics.

4.1 Switched capacitors in active filters
In Integrated Circuit active filters, the resistor is emulated using switched capacitors
with the advantage that this implementation occupies a silicon area that is a hundred

times as small as the area required by a conventional resistor [26]. Fig.4.1 shows the

technique for emulating resistive effect using switched capacitor.
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vio-)—r-L- 'n ——U
iQIIlQ2 Ah 2
I

Fig. 4.1 - Two switch resistor simulation and voltage distribution

Let usconsider thecharge Agxthat enters the capacitor = Cfrom the input terminal 1
while vin ishigh and thedevice QOx conducts. Thecapacitor Ccharges to v{from its
previous voltage level v2. Assuming vx> v2,

Agx =C(vj -v 2) 4.1
Then vol falls to zero, QOx cuts off and C holds its voltage at vx. Then v{2goes high and
while Q: conducts the voltage across C changes from vxto v2.The charge given by:

A#2=-C (VI- 2) (4.2)
is released by capacitor C. Since the ON times of Ox and Q: are equal, |A"| = \4¢2\.

A mean current is established between terminals 1 and 2 and is given by :
=% =|-(vi-V2) (4.3)

where 7T¥is the switching frequency.

Comparing equation (4.3) with:

I=~(v, -v2) 4.4)

.. ) T
it can be deduced that the circuit emulates a resistor of value E ohms.

4.2 Current phase control in RL circuits using a dc source

The insertion of a capacitor in a RL circuit (which can be a phase of an induction
machine) modifies the current phase and amplitude. Varying the capacitor value will

further change current phase and amplitude giving an element of control.

One of the aims of thiswork is to control the phase of thecurrent. Fig. 4.2shows RL
components in series with a switched H bridge containing a dc source. The system is

strictly doubly-fed, although one source is dc.
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Fig. 4.2 - Switched capacitor H bridge in ac circuit
Switches S:95+ are ON ( S2, Ss OFF) during the time interval #x and S2, S are ON
(SXSs OFF) in time interval ¢2. The switching period, 75 =tx+¢: is maintained

constant. Thus, it is possible to define the duty ratio :

d 4.5)

— A
T
Considered in diakoptics, for the interval, q, the circuit has the configuration of figure

4.3. Equation (4.6) expresses this configuration:

Fig. 4.3 - Circuit for time interval #

RivtV rE 4.6
u —Ki .
dt (4.6)

where
u = Umsin(Of)

colL
tan(a) = /i
1

and w is the angular velocity and « is the natural phase angle between the input voltage

u and the current i

For the interval ¢2, the circuit has the configuration of figure 4.4 and equation (4.7)

expresses this configuration:
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Fig. 4.4 - Circuit for time interval ¢

u- Ri+L 5 E 4.7)

An equivalent circuit can be drawn from figures (4.3) and (4.4):

Fig. 4.5 - Equivalent circuit

f+F forte (n*YZE,n*TS +tx)

where =\ ; ,
£ forte(n *IS+tvin+1fT,)

where n is a natural number between 0 and infinity.

And the network equation is :

L” +£F

u(f) = Ri(t) + dif1)
dt

State space averaging technique[27] is applied to equation (4.8a) for one switching

period Ts:

i f f £ (f#*)+£ 1™
£ (fifdE (1 “f

(4.8b)

Equation (4.8b) is transformed to (4.9) by considering its each component value

averaged over each switching period for a full supply cycle:

u(t) =Ri(t)+L E>. +{2d(t)-)E (4-9)

where
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Sro~
i(t) =uan forte [nTs,Gz+1)7]),ne NScn =0,mod -1 ,whereu isthe average value
| ds J
for the n interval

T |
i(t) =iam forte [nTls, m+)Ts),ne N &n=0,m O({ 1 ,where ianis the average value
\fs
fox the nthinterval
and T is the supply period.

If the effective value of current i(?) is calculated, the result is a constant value (current)
Idc, but tliis constant value can be considered to be the RMS value of a pure sinusoidal

variable.

In this case, u is, of course, the equivalent variable of u and i will be considered as the

equivalent ofthe desired current id, where :
. U
id(t) = 1msm(oa-<p) = -f-sm {cot- <p

o is the desired phase angle between the cm*rent and the input voltage(the desired angle
is referred to the current phasor- see appendix 4.2), Ze is the resulting equivalent

impedance of the circuit in the condition when the desired current id is reached and

L=1J2.

The resulting impedance can also be expressed in the form :

cos(™?)

Thus, the equation ofthe desired current can be rewritten as :
id(/) = — -cos(Msin(&>f -cp) (4.10a)

The value of d(z) for which the circuit accomplishes the phase difference ¢ has to be

calculated. The equivalent variables u and i4 are substituted into equation (4.9), giving

Umsin(<uf) = Umcos(™)sin(<ur - ¢p) + -"-~--cos((p)cos(cot -<p)+ (2d(t) - DE

2d(t) -1)E = Um(sm(a>t)~~ cos((p){sm(o)t -(p) +tan(o")cos(o/ - cpfj)
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The following relationship is used :

X =sin(utf) - cos("Xsin(”* “ <P+ tan(a)cos(tftf - <))
X =dmfetf) +9p" ~29l- tan(a) cos® H)+CQS(* _ 2 £

_ sin(W)cos(a)- sin(tftf- 2")cos(«)-sin(a)cos(ty/ - 2 (p)~ sin(a)cos(<2tf)
2 cos(«)

A sin(cot-a ) - sin(cot- : ¢>+a) _ sin(a- ¢cos(cot~cp) ~4 jQb)
2 cos(a) cos(a)
And results in

1 U«sin(a - <p)cos(fi*-
W 2 2E cos(a) (4>n)

It results from (4.11) that the duty ratio d(#) has a sinusoidal variation during the
process. The amplitude ofthe variation is influenced by the value ofthe DC source.

The practical limits of the duty ratio d(z) are 0 and 1, for a proper operation of the H-
bridge, i.e. 0<d(t) <1

At the first limit:

2F cos(«) 2
Umsin(a - #>)cos(W -cp) < E cos(a) (4.12)
Taking the worst case value of unity for the time variant term cos(cot-cp), the relation

to be satisfied by £ is given in equation (4.13).

E 4.13
g cos(or) ( )

At the second lim it:

dp<,1 -> 1
@ 2E cos(a) 2

Umsin(tf - ¢p)cos(cot -(p +ft)< E cos(a)

A similar reasoning to that one used from equation (4.12) leads to the same relationship

(4.13).
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4.4 Simulation of RL circuit with switched dc source

Before any simulation is made, an analysis algorithm permitting the transient analysis of
the input voltage and resulting current such that it is possible to calculate the phase

difference between the input voltage and the current has to be established.

Fourier series can be used for this purpose because the signals in the analysis are
periodical. Any periodical signal x(?) can be expressed:

A ®
X(t) = + cos{ncot + (pn)
4 A

where An and (prare the amplitude and phase of the nth harmonic, A4s is the dc

component ofthe wave, C, and S» am Fourier coefficients that are calculated with:
Co /1(*)<*
*0

cn= —2 \f(t)cos(na)t)dt
0

where T - —
on

The amplitude of each harmonic is calculated using the relations :
A=c0
respective
4 =Vc,2+s,,2

Equations (4.6) and (4.7) are brought into the simulation in the forms :

di _u—Ri—E
dt L
di _ u-Ri+E
dt L

It is possible to simulate the system by solving the differential equations using a Runge-
Kutta algorithm. The duty ratio is recalculated at the beginning of each switching cycle.

Periodical samples of the current and voltage are taken during the simulation and, thus,
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the current amplitude and the phase difference are calculated. The simulations are
performed using a C++ program that, along with the flow chart, is listed in Appendix
4.1.

The circuit is simulated with two sets of parameters at two different frequencies for each
set. Two different DC sources are used for each set, imposing two phase differences
between current and input voltage. Figs.4.6 to 4.11 show results for Circuits 1 and 2. It
has to be noticed that for the equivalent time of two supply periods the switched DC
source is not inserted in the circuit and the duty ratio d is zero.

Circuit 1 _

R -10Q, L =500mH , Um=10F, /| =5H z, f's = IkHz, natural phase angle of 52°
where f's is the switching frequency.

Circuit 2 _

R=5Q, L=20mH, Un=10F, f - 50H z, fs - \0kH z, natural phase angle of 51°

0.8i 0.8

Fig. 4.6 - Circuit 1: E = 18F,cp=0

L= =-°6 L =1,9%=-0-6
j 08s
Fig. 4.8 - Circuit 1: £ =18F,(p=-20 Fig. 4.9 - Circuit 1: E = 30F,cp =-20
i =0.94,qm=-20.4 /. =0.94,tpm=19.2
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Fig. 4.10 - Circuit2: K - ISK.cp =0

L =2cpw=-0.6 im= 2,cpm= -0.6

Fig. 4.12 -Circuit2: £ = 18F,cp =-10
A =1-9,pm- -9.3 im= 19,cpm= -9.4
Legend: Input voltage divided by 5, Current divided by 2, Duty ratio
(p represents the desired phase difference; im and cpm are the resulting simulated values
of the current and the phase difference respectively. They are calculated using Fourier
series and sampled values of current and input voltage.
Among the conclusions that can be drawn from the simulation, the advantages of using
this method are as follows :
the current waveform is smooth;

- the amplitude and phase difference achieved are quite good;

if E has the correct value, @ can take any value between -90° and 90°;
There are also several drawbacks, listed as follows :
the requirement of a supplementary DC source ;
- the variation of the duty ratio d(z) - it is calculated almost continuously. The
amplitude variation is influenced by the value of DC source - the higher the

DC value, the smaller the variation - equation (4.11);
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- the minimum value of the DC source has to be modified in accordance with

the desired phase difference - equation (4.13);

4.5 Switched capacitor in RL circuits

If the DC source from figure 4.2 is replaced by a capacitor (figure 4.14), it will be a
“middle case” between the switched capacitor from active filters and the switched DC
source from RL circuits that were previously presented. The capacitor charging is not as
fast as in active capacitor filters due to the presence of resistance and inductance.
During interval x, the capacitor is charged with a polarity (with respect to point a) that
is applied in reverse to the RL circuit (with respect to the same point a) in interval ¢2.

The functional mechanism is similar to the DC source case but, now, it can be

considered with a variable source applied to the RL circuit.

Fig. 4.14 - DC source replaced bv a capacitor

Beside the variables (u,a,<p) defined for the switched DC source case, a new

variable f3 is introduced, defined by the relation,

When the switch pair S1,S+ is ON (7| interval), the capacitor is charging - we have a

RLC series circuit

Fig. 4.15 - Circuit for interval #i

For the interval #:the switches pair §2,S5is ON .
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Fig. 4.16 - Circuit for interval .
The AC capacitor does not have polarised terminals, but the beginning of the switching
period is taken when the capacitor is charged as in figure 4.14. The current has the same
sense as the arrows in figures 4.15 and 4.16. At the beginning and the end ofthe interval

t2 due to the high switching period and the inductance, the capacitor has the same

polarity with respect to the terminals (except when the polarity of the input sine wave

becomes negative). The current does not change polarity.

For the interval #x the following equations can be written :

u(t)=Ri(t) +L + uc(t)
dt

(4.14)
Ji(t)dt
4T C
And for f,
u(t) =Ri(t)+L e uc(/)
(4.15)
Ji(t)dt
00— ¢

The state space averaging technique is applied to equations (4.14) and (4.15) for each

switching period ofa full supply cycle and, according to [24], results:

()= R i(t)+Lgt +(2d () —Duc (4.16)

i(t)dt (4.17)
uc(t) =(:d(1)-1)

where
ST

u(t) =uam forte [nIs, (n+1)IS),neN scn~ 0,mod - 1 whereu isthe average value

for the nthinterval
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i(t)=iam fort <=nls,(n +1)Ts),n e N &n =0, mod ,Where ianis the average value

for the nlhinterval

CT N
Uc(t) = uam forte [nTs,(n+ )T, ne NSen =0,mod —-1 ,where ucanis the average value
Ki* vy

for the nthinterval
Introducing (4.17) into (4.16):

u(i) = R~i()+ ” +(zd(z)-\fekc (4.18)

Using the same reasoning about the effective values as previously and taking the input

u
voltage u - Umsin(W)and the resulting current id - 7; cos(<p)sin(W - ¢p) as in the

previous case and introducing these terms into (4.18) give:
u=Rid+L — +Qd()~if
t

B

L s
Umsin(<z>f) = Umcos(<p)sin(<»/ - ¢p) + @ cos(™)cos(ntf - ¢p)-

- d(t)~ 12— —cos(cp)cos(a)t - p)
coRC
And

- (fLd(t)-1)2tan(/?)cos(#?)cos(W-cp)- sin(")~ cos("Xsin(* -<p) +tan(a)cos(a>t- @)

Using the expression for X (4.10b) from the previous case :

- (2<i(if)-D2 tan(/f)cos(<p)cos(tftf - 4?7)=- - » 2—1) cos(fft—f"/
cos(pr)

Resulting in :

. 'tan(<y)~ tan(<p) (4.19)
4 )4 (V1+|V tan(y?)

The duty ratio d(?) has to obey two conditions:
a. the expression under the square has to be positive, which means that:
tan(a)-tan(y?)> o

This implies that:
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(p<a (4.20)
b. the lower and upper limits of duty ratio are 0 respective 1:
- Equation (4.19) clearly shows that d(tz) is always real andpositive if
condition (4.20) is fulfilled ; more than this, duty ratio d(?) is equal with or
higher than 0.5;

d(t)< 1 means that:

Itan(a)- tan(#>) <

1+
tan(/?)
col.
tan(y>) > tan(a) - L
o A— 1.7
(p> arctan coC @.21)

Conditions (4.20) and (4.21) show that the phase difference (p between input voltage

and current can be varied over the range ofthe RL respective RLC circuits with passive
components without switches.

When d varies between (0.5 and 1) the phase shift current-input voltage varies between

\
/ feor—1 1

the minimum and maximum extremities arctan coC ,a

v | ) )
Some special cases have to be studied regarding the values of d needed to achieve the
required phase differences :

1. ifthe condition (p- a is imposed, the duty ratio d =1 ;

f L7

col— —
2. ifthe condition” = arctan RQC is required then d~ 1;

3. ifthe current and the input voltage are to be in phase (gp- 0) the duty ratio has to
be:
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d=I(1+Viide) 42)

It is interesting to notice but not unexpected that for the in-phase condition , the duty

ratio does not depend on resistance (4.22).

Applying Laplace transforms to the averaged model ofthe system (4.18) to achieve the

s form ofthe system makes further analysis possible.

U(s) =RI(s)+sLl(s) + —— /(s)
sC

H(s) =-"Yi = - A (4.23)
G LCs2+RCs +{2d

Considering die input voltage to be the excitation signal, the respective amplitude -

frequency and phase-frequency characteristics may be derived and plotted as Bode

diagrams from (4.23).

An estimation of the voltage across the inserted capacitor for the required phase
difference between current and voltage can be made starting from the averaged
equations (4.9) and (4.18). If it is assumed that the circuits from Fig. 4.2 and Fig. 4.6

have the same parameters R,L and u and the same phase difference then :

(2dE-1)E = (2dc - 12uc (4'24)

The duty ratios dFand dc in these circuits have different values and expressions.
Inserting equations (4.11) and (4.19) in (4.24),
Umsin(c? - (p)oos(cot ~(p) _ tan(0')- tan("z>)~
cos(a) tan (ft)
)
cos(p)

The amplitude ofthe voltage across the capacitor can the be calculated from:

t"cosW
coRC

As a final consideration, starting from (4.18) can be deduced the relation between the

emulated capacitor on one hand and the used capacitor and duty ratio on the other.
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C'=c h f (4-26)

4.6 Some physical considerations

To try a physical explanation of what is happening in the presented phase control
system, is taken into account the fact that the connection of a capacitor in an alternative
RL circuit produces a transient regime. The current changes with frequency, reaching

peak values higher than the value under steady state conditions.

In this analysis, it is assumed that the supply voltage is constant during intervals #x,
when the switches S,,S+ are ON, and 72, when the switches S:,S5 are ON (taking into

account the difference between the supply and the switching frequencies). Thus, it can
be considered that there are two transient patterns in RLC circuits supplied by DC

voltages (equal to the values ofthe supply at the beginning of intervals #x and ¢2) occur
during one switching period.

The mathematical analysis of the RLC circuit supplied by a DC source is presented in
appendix 4.3 and, here, transient current is shown for the two different patterns: a RLC
circuit with the initial positive voltage of the capacitor (easel) and a RLC circuit with
initial negative voltage of the capacitor (case 2). Also, it is represented the transient
current of a RL circuit (case 3). The parameters R, L, C and the supply voltage are the
same in all three cases.

R=120hms L=6.7mH C=100uF dif"4.4 R=40hms L=0.67mH C=100uF dif=-1.2
0.7 2.5

case 2

0.6
0.5 case 3
;case 2

case 3

Ol—qm/\

"easel

0.2

time [s] time [s]

Fig. 4.17 - Transient currents fori? <2yjL/C . dif =R-2yjL/C
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The currents represented in figures 4.17 and 4.18 occurred when the supply voltage was
switched in the circuits. It can be seen from the graphs that, in the early stages of the
transient process, the currents in case 2 rise faster than the currents in cases 1 and 3, and

this fact is used in controlling the phase between the voltage and current.

For the switched capacitor in series with an alternative RL circuit, the following
sequence exists: At the time zero (the beginning of interval # ) the initial capacitor

voltage ud - 0; the capacitor then charges and at the end of this interval, it will have

the voltage + M ; At the start ofinterval 72, ud =-V1; during this interval the capacitor

R=120ohms L=0.67mH C=100uF dif=6.8 R=120hms L=0.67mH C=ImF dif=10.4

case 2
0.9 case 2 :

case 3

0.6 S case 3
§0.5
1:[1 ? case
0.4 u
casej 1
0.4
0.3
0.2
0.2
time [s] time [s] Xl()‘4

Fig. 4.18 - Transient currents for R > 2-JL/C , dif —R —2-yjL/C

voltage is decreasing and the switching frequency is chosen high enough to prevent the

capacitor from discharging completely and charging again with reversed polarity ; Thus,

at the end of switching cycle uc=-V:(V2\<\V:\); the current increases faster than the

current of the simple RL circuit; ud = V- at the start of the new interval #x(case 1);
the increase of current is comparable raise ofthe current of a RL circuit(case 3) ; the

capacitor voltage increases to V5 at the end of'the interval, (\V31>|F,|) ; in this case, at

the beginning of interval ¢, ud =-V; (again case 2) ; the cuiTent again is increasing .

The process will then be repeated in the same way.

4.7 Simulation results

The differential equations resulting from (4.14) are,
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di u-Ri-u.
dt L
duc i

dt C

and from (4.15) are ;

~dt~
duc u
dt C

They are used to simulate the proposed application of'the switched capacitor, using the
Runge-Kutta algorithm.

Three circuit configurations are used in simulations. The second differs from the first by
the supply frequency and the third differs from the first by the used capacitor. The
Fourier series are involved to analyze the simulation results. Also, the phase angle
variation function of duty ratio and the Bode characteristics for the resonance duty ratio
are drawn for each circuit.

Circuit 1

R=5Q,L=10mH, C - 10juF, u - 20sin(2;z-50f), natural phase angle of 32°

fs =5kHz, fsam= 50kHz

where f's represents the switching frequency and fsan is the sampling frequency for

Fourier analysis.
Fig. 4.19a shows the variation of phase difference with duty ratio. Fig. 4.19b gives the

Bode diagrams resulting from equation (4.23) for a duty ratio of 0.549 corresponding to

resonance.
-20
1Gl 10*
Frequency (rad/sec)
0L 2. 1fe
111
-60 m
Moo Lo g1 1iFHL
00 JUEEEEEEEEEEST U U U0 TP
0.5 0.6 0.7 0.8 0.9 101 U 101 1(2

duty ratio Frequency (rad/sec)

a b
Fig. 4.19 - Phase and frequency response
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Figure 4.20 shows a very significant result in that for a phase difference of 10° the
emulated capacitance is of 1398pF, being 139.8 times as big as that of the physical

capacitor.

uc/20

0.1s

Fig. 4.20 - Circuit 1 response giving =10 gc =9.87 ic =3.93 d - 0.542

In figure 4.21, for a phase difference of 0° the emulated capacitor is of 1025pF, being
102.5 times as big as the used capacitor.

u/2

uc/20

0.1s

-10

Fig. 4.21 - Circuit 1response with zero phase-displacement

=0 (@c=041 ic=3.96 d=0.549
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Figure 4.22 shows a negative or leading phase-displacement, where for a phase
difference of - 20° the emulated capacitance is of 645pF, being 64.5 times as large as
that ofthe physical capacitor used.

10 w

uc/20

0 0.1s

-101 \J \% 1/ 12 12
Fig. 4.22 - Circuit 1 response with leading current p=-20 gr=-19.69 ic=3.71 d - 0.562

Circuit 2

R =5Q,L - 10mFT, C = 10//F, w= 20 sin(2"r25/]),, natural phase angle of 17°

switching frequency f's = 5kHz, f san = 50kHz sampling frequency

Fig. 4.23a shows the variation of phase difference with duty ratio. Fig. 4.23b gives the

Bode diagrams for a duty ratio of0.524.

-90

0.6 0.7 0.8 0.9 10'1 10 10
duty ratio

Fig. 4.23 - Phase and frequency response
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Figure 4.24, shows that for a phase difference of 10° the emulated capacitance is of
9400j.iF, being 940 times as big as that ofthe physical capacitor used, a very significant

result.
10

uc/20

-10

Fig. 4.24 - Circuit 2 response giving @- 10 yc=10.14 ic=3.93 d~ 0.516

Figure 4.25 shows that for a phase difference of 0° the emulated capacitance is of

4090pF, being 409 times as big as that ofthe physical capacitor used.
w2

0.2s

-10

Fig. 4.25 - Circuit 2 response with zero ohase-displacement
®—0 (pc=-0.17 ic=3.96 d =0.524
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Figure 4.26 shows that for a negative or leading phase-displacement of -20° the
emulated capacitor is of 1890pF, being 189 times as large as that of the physical
capacitor used.

10 w2

uc/20

0 0.2s

-10

Fig. 4.26 - Circuit 2 response with leading current ¢=-20 gr=-19.66 4=3.7 <=0.536
Circuit 3

R - 5Q,L =10mH, C =15juF, u =20sin(2;r50/) natural phase angle of 32°
switching frequency f's = 5kHz, fsan= 50kHz sampling frequency
Fig. 4.27a shows the variation of phase difference with duty ratio. Fig. 4.27b gives the

Bode diagrams for a duty ratio of 0.56.

£ =50

-100

Frequency (rad/sec)

-90

-100
0.5 0.6 0.7 0.8 (D
duty ratio Frequency (rad/sec)

a b
Fig. 4.27 - Phase and frequency response
Figure 4.28 shows that for a phase difference of 10° the emulated capacitance is of

1389f iF, being 92.6 times as big as that ofthe physical capacitor used.
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u/2

uc/20

0.1s

Fig. 4.28 - Circuit 3 response giving 9 =10 @ =9.65 ic - 3.93 =0.551

Figure 4.29 shows that for a phase difference of 0° the emulated capacitance is of

1010pF, being 67.84 times as big as that ofthe physical capacitor used.

u/2

uc/20

0.1s

Fig. 4.29 - Circuit 3 response with zero phase-displacement

(p~0(pc=-0.15 ic=398 d —0.56
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Figure 4.30 shows that for a negative or leading phase displacement of -20° the
emulated capacitance is of 645pF, being 42.98 times as large as that of the physical

capacitor used.

uc/20

0.1s

-10
Fig. 4.30 - Circuit 3 response with leading current $=-20 (x=-19.75 ic=3.73 d =0.576
The graphics show that the phase angle control of a RL circuit is viable at simulation

level using switched capacitor principle.

The simulations show that if the same duty ratio is applied to circuits that have different
parameters, different phase angles occur. Circuits 1 and 2 differ just by the supply
frequency but the ‘in phase’ condition is achieved for different duty ratios (figures 4.25
and 4.21). Also, if the same duty ratios are applied (figures 4.20, 4.22 and 4.24,4.26
respectively), different phase angles occur. The same situation can be seen if the
simulations for circuit 3 are compared with simulations for circuit 1. The same
conclusions can be drawn from Bode characteristics. They were simulated for the duty
ratios that produce the ‘in-phase’ conditions in these circuits. It can be seen that for

different supply frequencies the in phase condition is not reached anymore.
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4.8 Conclusions

The present chapter tackles two methods for current phase control in RL circuits. First
method requires a DC supply whose polarities are periodically switched in the RL
circuits. The simulation results show a good control of the phase and amplitude of the
resulting current. The method presents a few drawbacks such as that the minimum value
ofthe DC source has to be adjusted according to the desired phase angle and that a new

value ofthe duty ratio has to be calculated at the beginning of each switching period.

The second method replaces the DC source with an AC capacitor and eliminates, at the

simulation level, most ofthe disadvantages ofthe first method

Phase control ofthe IT bridge is relatively simple, except that the accuracy of the phase
control is dependent on the resolution of duty ratio. Smaller the used capacitor, higher
the resolution of the duty ratio is required to achieve the desired phase angle(equation

4.11).

Simulation show capacitor values that are ten or even hundred times as big as the actual

capacitor placed in the IT bridge can be emulated.
Contrasting the switched capacitor methods described in Chapter 3 ([6-8]) and
corresponding simulated results shown in Fig.3-16 and 3-17 with Figs.4-20 to 4-30

show that switching strategy presented in this chapter is simpler.

In the switched capacitor method, the harmonic distortion is lower compared to methods

presented in chapter 3. This is a considerable advantage.
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Chapter 5

EXPERIMENTAL RESULTS

Abstract: This chapter presents experimental verification of the
novel application of switched capacitors in series with a
sinusoidal supply and a RL load. The rotor impedance ofa wound
induction motor is externally modified by inserting an 11 bridge in
eachphase ofthe rotor circuit. Experimental results are presented

for asmall induction motor.

A novel method of implementing the effect oflarge capacitance with a smaller capacitor
placed in the middle of an IT bridge, was introduced in chapter 4. The simulation results
showed that the emulated capacitor is a ten, or even a hundred, times bigger than the

actual capacitor .used.

The following basic structure is used to verify the principle of a switched capacitor in
controlling the phase difference between current and voltage in a RL circuit. The setup

is shown in Fig.5.1.

Reference Pulse Delay Driver
Generator Circuit Module
rn iD 11
Computer Data Data
Acquisition Acquisition
Board Interface
=n
" m firs

Fig. 5.1 - General system
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The system has three main parts that are given below:
a) the power circuit;
b) the command system;

¢) the data acquisition system;

5.1 Power Circuit

The power circuit is made up of H-bridge, inductance and resistance connected in series.
The circuit is supplied at 26V, 50I-1z source. The switches used in H-bridge were bi-

directional and are described in the next section.

5.1.1 Bi-directional switches
Bi-directional switch can be implemented using a triac, back to back thyristors or GTOs.
Nielsen[28] investigated bi-directional switches using transistors, MOSFET or IGBT
with diodes. Some configurations for bi-directional switches are shown in figures 5.2
and 5.3. The configuration of figure 5.3b was chosen, having lower on-state losses
compared to those of figure 5.3a(at one instance there are in conduction 2 devices
instead of 3) and considering the simplicity of gate drive requirements compared to 5.3¢

(5.3b requires just one common line per switch).
2N 1595
X2

2N 1595

Fig. 5.2 - Bi-directional switch ofreverse-pair thyristors

f 4 — i-

D1
Ml“i\J/,[ D2 £ mﬂ\% RURP860
RURPS60 RURP560 RURPSGO M2 D
IRFELT
RURPS60
~1 RURP860 IRF841 D2 1w
VD]
RURP860
r M2
RURP860 T T”
a) b) c)

Fig. 5.3 -Bi-directional switches with transistors and diodes
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5.2 Command system.

It is important that the control strategy prevents the simultaneous conduction of the
switch pairs SXS+ and S:,S; (fig. 4.14). Simultaneous conduction creates a discharge

path for the capacitor. Even though the discharging process is incomplete, it influences

the system behaviour.

The command systems comprises of:
1. Pulse generator and reference circuit shown in figures 5.4a & 5.4b;
2. Delay circuit shown in figures 5.5a & 5.5b;

3. Driver system modules shown in figures 5.6a & 5.6 b;

5.2.1. Pulse generator & Reference circuit
As shown in equation (4.19), the command circuit has to generate pulses duty ratios of >
0.5. The resolution of the generator system must be of sufficient enough to permit fine

adjustment ofthe duty ratio d.

Fig. 5.4a - Pulse generator circuit practical implementation
The pulse generator circuit (figures 5.4a and 5.4b) consists of 2 counting groups of 11
bits each.The first group is responsible for generating the switching period. A 12 stage
binary counter 74HCT4040 is used to produce the equivalent of a half period. The 12th
output of the counter is connected to an OR gate which resets the group after every
counted half period. The second group consists of 3 pre-settable synchronous 4-bit

up/down counters 741ICT191. The most significant input bit of the most significant
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counter (Ull) is always connected to the ground. The counters are enabled by the Q
output ofa J- IC flip-flop (USA) and the pre-set value is loaded using the Q output of

the same device. The counter clock input DSTMI1 is supplied from a 10MHz square

signal generator and the system reset is achieved manually by pulling DSTM2 low.

At the beginning of the switching period the output Q of the flip-flop U5SA is “0”, the
output Q of USA is “1” and the second group of counters is disabled. The pre-set value

is loaded into the counters. Also, the output of U13A is “1” and the output PWMI1 is

When 74HCT4040 finishes counting the first half period, the output QL switches USA
to “1” and thus the output Q of USA becomes “0” and the second group of counters
starts counting down the equivalent of (d-0.5)T. The output produced by U 1l switches
U8A from “0” to “1” and the 74HCT191 counters are disabled. Also, the Q output of
U13A is reset and the output PWMI1 of the system becomes “0” for the rest of the
period. The counter 74HCT4040 sets the output of USA to “0” at the end of the
switching period. Then the whole process is repeated. The duty ratio is controlled by
modifying the binary combination that is loaded into the inputs of the three 74PICT191
counters. This combination is set using 11 binary switches. The output PWMI1 is

comiected to the input of'the delay circuit.

Sv

R3
Q
80
h'-sUIA KUSA To Driver System
From Pulse Generator Circuit
R4
-Wv— o
VUA S VUSA R2 @®
(2 / Vﬁkv To Driver System
74HCTQ4 7AHCTD4 7AHCTD4

Fig. 5.5a - Delay circuit schematic
5.2.2 Delay circuit
The role ofthe delay circuit (fig. 5.5aSch) is to introduce a dead time between the falling
edge and rising edge ofthe signals that control the state ofthe complementary switches.
The functioning of this circuit is based on the rising and falling times of the voltage

across the capacitors that are placed at the output of inverters. The rising time, that is
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longer than falling time, is determined by the internal resistor placed in the collector of
the output transistor of the inverter and by capacitor. The falling time is influenced by
the capacitor and by the resistance of the collector-emitter junction. A role in creating
the dead time is also played by the voltage levels at which the transition from HI to LO
and from LO to HI is made. All these elements concur in producing a dead time of
~2.5ps. The command signals presented in figures 5.5¢&d were acquired from the gates
of two different transistors: one is part from the bi-directional switch SI and the other

one from the bi-directional switch S2. The switches SI and S2 are complementary

operated.
Fig. 5.5b - Delay circuit practical implementation
T«K Run: 20MS/s Sample TeR Run: 20MS/s sample
t T i [ e )-
frflprasV chi JfiftmV ' aWTSus mtti A rt-32A7V
c d

Fig. 5.5 - The command signals from complementary switches

96



Chapter 5

5.2.3 Driver system modules
Each switch is controlled by a driver module shown in figure 5.6a. Each transistor is
controlled through gate driver INT200. The command signal to the gate drive is received

from the delay circuit through an opto-coupler (HP6N137).

The two winding transformer and the opto-coupler ensure isolation of the drive signals

from power supply and between switches.
v

Rom the
ouT

o>o0 ®W Delay Circuit

oul

Fig. 5.6a-Driver system schematic

5.3 Data acquisition system

The data acquisition board is a National Instrument PCIO-MIO-16E-1 board that is a
completely Plug and Play, multifunction analog, digital and timing I/O board for PCI
bus computers. The board has 16 analog inputs and 8 digital I/O pins. The analog inputs
can be programmed in three different modes: non-referenced single-ended, referenced
single-ended and differential. The board has two input polarities: unipolar and bipolar.
Unipolar means that the input signal voltage range is between 0 and 10Y. Bipolar input
means that the input signal voltage range is between —5V and 5V. The polarity and

range settings can be programmed for each channel.
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Fig. 5.6b - Driver system - practical implementation
The sampling rate ensured by the board is approximately 1.25 Msamples/sec for single-
ended channel acquisition and 333 Ksamples/sec for multi-channel scanning (for the

best accuracy ofthe A/D conversion). A 12 bit converter is used for A/D conversion.

The interface between the process signals and the acquisition board consists of LEM

voltage and current transducers supplied at £15V.

The acquisition process is controlled with a program based on the software supplied by

the board manufacturer: LabWindows/CVI.(see appendix 5.1).

5.4 The experimental verification of switched capacitor principle
To verify the novel application of the switched capacitor in inductive systems, a RL
circuit with the parameters L =53.6mH , R =23.5Q is used. The circuit is supplied

with a sinusoidal voltage of 26V peak.

Each bi-directional switch consists of two MOSFET transistors IRF841 and two diodes

RURP860.
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supply voltage current

0.5

-0.5

-1.5
0.01 0.02 0.03 0.04 0.05 B
time [sj

Fig. 5.7 - Voltage and current in the RL circuit without switching
Measurements were made for two different capacitors of 90pF and 30pF respectively,
varying the duty ratio between 0.5 and 1. Also, similar sets of measurements were

repeated for switching frequencies 0.7kHz, 1kHz, 1.5kHz and 2kHz.

The range of the used switching frequency was limited by the maximum frequency of

the square signal IOMFIz that was obtainable from the signal generator.

The waveforms (currents and voltages) are displayed in per unit [p.u]. The currents were
normalized relative to the fundamental of the current that occurs in the RL circuit

without switching.

In figure 5.7, the supply voltage and the current are shown for the case ofthe simple RL
circuit without the converter. The phase angle between the voltage and current is 35°
and the fundamental of the current is 906mA, as obtained from Fourier series for the

waveforms.

Figures 5.8 to 5.11 show current and supply voltage waveforms when a capacitor of
90pF is placed in the middle of the bi-directional IT bridge at a switching frequency of
1.5 kHz. Due to the similarities ofthe acquired waveforms, the experimental results for
the rest of switching frequencies are presented in a graphical form in figures 5.17 and
5.19. Figures 5.12 to 5.16 are for the capacitor value of 30pF replacing the 90pF
capacitor at a switching frequency of 1.5KFIz. Similarly, the experimental results for the
other 3 switching frequency are presented in figures 5.18 - 5.20. The supply voltage

frequency is constant in each case and the resultant phase displacement angle is shown
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in degrees. Note that the phase angles are stated using the current phasor as reference.

The curves from figures 5.19 and 5.20 represent magnitude ofthe current fundamental.

duty ratio=0.50 duty ratio=0.77
0.5 0.5
05 -0.5
1.5 1.5
0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.02 0.03 0.04 0.05 0.06
time [s] time [s]

Fig. 5.8 - fs=1.5kHz, ¢ =32.75° Fig.5.9- fs=1.5kHz, » =13.81°

duty ratio=0.88 duly ratio=1.00
Sypiywcloge rat sy
0.5 0.5
. 3
a o
-0.5 -0.5
0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.02 0.03 0.04 0.05 0.06
time [s] time [s]

Fig. 5.10- /, =1.5kHz, sv=-7.65°  Fig 511 - fs=1.5kHz, sv=-38.11°

The waveforms for a capacitor of 30pF at a switching frequency of 1.5kHz

dutyratio=0.50 duly ratio=0.60
VS »aumeat
0.5 0.5
-0.5 -0.5
" 0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.02 0.03 0.04 0.05 0.06
time [s] time [s]
Fig. 5.12 - fs =1.5kHz, fc=33.14° Fig. 5.13 - /, =1.5kHz, v =25.74°
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s duty ratio=0.71 s duty ratio=0,83
sypywdiege
0.5 0.5
Q.
0.5 0.5
s Q01 o® 0.03 0.04 0.05 0.06 15, Qo1 (10 0.03 0.04 0.05 0.06
time [s] time [s]
Fig. 5.14 - f's =1.5kHz, <¢=-0.39° Fig. 5.15 - s =1.5kHz, < =-42.49°
duly ratio=1.00
sypydeee
0.5 et
a.
o Qot 0® o3 0.04 0.05 0.06
time [s]
Fig. 5.16 - fs =1,5kHz, 3¢ =-79.75°
R
10
2
60
30
0.5 06 0.7 08 0.9 1 06 0.7 0-8 0.9
duty ratio duty ratio
Fig. 5.17 - C=90uF Fig. 5.18 - O30uF

Phase angle as a function of duty ratio for a selected switching frequency of:

- -theoretical, -- - 0.7kPIz, * - 1kHz, + - 1.5kHz, o - 2kHz
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Capacitor=90uF -
L1 S T e n . 1

Capacitor=30uF

0
oMo 0\;& Voo
-------- Jo/ Do A V.
............. N J
+ i
@ SoAeiiii v, X~
L * ot i
o IyS + — \
4 4 : \ 1
4 i \ v
dthy ratio duty ratio
Fig. 5.19 Fig. 5.20

Current magnitude as function of duty ratio for switching frequency of:
- -0.7kHz, * - Ikliz, + - 1.5kFIz, o - 2kHz
The in-phase condition of'the present circuit corresponds to that ofa passive circuit with
a normal capacitor of 0.19 mF , that is 2.1 times as big as 90pF and 6.3 times as big as
30pF. These figures, perhaps, are not as spectacular as expected, but in [29] it was
proved that the in-phase condition is achieved with a switched capacitor of10pF, that is
151 times smaller than the required value of 1.512mF for a circuit of 12.3Q resistance in

series with 6.7 mH inductance; the supply frequency being 50Hz.

The experimental results verify the feasibility ofthe novel application ofthe principle of
switched capacitors in controlling the phase angle. The phase angle (from the results
shown in figures 5.17, 5.18) varies between the natural limits of the RL circuit and the

RLC circuit, as it was expected from expressions (4.20) and (4.21).

The experimental results show close agreement to the computed theoretical values.

It can be noticed from graphics 5.17-5.20 that the insertion of the FI bridge produces in
the first instance, at a duty ratio of 0.5, a decrease of the phase angle between the
voltage and current of 1.5-2° and of the current magnitude (referred to RL circuit
without switching) of 3-6%. These effects are determined by several factors such as:
ia Son)3 equivalent series resistance ofthe capacitor and switching frequency.

The ON resistance of the used MOSFET transistors is around 1Q. The effect of

neglecting this resistance in the simulations has given slightly overestimated phase angle
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as seen in figures 5.17 and 5.18. The switching losses which are dependent on the circuit

parameters, devices and switching frequency, will have a similar effect.

The used capacitor has a power factor around 0.001 at a supply frequency of 50Hz and
the measured ESR for the frequency range up to 10kHz is of maximum 20mQ. These

values are negligible in relation to the circuit resistance.

Figures 5.19 and 5.20 show the effect ofthe capacitor value and switching frequency on

the magnitude of current at duty ratios around the ‘in phase’ condition. This effect is
related to the ratio that exists between R and 2-y/L/C and is discussed in section 4.6 of

this thesis.

The limitations ofthe pulse generator system regarding the range ofpossible frequencies
did not make possible the use of a wide range of switching frequencies to study the
effects of enumerated factors over the system performances and these will be important

1ssues ofthe further work.

The mathematical model of the switched capacitor system considers that the
complementary switch pairs (SI, S4) and (S2, S3) are switched simultaneously and
instantaneously. This means that the circuit current is not interrupted and, since the
switching is instantaneous, the voltage across the capacitor does not change during the
switching operation. In the experimental case, a small dead time, as shown in appendix
5.3, between the ON states of the complementary switch pairs practically prevents the
capacitor to circulate a current through the outgoing and incoming devices and, thus,
achieves a practical implementation close to simulation. The circuit current is negligible
during the short dead time interval which is not the case in the mathematical model. The
practical results deviate from simulations but the effect due to the minute dead time are

expected to be insignificant.

The experimental results were achieved using a fix R/L ratio of438.4, supply frequency
of 50Hz and with capacitors values of 90pF and 30pF. It is noted from results in graphs

of figures 5.17 and 5.18 that for a change in duty ratio from 0.5 to 1, the total change in
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phase angle is 73° for 90pF and 114° for 30pF. For both values of capacitors, the
sensitivity of phase angle to duty ratio is low in the region of 0.5. The sensitivity is
relatively high in the higher range of duty ratios. The substantial increase in the
sensitivity occurs at duty ratio of 0.6 in the case of 30iiF and 0.7 in the case of 90pF.
The sensitivities tend towards such high values that it requires a change in duty ratio of
only 0.1 to achieve a change of 30° in phase angle. Thus, the duty ratio has to be

generated to a high precision to achieve small changes in phase angle.

It has to be remarked that results from the graphs (5.17, 5.18) show that smaller the
capacitor used with the H bridge, the smaller the duty ratio required to achieve the
desired phase angle. This is a confirmation of equation (4.19) about the influence ofthe
used capacitor value over the duty ratio in a given circuit and die need for a good
resolution of the pulse generator circuit, especially when the emulated capacitor is

required to be considerably bigger than the used capacitor.

A more in depth analysis of the experimental results implies harmonic analysis. The
currents harmonic structure for C=90gF and C~30j iF at the switching frequency of
1.5kHz is presented in figures 5.21-5.28. The harmonic content is shown for 4 different
duty ratios that produce similar phase angles for both values of capacitor. The harmonic
content is displayed in percents from the fundamental of the current at the respective
duty ratio, starting with the second harmonic. A complete presentation of the harmonic
content is given in tabular format for all experiments with capacitors of 30pF and 90pF

in Appendix 5.2.

]2Du|y ratio=0.58 Switching frequency-1,51<Hz Capacitor=90uF ]Zl)utyratiOZO»S Switching frequency=1,5kHz Capacitor=90uF
10 10
8 8

£6
4 ¢ e
2 2

0

0 0 10

harmonic number harmonic number

Fig. 5.21 - Harmonic content for duty ratios of 0.58 and 0.8 - Fig.5.22
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Dufy ratio=0.83 Switching froquoncy=1 5kHz Capacitor=90uF Duty ratio=0.9 Switching frequency”!5kHz Capacitor=90uF
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harmonic number
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Fig. 5.23 - Harmonic content for duty ratios of 0.83 and 0.9 - Fig.5.24

10Dutyra|iq:().55 Switching frequency=1.5kHz Capacitor=30uF ]2Dulyra‘i070-68 Switching frequency=1.5kHz Capacitor=30uF
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Fig. 5.25 - Harmonic content for duty ratios of 0.55 and 0.68 - Fig.5.26

Dutyratio=0.71 Switching frequency=1.5kHz Capacitor=30uF Duty ratio=0.77 Switching frequency=1,51<Hz Capacitor=30uF

10 10

harmonic number

Fig. 5.27 - Harmonic content for duty ratios of 0.71 and 0.77 —Fig.5.28

harmonic number

The results show that, besides the fundamental, the 3rd harmonic is significant. The

harmonics which are multiplies of the ratio of switching frequency to supply frequency
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are also significant. The amplitude of these harmonics increases for duty ratios that
produce close to the in-phase condition.
Some conclusions can be drawn from the theoretical and experimental results to provide
a guide for the choice ofthe central capacitor of the H- bridge:
higher the capacitor value used, lower will be the demand on duty ratio
resolution.
the maximum voltage that could appear across the capacitor according to
equation(4.25) should be considered.
the switching frequency, though it does not affect the achieved phase angle,
influences the amplitude of the resulting current; further study is required to

establish a correlation between the used capacitor and switching frequency.

5.5 Induction machine experiment

As shown in previous chapters, the performance of an induction motor can be improved
if the rotor impedance is externally modified by inserting equal capacitors in each phase
of the rotor circuit. The values of these capacitors are large and so they are difficult to
implement by connecting several capacitors in parallel and also the system will be slow
to respond to changes. The solution proposed in this work is to place bi-directional H

bridge with capacitor as the centre component in each phase of'the rotor circuit.

Fig. 5.29 - Induction motor experiment set-up
All three H-bridges are driven from a single Pulse Width Modulated signal. By varying
the duty ratio between 0.5 and 1, the required high capacitive effects are produced in the

rotor circuit.
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The above scheme was tested in a low power wound induction motor with the estimated
parameters Rs = 85Q, Rr=1150, Lm=3.1677, L +LHd - 0.72// . A set of two power

analyzers was used to record the active and apparent power absorbed by the motor. An
infrared speed transducer was used to measure the rotor speed. The motor set had a
dynamometer with spring balance for monitoring the torque. The load torque on the

motor was varied by current supplied to the dynamometer.

The first test was performed to obtain the variation of slip, efficiency and power factor
as a function of load under the following two conditions:

(i) rotor impedance externally modified using 60uF capacitor and a duty
ratio of 0.68 for the H-bridges, emulated value for capacitor being
462uF.

(ii) rotor impedance externally modified using 90uF capacitor and a duty
ratio of 0.7 for the H-bridges, emulated value for capacitor being 562uF.

The following procedure was used for each condition: at a set load torque, the torque,
speed, active and apparent power were recorded for the short circuited slip rings
configuration; then, immediately, using a three phase switch, an H bridge was inserted
on each phase of the rotor circuit. After the system settled down, the same
measurements were recorded. The changes in the rotor configuration were introduced
without stopping the motor and, thus, the measurements for the two configurations were

performed in similar conditions.

The results for the test along with those obtained from simulation are presented in the
figures 5.30-5.35. The following color code is used for all graphs presented in this
chapter (* represents the experimental measurement points):

induction machine without capacitor - simulated results

induction machine with capacitor - simulated results

induction machine without capacitor - experimental results

induction machine with capacitor-experimental results
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Fig. 5.30 - Torque / slip
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Fig. 5.31 - Power factor / torque
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Fig. 5.32 - Efficiency / torque
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Fig. 5.33 - Torque / Slip
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Fig. 5.34 - Power factor / torque
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Fig. 5.35 - Efficiency / Torque
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The experimental results bear a close resemblance to the theoretically predicted effects
of a capacitor in the rotor circuit. For example, the existence of the cross-over for the
torque-slip curves is seen in both figures 5.30 and 5.33. From the cross-over point
onwards, the rotor speed is higher in the case of modified rotor than that of the short

circuited rotor for the same torque.

Improvement in power factor and efficiency is obtained for the whole torque range; this
gives an enhancement in the operation of the motor. It should be noted that the model
used in simulations does not include iron  andmechanicallosses. Theopen rotor circuit
test and the no load test were undertaken toestimate these losses.The iron losses were
estimated to be 13.8W and the mechanical losses (at a speed of 1455rpm) were
estimated to be 9.2W. These values were added to the simulated value of the input

power, to present the theoretical efficiency curves.

The second set of tests was performed to study variation of slip, power factor and

efficiency as a function ofthe duty ratio with torque constant at values of

@A) 0.5 Nm
and
(ii) 0.9 Nm

The central capacitor of the Fl-bridge was 90pF for throughout this test.
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Fig. 5.36 - Slip / Duty Ratio
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Fig. 5.37 - Power Factor/ Duty Ratio
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Fig. 5.38 - Efficiency / Duty Ratio
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torque=0.9Nm  capacitor=90uF
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duty ratio
Fig. 5.39 - Slip / Duty Ratio
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Fig. 5.40 - Power Factor / Duty Ratio
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Fig. 5.41 - Efficiency / Duty Ratio
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The experimental and simulation results show the speed variation as a result of the
modification of the duty ratio. Usually the insertion of a resistance in the rotor circuit
produces a decrease of the rotor speed, an improvement of the power factor but the
efficiency decreases. In the presented application the power factor is improved while the
efficiencies are at least equal to or better than that for the short-circuited rotor. This,
also, gives the possibility of energy-efficient speed control schemes. Also, it has to be
noted that the initial efficiency of motor with switched capacitor system in 0.9Nm case
is lower than in the short circuited configuration. This is explained by the fact the
increase of the load produces higher currents and the losses introduced by the switched

capacitor system become more significant.

The tests on the low power motor having high rotor resistance show moderate
improvements. But as per theoretical analysis, these improvements are expected to be
significant in the case of high power motors. However slip-ring drives are used in very

high power applications. At these powers, a 1% increase in efficiency is veiy significant.

5.6 Conclusions

Chapter 5 has discussed the hardware aspects and practical implementation of the novel

principle ofthe switching system emulating large capacitors.

The novel principle was verified experimentally in two different circuits, using

capacitors of different values and a range of switching frequencies.
Using the new mechanism for emulating large capacitive effects in each phase of the
rotor circuit of a small power induction machine produces results similar to those

determined by the insertion of a large fixed capacitor.

Tests on a low power motor have shown improvements in power factor and efficiency

for the whole torque range. This gives an enhancement in the operation of'the motor.
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Chapter 6

A FUZZY CONTROL STRATEGY FOR
THE SWITCHED CAPACITOR PRINCIPLE

Abstract: The chapter presents a brief introduction to fuzzy
control. Afuzzy controllerfor the switched capacitors principle is
implemented taking into account the general evolution of the
phase angle asfunction ofthe duty ratio. Experimental results of

the system withfuzzy control arepresented.

A novel application of switched capacitors in power electronic systems giving output
current phase control was presented theoretically and experimentally inchapters 4 and
5. This application is used to control the effective impedance ofthe load ina series RL
circuit which controls the phase angle between the supply voltage and the current. To
achieve arequired phase angle a duty ratio derived from equation (4.19) must be applied
to the bi-directional switches. The value of the duty ratio depends on the required phase

angle, on the circuit parameters and the value ofthe capacitor in the H bridge.

In many applications, the circuit parameters are not known precisely or as in the case of
an induction motor, may change their values due to saturation and temperature. In the
rotor the frequency is a function of slip and may change with load. These additional

variables make the calculation ofthe duty ratio difficult.

As an example, a circuit with the parameters R=9.6Q, L=5.5mH, co=314rad/s, C=H5pF
is used. The duty ratio as function of the desired phase angle is shown for these
parameters in figure 6.1(graph 1). If a modification of circuit resistance during the
process to a value of R=4.8Q is considered, then the new representation of'the duty ratio
(graph 2) is different from the previous one and for the same phase angles (except 0)
different duty ratios are required. The same thing happens if the circuit frequency is

modified to ©=T57rad/s, (graph 3).
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05 Q6 07 08 09 1

duty ratio
Fig- 6.1- Phase angle as a function of duty ratio

for the three circuit conditions
The pattern of evolution of'the duty ratio can be seen in the three graphs of Fig.6.1. The
phase angle ofthe circuit has its maximum value for a duty ratio of 0.5 and its minimum
for a duty ratio of 1. If the duty ratio is increased from a given point, the phase angle

decreases and vice versa.

These considerations impose a control strategy based on the knowledge of the general
behaviour ofthe duty ratio as a function of a desired phase angle and not necessarily on

the values ofthe circuit parameters.

6.1 Fuzzy Control

Intelligent systems have developed strongly in recent years [30]. The application of
artificial intelligence has become more and more efficient and useful in high complexity

processes but, also, in the case of simpler applications with high degrees ofuncertainty.

There are two trends in the artificial intelligence field:
- Logic-symbolic paradigm that implies the symbolic representation of the
knowledge and the use of different logic algorithms to deduce new knowledge
from the recorded facts of'the controlled system. Expert systems are an example
ofthis model.

- Connective paradigm that introduces the concept of artificial neural networks.
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Fuzzy controllers are a particular case ofthe knowledge based systems (expert systems).

Fuzzy control strategy is based onfuzzy logic.

Fuzzy logic seems to imply an imprecise methodology that is useful only when accuracy
is not necessary or important. In a world increasingly manipulated by computers with
their absolute “1”or “0” and “on” or “off” concepts, a term like fuzzy logic suggests
inaccuracy or imprecision. However, fuzzy logic can address complex control problems,
such as robotic arm movement, chemical or manufacturing process control and

automobile transmission control with more precision and accuracy.

6.1.1 Fuzzy sets

Fuzzy logic works with fuzzy sets.

A classic set may be finite, countable or uncountable. It may be described either:
by listing up the individual elements ofthe set
For example: consider set B of cars with names starting with letter B:
B={BMW, Buick, Bugati, Bentley}
- Dby stating a property for membership

example: T={xe ZI x >0}

A method similar to the last one is the use of a predictor :
T={x I P(x)} where P(x)=xe Z & x>0

where P is the predictor ofthe set T.

A third method that is interesting with respect to the extension from classic set theoiy
to fuzzy set theoiy, is the use of the characteristic function jud. jud:X -y {0,1} is a
characteristic function ofthe set A if for all values x e X :

1 whenx G4

6.1)
0 when x<£ 4

In classical theory any element u of the universe U is either u e C (C being a classical

set) or u<£C . For any classical set C, a characteristic function is defined in (6.1). In
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fuzzy set theory, the characteristic function is generalized to a membership function that

assigns to every u e U a value from the unit interval [0,1] instead ofthe two element set

{0,1}.

For example, the fuzzy set £ of the natural numbers close to 6 is defined, having the

membership function

M) =1 7076 )5

Set £ is expressed as :
£={0.1/3, 0.3/4, 0.6/5, 1/6, 0.6/7, 0.3/8, 0.1/9}
This means that 4 is in proportion to 0.3 of £, 6 is in proportion to 1 of £ or 2 in

proportion to 0.05 of£. ‘Close to 6’ is the property ofthe fuzzy set.

More than one fuzzy set can be defined on the same universe for the same object or
feature, for example a fuzzy set for cold, a fuzzy set for warm or a fuzzy set for
comfortable can all be defined for temperature. For height a fuzzy set for short, and a

fuzzy set for tall can be defined.

5 fuzzy sets related to the age bands of a person can be defined on the universe for a
span of [0,80] years are shown in figure 6.2 : child, teenager, young, mature and old.
(the membership functions and the types of the membership functions are defined in

appendix 6.1).

0.4

2

0 10 Z) 30 40 50 60 70 80

age [years]

Fig. 6.2 —Membership functions for fuzzy age bands
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A person of 25 years old is considered young because the value of young membership

function for this age is 1 and all the other functions are 0.

6.1.2 Linguistic variables
Lofti Zadeh, considered to be the pioneer of fuzzy logic, defines linguistic variables in

the following way :

“By a linguistic variable we mean a variable whose values are words or sentences in a
natural or artificial language. For example, Age is a linguistic variable if its values are
linguistic rather than numerical, i.e., yoimg, not young, very young, quite young, old, not

very old and not very young, etc., rather than 20,21,22,23, ...”

It is usual to have the following framework associated with the notion of a linguistic

variable

X denotes the symbolic name of the linguistic variable, e.g., age, height, temperature,
error, change-of-error, etc.

LX is the set of linguistic values and is called the term set of X. A linguistic value
denotes a symbol for a particular property of X. For height, it is possible to have the
following term set LH={tiny, small, medium, not very tall, tall, huge}.

K is the actual physical domain over which the linguistic value takes its quantitative
(classical) values . For example, for height K=[20,300]cm or for temperature K=[-10°,
30°] C.

M x is a semantic function which gives an interpretation of a linguistic value in terms of

the quantitative elements.

Mx :LX->LX
For the linguistic value young of the variable age, the following semantic function

corresponds (fig. 6.2):

young =n(w,18,22,30,40) = juyWig(u)

(see appendix 6.1)
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Usually in fuzzy control applications, the succeeding tenn set for the variables error or
change-of-error is used:

{NB, NM, NS, ZO, PS, PM, PB}
with the meanings : NB - negative big, NM - negative medium, NS - negative small,

Z0 - zero, PS - positive small, PM - positive medium, PB - positive big.

The software programs used to implement expert systems are based on rules composed
ofpropositions. The propositions in fuzzy logic have the structure:

E is NB (6.2)
This means that the variable E has the value negative big. The meaning ofthe symbolic
expression (6.2) helps to decide the degree to which this symbolic expression is satisfied

for a specific physical value for error.

For example, if for NB is defined the semantic function NB =L (u,-6-3) and if

e- -3.2 then uws (e) =-0.066.

Based on the notion of fuzzy propositions and linguistic connectives such as ‘and’, ‘or’,
‘not’ and ‘if-then’ it is possible to form more complex fuzzy propositions called

compound propositions.

Two ofthe mentioned conjunctions, ‘and’ and ‘if-then’, are defined in this section. Letp
and g be the following two fuzzy propositionsp.: X isA “and g. “Yis B "where A and
B are fuzzy sets defined on the same universe. The conjunction relation between these:
r:p andq
is represented by the fuzzy function:
()= (4 MsMM*’y)
Afuzzy conditional or afuzzy if-then production rule is symbolically expressed as
if <fuzzy proposition> then <fuzzy proposition>

where <fuzzyproposition> could also be a <compoundfuzzyproposition>.
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For example, if e and e are process state variables and u is the control output variable

then

ifeis NB and e is PB then u is NS (63)

is a symbolic expression of the following relationship: if the current value of e is
<negative big> and the current value of Ae is <positive big> then this causes a small

decrease in the previous value ofthe control output.

The part that contains “if e is NB and Ae is PB” is called the antecedent rule and the

last part “then Au is NS” is called the consequent rule.

The value of decrease is deduced starting from the resulting value of the membership
function of the relation that characterizes the first part of the statement (the premise).
This value is used to deduce the structure ofthe membership function ofthe consequent
rule and, thus, the change of the command signal is established. The resulting
membership function can be deduced using several methods, called implications, but the
most commonly used in fuzzy control is the Mamdani implication. The membership

function that results from (6.3) according to this implication is:

Mcnslu

mm min p NB(e)jUPJ e ee ..
\ \% /

In fact, a trapezium is clipped from the frizzy set NS (considering that it has a triangle

shape) with minf//* (e), juPB(Ae))/(e, Ae) height. The C index, adjacent to NS, comes

from clipping.

Let us consider the compound fuzzy proposition:

ife 1s NB then u is PS

If e takes the value e* and it corresponds to p NB(e*)= a then the membership function

of'the consequent rule is:
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Mcps (W) = min(ﬂ, [N (m))

A® })S

Fig. 6.3 - Example ofthe Mamdami implication

6.1.3 Fuzzy controller

The general structure of a fuzzy controller is presented in fig. 6.4.

inference
engine e e
input__  fuzzification gt defuzzification command
signals module module signals
rule base
data base

Fig. 6.4 - The basic structure of a fuzzy controller

The fuzzification module performs scale transformations which map the physical values
ofthe current process state variables into a normalized universe on which the fuzzy sets

are declared and converts the current value ofa process state variable into fuzzy set.

The knowledge base is the core of the controller and consists of a data base and a rule

base.

The basic function of the data base is to provide the necessaiy information for the
correct functioning of the fuzzification module, of the rule base and of the
deffuzification module. For example, if the values {NS, ZE, PS} are defined, then

membership functions are expressed for each ofthem.
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The basic function of'the rule base is to represent in a structured way the control policy
of an experienced process operator and/or control engineer in the form of a set of

production rules such as:
ifeis NB and A4e is PS then Au is NS

which is translated as : ifthe error ofy -that is the input signal- ( e —y —y r where yr is

the reference signal) is NB and the change-of-error de {e(k)-e{k~1)) is PS then the

command signal variation u is NS.

The inference machine is the module that decides for a pair of input variables which
rules are activated. For example, the same pair (e, Ae) could fire the proposition:
ifeis NB and Ae is PS then Au is NS

but also

ifeis PB and Ae is PS then Au is NB

Usually, the rules are defined in a table. An example is shown in table 6.1.

e — NS ZE PS
Ae f
NS PS ZE ZE
ZE PS ZE NS
PS ZE NS NS

Table 6.1 - example ofa “firing” table

An example ofthe rules resulting from the table 6.1 is

ife is NS and Ade is PS then Au is ZE

The defuzzification module performs the so called deffuzification which converts the set
of modified control output values into a single point-wise value. There are several
methods of defuzzification such as: center-of-area, center of sums, centers of largest

area, first maxima, middle ofmaxima, height.

The Center-of-Area method is the most well-known defuzzification method [31]. In the

discrete case ofthe universe U (U = {u},u2,...,w; }), the output signal is given by:
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*
U

:%fouM a

ZM9)  Zip/w (M

and in the continuous universe:

£ wuu (u)du £ umax
n =
£//,,(Wp« £max//ac;t(w,)

where J¥is the classical integral. This method determines the center of area below the

combined resultant membership functions (fig 6.5). Ifthe areas oftwo clipped fuzzy sets

overlap, then the overlapping area is not reflected in the above formula.

Fig. 6.5 - Center of Area method
6.2 Application controller

The hardware structure is presented in fig. 6.6. Most of the components are similar to

those used in the structures presented in chapter 5. The exception is the fuzzy controller.
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Fig. 6.6 - The basic structure ofthe experimental set

This may be implemented using specialized controllers such as Texas Instruments DSP

TM320C25 but in this specific application, for a good monitoring ofthe results, a PC is

used and the implementation ofthe controller is software using the C language.

One of the problems in application is the calculation of the phase angle between the

supply voltage and the resulting current. Zero crossing detection or Fourier analysis are

two possible methods.

The first solution is often used in power electronic control. In this application the

crossing point has to be detected on the fundamental component ofthe signal spectrum.

This requires a current and voltage filter, to measure the time interval between the

instants when these signals cross zero. The solution may be affected by further phase

shift introduced by the filters affecting the phase angle calculation.

mRn L ey
=
=

0.2

-20

-10 0 10 20

error [degrees]

a

NB.

0.6

0.2

124

Ns IE ps

-5 0 5 10
change oferror [degrees]

PB



Chapter 6

0.8

0.4
0.2

0

-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02
duty ratio variation

Fig. 6.7 - The membership functions of a) error; bi change-of-error

¢) duty ratio variation

The second solution of Fourier analysis is chosen for this work in spite of its slow
speed. The instantaneous current and voltage are sampled and memorized
simultaneously at the same sampling rate during one period of the 50TIz supply. The
resulting data strings are analyzed by Fourier series and, thus, the phase angle is
calculated from the fundamental frequency. The drawback of the method comes from
the delay (at least one period) between the moment when a new duty ratio is applied to
the circuit and the phase angle calculation moment, but it has the advantage ofrelatively

easy implementation in software.

Aef» NB NM NS ZE PS PM PB
€
NB PB PB PB PB PB PM PM
NM PM PM PM PM PS PS PS
NS PS PS PS PS PS PS PS
ZE ZE ZE ZE ZE ZE ZE ZE
PS NS NS NS NS NS NS NS
PM NS NS NS NM NM NM NM
PB NS NS NM NM NM NM NM
Table 6.2 - “Firing” table of application to the fiizzv controller

The program consists of a loop that in the first phase acquires the current and voltage,
calculates the phase angle and, then deduces the phase angle error (difference between
the reference phase angle and the calculated phase angle) and the change-of-error. The
two values are the inputs to the fuzzy algorithm that calculates the membership degree

of each for them to the corresponding 7 fuzzy sets (see fig 6.7) and deduces the rules for
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a pair of inputs from all 49 presented in table 6.2. The selected rules are activated and
the duty ratio variation is calculated using the center of area method with respect to the

new value ofthe duty ratio.

The experimental tests were carried out using a circuit with the parameters L=5.5mH
(resistance ofthe inductance is 5.1 Q) and R=4.5Q.. The switching frequency ofthe bi-
directional switches is 1kHz. The sampling rate of'the acquisition board is set to 16kHz.
The current is determined from a voltage transducer placed across the load resistance. A

voltage transducer is also used for the supply voltage.

The test were made starting from an initial value of duty ratio of 0.5 that produce the
phase angle of the plain RL circuit and, then, the phase angle is forced towards the

reference phase angle modifying the duty ratio with the fuzzy algorithm.

The evolution of the phase angle and duty ratio as functions of the iterations (the
numbers of the fuzzy algorithm called since the process was started) is represented in
the graphs a and b ofthe figs. 6.8-6.11. The supply voltage and current waveforms for
the various iterations are shown in graphs ¢ and d ofthe same figures. The waveforms

are calibrated in volts using the values given by the transducers.

Reference Angte=Q Capacitor=15uF Reference )=0 Capacitor = 15uF

2
O 5 10 15 20 25
iterations iterations

a) phase angle/iterations b) duty ratio/iterations
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. 6.12 presents the response ofthe system to a change of reference angle from -5° to
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The experimental results show good responses of the system even though 2 different
capacitors of 15pF (figs. 6.8-6.9) respective of IOpF (figs. 6.10, 6.11) were used. In all
figures, the phase angle changes within a maximum error of+0.7°.. This deviation ofthe
phase angle from the reference value is determined by the limits of the membership

functions and by the accuracy ofphase angle calculation.

Ifthe limits ofthe membership functions are not the right ones, the controller will not be
able to calculate the correct duty ratio value for forcing the phase angle towards the
reference value. Also, an important role could be played by the deffuzification method
but in this particular case the Center of Area has been used that is considered the most

precise method.

The accuracy of the phase angle estimation is important. An incorrect appraisal
determines a wrong calculation of applied duty ratio value that will remove the real
phase angle from the required value. The accuracy is influenced, besides the algorithm,
by the sampling rate: the higher the sampling rate, the better the accuracy achieved. On
the other hand, the acquisition frequency is limited by the capabilities of the acquisition
board and a higher sampling frequency requires longer times for the phase angle

calculation.

The accuracy problem can be eliminated in a three phase system. It is possible to sample
voltages and currents from two phases and to calculate the direct and quadrature axis
components of voltage and current in phasor form and from this, the instantaneous

phase angle between the voltage and current is calculated as described in chapter 2.

6.3 Conclusions

A control method ofthe phase angle in a RL circuit using fuzzy logic is presented in this

chapter. The advantage ofthe method is that it is independent ofthe circuit parameters.

The experimental results show good responses ofthe fuzzy controller.

130



Chapter 6

The drawback ofthe method arises from the way phase angle is calculated; the length
of the time required influences the system time response. This disadvantage may be
eliminated in three phase circuits by the use of space vector theoiy allowing a quick
calculation of the phase angle between the supply voltages and resulting currents (in

balanced systems).

This control method is easy to adapt for performance control ofthe induction machine
with externally modified rotor impedance. The adjustments to the fuzzy controller will
be made depending on whether torque, speed, efficiency o1* power factor is being

controlled.
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Chapter 7

CONCLUSIONS AND FURTHER WORK

The aim ofthe work fulfilled in this thesis was to develop a system for rotor control of
an induction machine by inserting a practical value of capacitor in the rotor circuit,
thereby, eliminating the need for rotor resistance modification or the use of a rotor

supply with all the inherent instability ofthe doubly-fed machine.

A theoretical analysis verifies the concept. This is shown by a set of equations derived
for the evaluation of the most important criteria of induction machine performance -
efficiency, power factor, peak and starting torque as functions of the machine
parameters, load torque and the value of inserted capacitance. A novel forth order
equation for rotor angular velocity was deduced. This simplified the system simulation
substantially compared to numerical methods used by previous researchers. Advantages
of the system were demonstrated by comparison with the performance of the machine

with short circuited rotor.

Simulation ofthe system shows that an optimisation of performances is achieved if the
value of capacitance is varied as a function of the load torque. When the inserted
capacitor is too small, the machine becomes unstable. In contrast, when the value of
capacitance is too big, the machine behaviour is no different from its performance with

short-circuited rotor.

The simulations showed that the value of capacitance needed for optimum performance
is proportional to the power of the machine and its value is very large, in the range of
hundred of millifarads or even Farads. These values of capacitance are too large to be
practical, even with parallel banks of capacitors or with the use ofa step-up transformer.
Step-up transformation is impractical due to the large amount of iron required for the

transformer to function at low slip-frequencies.

Electronic techniques for implementing high-capacitance effects thoroughly reviewed in

literature showed the difficulties of using these techniques at the high powers and low
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frequencies. Existing methods of electronically implementing high capacitance were

aimed at power factor correction in power systems operating at 50 or 60Hz.

The work presented in this thesis showed the principal problem of using these methods
in a rotor circuit. In the conventional power factor correction systems the converter is
inserted between the source and the load. In the case of induction motor rotor circuit,
this is not physical possible. In this work, the sequence of supply, load, converter is

adopted.

The approach of controlling the rotor phase angle undertaken in this work moved away
from the conventional methods of phase angle control in ac RL circuits by the use of
gyrator techniques. The gyrator is successfully used in low power integrated circuits and
recently it has aroused interest in power electronics. The realisation of the gyrator in
practical power electronics has the drawback of using approximated gyrator concepts

that produce pseudo-gyrators or involve a dc component of voltage.

The periodic short-circuiting of an ac capacitor by a bi-directional switch gives the
effect of greatly enhanced capacitance in applications where current distortion is not a
major factor. In short time duration applications such as the starting of single-phase
induction motors, this technique is effective. Balanced two-phase operation from
standstill to full-speed in a fully loaded machine can be achieved. In such applications
of this method, since the circuit time constants are large, a high enough switching

frequency cannot be used to minimise distortion ofthe current waveform.

The system introduced in this work to control the phase angle between the input voltage
and resulting current in a RL circuit uses a H-bridge with bi-directional switches and a
capacitor as the central component. From here onwards this is referred as a phase
advance system. The control of the bi-directional switches is achieved using a Pulse
Width Modulation strategy, with the duty ratio varying between 0.5 and unity. It has
been shown that circuit phase angle can be varied by the duty ratio between the natural

limits ofthe RL and the RLC circuit.
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The quality of the resulting current is good. The third harmonic and harmonics which
are multiples of the ratio of switching frequency to supply frequency are relatively
significant. These, especially the harmonics related to the switching frequency, increase
at the duty ratios which produce the in phase condition. In the induction motor
applications, the rotor frequency is low under normal operation and as such the
harmonics related to the switching frequency are expected to move towards the higher

end ofthe frequency spectrum.

The tests carried out on a small induction motor with phase advance system in the rotor
confirm the results of the simulation studies. The results show an increase in peak
torque, improvement in power factor and efficiency over the whole torque range. The
tests also demonstrate operation of the machine at optimum power factor while
maintaining the efficiency slightly better than that of the motor with short circuited

rotor.

In the work presented here, a fuzzy control system is developed and tested for
controlling the phase angle between the input voltage and resulting current in a single
phase circuit. The experimental results show good control of the phase angle; the error

is £0.7° while the response time corresponds to about 6 iterations.

Four main achievements have been made in this work :
* The development of a set of equations that simplifies simulation of an induction
motor performance, in both the short circuited rotor mode and with externally

modified rotor impedance.

* The development of a technique for controlling the phase angle in high power,

low frequency RL circuits.

* Application of the technique to the rotor circuit of a small power induction

machine to enhance its performance.

* The development of a fuzzy control system for switched capacitance in ac RL

circuits.
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The presented work can be further developed and applications extended as suggested:

* Further study ofthe influence ofthe switching frequency on the performance of

the switched capacitor.

* Study of the voltage and current stresses in the system, to enable complete

specification of components to be written.

* Study of EMC aspects.

* Extension ofthe experiments to medium and large industrial machines .

* Encapsulation of the whole system on the rotor shaft, thus eliminating the slip

rings.

* Further development, starting from the presented fuzzy control stage, of the
control and optimisation strategies for the induction machine from the rotor side.
The system introduced in chapter 6 may be easily adapted to the induction

machine using space vector theory.

» Study ofthe possibility ofusing the switched capacitor method presented in this

thesis in the control of capacitor start/run single phase induction machines.

* Investigation of the application of the switched capacitor methodology used in

this thesis to other fields such as power factor control or static var compensation.
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Appendix 24

Mathematical deduction o fthe differential equation system (2.11)

The system was deduced from system (2.8) which equations were split after their direct
and quadrature components, resulting in:

«e=44 +4% +4 - K4 @

iy - rasy +4 Tt s b ohr + @ Q)
«=44 +4 4 4y WA - (@ - )4 3
»Y =4 4 +Lr~ f+ L'+~ ~ (4)

Equation 1 is multiplied by L» and equation 3 is multiplied by - Lm, then the resulting
equations are added and gives in:
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Equation 1 is multiplied by - Lm and equation 3 is multiplied by Ls, then the resulting
equations are added and gives in:
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Equation 2 is multiplied by Lr and equation 4 is multiplied by - Lm, tlien the resulting
equations are added and gives in:
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Equation 2 is multiplied by - Z,, and equation 4 is multiplied by  , then the resulting
equations are added and gives in:
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Appendix 2.2

MATLAB programs used in simulations o fthe induction motor

Function inter.m was used to calculate the rotor pulsation co2. The function is based on

function roots.m that is implemented in MATLAB[32] and uses a matrix algorithm for
solving high order equations.

inter.m

function ii=inter(x);
y=roots(x);
dim=size(y);
in=[];
fori=l:dim
ifimag(y(i))=0
ify(i)>0
in=[in y(i)l;
end;
end;
end;
if (in— 1)
error('om2 does not exist);
end;
ii=min(in);

Program tstm was used to draw graphics a,b,c from sets 2.13-2.15, , using equations
2.29-2.34

tst.m
% program for plotting torque-speed characteristic, efficiency and

% power factor for constant capacitor inserted on each phase of the
% rotor circuit

clear all;

um=240*sqrt(2);

f=50;

om=2*pi*f;

rs=85; %stator resistance
rr=115; %rotor resistance
Im=1.4; %mutual inductance

tr=1;

Irs"0.36;  %rotor linkage inductance
Iss=0.36;  %stator linkage inductance
Ir=Irs+I/tr*Im;

Is=lss+tr*Im;

p=2; %l/pole pairs

¢i-"0.0035; Y%capacitor
scr=sprintf('C=%fF’,cr);

$=0:0.01;1; %slip
om2=s*om;

%torque-speed characteristic for the machine in normal configuration

a=(om* (Is*Ir-lImA2))A2+(h*rs)A2;
b=2*om*ImA2 Jrr*rs;
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c=(rr*rs) A2+(om *Is *rr) A2 ;

in1=312*p*rr*om2*ImA2*umA2;
in2=a*om2.A2+b*om2+c;
te=inl ./in2;

% torque-speed characteristic for the machine with modified rotor
% impedance

a=(om*(Is*Ir-ImA2))A2+(Ir*rs)A2;

b=2*om* 1mA2*rr*rs;

c=(rr'rs)A2-2*omA2*Ir*Is A2/cr+2*(om*hn)A2*Is/cr+(om*Is*rr)A2-2*Ir/cr*rs A2;
d=(om*Is/cr)A2+(rs/cr)A2;

in1=3/2*p*rrrom2.A3* ImA2*umA2;

in2=(a*om2.A4+b*om2.A3+c*om2.A2+d);

tec=inl ,/in2;

% power factor and efficiency for the machine in normal configuration

d=rrirstom*om2*(ImA2-Ir*Is);
e=om*Is*rr+om2 *Ir*rs;
si1=rr*d+om2.*e*Ir;

s2=rr*e-om2.*d*Ir;
pf=sl./sqrt((sl.A2+s2.A2)); %power factor
pabs=3/2*'umA2*s 1./(d.A2+e A2);
pdel=(om-om2). *te/p;

eff=pdel./pabs; %efficiency

% power factor and efficiency for the machine with modified rotor
% impedance

u=rs*rr+om*om2*ImA2-om*Is*om2*Ir;
ul-l./om2/cr*fom*Is;

u=u+ul;

v=om*Is*rr+om2*rs *Ir;
vl=l./lom2./cr*rs;

v-v-v 1;

sicr=rr*u+om2.*v*Ir;
slerl=v./om2/cr;

slcr=slcr-slcrl;
s2cr=om2.*u*Ir-rr*v;
s2crl=u./om2/cr;

s2cr=s2cr-s2crl;

pfci-s 1cr./sqri(s 1cr. A2+s2cr. A2);
pabscr=3/2*umA2*s 1cr./(u.A2+v.A2);
pdelcr=(om-om2).*tec/p;
effcr=pdelcr./pabscr;

plot(s,te,'d',s,tec,"r"), grid,
xlabel('slip'),ylabel(‘torque [Nm]');

title(scr);

gtext('without capacitor'),gtext('with capacitor');
zoom on;

pause;

zoom off;

plot(s,eff,'g',s,effcr, r').,grid,
xlabelfslipTylabelfefficiency')

title(scr);

%gtext('without capacitor’),gtext('with capacitor');

A22-2



zoom on;
pause;

zoom off;

plotfopf/g'Apfcr/rTgrid,
xlabel('slip'),ylabel('power factor')

title(scr);

%gtext(‘'without capacitor'),gtext(‘'with capacitor');
zoom on;

pause;

close;

cur.m

% program for calculating the evolution of stator and rotor currents
% in both configuration for constant capacitor and whole load torque
% range that results from speed-torque characteristics

clear all;
um=220*sqrt(2);
f=50;

om=2*pi*f;

rs=10;

rr=6.5;

Im=0.42119;

ti-i;

Irs=0.040107;
1ss=0.043067;
Ir=Irs+I/tr*Im;
Is=Iss+tr*Im;

P=2;

cr=0.07; %capacitor
scr=sprintf('C=% 1.2f F',cr);

s=0.:0.01:;
om2=s*om; %slip

a=(om*(Is*h-hnA2))AR2+(Ir*rs)A2;
b=2*om*ImA2*rr*rs;
c=(rr*rs)A2+(om*Is *rr) A2;

% rotor and stator currents in standard configuration

in1=3/2*p*rrrom2*ImA2*umA2;
in2=a*om2.A2+b*om2+c;

te=inl ./in2;

ir=hn*um*om2./sqrt(a*om2 A2+b*om2+c);
enl=sqrt(rrA2+h'A2*om2 A2);

en2=enl .*ir;

is=en2./om2/Im;

% rotor and stator currents in modified configuration

a=(om*(Is*Ir~ImA2))A2+(Ir*rs)A2;

b=2*om*ImA2*rr*rs;

c=(rrrs)A2-2*omA2*Ir*Is A2/cr+2*(om*Im)A2*Is/cr+(om*Is*rr)A2-2*Ir/cr*rs A2;
d=(om*Is/cr)A2+(rs/cr)A2;

inl=3/2*p*rrrom2.A3*hnA2*umA2;

in2=(a*om2.A+b*om2.A3+c*om2.A2+d);

tec=inl./in2;
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irr=hn*um*om2.A2./sqrt(a*om2.Ad+b*om2.A3+c*om2.A2+d);
en=(Ir-1./(om2.A2)/cr) A2;

en1=sqrt(rrA2+en.*om2.A2);

en2=enl .*irr;

isr=en2./om2/Ira;

zoom off;

plot(te,ir,'r\tec,irr,'y"),grid,

xlabel('torque [Nm]'),ylabel('rotor current [A]');
title(scr);

gtext(‘without capacitor'),gtext(‘with capacitor?;
zoom on;

pause;

zoom off;

plot(te,is,'r',tec,isr,y),grid,

xlabel('torque [Nm]'),ylabel('stator current [A]");
title(scr);

gtext('without capacitor'), gtext('with capacitor');
zoom on;

pause;

zoom off;

plot(te,is.*ir,'r\tec,isr.*irr,'y"),grid,

xlabel('torque [Nm]'),ylabel('stator and rotor current multiplication [A]');
title(scr);

gtext('without capacitor'),gtext('with capacitor');

zoom on;

pause;

close;

Program tstb.m was used to draw graphics 2.16-2.18 using equation 2.26 and
2.46.

tstb.m

% calculation of the torque developed by the induction machine in both configuration for a set slip
% varying the inserted capacitor

clear all;
um=460~sqrt(2);
f=50;
om=2*pi*f;
rs=0.04;

rr=0.04;
Im=0.0073;
Y%ti-1.23/sqrt(3);
% tr=I/tr;

tr=1;
Irs=0.0001687;
Iss=0.0001687;
Ir=Irs+I/tr*lm;
Is=lss+tr*Im;
p=2;

$=0.05; %imposed slip
sci-sprintf('slip=%0.2f,s);
om2=s*om;
a=(om*(Is*Ir-ImA2))A2+(hiIrs)A2;
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b=2*om*ImA2*rr*rs;
c=(rr*rs)A2+(om*Is*rr)A2;
in1=3/2*p*n"*om2*ImA2*umA2;
in2=a*om2.A2+b*om2+c;

fori=1:1:299

cr(i)=(i-1)*0.1+0.04;

te(i)=inl/in2; %torque developed by the machine in standard configuration
cer=(rfh")R-2*om AR *h*1s 2/cr(i)+2*(om*Im) A *1s/cr(i)+(om*Is*rr) -2 *1r/cr(i) *rs A;
der=(om*Is/cr(i))A2+(rs/cr(i))A2;

inlr=3/2*p*rr*om2 A3*ImA2*umA2;

in2r=(a*om2.Ad+b*om2.A3+ccr*om2.A2+dcr);

tec(i)=inlr/in2r; %torque developed by the machine in modified configuration

end;

plot(cr,te,'g',cr,tec,'r'),grid,

xlabel('capacitance [F]'),ylabel('torque [Nm]');
title(scr);

gtext('without capacitor'),gtext(‘with capacitor');
zoom on;

pause;

close;

Program pfef.m plotted the sets 2.4-2.12, using equations (2.21), (2.25), (2.26), (2.29),
(2.30), (2.31), (2.43), (2.45), (2.46), (2.48), (2.49).

pfef.m

% program to calculate the evolution ofrotor speed, power factor, efficiency and copper losses for
% constant load torque and variable capacitor

clear all;

um=380*sqrt(2);

£=50;

om=2*pi*f;

rs=1.64;// machine parameters
rr=1.45;

Im=0.1636;

tr=1;

Irs=0.003;

1ss=0.003;

Ir=Irs+1/tr*Im;

Is=Iss+tr*Im;

p=2;

te=20;

scr=sprintf(‘torque=:% 1.2fNm',te);
a=(om*(Is*h-ImA2))A2+(Ir*rs)A2; //parameters of equation (2.21)
b==2*om*ImA2*rr*rs;
c=(rr*rs)A2+(om*Is*rr)A2;
acr=(om*(Is*h-ImA2))A2+(Ir*rs)A2;
ber=2*om*ImA2*rr*rs;
f=3/2*ImA2%umA2*plirr/te;

g~[a b-fc];

om2=inter(q);

vii=(om-om2)/p;

d=iT*rstom* om2 *(Im A2-Ir*Is);

e=om*Is*rr+om2*Ir*rs;
sl=rr*d+om2*e*Ir; //equations (2.29)and (2.28)
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s2=rr*e-om2*d*Ir;

pwf=sl/sqrt((sl A2+s2A2)); //power factor from (2.31)
pabs=3/2*umA2*sl/(d A2+eA2);

pdel=(om-om2). *te/p;

ef=pdel/pabs; //efficiency from (2.34)

pcu 1=te/p*(om2+rs/rr,(n-A2+om2A2 *IrA2)/om2/ImA2);

Jfor i—1:1:1194
cr=0.005+(i-1)*0.001;
cer=(rr*rs)A2+(om*Is*rr)A2-2*omA2*IsA2*Ir/cr+2*om A2 *Im A2 tIs/cr-2*Ir*rs A2/cr; /Iparameters of
decr=(om*Is/cr)A2+(rs/cr)A2; /1 (2.43)
gr=[acr ber-fcer 0 der];
om2r=inter(qr);
viri=(om-om2r)/p;

u=rs*rr+om*om2r*ImA2-om*Is*om2r*Ir+ Yom2r/cr*om*Is;
v=om*Is*rr+om2r*rs*Ir-1/om2r/cr*rs;

slcr=rr*u+om2r*v*Ir-v/iom2r/cr; //(2.48) and (2.49)
s2cr=om2r*u*Ir-rr*v-u/om2r/cr;

pwfci-s 1cr/sqrt(s 1crA2+s2crA2);

pabscr=3/2*umA2* s1cr/(uA2+vA2);

pdelcr=(om-om2r)*te/p;

efcr=pdelcr/pabscr;
pculi~te/p*(om2r+rs/rr*(rrAR2+om2rA2* (Ir-1/om 2rA2/cr)A2)lom2r/imA2); //(2.45)

if(viri>0)
ciT(j)=cr;
viG)=vii;
ef«j)=ef;;
pf(j)=pwf;
pcu(j)=pcul;
VirQAviri;
effcr(j)=efcr;;
pfer(j)=pwfcr;
pcur(j)=pculr;
H+U

end;

end;

plot(crr,vi,’y',err,vir,’b"),grid,

xlabel('capacitor [F]'),ylabel('rotor speed [rad/s]'),title(scr);
gtext('without capacitor'),gtext('with capacitor'),
zoom on;

pause;

zoom off;

plot(crr,eff,'y',err,effcr,'b"),grid,

xlabel(‘capacitor [F]'),ylabel('efficiency’),title(scr);
gtext(‘'without capacitor'),gtext('with capacitor’),
zoom on;

pause;

zoom off;

plot(crr,pf,'y',err,pfcr,'b'),grid,

xlabel(‘capacitor [F]'),ylabel('power factor'),title(scr);
gtext('without capacitor'),gtext('with capacitor'),
zoom on;

pause;

zoom off;

plot(crr,pcu,'y',err,pcur,'b'),grid,
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xlabel('capacitor [F]'),ylabel('copper losses') title(scr);
gtext('without capacitor'),gtext(‘with capacitor'),
zoom on;

pause;

close;

Program dinc.m was used to simulate the dynamic behavior of the induction machine
with externally modified rotor impedance.

dinc.m

clear all;

t0=0;

tf=1.5;

global f;

fi=50;

global om;

om=2*pi*f;

global Um;

Um=460; Y%supply voltage

%the parameters ofthe machine
global rs;

rs=0.04; %stator resistance
global it;

rr=0.04; %rotor resistance
global 1m

Im=0.0073; %mutual inductance
global tr; %tum ratio

tr=1;%tr=1,67

global Irs;

Irs=0.0001687; %stator leakage inductance
global Iss;

1ss=0.0001687;

global Ir; %rotor leakage inductance
Ir=Irs+I/tr*Im;

global Is;

Is=Iss+tr*lm;

global ga;

a=Ir*ls-ImA2;

global tl;

t1=9500; Y%load torque

global til;

tII=350;

global p;

p=2; Y%pole pairs
globalj;

j=0.01; %inertia

global omg;

omg=0; %general reference frame angular speed
global c;

c=0.5; Y%capacitor

global cl

c1=0.1;

scr=sprintf('C=% 1.4fF',c);
scr1==sprintf('C=%1.3fF',c 1);
scr2=sprintf('tl=%! .OfNm’ tl);
scr3=sprintf('tI=% 1.0fNm',tl 1);
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y0=[0000000];

Y%tic

[tec,y]*ode45('machingc',t(),tf,y(),0.00001,0); %runge-kutta function
%toc

isxc=y(:l);

isyc=y(:,2);

irxe=y(:,3);

irye=y(:,4);

omrc=y(:,5);

ucx=y(:,6);

ucy=y(:,7);

%save c:\coni\matl\simgc tc isxc isyc irxc iryc ornrc

plot(tc,omrc/p),xlabel('time [s]'),ylabel('rotor speed [rad/s]'),title(scr2),grid,
% gtext(scr),gtext(scrl)%,gtext(scrl);

zoom on;

pause;

close;

[q.f]=size(irxc);

v=omrc(q,l)/p

isc=sqrt(isxc(q, 1). *isxc(q, 1)+isyc(q, 1). *isyc(q, 1))

irc=sqrt(rrxc(q, 1). *irxc(q, 1)+iiyc(q, 1). *iryc(q, 1))

un=calun2(isxc(q, 1),isyc(q, 1),irxc(q, 1),iryc(q,l));

pcu=3/2*(rr*ircA2+rs*iscA2);

File machingc.m is used by ode45.m for solving the differential equations system: In
this file are mentioned the differential equations that characterize the induction machine
with modified rotor impedance - equations (2.38) and (2.13).

function yp=machingc(t,y)
%machine's parameters
global f;
global om;
global Um;
global rs;
global IT;
global Ir;
global Is;
global Im;
global tl;
global til;
global p;
globalj;
global a;
global c;
global cl;
global omrd;
global omg;
%omg=y(5);
global q;
global in;

%phase stator voltages
usa=Um*sqrt(2)*cos(om *t);
usb=Um* sqrt(2)*cos(om*t-2 *pi/3);
usc=Um*sqrt(2)*cos(om*t+2*pi/3);
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%in-phase and in quadrature stator voltage
usd=2/3*(usa-1/2*usb-I/2 *usc);
usqg=I/sqrt(3)*(usb-usc);

usx=cos(omg*t)*usd+sin(omg*t)*usq;
usy=-sin(omg*t)*usd+cos(omg*t)*usq;

urx=0;
ury=0;

ifit>])
% t|=t.II;

end;

yp=[lr/a*usx-Im*urx/a- Ir*rs/a*y(1)+y(5)*Im*Im/a*y(2)+rr*Im/a*y(3)+y(5)*Ir*Im/a*y(4)
+omg*y(2)+Im*y(6)/a
Ir/a*usy-Im/a*iuy-k*rs/a*y(2)-y(5)*Im*Im/a*y(l)+rr*Im/a*y(4)-y(5)*Ir*Im/a*y(3)

-omg*y(l)*Im*y(7)/a

4dm/a*usx+is/a*urx+im*rs/a*y(l)-y(5)*Im*Is/a*y(2)-rr*Is/a*y(3)-y(5)*Ir*Is/a*y(4)
+omg*y(4)-Is*y(6)/a

-Im/a*iisy+ls/a*my+Im*rs/a*y(2)+y(5)*Im*Is/a*y(l)-rr*ls/a*y(4)+y(5)*Ir*Is/aiy(3)
-omg*y(3)-Is*y(7)/a

p/i*(3/2*p*Im*(y(3)*y(2)-y(4)*y(1))-tI)

y(3)/c-y(5)*y(7)

y(4)/c+y(5)"y(6)

k

A2.2-9



Appendix 2.3

Considerations about thepowerfactor o fthe induction motor

The power factor expression is given by:
P

p 2+02
where P, Q are the active respective input power delivered by the supply.
In this appendix it will be considered the unity case for both machines: short
circuited slip rings and with externally modified rotor impedance. This implies:

cost#?

P =]  P2=P2+02 Q=0
P 2+02
The expressions ofthese powers are given for both situations in equations (2.29)
and (2.30) respective (2.48) and (2.49).

Short circuited slip rings:

From (2.30) results:
R, W-co2LrV =0
\LsRr + 0)2LrRsRr —co2RrRsLr —co2cad rLm—eco2colLrLs = 0
®2fi)i4 f e =0
The resulting equation shows that the unity power factor is achieved just for a
unique load torque.

Induction machine with modified rotor impedance

From (2.49) results:

RrWm- (02Vm L,
v

<oLR2- T n+’\}n2L44 ®i144 I_fl-.4_r
o co>C,. C. N

l&@A; AA  clls A

co\CrJ

. _ _ 2 (°iLs _ o
®i4(4, -44-)® )ftL,R% . gfth;w A

The resulting equation shows that the unity power factor may be achieved for
two different loads.
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Appendix 3.1

Impedance definitions infourpole networks

In Chapter 3, equation (3.1) is used to describe a four-terminal network. The parameters of
the system have the following meanings:

"1 2

VA1 “Black box” V2 \IZ{
«

Four-terminal network

Input impedance: Zu = YL , defined for output open-circuited

h
. V . . .
Reverse transfer impedance: ZR=—, defined for input open-circuited
h
Forward transfer impedance: Z21 = — , defined for output open-circuited
h

v
Output impedance: Z2 =—, defined for input open-circuited
h

Using equations set (3.3) results:

2 fl AIRH(A221~"2M1X A A +(N1221 ~"2A 1)
j 12~"22h 7/ —72

where Z, = — is the load(output) impedance
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Appendix 3.2

Gyrator implementation in integrated circuits

In the figure, it is presented the principle diagram of a gyrator implemented with
operational amplifiers.

Input side

Output side

Node b:
LV +k-¥E=q
z3 z?2
vh=—21—V +—*1—V
72+773 7Z2+73
Node d:
K K-vd
z0
7
v - 14 y
" Z0+ZIl ¢
But:

Ve=A(V{-Vb), Va=AVd-Vb) and using in combination with the expressions of Vd, Vh
will result (where 4 is op. amp. Amplification, and is considered very high):

V.=AV,-Z -—2 V -4 Z; Jc
72+73 Z2+7Z3 c

/2+73 z2
- i ya

3 N3
and

F.,-727; Fc

z2+2z3 z2+2z3
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y =7A72 +71
‘ Zo+Z
Y —A0N2 ~ /3]
a 0 we 1Y > y[
HO 2
The input current:
7 r;-K. z,z3 r

And the input impedance will be:
T, zk2Z4
h  zx,

From the equation of the input impedance results that the input will have an
inductive behavior if all the impedances from the circuit are resistive except Zj or Z3 that

is a capacitor.
The gyrator effect is obtained due of the high input impedance and high
amplification ofthe op. amp.
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Appendix 4,1

Cprogramfor the simulation ofRL circuit with switched D C supply

The graphs presented beneath represent the flow chart ofthe program that simulates the
R,L circuit with switched DC supply. The same chart is used in the case of R,L circuit
with switched capacitor. The difference in the programs appears in the forms of the
differential equations that are determined by coefficient a. This is 0 when no switching
occurs in the circuit. The coefficient equals -1 the circuit is in the tl time interval and 1

when it is in the t2 interval.

Read circuit
parameteisand
demands

RKG routine

t=t+pas

NO

SI0P

The main program

#include <stdio.h>
#include <conio.h>
#include <dos.h>
#include <math.h>
#include <graphics.h>
#include <alloc.h>
#include <stdarg.h>
#deflne es 800

void rkg (double prmt[], double *y, double *dery, int ndim);
void fct (double x, double *y, double *dery);

void output (double x, double *y, double *dery,int ililf);
const double kO*., Tf==0.01 ;

A4l -1

iutinj

NO
t< 2*T

NO
t-n*T< t1

T - switching period
T - supply period
pas - time increment
t —time
tf- final time

Rot the
resulting data

Save the
resulting data

RKG routine



int ndim=2 ;//number of differential equations

double y[3]={0.,0.,0.} ;/*y[ndim+1]={0. de ndim+1 ori} */

double dery[3]={0.,1./2,1./2};/*dery[ndim+[]={0.,I./ndim,...} */

const int nax=10, nay=10;

int auxx=0 ,auxyjj=0 ;

double kx,ky;

int Xg=0,ygl=0,yg2=0,yg3=0,yg4=0,xgi=0,ygil=0,ygi2=0,ygi3=0,kc=0;
double xI1=0,y 1=0,y2=0,y3=0,y4=0,y5=0,xil=0,yil=0,yi2=0,yi3=0,usa,usb,use;

double xmin=0.,xmax=0.1,pas=0.000001 ;//xmax-time interval,pas-integration

/Istep

double ymin=-10, ymax=10;

/IConverter characteristics

double 1=0.01,c=0.00001,r=5;

float fi=-10; //required phase angle

double *fu,*fuf,*ui,*fui,cl=0,s1=0,al=0,clu=0,slu=0,alu=0fil,fic,fiu,tf;

double per=0.0001,pere=0.000025;//per -switching time period, pere - sampling/
/ltime period

double d,dI=0.5;//duty ratio

double Um=20,f=50,pi=3.14,U1=10.7;

double q,fctl,a=0,inte,in2,in3,0m;

int ql,qi=-1,iu=0,qe,qel,qei=-1,i;

void main(void)

stmct viewpoittype vp;
double '“nee, *necd, prmt[6];
inti, gdrv, gmod,maxx, maxy, xw, yw;
int dx, dy,xa, ya,xx,yy,sx,sy,ii;
om=2*pi*f;
fi=fi*pi/180;
fii = (double *) calloc(es, sizeof(double));
fu f= (double *) calloc(es, sizeof(double));
ui = (double *) calloc(es, sizeof(double));
fui = (double *) calloc(es, sizeof(double));
prmt[l]=xmin;
prmt[23=xmax;
prmt[3]=pas;
prmt[4]=0.01 ;//0.0001;
nec=y;
necd=dery;
gdrv=DETECT;
initgraph( &gdrv, &gmod,"c:\\borlandc\\bgi");
[*getpalette paleta; ¥/
maxx=getmaxx();
maxy=getmaxy();
sx=64;
sy=48;
setviewport(0.,0.,maxx,maxy, 1);
setbkcolor(BLACK);
setcolor(WHITE);
for(ii=0;ii<I 1;ii++)

XX=8X%ii;

if(ii'=10)
line(xx,0,xx,maxy);
else
line(xx-1,0,xx-1,maxy);

for(ii=0;ii<l L;ii++)
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{yy=3y*ii;

if(ii!'=10)
line(0,yy,maxx,yy);
else
line(0,yy-1,maxx,yy-1);

ky=maxy/(ymax-ymin);
kx=maxx/(xmax-xmin);
ygl=ymax/2*ky;
yg2=ymax/2*ky;
yg3=ymax/2*ky;
rkg(prmt,nec,necd,ndim);
getchO;
pmitf("i=%fdfi=%f',al,fiu-flc);
getchO;

ffee(fu);

ffee(fuf);

fi'ee(ui);

free(fui);

return;
b
void fct(double x,double *y,double *dery)

usa=Um*sin(om*x);
g=x/per;
ql=floor(q);
if(ql'=qi)

{ d1=0.5* (1 +sqrt((om*l/r-tan(fl))*om*c*r));
if(dI>1)
di=l;
if(dl<0)
dI=0;
d=dl*per;
qi=ql;

}
fctl=x-ql*per;
if(fctl<d)

deiy[1]=(usa-y[1]+a*y[2])/];
dery[2]=-a*y[ll/c;

}

void output(double x,double *y,double *dery,int ihlf)
{

ge=x/pere;

gel=floor(ge);

if(gel'=qei)

if(iu<es)//Start Fourier Analysis
{
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fuliul=y[lI;
uifiu]=usa;
iut+;

}

else
vt .
for(i=0;i<es-l;i++)

g‘u [i]-fuli+1];
uilil=uifi+1];

fa[e8-|]=y[|];
ui[es-l]=usa;
cl=0;

si=0;

al=0;

clu=0;

slu=0;

alu=0;
for(i=0;i<es;i++)

{c1=c 1+fuli]*cos(((2*(double)i+ 1)/f/es)/2 *om);
s1=s 1+fuli] *sin(((2*(double)i+1)/f/les)/2*om);
clu=clu+ui[i] *cos(((2*(douke)i+1)/£'es)/2 *om);
slu=s lu+ui[i]*sin(((2*(double)i-M )/f/es)/2 *om);

a}l =2"*sin(pi/es)/pi*sqrt(c1*c 1+s1*s 1),
alu=2*sin(pi/es)/pi*sqrt(clu*clu+slu*slu);
fic=-atan(cl/sl)* 180/pi;
fiu=-atan(clu/s 1u)* 180/pi;
} /I End Fourier Analysis
gei=qel;
oo
xI=x-xmin;
xg=kx*xl;
yl=ky*(ymax-y[l]);
y2=ky*(ymax-usa/2);
y3=ky*(ymax-y[2]/15);
putpixel(xg,y 1,CYAN);
putpixel(xg,y2,YELLOW);
putpixel(xg,y3,GREEN);

H

void rkg( double prmt[], double *y, double *dery, int ndim) // Runge Kutta

int bog, ihlf, istep, iend, imod, itest, i,] ;
double aj, bj, cj, rl, 2, s;

double x, xend, h, delt;

double *aux;

double a[ 5],b[ 5], c[ 51;

aux = ( double *)calloc( (9 * ( ndim + 1)), sizeof( double)) ;
if( aux == NULL)

printf(”Insuficient memory for RKG \n") ;
return;

bog = ndim+ 1;

for( i = 1;i <= ndim; ++i)
*(aux + (ndim + 1) * 8 + i) = 0.06666667 * (*( dery +i)) ;
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X =prmt[lj;
xend = prmt[2] ;

h =prmt[3];
prmt[5]=0.;

fct( x, y, dery) ;
s=h*(xend-x);
if(s<0.)

{

ihlf= 13 ;

output( x, y, dery, ihlf) ;
return;

J
if(s==10.)

{

ihlif—2 ;

output( x, y, dery, ihlIf);
return;

}

a[1]- 5;

al 2] = 0.2928932 ;
a[ 3] « 1.707107;
a[43=10.1666667;
b[1]1~2.;

b 2]=1;

b[3] = 1.
b[4]=2.;
c[13=5;

c[ 2] =.2928932 ;
c[ 3] = 1.707107 ;
c[4]=5;

for( i —1;i < ndim; i++)

*(aux+bog +i)=*(y+i);
*(aux +2 *bog + i) =*(dery+i);
*(aux+ 3 *bog+i)=0.;

*(aux+ 6 *bog+i)=0.;

h+=h;
ihif=-1;
istep =10 ;
iend =0 ;
while( 1)

s=h*(x +h- xend);
if(s>=10.)

{
if(s!=0.)
h=xend-x ;
iend=1;

}

output( x, y, dery, ihIf);
if( prmt[ 5] = 0.)
return;

itest=0;

while( 1)

istep ++ ;
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j=i;

while( 1)

(.
a =afj] ;
j=bljl;
¢ =cljl;

for(i=1;i <=ndim;i++)

{rl—h*(*(deiy+i));
r2=aj*(rl-bj*(*(aux+6*bog+i)));

("(y+i)=( (y+l)+r2)

r2=r2+1+n

(*(aux+6* bog+|)) (*(aux+6*bog+i))+¥2-c *rl

i}f((j-4)<0)

{

j++;

if((j-3) !=0)
X=X+ .5%h;
fct( x, y, dery) ;

else
break;

h
if(itest <= 0)
{ for(i=1;i<=ndim; i ++)
(*(aux+4*bog+i))=(*(y+1i);
itest=1;
istep - istep + istep - 2 ;
ihlf++;
X-=h;
h*=.5;
for(i=1;i <=ndim; i ++)

{

*

(*(y+1) = (*(‘aux+bog +1i)) ;
(*(dery+1i)) = (*(aux+2 *bog+i));
(*(aux+ 6 *bog+i))=(*(aux+ 3 *bog+i));

}

else

imod = istep /2 ;
if( (istep - imod - imod) != 0)

{
fct( x, y, dery);
for(i= 1;i <= ndim; i ++)

{(*(aUX+5*b09+i))=(*(y+i));
(*(aux+7 *bog+i)) = (*(dery+1i));

}

else
{
delt=10.;
for(i= 1;1<=ndim; i ++)
delt = delt + ( *( aux + 8 * bog + i)) * fabs( ( *( aux + 4 * bog + 1)) - ( *(y+1)));
if( (delt-prmt[4]) <=0.)
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break;
if( (ihIf- 10) >=0)

{

ihlf=11;

fct( x, y, dery) ;
output( x, y, dery, ihIf);
return;

?or( i=1;i<=ndim;i++)

(*(aux +4 +bog + i)) = (*(aux+ 5 * bog + i));

istep = istep + istep - 4 ;

Xx-=h;

iend=0;

ihlf++;

X-=h;

h=5*h;

for(i=1;i <=ndim; i ++)

(*(y+1i) = (*(aux+bog +1i));
(*(dery+1)) = (*(aux+2 " bog +1i));
(*(aux+ 6 *bog+i))=(*(aux+ 3 *bog+i));

}
}
h

}
fct( x, y, dery);
for(i = 1;i <= ndim; i ++)

(*(aux+bog+i) =(*(y+i);
(*(‘aux+2* bog + i)) ~ ( *( deiy +1));
(Haux+3*bog+i))=(*(aux+ 6 *bog + i) ;
(*(y+i) =(*(aux+5* bog+i));
(*(dery +1i)) =(*(aux+7*bog+1i));

éutput( X, Yy, dery, ihlf) ;
if( prmt[ 5] 1=0)

return;
for(i=1;i<=ndim;i++)

(*(y+1)=("(aux+bog+i)) ;
(*(dery +1i)) = ("(‘aux+2 * bog +i)) ;

i%‘( iend > 0)

{
output( ( x - h), y, dery, ililf);
return;

h

ihIf-;
istep/=2;
h+=h;

if( ihlf>= 0)

imod = istep/ 2 ;
if( (istep - imod - imod) — 0)
t if( (delt-0.02 * prmt[ 4])* 0.)
ihif—;
istep /=2 ;
h+=h;
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Appendix 4.2
Considerations aboutphase angle calculation

The phase angle between the voltage and the current is measured considering the
current phasor as reference. For exemplification are consider the following situations
that occur during the thesis:

1. The circuit is ac RL.

oLl

The phase angle between the voltage and current is:

a = at

anf— 1
u

2. The circuit is ac RC

ooC

The phase angle between the voltage and current is:

B = crtanf ——
“coRC.

3. The circuit is considered ac RLC

coL- re

The phase angle between the voltage and current is:

col- 1

(p- atan coC

Phase angle between voltage and current is expressed relatively to the current phasor.
In the case of capacitive reactance smaller than inductive reactance, ¢ is positive,
other wise it is negative.
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Appendix 4.3

Analysis ofthe RLC circuit

The circuit from the figure is characterized by equation:

u(t)= Ri()+ L +—Aifydt

where is tlie voltage across the inductor (uL)and  ji.(?)dt is the voltage across

the capacitor (uc).
The current has the following expression:

where i, (¢) is the steady state component and i,(\) is the transient component of the

current.
Following parameters are defined:

- damping ratio: 6 =— ;

2L
natural angular velocity: cod0= *. ;
~LC
- damped angular velocity: ="b2- dR;
and
thia) = —
{47

The transient regime can be classified in 3 situations [33]:
a. overdamped case - ca2 > 0

b. underdamped case - G2 <0

c. critically damped case - co2 =0

a. overdamped

The transient component ofthe current is given by:
it{t)~ e~Stffde <’ +k2e
and the current has the expression:

K9)=  h(?)- *(dM ® /- «)+ c®o["c(0)— (o)]s/i(fflpr)}
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“c(0=-, (0 +e~dic (0)- aQ(0)]s/<(®,/ +«)+ [j(o)-

b. underdamped

The transient component ofthe current is given by:
L(t)=e cos oopt + k2 sinco'/)

where

®, =V-6'+®0
and the current has the expression:

«(0= o EF*X1(°)-»(°)]sin(® /- «")+ AI0[«c (0)-wa (0)]sin(cop/)

and voltage across capacitor:

«c(0="0 (0 + m'8| fu€®)- «c.(o”sinfcorr+a")+ [/(0)-/,(0
where
to
& («")=

c. critically damped
The current has the expression:
: _iM ! °).
W= - s Il e
*He
and the voltage across capacitor:

c(0= we 1 ) o+ +M
[ vLC L

Ifthe voltage applied to the circuit is DC than

10 ~ ves(0)= Ud(the DC supply voltage)

Ifthe voltage supply voltage is:
aW = Cmysin(cD/ +y)
then the steady state current is:

"W =" Lsin(cor+y-(p)

where

Z =1U 2+[coZz 1
©oCJ
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Appendix 5.1

LabWindows/CViprogram usedfor experimental acquisition

Ainclude <cvirte.h> /* Needed if linking in external compiler; harmless otherwise */
Ainclude <ansi_c.h>

#include <userint.h>

#include <utility.h>

#include "ac.h"

#include "easyio.h"

static int panelHandle;
static int helpHandle;
static short device™1;

static unsigned long numChannels;
static unsigned long numScans;

static char channelString[100];
static double upper=10;

static double lower=-10;

static double rate;

static double * waveforms = 0;

static int ColorArray[8] = {VAL_GREEN, VALJYELLOW, VALCYAN, VAL_WHITE, VALJBLUE,
VAL_MAGENTA, VAL GRAY, VAL_RED};

int main (int argc, char *argv(])

if (INnitCVIRTE (0, argv, 0) = 0) /* Needed if linking in external compiler; harmless otherwise */
return -1; /* out of memo017 */

panelHandle = LoadPanel (0, "ac.uir", PANEL);

RateCallback (panelHandle, PANEL_RATE, EVENT_COMMIT,O0, 0, 0);
SetBreakOnLibraryErrors (0);

NumScansCallback (panelHandle, PANEL_NUMSCANS, EVENT_COMMIT,0, 0, 0);
ChannelCallback (panelHandle, PANEL_CI-IANNEL, EVENT_COMMIT, 0, 0, 0);
SetBreakOnLibraiyEiTors (1);

DisplayPanel (panelHandle);

RunUserlnterface ();

return 0;

int CVICALLBACK ChannelCallback (int panel, int control, int event,
void *callbackData, int eventDatal, int eventData2)

switch (event) {

case EVENTRIGHTCLICK:
DisplayPanel(helpHandle);
break;

case EVENT_COMMIT:
GetCtrlVal (panelHandle, PANEL_CHANNEL, channelString);
GetNumChannels (device, channelString, ANALOG_INPUT, &nhumChannels);
free (waveforms);
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waveforms = (double *) malloc (numScans * numChannels sizeof(double));
break;

return 0;

}

int CVICALLBACK ChannelRingCallback (int panel, int control, int event,
void *callbackData, int eventDatal, int eventData2)
{

char * str;
switch (event) {
static int index;
static int length;
case EVENT_COMMIT:

GetCtrlindex (panelHandle, PANELJ2HANNELRING, &index);
GetValueLengthFromindex (panelHandle, PANEL_CHANNELRING, index,
&length);

str= (char *) malloc (length+1);

GetCtrlVal (panelHandle, PANEL_CHANNELRING, str);

SetCtrlVal (panelHandle, PANEL_CHANNEL, str);

ChannelCallback (panelHandle, PANEL_CHANNEL, EVENTCOMMIT,
0,0, 0);

free (str);

break;

return 0;

}

int CVICALLBACK RateCallback (int panel, int control, int event,
void *callbackData, int eventDatal, int eventData2)

switch (event) {
case EVENT_COMMIT:
GetCtriVal (panelHandle, PANEL_RATE, &rate);
break;

return 0;

}

int CVICALLBACK NumScansCallback (int panel, int control, int event,
void *callbackData, int eventDatal, int eventData2)

switch (event) {
case EVENT COMMIT:
GetCtrIVal (panelHandle, PANEL_NUMSCANS, &nhumScans);
free (waveforms);
waveforms = (double *) malloc (numScans * numChannels * sizeof (double));
SetAxisRange (panelHandle, PANELJ3RAPH, VAL MANUAL, 0.0, numScans -1,
VAL_NO_CHANGE, 0.0, 1.0);
break;

return 0;

}
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int CVICALLBACK AcquireCallback (int panel, int control, int event,
void *callbackData, int eventDatal, int eventData2)
{

double actualRate;
int ij;
FILE Mate, *datel;

switch (event) {
case EVENT_COMMIT:
AlAcquireWaveforms (device, channelString, numScans, rate,
upper, lower, &actualRate, GROUPJ3YJ3HANNEL,

waveforms);

DeleteGraphPlot (panelHandle, PANEL GRAPH, -1,
VAL_DELAYED_DRAW);

for (i=0; i<numChannels; i++)
{

[* The first 8 colors are defined by ColorArrayf] */
if (i<8)

PlotY (panelHandle, PANEL_GRAPH, &waveforms[numScans*i],
numScans, VAL_DOUBLE,VAL_THIN_LINE,
VAL_EMPTY_SQUARE, VAL_SOLID, 1, ColorAiTayl[i]);

else

PlotY (panelHandle, PANEL_GRAPH, &waveforms[numScans*i],
numScans, VAL_DOUBLE,VAL_THIN_LINE,
VAL_EMPTY_SQUARE, VAL_SOLID, 1, VAL_RED);

}
}

if(date 1=fopen("\\date 1.pt","w+t"))
fprintf(date 1,"%d\n",numScans);
Q)rintf(date 1,"%4f\n" rate);

Iprintf(datel,"%d\n",numChannels);
fclose(datel);

else
MessagePopup ("Error", "Could not open file datel");

if(date=fopen("\\date.pt","w+t"))
{

for(j=0OJ<numScans;j++)
for(i=0;i<numChannels-1;i++)
fprintf(date,"%f ", waveformsO+i*numScans]);
xintf(date,"%f\n",waveforms|[j+i*numScans]);
fclose(date);
else

MessagePopup ("Error", "Could not open file date");
break;
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return 0;
}

int CVICALLBACK QuitCallback (int panel, int control, int event,
void *callbackData, int eventDatal, int eventData2)

switch (event) {
case EVENT_COMMIT:
free (waveforms);
QuitUserlInterface (0);
break;

return O;
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Appendix 5.2

Harmonic content

The harmonic content of the currents for all duty ratios and all switching
frequencies are presented in this appendix in a table format. The harmonics are
expressed in percents relative to the current fundamental for the respective duty ratio
and switching frequency.
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Appendix 5.3

Current commutation

J33

SI

-m r
Fig. A5.3-1 - The H bridge and current transducer positions

The waveforms of the currents through switches SI and S3 are displayed in figures
A5.3-2 and AS5.3-3. The current transducers were placed as shown in figureAS5.3-1.
The switches SI and S3 are complementary operated. The current waveforms shown
are for positive halfcycle in the peak values.

Initially, the switch S3 is ON and the switch SI is OFF. The switch S3 is turn off and
the current through the switch goes towards 0. Both switches are OFF for ~ 1.Sps.
Then, the switch SI is turn ON and the current rises towards the current value that
passed through switch S3 before commutation.

It has to be noted that the dead time at the command signal level is ~2.5ps. This is

reduced to 1.5ps at the switch level due to the turn on and turn off times of the
MOSFET transistors.
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Fig. A5.3-2 - The currents through switches SI and S3
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Fig. A5..3-3 - Currents through SI and S3 during switching

AS53 -3

RL

S/SINOT

sbovgt



Fuzzy membershipfunctions

Four types of membership are the most used in fuzzy control:

=

Fua p) =

08

0.6

0.2

L(u;a,ft)

0.2

u-a
P-a
y ~u
Y-P

Afu',a,p,y) =

A6l -1

u<a
a<u<p

u>J3

u<a

a<u<p

p <u<y

u>y
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fo n<a

u-a a <u<J3

j3-a
n(u;a,/3,y,s) = 1 /?7<u<y

8-u y<u <8

8-y

0 u >4

0.8

0 2 4 6 8 10

For fig. 6.2 following membership functions are defined:
Miad ~ L{u,10,12)

sieenager Fl(w,10,12,1 8,20)
My** =n(w,18,20,30,40)
M. = 11(¢,30,40,60,70)
Mid = 1(w,60,70)
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