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ABSTRACT 

This thesis develops a general theory that explains and 

describes the principles of operation and control of the 

solid-state thyristor cycloconverter as a forced commutated 

frequency changer. It is one of the elements of a 

variable-speed constant-frequency (VSCP) power-generating 

system for ac to ac frequency conversion. 

The power source in this system is an induction 

generator with capacitive excitation. Performance 

characteristics of this machine in a VSCP power-generating 

system are also developed. 

The frequency changer in the VSCP system utilizes 

bidirectional switches (TRIACs) to control the output 

frequency and input displacement factor. 
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PREFACE 

To obtain constant frequency power from a generator 

running at variable speeds, a solid-state switching 

frequency changer can be utilized that converts polyphase ac 

power of a given frequency to single or polyphase power of a 

chosen frequency. 

With the introduction of three or multi-layer 

solid-state devices such as thyristors or silicon controlled 

rectifiers (SCR), power switching electronic technolgy has 

developed at a phenomenal rate. Such devices are 

particularly applicable to these types of frequency changers 

which must perform such tasks as high power rectification, 

switching regulation etc. Features of the SCR include small 

size, rugged construction, low voltage drop and the ability 

to control the conduction period by means of simple 

solid-state logic. These factors make the solid-state 

frequency changer a viable candidate for use in modern 

static frequency conversion systems, e.g. for electric 

aircraft power generation and modern wind power conversion. 

The intent of this thesis is to develop the theory 

necessary to analyze the operation of a capacitor-excited 

induction generator and a controllable displacement factor 

frequency changer (CDFFC) in a VSCF power-generating system. 
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VI 

A brief overall review of the basic concept is given in 

Chapter 1. The generic system discussed is a 

capacitor-excited induction generator and a CDFPC in a 

static freq.uency conversion role. 

Chapter 2 deals the development of a general 

mathematical theory, with the analysis of output waveform 

and input current waveform, based on the basic positive-type 

waveform and negative-type waveform. Different construction 

of positive-type and negative-type waveform lead to the 

synthesis of composite waveform. 

Chapter 3 describes the typical operating principles of 

a CDPFC. The mathematical analysis on the output voltage 

and input current of a CDPPC are given. Some important 

design data and the performance characteristics for a CDPPC 

are established. 

In some VSCP system, particularly for high-speed 

application, an induction machine is suited by reason of 

operating conditions and reliability requirements. 

Specifically, the squirrel-cage type induction machine with 

its rugged construction is well suited to high-speed 

application. The induction machine can be operated as an 

independent generator without the necessity for an external 

supply, at a predetermined voltage and frequency, if 

excitation is provided by means of capacitors. The machine 

performance is introduced in Chapter 4. 



Vll 

Chapter 5 covers the application of a CDDFC in a VSCP 

power-generating system with an induction generator as the 

power source. The CDPPC provides a reactive power instead 

of an external capacitor for machine excitation, and the 

practical control circuit for a CDPPC is introduced. In 

such a system, the input phase angle and output voltage of 

the frequency changer are controlled independently. 
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CHAPTER 1 

INTRODUCTION 

In recent years, thyristors or silicon control 

rectifiers (SCR) have assumed a dominant position among 

high-power switching devices.- They can be employed for 

static frequency conversion of ac power from a variable 

input frequency to a constant or controllable output 

frequency feeding to the system load. This type of 

application is classified as a variable-speed 

constant-frequency (VSCE) power-generating system. 

The term "Thyristors" means a bistable semi-conductor 

device comprising three or more junctions that can be 

switched from the "Off" state to the "On" state or vice 

versa, such switching occurring within at least one quadrant 

of the principal voltage-current output characteristics. 

The theory of ac to ac frequency conversion in this thesis 

requires the solid-state switching devices operation based 

on a four-quadrant (360 degrees) operating range. This type 

of circuit, which employs thyristors to control output 

frequency and typically is used in a VSCE power conversion 

system such as an electric aircraft power generator. It is 

particularly suitable for more modern applications such as 

wind power conversion and is termed a "Thyristor 

Cycloconverter". This chapter introduces the 



characteristics of the thyristor cycloconverter. It gives 

an overview of ideal, single-phase and poly-phase standard 

circuit, and explains how they are operated and how the 

output waveforms are constructed. Some voltage control and 

harmonic reduction techniques are introduced. Operation of 

an induction machine in the generator mode, with negative 

slip, will he discussed. The analysis of the "Biuld-up" 

voltage characteristics of a self-excited induction 

generator is introduced. Some machine equations are given. 

Finally both a thyristor cycloconverter and an induction 

generator applied in a variable-speed constant-frequency 

(VSCF) system are introduced. The system block diagram is 

presented, the input and output equivalent circuits are 

illustrated, and some important system equations are 

derived. 

1-1 THE THYRISTOR CYCLOCONVERTER 

A cycloconverter is used to convert ac power of one 

frequency to ac of a variable lower frequency. This ac to 

ac conversion without an intermediate do link converter has 

been used in place of a static frequency changer. The basic 

technique involved in static power frequency conversion were 

established in the 1930s. The frequency converters 

developed were in the classical cycloconverter configuration 

ultilized with a grid-controlled mercury arc rectifier to 

convert standard three-phase to single-phase ac power from 



50Hz to 15Hz, 16-2/3HZ or 25Hz for the operation of ac 

commutator locomotive drive motors on the railway in Europe. 

However with the discovery and fast industrial development 

of the thyristor, the cycloconverter has reemerged as a 

viable frequency changer. 

The cycloconverter can operate in one of two modes, 

"Envelope Converter" or "Phase-Controlled Converter". The 

phase-control converter is the most common method in use and 

will be used here to illustrate the fundamental properties 

of cycloconverters. The following are the major advantages 

of using the static cycloconverter : 

(1) Improvement of overall efficiency and power factor 

voltage by the elimination of the do link. 

(2) Simple and small control circuitry for control 

voltage within the converter. 

(3) Natural line commutation without forced commutation 

control circuitry. 

(4) Low maintenance cost with complete solid-state 

control circuitry. 

(5) Small size and light weight. 

1-1-1 An Ideal Cycloconverter 

The ideal cycloconverter is assumed to be without 

voltage drop; thus real power at the input terminal must be 

equal to the real power at the output terminal, insuring 

power flow in either direction. The ideal functional 



cycloconverter is shown in Figure 1-1. It is assumed to 

have a pure sinusoidal voltage and current at the terminals 

and has the ability to independently transform this 

frequency, amplitude and phase angle to some different 

frequency, amplitude, and phase angle. The input and output 

variables of an ideal cyloconverter are summarized in Table 

1 .1. Such an ideal power converter could be considered as a 

general transformer with the capability of both 

independently transforming the frequency and amplitude of a 

given input voltage and of transforming the phase angle of 

the load to some different input phase angle. 

1-1-2 Single-phase Cycloconverter 

The principle of operation of a single-phase 

cycloconverter is illustrated in Figure 1-2. It is a 

two-phase midpoint phase-controlled cycloconverter. The 

load voltage is supplied from all the voltages of the supply 

through two groups of controlled rectifier elements, 

positive (P) and negative (N). When one group is 

conducting, the other is blocked. The positive group 

delivers positive half-cycle of the load current, negative 

group the negative half-cycle. 

The operation of the phase-controlled cycloconverter 

can be explained by reference to the waveform given in 

Figure 1-2(B). When an input ac voltage is applied to a 

circuit [Figure 1-2(A)], it forms an unfiltered and 
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A. Basic Circuit 

Figure 1-2. Single-phase to single-phase 
two-pulse cycloconverter. 
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pulsating dc waveform at the output load which consists of a 

"Pure Resistance". During the first cycle of input voltage, 

SCR1 conducts when the top (point A) of the transformer 

secondary is positive; SCR3 conducts when the bottom (point 

B) of the transformer secondary is positive. The anode 

current of both SCR1 and SCR3 flow in the same direction 

through the load between tQ - t^, producing unidirectional 

pulses of load current and voltage. SCR1 and SCR3 continue 

to conduct for a number of input voltage cycles which 

depends upon the frequency desired at the output. When a 

time interval equal to the duration of one half-cycle at the 

desired output frequency has elapsed, triggering of SCR1 and 

SCR3 stops at t^, and SCR2 and SCR4 are alternately 

triggered starting at t-j;. Unidirectional current pulses now 

flow through the resistive load. SCR2 and SCR4 continue to 

conduct alternately for a time interval equal to the 

duration of one half-cycle at the desired output frequency. 

The successive conduction periods of the paired SCR's are 

varied by timing the trigger pulse in such a way that the 

average current rises from half-cycle to half-cycle. The 

result is that the average current in the load varies like a 

sine wave. When the output is filtered, a sine wave much 

lower in frequency than the input signal is obtained. 

Figure 1-2(C), illustrates the waveform for an 

"Inductive Load". During the intervals at tQ - t^, tg - t^ 

and t|j^ - t^ the load voltage and current are conducting in 
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the positive half-cycle, there is a flow of power from the 

supply to the load. But when voltage and current are in an 

opposite sense there is regeneration from the load to the 

supply because of the stored energy in the inductive load. 

The conduction period is varied and therefore the power 

supplied to the load, by varying the trigger angle in the 

same proportion of each half-cycle. In Figure 1-2(C) and 

represent the minimum and maximum delay angles for the 

positive groups and the negative groups of the 

cycloconverter, respectively. For a firing delay angle ap= 

ot it has a maximum output voltage during the positive 
ft 

half-cycle; and similarly for a firing angle = 0, for 

the negative half-cycle. Therefore the amplitude and 

frequency of the mean do voltage may be controlled by the 

firing delay angles ap and . In order to increase the 

mean output voltage of the positive/negative converter, 

Mp/a^ is reduced, and is increased. It is clear, each 

converter operates both in its rectifying and inverting 

region, during the course of a given half-cycle of load 

current. If the control is such that the firing pulses are 

applied simultaneously to both converters, the firing delay 

angles are related by ap+ 180.
O 
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1-1-3 Three-phase Cycloconverter 

The single-phase circuit described in Figure 1-1 can be 

modified for three-phase application. There are many 

circuit configurations which can be used for single-phase 

output or polyphase output. The simplest configuration is 

that of a three-pulse midpoint circuit with a sigle-phase 

output as illustrated in Figure 1-3- Figure 1-3(A) 

illustrates the dual converter configuration. Six SCRs are 

utilized; three forming the positive group and the other 

three forming the negative group. The configuration is 

inverse-parallel in a three-phase three-pulse thyristor 

circuit. The configuration of Figure 1-3(B) utilizes three 

TRAICs (bidirectional switches) instead of six SCRs to form 

the dual converter. 

The cycloconverter consisting of three group of 

switches can be triggered by three-pulses at different 

instants. The firing circuit requirements are that the 

SCRs/TRIACs must be fired in pairs/alone. Therefore the 

gate signals must be spaced 120 degrees apart and be of 

sufficient duration to achieve a latching current. A 

single-phase output cycloconverter is rarely used in 

practice. Therefore the corresponding cycloconverter is 

modified [Figure 1-4] for three-phase three-pulse output. 

Each phase contains two separated groups (positive and 

negative) of circuits for an unidirectional converter 
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Figure 1-3. Three-phase to single-phase 
three-pulse cycloconverter. 
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Figure 1-4. Three-phase to three-phase 
three-pulse cycloconverter. 
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Figure 1-4. (Continued) 
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[Figure 1-4(A) and (B)] or one group for a ■bidirectional 

converter [Figure 1-4(C)]. 

The pulse num'bers (corresponding to the cycloconverter 

circuit) directly affects the level of distortion [Refer to 

Figure 1-9(A)]. Increasing the pulse number of a frequency 

changer reduces the harmonic content (low frequency ripple) 

of the output voltage wave. Other factors affecting the 

load harmonics, are directly dependent on the pulse number 

of the converter. These factors include the ratio of input 

to output frequency, the level of the output voltage, the 

load power factor and the techniques used to control the 

load voltage. An increase in the pulse number can be 

obtained in a number of ways. One technique ulitizes twelve 

six-pulse midpoint converters with an interphase transformer 

as shown in Figure 1-5(A), to form six dual converters with 

a three-phase output. In Figure 1-5(B), six TRIACs are used 

to form six dual converters. 

1-1-4 Circulating Current 

The operation of a phase-controlled cycloconverter has 

been previously discussed with reference to a simple system 

as in Figure 1-2. The output frequency is controlled by the 

rate of change of the load voltage for a firing delay angles 

ap and a^. By suitably varying the firing delays with 
relationship of ~ '180°on each half-cycle, any desired 

output waveforms may be made. For an ideal case the 
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Line 1 

3 

5 
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6 o-
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Phase C 

B, TRIAC Connection 

Figure 1-5. (Continued) 
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difference "between the instantaneous voltage of the positive 

group and negative group are expected to "be equal [Refer to 

Figure 1-6(A) and (B), with six-pulse cycloconverter], there 

is no net transfer of power in the system. In practice, the 

two instantaneous voltages are not equal [Figure 1-6(C)]. 

Therefore the output current waveform inevita"bly has large 

harmonic ripple components superimposed upon it. For this 

reason a large circulating current circulates between the 

converters and it will increase the thyristor loading. In 

order to limit the amplitude of the circulating ripple 

current but to support the circulating ripple voltage, it is 

necessary to connect a current-limiting reactor between the 

two converters shown in Figure 1-7. The preferred method of 

eliminating the circulating current utilizes current 

detectors in each phase to detect the instantaneous 

circulating currents and a logic control circuit to blank 

the triggering pulses to the inactive converter at the 

appropriate times. However this requires a much more 

complex firing control circuit. 

1-1-5 Output Waveform Construction 

The output voltage waveform of a converter is generated 

by the method of connecting, in turn, each input voltage to 

the output for a prescribed time interval. The output 

voltage is thus composed of segments of the input voltage 

waves, and the time duration of each segment is determined 
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A. Positive Group Output Voltage 

B. Negative Group Output Voltage 

C. Instantaneous Difference Between 

Positive Group And Negative Group 

Figure 1-6. Six-pulse cycloconverter• and 
associated waveforms. 
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Positive Negative 
ConverterConverter 

Reactor 

L. _ 

Output Load Current 

Total Positive Current 

Positive Load Current 

Negative Load Current 

Total Negative Current 

Circulating Current 

Voltage Across Reactor, 
P-N 

Figure 1-7• Cycloconverter with intergroup reactor 
to reduce circulating current 
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by the corresponding switch closure. Refer to Figure 1-6(A) 

and (B), the voltage waveforms are shown for six-pulse 

cycloconverter, which illustrate the "Positive" and 

"Negative" type output waveforms. The basic technique of 

the waveform construction will be discussed in this section. 

To investigate the basic characteristics of different 

ac to ac converters, it is enough to consider a single-phase 

three-pulse converter circuit. There are two basic 

complementary output waves shown in Figure 1-8(B), which are 

produced by the three-pulse frequency changer. The 

positive-type and negative-type output voltage waveforms are 

defined as "Zero Mean" voltage according to Figure 1-8. The 

reason is that they have the average values of the identical 

segments of the input voltages waves to generate the final 

voltage wave. In order to understand the basic construction 

of the waveform, the positive-type and negative-type 

waveform are introduced in Figure 1-8. The two 

complementary waves considered are the familar waveshapes 

used to construct the final output waveform of the 

cycloconverter. Basically the repetition rate duration of 

switch closures are the important variables in obtaining the 

desired output waveform. By manipulation of these switching 

variables (S¥1, SW2,...etc) we may obtain any desired 

waveshape. 



 

22 

SWl
Line 1 

SW2 

2 -a- Output 

SW3 
3 

N N 

A. Basic Circuit With TRIAC Connection 

Positive-type 
Waveform OJ t 

SWl 

SW2 

SW3 

Negative-type 
w t 

Waveform ~7 

SWl 

- SW2 

SW3 

B. Basic Positive-type and Negative-type 
Waveform with Zero Mean Output Voltage 

Figure 1-8. Positive-type and negative-type waveform 
construction. 
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1-1-6 Factors that Effect the Output Distortion 

There are a number of factors that affect the harmonic 

content of the output waveform. These factors include the 

pulse number, the input to output frequency ratio of the 

converter, the source reactance of the generator and the 

circulating current in the corresponding circuit. 

The higher the pulse number, the greater the reduction 

of the harmonic content of the output wave. This problem 

has been previously discussed in Section 1-1-3. In Figure 

1-9(A) and (B) the output waveforms including positive-type 

and negative-type, are illustrated. Different frequency 

ratios (high input to low output) and different pulse 

numbers are shown to compare the output distortion level. 

In order to keep the harmonic content of the output 

waveforms within acceptable limits, the output frequency fQ 

must be less than the supply frequency fj (i.e. f^ << fj)« 

Typically, the maximum usable output frequency is somewhere 

between 1/3 and 2/3 of the input frequency. For example, a 

60Hz input frequency is used to produce 20Hz or less output 

frequency. The variation of operating range of frequency 

changer is dependent upon the particular cycloconverter 

circuits. 

Sometimes the load voltage waveform from a 

cycloconverter is affected by commutation overlap caused by 

source reactance [Refer to Figure 1-10]. The illustration 



24 

P=6 

P=9 

P=12 

A. Different Pulse Number at 

Figure 1-9. Effect of output to input frequency ratio 
and the pulse number of a cycloconverter on the output 
waveform distortion. 
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Positive-type Waveform 

^o=3fi 

f =4.5f 
0 t 

Negative-type Waveform 

f =6f^ 
o I 

B. Various Output to Input Frequency Ratio 

Figure 1-9. (Continued) 
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Output Voltage 

A. With Zero Source Reactance 

^Output Voltage 

Output Current 

B. With Finite Source Reactance 

La 
Overlap Voltage 

C. Notch Voltage Wave 

Figure 1-10» Commutation overlap 
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in Figure 1-11 shows a shift in the load voltage harmonic 

content where y is the overlap angle and a is the decay 

angle. When overlap is present, the harmonic content of the 

mean voltage will he increased. It affects the time 

necessary to commutate inside the frequency changer. In 

order to avoid the overlap, the firing decay angle a and 

overlap angle y must he adjusted. Increasing the firing 

angle a, the overlap angle y decreases. The mean output 

voltage and peak load current are reduced, therefore the 

regeneration period will he shortened. 

The equivalent circuit [Figure 1-13(B)] of a 

phase-controlled rectifier can he adapted to suit the case 

of a cycloconverter explains the output frequency response. 

However a "Correction Factor" for the case of the high 

frequency ratio fQ/fj must he derived. As the frequency 

ratio of a cycloconverter increases, the quality of the 

output waveform deteriorates due to the frequency response 

of thyristors and other reactance components (e.g. filter 

and intergroup reactor) in that circuit. Therefore the 

analysis begins with a quantitative measure of the quality 

of the output waveform developed hy means of a vector 

diagram [Refer to Figure 1-12]. The vector diagram shows 

that the "Resulting Frequency Ratio Correction Factor" can 

he used to improve the calculation of the net output 

voltage. The equivalent circuit has the 

pseudo-instantaneous voltage Vq at any instant and is 
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V.0-—0:
SCR, 

SCR, 

SCRj 

0 
A, Basic Circui" 

Ve Vc 

Load 
\ ' \ >voltage I / 

I 

I 
. N ^ S« X . 

-Ha 

ThyrijfOf )Ccurrent 

B. Voltage and Current Wavefonns, Rectifying 

V /^ / 

/ \t ^Load 

voltage 

:r 

ThyfisTor 
current 

SCR I 

C. Voltage and Current Vvaveforms, Inverting 

Figure 1-11» Commutation overlap, three-pulse midpoint 
converter with finite commutating reactance. 
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V 

0) L I 
0 0 0 

R I 
O 0 

A. Phase Diagram 

VAb 

V'=K „V VAa V Ar 
0 f o 

CO L I 
0 0 0 

B. Phase Diagram including High Frequency Ratio 

Figure 1-12o Phase diagram of a cycloconverter. 
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V'=K„V 
0 f o 

VAr 

L I 
0 0 0 

Co Phase Diagram including Frequency 
Correction Factor 

Figure 1-12. (Continued) 
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sinusoidal at the output, if the operating frequency ratio 

in the system is set high enough. The equivalent effective 

output resistance shown in Figure 1-13 at any instant is 

(1-1) 

where is a real source resistance, S is a number of 

commutating groups in series or cascade connection. For 

example, the three-phase bridge circuit is effectively a 

cascade connection of two three-phase commutating groups, 

for which S = 2 . 

The total effective loop inductive at any instance 

is 

Lq = S(L^ + Lg) + Lf (1-2) 

where L_ is an intergroup inductance, L is a commutating
O ^ 

inductance, and is the output filter inductance in the 

equivalent circuit for the cycloconverter. 

The fundamental component of a back emf in the 

equivalent circuit is a constant-drop term that causes loss 

of voltage in a rectifier circuit. The pseudo-instantaneous 

load voltage v can be written as follows: 

V = V^sinojot - E^sgn(iQ) - R^iQ - Lo^<^^o / (1-3) 
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where signum function (sgn) is presented as a function of 

load current ip. Equation (1-3) can he transformed in rms 

phasor notation, if output voltage and current are 

sinusoidal 

"= ̂  - Rololk - "qI'oIoK'̂°-

where angle (j) of load current is assumed lagging with 

respect to control voltage V^, and angle 
, I 

load current 

is also assumed lagging with respect to load terminal 

voltage Vq . Figure 1-12(A) shows a phasor diagram for a 

practical cycloconverter which is hased on Equation (1-4). 

As the frequency ratio ^0^% ^ cycloconverter 

decreases, the quality of the output waveform improves. The 

effect of a high frequency ratio can be approximated by 

reducing the voltage by a factor and introducing 

current-dependent voltage phasors Vasl, VAb, and VAr where 

VAa is a component of distortion voltage that leads by 90 

degrees, VAb is a component of distortion voltage in phase 

with Vq, and VAr a component of distortion voltage caused by 

variation of equivalent resistance, lags Vq by 90 degrees. 

Assuming 0 =0^ , the phasor diagram of a cycloconverter, 
including the effect of high frequency is shown in Figure 

1-12(B) where V' is the value of V including a "Reduction 
^ ' o 0 

Factor", and V^' is the output emf corrected including a 

"Reduction and Distortion Factor". In order to correct the 
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level of distortion in a cycloconverter caused "by the high 

frequency ratio, a saturating reactor [Figure 1-7], a bridge 

circuit [Figure 1-13(A)], delta-connected load (circulating 

current around the delta) or line capacitor may be used for 

neutral the distortion components. As a result it is 

possible to reduce the harmonic currents circulating in the 

circuit. After correction, the current-dependent components 

of distortion voltage VAa and VAb disappear. The phasor 

diagram including the frequency ratio correction factor is 

shown in Figure 1-12(C). A more detailed description of a 

frequency changer using cycloconverter principles will be 

developed in Chapter 2 and 

1-2 ATT INDUCTION GENERATOR 

Typically a high-speed application in a power system 

demands the use of a generator rotor without winding. A 

squirrel-cage induction machine is mechanically well suited 

for this type of application. The induction generator is a 

simple and robust machine cheaper more efficient and easier 

to operate, control and maintain than the synchronous 

generator. It is suitable for small-capacity independent 

power sources (normally carrying leading currents, or where 

such leading current components can readily be supplied) to 

supply a high power factor load. 
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1-2-1 Circle Diagram 

An induction motor can be served as an induction 

generator if it is driven to a speed slightly above its 

synchronous speed. The performance characteristics of an 

induction generator is usually determined in a graphical 

form by the circle diagram as shown in Figure 1-14. The 

generator mode corresponds to the lower half circle. The 

admittance (generating) vector OG in Figure 1-14 leads the 

line voltage. Thus the generator draws all its excitation 

from the system and must absorb a definite amount of lagging 

current for an applied voltage and load current [Refer to 

Table B.I in the Appendix]. The induction generator then 

requires a source of reactive current for excitation, as 

does the induction motor. To make the induction motor serve 

as a generator, the reactive power (vector OC in Figure 

1-14) must be supplied by external source such as 

over-excited synchronous machines or by means of a static 

capacitance. In this thesis, the power source requires the 

external excitation by means of capacitors. 

1-2-2 Build-up of Terminal Voltage 

The induction generator, with negative slip, requires a 

source of magnetizing current for excitation. By supplying 

the magnetizing (exciting) current from the static 

capacitors connected in shunt across the terminals of the 

machine, it can be operated as an independent generator. 
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ivioxoi 

Mode 

Generator 

Mode 

= Stator current in Motor Mode. 

OG = Stator current in Generator Mode. 

OB = No-load current at phase angle 

DC = Reactive component of no-load current I . 
0 

CD ideal short-circuit current, 

v/here V^is a per phase terminal voltage and 
X1+X2 are stator and rotor leakage reactance 
per phase referred to stator. 

CB = Active component of no-load current I^, associated 
v/ith both stator core and mechanical losses per 

phase, 

CD = Diamexer of current locus circle, of center E. 

Figure 1-1^. Circle diagram of an induction machine. 
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The "Build-up" voltage characteristics of a squirrel-cage 

induction generator are similar to a do shunt generator. 

Therefore its build-up voltage depends upon the residual 

magnetism in the iron of the magnetic current. The residual 

magnetizing current in the rotor first sets up a small 

alterating emf in the stator while starting; this emf is at 

a frequency which is proportional to the rotor speed. 

Applying this emf to the capacitor, it causes a lagging 

magnetizing current to flow in the stator winding and 

produces an armature reaction flux to help the original 

residual flux. By this process the induction machine 

receives its excitation from the capacitance, and produces 

electrical power feeding energy back into the lines. 

The induced voltage of the induction generator does not 

build up unless the exciting capacitive reactance is 

smaller than a certain critical value of machine magnetizing 

reactance X^j^. If the capacitance is of the proper value, 

the current will be large enough to increase the flux 

existing in the air gap. An increase of the air gap flux 

will result in a higher voltage, larger existing current 

drawn by the capacitance, more air gap flux and so on until 

terminal voltage of the machine reaches its final limits by 

saturation. Since an induction machine is normally designed 

to operate at small slip, about five percent or less, rated 

output conditions as a generator is obtained at speed above 

five percent or less of the synchronous speed. 
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1-2-3 Single-phase Equivalent Circuit 

The operating behaviour of the machine can he 

investigated in terms of the equivalent circuit shown in 

Figure 1-15. The steady-state equivalent circuit for any 

given self-excited frequency Wg can be expressed in terms of 

the parameters , R2, , Xg, Rj^^, and X^ all referred to 

the nomal angular frequency by using the factor a = 

If the shaft speed is expressed as the symbol Ng of 

normal synchronous speed, then a-N„ = S, where the slip S is 

negative. The capacitor in the equivalent circuit has been 

external excitated. The output voltage of the machine is 

Vi = El - Ii(Ri/a + jXi) (1-5) 

The magnetic field produced by the rotor winding rotates at 

synchronous speed and the stator rotates at a slower speed. 

The ratio of the difference between the synchronous and the 

actual speed to the synchronous speed is Slip S. The 

frequency of the stator is f1 = Sf2, and the stator induced 

voltage is E^ = SE2 those are also dependent on the slip. 

Therefore the stator current Ii and the rotor current I2 of 

the machine may be written in terms of slip frequency. As 

there is no externally voltage, the mesh equation for 

current Ii and I2 are 

Il[Rl/a + j(Xi - Xg/a^)] + (li - 12)3X^1 = 0 (1-6) 
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R./a jX. 

I 
m 

I, 
. 

V. •jX /a^ 
c 

R 
n 

:iX„ 
m 

R, 

a - "g / 

0)^ : self-excited frequency 
: normal angular frequency 

Figure 1-15<. Single-phase equivalent circuit of 
the capacitor-excited induction generator. 
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and 

+ jXg] + (I2 - Ii)3\ = 0 (1-7) 

where a = co„/uj = S+H„. 
e' 2 s 

An normal induction motor runs at a speed slightly less 

than its synchronous speed Ng. The output slip speed N2 is 

equal to (Ng - S) when the induction machine is operated as 

a motor. When the induction machine absorbs Its rated power 

and becomes an induction generator, the output slip speed 

is equal to (Ng + S). Actually the difference of (Ng - S) 

to (N + S) depends upon the rotor type and normal slip 

value of the motor or generator action. The performance of 

an induction machine is discussed in Chapter 

1-3 A VSCF SYSTEM 

A VSCP power-generating system using a cycloconverter 

as a frequency changer converts ac power at one variable 

frequency to ac power at another constant frequency. Static 

power conversion systems using "TRAIC" in a VSCP system can 

very effectively replace hydromechanical constant-speed 

drive systems (with coupling device between the engine and 

the alternator) and other intermediate do link converter 

system (rectifier-fed inverter). 
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1-3-1 System Block Diagram 

A VSCP power conversion unit in an engine-driven 

generator system is shown in the block diagram in Figure 

1-16. This closed-loop control unit shown the scheme how to 

control the input displacement factor and output frequency 

at any load power factor, and may convert a variable input 

frequency fj to another desired constant output frequency 

fQ. This type of frequency changer is classified as a 

"Controllable Displacement Factor Frequency Changer 

(CDFFC)". 

The control circuit of a frequency changer is very 

complex owing to the relatively involved logic functions 

(triggering signal) that have to be performed. The power 

source is a capacitor-excited induction generator producing 

a sine wave voltage, at a frequency depending upon engine 

speed. The output load voltage is synthesized into a 

desired lower frequency from the high frequency supply, is 

then filtered by a low pass filter to produce a sine wave at 

the output load. The regulator senses an error signal 

feedback from output and supplies logic functions to control 

the desired input phase angle and output frequency f^ of 

the cycloconverter under all output load conditions. After 

the cycloconverters correct its switching frequency and its 

input displacement, the feedback signal causes the reduction 

of an error signals from the regulator, and maintains 
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stability of the system within desired limits. A low-pass 

filter is used to remove the desired high frequency ripple. 

1-3-2 Equivalent Circuit of CDEFC and its Operating Ranges 

The input and output equivalent circuit of a CDPPC is 

shown in Figure 1-17. It is derived under the ideal 

condition of equal real input and output power. However 

this assumption may not be suitable for a complex output 

load. The basic operating characteristics of a CDPPC is 

summarized in Table 1 .2. 

A CDPPC with load can be considered as an impedance 

consisting of a parallel combination of a variable resistor 

and capacitor. The equation of the equivalent circuit input 

resistance R can be written in the form 

% = (Vj / ̂ o)^ ̂ o 

where the real output power is equal to the real input 

power. The simple equivalent circuit can not be derived for 

the condition of complex output load. Since the reactive 

input power is not dependent on the output real and reactive 

power, the output admittance can be written as 

R„) + (1 / (1-9) 
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Variable speed CDFFC and load 
induction ^ <t> I ̂  
generator 

Vj cc / 

J/0" tt 
f]mm ^ fin 
Vj((t>j) = const 

I I I J 

A. Input Equivalent Circuit 

rCDFFC and r"~Load 
induction I '^'O min ^ '^On\a,| 
generator 

© 7Cn 
fg = const 
Vq = const 

I 

I J 

B. Output Equivalent Circuit 

Figure 1-1?o Input and output equivalent circuit, 
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The input admittance can he transformed 

Yq = (1 / Rj) (1-10) 

Prom Equation (1-8), (1-9) and (1-10) the input capacitor 

can he represented as 

Cj = ~ (1 / ̂ p) / 3'^p (1-11a) 

or 

Ci = {(Ij / Vj) - do / ?o) + (1 / j«oLo) + >oCo} / jcoj 

(1-1113) 

where Ij = VjYj and = V^Y^. The detail operating 

description will he discussed in Chapter 5-



CHAPTER 2 

THEORETICAL ANALYSIS OP A STATIC PREQUENCY CHANGER 

Investigation of the power conversion process requires 

the development of a general mathematical theory to express 

the characteristics of output and input waveforms of a 

frequency changer. The cause and effect of the external 

performance characteristics including input current, input 

displacement and the power factor of a frequency changer 

directly influences the output voltage waveform. 

Determination of the relationships between the generated 

"Output Voltage" and "Input Current" waveforms are the main 

objective of this chapter. 

Any composite waveforms can be synthesized from 

derivatives of the two basic positive-type and negative-type 

waves. Therefore all equations in this chapter are derived 

in terms of the positive-type and negative-type waves, 

respectively. 

The system matrix equations introduce the mathematical 

concept for the waveform generation. Some corresponding 

existence functions and modulating funtion and there effect 

on waveforms are established and defined. The development 

of a consecutive composite waveform technique, corresponding 

to various practical modulating function, is presented. 

Some related performance indices are computed. 

48 
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2-1 GENERAL CONCEPT OP THE OUTPUT VOLTAGE WAVE AND 

INPUT CURRENT WAVE 

The output wave of a cycloconverter is composed of 

segments that are determined "by the corresponding switch 

closures at precrihed time intervals. To analyze the output 

and input waveform characteristics, two complementary waves 

(positive-type and negative-type) must he considered. Other 

factors that affect the structure of the output voltage 

waveform and input current waveform include the pulse number 

of the converter, the ratio between the output and input 

frequencies, the relative level of the output voltage, the 

output displacement angle of the load and the control 

technique of the firing instants. 

2-1-1 General Output Voltage 

The simple block diagram of a q-phase ac input source 

with frequency fj and generating p-phase output power with a 

desired frequency f^ is shown in Figure 2-1. The general 

relationship between the input and the generated output 

voltage waveform v^Ct) can be expressed by the matrix 

equation in Equation (2-1) 

[vo(t)] = [H(t)] [vj(t)] (2-1) 

The terms [vQ(t)], [H(t)] and [vj(t)] reveal all the input 

and output characteristics of a frequency changer. Thus 
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[Vo(t)] is the time-varying output voltage vector with a 

dimension of (p x 1 ), [vj(t)] is the time-varying input 

voltage vector with a dimension of (q x 1 ), and [H(t)] is a 

(p X q) time-varying existence matrix representing an array 

of "bilateral switches contain the relationship between input 

and output terminals. For a multi-phase network, Equation 

(2-1) may be generally written in the following matrix form: 

1. For a general m-phase output with n-phase input 

h^^(t) ••• Vj^(t) 

v„2(t) vi2('fc) 

II 

1 

+2 

o 

,̂ 

vinCt)••• ••• ''mn(t) 

(2-2) 

2. For a three-phase output with three-phase input 

v„l(t) h^^(t) h^^Ct) II(t) 

Vo2(t) h2i("fc) ^22^^^ Vi2(t) 

h^^(t) h^^(t) LVi3(t) (2-3) 
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3- For a single-phase output with three-phase input 

Vij(t) 
hj^(t) Vi2(t) 

Vi^Ct) :2-4) 
L 

where through time function of the input 

voltage waves, and through output 

voltage waves. To investigate the characteristics of the 

output voltage, it is enough to consider a three-pulse 

converter circuit shown in Figure 2-2. 

In the analysis of the output voltage waves, it is 

assumed that the multi- input voltages of a frequency 

changer are symmetrically displaced sinusoids, that is, 

sinoj^t 

sin(u)^t - 2TT/n) 

Vj(t) = V. 

sin( ojjt - (n - 1)2Ti/n) (2-5) 

where oij = 2 ^^f^ is the input angular velocity, and v^ is the 

amplitude of each of the input voltage. 
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Switch 
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N ^ N 

B. Three-phase Output 

Figure 2-2. Typical three-pulse cycloconverter. 
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Matrix [H(t)], a time-varying existence function, 

represents arrays of bilateral switches connecting the input 

terminal q-th to output terminal p-th in some ordered 

sequence. Each element of matrix [H(t)] therefore may be 

defined by a given switch h (p = 1 ,2,3,...m; q = 

1 ,2,3,...n) whose values are step functions either unity 

(hpq = 1, switch closed) or zero = 0, switch opened) at 

a given time. 

00 

"pi k?o (2-6)k=0 \ / 

where u(tj^) and u(tj^+j_) are unit step functions entering at 

time tj^ and respectively. In some practical 

applications, each existence function in a frequency changer 

is actually required for the output waveform to have a 

prescribed frequency f^ and amplitude V^. Therefore each 

existence function hp^ may be described as having precisely 

the duration of each constituent segment of the output 

waveform that is the function of input frequency fj, output 

frequency fQ, and output to input voltage ratio V^/Vj. The 

general expression is 

hpq = ̂ pq(^I» ^o» ^o/^I' (2-7) 

where p = 1 ,2,3».'.m; q = 1 ,2,3,...n. For convenience the 

existence function is considered as a function of time. The 
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h's are rectangular pulse trains with modulated temporal 

parameters M(t) [see Section 2-2-1-1]. By controlling pulse 

position, width, and repetition rate, any desired waveforms 

with different modulating technique may he produced. Each 

generated pulse will trigger each power switch at the proper 

time. This may he described as the "On" and "Off" state of 

the power switches represented in Figure 2-2. 

The output voltage is not a pure sinusoid as it is 

composed of different segments of input voltage waves. The 

resulting components of frequency and amplitude are 

freferred to as "Wanted" and "Unwanted". The component of 

the output voltage wave with desired frequency f^ will he 

considered a "Wanted Output Voltage". All other additional 

components will he considered "Unwanted" components. 

Generally each unwanted/wanted output voltage wave contains 

sinusoidal components having a frequency spectrum which is 

not/is integrally related. 

It is convenient to write Equation (2-2) into the 

following form; 
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Vij(t) 

V (t) = h (t) Vi2(t)
op pn^ 

"in'*' 

= V„sln{u)„t - (p - 1)21/10) + Y. "^HT.^
UL' '\JL' 

L=1 

(2-8) 

where the first term of the above equation represents the 

wanted output voltage component, and the second term 

represents the unwanted output voltage components. Thus, 

is the amplitude of 1-th unwanted components, q = ^irf^t 

is the wanted angular velocity, ""UL = 2^fuL is the unwanted 

angular velocity where f^j^ is a frequency of the L-th 

unwanted components, and is a phase angle of the L-th 

unwanted components. Due to the presence of these 

harmonics, more precise definitions expressing the ratio in 

frequency, amplitude and distortion factor at the output are 

required. The effects of the output voltage wave of a 

frequency changer on the supply may be characterized by the 

"Output Voltage Wave Indices" which is measured at the 

output terninals. The frequency ratio v of the 

significant unwanted components fy^ wanted output 

frequency fQ of a frequency changer is defined 

1= 1 ,2, (2-9)oL fUL / 
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The amplitude ratio of the significant unwanted 

components to the desired output voltage of a 

frequency changer is defined 

L = 1 ,2,... (2-10)^oL ^UL / ̂ o 

The total rms output voltage distortion factor of a 

frequency changer is defined 

- 'f V 2-% = ZJul") / ̂  

In order to approach the ideal output waveform, it must 

"be possi'ble to minimize and y^ and maximize ^ In 

practice, a corrective feed"back adjusts the firing instants, 

and there"by, suppresses the objectiona'ble distortion terms. 

The above indices points out that the distortion is 

determined by hp^Cfj, f^, V^/Vj, t) which describes the 

operating state of the switches. The angle variation of an 

existence function is controlled by the modulating function 

which is designed to be operated by the power switches to 

form the desired output waveform. 

2-1-2 General Input Current 

The description of the output voltage can be written 

for the input current wave ij(t) in terms of output current, 

by transposing the existence matrix [H(t)] of the switches. 
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The expression is 

" T 

ij(t) H(t) 
"

i^{t) (2-12) 

The above input current equation can be expressed for a 

multi-phase network, in the following matrix form: 

1. Prom a general n-phase input to m-phase output 

ljl(t) hu{t) h2i(t) pl' ml 

12 

• • 

• • 

(t) h. (t) (t) h (t) i (t)
iq

=

iq 2q Pq mq op 

« • 

(t) (t) (t) h (t) ... h (t)
In In 2n pn mn om 

(2-13) 

2. Prom a three-phase input to three-phase ouput 

ijiCt) h2i(t) h3^(t) 

hj2(t) h22('fc) ^02'^' 
l„(t) h ̂ ^(t) h23(t) h^^Ct) (2-U) 
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3. Prom a single-phase input to n-phase output 

in(t) = h. (t) (t) ... h (t)
Iq^ 2q nq 

i (t) (2-15)
om 

In the analysis of the input current waves, it is 

assumed that the multi- output currents of the frequency 

changer are symmetrically displaced sinusoidal, that is 

101 sln(a,^t + 

lo2(t) 102 sln(»^t - 2./m + 

Iqp - (p - 1)2Viii + op' 

(2-16)^om sin(a,Qt - (m - 1)2Tr/m + (j) 

where coq = 2fTfQ is the output angular velocity, I^p (p = 

1 ,2,...m) is the amplitude of each of the output current, 

and is a phase angle of the p-th output current wave. 

The input current equation may "be written in the 

following form: 
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iol(t) 

ilq(t) = hnq(t) io2(^) 

= IjSin(ajjt - (q - 1)2^/n + ̂ j) 

CO 

L=1 (2-17) 

where the first term of Equation (2-17) represents the 

"Fundamental Input Current" component which has the 

frequency of the ac source. The second term represents the 

"Extrabasal (unwanted) Input Current" components have 

frequencies that are not integrally related to the 

fundamental component. Ij and Ig^ are the amplitudes of the 

fundamental and extrahasal current components, ^^2]^= 2Trf^^^and 

= 2Trfj are the angular velocity and and are the 

phase angle. The quantities and performance of the input 

current waveform, measured at the input terminal, may he 

expressed hy means of "Input Current Wave Indices". The 

frequency ratio of the significant unwanted component 

fgL "to the wanted input component fj of a frequency changer 

is defined as 

L = 1 ,2,... (2-18)EL ^EL / ^I 
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The amplitude ratio Y of the significant unwanted 
JiL 

components to the desired input current of a 

frequency changer is defined 

Y = L = 1 ,2,... (2-19)
EL ^EL / 

The ratio uj of fundamental to total rms input current 

distortion factor of a frequency changer is defined as 

4 ii / (i^ + E f 
^ ^ ^ L=1 (2-20) 

which is a ratio masures the amount of harmonic currents 

flowing in the system. The input displacement factor 5^ of 

a frequency changer is defined 

<5- = cos (2-21) 

where Sj is the ratio of the real input power, in watts, to 

the apparent power of the fundamental wave, in volt-ampers. 

It is a measure of the amount of the phase displacement 

between the system voltage and the fundamental of the 

current at the input. It shows the relationship between the 

real and reactive input power. Consequently the input 

displacement factor cos of a single-phase output 

frequency changer' is substantially lower than the output 

load displacement factor. 



62 

The input power factor of a frequency changer is 

usually defined as the product of distortion factor and 

displacement factor as 

5^ (2-22) 

where is the ratio of the real input power, in watt, to 

the apparent pov/er, in rms volt-ampers (input phase voltage 

and the total rms input current). It shows the relationship 

between the real power and the reactive input power plus 

extrabasal input power. Referring to Equation (2-7), the 

performance of above input current indices are entirely 

dependent upon the elements (existence functions) of the 

existence matrix [H(t)]. 

2-2 WAVEFORM FABRICATION OF CDFFC 

In the frequency changer, each output voltage wave is 

composed of segments of the input voltage waves and the time 

duration of each segment is completely determined by the 

corresponding two sets of complementary existence functions 

(h and h n). For a particular waveshape construction, 

the existence function allows a sinusoidal mean voltage to 

be generated in which the waveform is composed of half-cycle 

sections of complementary positive-type and negative-type 

voltage waves. This type of waveform fabrication referred 

to as "Consecutive Composite Waves", is illustrated in 

Figure 2-3. 
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2-2-1 Build-up of Output Voltage Wave 

The shape of the waveform shown in Figure 2-3 is 

obtained by piecing together the positive-type and 

negative-type waves. By shifting the points (not the phase 

angle) of change-over between positive going segments and 

negative going segments with respect to a reference point, 

the output waveform may be of any desired form. A 

consecutive composite waveform generally contains the 

subfrequency (unwanted) components with frequencies that are 

lower than the wanted output frequency [Refer to Figure 

3-2]. The amplitude of the subfrequency components will 

become relatively low if the ratio is small. For this 

reason, the allowed amplitude of the subfrequency component 

will limit the maximum output frequency fq. For a P-pulse 

converter this limit is generally not higher than 

max[fo / (P - 2) / P (2-23) 

where ? is a pulse number. For example, in three-pulse 

circuit max fQ = (1 / 3)fi • 

The mathematical expression of different "Sinusoidal 

Mean" waveforms from the positive-type Vq and negative-type 

Vqtt complementary waveforms is a basic concept for 

understanding waveform fabrication and is shown in Figure 
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2-4. In Figure 2-4(A) and (B) the mathematical modulating 

function M(t) is now introduced to aid in describing the 

generation of a time-dependent function that forms the 

output wave. It describes the angular variation of the 

existence functions h(t) and h^(t) with respect to their 

quiescent angular position and defined the operation of the 

power switches in the frequency changer circuit, v^^ is the 

wanted filtered output voltage, and Vq is the cycloconverter 

output voltage. fl(t) is just differentiate of M(t). 

2-2-1-1 With Triangular Wave Modulating Function M(t) 

The phase shift of each existence functions are 

controlled by the cosine wave crossing control method [Refer 

to Figure 2-7] that is the basic concept of controlling the 

firing delay angle with related to the modulating function. 

The simplest form of the modulating function M(t) may be 

written as a triangular function of time, 

M(t) = co^t + '/' (2-24a) 

or 

-1 
M(t) = sin (sin(ajQt + i/')) (2-24b) 

where "o is a wanted output frequency and i/- is a constant of 

arbitrary phase [Referred to Figure 2-4, ^ = 0 with repect 

to the reference point]. The operating range is defined as 
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-•^/2 < sin^(rsin(aj t + i/')) < ^/2 (2-25)
0 

where r is the output ratio defined hy r = (V^ / max V^) 

where 0 r s< 1 • The instantaneous angular shifting of the 

consecutive composite waveform is controlled by diagonal 

existence matrices defined as [E(p)] and [E^(p)] and are 

function of switching angle p. The operating range of the 

angle of modulating function M(t) is p which is 

measured by the angular frequency at the output. It is 

equivalent to varying the commencement and/or duration of 

the conduction interval of the corresponding power switches 

by h(t) and angle p in a frequency changer circuit. These 

two periodic existence functions E(p) and shown in 

Figure 2-5 are defined as follows: 

1 - P < oj^t TT - P 
S(p) = 

0 TT - P < oj^t 2^ - P (2-26) 

and 

0 - P < OlQt TT - p 
E^(p) = TT ̂  ' 1 TT - p < to^t 2Tr - p (2-27) 

Equation (2-26) and (2-27) are single valued periodic 

functions which may be represented by a Fourier series: 

E(p) = J_ + 2. Z -J ®i'^((2® - + P)) 
2 ^ m=1 2m-1 (2-28) 

and 



69 

Filtered Output 

X 
X 

E( P) 

E,(P) 

Figure 2-5» Two periodic existence functions control 
the output waveform fabrication. 
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Ett(p) = J_-2. Y. -J sin((2m - 1)(u) t + p)) 
2 m=1 2m-1 (2-29) 

The output voltage wave v^(p) is the arithmetic mean of two 

complementary voltage waveforms v^ and v^-n which can he 

shifted its wave angle hy the corresponding given alternate 

periodic functions E(p) and Et^(p), that is, 

v^( p) = E(p)Vq + E^(p)v^^ (2-30) 

Substituting the above Equation (2-30) into (2-4), the 

following expression is given for single-phase three-pulse 

output. 

[Vo(p)l = ([E(P)][H] + [Ejp)l[H^]^ j^Vj (2-31 a) 

or 

Vo( p) = (E(p)[hi^ h^2 ̂ 13^ 

+ E-[t( p)[h j^TT 

^11 

^12 

Vi3 (2-31b) 

Thus E(p)[H] and ETt(p)[H^] are the ideal control functions 

that express the "Shape" of the output wave and the 

"Position" of output phase angle. For a three-phase output, 

two periodic functions E(p) and Et^(p) may be written in the 

matrix form as follows: 



 � 
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E^(P) 0 0 

E(P) = 0 E2(p) 0 

0 0 (2-32) 

and 

EiTr( P) 0 0 

E/.P) = 0 E2Tr( p) 0 
1 

Q. 
0 0 p) (2-33) 

There are two components including wanted and unwanted 

frequencies appearing at the output waveform. The wanted 

component of the output wave is defined as its output 

component contains only the wanted frequency, and the 

unwanted components contain output components in addition to 

the wanted component. The maximum voltage of the wanted 

frequency component of the output voltage wave is given 

max V = S (3>]3V^ / w) = max V (2-34) 
o I d 

It is dependent on the pulse group number S of the power 

converter. Max v^j is the maximum amplitude of a 

steady-state voltage that is equal to the maximum value of a 

wanted component voltage. S is the number of pulse groups 

in series or cascade connection in each output phase. For 

example a single-phase three-pulse circuit [Referred to 

Rigure 2-2(A)] is effectively a series connection of one 

three-pulse group, for which S = 1. The unwanted frequency 



72 

components of the output wave has a frequency spectrum 

related to pulse number as 

fy = Pkfj + (n - 1)f^ (2-35) 

where P is any pulse number from one to infinity, k is any 

integer from one to infinity, for Pk odd n is any odd 

integer from one to infinity, and for Pk even n is any even 

integer from two to infinity [Refer to Figure 3-2]. 

Equation (2-36) is derived from Equation (2-30) relates the 

modulating function M(t) = sin (r sinw^t), and the two 

complementary waves Vq and v^^ in terms of the input and 

output frequencies as shown in [l] and [2]. 
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^o(p)= |sin(Wof + 
sin [[3A:co, + {3k ± l)ojo]f +(3^' + \)^] 

1̂V -" 
sin{[3/ca)j — (3/c ± IjoJojf — (3^ ± l)iA! _ ,_n3i sin{[3/cco, -(3

^ " 2{3k ± 1) 
T. :'T, ^ 1 

_ F, y y —— 

2A(,i,,o(±cos[[6ku),± {2m - l)ajo]f ±(2m - Dp}) 

+ y {Af,k.2n 
n= 1 \ 

(b) X {±cos[[6ka,± {2{n + m)- Ijcoojf ±(2m - Dp ± 2#} 
+ cos([6A;a), + [2(n — m) -t- l]a)o]f +(2m — Dp ± 2m/'}) 

+ ^lM2k- lll.(2n- u 

X (cos][3(2fc — \)o)j ± 2{{n + m) — l}coo]f 
±(2m - Dp ±(2"- Di/'} 

— cos}[3(2/c — D<^/ i 2()7 — m)a)o]t 

+(2m — Dp ±(2" — !)'/'}) 

(2-36) 
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whsr© '^6il.O' ■'^6k,2n' a.nd ^ ~ — 

1 ,2,3, '»« are the numerical values of the general 

coefficients of the harmonic series. The dominant terms of 

the amplitudes and Boiat-uuzn-u sire summarized with 

numerical values in Table A.1 and A.2 in the Appendix. Part 

(a) in Equation (2-36) shows that two components are in 

phase with each other, but part (b) shows that they are out 

of phase. At appropriate values of integer n and m, some 

components may repeatedly have same frequencies and 

amplitudes but with different phase angles and either in 

phase or out of phase with each other at that instant. 

Therefore the resulting amplitudes at the frequencies of the 

output waveform are to sum up other components, including 

wanted and unwanted components together, become total 

component. 

The resulting frequencies of the unwanted components 

can be divided into one of the two main groups called "Sum" 

and "Difference" frequencies. 

3ka)j + (3k T 1 ) CO . 
OJ 

(3kwT - (31c T 1) a;
o 

(2-37) 
and 

3(2k - l)co^ + (2L - 1 )a) 
10 0 

(6kwj + 2Lcoq (2-38) 

where k = 1 ,2,3, . . « , n = 1 ,2,3, '. *» m = (n - 1) = 1 ,2,3, . . * 
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For each k in Eq.uation (2-36) there are four corresponding 

and an infinite number of Wy2 components when L is 

varying. The frequencies of are the sum of the spectra 

placed in part (a), and the frequencies of ajy2 are the 

difference of the spectra placed in (h). Therefore these 

two groups of components are independent of each other. 

A consecutive composite waveform, with different 

modulating angles synthesized from Equation (2-36) are shown 

in Figure 2-6 at frequency ratio = 1/3* 

2-2-1-2 With Amplitude-Dependent Modulating Function 

In the previous investigation the amplitude of the 

output waveform is entirely dependent upon the input wave. 

In order to control the amplitude of output waveform, 

another mathematical modulating function M(r,t) will now he 

introduced [compare to Equation (2-24)] which consists of 

two variables the "Frequency" and "Amplitude" of the 

sinusoidal mean output voltage. This amplitude-dependent 

frequency modulation function expressed in radians is given, 

for 0 ><: r 1 

M(r,t) = sin~^(r sin('^Qt + tp}) (2-39) 

where is an arbitrary phase angle, assigned the value zero 

for convenience; t is the time, and r is the output voltage 

ratio defined as 
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P=0 

p=30 

P=l50 

^0 = 

Figure 2-6. A consecutive composite waveform with 
different modulating angles. 
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r = Vo / max Yo (2-40) 

where Y^ is the amplitude of a desired output component, and 

max Y^ is the peak value of the output component. 

Figure 2-7 shows that a modulating function affects the 

variation of two complementary output waves, "by the "Cosine 

V/ave Crossing Control" method. The relationship "between the 

mean do output voltage v^ and the reference voltage Vj^ is a 

linear function when comparing the cosine timing wave v,j 

(i.e. ^12' ^13^ reference voltage at the 

two waves interaction point. The cosine of the firing angle 

a is proportional to the reference voltage (i.e. "^r/"^o ~ 

cosa= Vj^/vqn). The modulating function M(r,t) of Equation 

(2-39) represents the required angular deviation of the 

corresponding quiescent existence functions h(t) at any 

given time. Each zero output point is determined "by the 

crossing (intersection) point of a correspondind timing wave 

Vqi with the reference wave Vj^. These six timing waves, 

consisting of three positive and negative banks, are 

opposite half-cycle sections of sine waves. These sine 

waves are synchronized to the input voltages with a phase 

relationship, such that at zero reference point the mean 

output voltages v and v is zero. The reference wave 
o Ott 

shown in Figure 2-7 is the resulting output wavform given as 

follows; 
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Vr = V^(r sinoj^t) (2-41) 

The mathematical proof of the control ahility of the 

sinusoidal mean output voltage with modulating function 

M(r,t) is given in [1] and [2]. The following eq.uation is 

obtained for the positive-type output waveform, 

3\/3 C'''oW = 1''sin coot + X 2^i3(2k-1)1,0 sin{3(2/c - l)co,t} 
CO /2n=3{2fc-l)+l 

(a) + Z Z ^[3(2k-i)i.2«sin{[3(2/c - 1)(U, ± 2nojo]t} 
k= 1 \ rt= 1 

2/1- 1 =6k+1 

± Z 36t,(2„-uSm{[6kQ},±(2n - l)coo]t} 

+ ^̂1 I^Z 2^461,0 sin 6kco,t 
00 CO / 

(b) + Z Z i ^6k.2n sm{[6kco,± 2ncoo]t}
k-l n^l \ 

i ^(3(2*-i)i.(2n-1)sin{[3(2/c — l)ci3/ +(2n — l)(x)o]f} 

(2-42) 
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The above equation is expressed in two parts, (a) and (b). 

For positive-type output voltage, it may be rewritten using 

the simple form 

v^lr) = (a)- + (b) (2-43) 

The general expression for the negative-type output may be 

written as 

VQ^(r) = (a) - (b) (2-44) 

where (a) and (b) are given in Equation (2-42). 

The amplitude coefficients A and B are functions of the 

output voltage ratio r, shown in Figure 2-8, given by the 

expressions 

A _ M Ql3(2t-l)+11.0 , ^[3(2lc-l)-11.0 .c-\I3(2;c-i)i.0 2\2{2k - I)+ I 3(2fc - 1)- 1' U-4t) 

_ 1 f ^[3(2t-l)+l].2n ,[3(2*-n).2n 2V3(2/c-1)+ 1 3(2/c-l)-lj (2-46) 

D 1 /^(6fc+U,(2n-1) , ^'(6*-n,(2n-1) 
"(.k.tin-6M2.-1)n — 2\ ek+i^ : r̂ 6k-I / (2-A7) 

. _ W46t+ U.O , ^{6k- 1),0 \ 
~ 2\6k + I ^ 6k - I J (2-48) 

j M4sk+l).2n , 46lt-l),2ji 

2\6k+ i 6k - I / (2-4Q) 

o _ 1/ ̂ [3(2it-l)-Hl,(2n-l) , fe[3(2lc-l)-ll,(2n-l) \«i3(2*-i)i.(2n-i) 21 3(2k - 1)+ 1 3(2/c - 1)- 1 ) (2-50) 

https://M4sk+l).2n
https://3(2*-n).2n
https://3(2t-l)+l].2n
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When r is varying, the coefficients A and B will change and 

will increase or decrease the output sinusoidal mean 

voltage. But the amplitude variation will not have a great 

affect upon the spectral characteristics of the output 

waveform. When r is approaching zero, the coefficient term 

kj Q jumps up very rapidly at that instants with frequencies 

of 3kfj, and then "becomes dominate. Where r is equal to 

zero, the sinusoidal mean output is zero and only the 

components with frequencies of are present. To obtain 

the amplitude of each wanted or unwanted component, are 

added the coefficents of all terras with the same frequency. 

The other numerical values for a and b in the coefficient 

terms of the harmonic series from Equation (2-45) through 

(2-50) are given in Table A.3 in the Appendix. 

2-2-2 Performance of Input Current Wave 

To investigate the input current of the frequency 

changer, we assume a balanced three-phase load which output 

current waveforms are symmetrical. The ac input source is 

assumed to have zero internal impedance (neglecting the 

winding resistance and leakage reactance). Each current 

wave in a given input line is composed of segments produced 

by the thyristor sv/itching function. Eor analytical 

purposes, the input current wave can be divided into two 

components, "Fundamental" (included real and quadrature) and 

"Extrabasal" component. The fundamental component of an 
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input current wave is defined as having an input component 

containing only ac input frequency fj. The extrabasal 

components of an input current wave is defined as having 

input components in addition to a fundamental component 

which have frequencies that are not integrally related to 

the fundamental component. 

Equation (2-12) may he written for an input current 

wave hy similar description as in Equation (2-30). 

[ij(p)] = ([E(p)] [h])T + ([E^(p)] [hJ)T 1 (2-51) 
0 

The general expression for the three-pulse positive-type and 

negative-type input current waveform, related to the 

periodic modulating function M(r,t) = sin"— 1(r sinw^t), is 

given [l] and [2], that is, 
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.Qrcos(i>oy sin{oj/t -(p - 1)2:1)I 
2k p^i 

II -^IqI' S ± <Po ± iP ~ 
P- I 

III + y Z + 4>o - iP - y 
PI 3 1 X pn=3(2k-l)-u t'[3l2t- n-u|.2n , . +i2'oI Z ll ZZTT p~lu—""lA—I „.0 3{2k-[)-u'-' 

2k 

(a) X sm I {[3(2/; — 1) — n]'^/ i i. 4>o +(P j 

2n-r 1 =6fc-u L 
{6k-u].{2n-^ 1)IV 2rt ^ 

IV X cos 2n (Oot -(p - l)y + z (±")
6k — u 

n—0 

cos I[|6/c - iOo); ± COoJt ± (j>0 +(p ~ 2, 

rX sin((2n + 1) cdq'- iP - ')y 

+^/o Z Z «..2n l+sin ̂ [w/ ± u)o]t ± 00 +(P ~ y
zjr p= I rt =o 

V 
2k 

X cos 2n oJof -(P - U-

[2 3 I X CO 
'l3(2fc- l)-ul.(2n+ U

(±a)+ z z z z 3(2k-\)-u 

(b) X cos([[3{2k - 1)- u]o), ± aJo]t ± 0o +(P - D
2K

y 

+ i+u)
VI X sin (2« + 1) «of -(p - 1) y 6k — II 

2k 
X sin I [(6/; — u)coi ± 0Jo]t + 0o +(P ~ ^ 

V 2;: 
X cos 2n ojot - ip - l)y 

(2-52) 
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and 

= (a) - (b) (2-53)
IfT 

Part I contains the fundamental component with 

frequency of the input that is always in phase with the 

input voltage, regardless of the output phase angle. 

Therefore it may he said that the load consumes only real 

power. The amplitude of the fundamental component is not 

dependent on the pulse number. It will be three times 

larger if the three-phase load is balanced. The amplitudes 

of the extrabasal components are not dependent on the pulse 

number in part II. Because they have both frequency 

components of fj + 2fQ and fj - Pf^ and they will cancel 

each other in a balanced three-phase load. Part III has the 

same characteristics as part II except its components 

dependent on pulse number. In part IV, for single-phase 

output, they have nonzero amplitude and are dependent on 

pulse number. But they will become zero for balanced 

three-phase output. The amplitudes variation between zero 

or nonzero value are completely dependent upon the index n. 

For part V, they have the same characteristics as part IV 

except they are not dependent on pulse number. Part VI is 

same as part IV. 
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The extrabasal frequency component of a waveform, for 

single-phase output with other pulse number, is given 

fp = (Pk - 1)f + nf (2-54)
Ji 0 0 

and 

fg = (Pk + 1)f^ + nf^ (2-55) 

where P is any pulse number from one to infinity, k is any 

integer from one to infinity, for Pk odd n is any odd 

integer from one to infinity, and for Pk even n is any even 

integer from zero to infinity [Referred to Figure 3-5]• But 

for balanced three-phase output, there is three times a term 

(nf^) of Equation (2-54) and (2-55). 



CHAPTER 3 

CONTROLLABLE DISPLACEMENT FACTOR FREQUENCY CHANGER 

Consider the positive-type and negative-type 

complementary waveforms utilized to construct the final 

output waveform of the output load. The deviation of two 

complementary output waveforms are completely controlled by 

frequency changers. They can be operated and controlled to 

form new desired output waveforms, to satisfy given output 

and input performance requirements. Each frequency changer 

has its own operating and performance characteristics. For 

example, a CDFFC is one of the frequency changers that can 

be used in a VSCF system to control input displacement 

angle. It accomplishes this by shifting its final output 

voltage waveform from approporlately choosen alternate 

half-cycle sections of successive segments of the 

positive-type and negative-type complementary waveforms. 

Input displacement angle can thus be controlled regardless 

of the output current. Controlling the input displacement 

factor provides new applications such as using a frequency 

changer for power factor correction. A consecutive 

composite waveform has the unique property of providing a 

controlled displacement factor regardless of the load. It 

can be expressed as the output waveform construction of a 

CDFFC. Synthesize to the waveform by the modulating 

function has been described in the previous chapter. 
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The development of a consecutive composite waveform 

technique, corresponding to various practical modulating 

functions, is presented in this chapter. The important 

equations of output voltage and input current of a CDPPC are 

derived in terms of the positive-type and negative-type 

waves, respectively. The related performance indices are 

computed. They provide the solution of waveform anaysis for 

a CDPPC in VSCP system. Some important performance data of 

a CDPPC are presented in graphical and tabular form. 

3-1 OUTPUT VOLTAGE CHARACTERISTICS OP A CDPPC 

As has been shown. Equation (2-36) can be combined with 

the terms in part (a) and part (b) and rewritten in the 

following form: 

3 3 /
t-'oCp)= ^1(sin(cJof + 4>) 

00 X 

+ Z Z ('4[3(2ik-i)i.(±2o(P)sin{[3(2A:-
k= 1 f=0 

^6k.[+(2f + l)i(p)s'n{[6A'a);+(2?+ 1)0)0]t ~'p6k.lxi2f + Ul(P)J 

-,-1 ) 
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where the normalized amplitude A(p) and phase angle are 

dependent upon angle p . The absolute values dominent 

components A(p) present in Equation (3-1) are given as a 

function of angle p in Table A.4 in the Appendix. It 

contains the numercial values of A(p), for p= 0, ±V6, ±V3 

and ±V2, when L is varying but k = 1. 
s 

Using the definition given by Equation (2-9) through 

(2-11), the output voltage performance indices of CDPPC can 

be determined. The frequency ratio f of the significant
OlC IL 

unwanted component to the wanted output frequency of a CDPPC 

is 

2L + 3(2k - 1)fj/f^ 
1/ 

ok,L (2L + 1) + Skfj/f^ I (3-2) 

The amplitude ratio significant unwanted 

components to the desired output voltage of a CDPPC is 

"kk,(±(2L±l))(»' (5-5) 

The total rms output voltage distortion factor of a CDPPC 

is 

/V V ~ ^ Mq = I ^ /-. ( [3(2k-1)1.(2:2f I + A 6(1.(2:(21'2-1)1 )I Ci! 0.676 
\k=1 L=0 / (3-4) 
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The output frequency spectrum is not dependent upon of the 

angle p except at p = ±.'^/2 [Refer to Table A.4 in the 

Appendix]. The difference frequency containing (2L) and (2L 

1) with the negative sign are the significant wanted 

frequencies in the spectrum. At discrete output to input 

frequency ratios it becomes zero whenever the following 

conditions are satisfied; 

fQ / fj = 3(21c - 1) / 2L (3-5) 

and 

fQ / fj = 6k / (2L + 1) (3-6) 

where k = 1 ,2,3,.. and L = 0,1 ,2,3,..* Indices k and L are 

independent of each other and it follows that the output 

voltage waveform Vq(p) appears as do components with .a 

relative amplitude generally present over the whole output 

frequency range at the above discrete output to input 

frequency ratios "^okiL* 

The amplitude of the significant unwanted components of 

a CDFRC is completely dependent upon of the angle p. For 

example as the angle p moves towards -^/2, it increases the 

amplitude of the components with the frequencies of the 

spectrum 3kf - (3k ± l)f but decreases the amplitude of 
I o 

the components with the frequencies of the spectrum 3kfj + 

(3k ± 1)f . When the angle p moves towards '"/2, the 
o 

amplitude of the components with the frequencies of the 
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spectrum 3kfj + (3k ± is decreased. At the given angle 

p = ±tt/2, the following amplitudes with the frequencies 

hecome zero at 3(2k - 1)f, + 2Lf for the case of 2L ^ 3(2k
I 0 

- 1) ± 1 and at Skf^ ± (2L + Of^ for the case of (2L + 1 f 

6k + 1). The output waveform contains components lower than 

the wanted frequency (suhfrequency) whose amplitudes are 

varying with respect to angle p. The maximum output to 

input frequency ratio f^/fj limit is set for a three-pulse 

CDFFC. Typically it is not higher than 1/3 (e-g* 1/4 1/5 

...). The numercial value of the total rms output voltage 

distortion factor (dependent of p) of a CDFFC is only 

67.6 per cent. 

A consecutive composite output waveform ^^(p) as an 

Equation (2-36) together with the output voltage ratio r 

(for voltage control) can he expressed as: 

v^(p,r) = a + b(4 Y. 1 sin((2m - 1)('^pt + p))]
\7m=1 2ir^ ° / (3-7) 

Part (a) is the dominant portion for the full voltage 

[Equation (2-36), r = l] having fewer variable terms; and 

part (b) is the waveform structure having identical pairs of 

equations providing an infinite number of components of the 

same frequency at the time when n and m are tending to 

infinity. There is the final output voltage waveform of a 

CDFFC. 
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A consecutive composite output waveform of a CDPPC, 

with different modulating angle p in degrees synthesized 

from the terms of Equation (3-7) are shown in Pigure 3-1 • 

The CDPPC is a six-pulse converter, with different voltage 

ratios of r = 0.5, r = 0.7 and r = 1 .0, at frequency ratio 

f^/fj = 1/3. The frequency spectrum of the sinusoidal mean 

output voltage remains independent of the output voltage 

ratio when it is in the range 0 ̂  r 1. The amplitude of 

the desired output voltage does not restrict the output to 

input frequency ratio fg/fj. If the output voltage ratio is 

out of the normal operating range e.g. r 1 , the wanted 

component of the output waveform will he distorted. The 

instantaneous deriviation of the output waveform is quite 

small and this variation can be ignored. The numercial 

value of the total rms distortion factor may be assumed a 

constant in all cases. As the output voltage ratio 

approaches infinity, the output waveform becomes a square 

wave. 

To further investigate the unwanted components in the 

output voltage waveform of a CDPPC, the graphical chart 

shown in Pigure 3-2 is presented. It shows the spectrum of 

the first few terms of the unwanted output frequency 

components. The plot is the ratio of the unwanted 

frequency, fy/fi, versus the output to input frequency 

ratio, fo/fl for value of Pk up to 12 [Refer to Equation 

(2-35)]. In the chart the dashed line shows the wanted 
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r=0.7 

r=1.0 

I ' T 'I" 

A. Output Waveforms of a Six-pulse Converter at p=0' 

U I, , , * r=0.5 
.M" ' ̂ '' ' 

1 — r' 1 

r=0.7 

r=1.0 

B. Output Waveforms of a Six-pulse Converter at p=-30 

Figure 3-1. Typical consecutive composite output waveforms 
of a CDFFC, with different modulating angle at f-p=3fQ. 
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Co Output Waveform of a Six-pulse Converter at p=90 

Figure 3-1» (Continued) 
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Figure 3-2. Distribution of the unwanted components in the 
output voltage waveform of a CDFFC. 
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frequency component. All unwanted frequencies "below/atiove 

this line are "Subharmonic Frequencies"/"Superharmonic 

Frequencies". Increasing the output to input frequency 

ratio f^/fj, increases the separation between two lines of 

individual member of unwanted frequency. If the output to 

input frequency ratio f /f^ is too high [Referred to 
o I 

Figure 1-12], the output wave will deteriorate. Some 

unwanted frequency components (including zero frequency and 

some subharmonic components) close to the wanted frequency 

component can not be filtered out by the output filter. 

Thus an excessive harmonic current flows in the circuit. 

However using a closed loop negative feedback network, the 

harmonic current can be suppressed. There are several 

harmonic frequencies that have the same value as one another 

and possibly may have the same value as the wanted 

frequency. But the relative amplitude of those harmonic 

frequencies are small compared to the wanted frequency and 

do not affect the wanted frequency component. The output 

frequencies given by f^ = 3fj/(2n + 1) have only odd 

harmonics present at all half-cycles of the output voltage 

wave. But the output frequencies given by f^ = 3fj/2n have 

both odd and even harmonics present at all complete cycles 

of the output voltage wave. 

Figure 3-3 shows the distribution of unwanted output 

frequency components for a typical three-pulse 

cycloconverter. It presents the amplitude of each 
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'U 

3/; +r = 1.0 
3A + U. 

31, + m~ 
= 0 

3/, - 1°', 

3f, - 12f, 

31 - 14/ 

O.J 0.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.O 

Per Unit Amplitude 

Figure 3-3. Distribution of the predominant unwanted 
components in the output of the three-pulse CDFFC 
with amplitudes at maximum output voltage and unity load 
displacement factor. 
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predominant unwanted components in output as a function of 

the output voltage ratio r and output displacement angle 

regardless the freq_uency ratio f^/f^. For this particular 

case the output voltage r is set at maximum (r = 1) and the 

waveform switching angle p is set equal to the output 

displacement angle (i.e. p = ' 

The output voltage wave is for a three-, six- and 

twelve-pulse cycloconverter shown in Figure 3-4 for 

switching angle p from 0 to 360 degrees. Increasing the 

pulse number of a cycloconverter reduces the amplitude of 

the unwanted components. The numerical values of the 

amplitude of the unwanted components shown in Figure 3-4 are 

in Table A.5 in the Appendix. 

3-2 INPUT CURRENT CHARACTERISTICS OF A CDFFC 

Equation (2-52) is the basic analytic expression of 

positive-type and negative-type input current waveform. 

Using a simple symbols, Equation (2-52) can be written in 

the following general form: 
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i,= 
In 

Io\r 
[

cos 4)0 sin (X),t 
1 1 X /6n—4= 3(2fc-I)— « ̂  

X sin{([3(2A' — 1) — i(]co; ± 3(2n - l)a)o)t ± 4>o} 
6n-2=3(2)i-l)-u. 

3(2/c - I)- «'+ 
X sin[([3{2fc — 1) — !/]ai/ ± 3(2/i — l)a)o)t + <Po] 

6«-1 =6ic-w L 

+ r °'^^-"M6"-''(+t,)sin{[(6/c -
,=1 6k - u 

6fi+ 1 =6k-u L 

+ y £i«iyiMlili>(+„)sin{[(6fc -
n=o 6k - u 

+ |+ai,(6«-4)Sin{[co/ ± 3(2/1 -
± "i,(6n-2)Sin{[w, ± 3(2/1 -

I X / X L 

ii)oj, ± encDo'jt ± 4>o} 

± 6«Wo]t + </-o} 

l)(Oo]t ± 4>o} 
l)a/o]t + 4>o} 

X sin[([3(2/c - 1)- ii]cj, ± 6nu)o)t ±(po)
(b) 

+ I ^'^-"-"'•'^"^^'(+u)sin{([3(2fe - 1)- ii]co, ± 6najo)t + 4>o} 
„=o 3(2A: — 1) — 11 

+ Ifê M^(+t,)sin{[(6/c - ii)co, ± 3(2/1 - l)a3o]f ± <l>o]
n=l b/C II , 

+ y "'^y">-(^"-2)(+i.)sin{[(6k - 11)03; ± 3(2n - l)o3o]r + <Po} 
, 6k - u 

(3-B 
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and 

1. = (a) - (fe) (3-9)TT 

Using the general definition given by Equation (2-51) 

input current i^ modulated by M(r,t) but dependent of angle 

P can be written in the following form 

i (p) = a + b/4 y _J sin((2m + + p - (p - l)27r/3ljj 
^ I ^ m=0 2m+1 \ ^ ° '/I 

(3-10) 

where part (a) is represented the fundamental (wanted) 

component that is in phase with the input voltage wave and 

supplies real power to the load. Part (b) represents the 

extrabasal (unwanted) components that have multiples of 

output frequency of different families and supplies 

reactance power to the load. Evidently part (a) is not 

affected by variable switching angle o and only part (b) of 

Equation (3-10) need be considered. The new expression can 

be written in the following form after substituting part (b) 

of Equation (3-10) to Equation (2-52). 
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V 

iib(p) 
3 f » X 

"V r ^ "l.2n 
/o I S I

2n- 2m + 1p=l (^n=0m=0 

-cos ^0),±2{n-m)coo]t±(po+i'2-'n + l)p+2{n-m){p-1)^ 
4-cos([w;±2{n-m-l)a>o]t+00+(2'«+ Up+2(n-m-\)(p-I)2% 

-cos([co,±2(n+m)coo]t+0o±(2m+ Up+2(n+wKp-1)2n 

2;i 
+cos I \o)i±2(n+m+l)<^o]'±0o±(2m+1)P+2("+m+l){p-1) 
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VI 

1 X » » 

-'I3(2lc- l)-u|.(2n+ 1)
+ Z Z Z Z -y + 1 2(2k - I)- U 

X < T COS [3(2/c — 1) — ii]oJi X [2(21 — m)+ l]a)o}t 

271 

± 4>0 +(2w + l)p +[2(n - m)+ l]{p - l)-r 

COS [3(2A: — 1) — u]co/ +[2{n + m + I) + l]a)o}f 

271 

± 4>0 ±(2'" + Up + [2(n + 771 + 1)- l](p ~ u^ 

+ 
+

COS [3(2^: — 1) ~ — [2("+ 771 + I) — l]70o}f 
2k 

+ (j>0 ±(2m + Up + [2(71 + 771 + 1)+ l](p ~ y 

+ COS [[3(2^ — 1) — ti]a)/ ± [2(71 — 771) — I]a)o}t 

2k 

+ <Po + (2771 + Up + [2(7!- 771) - l](p - 1) 

Q(6li-u).2n 

6k - u 

[{6k — u)aji ± 2(71 - 7?i)<x>o]fX COS 

2k 

± 00+(2m + Up + 2(71 - m)(p - 1)^ 

+ COS [(6k — ll)CL>i i 2(71 + 771 + l)07o]f 

_ 2k 
± 00± (2771 + Up + 2(71 + 771 + U(p ~ U"T 

+ COS [(6i; - i()a7, ± 2(71 + m)coo]t 
2k 

+ 00 ± (2771 + Up + 2(71 + 77l)(p - !)• 

+
COS [(6k - u)(JJ, ± 2(71 - 771 - l)C0o]t 

+ 00 +(2m + Up + 2(71 - 771 - U(p - 1) 

(3-11) 

https://Q(6li-u).2n
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Part V in the above equation has components with frequencies 

that are sums and differences of input frequency and odd 

multiples of the output frequency. But part VI has 

components with frequencies that are sums and differences 

between multiples of the input freq.uency and multiples of 

the output frequencies. After carrying out the 

multiplication in the equations, some additional fundamental 

components from part V of Equation (2-52) are formed 

whenever indices m and n satisfy the following condition 

m = n (3-12) 

and 

m ^ n - 1 (3-13) 

The multipliers of frequency ^ becomes zero for the 

appropriate terms of the series. These new fundamental 

components are called "Quadrature Components" because they 

have a phase shift from the corresponding input voltage of 

^/2. It is a reactive component containing the fundamental 

frequency of the ac source. By appropriate substitution of 

the above conditions, 
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^̂ " fcos{(j)o +(2n - Dp)
'/e(p)- 2 L L, 1 2n - \ 

^ p=l n=0 \ ' 

cos{0o -(2)1 + l)p} 
2n + 1 

(3-U)X cos(a),t — {p — l)27t} 

The total fundamental input current ijp(p), can he obtained 

by summing the two fundamental components. One of each 

component given by part (a) of Equation (3-8) is the "Real 

Component" which contains the fundamental frequency 

of the ac source. For single-phase output, the total 

fundamental input current ijp(p) is given here, 

I/f(p)= '/r(p)+ '/q(p) 

=^'3 /q ̂  COS (f>o sin (Ojt 

2 ® fcos{(j)o + (2/1 - 1)//} cos{({>o -(2/1 + 1)//}, ,
j— y a, i COS co,t
^ n„% '•'"V 2/7-1 2/1+1 I ' 

(3-15) 

The total rms values of the input current waveform Ip^s 

given by the following expression. 
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Inns = (llR IlQ (,.,5) 

where is the extrabasal component of an input current 

wave. The total real component of an input current is 

IjR = P S (-J3I0 / 2u) (r cosJI^q) (3-17) 

or 

IjR = P S (>y3Io / 2it) Ijr^pu (3-18) 

where P is the number of output phase, S is the number of 

pulse group in series or cascade connection in each output 

phase and Ipp^pu ^ per-unit real component of input 

current. The total quadrature current Ijq of input current 

is 

IlQ = P S (n/JIq / 2tt) Iiq,pu (3-19) 

To further investigate the extrabasal components in the 

input current waveform of a CDPPC, a graphical chart is 

presented in Figure 3-5• The numerical values of the 

amplitudes of the extrabasal components in the input current 

wave of a CDFFC with sinusoidal mean output voltage (single-

and balanced three-phase output) is shown in Table A.6 in 

the Appendix. These numerical values are the function of 

the output voltage ratio r, the output displacement angle 
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II 
f, 

3,6,12— 

^11 

3,9-

3.6-

^ 7 0^ 

Fundamental 

All 

;>v, 

Pulse number for 
which frequencies 

are present 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 T" 

Figure 3-5• Distribution of the extrabasal components 
in the input current waveform of a CDFFC. For single-
phase output, all frequencies shown are present. For 
balanced three-phase output, only frequencies shown by 
heavy lines are present a 
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, and also the control angle o. Table A.6 is a special 

case for setting the control angle o at 180 (i.e. p = ̂ q)t 

with different output displacement angle . For other 

settings of control angle, the numerical values of the 

amplitudes of the extrabasal components can be computed by 

using Equation (3-11)• 

The relationship between the per-unit quadrature 

component of the input current ^iQ.pu' output load 

displacement factor , and the output voltage ratio r, of 

a CDPFC is shown in Figure 3-6. 

The half-period section of the final output current 

waveform of a CDFFC can be defined for a given input 

displacement angle by the control angle cr, measured at -

2TTf^, specifying the point of changover between Vq and ^OTT 

with respect to the zero crossing point of the output 

current wave, rather than respect to the output voltage 

wave. The control angle o is defined by 

a = - p - tt (3-20) 

The relationship between pre-unit quadrature component of 

input current IjQ.pu' output displacement angle , and 

output voltage ratio r, for CDFFC with and p ■= 

are shown in Figure 3-7. 
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The input displacement angle ^j( f) "be measured 

lagging, leading, or unity regardless of the phase angle of 

the output load which is given 

<Piip) 

2 ̂  fcos{4)o +(2"- Up} cos{(/)o -(2n + l)p] 
■ij „ L = tan In - 1 2n + 1^ n = 0 

r cos (i>o 

(3-21 ) 

where an angle is measured "between input current 

(fundamental component) and the line-to-neutral input 

voltage. The relationship "between the load phase angle (f)^, 
control angle cr and input phase angle is shown in Figure 

3-8. 

The interactions "between the input displacement angle 

, the control angle o, and the output voltage ratio r for 

a CDPFC are shown in Figure 3-9• 

The operating range of a CDFFC with variations in the 

input phase angle under any given load condition is shown in 

Figure 3-10. The plot of the input phase angle against the 

load phase angle consists of two curves, one has lagging 

angle characteristic and other has an angle with the same 

amplitude hut opposite polarity. 
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Figure 3-8. Relationship between the load phase 
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maximum output voltage ratioo 
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Some other important input parameters are determined 

for the case of switching angle p = 0, =0 (unity power 

factor) and r = 1 (full output voltage). The frequency 

ratio of the extrahasal components to the input 

fundamental component of a CDPFC is given 

M ± 6(L + l)(fQ / fj) 

[3(2k - 1) ± 1] + 3(2L + l)(fQ / fj) 

"Ik =/[3(2k - 1) i 1] - 3(21 + 1)(fQ / fj) 

(6k + 1) + 6L(fo / fj) 

J6k ± 1) - 6L(fo / fj) 

k = 1 ,2,.. L = 0,1 ,2,.. (3-22) 

The input displacement factor of a CDFPC is given 

= cos fj~ Ijfj / (IpR ~ 0.842 (3-23) 

This factor is important in determining the size and weight 

of the generator because it has the same direct relationship 

to the demagnetizing effect of armature reaction as does the 

power factor of a generator. When the leading load or 

lagging load delivers reactive power to the frequency 

changer, the output phase delay will increase and the 

displacement factor will reduce. The current overlap 

between phases, depend on the generator leakage reactance, 

will also reduce the displacement factor. Therefore, the 
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generator leakage reactance must "be minimized for high 

frequency generation. The input distortion factor m^ of a 

CDPPC is given 

^IR.rms ̂ ^I.rms (3-24) 

This distortion factor may be improved by decreasing the 

copper losses in the armature and damper winding, due to the 

harmonic current flowing in the generator. The input power 

factor Ajof a CDPPC is given 

I I,rms^IF,rms^°® ,rms^I, (3-25) 
cos f- = 0.759 

It should be noted that the total current irCf) 

[Referred to Equation (3-10)] of a frequency changer, 

generally nonsinusoidal, is constituted from three 

components [Equation (3-15) and (3-16)]. These are the 

fundamental real component iiR(p)> fundamental quadrature 

components iiQ(p)» and extrabasal components i£j^(p). 

The fundamental real component of the input current is 

always in phase with the corresponding supply voltage, 

regardless of the load angle ^q. In other words, the input 

displacement factor of the system does not vary with 

load. Since the frequency changer was specified to be 

lossless, the real input and output power must be equal. It 
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follows that the real component of the input current is 

proportional to the product of the real component of the 

output current and the output voltage ratio r, but is 

independent of the output voltage waveform construction. 

Consequently, purely inductive or capacitive loads result in 

a zero fundamental input current component. 

The fundamental quadrature components have a phase 

shift from the corresponding input voltage of Tr /q. They are 

dependent on the output voltage waveform construction and 

load phase angle . When a quadrature current component 

appears at the output, there will no other quadrature 

current component at the input, and the converse is also 

true. 

The extrabasal current components related to the output 

waveform construction, is appearred in addition to the 

fundamental current component dependently of the output 

displacement angle ^q, the pulse number, and the number of 

output phase. Prom an inspection of the general expression 

for input current, it is possible to classify the spectrum 

of extrabasal frequencies into two groups, "Pulse Number 

Dependent" and "Pulse Number Independent." 

The Pulse Number Dependent extrabasal component may be 

removed by increasing the output phases number of the 

frequency changer. For example, if components having 

frequencies of (6 + Ofj± PnfQ are present. The frequency 
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changer is a six-pulse changer with ia p-phase balanced 

output, and n is an integer number which is dependent upon 

the method of output voltage waveform construction. As the 

number of output phases approaches infinity, the pulse 

number dependent term (6 + 1)fj of the extrabasal component 

will become predominent. Conversely, when the pulse number 

of a freq_uency change is increased, there will no pulse 

number dependent extrabasal component in the input current 

wave, regardless of the number of output phases. 

The pulse number independent extrabasal components are 

determined only by the number of balanced output phases. 

There are two types of components having the frequencies (fj 

+ Sf^) and (fj + Pnf^), in this group. With a single-phase 

or unbalance output, the first harmonic current components 

having frequencies of (fj + Sf^) are present only in the 

input current, regardless of the circuit phase number. But 

for a balanced three-phase output, the pulse number 

independent extrabasal components are absent, and the 

distortion of the input current wave is generally reduced. 

The second components having frequencies of (fj ± PufQ) will 

contain no pulse number dependent extrabasal components, 

regardless of the circuit pulse number when the number of 

output phases approaches infinity. 
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3-3 INPUT AND OUTPUT POWER CHARACTERISITICS OP CDPPC 

The ideal frequency changer is theoretically lossless, 

therefore the real power suplied "by the generator must "be 

equal to the real power consumed at the output (i.e. P^ = 

Pq). Consider now a frequency changer with an infinite 

pulse num"ber producing a single-phase output from a 

three-phase input. The frequency changer has a infinite 

pulse num'ber, therefore its output wave will not contain any 

pulse number dependent extrabasal component. Thus output 

voltage Vq and output current Iq can be assumed sinusoidal. 

The instantaneous power output, with a "Resistive" load, is 

given by 

Po = Vo sin tOot lo sin(aJot + (po) (3-26a) 

cos00 - cosdcjot + 4>o) , , 
. - . - . ^ . (3-26b) 

Steady component Oscillatory component 

Thus the output power consists of two components; a "Steady 

Component" and an "Oscillatory Component". The amplitude of 

steady component of power is dependent on the output 

displacement angle . But the amplitude of the oscillatory 

component of power, having twice the output frequency is not 

dependent on the output displacement angle. The reactive 

component of current at the output terminal or the 

extrabasal component of current at the input terminal 
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appears in the term of the oscillatory component in Equation 

(3-26h), regardless the load. Thus reactive power can he 

delivered hy the frequency changer. 

In the ideal converter, the steady power component must 

he to equal the products of the fundamental real input 

current component and input voltage Vj. Another 

fundamental quadrature component of input current, dependent 

on the output voltage construction and load phase angle, 

will he disscussed. The steady component of power, with 

three input terminals, is given hy 

Steady component ofinput power = V, sin cu,t 1,^ sin w,t 

+ V,sin ̂ co/t - 1,R sin - — 
[ An\, .( 47r' 

+ K,sin (cu,t - y11,R sm I cu,t - — 

_ ^0^0 
- r — —^COS(po 

(3-27) 

For three-phase balanced output, the extrahasal 

components of input current will cancel. Therefore the 

input current wave is essentially sinusoidal. The steady 

component of three-phase output power is three times higger 

than the steady component of single-phase output power. But 

all the oscillatory components of the output power are 

absent in this three-phase balanced system and the total 
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instantaneous ouput power is given by 

Po = sin Mot lo sin(wof + (pg) 

-f- Vq sin ̂ (.Ogt Iq sin ̂ Ogt 4- (pg — 
+ Pq sin ̂ cogt —Igsin ̂ cogt + (pg -^ 

= J^:!^co,cPg (3-28) 

Now consider a frequency changer that has an infinite 

pulse number and is connected to a single-phase "Reactive" 

load. Of course, in this case it is not possible to have 

output current containing a real power or input current 

containing reactive power. Since reactive power is not 

necessarily conserved in this system, the current drawn from 

the input source is zero because no fundamental and 

extrabasal components flow through the frequency changer. 

The frequency changer can have self-sufficient to supply a 

reactive power exchange between the load phases. Generally, 

the frequency changer has the ability to supply a reactive 

current at the output/input with no input/output reactive 

current supplied, depending upon the diffenent types of 

output waveforms. Therefore the load may either absorb or 

deliver reactive power. 

The only component of the input current of the 

frequency changer capable of supplying a mean component of 

power at the output, is the fundamental real component of 
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input current. This is true since the mean power due to the 

fundamental quadrature component of input current is 

necessarily zero. The net instantaneous power at the 

three-phase input due to the quadrature components of input 

current is zero: 

Pq = V,sin a),t 1,q cos oj,i 

+ V,sin (co,t - IiQ cos ^(o,t-^ 
+ V/ sin( ftjff ——jIjQ cos foj,t —Y 

=0 (3-29) 

The presence of the lagging/leading quadrature 

component of input current, which is inherent in the hasic 

control mechanism of the cycloconverter, represents that a 

reactive power exchange establishes between the phases of 

the input/output through the frequency changer. 

3-4 SUMMARY 

At this point it would appear to be advantageous to 

summarize the relative functions of the frequency changer. 

The relationship between the input and/or output voltage and 

current waveforms of a CDPPC are illustrating in Figure 

3-1 1. It is obvious to express the phase relationship of 

output load displacement angle control angle o and the 

input displacement angle in the input current wave and 

output voltage wave of a three-pulse frequency circuit, with 
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fO Input Current(S leadingInput Current is legging 

3/3 
ifom r sin sin (uj»/-<p«)

ZfT 

J 

Input current is loggingInput Current is leoding 

-zz "13 2r2 "/ '' sinIS 

3/3 = Ig sin (uc^'<p"''COFFC - Tzr "1 ̂ Sin(wor) 

Figure 3-11• Phase relationship between the output or 
input voltage and current of the CDFFC. 
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single-phase output [Refer to Figure 2-2(A)]. The phase 

position (leading, lagging or unity) of the input current is 

dependent upon the construction method of the output voltage 

waveform. Different combinations of the voltage waveform 

type and output current polarity determine the input phase 

position shown in Table Figure 3-12 shows different 

phase shift of the positive-type and negative-type waveform 

at the output affecting the input displacement angle of a 

CDFFC. The characteristics of a six-pulse (P = 6) CDFFC are 

summarized in the Table 3•2. 

In order to reduce the harmonic content of the output 

wave, the firing signals to the frequency changer must 

operate in such a way that the output voltage contains a 

large wanted component and a small unwanted components and 

the input current contains a large fundamental component and 

a small extrabasal components. 
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/
Output voltage 

Voltage waveform type - Negative Positive 

Output current 
(phase angle 0°) 

"Instantaneous" input 
displacement angle Leading Leading 

A. Input Current is Leading 

Output voltage 

Voltage waveform type Positive Negative Positive 

Output current 
(phase angle 0") 

"Instantaneous" input 

displacement angle - Lagging Leading Lagging Leading 

"Average" input 
displacement angle 

B. Input Current is In-phase 

Figure 3-12. Construction method of the output voltage 
waveforai affects the input displacement angle. 
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Output voltage 

Voltage waveform type Positive 

Output current 
(phase angle 0 ) 

"Instantaneous" input 
Lagging

displacement angle 

C. Input Current is Lagging 

Negative 

Lagging 

Figure 3-12. (Continued) 
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Table 3<2. Summary of the characteristics of a six-pulse 
CDFFC. 

Commutation Forced 

Input Displacement Angle cos = F(a, cos ({> ) 

Controllable; cr = - p - n 

Maximum Output/Input / hhax'(P - 2) / P
Frequency Ratio 

Desired Output Frequency ^odl" I P(21t - Ofj±(2L)fol
Spectrum of the Unwanted 
Voltage Components fod2 = |P(2K)lii(2L + 1)fJ 

Desired Input Frequency ^Idl ̂  I[P(2k - 1)i 1 ]fj
Spectrum of the Extra- '± 3(2L + 1)fo'
basal Current Components 

fld2 = |[P(2k) ± l]fi i (6L)fo| 
where k = 1 ,2,3,.. L = 0,1 ,2,.. 



CHAPTER 4 

PRINCIPLE OP CAPACITOR-EXCITED INDUCTION GENERATOR 

If an induction machine is driven at speeds slightly 

above synchronism, the stator current reverses, and supplies 

power back into the line. The performance characteristics 

of the induction generator depend upon the prime mover, and 

upon the circuit to which the machine is connected. The 

induction generator requires a source of leading current for 

excitation. If a lagging reactive power input is equated 

with a leading reactive power output, then the generator can 

be described as operating with a leading power factor [Refer 

to Table B.1 in Appendix]. A self-excited capacitance which 

normally carries leading current may be used to excite the 

machine to build-up voltage. The induction generator 

receives its excitation from the external capacitance, and 

generated voltages at different frequencies at the output 

are largely dependent upon the size of the capacitance. 

In order to study the influence of terminal capacitors 

on steady-state behaviour of an induction machine, a 

magnetization curve is developed in which the nonlinear 

effect of magnetic saturation is taken into account for 

investigation in any "Build-up" voltage analysis of the 

problem. The technique is utilizing for improve the 

saturation curve with external reactors is developed. Some 

131 
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equations related to slip and voltage regulation are 

derived. Further improvements of the output voltage 

regulation, such as using series capacitor and saturahle 

reactors, are introducted. The experimental results of an 

external performance of machine, included with shunt load 

and compound load connection, are measured and plotted. 

4-1 PERFORMANCE FROM MAGNETIZATION CURVE 

To determine its voltage and frequency, and to supply 

its lagging reactive magnetizating power, an induction 

generator is connected to an energized power network with 

capacitors. Provided that the rotor has an adequate 

remanent field, the machine will self-excite. The voltage 

at which the machine will operate is dependent upon its 

no-load excitation characteristics at that frequency, the 

criterion to "be satisfied "being that the lagging 

volt-amperes of excitation is equal to the leading 

volt-amperes of the capacitor. The self-excited induction 

machine is governed "by the saturation of the main flux 

paths. The internal characteristic of an induction 

generator is known as its magnetization curve, or the 

saturation curve. It is the no-load output phase voltage V^ 

plotted against the excitation current I^ (phase current) 

with the generator operated at rated speed. 
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A test machine used for the experiment is a 1/2-HP, 

206-230/460 V, 4-pole, three-phase squirrel-cage induction 

machine that is driven at a constant speed of 1800 rpm. The 

machine has the impedence parameters referred to a stator 

phase at normal operating temperature shown in Table 4.1. 

The output voltage will be related to the excitation 

current Ig as shown in Figure 4-1 • The no-load magnetizing 

curve OS is shown to vary with frequency and exciting 

current. At no load, Ig = ^ q ~ equal 

magnetizating current I = V./X . But Y. is a function of 
° m 1 m 1 

so that stable operation requires the line IX to cut 

the voltage/excitation characteristics. 

At rated speed the generated output voltage 

is directly related to flux $, since the rotating speed 

is held constant (neglect the slip) and K is the machine 

constant of proportionality. The excitation current Ig must 

increase from zero to a maximum voltage (saturation) value 

to maintain stable operation. At such a high degree of 

saturation, many forms of losses become significant, and 

these produce space harmonics of air-gap flux that may 

affect the regulation of the output voltage. 

As the excitation current is increased, the curve 

coincides with the straight-line portion (linear region) of 

the magnetization characteristics and under these conditions 

the circuit will be in different equilibrium since the 
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X" 

> 8uF 

-p 

£'200 
-P 

o 

X" < X- < XC c c 

Mi l 1 1 1 i 1 1 i i i 1 i 

Excitation Current Ig, amps 

Figure 4—1. Build-up Characteristics of the Capacitor-
excited Induction Generator. 
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OS = No-load Saturation Curve, at Rated Speed. 

OS' = No-load Saturation Curve, slightly under Rated 
Speed. 

OX = Excitation Line, 

OX^ 
c 

= Air-gap Line (Critical Excitation Line). 

A. No-load Saturation Curve 

Generator 

uuu 

B. Test Circuit 

Figure 4-1. (Continued) 
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equation is satisfied at all voltages along the 

region of coincidence. The end of the straight-line portion 

is M and at this point the iron starts to saturate slowly, 

at first, "but increases as increased. This process is 

continuous and finally an equilihrium is reaches at point S 

when the magnetic circuit is saturated. Here the process 

stops. The intersection point of the magnetizing curve OS 

and the excitation line determines the no-load voltage 

of a generator (Ig = at no-load condition). The slope of 

the line OX^ equals the value of terminal excitation 

reactance at the generated frequency. As the excitation 

reactance increases from line OX^ to 0X[,, the no-load 

voltage gradually decreases and the machine will not 

"build-up an appreciable voltage if the excitation reactance 

X^ is greater than the critical value (line 0X|^), which is 

the slope of the line just tangent to the no-load saturation 

curve. This line is often called the air-gap line which 

gives a critical value for the excitation reactance X^,. 

Line OX'^ in Figure 4-1 represents a value of reactance that 

is too large for machine operation. The dotted 

magnetization curve OS' represents a machine operating 

slightly under rated speed. For voltage to build-up in an 

induction generator, the following factors are necessary: 

(1) There must be a residual magnetism in a rotor 

circuit before starting. 

(2) The value of an excitation reactance X^^ must 
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be equal to or less than the critical value, 

determined by the slope of the excitation 

line OX'. 
c 

(3) The speed of the prime mover may be high enough 

to obtain the desired output frequency f^ as it 

is proportional to the actual speed of the rotor 

N2 minus the slip speed S i.e. f^ (n^ - S). 

(4) The terminal capacitive reactance must be 

equal to or less than the magnetizing 

reactance X^ of the machine i.e. X^ < X^^ 

[Refer to Figure 1-15]. 

The output voltage of an induction machine operating as an 

generator, will be substantially higher than the normal 

rated voltage of a motor. This is caused by the 

saturation of leakage flux paths, for this reason the core 

losses will be greater than that at normal operation. As 

the result an induction generator has rather poor voltage 

regulation characteristics. In order to improve the voltage 

regulation of the machine, it may be necessary to change the 

machine constants or connect a non-linear saturable reactor 

Xp^ externally with the generator unit. If the rating of the 

parallel reactor Xj^ is equal to a generator magnetizing 

reactance X^, a new saturation curve with a very low loss 

characteristics results. Figure 4-2 shows an improved 

saturation curve ON that is a combination of two curves OS 

(no-load saturation curve) and OR (reactor characteristic 
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Fixture ^-2c Improved the build-up characteristic of the 
capacitor-excited induction generator with external 
reactor. 
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OS = No-load Saturation Curve. 

OR = Reactor Characteristic Curve. 

ON = New No-load Saturation Curve. 

A. No-load Saturation Curve 

V. X 
R 

R/a 

m 

"'X 

I? c 

/ R, 

a = /e ^ *"1 

0)^ : self-excited frequency 
0)^ : normal angular frequency 

Bo Per-phase Equivalent Circuit 

Figure 4-2. (Continued) 
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curve). Under this condition, the generated no-load voltage 

Vq is much reduced (close to or equal to • A per phase 

equivalent circuit of a machine connected with a capacitive 

reactance and a saturahle reactor Xj^, is shown in part 

(B) of Figure 4--2. The equivalent circuit for any given 

self-excited frequency Wg can he expressed in terms of the 

parameters R2» ^2' ̂ m' ^c referred to the 

normal angular frequency oj^ hy using a factor a = 

When a = 1 , it means the frequency of excitation is very 

close to the synchronous frequency corresponding to the 

speed of rotor. 

4-2 SLIP AND LOAD RELATIONSHIP 

In the proceeding section the theory was developed for 

no-load performance. In this section a pure "Resistive" 

load is applied to the terminal of the induction generator 

and its external load-voltage characteristics will be 

discussed. Figure 4-3 illustrates an approximate per phase 

equivalent circuit of an induction machine with a resistive 

load Rj^ in parallel with the reactor X^^ and excitation 

reactance X^ at the output terminal. Since the induction 

generator operates with a very small (2 to 5 slip, the 

slip-dependent resistance '^2^^ equivalent rotor 

circuit shown in Figure 4-2(B) may be replaced in the 

approximate rotor equivalent circuit by R2(1-S)/S. The slip 

S of the rotor can be defined as 
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B. Current Phase Diagram 

Figure 4-3. (continued) 



 

 
 

 
 

144 

133 

S = Rotor Copper Loss 
+ Power Transferred Across Air-G-ap (4-1) 

1 

But under load condition, the generated power V^^lgcos p2 

[Refer to Figure 4-3(B)] provides for the load power in R^^ 

and the loss in R . The reactive currents must sum to zero, 
m 

— 4- — + ip sin yn 
(4-2) 

which determines the capacitive reactance for a given 

load and voltage. The formula for the slip of an induction 

generator which related to the value of load resistance Rj^, 

is given in [11], that is 

— -2 r *1 

. ̂2+ Rp + — + = 0^ = 
s ^ S (4-4)_^L + V 

where Xip = Xp+ X2• Because of the slip is independent of 

voltage and current, therefore the output (stator) frequency 

fp of an machine may not reliable when load is changing. In 

order to maintain a constant output frequency, the speed of 

the prime mover must rise with increase of load, to 

counteract the effect of the slip. 
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4-3 VOLTAGE REGULATION 

Changes in load current can cause appreciable terminal 

voltage drop, but this drop can be avoided by installing a 

series capacitor between the output terminals and the load. 

Connecting a parallel reactor at the load decreases the 

effects of machine losses and terminal voltage waveform 

distortion. 

In order to calculate the value of the reactor Xj^, the 

equivalent circuit shown in Figure 4-3 must first be 

modified and replaced by the parallel connection shown in 

Figure 4-4. The value of the equivalent machine resistance 

Hp and equivalent machine reactance Xp are given in [11] and 

are 

Rp = S[(Ri + Rp/S)^ + X^] / (SR + R ) (4-4)
T 1 2 

Xp = [(Ri + R2/S)^ + Xt] / Xt (4-5) 

The reactor Xp is used to minimize output voltage waveform 

distortion and to improve voltage regulation, therefore all 

the reactive currents in the circuit are set to zero 

[Referred to Equation 4-2 and Figure 4-3(A)]. The 

mathematical expression of a non-linear saturable reactor Xp 

is given by [11] that is in terms of the variable load 

resistance Rj^ as follows: 



j
X

j
X
 

j
X
 

G
e
n
e
r
a
t
o
r
 

F
i
g
u
r
e
 
4
-
4
.
 
P
e
r
 p
h
a
s
e
 
e
q
u
i
v
a
l
e
n
t
 
c
i
r
c
u
i
t
 
o
f
 
t
h
e
 
c
a
p
a
c
i
t
o
r
-
e
x
c
i
t
e
d
 

i
n
d
u
c
t
i
o
n
 
g
e
n
e
r
a
t
o
r
 
w
i
t
h
 
m
o
d
i
f
i
e
d
 
i
n
t
e
r
n
a
l
 
m
a
c
h
i
n
e
 
p
a
r
a
m
e
t
e
r
s
.
 

•
u
 

C
T
v
 



 

147 

1 1 1 1 1 /1 1 

Xr'x^ 2x/>4x2'I Rr" (4.6) 

According to the above expressions, the amount of change in 

voltage or speed resulting from a load change is related to 

a particular value of 1/Xj^ which can be predicted by using 

the circle diagram. Although the external saturable reactor 

can be improved the output voltage regulation, it has some 

disadvantages. Due to the nature of the core material in 

the reactor, voltage waveform distortion appears as fifth 

and seventh harmonics. To improve the distorted output 

harmonic components in three-system, the reactor circuit can 

be re-connected, with a star to delta configuration, shown 

in Figure 4-5. 

4-4 EXTERNAL LOAD CHARACTERISTICS 

The induction generator, for any load, must operate at 

a definite power factor, regardless of the character of the 

external load. The current must lead the terminal voltage 

by an angle determined by the voltage and load on the 

machine. The performance of an induction generator can be 

limited by "Overloading" and "Sustained Short Circuits" 

occurring at the output. Due to these abnormal condition, 

an induction generator can collapse its terminal voltage and 

at the same time to collapse its excitation. To restore the 

residual magnetism in the machine, several methods may be 

used as follows: 
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(1) Connect an external storage battery across 

the terminal. 

(2) Run the machine as a motor. 

(3) Discharge a condenser through the stator 

windings. 

The power factor of an induction generator must at all loads 

he equal or bigger than the power factor of the whole 

system. In some cases the power factor of an external load 

is higher than that of the generator, therefore the 

induction generator will not build-up. After the power 

factor is corrected, the latter excites and its terminal 

voltage rises until saturation of the magnetic circuit is 

achieved. 

4-4-1 With Shunt Load Connection 

The generated voltage relationship shown in Figure 4-1 

is corrected for no-load conditions only. When an external 

load is applied to the generator terminal, of course, the 

generated voltage characteristics are modified. Since the 

speed of the prime mover is decreasing with load, the 

reduction of a line frequency and speed occurs therefore the 

speed of the prime mover must be higher than that of the 

normal speed of the generator, to counteract the amount of 

slip. The speed of an induction generator increases to 
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increase the power output. The change of frequency with 

load will be much the same as the drop in the rotor speed 

with load in an induction motor. 

Now consider an unity power factor load connected to 

the terminal of an induction generator. The load-voltage 

characteristics are shown in Figure 4-6. The curve falls 

off is rapidly with the load is increasing. To reduce the 

rate of voltage drop and maintain an machine with a high 

degree of saturation, the terminal voltage must be held up. 

By inserting a series capacitor [Refer to Figure 4-7(B)], 

the output voltage curve approaches zero voltage regulation. 

Leading loads can maintain the terminal voltage, but lagging 

loads decrease the terminal voltage rapidly. 

A short circuit of an induction generator would not 

cause a serious rise in current, such as occurs in 

synchronous generators, because the series initial rush of 

current is limited by the leakage reactance of the machine. 

The short-circuit current is equal to the terminal voltage 

divided by its leakage reactance. The sustained 

short-circuit current is zero since the excitation to the 

machine would go to zero automatically. 
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Figure 4-6. External performance of the induction generator 
with a unity power factor load. 
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4-4-2 Compound Load Connections 

In order to maintain terminal voltage, series 

capacitors may "be placed between the excitation capacitance 

and the output load. The capacitor provides power factor 

improvement and maintains a leading current to the load 

causing the terminal voltage to hold up longer. Figure 4-7 

shown the test results of the machine by inserting series 

capacitor with load. The optimum value of a series 

capacitive reactance X„_ is approximate equal to the 

effective induction reactance X of the machine winding, to 
m °' 

get the best hold up voltage characteristics. The series 

capacitor can be thought of as a negative reactance that 

neutralizes the machine inductive reactance, leaving only 

the resistance component. In this case, fluctuating loads 

will have a little effect on voltage drop. 

Some typical load characteristics of the machine, are 

plotted (1) with the machine terminal voltage load 

voltage in Figure 4-8, (2) with the slip S in Figure 4-9, 

and (3) with the power factor p.f, in Figure 4-10, and (4) 

with efficiency n in Figure 4-11 against the real power 

output. In the Appendix B.2.2, it given the expressions for 

those powers and the methods of calculation. 
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Figure 4-7. External performance of the induction 
generator by inserting series capacitor with load. 
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cs 

Rt 

B. Test Circuit 

Figure 4-7. (Continued) 
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4-5 CONCLUSION 

With the magnetizating reactive power provide by an 

exciting capacitance bank, an external ac supply is not 

needed; but the operating frequency and the generated 

voltage are affected by the speed, load and capacitor 

rating. The exciting capacitor must also supply any lagging 

reactive power demand which means that the machine operates 

at a leading power factor at its output. 

The capacitive-excited induction generator has rather 

poor regulation characteristics, which can be improved 

inserting parallel saturable reactors with a rating equal to 

the generator magnetizing reactance. The VSCP power 

generating system did not use saturable reactors therefore 

there was a tendency for the machine to overheat during 

operation. The main advantages of using an induction 

generator may be summarized as follows; 

(1) Self-excited type of installation may make a 

profitable an independent source of sine wave 

power. 

(2) Construction and operation are simpler 

than that of an equivalent synchronous machine. 

(3) Overspeeding causes no over-voltage but increase 

in frequency, both of which are dependent upon 

the capacitor rating. 

(4) A line fault causes no serious rise in current 
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because it is limited by the leakage reactance 

of the machine. 

(5) The machine can be handle all types of load if 

the power factor of the external circuit is 

equal to or lower than the power factor of the 

induction generator. If not we can insert a series 

capacitor and the load power factor would be 

improved. 

(6) A squirrel-cage induction machine is so common 

and much easier to offer. This type of machine 

can have capable to performing both duties 

(motoring and generating mode) with high 

efficiency. 

The main disadvantages of using an induction generator may 

be summarized as follows: 

(1) The weight of the bulk of capacitors necessary 

for excitation are heavier than a synchronous 

generator and exciter. 

(2) The voltage regulation is poor if a saturable 

reactor and a series capacitor are not available. 

(3) The output frequency and voltage are restricted 

by the speed, load and capacitor rating. 

(4) Restoration of the rotor magnetism is necessary 

when (i) a line fault causes loss of the terminal 

voltage since loss of voltage means loss of 

excitation, and (ii) overloading causes loss 
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of terminal voltage "because it is impossi'ble 

to have an infinite energy output since the 

excitation is fixed "by the design requirement, 



 

CHAPTER 5 

APPLICATION IN A VSCP SYSTEM 

This chapter descrihes the theory necessary for 

designing the controller of a frequency changer. Proper 

controlling of the CDEEC in a VSCF system will provide a 

lagging power for machine excitation obviating the necessity 

of external static capacitors. 

A new firing control technique called "Integral 

Control" is introduced which employs closed-loop feedback to 

control the thyristor firing instants. Compared to the 

well-known cosine wave crossing method [Refer to Figure 

2-7], the present control method is complicated and more 

reliable in a variable-speed system. The experimental 

waveforms of a six-pulse frequency changer, evaluated in the 

laboratory, compared well with the theortically waveforms of 

a six-pulse frequency changer. 

5-1 CONTRUCTION OP A VSCP SYSTEM 

A block diagram of the VSCF system is shown in Figure 

5-1. The system consists of an induction generator driven 

by an unregulated prime mover, which supplies variable 

generator frequency ac power to a CDFFC. The CDFFC uses 

TRIACs as a cycloconverter converting the variable input 

frequency power to one which is at a precisely controlled 

lower output frequency. 
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The capacitor-excited induction generator operates over 

a speed range of 1500 to 2100 rpm and delivers power at 45 

to 80 Hz. The system output is rated 240 volts, 

single-phase and 20Hz. The CDPFC programmed with a 20Hz 

sinusoidal reference wave and regulated voltage waves 

derived from the generator, is given an output that is 

essentially 20Hz plus some high ripple frequencies. The 

output waveform of the frequency changer is then filtered "by 

a small LC filter. The size and weight of this type of 

filter can he reduced hy increasing the frequency or 

decreasing the amplitude of the ripple to meet 

specifications on waveshape. 

The timing signals of the corresponding control hlock 

output, determined hy the analogue error signal Vg which is 

derived hy comparing a reference input signal Vg against a 

negative feedback signal Vpg, vary the phase position of the 

pulse trains at different instants of time. These timing 

pulses go through a firing circuit triggering the switches 

of a frequency changer and controlling the desired output 

frequency output voltage Vq, and input displacement 

angle ^j. After the correction is made, the feedback signal 

Vpg causes the reduction of an error signal and maintains 

stability of the system within desired limits. 
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Proper control of the leading or lagging input current 

by the CDPPC allows any desired input displacement factor to 

be obtained independently. Since the output LC filter is 

always capacitive, the CDPPC has the ability to supply/draw 

the leading/lagging reactive current to/from the generator 

for machine excitation. In order to avoid generator failure 

due to an abnormal condition, a stand-by system is required 

consisting of shunt capacitors placed between the output 

lines to supply lagging reactive power. This method is 

universally applied on power system to suply the KVAR 

necessary for a desired power factor improvement. In some 

static system, the input shunt capacitor is common used as a 

turn-off device (thyristor commutation) and/or input filter. 

But in this VSCP system, it becomes an excitation device and 

input filter. It provides a low impedence path to suppress 

switching transients, filter the extrabasal component, and 

cancel the quadrature component of the input current. 

The generator voltage regulator produces an error 

signal to the CDPPC, to adjust the leading/lagging input 

displacement angle by sensing the input reactive current. 

Bor optimum control, the input displacement factor of the 

frequency changer should be set as leading as possible (more 

capacitive) for the initial build-up voltage of the 

generator. 
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5-2 CONTROL SYSTEM OE A CDPPC 

In order to generate positive-type waveforms or 

negative-type waveforms for half the total operating period 

at the output, it is necessary to have two separate timing 

control channels. These channels require some control 

mechanism for switching from one waveform type to the other. 

Each timing channel in continuous operation provides a 

continuously running wave either positive-type or 

negative-type. Pigure 5-2 is the basic control system of 

CDPPC which consists of two timing control channels. In 

correspondence with the output switching signal E(p) and 

E^(p) on these channels, output frequency and input phase 

angle are independently controlled that is the unique 

operating characteristics of a CDPPC. 

The phase position 0^ of the positive-type segments and 

the negative-type segments at the output voltage waveform 

controls the input displacement factor 0j of a frequency 

changer. Generally the CDPPC allows a circulating current 

to flow in the load during any conducting period of time. 

Therefore bidirectional switches (i.e. TRIAC) are required. 

The firing pulses to a single array of bidirectional 

switches of a CDPPC are generated by a single set of firing 

circuits. These pulses are transmitted through the timing 

channels to control the switching mechanism from one 

waveform type to other. 



 

V
 I
 
o
-

P
o
s
i
t
i
v
e
-
t
y
p
e
 

W
a
v
e
f
o
r
m
 

G
e
n
e
r
a
t
o
r
 

I
n
t
e
g
r
a
l
 

C
o
n
t
r
o
l
 

W
a
v
e
f
o
r
m
 \
E
(
p
)
 

D
F
 

S
w
i
t
c
h
i
n
g
 

o
 

R
 

o
-

F
i
r
i
n
g

S
i
g
n
a
l
 

C
D
F
F
C
 

C
i
r
c
u
i
t

j
G
e
n
e
r
a
t
o
n
^
Ei
rC
 P
)
 

I
n
t
e
g
r
a
l
 

C
o
n
t
r
o
l
 

N
e
g
a
t
i
v
e
-
t
y
p
e
 

W
a
v
e
f
o
r
m
 

V
,
 

G
e
n
e
r
a
t
o
r
 

F
i
g
u
r
e
 
5
-
2
.
 
C
o
n
t
r
o
l
 
s
y
s
t
e
m
 
o
f
 
a
 
C
D
F
F
C
.
 

a
>
 



168 

The output voltage waveform of a CDPPC is dependent on 

two variables, switching angle p and output voltage ratio r 

[Refer to Equation (3-7)]. The phase shift of the output 

voltage is adjusted by the periodic switching functions E(p) 

and S^(p) [Refer to Equation (2-26) and (2-27)]. If the 

amplitude of the periodic switching signal E(p) or ^^^(p) is 

unity ("On" state), the output would become positive-type or 

negative-type waveform, respectively. By shifting the 

positive-type segments and the negative-type segments 

waveform at the output with respect to the output current 

wave, the output phase angle of a frequency changer will be 

varied. The intervals during which the converter switches 

are operated at high and low rates (fj + f^) and (fj - f^) 

depend upon the control angle a. 

The block diagram of the adjustable phase control 

circuit is shown in Figure 5-3. It provides the waveform 

switching signals E(p) and I!^(p) synchronized to the output 

current of a frequency changer. The amplitude of the 

displacement factor reference Vdf (external supply) controls 

the output phase delay of the switching signals E(p) and 

E^(p), with respect to the input current wave i^. In the 

case of an increase/decrease of Vdf, the frequency of the 

voltage controlled oscillator (VCO) output will be 

increased/decreased, and the output phase delay switching 

signals E(p) and ^^^(p) will be advanced/retarded. In order 

to' maintain a stable system, Vdf must be set within the 
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required maximum and minimum limits. Failure to maintian 

within these strict limits will cause the input 

displacement factor of a frequency change not to he 

controlled. The "End-Stop Control" method shown in Figure 

5-5 is one practical technique for ensuring that Vj-jp stays 

within the limits. 

Due to the difficulty of using the cosine wave crossing 

control method [Refer to Figure 2-7j in a variable-speed 

system, another timing control technique "Integral Control" 

method is utilized as shown in Figure 5-4- It provides a 

self-contained corrective feedback to control the firing 

delay. The difference voltage between the reference voltage 

and the feedback voltage Vpg from the output is applied 

to the integrator. Since the gain of integrator is 

inversely proportional to the frequency of the input, it is 

similar as a low-pass filter (i.e. Gain = 1/juRC). After 

integration, it may have some ripple voltage amplified and 

appeared at the output of integrator. This integral of 

ripple voltage is a correction signal which determined the 

switching instants of the timing signals and is applied at 

the input of the zero detector. When the zero detector 

detects the zero crossing points of the integral of the 

riple voltage, a train of pulses are produced and act as the 

triggering input to the clock pulse generator. 
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This firing control scheme is a close-loop feedback 

that automatically changes the firing instant in order to 

improve the output performance. When the output voltage of 

the frequency changer is increased/decreased, the feedback 

voltage magnitude will increase/decrease and then the 

integral of ripple voltage will increse/decrease at the 

output of integrator. Therefore the zero crossing points of 

the ripple voltage will be retarded/advanced, and the output 

voltage of the frequency changer will automatic 

deerease/increase. 

The practical firing control scheme for a six-pulse 

CDPPC is shown in Figure 5-5 utilizing the integral control 

method. To provide a separate continuously running 

positive-type and negative-type waveform, two generators are 

required which are "Positive-type Waveform Generator" and 

"Negative-type Waveform Generator" [Refer to Figure 5-2]. 

Each generator consists of a group of low power circuits 

with three outputs [Refer to Figure 5-8], a six-pulse 

frequency changer which is the same as the power circuit of 

the CDFFC. 

The typical waveforms from a six-pulse frequency 

changer in the positive timing channel, with zero reference 

voltage, are illustrated in Figure 5-6. The input waveforms 

of the half-wave integrators and main integrator are fed by 

the positive-type waves which are generated from the 
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Switching iDSlijnTs fc 

balanced ooeration 

Output voltage of 
thiee-puise group 1 

Output voltage is of 
three—pulse group 2 

> 

Combined six—pulse 

output voltage of 
groups 1 and 2 

A. Input Waveforms of Integrators 

Output voltage of 
mam integrator 

Output voltage of 
"half—wave integrator" 1 

Output voltage of 
"half—wave integrator" 2 

Output Waveforms of Integrators 

Input voltage to 
zero-aetector 1 

Input voltage to 
zero-detector 2 

clock pulses 

P-2 clock pulses 
U 

Unstabilized Stabilizing "haif-wave integrator" feedback signals summed 
operation to mam integrator output from time t onwards 

C. Zero Crossing Ripple Voltages and 
the clock pulses 

Figure 5-6. The associated waveforms of a six-pulse 
CDFFC, with integral control method. 
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positive-type waveform generator. The gain of the half-wave 

integrator is relatively small compared to the gain of the 

main integrator. M is an attenuate factor of output voltage 

Vq and feedback voltage Vpg (i.e. M = 

ratio of these two type of integrators is about 5 to 20. 

The difference between the reference voltage and the 

output voltage of each individual groups of v^, v^ and Vg 

are integrated by the integrators. The output of main 

integrator will sum with the output of half-wave integrators 

"1" and "2" and will transfer to zero detectors "1" and "2", 

respectively. The transfer characteristics of each zero 

detector in this control scheme is just for construct the 

positive-type waveform only. The zero detector detects the 

zero crossing points of the integral of the ripple voltage 

and then feeds to the input of each clock pulse generator. 

The successive clock pulses and P2 change the three 

conduction states of each shift register and delivers a 

total of six separate timing signals in regular sequence at 

the output. These firing instants of the switches correct 

and improve the output waveform fabrication. The pulses P]^ 

and Pg are also fed back to reset the half-wave integrators. 

The desired firing instants of the thyristors form the 

positive-type waveform at the output of the frequency 

changer and are produced by means of a train of clock 

pulses. 
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For constructing the negative-type waveform at the 

output of the frequency changer, a "Negative-type Waveform 

Generator" is required. The output waveforms of the 

negative-type waveform generator are fed "back to another 

integral control scheme which is similar as the 

positive-type output control has "been previously discussed. 

But ensure change the transfer characteristics of each zero 

detectors "1" and "2" in the control block [Refer to Figure 

5-5] that is presented for construct the negative-type 

waveform only. 

In order to obtain the high (di / dt) required to fire 

the thyristor more than once at any point within the period 

of the firing pulse, the scheme illustrated in Figure 5-7 is 

utilized. It uses a high frequency continuously running 

oscillator to produce pulse trains for a three-pulse 

converter group. The center-tapped pulse transformers 

connected in parallel with a high frequency oscillator, 

deliver the train of pulses to each individual thyristor at 

different conduction periods. 

The power circuit of the CDFFC is shown in Figure 5-8 

which utilizes six-pulse dual midpoint converters with an 

interphase transformer, to form a single-phase output. The 

output ripple current must be returned to the input of the 

waveform switching signal generator before passing through 

the low-pass LC filter to load. This feedback operation 
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Push-pull Square 
Wave Oscillator 

Output
■M- "°o Firing 
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TRl o4-r )TR2 ^-^^TR3Input Signal 

I 

A. Schemetic Diagram 

to TRljzrmizij 
Input Signal to TR2 

to TR3 

Output Pulse 1 i I I i I 1 i I I 

Output Pulse 2 1 1 1 1 i 1 1 ^ ^ 
Output Pulse 3 ni imi 

B. Input Triggering Signal and Output Firing Pulses 

Figure 5-7. Extended output firing pulses for a three-
pulse circuit. 
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Figure 5-8. Six-pulse Frequency Changer Circuit. 



180 

which adjusts the phase position of the switching signal is 

a function of angle p. 

5-3 CONCLUSION 

A complete model of the VSCF control unit utilizing a 

circulating type six-pulse cycloconverter has been developed 

and tested in the laboratory [Refer to Figure 5-10]. The 

experimental results were found to agree well with the 

theory. Figure 5-9 shows typical waveforms of the 

characteristics of the CDFFC [Refer to Figure 3-12]. These 

oscillograms are the unfiltered output voltage waveforms 

under unity power factor load condition. The operating 

frequency ranges of the input of CDFFC are in 45 to 80 Hz, 

and the output of CDFFC is in 20 Hz. Any input displacement 

angle can be controlled regardless of the output current. 

This system appear to have application in modern wind 

power-generating system. The control scheme in this thesis 

can be easily extended to higer power ranges and wider 

controlled frequency ranges (Triacs are rated as high as 

4000 V and 500 A). 

With the employment of a Triac under ideal forced 

commutation conditions, the performance would compare 

favorably with conventional systems utilizing anti-parallel 

SCRs that is simpler, cheaper, and providing precise 

frequency control. 
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B.2. Expressions for different powers referring 
to Figure 4-2, the following relationship: 

Output Power = qV^I^cos 

= ̂ 2 1^21'Vl 

where q=l for single-phase output; and 

q=3 for three=phase output. 

Rotor Input = 
■R2(1-3) Ig + Rotational Losses 

P . P.out 1Efficiency Tj = 
P. P.
in 2 

Slip S = N - N. where u =2irf =2tiN /cO; therefore 
S X S S S 

^ ~ "s ~ where oj is the line frequency. 
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