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A&STR,A.ÐT'

This thesis reports on investigations into utilizing a self-excited induction gen-

erator asynchronously coupled through a D.C. link to an isolated A.C. load. A basic

algorithm is developed for determining the capacitance and machine speed required

to support self-excitation to a speciûed voltage level at a specified frequency. For

given ranges of machine speed and real power load, the minimum capacitance

required by the machine to maintain excitation at a given voltage level occurs at

minimum speed and at maximum po\#er. A program is discussed for generating fami-

lies of curves descriptive of characterístic quantities of self-excited states as functions

of machine speed and real and reactive loading. An additional algorithm is discussed

for describing rectifier ñring delay angle and rectifier I¿ and Vo associated with main-

taining machine voltage at a speciûed level over ranges of machine speed and power.

Account is taken of commutating reactance, rectifier transformer magnetizing reac-

tatrce, and minimum rectiûer firing angle and also the extra terminal capacitance

required because of these considerations. Novel chopper-inverter apparatus is dis-

cussed for interposing between the rectifier output and the A.C. load in order to

match the required rectifier /, and yd to the requirements of the load over given

ranges of machine speed and power. A,s an alternative apparatus, a dual arrangement

of series capacitor commutated Graetz bridge inverters is briefly discussed. Prelim-

inary proposals and studies are presented for appropriate control systems.
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CEãAPTER, ONÐ,

gNTR,OÐ{JCTEON

X.N" STATEMENT OF GEhTERAL OBJECTTVES

There has been considerable interest for the past several years in the utilization

of self-excited induction generators in power s)¡stem applications. That interest has

been focused primarily upon two q¡pes of systems. On the one hand, a number of

investigations [1,2J] have looked into use of self-excited induction generators in iso-

lated systems wherein an a.c. load is supplied directly from the machine a.c. output.

Such systems require speed control for frequency regulation and reactive power con-

trol for voltage regulation. On the other hand, several investigations [4,5] have

focused upon supplying power into a strong a.c. system through a d.c. link from a

self-excited induction generator. Furthermore, Eome investigators [6,7] have looked

into supplyrng an isolated d.c. load from the rectified output of a self-excited induc-

tion generator. h addition, articles [8] have been presented describing the process of

self-excitation in induction generators and the tteady state analysis [9,10] of such

self-excited machines. In view of the considerable body of earlier work, this disserta-

tion will focus upon preliminary investigations of a Eystem comprising a self-excited

induction generator asynchronously coupled through a d.c. link to an isolated a.c.

load.

A number of steps were required in the course of this preliminary investigation.

As a ûrst step, a procedure was developed for producing an alternative set of operat-

ing curves descriptive of the operation of a self-excited induction generator. Next, a

procedure was developed for producing a reduced set of curves. This reduced set of
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curves describes the steady state quantities associated with thu:op*rution of a self-

excited machine at a specific level of terminal voltage. The quantities are given as a

function of machine speed and power level. One quantity described is the reactive

loading that tbe rectifier must place upon the self-excited machine at a given combi-

nation of machine speed and power in order to maintain the machine voltage at the

specified level.

Conclusions are presented concerning the effect of rectifier generated harmon-

ics upon the t¡pical self-excited machine.

Descriptions are presented concerning the nature of compatible devices for con-

nection between the rectiûer output and the isolated a.c. load. The positioning of

these compatible devices ín the circuit under consideration is as illustrated in Figure

1. The devices described are intended to complement the reactive power require-

meûts of a self-excited induction generator and to permit the generator to be asyn-

chronously coupled through a d.c. link to an isolated a.c. load. The devices Íue

intended to permit a broad range of machíne operating speeds. Suggestions are

presented in respect of control strategy. The results of computer simulations are

presented in order to confirm the suitability of certain aspects of the control strategy

and to determine the response of the self-excited machine to changes in rectifier

delay angle.

1.2 A REVIEW OF SOME PER,TThIENT AR,TICLES

1.2.1 THE BEh{EFTTS O['OPERATING A TUR,BIh{E AND GEh{ERATOR UNIT A.T

VAR,TABLE SPEEÐ

R. lt[air [11] has reviewed the potential advantages of a'system comprising an

hydraulic turbine operable at yarying speed driving a synchronous generator con-

nected through a d.c. link to an a.c. s)¡stem. Two advantages that he points out are

increased turbine efficiency and simplified turbine equipment.
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Nair's remarks as to efficiencies are directed particularly to propeller turbines.

Nair notes that hígh efficiencies can be maintained for propeller turbines operated

under varying head conditions by operating the propeller turbiné at an optimum load

and speed for any particular head condition. The efficiencies thus obtained are said

to be comparable to the efficiencies which can be obtained from a Kaplan turbine

operable only at constant speed. Speed va¡iation is necessary for this method of

maintaining efficiencíes. However, it should be noted that the efficiency of a pro-

peller turbine operated ín a variable speed mode will not Ue as ilign as for a Kaplan

turbine wben the propeller turbine .is operated at loads which depart from the

optimum load for a given head. This speed variation method of maintaining

efficiencies allows propeller turbines to operate efficiently under more variable head

conditions than can be accommodated by a propeller turbine.operated at constant

speed.
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Nair suggests that the speed maintaining qualities of the turbine governor can

be significantly reduced if asynchronous coupling of the generator to the load is pro-

vided. In sueh a system, the mechanical speed of the generator does not affect the

frequency regulation of the voltage supplied to the customer. Thus, with asynchro-

nous coupling, if the load decreases then the turbine governor can be allowed to

accelerate up to it's runaway speed under light electrical load conditions. Runaway

speed, for a given bead, is the speed to which a turbine will go before hydraulic and

frictional losses completely dissipate the power of the water passing through the tur-

bine. At such a speed there ís no additional water power to accelerate the turbine to

a faster speed. If an electrical load was then placed on the ,uo"*"y generator, the

generator torque would cause the turbine to slow until at full electrical load the tur-

bine would be running at a relatively efficient speed. Runaway speeds vary with tur-

bine type but are usually 2 to 3 times faster than normal efficient running speeds. In

such an unusual configuration no governor would be required.

However, for large turbines, Nair concludes that at least slow acting gate con-

trol would likely be required for several reasons, namely: to limit flow because of

excess head; to give some limited flow control for operation with well defined heads;

to facilitiate load sharing between units; to limit the duration of overspeed condi-

tions; to reduce any hydraulic instability at light loads; and to improve efficiency.

It is submitted that Nair has in general demonstrated the potential advantages

of being able to operate an bydraulic turbine at va¡iable speed. In addition, Moni-

tion, Le Nir, and Roux [12] have presented an efficiency chart which shows max-

imum efficiency for a Pelton turbine to occur at a particular speed per metre of

head.

In relation to wind turbines, Watson et al [6] present a graph which illustrates

that the optimally efficient rotor speed of a wind turbine increases with increasing

wind speed. In addition, Moretti and Divone [13] present a set of curves relating the

-4-



efficiencies of various t)¡pes of wind turbines to the ratio of blade tip speed to wind

speed. The curves show that for each type of wind turbine the maximum efficiency

occurs at a fixed ratio of tip speed to wind speed.

X.2.2 TWE INDUCITON GENER,ATOR,

Various authors [9,10] have listed the characteristics of induction generators

which create the potential for their more frequent use in pos,er systems. Briefly, the

wound rotor of a synchronous generator is usually not present in an induction

machine because most induction machines use the less elaborate and more sturdy

squirrel cage rotor. The use of the squirrel cage rotor eliminates the need for

brushes and a separate source of d.c. excitation current. Also unit costs and mainte-

nance costs for induction generators are generally lower than those for synchronous

generators

The simplest method for utilizing an induction generator is for it to be

nected directly to a strong a.c. system. Such an approach has several inherent disad-

vantages, namely: large inrush currents may occur upon connection of the induction

generator to the system; fault levels oû the system may rise; and the induction gen-

erator must operate at the frequency of the a.c. system. Capacitor banks may be pro-

vided at the terminals of the induction generator to compensate some of the reactive

load that the generator places on the system. Howeyer, if an attempt is made to com-

pensate the entire reactive load of the generator with ûxed capacitors, then the

induction generator could suffer a destructive overvoltage due to uncontrolled self-

excitation in the eyent of an unintended opening of the generator feeder.

N.2.3 AN EXISTTNG SCHEME FOR TXIE APPÍ,ICATTON OF TNDUCTTON GENERA.

TOR,S E]TTLIUING A D.C. [,[NK

Arrillaga, Watson et al [5,6] suggest that the above mentioned difficulties associ-

ated with induction generators can be overcome by connecting a self-excited induc-

-5-



tion generator to an a.c. system by means of a d.c. link as shown in Figure 2.

With reference to Figure 2, the voltage Vor. indicates the induction generator

voltage while the voltage V¿ indicates the rectifier output voltage. BothVa.c. and

the ratio y are inversely related to the firing delay angle q of the rectifier.
Vot.

ÍNDvc'rtoN
GENE R, ATOfr..

I
þ

Fr lr¡'49
F;l (t,s

SqtT.FXC ITATION

CoNfRoL¿€

ßácrlF,€'R
\

ù

I nve.le ?

)

T
\

FIrÊD CAPA¿I7DEç FoR.

Figure 2 Connection of an Induction Generator to an A.C. System Through a D.C.
Línk

The induction generator voltagëVo". will decrease due to an increase in a

toward 9ff because the rectifier will exhibit an increased demand for reactive power

and that demand will restrict the induction generator excitation current.

v
The natio + will also decrease with increasing ct . This relation exists

V ot'

because, as a ûrst order approximation appropriate for Graetz bridge rectiÊers, d.c.

voltage V¿ is related to a.c. voltage Vor. by the well known equation [14]:

V¿=KVo".cosG. (1.1)
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Thus V¿ can be controlled in the configuration of Figure 2 because both Vor.

and cos c are inversely related to cr for angles of cr appropriate for rectification.

Arrillaga et aI have verified the above described method of controlling V¿ by

assembling and testing a model consisting of a self-excited induction generator with

fixed capacitors feeding a controlled rectifier which in turn was supplying a resistive

load as illustrated in Figure 3. The flexibility of the system is demonstrated by the

fact that a change in the resistive load R¡ does not affect the ability of the apparatus

to provide a constant controlled d.c. voltage to the load resistance.

{ 
lNDucrrox G€NÃRAloR,

Vo"

C ONTROLLED

REcl. I FrÉß

cA? Ac,loRS
Sptr - E Xc tT ATto N

Figure 3 A Self-Excited Induction Generator Supplying a D.C. Resistive Load
Through a Controlled Rectifier

Arrillaga et al confirmed that while providing a constant voltage to a constant

resistive load in Figure 3 the apparatus could accommodate incrèases or decreases in

the induction generator speed by means of variation of the firing delay angle cr .

However, for a given capacítance and load resistance only a 10 to 20 Vo variation in

machine speed could be accommodated by variation of c between 0o and 50o. The

limited speed range is due to the fact that íncreased machine speed and frequency

cause the susceptance of excitation capacitors to rise which in turn causes Vo.r. to

tend to rise. For small values of (r , aiì increase in tr is an acceptable method of

^
l.

,i
(=

F I LT6RS

ï,

ßES ,S 7'vE

LOAD 
R¡
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controlling V¿ toa constant value. Flowevero as tx reflects the ratio ry, high
vd

or also re8ects high Vo".for a constant V¿ Thus, in maintaining constant Vd ,

increasing cc only remains an option as long as the induction generator voltage does

not reach a ma:rimum allowable level. Arrillaga et aI also demonstrated that the

machine speed range could be extended by switching in the excitation capacitors in

stages. In this díssertation the approach of switching capacitors will be avoided.

It will be shown in this thesis that a wide range of machine operating speed can

be obtained for any given load betweeî zeto and rated power by causing the d.c. link

current to increase with increasing machine speed. For a given power level there will

of course be an accompanying decrease in d.c. link voltage when the d.c. link current

rises. By this method it will be shown that machine voltage can be maintained ar 1.0

p.u. for machine speeds between, for example, 0.9 and 1.8 p.u. and machine power

an¡'where between zero and rated.

1.2.4 Á, RECENTLV DEVELOPED SCTIEME FOR SUPPLYTNG A D.C. [,OAD F'R,O}I

A SELF-EXCTTED INDUCTTON GENERATOR

Rocha, Watanabe, and Ca¡neiro [7] have recently suggested the use of a scheme

as illustrated in Figure 4. In the circuit a load is supplied with a d.c. current Io at a

desired d.c voltage Vo according to a load voltage reference signal Vbodrr¡rrrn*

The exact details of the chopper circuit do not appeÍrr to have been given in the a¡ti-

cle but the nature of the cbopper and it's operation have been deduced by an

analysis of the waveforms which were presented. The chopper appe¡rrs to be func-

tionally as shown in Figure 5.

The operation of the apparatus disclosed by Rocha et al will be described in

relation to Figure 5 and the waveforms illustrated in Figure 6.

Referring to Figure 5, when switch I is closed, switch 2 is open and vice versa.

Each of the switches are operated at a frequency which is b times that of the

-8-
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Figure 4 A Self-Excited Induction Generator Supplying a D.C. Resistive Load
Through an Uncontrolled Rectiñer ltith Chopper

induction generator output voltage and the switches are precisely synchronized with

the waves of índuction machine voltage. When switch 2 is open, switch 1 is closed

and current I, passes through switch I to the load from the diode rectifier. However,

when switch 1 ís open, no current passes through it or the rectifier and the load

current fo circulates through a closed switch 2.

Figure 6 herein illustrates the waveforms associated with the Rocha et al

apparatus. The fundamental component of current into phase *a' of. the rectifier can

be made to lead the induction machine voltage Vo by 15" ( ó in Figure 6 ) by closing

switch I at the instant that Vo becomes larger than V¿ . The rectifier in that mode

of operation appears as a source of reactive power to the induction machine and will

promote higher self-excitation of the machine. The current into phase "ao of the

rectifier can be made to lag behind Va by 15" by delaying the closed period of

switch I by 30' with respect to the phase relationship illustrated in Figure 6. The

Ë
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I tl-
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Figure 5 Chopper Circuit Deduced to be as in Fig. 4

rectifier in that mode of operation appears as a reactive load and inhibits the capaci-

tors in exciting the induction machine. This manner of restricting excitation current

to the índuction machine can be used during higher speed operation so as to help

limit machine voltage. Phases "b" and 'co oÍ. the rectifier present similar impedances

to the induction machine.

It can be noted that the rectifier in the Rocha apparatus always draws low a.c.

current when the d.c. load current is low. When the rectifier draws low a.c. current it

will neither absorb nor produce significant reactive power. One can thus conclude

that the practise in the Rocha et al apparatus of phase shifting the closed interval of

switch 1 with resp€ct to the induction machine voltage can only have an effect on

machine voltage at those times when a d.c. load current is present. Thus, without a

load current, the machine voltage will rise quickly with increasing machine speed.

I have given a rather detailed explanation of the Rocha et al apparatus because

their original publication is in Portugese and also because the block diagram of their

-10-
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Figure 6 The lVaveforms for Apparatus Illustrated in Figure 4

apparatus gives the inaccurate impression that their apparatus is very close to

apparatus presented ín this dissertation.
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n.2.5 B[Er,roGRAPEV

In addition to those artícles already mentioned, references [15] to [3Ð] describe

va¡ious ancillary aspects of self-excitation in induction machínes.

1.3 OUTE,TNE OF TTTE TTIESTS

Chapter one gives a brief introduction to prior art; presents a bibliography of

pertinent articles; presents a brief review of ce¡tain articles; and gives an outline of

the thesis. One reviewed a¡ticle plus additional references demonstrate the t'enefits

of running a wind or hydraulic turbíne at va¡iable speed. .A number of prior

schemes are discussed to illustrate the state of the art in utilizing d.c. links fed from

self-excited induction generators.

Chapter two presents a brief review of the process of self-excitation; discusses

basic modelling techniques developed by others; presents the procedure for develop-

ing a progrâm for estimating suitable terminal capacitancel presents the procedure

for obtaining a novel set of steady state operating curves fo, a s"lf-"xcited induction

machine supplying real and reactive load; and presents a comparison of calculated

operating curves to those obtained in the laboratory. The operating curves developed

are families of constant value curves in the terminal voltage VT versus load resis-

tance RL plane. Quantities plotted in the VT versus RL plane are: frequency F,

machine ryeed MSPD, machine terminal current, capacitor current, total load

current, load power, and slip S. For each quantity several planes must be developed

corresponding to different values of load reactance XL.

Chapter three addresses a number of issues. The voltage of operation for the

induction machine in the proposed s),stem is chosen at 1.0 p.u. voltage. A procedure

is developed for producing a reduced set of operating curves which describe steady

state quantities associated with operation at a specific level of terminal voltage (ex.

1.0 p.u.). In the reduced set of curves each quantity of interest is described in a
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plane as a function of machine speed and power level. The quantities which are con-

sidered are: total load current, load power factor angle, the real component of

current into the load, the reactive component of current into the load, the machine

terminal current, magtretizing current, and airgap voltage.

Section 35 demonstrates that commutating reactance, rectifier minimum cr set-

ting, and rectifier transformer magnetizing reactance all ,"qoir" the provision of

additional capacitance at the terminals of the self-excitation machine. A procedure is

demonstrated for determining that extrâ capacitance and then for modifying the

reduced set of curves discussed ea¡lier in the chapter.

The apparatus between the rectifier and the load in Figure I must act to match

the output of the rectifier to the requirements of the load while maintaining the

machine voltage at 10 p.u. The necessity to have a speciñc I¿ andV¿ f.or each com-

bination of machine speed and power is pointed out in section 3.6.

Section 3.7 discusses the harmonic currents which can be expected in the induc-

tion machine and the reduction to be expected from using a 12 pulse rectifier instead

ofa6pulserectifier.

Section 3.E presents ttl'o alternative configurations of apparatus for connection

between the rectifier and the load. The first alternative is a chopper and inverter cir-

cuit which includes an inverter which is intended to produce balanced voltages. The

second alternative comprises a dual arrangement of series capacitor commutated

inverters. Both alternatives are discussed with respect to their steady state condition.

In addition a control strategy is proposed for the first alternative and a discussion is

presented as to disturbances from the steady state. Ripple on the smoothing inductor

current and the smoothing capacitor voltage for the first alternative is discussed in

section 3.823. Proposed controllers for the ûrst alternative are discussed in section

3.8.2.4. The second alternative is discussed in section 3.8.3. That section proposes that

a dual arrangement of series capacitor commutated Graetz bridge inverters could be
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us€d in place of the chopper-inverter apparatus. Xt is demonstrated that the Graetz

bridge ínverter valves and capacitors must have increased voltage ratings to accom-

modate varíable d.c. current operation.

Chapter four consists of three related sections.

Section 42 presetts the results of a transient simulation of a chopper and

inverter apparatus of chapter 3 supplying a load through filters. The rectifier output

voltage and the chopper duty cycle are constant during the simulation so that the

simulation in fact represents operation with the controls momentarily frozen. The

method of creating the simulation subroutine for the chopper and inverter is also

discussed.

Section 43 presents the results of a transient simulation of controllers which are

based on the principles described in section 3.82.4. The simulàtion confirms that the

capacitor voltage controller and the inductor current controller can be made to

operate simultaneously.

Section 4.3 presents a simulation to demonstrate that the load suppression of

self-excitation voltage is a comparatively slow phenomena even if the machine in

question is operating with ligbt saturation and undergoes a large immediate load

increase.

-74-



CE{Á.PT'ÐR å

ÐEVELOPNNG Cffi^4,R,.ACT'trR,[ST[C C{.JR,VES OF' A SEH,F'-

EXCITEÐ INÐT.JCTEON GENER,ATOR, WITK [,OAÐ

2.X TNTR,ODUCTTON

Self-excitation in induction machines can occur when sufficient terminal capaci-

tance is connected to the output of an induction machine which is being mechani-

cally driven at sufficient speed. The process of self-excitation has been analyzed in

terms of a permanent magnet machine which converts to an asynchronous generator

as the induced currents circulating between the generator and the capacitors grow in

magnitude [8]. At very low levels of induced currents it is believed that the residual

flux of the rotor causes the machine to act like a permanent magûet generator. In the

permanent magnet mode the induced currents in the machine will tend to grow if

the terminal capacitance on the machine is sufficient. When the currents have grown

to a sufficient level they begin to coercise the residual flux on the rotor and the

induction machine transforms from permanent magnet operation to asynchronous

operation as a self-excited induction generator.

In this chapter, methods will be described for obtaining a novel set of operating

curves descriptive of the steady state operation of a self-excited induction generator

connected with terminal capacitors and supplying real and reactive load. As a prel-

iminary step a pro$am is developed which is used to determine the capacitance and

machine speed required in order to provide a specified voltage'and frequency at the

machine terminals for a given load.
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2.2 & MODEI, OF' TTTE SEÍ,F"EXCXTED M{DUCTION GENER,ATOR,

2.2.\ TW EQU EVAT,ENT CrR, C[i[T R. EPR ESEþITA,TION

The approach used in obtaining the operating curves is based upon the solution

of transcendental equations similar to those described by S. S. Murthy et al [9,10].

The basic circuit configuration ís as illustrated in Figure 7. In the analysis to

follow ci¡cuit element parameters illustrated in Figure 7 including RL, XL, XC, RS,

XS, XM, R[, XR, and RR all express impedance magnitudes at 1.0 p.u. frequency.

XC has units of (ohms x p.u. freq.). XL, RL, RS, RI, and RR have units of (ohms).

Finally, XS, XM, and XR have units of (ohms / p.,r.freq.)

LöAD AND

SEtF- EXC ,TATION
CAPAc¡laKS

i (xs)rr)

fNDI,CTION
MACHIN€

Xm = {

I Rs
I

i(xnXr)

.t
b, q.

+-l--+
I

I
l

I

("tr)

Figure 7 Steady State Single Phase Representation of a Three Phase Self-Excited
Induction Machine with Load

The reactive load XL is shown in Figure 7 as being frequency independant. This-

approach has been taken because the load is intended to represent a rectifier and as

a first approximation the po$,er factor of a rectiûer is determined by cr and does not

RT ßß,/.

' 
; ßn)(r)RL jxr
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depend heavily upon frequency.

In the analysis to follow tbe circuit par'âmeters XS and XR representative of

stator and rotor leakage are assumed to be independant of the magnitude of stator

and rotor currents. The assumption ís justiûed by the premise that a self-excited

induction generator should never be operated at levels of stator or rotor current

which could cause saturation of the flux leakage paths. Such currents and saturation

normally occur in inductíon motors only during starting when one would normally

expect several times normal running current to be present in both the stator and the

rotor coils.

The circuit element parameter XM in Figure 7 is not a constant but varies with

the saturation level of the machine's air gap flux path. Saturation of the airgap flux is

of course dependant upon the magnitude of airgap flux linkag", Aitgup flux linkage

in turn is determined by airgap voltage and electrical frequency. .

The relationX[ : f (Ve/F) indicated in Figure 7 relates XM (ohms / p.u.

freq.) to V o /F (volts / p.u. freq.). XM represents tbe machine magÊetizing reactance

at 1.0 p.u. frequency. V, represents the magnitude of the airgap voltage phasor in

r.m.s. volts and F represents electrical frequency in p.u.. The

relation XM : Í (Vt/F) is developed for a given machine by consideration of the

machine's magnetization curve obtained at one frequency.

The magnetizing curve typically relates the magnitude of the airgap voltage pha-

sor at 1.0 p.u. frequency Vgt.g,to the magnitude of the magnetizing current phasor

f, . The magûetizing curve is usually obtained by applying a range of voltage mag-

nitudes at 1.0 p.u. frequency to an induction machine driven at 1.0 p.u. speed in a

synchronous speed test. The magnetizing curve Vgl.g versus /, can be plotted given

the results of the synchronous speed test and reliable values of stator resistance and

stator leakage impedance at 1.0 p.u. frequency ( i.e. RS and XS resPectively ).
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The magnetaing curve Vut.0 yersus /, obtained in the above specified manner

actually relates airgap voltage per p.u. frequency to the magnetizing current. If the

frequency of the airgap voltage goes up then V6t.o must be multiplied times F (p.u.

freq.) / 1.0 þ.u. freq) to get the actual airgap voltage V, f.or a given magnetizing

current I^ , Clearly this relationship can be expressed as Vr t.0: Vt/F . Thus, as an

alternative, one can express the magnetizing curve in terms of Vu/F (volts / p.u.

frequency) versus /,, (amps). The magnitudes obtained for the U8 /F axis will be 60

x 2rr times the actual flux linkage phasors for a base frequency of 60 hertz because

Vt/F has a denonninator which is in p.u. rather than actual electrical radians /

second.

Given the Vu/F (volts / p.u.freq.) versus.fn, (amps) curve, one can then relate

the XM (ohms / p.,r. freq.) to I^ (amps) due to the relation:

xM = 
vc/P
I^

It is a simple matter to plot aVu/F versus XM curve once curves have been

obtained relating Vg/F to In and XM to I^ . The actual magnetizing impedance

at any XM and F is obtainable by multiplying XM (ohms / p.rr. frequency) times F

(p,u. freq.). Also, using the V s /F yersus XM curve, the actual airgap voltage V t
(volts) for a given XM and F is obtainable by multiplying the given F (p.u.) times

the V I /F which corresponds to the given XM.

.{ typical V t /F yersus XM curve is illustrated in Figure 8. The curve in Figure

8 is for motor # t as described in Appendix 1.

It is useful to note that each XM on the curve of Figure 8 corresponds to a par-

ticular magnetizing current level and thus to a corresponding particular saturation

level.

One notable aspect of the curve illustrated in Figure 8 is that V t /F is not a

single valued function of XM. In particul¿rr, one can note with some difficulty that

(2.1')
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Figure I The tr/" /F versus XM Curve for the Laboratory Machine Described in
Appenðix I

tracing the curve from the minimum illustrated V s /F causes XM to increase slightly

and subsequently to decrease. Elder et at [8] have demonstrated that this should be

expected.

Using a technique for measuríng magûetizing inductance at low levels of mag-

netizing current, Elder et al were able to obtain a curve of magnetizing inductance

versus magnetizing current which they illustrated as theír Figure 2. From the infor-

mation in that curve the magnetizing curve for their machine is illustrated in Figure

9. From Figure 9 a V r/F versus XM curve can be obtained and is illustrated as Fig-

ure 10.

Only those points on the curve of Figure 10 disposed above the "xu can be stable

operating points. Those points below the 'x" cannot be stable operating points. For

illustrative purposes consider point 'A'on Figure 10 and assume that the machine is

operating at a particular frequency. Then assume that there is just sufficient
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Figure 9 The Magnetizing Curve for the Elder et al [8] Machine

capacitive susceptance connected on the machine terminals to support self-excitation

of the machine when XM is equal to 135.0 (ohms / p.,r. freq.) which corresponds to

the XM for point "4". If under those circumstances the machine is operating at the

airgap voltage level of point '.4," then the slightest increase in airgap voltage will

cause XM to increase. Such an increase in XM will reduce the magnetizing current.

The resulting surplus reactive power provided by the terminal capacitors drives the

airgap voltage higher until a stable point is encountered in the vicinity of point oB'.

Likewise, if the machine is operating at the airgap voltage levei of point "4" under

the above circumstances then the slightest deôrease in airgap voltage will cause XM

to decrease. Such a decrease in XM will increase the magnetizing current. The

resulting deficit in reactive povrler provided by the self-excitation capacitors causes

the airgap voltage to collapse to negligible levels. Similar arguments can be used to

demonstrate that point '8" in Figure 10 can be a stable op€rating point for self-

excitation.
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Figure 10 The V s /F versus XM Curve for the Elder et at [8] Machine

The poínt 'x" in Figure 10 represents a boundary for the loss of self-excitation.

For illustrative purposes, assume that the self-excited machine is in a stable operating

condition at point "B' supplying a load represented by RL and XL in the single line

diagram of Figure 7. Assume the machine speed is adjusted to maintain one operat-

ing frequency. The capacitor XC supplíes the reactive power to the machine and the

load. If the load begins to draw more reactive power there will be less reactive po\r,er

for the machine. The result is that the machine will become less self-excited; the

saturation of the airgap ffux will reduce and XM will increase. By this means the

machine can come to a stable operating point at a reduced voltage level somewhere

between points "8" and "x" in Figure 10. However, if the load current into RL and

XL continues to increase the machine will reach it's ma¡rimum XM. If the load

current is increased further there will be a deûcit of reactive pos'er which will not

be corrected because the machine cannot come further out of saturation to reduce

it's reactive power requirements. Under this final circumstance self-excitation will be
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lostandthemachinevoItagewilldroptonegligiblelevels.

Turníng again to Figure 10 it can be concluded that, in determining the stable

operating points of a self-excited induction machine, one need only consider the

negatively sloped portion of. a V r/F versus XM curve.

2.2.2TW8 INDICEA OF A STEADY STATE OPER,ATTNG CONDTTION

Four criteria indicative of a validly calculated steady state operating condition

for a self-excited induction generator are as follows:

(1) The generator must operate at negative slip. Slip (p.u) is indicated by oS" in Fig-

ute 7.

(2) The apparatus must of course operate at positive frequency. Frequency (p.u.) is

indicated by "F'in Figure 7.

(3) The only permissible values for XM (ohms / p.u. freq.) are those positive values

that are under the V, /F versus XM curve. Furthermore, a lower bound may be

specified for XM because each XM corresponds to a particular magnetizing

current level. For the machine described in Figure 8, an XM of i4.0 (ohms /

p.u. freq.) corresponds to a magnetizing current of I amps.The machine is only

rated for 6.4 amps of stator current so that one can safely omit consideration of

XM less than 14.0 (ohms / p.u. freq.) when considering feasible operating points

for that machine.

(4) The impedance looking into the terminals of the induction machine ( as ^t'a'
in Figure 7 ) must be equal in magnitude but 180o out of phase with the

impedance looking into the parallel Íurangement of capacitor and load ( as at

'b" in Figure 7 ). This last requirement assures that the power absorbed by the

load is equal to the power produced by the generator and that the reactive

power absorbed by the generator is equal to the reactive power produced by the

combined load and self-excitation capacitors.
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2.2.3 F,M\¡DTNG STEAÐV STATE OPERATING CONDITÍOÞ{S

Turning again to Figure 7, it is clea¡ that for a given load ( RL and XL ) and

capacitance ( XC ), all equivalent circuit impedances are ûxed by S ( slip in p.u. ), F

( terminal frequency in p.u. ), and XM ( magnetizing impedance in ohms / p.u. freq.

). However, a real solution (St,FyXM t ) to the circuit equations will not always

exist for every set of XC, RL, and XL. For instance, when RL : 0.0 ohms, the capa-

citor voltage and current must go to zero and the induction machine loses it's source

of excitation current.

In looking for steady state operating conditions the mismatch in impedance in

the fourth requirement is used as an objectíve function which must be minimized by

search techniques. The first three requirements impose bounds on the values of S, F,

and XM whích can be legitimately searched

Theobjectivefunctionisgivenbyanequationasfollows:

" = l&"
wherein:

* Rou, | * 1"," * xo,, 
i

(2.2)

R¡o is the real part of the impedance looking into the machine terminals in Fig-

ure 7;

&r, is the real part of the impedance looking out of the machine terminals of

Figure 7;

X¡n is the ímaginrrry part of the impedance looking into the machine terminals

ín Figure 7; and

Xoo, is the imaginary part of the impedance looking out of the machine termi-

nals ín Figure 7.

The result of the search conyerges to a true result as the objective function is

reduced to zero. Suitable sea¡ch techniques include simplex search and pattern

search methods. However, simplex allowed a more reliable and faster convergence of
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the objective function to zero for those cases with a real solution.

In cases where the above four criteria can be met, the negatively sloped portion

of the Vs/F yersus XM curve is used to determine the airgap voltage level. The air-

gap voltage level can then be used to determine all other voltages and currents in the

circuit of Figure 7.

2.3 A PR,OGRAM FOR, ESTTMAT'ING SUTTÁ.BLE TER.MTh{A[, CAPACITANCE

Most a.c. generators are required to supply a given terminâl voltage at a given

frequency to a given load. In order to accomplish that result with a self-excited

induction machine it is necessary to connect a particular sþe of terminal capacitance

to the induction machine and then to drive the machine at a particular speed. In

order to determine the required capacitance and speed in advance it is necessary to

solve the equations for the equivalent circuit network illustrated in Figure 7. That is

the purpose of the program described in this section and referred to as progrâm L

The magnitude of terminal voltage and frequency are specified at the beginning

of the progrâm. However, XC is unknown and thus terminal current is unknown.

Because terminal current is unknown the airgap voltage Vu is also unknown. V, is

related to the saturation level of the airgap flux and thus XM is unknown. The

po\rer which must be transferred across the airgap is also unknown because iron

losses and stator copper losses are unknown. The fact that airgap power and airgap

voltage are unknown dictates that slip S is unknown.

Because of the above considerations, the search va¡iables in this program are

slightly different from those descríbed in section 22. In this program it is not neces-

sary to sea¡ch over F because we merely set F to the desired value. However, in place

of F, XC (ohms x p.u. freq.) is a unknown and is used as a search va¡iable. Slip S

(p.u.) and magnetizing reactance XM (ohms / p.u. freq.) remain as the other vari-

ables.
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Also in this program we are not satisfied just to find aoy steady state operating

point. \We in fact wish to find a steady state operating point with a certain level of

terminal voltage. Thus the objective function described in Eqn 22 must be supple-

mented with a term which will go to zero as the terminal voltage approaches the

desired value. The new objective function is as follows:

FL=F +(wT) r IV, -Vdes¡red

wherein:

(2s)

F is given by Eqn.22;

rilT is a weighting factor;

Vdcs¡rcd is the desired terminal voltage; and 
.

V, is the terminal voltage calculated for each set of va¡iables (XC,SXM) tested

in the search routine.

A copy of program I, complete with exemplary input and output ûles, is

included in App. 2 of [a3]. In the s¡ample, the program calculated the XC (ohms x

p.u. freq.) and machine speed (p.u.) required for the machine of Appendix 1 to sup-

ply a load of 38.6 ohms with a voltage of 120 volts r.m.s. l-n at 1.0 p.u. frequency.

2.4 A PR,OGR.AM FOR OBTATNING STEÁ,DY STA,TE OPER.ATX¡{G CURVES FOR

A SET,F.EXCITED TNDUCTION MACTIXNE . PROGR,AM [I

2.4.1..IGENER,AL DESCR,IPTTON

Most a.c. generators, including self-excited induction generators, typically supply

a load which varies in ímpedance magnitude and power factor. Because of the nor-

mal variability of load, it was decided to develope a computer program to generate a

set of curves descriptive of the steady state operating characteristics of a self-excited

induction machine. The program which has been developed generates curves which

describe the equivalent circuit voltages, currents, and frequency as a function of real
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and reactive load for all feasible machine speeds. 
.

The program was developed in three parts all of which a¡e included in App. 3

of [a3] with directions. Farts I and 2 of program II generate data on the steady state

operating points and part 3 of program II converts that data into a form which can

be plotted.

In developing parts 1 and 2 ít was necessary to arrive at a procedure which

would allow the recording of solutions over the ranges of permissible RL, XM, and

XL. Search variables were F and S. It can be noted that a self-excited induction gen-

erator is on the verge of losing self-excitation when it is run with a minimum of

saturation of the airgap flux. In for example Figure 8, maximum XM under

tbeVg/F versus XM curve corresponds to the minimum saturation. It can also be

noted that each value of XM corresponds to a specific magnitude of magnetizing

current /, . By these considerations, a minimum XM can also be determined

corresponding to the maximum allowable magnetizing current /,n XM is thus

bounded between minimum and maximum values. We can canvas the entire range of

feasible operating points by considering a large number of values of XM in the

bounded zone.

In the discussion to follow it is assumed that a particular machine is being con-

sidered and that XC has already been chosen perhaps using progrem I.

\Vith reference to Figure 7, it is apparent that if we fix RL and XL, then for

each value of XM the only two unknowns íIre frequency F and slip S. Thus for a

given XM we can have a search routine search over F and S for a valid steady state

operating condition as described in section 22.

2.4.1.2 DUP[,[C[TY OF SOI,EITI@NS (F,S) FOR A GTVEN (RL, XL, XM, KC)

r#hen searching over (F,S) for a solution corresponding to a given (RL, XM,

XL, XC), it is necessary to consider whether any solution encountered is unique.
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Study of símplified admittance circle diagrams leads to the conclusion that the

existence of one true solutíon (F,S) for a given (RL, XM, XL) with XC fixed implies

that a second solution (F,S) also exists.

A simplified admittance circle diagram can be considered for the circuit of Fig-

ure '1. The simplified circuit is illustrated in Figure 11 and is identical to the circuit

of Figure 7 except that stator resistance and stator leakage reactance a¡e excluded

from Figure 11.

I

I

I

f

Figure 11 Simpliûed Equivalent Circuit for Constructing Admittance Circle Di-
a8lams

When preparing an admittance circle diagram it is convenient first of all to con-

sider the rotor circuit. In Figurc 12, the impedance of the rotor is shown above the

real axis and the admittance of the same circuit is shown below the real axis.

.å t)?ical admittance circle diagram is as illustrated in Figure 13. Ignoring the

conductance of the iron loss resistance RI, it is plain that solutions can only exist for

those values of F which satisfy the following conditions:

j xr- I -j (xc)

I

I

rKf
I

l(xn)G)
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sl¡ r

FlXC + I, FXXM XL

F lXC. F)(XM FXXR XL
Furthermore, if we assume that the load is exclusively real then the above conditions

can be re-written as:

F2> XC
XM

and

^', XC (XR + XMI
XR x.XM

If reactive load is added, the band of frequency F for which solutions exist will be

shifted upwards. At this point , it is useful to refer to simplified circle diagrams for a

real machine. In that regard reference is made to the ffi h.p. machine described in

Appendix 2.

(2.4)

(2s)

(2.6)

(2.7)
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Figure 13 A Typical ,{dmittance Circle Diagram For a Self-Excited Machine

We are interested in determining the number of solutions for a given set of

(RL, XM, XL) with XC fixed. To keep the explanation clea¡ w.e assume XL that is

very large so that the load susceptance can be ignored. The machine of Appendix 2

has a maximum XM of t%.87 (ohms / p.u. freq.) and that value is acceptable as an

s¡ample of XM for a sea¡ch. The machine has a rotor leakage reactance of. 3.827
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(ohms / p.u. freq.) and a rotor resistance of 0.175 (ohms x p.u. slip). Program I as

described earlier herein, was used to choose XC. XC was chosen as 44.13 (ohms x

p.u. freq.) which corresponds to a sufficiently large capacitance to maintain 1.0 p.u.

voltage (?-ng volts r.m.s. l-n) at 0.9 p.u. frequency while supplying approximately

rated resistive load (i.e. RL : 25.0 ohms) and negligible reactive load (i.e. XL very

large).

For the above parameters an approximate range of F can be determined as

described by the relation:

XC . ^i YC-(XR + xuL
XM XR XXM (2.8)

or

05678<F<3.715. (2.e)

Circle diagrams to the same scale have been constructed for the ûve values of fre-

quency F given ín Table I with XC :44.13 (ohms x p.u. freq.), XM : 136.87 (ohms /

p.u. freq.) and XR :3.827 (ohms / p.u. freq.). In each of the circle diagrams

Table I Admittance Circle Diacr¡m Dimensions
Freg.

(p.u)

Magnitude of

the Admittance
of the

Capa¡:itor
f

xc

Magnitude of

the Admittance
of the

Magnetizing
Inductance

Vlt v E

Radius of

the Rotor
Admittauce

Circle

2XF XXR

RL
RL

0.7

0.9

1.8

2.7

1.6

0.0158ó

0.mß9
0.04û79

0.0ó118
0.08158

0.01044

0.00812

0.00406

0.w271
0.00203

o.2t73
0.1690

0.0845

0.0563

0.0423

0.0483

0.0633

0.(b83

0.0567
0.0167

m.69
15.79

14.63

17.65

60.00

of Figure 14 a) to e), XL and XM remain aì the same value. Only F, S, and RL

change from diagram to diagram. Figure 15 is a sketch of RL versus F for the solu-

tions illustrated in Figure 14 a) to e). Figure 15 illustrates that, for any RL for which

there is a corresponding true F value, there will in fact be two true solutions for F

and thus ttr'o true solutions (F,S).To summarlze,for any (RL,.XM, XL) for which

there is one true solution (F,S) there will in fact be two true solutions (F,S). This
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means that for a given flux level, if there is a solution for a given (RLXL), there will

in fact be two such solutions. However, the two solutions are different. One solu-

tion will be for operation at relatively low speed and voltage while the other solution

will be for operation at a higher speed and higher voltage.

Several other observations can be made in respect of the circle diagrams of

figure 14. Figure 14 d) illustrates the admittance circle diagram for F : 2.7 p.u.. It

happens that, for this machine at this saturation level and XC, F :2.7 p.u. is of par-

ticular interest. In studying Figure 14 d), assume that frequency F remains fixed but

that XM saturates to one half of the value illustrated in the ûgure. Under that cir-

cumstatrce, the saturation of XM could be accommodated by a small reduction in

negatiye slip with virtually no change in RL. Thus, for both RL and F fixed, there

will be a broad range of saturation and slip possible. For F a constant, saturation of

XM i: accompanied by an increase in V, according to the Vt/F versus XM curve.

This wide raûge of V, for essentially a ûxed RL and F shows up in the operaring

curves illustrated later herein.

It is notable as well that the RL of Figure 14 d) doeb not represent the

minimum RL in respect of the XM used in Oåwing the circle diagr"., of Figure 14.

Figure 14 c) corresponds to an RL which is less than the RL of Figure 14 d). The

smaller RL of Figure c) is due to the larger radius of the rotor admittance circle in

Figure 14 c) as compared to Figure 14 d). The rotor admittance circle in Figure 14 c)

is larger because F is smaller in Figure 14 c) than in Figure 14 d),

Referring again to the two solutions (F,S) for a given (RL, XM, XL), it is for-

tunate that the two solutions Íue readily distinguishable. The lower frequency solu-

tion corresponds to a circulation of current which is predominantly between the

capacitors and the magnetizing branch. On the other hand, the higher frequency

solution corresponds to a circulation of current which is predominantly between the

capacitors and rotor circuit. For ease of indication herein, the lówer frequency solu-
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Figure 14 Simplífied Admittance Circle Diagrams for Fixed XC, XL, XM and Vari-
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Figure 14 continued

tion for a given (RL, XM, XL) will be referred to as a mode I solution while the

higber frequency solution will be referred to as a Mode II solution.
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2.&.A.3 Eh¡VESTTGAT'TNG T'ÍNE T'WO MODES @F SOT,E]TN@N

RL and XL in Figure 7 define the load on the induction machine. Self-

excitation is more likely to occur when the real and reactive load on the machine is

small because under that circumstance the terminal capacitance has it's greatest

effect. The conclusion can thus be drawn that we should begin a search for valid

operating points with large RL and XL if we wish our search routine to find a valid

steady state operating point. If the search is successful with respect to a given (RL,

XL, XM) then the prograrn must calculate and record the equivalent circuit currents,

voltages, frequency and machine speed for that combination of RL, XM, and XL.

Once either a mode I solution or a mode II solution is found for the largest RL

for a given XM then RL can gradually be reduced in steps. A gradual stepwise

reduction in RL will allow the sea¡ch routine to continue to converge to the same

mode of solution provided that at each step the initial values for (F,S) are the solu-

tion of the search for the last previous values of (RL, XL, XM). Thus mode I and

mode II solutions can be investigated separately. The program must search for a

steady state operating condition at each value of RL and record a description of the

steady stâte condition if one is found. The program should continue to reduce RL in

a stepwise fashion until the search routine ceases to converge to a steady state

operating condition. Referring back to Figure 75, RL-¡¡ reprÇsents the resistance

below which no true solution for F will be available for the conditions described for

Figure 15. The negatively sloped portion of the curve in Figure i5 ,"pr"r"ots mode I

solutions for F while the positively sloped portion of the ,curve in Figure 15

represents mode II solutions for F.

In order to look at mode I solutions and mode II solutions:separately it became

necessary to ûnd means to cause the search routine to selectively converge for large

RL to either a mode I solution or a mode II solution. Such a selective convergence

has been accomplished for large RL by using different initial values for (F,S) in the
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search routine depending upon whether it is desired to begin ínvestigating mode tr

solutions or mode II solutions.

2.4.1.4 SEI,ECTTVET,V C@NVERGTNG TO MODE I SOT,UTIONS

Convergence of the sea¡ch routine to a mode I solution for large RL can be

expedited by an appropriate initial approximation of the search variables (F,S).

'TVhen RL is large both resistive load current and rotor current will be small for the

mode I solution. Thus, for mode I solutions and large RL, the reactive power pro-

duced by the terminal capacitors will be almost entirely consumed in the machine's

magnetizing branch. Given the above premises, the leakage impedances and the sta-

tor resistance will have only a secondary effect in determining the nature of the-
steady state operating condition. Igaoring the effect of the leakage impedance and

the stator resistance reduces the single line diagram of Figure 7 to the simplified sin-

gle line diagram of Figure 16. The circuit of Figure 16 can be solved ( according to

section 222) for F and S resulting in the following equations:

^ _ xc lxL + ((xc RtY + + x (xc /xm \\+
2

a _ _RR x (R¿ +R/ )
^) =-- RL x RI

(2.10)

and

These initial estimates for F and S are used in the part I search routine each time

part 1 begins searching for a mode I steady state operating condition in respect of

the largest RL considered for a given XM. r#hen the search routine converges to a

true solution (F,S) for a given RL, then a small reduction in RL will cause the next

search routine to converge to values of (F,S) which are only stightly different from

their prior values. Thus, when RL is reduced for a given XM, a good initial estimate

for (F,S) witl be the (F,S) found by the last prior sea¡ch. As long as RL is not

reduced drastically in one step this method will produce reasonable estimates for ini-

tial values of (F,S) for both the largest and subsequent reduced values of RL in

(2.11)
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respect of a given X&1.

Fígure 16 Simpliûed Equivalent Circuit for Estimating Mode I F and S for Large
RL

2.4.1.5 SELECTIVEI,Y CONVERGIÌ{C TO MODE TI SOLUTIONS

In order to investigate mode II solutions it is ne,cessary to be able to cause the

search routine to converge to a mode II solution for large RL. Magnetizing branch

current is small with respect to rotor current for a mode II solution. Thus reasonable

initial search values for (F,S) are derived by considering a single line equivalent cir-

cuit with the magnetizing branch deleted. Such a circuit is illustrated in Figure 17. In

Figure 17 tbe imaginary component of the impedance looking out of the machine ter-

minals is given by the following equation:

@L\2 x x",
(2.r2)xt:

wherein:

3s
-%-

i (xnxr;

l

I

-jfl
I

I

I

xclF -xL
1'
Acl -

RLz + x",2

(2.13)



Zr ç_.1-¡ Z*fc

27 = Rr +iXr

Z^/c = R^r. + j X^1.

Figure 17 Simplified Equivalent Circuit for Estimating Mode II F and S for Large
RL

'

Xr, is negative (í.e. capacitive ) for F > XC/XL;X", goes towa¡d minus infinity for

F going ,. 
[#l-; 

and x", goesto zero as F goes to$'ard infinity. A plot of the

locus of Zy is given in Figure 18. In addition a plot of Xy versus F for f' > S i,
XL

given in F'igure 19. Figure 19 also includes plots of X", versus F and -X^/" versus

F.

,å suitable initial pair of (F,S) for commencement of a search for a mode II

solution can be derived from the condition thatZT plus Z^¡" should equal zero in

Figure 17. This implies that X¡ = -X^/" at suitable F. Points I and 2 in Figure 19

illustrate two points at which XT = -¡¡^/Í. The values of F corresponding with

points 1 and 2 in Figure 19 can be found by sotving a cubic equation in F.If tbere is

a positive real solution for F, there will be a corresponding vaiue for S which will

result in rt¡ : -Rm/c and thus ZT = Z^/".

i(Nn + xs)lF)

i
T

I

I

I

I

I

_l

lKs
I

I

Rrl
I

j X.t , jxt
I

-39-



R eoj

- tr- Xc4-l-.--
XL

lr

I inrreaSinl/rs\(ßu-¿)\xlltr RL /

f --> û

Figure 18 Locus of 4 for Figure 17

At this point it is useful to recall the main premise for using Figure 17. To use

the circuit of Figure 17, it is necessary to consider the magnetizing impedance to be

high due to a high frequency of operation F. Turning again to Figure 19, point 2 is

more likely to lead to a valid mode II operating point because F is a good deal larger

at point 2 than at point 1.

When RL is large a reasonable choice of initial F can also be obtained based on

the solution of a quadratic equation. Note that:

Ìt.LT -
RLz x x",

(2.14)
RLz + x",2

and that when RL is large X7 is approximately equal to X"r. \#hen RL is large , a

reasonable choice for initial F would thus be the most positive solution for F in the

quadratic equation:

or

X", *X*/" =O

Å^



Xrt

xc
î/

æ,Y%+)

xr

-RL/z a.L?l

X.r

- Xnt"

p-

Both solutions are always real and only one is positive. The positive solution

corresponds to point 4 in Figure 19.

tÀ/ith reference again to Figure \7,RT * R^/" = 0 when:

/t

= (xs o xn)(e)

Figure 19 Plot of Xa, XCr, and -X.7" versus F

ffi+(xs +xR)xF =o

or

F,-t+ì xF-#*=0. (21s)ïxLJ xs +xs
The solutions for F are of course:

(2.16)

for F
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RL x (X"r')z
+(aLs +RR/s )=o

RLz + N"rz

wherein:

Y _ xL x (xc /F \'"ct xc /F - xL
The above equation can be re-written as:

$ =- RR

(2.17)

(2.18)

(2.1e)

Rs + RL-x (x",)2-

RLz + (X",)2

In this form it is apparent that for any F ( or X", ) there is always an S which will

provide that R¡ - - R^h. Thus once u/e estimate F for a mode II search we can

easily derive a complementary estimate of S.

Once the first mode II solution for large RL has been obtained the program

reduces RL ín small steps so as to permit investigation of the mode II solutions in a

manner similar to that used for investigating mode I solutions. \ilhen the prog¡am is

set up to investigate mode II solutions then it is referred to as partZ of program II.

2.4.1.6 FINDING SOLUTIONS (F,S) F'OR A, GMI{ MODE OVER A RANGE OF R,L

AND XM

To this point meaûs have been presented for obtaining solutions (F,S) for selec-

tively either mode I or mode II over a range of RL but for fixed (XL, XM, XC). It

is, of course, ne,cessary to consider a range of XM as well as RL in order to find a

range of solutions (F,S) with respect to a given XL.

In order to cover the full range of XM the program has been arranged to

reduce XM in steps from ma:rimum XM to minimum XM for a given value of XL. At

each value of XM the program repeats the process of reducing. RL in steps from a

large value. Of course, at each value of RL the program is arranged to search for a

steady state operating condition and to store a description of the condition each time

that one is found. The result of the process is that, for a given XL, a large number
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of steady state operating conditions are stored and each steady state condition will

correspond to a particular pair of RL and XM.

Part 1 and part 2 of program II each follow the above described process. Part 1

gives mode I solutions while pfft 2 gives mode II solutions. For a given mode of solu-

tion the following information is stored at each valid steady state operating point

associated with a given (RL, XM) pair:

1)Frequency (F)

2) Machine Speed ( MSPD )

3) Machine Terminal Current

4) Capacitor Current

5) Total Load Current

6) Load Power

7)slip(s)

8) Terminal Voltage ( VT )

From the above data it is possible to plot a curve of terminal voltage VT versus

RL for each of several values of XM. Figure 20 illustrates two such curyes. The

lower curve is for XM : 1%.9 ( ohms / p.u. freq. ) and the upper curye is for XM :

130.0 ( ohms / p.,r. freq. ). The lower half of each curve corresponds to mode I solu-

tions while the upper half corresponds to mode II solutions.

For a given mode \È'e are not limited to plotting curves of constant XM in the

VT versus RL plane. In Figure 20 each dot in the VT yersus RL plane represents a

known steady state operating condition for w_hich the above I items of information

have been stored. Thus, by interpolating between dots, const"ot r.lu" curves can be

drawn in the VT versus RL plane for each of the ûrst seven characteristics listed

above. A segment of an example curye is illustrated in Figure 20 for machine speed

equal to 0.65 p.u.. The purpose of part 3 of program II is to conduct the

/a-+J-
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interpolation between calculated steady state conditions and to prepare an output ûie

descriptive of a set of constant values curves in the VT versus RL plane.

For either mode of solution, program II can be re-executed for a few additional

values of XL ín order to get a complete family of curves covering a range of RL and

XL.

2.4.1.1 PLOTTING

\#hen either part I ( mode I solutions ) or part 2 ( mode II solutions ) of pro-

gram II is executed it reads all required data from input 6les. Part 3, on the other-

hand, takes the output files from part 1 or part 2 and then accepts additional instruc-

tions that the user enters in response to questions displayed on the monitor. The

user of part 3 must tell the program the t¡'pe of curves required, the number of con-

stant value curves on a graph and the magnitude associated with each constant value

curve. There are additional questions as to scaling and titles for the graphs. When

the output ûle from part 3 is completed, it is in a form acceptable to plotting utilities

available on the Department of Electrical Engineering computer ( DG MV8Offi ) at

the University of Manitoba.

2.4.X.8 ANAT,YS$ OF PR,OGRAM [[ OUTPIIT CURVES

Appendix 3 contains t\r'o sets of graphs descriptive of mode I and mode II solu-

tions for the machine of Appendix 2 with XC : 44.13 (ohms X p.u. freq.) and XL

very large. That configuration of machine and capacitors is the same as was studied

with the simpliûed admittance diagrams described in Figures 14 and 15. Figures A1 a)

to g) describe the mode I solution and Figures A2 a) to g) describe the mode II solu-

tion. Figures Á,1 a) and Figures A2 a) have been included in this chapter for ease of

.reference as Figures 27 and 22.

Eacb set of graphs contained in Appendix 3 comprises seven separate graphs

corresponding to a particular XL and XC. Each graph of a setldescribes a quantity
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Figure 21 Constant Machine Speed Curves in the VT versus RL Plane for Mode I
and Large XL

of interest and consists of a family of constant value curves in the terminal yoltage

versus load resistance plane. In a set each coordinate in the VT versus RL plane

corresponds to a pa¡ticular state of self-excitation. Thus s€ven characteristics of a

particular state of self-excitation can be determined by looking at a particular VT

yersus RL coordinate in the seven graphs. The seven graphs describe machine speed,

frequency, machine terminal current, capacitor current, total load current, load

power and slip.

Given a combination of machine speed and RL it is possible to determine if

there is a mode X solution or a mode II solution in the two sets of graphs which

describe operating states for a given XL and XC. Figures 21 and 22 are the machine
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Figure 22 Constant Machine Speed Curves in the VT versus RL Plane for Mode II
and Large XL

sPeed graphs from the tu'o sets of graphs for a given XL and XC. Figure 21 describes

mode I solutions for a given XL and XC. Figur e 22 de*,¡ibes mode II solutions for

the same XL and XC. Examination of Figures 21 and 22 indicates that, except for

one case described below, a solution corresponding to a given machine speed and RL

will be unique in the two sets of graphs for a given XL and XC. :

,{s an s¡6ample, the mode II solutions for RL :25.0 ohms in Figure 22^ll occur

at a higher speed than any of the mode I solutions in Figure 2lf.or RL :25.0 ohms.

The above discussion agrees with the expected result for a self-excited machine

driven at a given speed supplying a given resistive load. One expects only one possi-

ble state of self-excitation.
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Figures 21 and 22 are reasonably âccurate for machine voltages below 6ffi volts

l-n (2.6 p.u.) because the machíne current graphs in ,A,ppendix 3 show the terminal

current is below 390 amps (35 p.u.) in that voltage range. However, above that vol-

tage level saturation of the leakage reactances XR and XS will occur.

It Ís expected that there will be a transition from a mode I type solution to a

mode II type solution for RL : ?5.0 ohms. However, Figures 21 and 22 do not show

the transition. Some consideration of the mechanism of the possible transition is in

order. It is interesting to note that at RL : ?5.0 ohms in Figure 22 voltage drops

with increasing machine speed. Consideration of an admittance circle diagram such

as Figure 14 e) is helpful at this point. The dropping of voltage with an increase in

frequency must mean that XM increases as speed increases in mqde II for RL : 25.0.

l- *¡¡¡Therefore, at lower voltages in Figure 22, the magnetizing admittance X*t * f
be relatively small as in Figure 14 e). In Figure 14 e) a saturated value of XR would

accommodate a smaller value of RL such as RL : 25.0 ohms because the diameter of

the rotor admittance circle would be increased. It is suspected that saturation of

leakage may accommodate a transition from mode I to mode II for RL : 25.0 ohms

and XL large. Further work could be done in this area but I have left it because the

transition would occur at a level of voltage (i.e. > 3.0 p.u) which would likely des-

troy the machíne insulation.

The resolution of Figures 21 and 22 is low because the graphs describe opera-

tion to about 25 kV l-n for a machine rated at zfig kV l-n. Sucb a high voltage was

chosen in order to illustrate the nature of the mode II solution.

The exceptional case noted above can be seen in the. mode II operation

described in Figure 22.Figure 22 indicates that terminal voltage is extremely sensitive

to any small change in RL or machine speed at machine speed of approximately 2.5

p.u. and RL of 34.0 ohms.It would not be practical to use the curves to try to predict

terminal voltage for this exceptional case. The vertical line in Figure 22 which

lo



corresponds to the exceptional case can be related as well to the simplified admit-

tance diagram of F'igure 14 d). It is recalled at this point that the simplified admit-

tance diagrams are only roughly accurate because stator leakage reactance and resís-

tance were neglected in their preparation" At least under light load, neglecting stator

leakage reactance can be expected to lead to a high prediction for frequency at a

given XM. This occurs because neglecting stator leakage leads to the requirement

that XC/F should approximately equal XM x F rather than IXM + XS ) x f .

See Figure 23. Review of Figure 14 d) and

-j x!
F

j (xn)(r)

Figure 23 Primitive Circuit for Estimating F

the prior discussion thereon indicates that prediction of XM ånd thus VT should

become difficult for frequency equal to 2.7 p.u. and RL equal to 77.65 ohms. There is

a fairly close correlation between the frequencies predicted by simplified admittance

diagrams and the more complete model represented by the sets of graphs of Appen-

dix 3. As expected, the simplified admittance diagram predicted a frequency which

was too high (i.e. 2.7 p.u. versus 25 p.u.). The prediction of resistance RL for the

anomalous case by the simplified admittance diagrams s'as very inaccurate when com-

pared against the RL predicted by the curves of Figure A2 b). The curves of Figure

A2 b) can be expected to be accurate because they were developed to include stator

i (xsXej
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reactance and resistance.

The families of curves for capacitor current, machine terminal current, and

total load current can be used to ensure that the elements of the circuit

configuration will not be overloaded in any proposed operating state. Such an facility

is useful in rating the elements of a circuit configuration during the design of a prac-

tical circuit.

In concluding this section it is submitted that the curves which can be generated

by program II present adequate information for sizing components to handle funda-

mental frequency components of current and voltage. The accuracy of the curves was

checked in the laboratory for the machine of Appendix 1 and the results of that

check are presented in the next section.

2.4.2 VER,Ir'ICA,TION OF'

GR.Á,M [T

THE OPER,ATING CTIRVES GENERATED BY PRO.

Program II allows the creation of a set of steady state op€râting curves descrip-

tive of the operation of a self-excited induction machine. Four sets of operating

curyes have been reproduced in App. 6 of [a3] for the machine described in Appen-

dix 1. Two sets of curves are for capacitance XC equal to 16.8 (ohms X p.u. freq.)

(i.e. 158 t¡ F) and the other two sets of curves a¡e for capacitance XC equal to 18.5

(ohms X p.u. freq.) (i.e. 143 p F). In each case, one of the two sets of curves is for

XL = 9999.0 (ohms) and the other is for XL equal to 40.0 (ohms). Veriûcation of the

curves was undertaken by means of laboratory testing and a comparison with pro-

gram I results.

The machine described in Appendix 1 was self-excited in the laboratory in order

to check the capabilities of program II. A brief summary of procedure and results is

included hereunder.

The induction machine was driven by a d.c machine and was excited by means
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of excitation capacitors havíng a nameplate rating of 150 ¡r. F. The induction machine

was driven at three speeds and at each speed it supplied a manually variable purely

resistive load. The three speeds of operation were 0.9, 1.0, and 1.1 p.u. speed based

on a base p.u. speed of 12@ r.p.m.. For operating speeds of 0.9 p.u. and 1.0 p.u., RL

was gradually reduced in steps until self-excitation was lost. For:op"r"tion at 1.1 p.u.

speed, RL was reduced until the d.c. prime Jou", overloaded. lfl" laboratory tests

resulted in the experimental constant value machine curves given in Figure 24. The

experimental curves have linear segments connecting experimental values of RL.

o CALCULATED M,/C SPttD = 0.9 o.u.ó EXPERIMENTAL M',/C SPTED = 0.9 'o.u.
' CALCULATED M,/C SPEED = t.O ci.u.
" EXPERIMENTAL M./c SPTTD = I,o 

.

" CALCULATTD M,/C SPEED = 1.1 o.u.' EXPER|MENTaL M/c SpEED = t.t'

ø
õ

F
Jo

Èuts

2 0 0.00

r6 0.00

r2 0.00

I0.00

4 0.oo

0.00 25.00 50.00 75.0c too.oo t25.oo fso.oo l75.oo 2oo.oo
RESISTANCE (ohms)

Figure 24 Comparison of Experimentally Derived Operating Curves to Those Gen-
erated by Program II

The 6rst calculated constant value curves \ilere somewhat different from those

shown in Figure 24. A low value of calculated no load voltage was initially calcu-

lated but this was traced to the fact that the calculation relied upon an inaccurate

namePlate rating on the self-excitation capacitors. The capacitors actually presented

158 pF (i.e. XC = 16.8 ohms X p.u. freq.) of capacitance to the machine terminals

-51 -



rather than their nameplate rating of 150 pF. Use of XC : 16.q (ohms X p.u. freq.)

in program XI resulted ín the calculated constant machine speed curves in Figure 24.

It can be noted that the calculated values of voltage are within 7 Vo of. the experi-

mentally determined values except at low values of RL at which terminal voltage

drops rapidly with lowering of load resistance.

The calculated curves in Figure 24 are quit sensitive to va¡iations in machine

Parameters. Small va¡iations in RS, XS, XR1, and RI were used in calculating curves

in order to see if inaccuracy in machine parâmeters could account f.or the 7 Vo

discrepancíes discussed above. The machine pÍìrameters from Appendix 1 indicate a

stator leakage reactance XS of 1.6 (ohms / p.,r.freq.) and a cage l leakage reactance

XRl of 2.78 (ohms / p.u. freq.). It was decided to transfer 05 (ohms / p.u. freq.) of

leakage reactance from cage I to the stator in order to reduce the capacitive

impedance presented by the series stator inductance and the self-excitation capacitor.

The effect was to increase the no load voltage. An iron loss resistance of 400 ohms

(approximately 11 times magnetizing reactance) was included in the model to account

for possible iron losses. Finally, stator resistance was increased from 1.32 ohms to

1.82 ohms to account for possible contact resistance in the laboratory set-up. The

resulting calculated curves are compÍued with the experimental curves in Figure 25.

Although these calculated curves more closely match the experimental curves it

apPears that reasonable va¡iations in machine parameters do not completely account

for variations between the calculated and experimentally derived curves. However,

the effort demonstates how sensitive the curves are to small variations in machine

pafâmeters.

As a small digression, Figure 26 and Figure 27 illustrate respectively, calculated

constant value machine speed curves for the double cage representation and the sin-

gle cage representation of the machine of ,4,ppendix X for large XL and XC : 16.8

(ohms X p.u. freq.). .As expected, there is almost no difference at light loads ( high

. J¿.



o CALCULATED M/C SPTED = 0.9 o.u.a EXPERIMENTAL M',/C SPEED = 0.9 o.u.
' CALCULATED M/C SPEED = 1.0 o,u.
' EXPERIMENTAL M',/S SPTED = 1.0 b.u.. CALCULATED M,/C SPEED = 1.1 o.u.' EXPERIMENTaL M/C SPETD = 1.1 þ.u.
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I 2 0.00

8 0.00
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0.00 50.00 75.00 100.00 125.00

RESISTANCE (ohms)
150.00 175.00 200.00

Figure 25 Curves as ín Figurc 24 with Small Variations in the Parameters Used in
Generating Calculated Curves

RL ). At high loads the machine voltage collapses in the single cage representation

at a slightly lower value of FtL than for the double cage representation. However,

reasonable results can still be be exp€cted from program II if only single cage param-

eters Íue available.

Program I, as presented in App. 2 of [43], was used to predict the capacitance

XC and the machine speed required in order to have the machine of Appendix 1

supply 120 volts r.m.s. l-n at I p.u. frequency to a load of RL : 38.6 ohms with XL

open. The prediction was that XC should be equal to 185 (ohms X p.u. freq.) and

the machine speed should be 1.03ó p.u.. Figures 28 and 29 are part of the set of

curves in .{pp. 6 of [a3] for XC : 18.5 (ohms X p.u. freq.) and XL : 9999.0 ohms

(i.e. XL practically open). These curyes confirm the program I prediction in that the

frequency equals 1.0 p.u. curve and the slip equals -0.035 curve intersect in the VT

versus RL plane at VT equals 120 volts r.m.s. l-n and RL equals approximately 38.6

E'



o MACHINE SPEEo = .9OOOô MACHTNE SPETD = 1.OOO. MACHINE SPEED = 1.100
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r60.00
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) f igare 26 Constant Speed Curves for the Double Cage Representation

ohms. This check guards only against progrâmming error because each program is

based on the same mdel.

2.5 GEhIERAL OBSERVÁ,TTONS ARISTNG OIJT OF tr,ABORATOR.Y WORK

lVhile conducting the laboratory work some general observations were made.

The machine described in Appendix 1 could be made to self-excite merely by discon-

necting the resistive load and running the machine up to the testing speed with ter-

minal capacitance connected of XC equals 16.8 (ohms x p.u.freq.). \ilhen the load

resistance RL was decreased to the point of collapsing the machine voltage, the

machine voltage could be reliably restored merely by removing the resistive load.

Restoration of self-excitation voltage is not that easy with all induction

T
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Figure 27 Constant Speed Curves for the Single Cage Representation

machines. A 900 r.p.m. laboratory machine characterized by low magnetizing reac-

taûce and high leakage reactance would not restore itself to self-excitation at reason-

able operating speeds after a collapse of voltage and subsequent removal of the resis-

tive load, In order to cause the 9ü) r.p.m.machine to self-excite, it was ûrst necessary

to stop the machine and pass a few amps of d.c. current through two stator phases.

The SO r.p.m.induction machine was quit hard to self-excite after it's residual-

magnetism had been coerced to low values. Closing a fully charged capacitor onto

the machine at speed would not cause self-excitation even with no load. Also, driving

the induction machine at 30 Vo oveßpeed with load removed.would not cause self-

excitation. However, the approach of passing d.c. current through the stator windings

of the stationary machine alwap allowed the 900 r.p.m.machine to be self-excited at

ts)o
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Figure 28 Constant Frequency Curves in the VT versus RL Plane for the Machine
of Appendix 1 with Large XL and XC : 18.5 (ohms X p.u. freq.)

reasonable speeds. The most reliable start-up seguence was as follows:

1. reinforce the residual magnetism of the stationary rotor with d.c. current

passed through stator windings;

2. open circuit tbe stator windings;

3. run the machine up to speed;

4. close uncharged capacitors onto the running machine and finally;

5. apply the load.

-56-



o

z

SLIP =
SLIP =
SLfP =
SLIP =
SUP =
SLIP =
SLIP =
SLIP =

-.1000t - 01
-.2000t -0 1

-.3000t -0 1

-.4000t-c1
-.5000t -0 I

-.6000E - 0 1

-.7000E - 0 I

-.8000E -0 1

500.00

240.00

r8 0.0 0

ts)
9 rzo.oo

eU
ts

60.00

0.00
0

RE SIST ANCI

Figure 29 Constant Slip Curves in the VT versus RL Plane for the Machine of
Appendix I with Large XL and XC : 18.5 (ohms X p.u.freq.)
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CEãAFTER, 3

R,ECTEF'YING Å,ND INVER,TING A,PPAR,AT{,]S

COMPI,EMEMtrAR,V T'O A SELF'-EXCTTED END{jC?[@N

GENER,ATOR,

3.3 INTRODUCTTON

Figure 1 in chapter 1 illustrates the basic conûguration under study in this

thesis. As indicated in Figure 1, there are alternate devices which can be interposed

between the rectifier circuitry and the three phase electrical load. This chapter win

describe the steady state performance requirements of the inter;sed apparatus and

will present and discuss alternate implementations.

3.2 PER,FOR,MANCE REQTITR.EMENTS DXCTATED BV TTTE NATUR,E OF TX{E

LOAT}

An inverter bridge is required in order to supply the load with the three phase

electrical power. The nature of that bridge is dictated partially by the nature of the

load.

The phase impedances of a 3 phase electrical load can be either balanced or

unbalanced and the t)?e of inverter which should be used partially depends on that

cha¡acteristic of the load. Approximately balanced 3 phase voltages can be obtained

using a forced commutated Graetz bridge inverter only for the case where the phase

impedances are approximately balanced. The well known Graetz bridge inverter can

be commutated using series capacitors[36,37 38].In the case where a 3 phase load is

heavily unbalanced the Graetz bridge inverter will produce heavily unbalanced
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yoltages and imbalance in currents may impede proper operation of a series capacitor

commutated inverter. It can therefore be advantageous to use a different type of

inverter than the Graetz bridge inverter for loads which can be heavily unbalanced.

Such unbalance often occurs in small isolated s'ßtems at times when the loads on all

phases are light.

.å' possible alternative exists in a voltage inyerter which is adapted to supply bal-

anced 3 phase voltage waveforms to the load regardless of the balanced or unbal-

anced condition of the load. The fundamental difference between a Graetz bridge

inverter and a voltage inverter rests ín the fact that the Graetz bridge inverter sup-

plies balanced 3 phase fundamental currents while the voltage inverter supplies bal-

anced 3 phase fundamental voltages.

In a Graetz bridge inverter each phase receives a waveform of current as illus-

trated in Figure 30. Shunt filters are used to remove characteristic current harmonics

from the waveform.

Figure 30 Current Out of aG¡aetz Bridge Inverter Without Overlap

In a typical voltage type inverter each phase receives a waveform of voltage as

illustrated in Figure 31. It is convenient to note at this point that.voltage type invert-

Cu rrent
.J-
It1 | o A
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ers generally include an element such as a continually replenished capacitor bank

which acts a$ a source of d.c. voltage. Use of series filters or pulse width modulation

can be used to reduce the cha¡acteristic voltage harmonics.

Volt,^oe
Apptieta 4, a

Pha se

J.Ltñe

Figure 31 Voltage Waveforms Out of a Voltage type Inverter

Regardless of the type of inverter, it is necessary that the voltage waveforms

applied to the s€pÍuate phases should be equal and that they as a group, should be

closely regulated in magnitude and frequency.

3.3 TEE CHOICE OF'N¿AC¡UNE OPER,ATTh{G VOLTAGE

As discussed in chapters 1 and 2, induction machines can be operated in a self-

excited state by placing adequate capacitance on the terminals of the machine having

regard to the speed of operation and the load on the machine.

It is advantageous to operate a machine at the voltage level for which the stator

insulation is designed, namely rated voltage.A higher operating voltage would cause

stator insulation to deteriorate more quickly than it would at rated voltage. A lower

operating voltage would indicate that the machine is being operated closer than

necessary to the verge of losing self-excitation. Also at reduced voltage the machine

will not provide the same level of po\È,er without increased current.

4.^



Arguably one ought to reduce operating voltage to below rated levels when

machine speed is reduced below rated generator speed in order to keep the machine

flux at design levels. Such a step would be taken with the íntention of avoiding over-

current at full load due to increased magnetizing current.

On the other hand, it may be possible to accept a fractionally higher magnetiz-

ing current than normal if the machine is designed to have a relatively high power

factor for normal operation. Such a fractionally bigher magnetizing current in a high

power factor machine might be acceptable for two reasons.

On the one hand, a given percentage increase in magnetizing current in a high

po\yer factor machine would be a smaller absolute increase than a similar percentage_

increase in a low po*¡er factor machine. Furthermore, a small increase in magnetÞ-

ing current in a loaded high power factor machine will result in very little increase in

terminal current. This is due to the fact that the extra magnetizing current phasor

will be closer to being in quadrature to the high power factor machine current pha-

sor than it would be to being in quadrature with the to the low power factor

machine current phasor.

The second reason stems from a consideration of the losses to be expected dur-

ing a lower frequency operation occurring simultaneously with higher levels of flux.

Hysterisis and eddy current losses at a given level of flux tend to be reduced due to

operation at a lower frequency level. Therefore, from a loss standpoint, higher losses

expected due to operation at a higher flux level will be somewhat reduced due to the

lower frequency of operation.

Consideration of the above points indicates that, at slightly reduced machine

speeds (ex. 0.9 p.u.), machine terminal overcurrent due to high magnetizing current

should not be objectionably large in a high power factor machine operated at full

ioad and rated voltage. If some objectionable overcurrent developes the real com-

ponent of current can be reduced slightly wiìn a corresponding slight reduction in
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output power or as an alternative tbe minimum machine speed at full load can be

raised slightly.

At this point in the presentation it remains to be considered how much over

rated speed a machine might be driven at full load and rated voltage before over-

current would a¡ise due to poor power factor resulting from the increased leaÞ,age

impedances associated with high frequency operation.

On the basis of the above discussion it is proposed to operate the self-excited

machine at rated voltage oyer an allowable range of machine speeds and power lev-

els. The minimum po\+,er level will, of course, be zero output. The proposed max-

imum generator power output is the electrical output level which would be generated

if the the machine lr¡ere run at rated speed with an input torque equal to the rated

motor torque of the machine. A proposed minimum speed at the proposed maximum

output porr,er is used to pick the self-excitation capacitors usirig program I described

in chapter 2. A check must be conducted to make sure that the machine will not be

in overcurrent at the proposed minimum speed when it is producing the proposed

maximum output. If it is in overcurrent either the proposed minimum speed should

be increased or the proposed maximum power should be decreased. The maximum

speed at the proposed maximum power will be determined by the speed to which the

machine can be driven before oyercurrent arises due to poor power factor as dis-

cussed above.

The above choices as to operating voltage, speedo and power ranges must be

checked by looking at the characteristics of the particula¡ machine to be used.

3.4 OPER,ATING CURVES R,ELATED TO A SPECTFTC LEVEL OF' TERMINAL

VO[.TÁ,GE 
:

Program III, tisted ín App. 7 in [43J, was developed and used to investigate

machine terminal current and reactive load current associated with operating a typi-
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cal self-excited machine at rated voltage in the range of power levels and machine

speeds as noted above.

Program XII can investigate one combination of power and machine speed in a

given progrem execution. With reference to Figure 7, program III accepts desired

machine speed, desired terminal voltage, RL, XC, and the data on the machine

including it's V 
u /F versus XM curve. The progrâm then searches over frequency,

XM, and XL until the search converges on a valid operating point at the desired ter-

minal voltage. Specifying machine speed, desired terminal voltage and RL fixes the

outPut Power at the particular machine speed in question. Once the sea¡ch converges

on a vanid operating point, it is a matter of simple calculation to produce all the

equivalentcircuitimpedances,voltages,andcurrents.

Output from program III was used to generate curves, as a function of machine

speed and power, which describe the magnitude of the total load'current; load power

factor angle; the real component of current into the load; the reactive component of

current into the load; machine terminal current; capacitor current; magnetizing

current; and airgap voltage. 
.

Program III at present converges only with difficulty andlfor extended use it

should be improved by converting the search technique from a pattern search rou-

tine to a simplex sea¡ch routine as was done for progrâms I and IL The simplex rou-

tine used was based upon the algorithm of Nelder and Mead and was progtammed

several years ago by Dr. A. M. Gole.

,{ full set of curves generated using output from program III is illustrated in

Appendix 4. The curves relating to load current magnitude, real load current, reac-

tive load current, load power factor angle, frequency, and machine terminal current

are illustrated in Figures 32 a) to f). Figure 32 b) is trivial but is included for the

sake of completeness. The curyes relate to the machine described in Appendix 2

operating between 0.9 and 1.8 p.u. speed and 0 and 1 p.u. po$¡er. XC was chosen as
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44.13 (ohms X p.u. freq.) based on minimum speed of 0.9 p.u..

o M /.C SPETD =o M/C SDETD =- M/C SPIED =
. r¡ /^ ô^--^rvlu )rLtu =
" l,/1 / C SPETD =

c90
1.0
i.2
r. :)
1Q

15c 00

12 0.0 0

9'.'.0 0

6C.CC

000
0.c0 4.25 0.38 0 5c

POWiR P.U.

Figure 32 a) Load Current Magnitude Corresponding to the Machine of Appendix 2
at 1.0 p.u. Voltage for XC : 4431(ohms X p.u. freq.)

I will digress at this point to clarify the correspondence between a program III

solution and the curves generated by program II. RL, as defined in Figure 7, is used

as input to program UI. XL, as defined in Figure 7, can be obtained from the output

of progfam III specifically by calculation using machine terminal voltage and the

reactive component of current illustrated in Figure 32 c). Given.a value of XL, pro-

gram II can be used to generate mode I and mode II operating curves which cover all

levels of voltage at the specified value of XL. Once the curves are generated, the RL

and machine speed used as input to progrÍrm III can be used to select the operating

point in the curyes generated by program IL

t,1,
a\

a
4
i'-
e,
a.
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Figure 32 b) Real Load Current Corresponding to the Machine of ,{ppendix 2 at 1.0
p.u. Voltage for XC :4431(ohms X P.u. freq.)

3.5 CONSTDER,ATTONS AR,TSTNG OUT OF R,ECTIFTER ñfiNIMITM FIRTNG ANGT,E

Ah[D COMMUTATION R,EÁ,CTANCE

Use of a non-ideal Graetz bridge rectifier with transformer requires in practise

that more capacitance should be provided at the terminals of the machine than that

indicated by consideration of the machine alone. See Figure 33 illustrating the extra

capacitance element.

In program I, it was assumed that the ñring delay angle a of the rectifier could

be reduced to 0o and further that, at €r : 0o , the power factor into the load would

be 1.0 (i.e. 0 : 0o ). In practise rectifiers are operated with a minimum firing angle

( *-¡o ) of about 5 o . Furthermore, the commutation reactance causes a commuta-
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Figure 32 c) Reactive Load Current Corresponding to the Machine of Appendix
at 1.0 p.u. Voltage for XC : 4437 (ohms X p.u. freq.)

tion angle !¡ which further reduces the power factor of the current into the con-

verter transformer.

In the analysis of Graetz bridge rectifiers it is often assumed that the converter

transformer is lossless. Based on that assumption, standard approximate equations

[31] are available ín respect of the circuít of Figure 34. They are as follows:

Vd:V¿oCoSa-R, I¿

vdo=+(rnrs.)
(3.20)

(3.21)

(3.22)

(3.23)-

4
Itt

3Xt(F p.r.)
'fi

\ß r,
(rms.)

,fi
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Figure 32 d) Load Power Factor Angle Corresponding to the Machine of Appendix
2 at 7.0 p.u. Voltage for XC : 44.31(ohms x p.u. freq.)

Ir"ot = I¿1 cos $
V¿ I¿ = 3 Vt-n I¿1 cos $

The above equations cao be combined to givei

3Vt-n I¿1 cos ö : V¿o f¿ cos q. - R" Idz

(3.24)

(3.2s)

(3.26)

The left hand side is recogaizable as the real pov/er into the converter transformer.

V¿o is a constart for a given a.c. voltage (ex.V¿o :5401 volts.for Vt-t:40@ volts

r.m.s.). R" is not a constant but varies in proportion to F p.u. for a given transformer.

With reference to the curves of section 3.4, the real component, the reactive com-

ponent, and the frequency of the load current Íue known for each po$,er level and

machine speed at the given machine voltage. By setting cr to dmin : 5o in equation

3.26 we can solve f.ot I¿ for each machine speed and power level. In turn, it is

-67-



O M/C
6 M'/C* M'/Cx M'/c
" M'/C

SPE ED
SPiE D
SPETD
SPEED
SPETD

I
0
2
5
8

2.00

I. bu

1.20

?
o o.80

o
i-!
o:
i!

040

000

-L

0 i8 0.50
POWIiì P.U.

075 088

Figure 32 e) Frequency corresponding to the Machine of Appendix 2 at 1.0 p.u.
Voltage for XC :4437 (ohms x p.u. freq.)

possible to solve for reactive current into the commutating reactance for each

machine speed and power level. Allowance can also be made for the magnetizing

current of the transformer which is assumed to have a linear saturation curve to

above the maximum operating flux level.

It is thus possible to search through all machine speeds and power levels to find

just how small X"" must be in order to augment the reactive poÌver provided by the

aPPÍuatus in the block diagram on the left of Figure 33. In order to do thar a con-

vefter transformer was arbitrarily chosen having a magnetizing current of.2.1Vo and a

leakaoe reâef ânee- ai 11 R4^ I hnth af 1 fì n rr fran \ ^n 4ñ mva lraca af f fYYl L.,^ .,,i+h,-\----A'4wllu

àVhrrL-¿ equal to 4 kv.
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Figure 32 f) Machine Terminal Current Corresponding to the Machine of Appendix
2 at 7.0 p.u. Voltage for XC : 44.31(ohms X p.u. freq.)

As míght be expected X* was smallest at the lowest machine speed with the

highest po\yer level and turned out to be 67.9 (ohms X p.u.freq.).The reactance of

the self-excitation capacitors is 44.13 (ohms X p.u. freq.) in parallel with 67.9

(ohms X p.u.freq.) for a total oî.26.7 (ohms X p.u.freq.).

\With reference to Figure 33, once X", is known it is possible to determine the

real and reactive current into the commutating reactance of Figure 34 for each

machine speed and power level. In turn, the a and f¿ required in order to keep the

induction machine at 1.0 p.u. voltage can be obtained once the real and reactive

^..--^-ó ^-^ L-^.-,- f1.,--^^ ^E t 12 ^ ¿^¿^l ^--^^:ô^- ^----^-¿\ | lt ^ -----^-^ :-^^ur¡rr(iut dç À.rrt,wu. vr¡¡Yçù vL Lc, \r.¡t. rl.rral¡ çaPaçrrur uurrEul,r, ¡cvf \r.ç. uuttYut lutu

the converter transformer), V¿,1¿, and cr are given in Figure 35 a) to e).

-c,o,



l{no*n
Vrn
F

I re^l
Ínø^r1i"u

Know n

VPn
F

Ireol

Known.
Vt-n
F

f"u^l

,7
E*t.^ Co p,.r;lonce
Re1ui,eà Dvo
to Non- ¡deql
Re.4; rt e"

Trcns{o.r,,ev
l''la1nutitin,
B r^^ .h

-'-'trrvî-
Xc

C orn^ut ott ìtn
Re^rl 

^nce
^nd Rerl; {¡en

-EiE¿

Figure 33 Equivalent Circuit for Considering the Effect of Commutating Reactance

In
,_l1fYllrfl

f X'
V.-' /

(w\

Po*u, F^r+o, AnSte is þ

Figure 34 Definitions for Equations 3.20 to 326

@f-
T



o M/C SPEED
M7c SPEED
M/C SPEED
M7C SPEED
M/C SPEED

: 0.9: t.u
:Ll
: 1.5

= 1.8

tn
o-

F
t
Lr

ù
O
F
o
t"-

200 00

160.00

1 2 0.00

80.00

40.00

0.00
0.00 o.25 0.38 0.50

POWER P.U.
0,75 0.880.6J

Figure 35 a) Capacitor Current Magnitude for the Machine of Appendtx 2 at 7.0
p.u. Voltage with XC :26.7 (ohms X p.u.freq.) and Including Com-
mutating Reactance

Figure 32 b), e), and f), describing real load current, frequency and machine

terminal current respectively remain applicable to the cas€ with a non-ideal rectifier.

The capacitor currents for the non-ideal rectifier, as illustrated in Figure 35 a), are

approximately 65Vo larger than the capacitor currents for the ideal rectifier. This

larger capacitor current is needed because of the reactive load of the non-ideal

rectifier at low speed and high power. The higher capacitor current translates into

higher converter transformer and rectiûer ratings. In that regard, the converter

transformer currents of Figure 35 b) can be seen to be larger than the a.c. load

currents of Figure 32 a).
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Figure 35 b) Converter Transformer Current for the Machine of Appendix 2 at 1.0
p.u. Voltage with XC : 26.7 (ohms X p.u. freq.) and Including Com-
mutating Reactance

From the above discussion we can make several comments on choosing the

minimum delay angle and the transformer leakage reactance.

Minimum cr should be kept as small as possible so as to minimize the excitation

capacitor, converter transformer and rectifier capacity ratings. Reduced cr may be

feasible because of the small number of series thyristors and snubber circuits

required for each valve group at the relatively low voltages iontemplated in this

application

The converter transformer leakage reactance should be kept relatively small.

Even at minimum speed, a large commutating reactance ( corresponding to 17.8 %

transformer leakage impedance ) causes a significant demand for reactive power at
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Figure 35 c) D.C. Voltage for the Machine of Appendix 2 at 7.0 p.u. Voltage with
XC : 26.7 (ohms X p.u.freq.) and Including Commutating Reactance

1.0 p.u. real po\per. In turn, reactive demand at 1.0 p.u. power and minimum speed

determines the minimum alloìyable size of the excitation capacitors.

3.6 PER,FOR,MANCE R,EQIIIR,EMENTS DTCTATET} BY THE NATIIR,E OF TTIE

RECTIFTER, A¡{D THE TNDUC:TTON MACIIINE

Several remÍuks can þ made based on the curves of Figure 35.

Figure 35 d) íllustrates that the rectifier d.c. current f¿ should certainly not be

held constant if we wish to be able to operate the generator oyer a broad range of

power and machine speeds while maintaining 1.0 p.u. machine yoltage. On the con-

trÍIry, a very specific level of current I¿ is required for each combination of machine

sP€ed and power. Corresponding required levels of V¿ for each machine speed and
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Figure 35 d) D.C. Current for the Machine of Appendix 2 at 1.0 p.u. Voltage with
XC : 26.7 (ohms x p.u.freq.) and Including Commutating Reactance

power level are illustrated in Figure 35 c). In addition, the rectiûer firing delay angles

ct required to give these particular levels 0LVd and /d are illustrated in Figure 35 e).

These values of c allow for the effect of the commutation reactance for the example

s)¡stem which includes the machine of Appendix 2.

The necessity for a particular level of V¿ and Id for each combination of

machine sp€ed and rectifier output power dictates that the apparatus connected on

the d.c. output of the rectifier must be able to receive power at the various levels of

I¿ and V¿.

For the examp¡e slstem,I¿ will vary from about 65 amps to a high of about 185

amps as illustrated in Figure 35 d). At a particular power level, a relatively fast
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Figure 35 e) Rectiûer Firing Angle for the Machine of Appendix2at 1.0 p.u. Vol-
tage with XC : 26.7 (ohms X p.u. freq.) and Including Commutating
Reactance

machine speed corresponds to a relatively high /¿ and a relatively low V¿.

.{s illustrated in Figure 35 e), rectifier delay angle reduces as the power level

increases regardless of the speed of operation. Figure 35 e) also confirms that a must

be increased with machine speed at high power. This corresponds with a need to

absorb reactive power into the rectifier. It is perhaps worth while however to note

that a must be decreased away from 90o as speed increases at or near zero load. This

latter effect can be attributed to an increased commutation angle at high speed and

low power. That large commutation angle is due to the high coinmutating reactance

associated $'ith high frequency and the high current which must be commutated at

high speed and low porver. The effect does not occur at high power because the
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current to be commutated at high power does not change as drastically with speed as

it does for low power operation.

3.7 TENE CHOICE BETWEEN 6 ÂND X2 PT]T,SE RECT'TF'IER,S

A.c. harmonic currents created by the rectifier apparatus could adversely affect

the induction machine by causing heating in the machine. This problem could poten-

tially be worsened by a parallel resonance betr¡/een the machine and capacitor bank.

Furthermore, ít would be difficult to use tuned ûlters to eliminate the harmonic

currents because it is intended that the induction machine should be operated at

va¡iable speed.

Figure 3ó illustrates an equivalent circuit which was used to consider the effect

of harmonic currents.

J (xn* xs)(r)G) L^n
H qrmonic

S oun.e
C rrr"nl

)
RRt/s

Ihn

Figure 3ó A Circuit for Considering the Effect of Rectifier Generated Harmonic
Currents on the Machine

Induction machines used as generators normally have low slip characteristics in

order to minimize losses. Slip for any harmonic is given by:

n _ Harmoníc Synchronous Mech. Speed - Actual Mech- Speed
u-

Harmoníc Synchronous Mechanícal Speed

If the fundamental electrical frequency is given by ol" then to a first approximation

(327)
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2u-
the actual mechanical speed is given UV - _- where p is the number of poles. The

P

harmonic synchronous mechanical speed is identiûed by the sequence and identifying

number of the ha¡monic. For instance, in the case of the 5th harmonic, the harmonic

synchronous speed is given by:

5ur2
(3.28)

because the 5th harmonic current is negative sequence. Thus, for the fifth harmonic,

slip stays at approximately 12 rcgardless of the va¡iation of fundamental electrical

frequency or the slip for fundamental frequency. Likewise, the 7th, llth, and 13th

harmonics have slips of 0.85, 1.09, and 0.92 respectively. Slips for higher harmonics

will be even closer to equaling 1.0. Low slip induction machines have low values of

rotor resistance RR. Low rotor resistance combined with near unity slip allows us to

neglect the effect of rotor resistance when determining the approximate magnitudes

of harmonic currents in the machine.

Referring back to Figure 36, for a given ha¡monic current f¿n introduced by

the rectifier, the nth harmonic current into the machine I*, is given by the equation:

Ì-
'mn (3.28)

I ¡rn

' - [u r;"]r" ol'
Note that the ha¡monic current in the machine can be larger thah that introduced by

the source due to a parallel resonance between the capacitor bank and the machine.

Consideration of a typical machine illustrates that high power factor machines

are more subject to resonance with the capacitor bank than would be low power fac-

tor machines. For an example consíder a machine with a high power factor o10.92 at

60 Hz. A capacitor bank would need to have an impedance of approximately 2.55 p.u.

in order to provide the reactive power required by the machine at 60 Hz. We can

assume leakage reactance XR + XS of 0.167 p.u. for an induction machine with a

,,1



starting current of 6 p.u.. Using the above formula, the 5th harmonic current in the

machine for a minimum F of 1.0 isr

X^s=-156/ås (3.2e)

In the case of a machine with a low power factor of 0.8 and leakage impedance o10.2

p.u., the relation would bei

Io,s=-05/ås (330)

From these relations we can conclude that in certain circumstances the presence of

the capacitor bank could amplify the 5th and possibly the 7th harmonic currents into

the machine. The high power factor machines are particularly susceptible to this

problem because of the higher capacitor bank impedance 
. 
and lower leakage

impedance associated with such machines.

The supply side current to a 6 pulse rectifier can be approxihated by the follow-

ing equation [32] if commutation angle is assumed as zero:

L = 1.103r, 
[*,u 

* + cos5o -

f ror,u - +cos 110 - * cos 130 *

f oo, 170 -f "o, 
leo - 

)
(331)

In the above equation ro is the actual instantaneous current. Thus the 5th harmonic

current into the 6 pulse rectifier is 20 Vo of the fundamental. For the high power fac-

tor machine considered above, the 5th ha¡monic current in the machine would be

ampliûed to 30 Vo and that would be unacceptable in most cases. In the machine with

0.8 power factor, the Sth harmonic current would be cut to lO Vo of the fundamental.

Consideration of a real machine and recti6er leads to a slightly less pessimistic

view for high power factor machines. In that regard, reference can be made to the

machine of .{ppendix 2 with XC : 26.7 (ohms X p.u.freq.). That value of capacitive

impedance provides the extra capacitance required by a practical rectifier as calcu-

lated in section 3.5. The extra capacitance was required because a practical rectifier
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alv/ays absorbs some reactive power due to commutation angle and minimum firing

delay angle. The increased capacitance diverts rectifier harmonic current away from

the machine. For the machine of .4ppendix 2" the leakage impedance XR + XS

equals 5.747 (ohms / p.u. freq.).

Table 2 was prepared for the machine of Appendix 2 supplying the practical

recti6er described in section 35. The XC and (XR + XS) used in the calculation of

the table are those for the s¡ample s]¡stem namely: 26.7 (ohms x p.u.freq.) and 5.747

(ohms / p.u. freq.). The table gives the approximate magnitudes for machine har-

monic currents as a percentage of the fundamental current into the rectifier.

The values in the table are for the lowest frequency of operation contemplated

( 0.9 p.u. ).The percentages of machine harmonic

Table II
llarmonic Approximate Magpitudes of Machine Harmonic

Currents in Percentage of the Fundamental
Current in the Rectifier

5

7
11

13

17

19

6.0

2.0

0.45

0.n
0.ml
0.m8

current would be further reduced for harmonics of order greater than 19. It is

intended that fundamental a.c. currents to the rectifier should be larger at high

machine speeds in order to control fundamental voltage magnitude. In spite of that,

it is anticipated that the machine harmonic currents would actually be lower during

high speed operation due to the fact that at higher frequencies of operation a larger

fraction of each rectiûer harmonic current would be diverted through the capacitor

bank. It appears that the E'orst situation would arise at full load power and low

speed because that condition requires the largest rectiûer current for any low speed

op€ration.

Commutation reactance in the converter transformers increases the capacitance
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necessary at the machine terminals as discussed in section 35. The presence of com-

mutation reactance can be expected to reduce all machine harmonic currents to

below the values shown in Table II for yet another reason. Commutation can reduce

a.c. side current harmonics forced into the machine and capacitor bank to below l/n

of the fundamental rectifier current as illustrated by well known graphs [33] of

rectifier harmonic current as a function of ûring delay angle and commutation angle.

However, the reduction of the 5th and 7th ha¡monic currents attributable to this

cause can be expected to be small during low frequency operation. Low frequency

operation implies tbat commutation reactance and thus commutation angle will be

relatively small for reasonable values of 60 Hz. converter transformer leakage

impedance. .4, small commutation angle corresponds to only minor reductions in the

lower order current harmonics ( 5th and 7th ) as illustrated in the above mentioned

graphs [34].

Based on the above analysis, the percentages in Table II are reasonable approxi-

mations for maximum ha¡monic currents for the machine of Appendix 2 supplying

the example rectifier. F'urthermore, the fundamental a.c. rectifier current to be used

as a reference value to Table II should be the a.c. rectifier current at minimum speed

and maximum porver. In that regard, Figure 35 d) illustrates a value of approximately

100 amps at 0.9 p.u. speed and 1.0 p.u. po\r'er. \ffhether or not these levels of har-

monic machine currents are acceptable will depend on the design of the machine.

Krishna¡ya [35J has related a machíne's ability to accept harmonic currents to it's

negative sequence current rating.

In the event that the predicted levels of 5th and 7th harmonic currents are

unacceptable for a gíven machine, those ha¡monics could be álmost entirely elim-

inated by going to a !2 pulse rectifier. The remaining harmonics of order 11 or

higher would then only have a mínor effect oû the machine. That may be noted by

observing the small values in Table II corresponding to those harrironics.
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3.S AT,TERNATtrVES EN APPARATEJS COMPLE&{ENTA,RV TO TEIE REQUIRE-

MENTS OF' TffiE tr OAD, m{ÐUC?g@N MACÍ{[NE, AND RECroEF'XER

3.8.n [h¡TROD[rCT[Ohr

Two alternative conûgurations of apparatus are presented for connection

between the rectifier and the a.c. load. The ûrst alternative is a chopper inverter cir-

cuit which includes a voltage inverter to accommodate unbalanced loads. The second

alternative comprises a dual arrangement of series capacitor forced commutated

inverters [%37,38]. The latter alternative allows d.c. voltages sufficiently high for

transmission purposes because it allows the arrangemnt of thyristors in series in a

bridge arm.

Both alternatives are discussed as to their steady state condition. In addition a

control strategy is proposed for the first alternative and a discussion is presented as

to disturbances from steady state. The control strategy is the subject of a simplified

simulation the results of which are discussed in chaptet 4.

3.E.2 ALTER,NATIVE 1 . THE CTIOPPER INVERTER, APPAR,ATUS

The schematic shown in Figure 37 illustrates a chopper inverter apparatus for

conditioning the output of the reÆtifier to match a 3 phase load.

3.T.2.X THE TNVER ER,

Figure 38 presents a schematic of ¿¡ s¡ample voltage inverter apparatus. In Fig-

ure 38, the symbol of a junction in a circle refers to a one \ñ?ay current device which

can be blocked such as a gate turn off (GTO) thyristor. The turn on order is 7-2-T4-

S6 and the conduction states lasts 180" for each bridge arm (i.e. GTO thyristor plus

anti-parallel díode). The resultant output waveforms which are applied to the pri-

-^-., 
.',:-A:^- ^€ 

¡f2 "f'A ^-; ?f < ^-^ :11..-t-^o^.l i- Ð:-.,-^ âlì T'L^ l--,.¿ .,^l+^ -^ ô^us, w¡uuruË,ù vr ÄJr ¡!r qus ¡ J ss rrluùl¡slçu rlr I.rBu¡ç J>. L¡lÉ ruPr¡l Y\,tLa¡Eç 11.,

the inverte¡ Vcø must be kept essentially constant because the fundamental com-
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Figure 37 The Chopper Inverter Apparatus

ponent of a.c. output voltage will be some factor times V"or.That factor can be

picked by a choice of the turns ratio of transformers T3, T4, and T5 in Figure 38.

The choice of the constant value of. V 
"o, 

will be made based upon the requirements

of the induction machine and the chopper. This will be discussed in relation to the

chopper.

The output voltage waveforms illustrated in Figure 39 have no even or triplen

harmonics and thus it is necessary to block 5th, 7th, llth, 13th, and higher voltage

harmonics. No attempt has been made to completely optimize the filters illustrated in

Figure 38. It is recognized that other voltage inverters [39] such as pulse width modu-

lated inverters may be more suitable for creating a balanced set of phase voltage

waveforms with reduced harmonics.
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Figure 38 A Voltage Inverter

3.8.2.2 TTIE CHOPPER

Set- r es H q-rnooi c

Vo/t*3e BJ"cking

The chopper circuit can be considered from the standpoint of steady state

operation.

As a premise for analyzing the circuit it is assumed that the inductor Ll in Fig-

ure 37 is sufficiently large to smooth the current through it to almost a constant d.c.

level. Choice of inductor Ll will be affected by the superimposed voltage ripple from

the two ends of the inductor ¿rs compared to allowable current ripple. However, it is

understood that a higher level of inductance may be required due to consideration

of system stability and system control.

From the proposed operation of the chopper it can be deduced that V"oo must

be iarger than the maximum steady state rectifier output voltage. In the steady state,

V d in Figure 37 will be positive on average and on average I ¿ will be neither

I
F¡ Ilers
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Figure 39 The Voltage Waveforms from the Output of the Voltage Inverter of Fig-

ure 37

increasing or decreasing. GT7 will turn "on' and 'off' at a fairly high frequency for

Power of perhaps 1CÐ0 Hz. When GT7 is "on', current in Ll will grow. When GT7 is

oottn, it is necessary that the current in Ltr should drop in order that I¿ should be at

a fixed ayerage level. In order f.or I¿ to drop when GT7 is "off', Vroo should always

be greater than V4. For the s¡ample system including the machine of Appendix 2,

the maximum V¿ is approximately 5200 volts and thus the choice of operating level

f.or V 
"oo 

would need to be higher than that level.

The chopper, in effect, acts as a variable matching circuit in order that the

necessary rectifier voltage and current output levels ( see Figures 35 c) and d) ) can

be matched to the voltage of and the average current into the capacitor bank C1.-
The variability of the matching circuit is introduced by varying the duty cycle of the

switching of GT7. For explanation purposes, the fraction of each chopper cycle dur-

ing which GT7 is blocked will be referred to as T ¡ rof f .
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The variability of Tf roÍf can enable the chopper to act as a matching circuit. In

the steady state, and given a certain level of V"op, the average voltage V¿py at the

load end of the inductor Ll will be given by the equation:

Van¿ : TÍroÍf V"op (332)

Furthermore, in steady Etate, the average value of. I¿ wíll not be increasing or

deceasing. Therefore, in Figure 37,the average voltage V¿ at the rectiûer end of the

ínductor Ll must be equal toV¿¡¿. Thus, in steady state, the above equation can be

altered to:

Vd : T¡ro¡¡ V"øp (333)

,4, similar approach can be taken in respect of currents. Given that the inductor

current I¿ is approximately constant for a given operating condition \x¡e can conclude

that the ayerage current into the capacitor bank Cl is given by:

I¿¿=T¡¡o¡¡ I¿

Re-written, the above current equation becomes:

(334)

- I¿¿
t ) --u6 t lroÍI

lVhen the re-written equation is associated with

(33s)

(336)

a matching circuit. The

(3s8)

is available from Figure 35 c) for

V¿:T¡ro¡Í V 
"op

it becomes clear that the chopper circuit does in fact act as

power balance can be seen plainly by noting the equation:

( 1,, I
V¿ I¿ = l#lT¡ro¡¡ V"* I¿¿ V"op .

l'ÍroÍ1 )
(3 j7)

This final equation represents a lossless chopper.

There is significance to equation 3.3ó in that for the steady state we can calcu-

late the required duty cycle T Í *Í I from the rectifier output voltage V ¿ as:

vd
'Írofl - V^.'cap

Proper choice of. V 
"oo 

was discussed above, and V¿
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each combination of machine speed and power level.
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3.8.2.3 ffi{E EFF'ECã' OF' ffi.AR,MONTCS ON TETE CE{OTCE OF T'ETE SMOOTHWG

SNDUCTOR, Á,NT} SMOOT"&TING CAPÁ,CITOR,

3.S.?.3.1 TETE SMOOTT{TNG INDUCTOR,

The smoothing inductor between the rectifier and the chopper should have

sufficient inductance to maíntain the harmonic current content to below maximum

allowable levels. The harmonic voltages applied at both ends of the inductor as well

as the magnitude of harmonic current to be allowed must all be considered in order

to get an upPer limit on the inductance required for harmonic current suppression.

The effect of the rectifier generated voltage ha¡monics wíll be considered first.

Maximum voltage harmonics generated at the d.c. output of the rectifier a¡e listed in

Table III. The listed values are maximum values for the complete available ranges of

commutation angle and firing delay angle [40]. A maximum magnitude will be

obtained for each individual current harmonic caused by the rectifier voltage if the

minimum intended operating frequency is considered during calculation. A maximum

peak magnitude of current ripple due to the rectifier can then be obtained by assum-

ing that all current harmonics are in the worst possible phase relation and then

adding the magnitudes of all the individual current harmonics. The equation for the

*,orst case maximum peak current induced by the rectifier can then be given as fol-

lows:

Io (rect.) =
tñ, Voo

(33e)
(F uo) G77) (1oo)*[

ú{ Vo f.or nth
&

n:6, 11 18,24,... n

On the other

is as follows:

hand, the peak ripple in the inductor current due to the chopper

Table III
Harmonic

Ordcr
R.MS. Voltage Mamitude as a

Percentage of.V¿^
6

t2
18

24

24

t2
8

6
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(3.40)

Equation 3.40 can be derived based on constant current charging of the capacitor

during the charging portion of the chopper period (í.e.T¡*¡¡). Furthermore, the

maximum peak chopper induced current can be found by recalling that

TÍrof f = V¿ /V"op ( Eqn. 33S ) during steady state operation and then

differentiating with respect toV¿. The result indicates a maximum as follows:

ro Gh.) = +[#) ¡ - rr,.¡¡) -

Io (chmøx): #, , .

An understanding of the relative importance of the contributions to inductor

current can be obtained by considering the machine of Appendix 2 supplying a suit-

able rectifier and chopper circuit. Suitable input data for equations 3.39 to 3.41 is

given in Table III and by the values below:

(3.41)

(3.42)

Vcap = 5500 volls

I 
"nop 

= 1000 I/z

F-io = 0.9 p.u.

Vdo = 5401 volts

lVhen these values are inserted equation 3.39 becomes:

Io(rect.)=+ [o.soo +022s+0.100+0.0s6 ' I1"'J.
Likewise, equation 3.40 becomes:

Io (chmøx.) = I Io.6ss ] . (3.43)

From this analysis it can be noted that the chopper will induce a peak value of ripple

current wbich is less than that which would be induced by the 6th harmonic voltage.

Thus we are able to conclude that the chopper will not generate a probibitive level

of harmonics if it is operated at a frequency in the range of 10ü) FIz.

From the perspective of harmonic current suppression, the smoothing induc-
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tance could be very signiûcantly reduced but for the presence of the chopper har-

monic voltages and the 6th harmonic voltage. Tbe rectiûer 6th harmonic voltage is

easily reduced by using a 12 pulse rectifier. Increasing chopper frequency beyond the

10(Ð Hz used in the the s¡ample would reduce the ripple induced by the chopper.

However, increasing the chopper frequency beyond lm Hz will also cause increased

switching losses in the switching devices used in the chopper. Furthermore, some

switching devices, such as GTO ( gate turn off ) thyristors, require several tens of

microseconds to turn off and if frequency is raised much beyond 10m Hz then the

turn-on and turn-off time for the switching device will become a significant portion

of the chopper period.

For the example system including the machine of Appendtx2 a maximum induc-

tor current ripple might suitably be speciûed as some fraction of the minimum d.c.

component of inductor current associated with any combination of machine speed

and power level. From Figure 35 d) the minimum d.c. operating current for the

s¡ample is approximately 65 amps. If maximum peak d.c. current ripple was taken as

lO % ot that value then a ripple of 65 peak amps would be allowed. An upper limit

on the required smoothing inductance for ha¡monic current:suppression can be

determined as 0.149 henries for the example system by considering chopper induced

currents and rectifier induced currents (excluding the 6th and 18!h) cumulatively.

The smoothing inductor will have effection the system beyond the suppression

of harmonic currents. In particular a large smoothing inductor will tend to slow the

respons,e of the system to load changes or generator speed changes. However, a

larger inductor may be required from the point of view of system stability. In con-

clusion, a complete simulation of the entire system would be required in order to

optimize the inductor siee having regard to response, stability, and harmonic suppres-

sion. ,{ discussion of control and response is presented later herein.
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3.8.2.3.2 THE SMOOTHTh{G CAPACSTOR.

The smoothing capacitor at the output of the chopper should have sufficient

capacitance to maintaín the ripple voltage on the capacitor tc below a maximum

allowable level. The ripple in the current to the capacitor both from the chopper and

the inverter as well as the magnitude of the allowable voltage:ripple must be con-

sidered in order to obtain an upper limit on the capacitance required for ripple vol-

tage suppression.

The effect of chopper ripple currents wilt be considered ûrst. In steady state

operation an average current oî.T¡rof f I¿ goes to the inverter.from the smoothing

capacitor. The capacitor is only replenished when the chopper switching device is

blocked. The time during whieh the capacitor is replenished is equal to

TlroÍl /l 
"nop 

during each chopper cycle. During that time the current from the

chopper into the smoothing capacitor is /¿. During the replenishing, an excess

charge flows into the capacitor above the charge going to the inverter. That excess

charge causes an increase in the capacitor voltage. During the remainder of the

chopper period the voltage on the capacitor and thus the excess charge drop to

minimum levels. The excess charge on the capacitor which causes the capacitor vol-

tagetoclimbduringeachcycleisgivenbytheequation:

t+ì (r¡*¡¡\.e Gh.) = Ia (t - r¡,a¡) l-
lr chop J

Recalling that in steady state operation:

T -vd" Íro11 - Vcap

allows the equation for Q (ch.) to be re-written as:

eþh.)=ffi

(3.44)

(338)

(3.4s)

Figures 35 c) and 35 d) show that there are unique values of machine V¿ and I¿ lor

each combination of machine speed and power. Thus the value of chopper induced
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ripple charge A (ch.) can be obtained for each power level and machine speed. Table

IV gives the magnitudes of ripple charge induced by the chopþer over a range of

po\ryer levels and machine speeds for the example system associated with the machine

- of Appendix 2 and for an I 
"nop 

equal to 1M Hz. The maximum value of ripple

charge detected by the simple search is 0.M38 ôoulombs.

Table IV Coulombs of Ripple Charge for Various
Combinations of Machine Speed and Power Level

Power Levels lo.u. of ¡atedl
0.0 025 OJ o.75 1.0

Machine
Spe€d

þ."J

0.9

1.0

t2
15
1.8

0.0

0.0

0.0

0.0

0.0

0.016ó

0.0191

0.0215

0.mv
0.u244

0.0164

0.4224

0.u293

0.0355

0.0394

0.0113

0.t77
0.02ó8

0.0%7
0.0438

0.0050

0.0111

0.0187

o.a28t
0.0347

The required capacitance of the smoothing capacitor ís also affected by the

action of the inverter. Various t)?es of inverters might be employed. For illustrative

purposes the inverter of Figure 38 has been considered supplying a three phase load.

Reference is made to the va¡ious portions of Figure 40 in order to determine

the shape of the current waveform out of the capacitor to the inverter positive bus.

Figure 40 a) illustrates the sínusoidal load voltage waveforms assumed to be obtained

by ûltering the voltage waveform initially applied to windings I, II, and III in Figure

38. The rectangular voltage waveform applied to winding I is shown as a dotted line.

Figure 40 b) illustrates a resultant sínusoidal phase current. Figure 40 c) tabulates the

effect that each winding current has on current out of the capacitor to the positive

inyerter bus during a complete inverter period. Figure 40 d) iliustrates the current

out of the capacitor to the inverter positive bus for an a.c load with a power factor

of. 0.707 lagging ( 0 = 45" ).

From study of Figure 40 d) it is apparent that the lowest ha¡monic is the 6th

order harmonic current. We can thus conclude that to determin'e ripple we need only

consider the first U6 th of an inverter period. Furthermore, the c.urrent waveform to

the inverter is directly analagous to the d.c. side output voltage of an ideal 6 pulse
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Graetz bridge inverter. Therefore, the average current to the inverter is given by the

equation:

[Av=n*rúcosg.
fr

The smoothing capacitor in a steady running

chopper. On the other hand, during the ûrst

current to the inverter is given by the equation:

(3.46)

condition will get /¿y from the

1/6 th of the inverter period, the

i(r) = ú I*, I sin(o + 30 - g) - sin(o - 90 - ö) 1 . (3.47)

wherein 0 is as illustrated in Figure 40 d). Charge on the smoothing capacitor climbs

when /¿y is greater than í(r); remains stable when I¿y is equal to i(r); and falts

when /¿y is less than í (t ). Therefore, it is only necessâry to integrate the surplus of

the current during the time that I¿y is greater than i (t ) in order to determine the

ripple charge. For any $ ( 0' < 0 < 90" ), it is possible to determine the particular

0 for which t(f ) is equal to I¡y. For instance, if S is 45" then f^y is equal to í(r) at

0 :27.45". Thus, for $ :45o , the ripple charge can be determined by integrating-

( Iev - f (t) ) between 0 : 0o and 0 : 27.45" .

For the s¡ample circuit associated with the machine of Appendix 2 and for 60

Hz inverter operation the ripple charge due to the inverter. can be calculated as

0.043ó coulombs at full inverter load ( 70.35 amps r.m.s. ) with a power factor of

0.707. Any load imbalance at full load would increase the capacitor voltage ripple.

The total ripple charge can be obtained by adding the ripple charge due to the

chopper to that due to the inverter. Given the total ripple charge and the allowable

ripple voltage magnitude, the required capacitance is calculated as:

Cs= Qrcnl
(3.48)

V ripple

For the s¡ample system, îVrìppt, of 330 volts corresponds to a variation of Vroo

of + 3 Vo for V 
"ap 

= 5500 volls . The total ripple charge is

Qrct4 = g þh.) + Q $nv.) and equals 0.08?4 coulombs. Calculation of the
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smootbing capacitaûce yields Cs = 2æ.9 pF. The capacitor would need an a.c. vol-

tage rating of 6000 / lE, in order to handle a maximum capacitor voltage of 6@0

volts.

The required current rating of the capacitor would not be fixed by it's capaci--

tance because we Íue not dealing with 60 Hz voltages. The largest component of vol-

tage on the capacitor would be d.c. voltage which would not cause any current. How-

ever, the r.m.s. current in the capacitor due to the inverter and tbe chopper could

easily be determined because \pe know the current waveshapes from the above dis-

cussion.

3.8.2.4 PROPOSED CONTR,OLLER,S

In the system illustrated in Figure 37, controllers will be required for control-

ling the level of current in the smoothing inductor and the level of voltage on the

smoothing capacitor. In addition, a governor may be required for certain types of

prime movers. In this preliminary investigation discussions will focus on the perfor-

mance required of these controllers and suggestions for implementation of the con-

trols. Some of the basic control principles have been tested in simpliûed simulations

discussed in chapter 4.

Prime mover speed is generally controlled by a governor. However, precise

speed regulation may not be required in this proposed generation scheme because of

the scheme's va¡iable speed capability. For instance, the runaway speed of some

Francis turbines is in the range of 1.8 p.u. speed. As the turbine.approaches runaway

speed, it becomes so inefficient that it can only supply the windage and friction

torque to the generator. Thus, the generator output electrical power must be zeto if

the generator is to reach run-away speed. From the graphs of 
. 
Figure 35, a typical

s¡ample of the proposed generation scbeme is intended to accept any power level

between 0 and 1.0 p.u. po$/er at any speed between 0.9 and 1.8 p.u. speed. Thus,

steady state considerations indicate that in certain cases the generator could accept
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acceleration to the runaway speed as electrical load dropped to iero. Any increase in

electrical load above zero would cause the turbine and generator to slow to some

value of speed below runaway speed. Thus, no governor would be required. Slow

va¡iatíon of gate position could be adopted to save water and reduce speed during

extended periods of light loading. This approach would only be feasible provided

thataparticularturbinecouldsurviveprolongedoverspeed.

As mentíoned previously, controllers will be required to control smoothing

inductor curreDt and smoothing capacitor voltage. In the proposed control scheme

illustrated in Figure 41, it is íntended that the capacitor voltage iontroller adjusts the

duty cycle of the chopper and the inductor current controller adjusts the firing delay

angle of the rectiûer. Operation of the controls in response to disturbances from a

steady state condition will be discussed.

C^y^cito-
V, lt^1e. Ç*t{in3
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Figure 41 Schematic of the Overall Control Layout
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,{s was discussed previously, the chopper is intended to act as a variable match-

ing circuit to match the output of the rectifier to the load. It will be necessary to

provide a fast acting capacitor voltage controller if close control of smoothing capaci-

tor voltage is desired. A preliminary sketch for such a controller is given in Figure

42.
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f
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\* 
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I
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!t

I

I

Lçt'þ

4o th"

Figure 42 Schematic of the Proposed Voltage Controller

In response to a capacitor voltage signal, the controller should adjust the duty

cycle of the chopper so that the appropriate fraction of I¿ will be diverted into the

smoothing capacitor in order to maintain the capacitor voltage at a set level. For

instance, if tbe load goes vp, T¡rof i will increase in response to falling capacitor

voltage and more of the smoothing inductor current I¿ will flow into the smoothing

capacitor. The accompanying effect of increasingT¡rof f is that the average voltage

V¿pB at the load end of the smoothing inductor will go up.On the other hand, if

load on the inverter goes down, Tf ,of Í drops and V¿p¿ will be reduced. Thus, if

rectiûer delay angle is not adjusted from the steady operating angle, then an increase

in load will tend to reduce I ¿ and a decrease in load will tend to increase /¿ .

The above tendencies have been considered in respect of the converter
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transformer current magnitudes illustrated in Figure 35 b) for low speed ( 0.9 p.u. )

and high speed ( 1.8 p.u. ) operation

High speed operation is discussed first. At high speed V 
e /F is low and XM is

: large as can be seen from aVr/F versus XM curve. Large XM corresponds with very

little saturation. With low saturation we expect relatively large changes in machine

voltage to result from relatively small changes in converter real or reactive current.

Figure 35 d) shows that the inductor current must drop when load increases during

high speed operation. If the decrease does not occur, excitation may drop heavily

due to the already unsaturated nature of the machine magnetizing reactance. It is

thus beneficial that the capacitor voltage controller will tend to provide the decrease

in f¿ which the machine requires during a load increase. Figure 35 d) shows that the

inductor current must increase when load decreases during high speed operation. If

the increase does not occur, the machine may suffer over excitation. Therefore, it is

also beneÊcial that the capacitor voltage controller will tend to provide the increase

in f¿ which the machine requires during a load decrease.

Consideration will now be directed toward slow operation. At slow speed,

V s /F is high and XM is considerably lower than during high speed operation. The

machine will thus be considerably more saturated during low speed operation. As a

result, the machine voltage will not be so sensitive to changes in available excitation

current. This relative insensitivity is fortunate because the capacitor voltage con-

troller will tend to change the inductor current magnitude contrary to the change

which is actually required by the machine as illustrated in Figure 35 d). Thus, in the_

time before the rectifier control can respond, a load increase at low speed will cause

a certain rise in machine voltage and a load decrease at low speed will cause a cer-

tain decrease in machine voltage

The inductor current controller controlling the rectifier must be capable of

responding to inappropriate changes to smoothing indu.ro, .urr"ot occurring during
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load changes. At high speed the inappropriate changes will be of the right sign but

perhaps of the \*¡rong magnitude. On the other hand, at low speed the inappropriate

changes will even have the wrong sign. These specific comments are based upon an

interpretation of the characteristics of the example system including the machine of

Appendix 2 and should therefore be taken as appropriate for systems similar to the

s¡ample system.

Before moving on to the inductor current controller I will discuss a few aspects

of the capacitor voltage controller. In Figure 42Tl¡olÍ is limited to between 0 and

1. A value oLTlroll close to 0 or l could cause problems with the operation of tire

chopper switching device. For instan ce, íÍ T ¡ ro¡-¡ is close to zero that means that the

chopper thyristor is only meant to turn off for a yery short time, In practise, it takes

about 60 psec to turn a gate turn off (GTO) thyristor off and then turn it back on.

Thus, if a chopper operates at 10m Hz,itis impractical to call for TÍrof f < 0.06.

Thus, in Figure 42, log¡c needs to be incorporated in the chopper firing circuit so

that if the controller calls for T¡rof f < O.ffi then the chopperthyristor will remain

"on" for the complete chopper period. This will temporarily stop current from reach-

ing the smoothing capacitor from the chopper andV"o, will begin to fall. However,

the fall of voltage V"o, will be gradual because, at small T¡rolÍ the inverter load

current must be quite small. .{fter a few chopper cycles the voltage on the capacitor

will sink to a level which will cause TlroÍÍ to rise above 0.06 and short periodic

pulses of current will again flow to the capacitor from the .chopper. Using this

scheme the chopper could be expected to regularly skip sending periodic pulses of

current to the smoothing capacitor during light load operation. Also, no such

periodic pulses would be delivered if the inverter load was steady 
^t 

zeto.

A similar strategy can be adopted when TÍroll is called for which is greater

than 0.94. In that case, the chopper thyristor should be left'off' all the time until the

controller calls for 
^ 

Tlroll less than 0.94. However, the requirement to operate

-98-



with T¡ro¡f > 0.94 can be avoided by recalling that Tf ,of Í

picking V"oo sufficiently large to avoid Tf rof f > 0.94.

= 
y and then by

. Vroo

_ The inductor current controller is intended to stabilize I¿ andto provide for

va¡iation in /¿ to control machine voltage.

The stabilization of. I¿ is required because of the rapid variation of voltage

V ¿ps at the load end of the inductor brought about by the operation of the capaci-

tor voltage controller. For instance, a step increase ín inverter electrical load at a

given value of /¿ will caus€ a rapid increase in the average voltage V¿pg ît the load

end of the smoothing inductor. In that case /¿ will fall unless rectifier output voltage

V ¿ is made to track the increase in V ¿p¿ with some precision. The va¡iation in V¿¡¿,

can be made available to the inductor current controller in two ways. V¿¡¡ could be

measured directly with a voltage transducer. As a alternative, V,RE could be

observed indirectly by measuring the rate of change of inductor current which a

change ia V¿pg will tend to produce. The latter scheme could allow operation

without ancillary communication between the rectiûer and load end of the induc-

tance. Such operation would be beneficial for schemes in which a transmission forms

part of the inductance. However, observing the rate of change of. I¿ to determine

V ¿nz introduces an inherent time delay. Direct observation has the advantage of

providing a signal lot V¿ps more quickly. Furthermore, the capacitor voltage con-

troller can be made to give advance notice to the inductor current controller of an

upcoming change in V¿pB. For instance, if the capacitor voltage controller makes

some increase AT¡ro¡t toT¡roÍy for the upcoming chopper cycle then the capacitor

voltage controller can predict that V¿¡E, will increase by ÃT¡ro¡¡ xVcap in that

chopper cycle. The availability of V¿¡g allows the inductor current controller to

adjust V¿(ordere¿') * as to bring about aquicir approximate stabilization of l¿.It is

useful to note that there will always be some error in the measured value f.ot V ¿p¿ .
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The inductor current controller must be able to accept this slightly erroneous signa!

f.or V¿pB and complete the formulation of a V¿ order.

In formulating a V¿ order the inductor curreDt controller must fulÊll two func-

tions. It must be able to accomplish a fast gross adjustment to the V¿ order based

upon a slightly erroneous est¡mate of. V¿pp. Secondly, the inductor current con-

troller must be able to provide feedback control of the machine voltage while com-

pensating for errors in measuringV¿w and errors in implementing the V¿ order.

Figure 43 illustrates a preliminary schematic which can serve as a starting point

in the future design of a functional inductor current controller. V¿p¿ is the dom-

inant component of the V¿ (ordercd) illustrated in in Figure 43. Additional signals

must be added to V ¿pB to cause I ¿ to increase or decrease in order to keep the

machine voltage at the set level. The control circuit path through blocks'-7o,'K 4*,

and 'L' is intended to convert a machine voltage error signal into a proportional sig-

nal to be added to V¿p¿ in producin1 V¿ (ordered). fnis proportional signal is

intended to provided a certain level of fi rc, a given machine voltage error. The

integral patb through block 'K5" is intended to compensate for error in reading

V¿nc and error in responding to V¿ (ordered). Tbe control path through blocks

'frltered differentiator' and 'K { is intended to adjust the voltage error signal

depending on whether the machine voltage is approaching or. departing from the

desired machine voltage. Finally, The block containing the equation:

_td=cos' (3.4e)

produces the final c order to the rectifier. The c order would normally be limited to

the range between approximately 5o and 90"

The inductor current controller must respond to changes in machine speed. For

instance, increasing machine speed will cause the machine voltage to start to climb

unless cofrective control occurs. In the preliminary inductor current controller, an

(V¿ þrdered) +& /¿ ì

-l
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increasing machine voltage would be sensed andV¿ (ordered) would be increased

for a time until the machine voltage began to settle toward a prop€r value.

The actual dynamics of the proposed control system cannot be thoroughly

checked without a complete simulation of the Ð¡stem including controls, machine,

rectifier, chopper, inverter, and load. The complete simulation and optimization of a

system is left for future work. However, preliminary work toward developing a

chopper and inverter model is presented in chapter 4. The remaining components are

presently available in the developed subroutine library of Manitoba Hydro's elec-

tromagnetics transients simulation program known as EMTDC.

3.S.3 ALTER,NATIVE 2 . THE DUA[, ARRANGEMENT OF SERIES CAPACITOR

COMMUTATED GRAETZ BRTDGE XNVERTER,S

3.E.3.1 GENERAI, DESCRTPTION

This a¡rangement is put forwa¡d as an alternative to the chopper inverter

apparatus discussed above. A schematíc for the dual arrangement of series capacitor

commutated Graetz bridge inverters is illustrated in Figure 44. The particular utility

of the dual arrangement in this system arises due to the variability of the ratio of

I to¿p to /¿ in Figure 44. However, in order to facilitate a broad range of possible

I ¿ , it is necessary to provide thyristors and series capacitors with increased voltage

ratings. The operation of the circuit has been discussed by others [3638] and the dis-

cussion berein will be limited to an examination of the above points.

The variability of the ratio of. I¿6¡p to I¿ arises out of the practise of firing the

two Graetz bridge inverters with different delay angles with respect to the load vol-

tage. Figure 45 illustrates a phasor diagram of phase voltage and currents and also

includes the delay angle ct1 and c2 for the two Graetz bridge inverters. In Figure 45,

Itoep represents phase current into the load. The other currents in the ûgure all

refer to currents into the load side of the converter transformers. The conyerter
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Lroa,

ï

Figure 44 Alternate System Including a Dual Arrangement of Series Capacitor Com-
mutated Graetz Bridge Inverters

currents a¡e related to I¿ by the equation:

I lco¡tvt | : I lçsNvz | = Yþ 
Ia

Ít
Therefore, for constaat I¿, íncreases inl I¡p¡p' I can be accommodated by adjust-

ing c1 and c2 so as to decrease p in Figure 45. Furthermore, if the angle of. I¡p¡p

becomes more lagging then tr1 and cr2 can be increased to handle the change. On the

other hand, if it is necessÍrry to increase f¿, then p in Figure 45 can be increased to

maintain ltorlp' as a constant. Given I lcopvt l, I IcoNv2 1., and the load p.f .

angle $, it is possible to determine the first and second inverter firing delay angles

with respect to the load voltage to be as follows:

@r=190-ö-p
and

cz=180-ô+p
wherein:

(351)

(350)
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Figure 45 Phasor Diagram Including Delay Angles for the Inverter for the Inverter
in the Alternate System

S represents the magnitude of the angle by which current into the load

lags the load phase voltage

and p is given by the equation:

,'k;
,/F

'-- F

P-I:"1
,/,/

ô-tp--r (353)

The above analysis ignores the effect of commutation angle and therefore

represents only a first approximation of actual delay angles.

I#e can relate power into the inverter to the po\r'er into the a.c. load by the

simplifying assumption of lossless converters. The resulting equation is as follows:

I¿ Vana = 3Vl¡oen cos $ (354)

Continuous adjustment of ct1 and cr2 in the dual inverters maintains V at a desired

magnitude as has been described in the literature [37]. For constantY,I¡6¡p cos $

is recognizable as being proportional to load po\ñ/er. Therefore V¿p¿ is also propor-

cos-l 
( t tto* t tzl t, 

.

Ir¡coHvlrrt

s f ¡.oø¡
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tional to load power for a given value af. I¿"TheV¿pB produced at tbe input to the

chopper inverter apparatus ís also proportional to power for a ør¡en f¿. Therefore a

controller operating to regulate the a.c. load voltage in a series capacitor dual

inverter afrangement would have the same effect onV¿p¿ as a controller operating

to regulate voltage on the smoothing capacitor in the chopper inverter apparatus.

3.8.3.2 V(}LTAGE RATINGS OF TSYR.TSTORS Á,ND SER,IES CAPACTTOR,S

The Sxed size of the capacitors in a normal series capacitor commutated Graetz

bridge inverter presents a limitation tending against operation at variable values of

d.c. current. Figure 46

c opq V^

|l f.v
ap [' VU

J- ('

qp c V"

Íc I
Sysfe^ V"lta3es

Figure 46 A Schematic for a Series Capacitor Commutated Graetz Bridge Inverter

illustrates a scbematíc of a series capacitor commutated Graetz bridge inverter. Fig-

ute 47 illustrates the waveform of current in phase 'a'. The dotted line represents

the current waveform assuming zero commutation angie and the solici line represents

the fundamental frequency current components for phase'a'. Commutation of phase

r,¿

T+
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16tr1,.r v
+

T3¡
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+
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"a'current occurs at 60P based on the reference angle for phase'a" current of 0o at t

: 0 illustrated ín Figure 17. A phasor diagram of currents and

Figure 47 Reference .Angle for Phase A Current in Figures 48,49, and 50

capacítor voltages at the time of commutation is illustrated in Figure 48. All currents

and voltages in Figure 48 a¡e based upon the reference angle uþd in Figure 47. At

that commutation T4 must cease to conduct in favour of T6 ( see Figure 46 ). In

order for the commutation to take place Vo6 þf f ectíve) must be positive at the

time of commutation.Vo6 (ef f ectíve) is defined asVo6 Gop) plus Vo¿ (system)

and thus represents the appropriate line to line voltage phasor on the valve side of

the series capacitors. Vo6 (cap) is illustrated in Figure 48. Vo6 (system) is

developed in Figures 49 and f). Figure 49 illustrates system voltages for supplying a

load with a power factor angle of 45' lagging. A power factor angle of 45" lagging

corresponds to an inverter delay angle of. 2?5". Figure 50 illustrates line to line sys-

tem voltages with reference to the inverter delay angle. Figure 51 illustrates

Vø þf f ecfive) as made up of Vo6 (system) plus Vo6 (cap) at the instant of ûring

of T6. From Figure 51 it is observed tbe I Vo¡ Gop) I must be larger than some

minimum value in order thatVo6 (ef f ectíve) should bepositive and thus cause the

commutation. That minimum value depends upon I Yo6 (system) I and the extent
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Figure 48 A Phasor Diagram of Capacitor Currents and Voltages at Commutation of
Phase A ín the Series Capacitor Commutated Inverter

to which c is allowed to be greater than 18ff. However, a minimum value of

I Vo6 þap) I can be determined for a given I Vo¿ (system) I and a particular

maximum value of ct. Each series capacitor must be of sufficíently small capacitance

to generate l/U5 times the minimum value of, Vo6 Gop) when I¿ is at it's minimum

level. Once the size of the capacitor is determined for minimum /, then any subse-

quent increase in I¿ will cause a proportional increase ín I Vo6 (cap) l. fhe

increase in I Vo6 Gop) I in turn causes V"n Gf Íectíve) to increase. That increase

implies higher valve stresses. \ile will therefore conclude that the price for facilitat-

ing variable d.c. current operation is paid in providing valves and capacitors which

have higher voltage ratings.

[. (can)
A

fc

-tuí-
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Vqb (s y stern)

Figure 51 The Relation of Vo6(eff.ective) to a, Vab(cap), and Vo6(system) at the
Time of the'Off'Commutation of '4" Phase
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C&{APT'ER, 4

P R, EE.[MNNÁ,R,Y INVESTIGATIONS SNT'O T'R, ANS IENT

@PER,A,T[ON ANT} CONTR,OT, OF' T'ETE R,ECTIF'YING ANÐ

IIqVERTTNG AP PAR,A,T'US

4.X INTR,ODUCTION

In this chapter the results of three ancillary investigations are presented.

The first investígation relates to a transients simulation of the chopper and

inverter apparatus of chapter 3 supplying a load through filters. The simulation

which was conducted demonstrates some basic points in the operation of such a cir-

cuit. The subroutine CHPINV created for the transients simulation is listed in App. 7

of [a3] and the approach to creating the subroutine is explained.

The second investigation relates to a transients simulation of a simplified system

including an inductor current controller and a capacitor voltage controller. The con-

trollers are based on the principles described in section 3.82.4.

The third investigation relates to a transient simulation of a self-excited induc-

tion generator undergoing a change in load while operating in a basically unsaturated

mode.

4.2 A, TR,ANSIENT SIMUT,ATTON OF A CTTOPPER NVERTER AFPAR,ATUS SUP.

F[,Y[NG Á, L(}AD THROUGE FILTER,S

,ås mentioned above, the ûrst investigation to be related in this chapter is con-

cerned with the simulation of the chopper inverter apparatus of Figures 37 and 38.
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The approach to creating an EMTDC simulation subroutine for the chopper inverter

apparatus is presented first and is followed by a brief discussion of the results of the

simulation.

The central block in Figure 52 illustrates the connection of the chopper inverter

apparatus to the rectifier and load.

Figure 52 Block Diagram Showing the Connection of the Subroutine CHPINV with
the Rest of the System

Figure 53 is presented to illustrate the method of interfacing 147,42) the simula-

tion subroutine CHPINV.with the EMTDC node pairs which represent the connec-

tions to the rectiñer and each load phase. At the beginning of a time step CHPINV

reads the voltage Y ¿ at the output of the rectifier between EMTDC nodes NPOS and

NNEG. Likewise, the EMTDC branch curren-ts flowing into each phase of the load

are measured. The measured magnitudes a¡e used as source quàntities at the begin-

ning of a time step in the model of the chopper inverter. The chopper inverter model

has two state v¿uiables IL and VC and their magnitudes are known at the beginning
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of each time step. TCI{, DCH, TDl, TDz, TD3, TD4, TDs, and TD6 denote resis-

tances used to represent thyristors and diodes in the model. Logic is used to switch

the resistances between high and low ohmic values to represent blocking or conduct-

ing states. Given the above information the state at the end of the time step is deter-

mined by the predictor corrector approach. The new value of IL is injected into the

EMTDC rectifier output nodes at the beginning of the next time step. Likewise,

given the new value of VC, the model calculates VAl2,VB23, VC31 referenced in

Figure 53 and those values are applied in the next time step as source voltages

between EMTDC nodes leading to the individual phases.

The logic used to change the device representing resistances in the CHPINV

subroutine is primarily the logic of operation for diodes, thyristors, and diode thyris-

tor anti-parallel pairs. For instance, a resistance representing a diode goes to a low

value when the diode is forward biased. Some additional logic was added to make

the simulation stable. For instance, if IL is positive and the chopper diode DCH is

blocked and the chopper thyristor TCH is conducting then when the chopper thyris-

tor is to be turned 'off" it is necessa¡y to turn "on" the chopper diode at the same

instant. It is not practical to wait for the diode logic to turn the diode "on' because

there will be a one time step delay before the diode can be turned non' after it is for-

ward biased. During that time step there will be a prohibitively large voltage spike

which will disrupt the model. A similar approach was taken to switching of the

thyristor diode pairs in the inverter.

The subroutine CHPINV is listed in App. 7 of [a3] along with the DSDYN,

DSOUT, and data files required for conducting an EMTDC simulation of the

chopper ínverter 
"pp.r^iur. 

The rectifier voltage V¿ and the chopper duty cycle

TÍrof f are maintained constant at 8@ volts and 5O Vo rcspectively during the simula-

tion. By setting V¿ and TlroÍf to these values the model is essentially set running

in close to a steady state \pithout control.
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Figure 54 illustrates the simulated capacitor voltage and smoothing inductor

current. As expected the capacitor voltage oscillated a¡ound a value equal to twice

the rectifier voltage. It is anticipated that the capacitor voltage could have been

closely controlled if a capacitor voltage controller had been controlling chopper duty

cycle. The initial inductor current was picked to provide sufficient current to the

capacitor to match the current to the inverter with one p.u. voltage applied to a

given a.c. load. However, the series filters caused a fundamental frequency voltage

drop and thus the a.c. load voltage and current were reduced. The reduced a.c.

current corresponds with the reducing /¿ which can be noted in Figure 54.

INDUCÏOR CURRTNT
CAPACITOR VOLTAG[

Figure 54 Inductor Current and Capacitor Voltage of the Free Running Chopper
Inverter with Fixed V¿ and TlrolÍ

Figure 55 illustrates three voltage waveforms associated with one phase of the

inverter in Figure 53. The rectangular voltage waveform corresponds with the

waveform VC31 in Figure 53 and represents the voltage output of the inverter before

ûltering. The voltage waveform which is of the same approximate magnitude as the

o

a

a) tLu

dj

t_a

.i Õ aô
I

C a:a -l;-1: C C.r t.Ci
iirr.''
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rectangular waveform, is the voltage waveform after the series 5th, 7th, llth, and

13th harmoníc voltage blocking filters but before the transformer. The lower voltage

waveform is the load voltage waveform on the low voltage side of the transformer.

One can note the dramatic improvement in the voltage waveform due to the effect

of filtering. However, the filters have not been optimized with respect to cost or

effectiveness.

O VC31 VOLTAGIÀ V IN C PHAST O¡ TRFI V OUT C PHASE OF TRF

I
X

tt

0.c5

Figure 55 Output Voltages of One Phase of the Inverter

Figure 56 illustrates trr'o current waveforms associated with the inverter of Fig-

ure 53. The waveform labelled IC31 is the current in one phase of the inverter out-

Put. The current waveform clearly coniains a considerable level of harmonic current.

A large part of that harmonic current is due to a high pass shunt filter composed of

a capacitance to ground on the load side of the transformer leakage impedance.

Shunt ûlters are not a good choice for reducing harmonic voltages because the har-

monic currents drawn by those filters íue generally excessive. For instance, the 5th

ha¡monic current would be of approximately 0.4 p.u. magritude for a 20 Vo Sth
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harmonic voltage content with a l0 Vo transformer impedance. High harmonic

currents in the phase currents will translate into increased ripple in the current from

the capacitor to the inverter. The second signal in Figure 56 illustrates the current

from the capacitor bank to the inverter and some high frequency current harmonics

appear to be present.

tN\iERTtR FRCI'.r c!cptrf F

080

0.40

0.0 0

-0 40
D 0.04 0.06 0.08

Tìn¡e

Figure 56 Output Current of One Phase of the Inverter and Current to the Inverter
from the Capacitor

It can be noted that the d.c. component of the current to the inverter from the

capacitor illustrated in Figure 56 is approximately lå of the d.c. component of the

inductor current illustrated in Figure 54. It was noted ea¡lier that the capacitor vol-

tage wÍrs approximately twice the voltage at the input to the smoothing inductor. This

confirms that the chopper inverter does indeed operate as a matching circuit is

expected to for TîrolÍ = 05.

By way of a summary there are a number of points which should be made.

Stability of the subroutine CHPINV has been provided by logic which initiates

o tc31ô tTC

-
9
x

1.6 0
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s\r,itchings one time step before device logic could provide the switching. This

remedy is applied because of the large changes in device representing resistance

which occur in one time step,

Consideration was given to representing the chopper inverter model using

EMTDC branches and relying on device logic alone to initiatþ resistance changes

using EMTDC subroutine PRLL2. The benefit would a¡ise in:avoiding interfacing

the subroutine CHPINV to the main EMTDC progrâm and in avoiding the time

delays associated with normal interfacing techniques. However,.the approach would

require a gradual change in resistance over many time steps in a switching period in

order to avoid voltage spikes and disruption of the model. Unfortunately this would

seem to imply a very short time step and thus a very much increased execution time.

For instance, if a switching period is to be 50 pS long then it might be desireable to

increase resistance by a factot of. 1.4125 on 20 occasions during the period so as to

increase resistance by a factor of 1000 in 50 pS. This implies a time step of 25 pS.

However, the prohibitive increase in execution time could be avoided if EMTDC had

two available timesteps.A short time step could be used during switching and a long

time step could be used during smooth running. In order to faciiitate switching from

one step length to another, the long time step could be made a multiple of the short

time step. Including the above features into EMTDC would requre a complete re-

structuring and re-writing of the program and so the approach was not taken.

Finally, it should be emphasized that shunt filters tend to draw large harmonic

currents from the inverter given the rectangular voltage waveshape in Figure 55. It is

suggested that use of series harmonic voltage blocking filters alleviates the problem.

4.3 A TR,ANSIENT STMULATTON OF THE OPERATION OF AN TNDUCTOR.

CTIRRENT CONTR,OLLER AND A CAPACITOR VOLTAGE CONTROLT,ER

A control system similar to that described in section 3.82.4 has been simulated

using the EMTDC simulation progfam. Figure 57 illustrates a block diagram of the
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current controller only after passing through a 0.1 second ûrst oider time delay. The

time delay is intended to make the response of the controlled voltage source more

sluggish than for a real machine and rectifier. In a real system the rectiûer output

voltage can be expected to respond relatively swiftly to a change in voltage order by

means of a swift change to the rectiûer delay angle.

"{s illustrated in Figure 57, the inverter and load have been replaced by a series

resistance and inductance. The load circuit has been given a time constant of 0.164

seconds.

The chopper circuit has been idealized as illustrated in Figure 58. This

corresponds to a chopper ín which the frequency of operation is very higb to the

point that the voltage at the load end of the inductor can be considered as d.c. and

the current into the capacitor caû be considered as continuous.

The capacitor voltage controller indicated in Figure 57 is illustrated in more

detail in Figure 59. The controller responds to the capacitor voltage to adjust the

chopper duty cycle. The controller is a proportional and integral type controller with

capacitor voltage as feedback. However, the system introduces a variable gain due to

the fact that the current ínto the capacitor depends upon not only the chopper duty

cycle but also the inductor current. The dependance is illustrated in Figure 59.

The inductor current controller indicated in Figure 57 is illustrated in more

detail in Figure 60. The controller responds to a current order by producing a vol-

tage order for the rectifier. The capacitor voltage and the capacitor voltage controller

affect the task of the inductor current controller because they determine the voltage

at the load end of the inductor. The task of the inductor current controller is thus

to produce the proper voltage at the source end of the inductor to control inductor

current in spite of variation in the voltage at the load end of the inductor.

It is noted that in Figure 60 the voltage on the load end of the inductor is not

measured directly. Instead, the inductor current controller is supplied only with a
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Figure 58 Simpliûcation of the Chopper Circuit for Simulation Purposes

signal indicating current in the inductor. The controller uses the inductor current

feedback signal to create a current error signal which is used in three ways. The

error signal contributes to the voltage order through proportional and also integral

control branches. The third use of the error signal is to create an order for the rate

of change of inductor current which is proportional to the error in inductor current.

,{ filtered differentiating device monitors actual inductor current and produces a sig-

nal indicating the actual rate of change of inductor current. Thê differentiating cir-

cuit in the simulation has a 0.1 second time constant. An error ligo.l for the rate of

change of inductor current is created from the difference between the ordered and

actual values of the derivative of inductor cuirent. The error signal for the rate of

change of inductor current is then used to create a proportional signal which is

(tr)(Tç,,t+)

(v.Xrc,
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Figure 59 Schematic for heliminary Capacitor Voltage Controlier Used in Simulat-

ing Controls

added into the total rectifier voltage order. This addition to the voltage order helps

the inductor current controller track rapid'changes in the voltage at the load end of

the inductor without directly reading that voltage.

Appendix 4 contains EMTDC data and dynamics files for cbnducting a simula-
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tion commencing with zero capacitor voltage and zero inductor current.

Figure 61 illustrates the rise of capacitor voltage to the reference level from

zero.The effective current into the capacitor is also illustrated.
O VREFô VCAP* cctNX VERROR

O
X

C)

< -o.co

0.60 0.80 1.00

TIN,IE

r.20 r.40 1.60

Figure 61 Capacitor Voltage and Current into the Capacitor During Start Up

Figure 62 illustrates the performance of the inductor current controller in

attempting to make the controlled voltage source track the voltage at the load end of

the inductor (í2. V"op T¡ro¡t) anA at the same time to have the inductor current

brought to the reference value. The frequency of the oscillations in the output of the

controlled voltage source can be related to the time delays built into the model.
'

\Vhen the tíme constants of the differentiating circuit and the controlled voltage

source were reduced by a factor of 5 the frequency of the oscillations increased by a

factor of 5. The oscillations represent the inability of the controls to cause the con-

trolled voltage source to track the voltage at the load end of the inductor. It is con-

cluded that tracking could be improved by obtaining an accurate and fast estimate of

the actual voltage at the load end of the inductor and incorporating that signal into
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tbe input quantities to the inductor current controller. Then, given a fast acting

rectifier firing control, the rectifier output voltage would track the voltage at the

load end of the inductor with more precision than that ilh¡strated in Figure 62.

O ILREF
"lL- E SOURCE
" VC{TOFRO ILERR

c.6 0

0.0 0
0.0 0 o.20 0.40

(l
x L00

oz{ o.2o

Figure 62 Sta¡t Up Response of
Direct V¿¡E Input

1.20 1.40 1.60

Controllei Without Benefit of

The simulation is not sufficient for the purpose of finalizing control strategy

because of the simplifications in the simulation which replace machine and rectifier

dynamics with a first order time delay. However, as a preliminary investigation, the

simulation is useful because it demonstrates that an inductor current controller can

operate in paraltel with a capacitor voltage controller. Furthermore, the inductor

current controller used in the simulation was able to function eyen though it did not

receive a direct sigaal as to the voltage at the load end of the inductor. In addition,

the controls were able to respond to simultaneous orders for step increases from zero

for inductor current and capacitor voltage. In a real system the task of the controls

could be eased by ramping up inductor current and then capacitor voltage.

0.ri0 0.80 1.00

TIME

an Inductor Current
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4.4 A TR,ANSIENT SIMIILATTOA{ OF' A T,XGE{T[,Y SATIT&,ATEÞ ENDUCTTON

MACffiTNE þ['R NG A 5O % B,OAÐ INCREASE

,{ premise for the discussion in section 43 is that a rapid change in rectifier out-

put voltage can be accomplished by a rapid change in rectifier delay angle. The prem-

ise can only be true if the machine terminal voltage does not suffer a large immedi-

ate increase or decrease due to the transient change in rectifier delay angle.

This section will describe the simulation of a 05 p.u. load increase for the exam-

ple system which íncludes the machine of Appendix 2. The load change occurs when

the machíne is running in steady state at 025 p.u. rated power and 1.8 p.u. machine

speed which corresponds to a relatively unsaturated machine magûetic state. A sin-

gle line diagram of the simulated circuit is illustrated in Figure 63. The EMTDC sub-

routine and data 6les used to produce the simulation are available in Appendix 5.

Subroutine MIMSET1T was written to place the machine into steady state op€ration.

The steady state rectifier load is represented by the resistance and inductance on the

right in the figure. Tbe single line diagram shows a 50 ohm resistance added in paral-

lel to the iron loss resistance at t¡me equals 0.08 seconds. In the simulation parallel

resistances are not used but in fact the iron loss resistance is reduced by a factor of

47.4 by means of EMTDC subroutine PRLL2.

The load current existing after an instantaneous rectifier delay angle decrease is

compared in Figure 64 to the load current existing after the addition of the resistive

load used in the simulation. It is noted that the maguitude of the simulated currents

into the impedance representation of the rectifier will be larger than the constant

magnitude of the actual currents ínto the rectifier (i.e 145.1 amps) until the machine

voltage drops to 145.1 I 159.1of the initial machine voltage (i.e to 2134 volts). Figures

65,ffi, and 6? illustrate that the quasi-sinusoidal voltage is not reduced to that level

until about 0.2 seconds into the simulation or about 0.12 seconds after the load

change. Thus, until about 02 seconds into the simulation, voltage is dropping more
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Figure 63 Circuit Simulated in EMTDC to Study the Transient Effect of. a 50 Vo

Load Increase on Machine Voltage

quickly than it would due to a compÍrrable rectiûer delay angle reduction. The

figures therefore illustrate that loss of self-excitation through load suppression of the

quasi-sinusoidal voltage is a comparatively slow phenomena.

Figures 65, 6ó, 67, and 68 also illustrate a short term system transient that

occurs when the load power changes. As illustrated in Figures 66 and 67, the

machine terminal voltage begins to reduce quickly upon application of the load

increase. That effect can be attributed to the discharging of capacitors through the

purely resistive additional load which occurs before the machine reacts. Figure 68

illustrates the reaction in the combined magnitude of the direct and quadrature axis

machine currents. The reaction of the machine current is initiated by the momentary

reduction in machine terminal voltage. The voltage dip simulated was of approxi-

mately a lO Vo magnitude and lasted about 10 pS. However, even durin g the 70 Vo

machine voltage dip, the rectifier voltage ouiput could be ex¡þted to more than

double due to the rectiûer delay angle decrease. The voltage dip illustrated in Figure

67 would likely have been of smaller magnitude if the additional load had not been
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purely resistive. The purely resistive nature of the additional load caused load

current to build up instantly.

In summary, two points can be noted. We can note that loss of self-excitation

through load suppression of the quasi-sinusoidal voltage is a comparatively slow

phenomenom. As the second poÍnt, we can also note that there will be a minor short

term transient in the machine voltage brought on by significant load changes (in this

case 0.5 p.u.). T'hese short term voltage transients can be expected to be of only a

sligbtly different cha¡acter for a delay angle change on an actual rectifier.

{
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CEãAPT'ER, 5

SIJMMATXONS ANÐ CONCI.USEONS

5.1 SEI,F.EXCI'TATTON AhiD OFERATING CUR,VES F'OR A SELF.EXCITED

MACHIIIIE

Self-excitation in an induction machine occurs when sufficient terminal capaci-

tance is connected to the output terminals of the machine while the machine is being

mechanically driven at sufficient speed having regard to the load.

Program I was developed to determine the capacitance 'and machine speed

required in order to produce a specified terminal voltage and frequency for a given

load.

It was determined that the induction machine could advantageously be operated

at the rated voltage level over a range of speed and a range of power. For, a given

voltage level, the self-excitation capacitors provide the least excitation current at low

frequency. Furthermore, real load current depresses the self-excitation voltage.

Moreover, the rectifier will be set at minimum delay angle to minimize reactive load-

ing when all the capacitive current is required by the machine in order to maintain

voltage. Therefore, Progtam I was used to pick a capacitance according to that capa-

citance required to maintain the desired voltage at the anticipated maximum porver

level and the anticipated minimum machine speed. The calculation assumed that the

rectifier would not be drawing any reactive power during that particular operating

condition. By this approach the minimum capacitance was determined wbich would

be sufficient to supply the machine over the rânge of anticipated speed and power

levels.
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The maximum power level is chosen as the electrical output power level which

corresponds to an input of rated motor torque at rated speed. The minimum speed

is chosen to be a small fraction below rated speed and it can be determined for a

particular machine according to how slow the machine can be driven at the max-

imum power level before overcurreût occurs in the machine due to increasing mag-

netizing current.

Referring to Figure 7, Program I searched over XC, XM, and machine speed

(MSPD) E,ith all other parameters fixed until terminal voltage was at the desired

value and the impedance looking into the machine terminals was equal in magnitude

but 180o out of phase with the impedance looking out of the terminals.

Program II was developed to produce a set of operating óurves descriptive of

the operation of a machine with one value of capacitance XC on the output termi-

nals. The operating curves developed are families of constant value curves in the ter-

minal voltage VT versus RL plane. Quantities which can be ptotted in the VT versus

RL plane are: frequency F, machine speed MSPD, machine terminal current, capaci-

tor current, total load current, load power, and slip S. For each quantity several

planes must be developed corresponding to different values of load reactance XL.

RL and XL are as defined in Figure 7.

Program II canvasses a range of RL for each of many values of XM while

preparing a plot of a quantity for a given value of XL. At each'canvassed combina-

tion of RL and XM the program searches over frequency F and slip S for a valid

steady state operating condition. Each valid steady state op€rating point can be

located in the VT versus RL plane. The location of a constant value curve in the VT

yersus RL plane can be determined by interpolation between the locations of the

steady state points in the plane.

The choice of plotting a characteristic quantity in several VT vs. RL planes

corresponding to different values of XL does not produce a result which emparts
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information in the most compact form possible. This detriment arises from the fact

that the existence of one true steady state solution for a given combination of RL,

XM, XL, and XC automatically implies the existence of a second solution. The

conseguence of the duplicity of solutions is that two VT yersus RL planes must be

prepared for each value of XL in order to fully describe a particular quantity. The

first VT vs. RL plane corresponds to a slow speed solution (mode I) and the second

corresponds to a higber speed solution (mode U). It is possible to keep the two

modes of solution sepÍuate by careful choice of initial conditions in the search rou-

tines. In future the doubling of the number of required plots might be avoided by

chosing to plot a characterisitic quantity in several VT vs. RL planes corresponding

to different values of machine speed MSPD. In such planes, constant value curves

would be plotted for different values of XL. Thus, for a given machine speed, each

point in the VT vs. RL plane would correspond to a different value of load RL and

XL.

The curves generated by program II were checked against laboratory measure-

ments for the case of a purely resistive load. The calculated values of voltage were

within 7 Vo of the experimentally determined values except at low values of RL at

which terminal voltage drops rapidly with lowering of load resistance. In practical

circuits, control of reactive power loading will be used to bring the voltage to the

desired level. Smalt variations in circuit pÍrrameters caused a much better match

between the experimental and calculated curves. This demonstr'ated the importance

of having accurate estimations of machine and-capacitance pÍuameters.

The method of program II requires that in order to fully describe a characteris-

tic quantity one must produce two VT vs. RL planes for each XL cross-section of

interest. Thus, it could easily require ten VT vs. RL planes to describe voltage as a

function of RL, XL, and machine speed (MSPD) rather than say frve. Because of the

number of curves required by the program II method it was decided to produce a
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reduced set of curves which described the characteristic quantities of the circuit at

the rated voltage cross-section of the operating space (VT, RL, XL).

Program III was written to produce a reduced set of operating curyes which

describe steady state quantities associated witb operation at a specific level of termi-

nal voltage (ex. rated voltage). In the reduced set of curves each quantity of interest

can be described in one plane. For a given quantity, the axes of the plane are the

quantity of interest and the power level. Constant machine speed curves are plotted

in that plane to describe the quantity of interest as a function of machine speed and

potver level as illustrated in figure 32. Quantiiies plott"d for an example system are:

total load cufrent, load power factor angle, the real component of current into the

load, the reactive component of current into the load, the machine terminal current,

magnetizing current, and airgap voltage.

Program III investigates one combination of machine speed and power in a

given progam execution. For a given machine speed and power level, the program

sea¡ches over F, XM, and XL until the program converges on a valid operating point

at the desired terminal voltage. By solving for XL, the program determines the reac-

tive loading that the load must place on the self-excited machine in order to control

terminal voltage to the desired level for the particular combination of machine speed

and power level investigated in the proglâm execution.

The program III curve which describes machine terminal current as a function

of machine speed and power level can be used to determine the upper limit of

acceptable machine speed at full powel for the investigated voltdge level. That curve

illustrates that the machine terminal current increases with speed at full load for

speed above a certain level. Therefore, the maximum acceptable machine speed

corresponds with the speed at which maximum allowable terminal current is reached.

The capacitance used in generating the program III curves is the minimum capa-

citance which can supply the reactive polver requirements of the machine over the
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anticipated ranges of machine speed and power level at a specified terminal voltage.

However, additional capacitance must be provided because the reactive load of prac-

tical rectifiers cannot be reduced to zero when it would be advantageous to do so in

order to support self-excitation. Reactive load which cannot be eliminated in practi-

cal rectifiers is the reactive load due to the rectifier transformer maguetization

current; the commutation angle; and the minimum ûring delay angle (ex. crr¡o : 5o).

By setting cr to cr;o in equation326, it is possible to determine the minimum reac-

tive load presented by the rectiûer for each combination of machine speed and

power level. Extra terminal capacitance is necessary whenever the minimum reactive

load presented by the rectifier is in excess of the reactiye load determined by pro-

gram III for a given combination of machine speed and power level. The minimum

required extra terminal capacitance can be determined by canvassing the anticipated

ranges of machine speed and power. For the exâmple system, the required extra

capacitance was largest at the lowest machine speed and the highest po\\'er level.

The addition of capacitance at the terminals of the machine requires some

adjustment and augmentation of the reduced set of curves produced using program

III. At each combination of machine speed and power level it is necessary to deter-

mine in order:

the real and reactive load current from the progfam III curves;
the additional capacitor current;
the reactÍve current which must be drawn by the rectiûer;
the magnitude of the current into the rectiûer transformer;
the power factor of the current into the transformer;
the magnitude of /¿;
the magnitude of Y¿;
and ûnally rectifier delay angle cr.

In that regard equation 3.26 is useful. Using the information obtained ín this manner

one can prepare descriptive graphs for capacitor current magnitude; required con-

verter current magnitude; required d.c. voltage; required d.c. current; and required

rectifier delay angle ct. Figure 35 gives examples of these graphs for an s¡ample sys-
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tem in which the machine voltage is maíntained at the rated level.

The higher capacitance required by a practical rectifier leads to higher required

ratings for rectifier transformers and thyristors as can be seen for the s¡ample system

by comparing Figures 32 a) and 35 b). It is therefore recommended that rectifier

minimum c and the commutating reactance of the rectifier transformer should be

kept as small as practically possible in order to minimize the capacitor, transformer,

and thyristor ratings.

Figure 35 c) and d) illustrate that for each machine speed and power level there

is a unique combination ol. I¿ and V¿. It can therefore be concluded that I¿ should

certainly not be held constant if we wish to be able to operate the generator over a

broad ratrges of machine speed and power le?el while maintainling 1.0 p.u. machine

voltage. The apparatus interposed between the rectiûer and the load in Figure 1 must

be able to receive generated pou¡er at the required levels of. I ¿ corresponding to

different macbine speeds and power levels.

For low power, figures 35 c) and e) illustrate that the.higher d.c. voltage

required at slow speed is accompanied by a reduced a. This is rather unexpected

but arises due to the high commutating reactance and high rectifier current associ-

ated with higb speed operation. It ís because of this characteristic that the prelim-

inary controls proposed in the thesis develope an order f.or V ¿ and then translate

that order ínto an c order in a way that compensates for the effect of computating

reactance.

5.2 HAR,MONIC CTIRRENT'S [I{ T'HE MACI{TNE DUE TO TIIE R.ECTIFTER,

The capacitor bank for a self-excited induction machine t¡pically would have

sufficient capacitance to reduce llth and higher order rectifier generated harmonics

in the machine to generally acceptable levels. A low (ex. 0.8) power factor machine

supplying a rectifier with a typical commutating reactance and minimum cr would
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have sufficient capacítance to also cause some attenuation of the 5th and 7th har-

monic currents generated by the rectifier. However, a high pówer factor machine

supplying close to an ideal rectifier (i.e. low n-¡o and commutating reactance) would

require such a low capacitance that the 5th and 7th harmonic currents into the

machine could actually be higher than those generated by the rectifier due to the

presence of the self-excitation capacitors. From equation 328 and the converter

current for the saample system illustrated in Figure 32 b), it appears that the highest

level of machine harmonic current would arise at full load power and slow speed.

This conclusion is based on the fact that the largest rectifier current for any slow

speed operation occurs at maximum load and the capacitor bank is much more

efficient in attenuating machine harmonic current at high frequency than at low fre-

quency.

For a high power factor machine and close to aû ídeal rectiûer as described

above, it may be necessary to use a 12 pulse rectifier to avoid e*""rrit" 5th and 7th

ha¡monic currents in the induction generator. Tbe possibility of using tuned shunt

ûlters to ground is to be avoided because of the variable frequency generated on the

machine terminals.

5.3 TEE CHOPPER.INVERTER APPAR ATTIS

The chopper-inverter apparatus of Figure 37 was the ûrst apparatus considered

for interposition between the rectifier and the load as illustrated in Figure 1. The

chopper circuit was shown to act in the steady state as a matching circuit which

matchs the V¿ and /¿ out of the rectiûer to the smoothing capacitor voltage V ro,

and the the average current to the inverter from the smoothing capacitor.

In order to make the chopper work properly as a matching circuit, it is neces-

sary to choose to control V"oo to a voltage level which is higher than the value of.V¿

for any anticipated machíne speed and power level.
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The proposed controls comprise a capacitor voltage controller to regulate the

chopper duty cycle a¡d an ínductor current controller to control c¿. Variation of the

chopper duty cycle is implemented in order to divert the appropriate fraction of /¿

to the capacitor in order to maintain the capacitor voltage at a set level. The cr

order is obtained from a V¿ order signal by means of a control block which imple-

ments equation 3.49. In formulatingaVa order the inductor current controller must

fulûll two purposes. It must be able to accomplish a fast gross adjustment to the V¿

order based upon a slightly erroneous estimate of. V ¿pB. Secondly, the inductor

current controller must be able to provide feedback control of the machine voltage

while compensating for errors in measurinEV¿nz and errors in implementing the V¿

order. Figure 43 illustrates a preliminary schematic which can serve as a st¿trting

point in the future design of a functional inductor current controller.

The complete simulation of the system including transient models of the

machine, rectiûer, chopper, inverter, and controls is left for future work. However, a

simpliûed transient simulation of the system was undertaken and for that simulation

the capacitor voltage controller was shown to be compatible in operation with the

inductor current controller. The simulation was based on a controller d.c voltage

source at the supply end of the smoothing inductor. The source was controlled

through a 0.1 second time delay so that it would respond more slowly than the out-

put voltage of a real rectifier. The rectifier voltage will respond quickly because cr

can be adjusted quickly and the level of self-excitation in an induction machine was

shown in chapter 4 to respond comparatively slowly to cbanges in cl. The controls

rHere proyen in concept because the simulated controls were able to response accePt-

ably to step increases from zero for both inductor current and capacitor voltage in

spite of the sluggish response of the controlled d.c. source voltage.

The chopper action can be expected to induce ripple onto the smoothing induc-

tor current. However, at a chopper frequency of 1000 Hz the chopper induced ripple
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is only about 75 Vo of the ripple induced by the 6th harmonic voltage. The turn-on

and turn-off tíme of GTO thyristors tends against op€ration of the chopper above

10@ Hz due to the desirability of maintaining switching time tô a small fraction of

the chopper period. Much faster switching F^E,.T. devices could be employed in the

chopper of very small systems in order to allow the chopper frequency to be be

increased. The ripple caused by the rectifier could be reduced by using a 12 pulse

recti6er.

The ripple charge and associated ripple voltage on the smoothing capacitor due

to the action of the chopper can be calculated from equations 3.45 and 3.48. If the

inverter used to supply the a.c. load is such that it causes a 12 pulse ripple of voltage

on the smoothing capacitor then it might be desirable to op€rate the chopper 
^t 

720

Hz and synchronize the phase of the two induced ripples so that they cancel to the

greatest extent possible. However, operating the chopper at such a low frequency

would increase the inductor current ríppte and would likely require the provision of

additional smoothing inductaûce.

:

5.4 THE DUAL ARRANGEMEI{T OF SERTES CAPACITOR COMMUTATED

GRAETU BR,IT}GE IhIVERTER,S

For this alternative apparatus it is the ability to vary f¿ with respect to the mag-

nitude of the a.c. load current I ltoeo I which permits the apparatus to act as a

matching circuit between the rectiûer output and the a.c. load. In the steady state

the circuit can thus accept the I¿ required for a given combination of machine speed

and power level as for instance is íllustrated in Figure 35 d).

It has been shown that for a given f¿ a controller for the apparatus will cause

the inverter input voltage V¿pp to vary in proportion to the Power level. This is an

approximation based on the assumption of lossless inverters. The conholler of this

apparatus thus has the same effect on V¿p¿ as does the capacitor voltage controller
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in the chopper-inverter apparatus.

It ís therefore concluded that this apparatus could be used in place of the

chopper-inverter apparatus. The price to be paid for the ability to use the required

broad range of /¿ is that the voltage rating of the inverter thyristors and series capa-

citors must be increased substantially.

5.5 F'INAtr, CONCLUSION

From a steady state point of view there appears to be no ba¡rier to implement-

ing a self-excíted induction generator operable at rated machine voltage supplying an

isolated a.c. load through a d.c. link. The d.c. link current f¿ must be va¡iable

independant of the magnitude of the a.c load current I I to¿o. I in order for the

machine voltage to be controlled to the desired level. That adjustment of. I ¿ is per-

mitted by the use of either the chopper-inverter apparatus or the dual arrangement

of series capacitor commutated Graetz bridge inverters.

The chopper-inverter s)¡stem should be able to supply a load which varies from a

low level to full load while the machine is driven oyer a large (eg. 0.9 to 1.8 p.u.)

range of speed. During that operation machine voltage will be maintained at the

rated level. The dual arrangement of series commutated inverters would require a

certain minimum level of load to ensure stability of the voltage regulation.

The basic control concepts have been proyen in principle in that the capacitor

voltage controller has been shorvn to be compatible in operation with the inductor

current controller by means of a simpliñed transient simulation. However, a full

transient simulation of the machine, rectifier, chopper, invertel, and variable load

will be required in order to optimize and ensure stability of the controls. This

should be followed by the construction of a'prototlrpe.
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Power
Speed
Volts (l-l)
Current
Cema Design
Frame 41827
Model 2Fl142M
Manufacturer

APPEhM}EX å

ÞÍoÉor # ß. Warameters

Nameplate Data

Type K
È.{o. BU 1645

P.U. Base Values

Equivalent Circuit Parameters

15 hp.
1165r.p.m.,6pole
208 volts ,60 }lz.
6.4 amps
B

Canadian General Electric

X nZ

|tu, = 6.4amps
V tur, : 120 volts
Ztur" = 18.75 ohms

881
5

w
s
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Double Cage Parameters

T'he following data was obtained from Dr. Ahmad Mohamed Asaad Mahmoud.

Dr. Mahmoud conducted the tests on the machine in preparation for his Ph.D. thesis

which presented in 1985 at the University of Manitoba.

Parameter

RS
Xs
Xr1
RR1
){tz
RR2

Airgap Volts

32.5fi47
43.05251
54.08334
&.7t426
75.41193
8s.88712
96.70480
10-7.7001
114.5536
119.3v28

Magnitude (ohms)

1.32V7
t.5w7
2.7816
1.t0%
5.0451
2.83711

Magnetizing Current

Magnitude (p.")

0.07040
0.08527
0.74827
0.09081
026893
0.15723

Magnetizing Impedance Xm

35.1û78
35.1733
v.7026
33.8513
33.7939
31.8814
29.tgfi
25.4763
20.1706
ß.4A47

0.92733
7.22401
1.5s848
t.97172
2.27186
2.69396
3.32376
4.22746
5.67y24
7.7ffi2
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Single Cage Representation

The double cage representatíon of the induction machine can be reduced to a

single cage representation acceptable for small values of slip simply by paralleling

RRl and RR2 and neglecting Xr2. The resulting equivalent circuit is as given below

with RR. equal to 1.0644 ohms.

ry
s
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Power
Speed
Volts (l-l)
Current
Full Load Efficiency
Full Load Power Factor
Frame Size
Ser. No.
Manufacturer

Â,PPENE}HX æ

MoÉon # 2 Wararr¡eten's

Nameplate Data

Single Cage Representation

900 hp.
18@ r.p.m. ,4 pole
40ffi volts ,60I1,2.
111 amps
953 %
0.915
H688F
l - l7s340l
Canadian'tilestinghouse Co. Ltd.

I , o4o.

An induction motor design progfam, executed by the manufacturer in respect of

motor #2, prowded the following information:

Js+otop RI X'
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RS : 032 ohms
XS : 1.92 ohms
XR : 3.83 ohms
RR : 0.175 ohms

Windage and Friction :4.7 k'IV

The saturation curve and a representation of the iron loss resistance were

obtained from a running light test reported by Mr. B. J. Quartermaine, P.Eng. The

test was conducted in. lyll prior to acceptance of motor #2 by Byron Jackson Divi-

sion for use by the Hydro Electric Power Commission of Onta¡io. The test results

were as follows:

Voltage (l-l rms)

4788
4'l;01
4000
3200
2000
1200
721
66s

Current (^-ps)

31.6
24.4
19.4
14.0
8.6
5.6

5.1
5.3

Power (3 ph.watts)

t520o
u8m
112m
84m
6400
5120

4ffi
1640

In the running light test, the machine speed remains approximately constant so

that to a close approximation we can say that the power used in windage and friction

remains constant at 4.7 krW during the test. It is possible to estimate rotor current

Íro,o, ß a function of V, from the relation:

¡,2ffi = 
vg

S Pran¿w

Stator current irroro, can be calculated as a function of Vu from the results of the

running light test. Given irroro, andirorn, the real and reactive magnetizing branch

current can be obtained as a function of Ûr. A 60 hz repres€ntation of iron loss

resistance (RI) turns out to be2320 ohms. Likewise, consideration of reactive current

as a function of airgap voltage yields the following curve data:
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.Airgap Volts
( l-n rms )

n6
408
683
1135
1821
2271
2494
2703

Magnetizing Current
( amps )

3.16
3.29
4.W
8.4
13.92
19.33
2434
31.55

Magnetizing Impedance
Xm ( ohms )

119.0
724.0
136.e
13s.1
130.8
tl7 5
1025
85.7

Magnetizing Impedance Xm
( ohms )

73.0

"4, 
reasonable extension of the magnetizing curve yields:

.å,irgap Volts
( l-n rms )

2860

Magnetizing Current
( amps )

39.0

From this information it is possible to produce a i rtF versus XM curve as was

discussed in Chapter 2.

When this machine is run with rated torque input at rated speed electrical

power output can be expected of approximately:

900 hp. x 0346 Y " 
0.953 ef f icíency = 639.84 kW' hp.

This will be referred to as rated electrical output power. That electrical output

porver corresponds to a real component of output current of. f235 âmps. An RL :

25.0 ohms in Figure 7 of Chapter 2 will give that real component of current.
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APPENÐUK 3

Mode E and Mode XE Sets of Gnaphs

Elescriptüve of' Machíne # ? Self-excËted

and Supplying a Resistíve X,oad

This appendix contains mode I and mode II sets of graphs descriptive of

machine number 2 supplying a resistive load (i.e. XL very large). The machine has 60

microfarads on each terminal. Note that the rated voltage of the machine is 2.309 kV

(l-n rms)and that this graph plots voltage to 25 kV. The voltage axis on all graphs is

in volts l-n rms. Above 6000 volts the graphs are inaccurate because the leakage

saturation has not been modelled and the terminal current will be greater than 3.5

p.u. at those voltages.

This appendix contains, in order:

7. The mode I graph descriptive of the operating condition associated with a given

machine speed and RL with XL very large. For definitions of RL and XL see

Figure 7.

2. The mode I graph descriptive of the frequency F associated with a given coordi--

nate in the VT Yersus RL plane of l.

3. The mode I graph descriptive of the machine terminal current associated with a

given coordinate in the VT versus RL plane of 1.
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I
Ì 4. The mode I graph descriptive of the capacitor current associated with a given

coordinate in the VT versus RL plane of 1.

- 5. The mode I graph descriptive of tbe total load current associated with a given

coordinate in the VT versus RL plane of 1. Total load current do€s not

included the capacitor current. It only includes current into RL and XL which

are parallel in Figure 7. Thus with XL large the lines in this graph radiate from

the origin.

6. The mode I graph descriptive of the load power associated with a given coordi-

nate in the VT versus RL plane of 1.

7. The mode I graph descriptive of the slip S associated with a given coordinate in

the VT versus RL plane of 1.

I. The general input data file DATACIR and the data Êle CRVDATA1 descriptive

of the ürlF cur"e which were used to produce the mode I and mode II curves in

this appendix.

9. The mode II graph descriptive of the operating condition associated with a given

machine speed and RL with XL very large. See Figure 7 for definitions of RL

and XL.

10. The mode II graph descriptive of the frequency F associated with a given coordi-

nate in the VT versus RL plane of 9.
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11. The mode II graph descriptive of the machine terminal current associated with a

given coordinate in the VT versus RL plane of 9.

= 12. The mode U graph descriptive of the capacitor current associated with a given

coordinate in tbe VT versus RL plane of 9'

13. The mode II graph descriptive of the total load current associated with a given

coordinate in the VT versus RL plane of 9. Total load current does not

íncluded the capacitor current. It only includes current into RL and XL which

are parallel in Figure 7. Thus with XL large tbe lines in this graph radiate from

the origin.

14. The mode II graph descriptive of the load power associated with a given coordi-

nate in the VT versus RL plane of 9.

15. The mode II graph descriptive of the slip S associated with a given coordinate in

the VT versus RL plane of 9.
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Å,PPENE}UK &

e&f'f'ÐC füEes flon the Com8noå

Sims¡[ation

This appendix contains the DSDYN, DSOUT, and data Sles in order to run the

transient simulation of the controls discussed in Chapter 4. The ûles presented in

order are:

1. DSD2

2. DSO2

3. DATAz

The control system

Chapter 4 are:

F afâmeters and initial

- This is the dynamics file.

- This is the ûle for specifying outPut.

- This file contains the data.

conditions for the simulation tn

EEFF at t:0
ILO
L
VREF
KP
KI
KIIh{TO
ILREF
KVP
KVI
KVIINTO
TMC
TDIF
K1
\<2

: VAR(I): vAR(2)-
= vAR(3): VAR(4): VAR(s): VAR(6): VAR(7): VAR(8): VAR(g): VAR(10): VAR(11): VAR(12): VAR(13): VAR(14): VAR(15)

= 0.0
å 0.0: 0.1: 16ffi.0: 0.31258-03

= 0.468758-02: 0.0
:625.0
: 1.5: 0.75
.0.0
= 0.1: 0.1
:4.0
: 100.0

-169-



Fi le BSD2
page I of I

SUBROUTII'IE OSOYN
C SUBROÚTINE TO AS.EMBLE SOURCE OATA' SPECIAL CONTROLS'

C VANIOUS SUBROUTINES. AND ANY FIJRTRAN STATEMÊNTS.

c
lINCLUDE'EI1TE'
c

REAL I NTGL3, L I I'1 ¡ T, I L, I LREF' I LERR. KVP, KV I . I LEFKVP

nÈel- iuenrvi. lt-o,rvl INTo'KI INT0' ILDTDIF
c

COÍTON /S1/TINË, I]ELT, ICH
õon¡tórl /s2lsTon tsøBøi .NEXc/s3/GVLV (4. 4' 24) .NVLV
cu¡1110N /54/Y AR(løø),coN (1øø)'PGB (25)

c
IF(TInE.E0.ø.9) SToR(NEXC+I) - VAR(l)

c
EEFF - STOR(NEXC+I)
NEXC-NEXC+1
ILo _ vAR(2)
i[ - tNrcls (lL0'ø.0, l0øøø'ø,vAR (3) 

'EEFF)
c
c t+afrffi r{irï^f tT^ trJlã{ffilcrffi Ëo}^ñ^*tc{<'¡!ic*.,|olcb*)rr*rffi +rþþÊ4

c
VREF - VAR(4)
VERRoR-VREF-V0C(1.1)

c
ERRTKP . VERROR g VAR (5}
ERRTKI -VERRORtVAR(6)

c
KIINTO . VAR(7}
Èrrt IHr - INTGL3(Kl INTo,g. ø'L-ø,1.8'ERRTKI )

c
SuÌ1 - ERRTKP + ETKI INT
TOFFFR - LIIlIT (8.ø, 1.9.SUN)

c
CCIN(1,1)-lL*T0FFFR

c
Cy.rgt'r,f g¡ct

ILREF - VAR(8)
ILERR-ILREF-IL

c
KVP - VAR(9)
KV¡ . VAR(Iø)

c
ILERKVP.KVPgILERR
tLERKvl-Kvl*ILERR

c
KvilNTo - VAR(11)
EITKINT' INTGL3 (Kv¡ INlO'ø'ø, ISAS' ø,1'ø,ILERKVI )

c
C

TotF - vAR(13)
IL0TDIF'lL/T0lF
ROFCIL' DIFPLZ (T0lF' ¡LOTDIF)
DI0T0R0 - vAR(14) * ILERR
0lF0R0l' DI0T0RD - ROFCIL
vEXTRA - vAR (3) xvAR (151¡{]lF0RDI

c
EORO - ILERKVP + EITKINT + VEXTRA

C
E0R0L - LI11l T (ø. ø,2øøø.ø,EOROI

c
TtlCH - VAR(12)
IF(TIl1E.E0.B.S) E0RUL - ø.0
ESOURCE' REALPZ (1. g' TI1CH'E0R0L)

c
EEFF - ESOURCE - v0C(1'1) * T0FFFR
STOR(NEXC-14+1) ' EEFF

c
CgN(1) - VREF
coN(2) - vDc(1,1)
CON{3) - ILREF
CON(4) - IL
CON(S) . ESOURCE
CON(6) - CCIN(1'1)
CON(7) - vDC(1.1) t T0FFFB
coN(E) - VERR0R
CON(9) . ¡LERR

c
RETURN

END

- l7o'



Fi la 0502 Pase I or I

SUBROUTINE DSOUT

C SUBROÚTIÑE 1O ÃSõÈTIELE SOURCE_DATA,. SPECIP.L CONTROLS.

õ VÃñrous'sÚenouiiÑÈs, AND ANY FoRTRAN STATENENTS'

c
c
lINCLUDE'EI1TE'

COMMON /Si/TINE'OELT' ICH
õóNilóÑ /szlsToRisøøai .NEXc/s3 lç\!L\! 14,4.24) 'NVLv
cot1t1óÑ titrtven(18ø),coN (14ø)'PGB(2s)

c
PGB(1) - coN(1)
PGB (2) - CON (2)
PGB(3) - CoN(3)
PGB(4) - CoN(4)
PcB(5) - CoN(5)
PGB(6) - CoN(6)
PGB(7) - CoN(7)
PGB(8) - CoN(8)
PGB(9) ' CON(9)

c
REÏURN
ENO

Fi le 0ATA2 Page I or 1

TEST OF CAP V CONTROL /
ø.øøø6ø 1.6ø ø.øø3? /
t/
2/
ø.ø ø.øø /
I ø ø.ø ø.ø ?6øø.ø /
-L -2 s.Iz /
2 ø ø.ø ø.84 /
939 /
999 /
999 /
993 /
-4øø.ø 2øøø.ø /
Ls/
ãt.ø'ø.ø ø.Lø LBøø.ø 0.31zsE-s3 ø.468758-t? g.ø 6?5.8 1's '75 ø'ø 'røø
ø.1 4.ø Løø./
393 /

-l1t-



EMT'ÐC Ëiåes

of the Shifû

APPÐNDXX 5

ffoc'the Simutatiom

of R,ecÉüfåen Amgle

MIM15O

MIMSETlT

CSODYN

DSOUT

This appendix contains the following files:

This file shows just the changes requíred in MIMIü) in order to

allow MIMSET1T to s€t MIMIü) in a specified steady state running

condition.

This ûle contains a subroutine for setting MIM100 in a specified

steady state running condition. The subroutine requires data as

speciûed in comment statement contained in the source code. It

should be noted that the saturated value of the magnetizing reac-

tance must be found independantly. XM in ohms 
^t 

ffi lfz is pro'

duced by Programs I, II, and III. However, it could be produced in a

small search program if it is desired to set MIM100 for operation as a

.motor.

This ûle contains the dynamics file used in the final simulation in

Chapter 4 during which a 05 p.u. load increase was placed uPon an

almost unsaturated machine

This 6le contained the output specifying frle for the simulation

which used CSODYN.

This 8le contained the data input Êle for the last simulation in

chapter 4.

CSODAT

-172-



File 11111158
page I of 6

-------;uãRõü;iË-ñ;i;ãiñ:ÑÃ:ÑB:ü:;Ñil: 
ÈFD: ffiðH:;Lõ. iien' nnrnL.

+ PREACT.CONSPO,0I1EGA' IK0' IK0' lR0T0R)
c
cx*xx**c¡q*¡cr*cg*ptæfffrd(,rxrcfþtx*xþË¡c¡c'dÉett',r4ok*lc-f'þc*IaloÉü***rnûcü¡rt*'ülorx
c nntru nAcHINE stñULATioN PRoGRAñ. SUBRoUTINES XDINV 6 XoINV USED T0

õ iñùÈnr O e O exts l¡loÚCr¡¡¡ce mATRIcES.FUNcTIoN SATRN GIvES THE

õ sÄrunnrioñ cunve,sua-Ãxls clvEs DX/DT FoR THE AXIs 0lFF.EoS.SUB
c rnoob ooes inr ÀáC-rO 000 XFoRmATIoN {lolR-l) 0R THE 000 To ABc

õ xÈónN¡rioN (tDIR--1i.+re pnocn¡m TAKES IN vA,vB,vc.vF'TnEcH AND

C OUTPUTS IA,IB.IC ETC.
c ir NruON.I-T:ø.THE PROGRAII IS -N'JMPED OVER

ó ir Coñspo.GT:ø.ø, THEN Ìllc RUNS AT coNSTANT SPPEED-coNSPD

õ ir ðoñspó.iE. zeno n/c sPEEo ls AFFEcTEo BY INPUT ToRK

c_
C TON A¡¡V ENOUIRIES CONTACT ANIR GOLE AT 474 -9953
c
C @

CHANç,ES TO

nInloo T o

ALLow ¡',l I s4 sET11

c
c

cr ST0R (NEXC+S9) -STOR (NEXC+€ø)
#&

REAO {50. *) (STOR (NEXC+I ) ' l '1.5)
nËÁo iso, rl sToR (NEXC+s) . sToR (NEXC+7S) 

' 
sToR (NEXC+9) '. ST0R (NEXC+72)-nÈnó isa,*) sToR (NEXC+7g),sToR (NEXC+7)'sToR(NEXC+74)

I , STOR (NEXC+6) , STOR (NEXC+I0)
-nËÃo- tsal*i sróR (NEXc+61 ) , sToR (NEXc+sø) , sToR (NEXC+7I )

REAO (50.*) (STOR(NEXC+l)'l-111.14S)--
READ (58, t) STOR (NEXC+SI ) 

' 
STOR (NEXC+S2)

nÈnó tsai xl SToR (NEXC+62) . sToR (NEXC+54) . SToR (NEXC+SS) .
1 ST0R (NEXC+S7)

IJRI TE (6. 143) STOR(NEXC+€1)'ST0R (NEXC+6ø)

To -Í'¡.tTtALtzE '1'

ComhEêrf ovrltlÉ
READ STATE T"IEIÚT

REf'tov1 f t1 AT^i;;; r'te DA'rA

<-
L,1' T
Ar't P

DA'r^
FI LE.

fH€
co'i.n,|ENf ov'Í
,¡.rDlcAlEÞ

5-f AfEÈ'rEt{ f
aìt,TtActz-E S

vtill CH ,,
t'o F{ €64

fo 
ttgrro'1
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F¡ lg ñlnSETl7 printed on Tue Jun 17 16:la:13 1986

SIJBROUTINE MINsETl7
lINCLUDE 'ENTE'-' ----õõnnoñzstzrlnE,oELT/s2lsToR (50âø) .NEXc

õonnor¡zs+zvAR (iøø) . coN (lBt) 
' 

PGB (2s)

c
cxtæoæw¡"ffi¡<r*a*xxaldÕEx*lc{d#i'i*8*ü*x;')Þi<*rkþ{'rå'lêkt*'4'tüi){<*'a*)(*8*õ iÈis'pRoGRAn nusT BE PLAcED lnnEolATELY BEFoRE

page I of 3

c
c
c
€
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

11l1115ø

DATA:-liGr:- TSET , THE TIIIE ullEN tIAcHINE cURRENTS'SPEED
AND THETA UILL BE SET.

THETASET , THE ANGLE IN RAD. THAT THE O-AXIS LEADS

THE A_AXIS AT TItlE _ TSET.
( O-AXIS LEADS O-AXIS )

VTSET , THE L-N VOLTAGE IN R¡1S VOLTS

VÑCTø.. THE ANGLE IN RAI]IANS OF THE A-PHASE
VOLTAGE AT TINE . B.ø

FSET , THE_P.U. FREOUENCY OF THE TERNINAL VOLTAGE

SPOSEÍ , THE P.U. SPEEO OF THE NACHINE

õi'ecÃa i rÈÈ sese ANGULAR FREo. ( usuALLY s76'99r )

LINE2:- XS IN 0Hl1S AT 6øHZ
RS I N OHIIS

LINE3:- Xl1 ¡N 0Hl1S AT 6Bl-lZ
Lll-lE4:- XRl IN 0Hl1S AT 6øl{2

XR1XTRA IN OHIIS AT 6øHZ
RRI ¡N OHNS

LIt'lES:- XR2 IN OHllS AT 6øl{Z
RRz I N OHI'1S

LlltE6:- CBASE . CURRENT BASE USED ¡N nlÍ15ø

--- RS --- XS-----XRl------------
)l)

XI1 XR1XTRA XRz
)))
) RRl RRz
l)l

c
õ TT YOU ONLY HAVE ONE CAGE IN YOUR REPRESENTATION THEN

C USE RRl - RR2 ' z¡fiR
c xR1 - ø.ø
C XR1XTRA - XRz - XR

õ uHERE RR AND xR oEScRI,BE THE SINGLE cAGE'

c
C @*tæËr'&üxrpþþ¡oloßlcþl**jf )|(xfþþl(f*loßx&þþßt''kþ8

c
REAL OI1EGAB

c
COIIPLEX ROT2C. RRlC, XRlC, XI1DC. STATC

COIIPLEX CIIPLX
COIIPLEX ZROTORS. ZAIRGAP' ZIIACH

CONPI-EX VI1ACH, IMACH, IROTORS. IROTl. IROTz

c
IF(TtÌ1E.GT.8.ø) G0 T0 1A

c
REAO (5Ø, *) (ST0R (NEXC+l ) ! ¡ '1 ' 7) ^.
REAO (5Ø.x) (STOR (NEXC+7+ll,l'L,21
READ (50, *) STOR (NEXC+IØ)

REAO(5S,x) (STOR(NEXC+10+l l' ¡-1'91
READ(5Ø,*) (STOR (NEXC+13+! ). l-L'21
REA9 (58, x) ST0R (NEXC+I6)

c
STOR(tlEXC+171 ' ø.lt

c
1B CONTINUE

c
IF (STOR (NEXC+I7) .GT.1.0) G0 TO løøø

c
TSET - ST0R(I'JEXC+I)
IF (TII1E.GE. TSET) THEN

ST0R(NEXC+I7) ' 2.ø
TCALC . TII1E
G0 T0 29

ELSE
G0 T0 1S0ø

E¡Ð IF
c

2S CONT¡NUE
c -17+-
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-c
c

c

c

THETASET - STOR (NEXC+2)
VTSET - ST0R(NEXC+3!
VANGÍA - STCR(NEXC+4)
FSET - STOR(NEXC+S)
SPCTSET - ST0R (NEXC+6)

0nEGAB - STOR (NEXC+7)

XS - Sl0R (NEXC+A)

RS - ST0R (NEXC+9)

Xl10 - STOR(NEXC+IÛ)

XRl - STOR(NEXC+ll)
XRlXTRA - STOR (NEXC+I21
RRl - ST0R(NEXC+13)

XR2
RR2

CBASE

- STOR(NEXC+l4)
- STOR(NEXC+I5)

. STOR(NEXC+16)

S-(FSËT-SPDSET)/FSET
F . FSET

R0T2C - CNPLX (RR2IS,XRzrf)
RR1C - CHPLX(RRl/S'XRIXTRAIF)
XRIC - CI1PLX (ø. S, XRl¡€)
XÍDC - CIIPLX (ø. B, XllDrFl
STATC . CMPLX(RS,XS{f)

ZROT0RS - XRlC + RR1CIfiOTZCI(RRlC+R0TZC)
ZAIRGAP - ZROT0RS*XIIDC/ (ZROTORS+X|'1OC)

ZI1ACH -STATC+ZAIRGAP

VMACH - CNPLX (VTSET, g.ø)
ItlACH - VtlAcH/zmAcH

IROTORS - IIIACH*X|IOC/ (X|1DC+ZR0TORS)

¡R0T1 - IROTORS¡fiOT2C/(R0TzC+fiRlC)
IROT2 'IROTORS-IROTl

TRMIñAG - CABS(IMACH)
CGlll'1AG - CABS(lR0T1)
CGzlllAG - CABS(lR0T2)

RLITRI1 . REAL(II'1ACH}
RLICGl - REAL(¡R0T1)
RLICG2 . REAL (IROT2)

XITRn - AIllÂG(l|'1ACH)
XICGl . AIIIAG(IRCT1)
XICG2 - AII1AG(lR0T2)

TRIIIANG - ATAN2 (XI TRII,RLI TRII)
CGl IANG - ATANZ (XICGl'RLICGl)
CG2IANG - ATAN2 (XIC6l,RLlCG2)

IlRITE (6,*) TRrllñAG , TRIIlANG
lJRITE(6.s) CGllllAG . CGIlANG
URtTE(6,t) CG2lllAG . CGzIANG

S0R2 - SORÌ(2.8)
UOUtt - O|1EGAB¡fSET*TCALC +VANGTB - THETASET

COSET - TRlllllAG¡€OS( L¡DUÍ + TRIIIANG )/CBASE*SQR2
C0SET - -TRÍINAG*S¡N( UDUN + TRÍIANG )/CBASET€ORZ

CFDSET . -CG1ll1AG!€OS( lJOUl1 + CGl¡ANG )/CBASE*SOR2
CrOtSEr - CGllllAG¡6lN( t¡0U11 + CGIlANG.)/CBASE¡€0R2

CKDSET - -CG2I|IAG€OS( tJOUll + CG2¡ANG )/CBASE*SOR2
CrOZSef - CG2lllAG¡€lN( UDUfl + CG2IANG )/CBASE!€0R2

NEXI1-NEXC+17

STOR(t{EXn + 62) - THETASET
ST0R(NEXN + 59) - SP0SET¡OñEGAB
STOR(NEXN+54) -CDSET
ST0R(NEXH+55) -C0SET
STOR(NEXI1 + 57) - CFDSET
ST0R(NEXn+58) -cKuSET - l"l S -
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c

c

c

ST0R(NEX|1 + 67) - CKU2SET
STOR(NEXil + 76) - CKO1SET

løøs coNllNI.JE

NEXC-NEXC+17

RETURN
ENO

Fi re csgoYN ----:39:-1-:i-l--
SUBROUTINE OSOY¡I

C SUBñõUîrÑE-10 ESõEMEUC SOURCE-BATA,. SPECIAL CONTROLS'

c VÃRi'oÚò-6Ùenour¡¡les. ANo ANY FoRTRAN STATETIENTs'

c
REAL LIÌ1I T, INTGL3'LOLAGz

c
ð¡*TEIIPORARILY IGNORE THIS 1¡NCLUDE STATEIIENT

c
lINCLUBE'ENTE'

c0nr1oN /s1/TInE.oELT' ICH
õólrtlóÑ /szlsroñisaøoi ,NEXc/s3 lc-Ytu &,4,24) 'NvLV
õón¡to¡¡ /s4/vAR (1øB),coN (1øø)'PGB (2s)

cð inrs pRoGRAti Is NEANT TQ IEsI THE. sELF EXcITATIoN 0F

õ '- 
THE 96Ø h.p. INoucTIoN nAcHINE

c
CALL T1INSET17

c
CONSPO - vAR (1) 

'*376.991
TCHANG . VAR(2)
PNETJ - vAR (3)

c
ùALL nlNlSø(1,1,2.3,1.ø,9.ø'Tr1ECH'FLD' 1'

E P,O,CONSPD.ONEGA'CO'CQ'ROTI
c

CALL PRLLz (TCHANG, 1, 4'4, 1. A' PNETI' ø)
cÀ[[ pnuuz (TCHANG, I's,s. 1. B'PNEu. 0)
õÀ[[ pnt-u (TcHANG' 1' 6, 6, 1. s' PNEH' ø)

c
PGB(1)-VDC(1.1)
PGB (2) -VDC (2, I )

PGB (3) .Voc (3, l)
pca ial - RnsãÞH (vDc (1. I )' vDc (2. 1 )' vDc (3. I ) )
PCetSl' CDC(4,7,1) - COC(7'18'1)
PGB(6) - COC(7'10'1)

c
RETURN

EhÐ
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Fi re DSouT ---------t:9:-l-::-l--
SUBROUT¡NE OSOUT

C SUEñõÚTiÑE.iO NSSETTALE SOURCE OATA, SPECIAL CONTROLS,

õ V;ñ'r'oúö'öúaRourl¡¡es, ANo ANY FoRTRAN STATETIENTS'

c
1¡ NCLUOE 'EIITE'

c0l1l1oN /s1 /TI l1E' DELT' ¡CH

õõääöÑ 7sãu sronisøoøi .¡¡exczss /GuLu 14.4.24) .NVLV

õõiìt1óñ ti+tvea(løø),coN (1øø) .PGB (2s)
(.

c
C

FOR 9øø h.p. TNDUCTION hACHINE SELF EXCITATI0N TEST

F i le CS8ÐAT

RETURN
ENO

page I of I

SELF EXCITATION OF LAB NlC /
ø.øøøø5 ø.16 ø.øø95 /oELT FINTIIl PRTSTEP
1 /NO OF SUBSYSTS
12 /NO OF NODES IN SS 1

3265.43 -L632.71 -L632.7L 3265.43 -1632.71 -1632.71
326s.43 -t632.71 -1632.71 3L82.74 -Lr47.LL -2t33-87 / INIT N00E V0LTS
L 4 ø.t2 ø.ø ø.ø ø.ø 34.ø7 /
2 5 ø.t¿ B.ø ø.ø ø.ø -2.22 / |'IACHINE BREAKER

3 6 ø.s2 ø.ø g.ø B.ø -31.E5 /
4 ø 2328. A.ø ø.ø ø.ø L.4L t
s ø 232ø, ø.ø ø.ø ø.ø -.7L / IR0N LoSS
6 ø 232ø. ø.ø A.ø ø.ø -.7L I
4 7 B.ù? ø.ø ø.s B.s 32.65 /
5 8 ø.ø? ø.ø ø.ø ø.ø -1.51 / N0DE SEPARAToR
6 3 ø.62 s.ø B.ø g.ø -31.14 /
7 ø ø.ø ø.ø 99.35 ø.ø ø.ø /
8 B ø.ø ø.8 99.35 4.8 19ø.28 / EXC|TATI0N CAPACIToR IN lllCRoF
9 S ø.ø ø.ø 99.35 S.ø -L3ø.28 /
7 Lø 2.53 ø.8 ø.ø ø,ø 32.51 /
8 11 2.53 ø.ø ø.ø ø.ø -L91.74 / RES. PART 0F L0A0

?r1'r'r:.2á 3:.%3:13' a? u"u? u2' rl . r,,
tl ø ø.ø 8.ø23197 ø.ø ø.ø -131.74 / ¡N0. PART 0F L0A0
L2 ø ø.ø ø.t23137 ø.ø B.ø L59.23 /
999 /END OF NODEOATA
999 /N0 S0URCEOAIA 

:
9S9 /NO XFORI1ERDATA
999 /NO TLINEDATA
-5øgø. 5øøø. /
1S /#CHANNELS
1.8 S.ø8 47.4 / NSPD . CHANGE TINE, PNEI]
ø.ø ø.ø 2"i'¿9.9 ø.ø 1.796597 1.8 375.931 /
t.32 ø.32 /
t34.3522 /
ø.ø 3.827 ø.35 /

3.E27 ø.35 /
LLL.g /
ø.ø923 S.Bt23 g.g 9.18399 0.18399 /XA XnDo XKF XKo XF

s.ø923 ø.ø S.18399 S.18399 / ANo C0RRESPoN0ING 0 AXIS THINGS

a.ar53¿ 8.8168 ø.ø168 S.9168 8.4168 /RA RFo RoF RKo RKo

2.A 376.991 g.g /I'IECHANICAL THINGS
ø.ø ø.ø ø.ø825 ø.ø78ø S.1SBø S.1628 ø.2289 S.2958
s.3853 ø.4916 8.5846 8.6496 ø.6385 ø.7887 ø.7ø64 ø.8322
8.8867 8.9835 L.øøøø t.øøøø 1.1165 1.088r L-4472 1-17S6
1.789ø 1.2386 ?.?7ø6 1.2689 2.75?3 L.2333 /
23ø9.ø TIL.g / VBASE IBASE
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