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\ABSTRACT 
:» , 1.-

" 

The twelve-pulse bridge converter la treated as a 

piece-wise 'linear network, allowing: fol': '- t~e use of linear' 
" "'7 

cireui t. theory in i ts ana-lysis. Explicit sOlutions- are 

obtained for the converter. pperating in a variety of 
q , 

different 
. 
modes, as,- specified by the valve beommutation 

l­angles. The compl~xl tiea 

formulations are greatly 

number of' propèrtie'l of t,he 
\ 

p.riodicity in T, 
" 

balaneed t'hree-phase 

of the final mathematical 
~ 

~. 

ueed by fully exploiting a 

e"varying topology including: 

periodicity in T/6, and 

AC,network componeots. 

Based on otheae equati~n.s ,a' digital alg9rit~ is 

developed . whieh conyerges rapi'81y on the steady-stàte 
r/ 

sol~tion. post-proc~s~sing, routines are produced which render 
" , i 

this method a u~ef~~: tooL in 
- "'...1 

the design and analysis of the 

twelve-pul~e eo~verter. 
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La théorie' des circuits linéa'ires,p.ermet l' an~lyse de 

Q , 
, , ' 

convertisseurs à d01Jte" impulsions&,doItt les ,param~tres sont' 
f f 

\ l ,~ tI 

continus et a segments lineaires. l' 

Des soluti,?ns ~xplici tes' sont. obtenues pour' le 

convs~tisseu~ opérant dans' plusieurs modès en fonction des 

~~lesde commutation des valves • 
\ . 

Les comple'xités de' la ,formulation mathé~tique sont 

_grandem~nt réduites lorsque 1res propriété~ simplif1catriceB 

sui van te s son t ex~lo i,tées: la périodici té en T, la 
, 

périOdicité ,transposéé en T/6,' et la symétrie du circuit 
;: . ~ 

triph~sé équilibré. 

" 

.. 
, 

\ 1 

" 

De ces ",équations;, un algorithme est cons,trui t qui converge 

rapidement vers,la sol~tion' en régime pei.mane~t. 
-J 

pes programmes utili~ant cette méthode sont devéloppés 

,pour l!analyse détaiiéé du èonve~tisseur' à douze impulsions. 
, , 
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CHAPTER 1 

It!TÏtoDU~IJ. -
\ "Ï" \ 

1.1 History of ayDC Systems
0 

The first, praetic~l electrie power systems eonsisted of 

~C generators connected to lighting loads. Despite this 

historieal precedent direct'current was almost entirely 

rep~aced by alternating eurrent as the standard mode of 

electrie power generation, distribution and utilization. One 

of the main reasons for' the wider usage of 'AC power was the 

lack of a OC counterpart for the transformer. Also the AC 

machines, and in- particular the induction machine, proved 

more reliable and had wider a~plicability than machines with 

commutators. 

Recently OC systems have made a ryurgence in certain 

applications including: 

1) Long transmission lines 

2) Cable transmission 

3) Frequency Converters , 

In these areas AC system implementations have a number 
\ 

of important dis-advantages. The main. drawback eneountered , 

with AC transmission lines ia the' need for reactive 
o 

compensation~ The compensation. requirements increase with 

increrl~9 lilM.. leng~~ thus ~etting practica.l limitations on 

~he dlstanees across which AC transmission is possible. The 

~ 

l' 
i , 
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diff~culties associated with 

underground or . uRderwàter 

1 2 

attaching shunt ~~n5atorsto 
cables make ~AC con~ections 

impractical for these transmission' applicat:ions. 

The solution to bçth these problems is found in the 

intetconnection of AC systems through ACIDC convertars to D't 

transm~ssion lines. OC lines do not suffer fram the sarne 
"1 '-

problems as the AC lines and are therefore better sui ted for 

many transmi~sion applioations. 

Recent 

capabilities 

developments which have led 
~ 

in thyr~stors, make the 

alt~rnative more attractive. 

1.2 Basic Graetz Bridge Configuration 
çi i 

to higher power 

oc transmission 

l' 

1 

~""''''l;.. • 

"rhe Graetz Bridge ls used for the bulk of three-phase 

AC to OC conversion. The basic valve connection is shown i 

Fig. l.l(a) with the standard symbol for the bridge shown 

in F'ig.l.l(b). 

a-0 
AC---+---1 

Ca) 

FIGURE 1.1 (a) Valve connection of Graetz 
Br,idge Ciroui t 

(b) 

(b) Symbol for ~raetz Bridge Circuit 

" 

oc 

. ' 
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Whereas in ,AC systems l imi tations are set by the" 

transmissioh lines and the need ~or reactive compensation, 

in OC, systems ~he converters pose the' main restrictions. Twg 

of the chief concerns 
. 

invol ved' in the design df 'these 
~ 

converters is their varying reactive power requirements and 

the limited over-voltage and over-current capabilities of 

the val 'les. 

1.3 Overview of Digital Analysie Methods Applied to 
Swi tChihg Circu! ts . 

Because the OC converters set limitations on the 

overall operation of 'the OC transmission systems, it is 

important to gain a full understanding of , their, 

characteristics. In the past, th~ bulk of research done on 

the o~tion of ' the HVDC COlWerters made use of analog 
l'~ ....... L. 

~: 

simulation techniques [ 1-5 ] • More recently however, studies 

have been directed towa-rds making" the digi tal' comp\lter' a 

more useful tool in the simulation of BVDC system operation. 
\ 

)Numerous papers dedicated to HVDC systems and converter 

circui ts [6-15] have been chiefly interested in the valve 

mQdelling .and the computer-aided ,automat'ic compilation. of 

the network topologies produced using these models. The 

sy~tem Jifferential equations produced by these methods have 

been solved using numerical integration. In general these 

programs are flexible in terms of allowing the study of 

transient and faulted conditions~ Unfortun~tely, 'the 

solution methods used are time consuming and expensive when 

\ 

\ 
:t 

j 
1 

) 
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applied to problems tequiring convergence on steady state 

solutions. 

A numbèr of authors have presentèd papers which. 

describe the. achievement of analytical descriptions for ft 

switfhing network problems. In 1971 Lipo [16] produced a 

papë-r-' outllnln~ algor! thm used in the study of a 
\ 0 

thytistor speed . control for an induction motor. An 

analytical solution to the problem was achieved, through the 

use o~ state space techniques. Similar methods were used in 

the formulations included in a paper presented in 1972 by 

Liou [17] dealing with networks containing periodically 

operated switches. 
t1. 

Based on these general techniques, Ooi, Menemenlis and 

Nakra [18] studied the steady-state operation o~ a six-pulse 
, 

invert~r acting as a series tape 

1.4 ~hesis Justification and OutLine 

This thesis is a presentation. ot ~the continuing work ,. 
based on the paper [18] "Fast Steady-State Solution for HVDC 

Analysis" by .Ooi, Menemenlis and Nakra, and the thesis "A 
(J 

Semi-Analytical Method for Steady-State Solution in HVDC 

Analys:Ls" [2lJ by N.Menemenlis. The results developed for the 

six-pulse co~verter, while dramatical1y demonstrating the 

advantages of the p,ie.ce-wise 1inear ~ormulationt have 

°limi ted 

ext.ensive 
" i't 

. ' 

". 

practi,cal applications. 8ecause 

uti1ization of twelve-pulse 
", 

ofll the 

converters, 

more 

the 

1 
1 , 

, 

1 , 

r 
t 
J 

f 
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material presented in this the~is has much wider . 
applicability. 

The introduction of a seco"d 'bridge, and therefore a 

second independent commu'tation time leads tô a number of 

prgblems not encountered in 'the ~nalYSiS of the six-pulse' " 

bridge. The topics discussed in th!s thesis include: 

Chapter 2 presents an outline of the 1 ~perating 
. 

<J. 

characteristics of the six-pulse and twelve-p~lse bridge. u _ 

Included in this chapter is a discussion of the windirlg 

current distributions in the converter transformers during 
tl 

the twelve-pulse converter operation. A harmonie" analysis of 
J 

th~ converter waveforms is used to compare the six- and 
4 

twelve-pulse systems. 

Chapter 3 demonstrates now the converter simulatio~ may 

be treated as a piece-wise linear problem. The use of 

network analysis and the linear st~te description in the 

solution of piece-wise linear ,roblems Is, then described • . 
The symmetries of ~he network configuration and desired 

solution are exploited in reducing the, manipulat~ons 

" 
required to achieve the final resultJ 

Chapter 4 presents the actual network conf~urations 
\ .. 

and algorithms required to determine the solution. It is 

demonstrated that the algorithms required are functions of 

the commutation times and therefore must be selected 

concurrent with the solutions. The numer!cal techniques 

required to ~0l.e, the fi~al non-linear equations :Iar,e. also 
e~' 

described. 

r 
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\ 
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Chapt'er 5 descri8.es the mann,er' in which the results of 

the algorithms of Chapter· 4 ~a1 best be pr~$ented to convey 
, .. f!J.~' , 

t'he mos~ iJ)formation pertaini~9 to; the system, operation'. 

Include9 in tbis chapter ls a derivatlon qf the equations 

yielding the Fourier ~~eiflcients for state variable 

solutions in piece-wise linear pr6blems. These equations are 

used to generate a frequency description of the converter 

currents for varying operating conditions. 

Chapter 6 presents results based on the algorithms of 

the previous two chapte,rs. Frequency ar1d time damain output 

are presented as well as numerical ,information pertaining to 

the computer programs. 
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,'ÇHAPTER 2 

" 

BAsIC CONVERTEa OPERATION, 

, 
2.1 Introduction 

The analysis of converter circuits is well documented 

[22] and in particular, the application of three-phas~ bridge 

converters in HVDC systems pas been the subject of extensive 

study (23] • This chapter, therefore, is not intertded to 

serve as ah extensive review of the operation of Fhese 

converters. Instead, i twill introduce the. reader to cdmmon 

network conf igur atibns , waveforms, and nomenclature 

associated, owi th the Graetz Btidge Circui t. Particular 

attention ls paid to multi-bridge converters. Fourier 

Series analysis is app1ied to demonstrate the motivation , 
behind their common use. 

2.2 Operation of Graetz Bridge Circuit 

Fig. 2.1 il1ustrates • • a SlX pulse" Graetz ESfidge 

conneetion. Thè AC side of the bridge is connected to a 

balanèed three-phaae sinusoidal generator. The positive 

sequence line-to-neutral emfs of the wye conne'cted machin~ 

are, 

-II 

) 
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l~ \ • • ~ , 
; •.. , "'; r .. l fit' " , 

( .. ~. > ..:.... l - ,'- .. ~_.- .. - - -- ...... 

" . 

.. 

, 
" . , 

e. (t)=Er.tsln·~wt+1T16) ., 

eb [t) -EM sin «(,1) t-1T/2) 

'(l -

If; 
f' 

1) , ~ 

8 

ec (t)aEt.!sin(wt+S1T/6) (2.1) 

, where EMis the generator peak voltage and w i8 the angular 

frequency. 

The generator sub-transient inductance and tr.ansformer 

leakage' inductance are lumped together and shown as L. 

Stator and tranSf~rmer winding resistances are omitted in 

~he analysis of this section. 

'The DC line side of the bridge is modelled as a 

constant DC":current source Id" 

The six controlled valves which make up the bridge are 

numbered in the relative arder i'n which they receive gate 

pulses. This firing sequence produces: 
f 
~~ 

~) positive-sequence balanced distribution of currents 

on the, AC side 

2) OC line open circui t voltage consisting of six lO 

iaentical se~tions of the line-to-line emfs. 

V3 V5 

+ 
V2 

FIGURE 2.l.Six-pulse Graetz Bridge connection 
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2.2.1 Dela~ Angle 
~ 

, 
If the valves' receive gate pulses at the instant they .. 

are forward biased the 'fundarnental component of the stator 

phase c~~r.rents will be exact1y in phase with the generator 
. 

emfs. To al10w for the control of the. bridges power factor" 
&;,. • \ 

the valves gating signals may be de~ayed. FdrF d~la~ ahgle 

between forward: biàsing and valve firÜig, ed a, ~n the 

range O°$-a< 90 0 real power is transferred fran th AC si~e to 

the OC side and the bridge acts as a rectifier. or a delay 
~ t-

angle, 
o ~~ 0 

rea1 }?Ower is deliverea to the\AC circuit 90 <a< 180 , r.-
I .,.. .' 

by the OC line. In this mode the br idge acts as an\ inverter. 
,yi;, 

Under both conditions the bridge absorbs reactive power. 

2.2.2 Commutation Angle 
~ 6 \ 

Conducting valves are ~OCked by' voltag~ line 

commutation. A valve is reve~se- iased when another valve in 

the sarne row of the bridge i fired;.- For instance in' 

Fig. 2.1 Vl-is commutated when V3 is fired. The current in 

the commutating valve requires a finite time to reach zero 

due to the series inductance L through which it ~lows. This 

commutation time ia denoted by ).1 wi th corresponding angle • 

W).I. Since the AC network is balanced and the valves 
.. 

re~eive gate pulses at equa11y spaced times each valve 

requires the sarne ammount of time ).1 to complete its 

commutation. 

In the normal steady state operation of practica1 

bridge networks the commutation angle does not exceed 60°. 
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wi th W1.I > 60 is c nsidered a faulted 

the 

short ci cuits Rist 

DC lirie. 
8 

across 

t~is 
t~ sis oWi~l\ e restricted to 

Wl! 60. \ 

\ 

e analysis;of 

operatton with 

Fig. 2.2, typical waveforms [24] assoèiated with 

br idge ted for a delay 
o 

Cl -120, and a commutation in the range 
o 

O.s:Wl! The negative value of average lairect v01tacje, 

Vd , cl~a 1y indicates that power i8 transferred from the OC 

line t~\ the AC network. This direction of power flow is 

also i p by the ~ase re1ation~hip between the 
\ fundame t 

valves 

diagram. 

components of the stator currents and the 

generator emf's. 

of~urrent from commutating valves to incoming 

place du~ing ~the angular inter~al W1.l • 

hese intervals the total current carried by each 

bridge equals Id. The bridge circuit is sketched 

for the first commutation interval where, for 

n~conducting valves have been removed from the 

emphasis is placed on the current 

between the incoming and outgoing valve. 

Analys s of the Gr~etz Bridge is further complicated if 

circuit re~istances and shunt elements on the AC side are 
, 

incIuded in h~ model. Bowever, if the operating conditions 
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FIGURE 2.2 Bridge Wavefor,ms, a=120 0 ~ w~<30 

(a) Sinusoidal emfs 
(h) Gate currents 
(c) AC phase currents 
(d) DC Vol:tage 
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'of the. bridge are such that the bulk of the alternating 

current ia carried in nt:he stator phases, Figs. 2.2(c), (d) 

and 2.3(b) approxim~tely depict the variations of current 

and voltage in the bridge. 

V3 

V2 V4 
U--~--'--_----J 

+ 
ta) 

~- '0 D 

wt 

FIGURE 2.3 Valve commutation 
(a) Conducting valves during commutation of V2 
(b) Phase eurrents ia and ie during eommu~ation 

2.3 Multibridge Connections L 

~,l 
1 

In the converter model of ~ig. 2.1\the oc line eurrent 

is assumed to be complecely constant whiie the AC emfs are .. . 

modelled as perfect sinusoidal sources. Inspection of· 

Fig. 2.2(c), (d) indicat,es that even under, these operating 

1 

i. J 
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condi tions the AC stator phase currents clearly 

non-sinusoidal while the DC line voltage contains a high 

r ipple content. These conditions indicate hig~ harmonict 

contents in 60th the DC line voltage and AC phase currénts. 
~ 

Harmonies ~ave a number of undesireable effects including 

excessive heating in generators and interference on 

telephone lines. Because of these serious implications two 

of the chief criteria used_ in assessing the performance of a 

particular converter design are: 

1)..- ripple or harmonie content ,of the DC line voltage 

2) ma,gni tudes of current harmonies wi th respect to 

fundamental cur rent in the AC p~ases. 

In ijVDC applications multibridge connections are often 

used to reduce both harmonie contents. These connections 

consist of pairs of bridges connected in series on the OC 

side and in parallel on,the AC side. While permitting 

harmonie reduction, the series OC connection also allows for 

increasing the DC line voltage to transmission levels. 

2.3.lDC Line Voltage 

The mul tir?r idge conf igur ation to be studied in this 

thesis is shown in Fig. 2.4. From Fig. 2.5(a) , which 

depicts the phase relationships between the generator emfs 

and the open circuit secondary line-to-line voltages for th~ 

two transformers, it i5 clear that the wye-delta bridge 

vol tages lead those of the wye-wye br idge by 30 0
• As the 

valve gating puls~s are referenced with respect to the a,b,c 

1 
1 

• 
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terminal voltages for the upper bridge and to the voltages 

a t 1::ermin·als 
. /). 

currents i a ' 
• to the upper , 

.advanced by 

A,B,C for' the lower bridge, the secondary 
/). /). 1. 

i b ' .i c and ou~put voltage v ~ are identical 

bridge wavefprms ~y 1 i Y , i Y 
abc 

o 
30 • Fig. ~.5(b) depicts 

and v y except 
d 

graphically the 

-addi tion of, ,the De line voltages of the t:wo by.i-dges, under 
" 

.Ehe operating 
o 

condi tions a:,9' o 
WU =0. From Fig. 2.5 it is 

'1.' clear that t~e 1J:..1 turns ratio of the wye-delta transformer 
, 

. bank is required to match the secondary,line-to-line voltage 

magnitudes for the two bridges. The sum of the ~ bridge 

output voltages yields the overall DC lin~ voltage, which 
p 

consists of twelve identical pulses per cycle. For this 

reason the 'multibridge connection of Fig. 2.4 is oft~n 

referred to as a twelve-pulse converter, while the single 
). 

ç;raetz ,Bridge cirC'ui t is known as a six-pulse converter. An 

éxact analysis of the DC voltage ripple for the six and 
• 1 

twelve-pulse converters is made in Section 2.4. 

2.3.2 AC Phase Currents 

Before the overall stator phase currents May be 

. c?nstructèp, the wye-delta transformer wihàing currents ix' 

i y and i z must be determined. Since the form of 
,6 

wye-d~lta 
~ /). 6 

bridge currents ia' ib and le are known, 

be der 1. ved (19) , winding current distri~u~ion may 

the 

the 

by 

satisfying th~ dot convention an'Ci 0 ampere-turns law for the 
Il, -

transformer. The secondary line currents of the wye-delta 

\ transformer May be constructed using ~uperposition, from the 
! \ 1 \ , 
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Twelve-pu!se converter bridge voltages 
(a) Phase relationship of open circuit emfs in 

secondaries of wye-wye and wye-delta transformers 
(b) OC line voltages for wye-wye bridge, wye-delta 

bridge and overall combination. a=O~ w~=Oo 
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three basic distributions given in Table 2.1 • 

DISTRIBUTION i 8 
o ~f). • f). 

a le 

1 i 8 -i 
Ll 0 

2 -i 8 0 if). 

3 0 i Ll -i /J. 

TABLE 2.1 THREE BASIC SECONDARY LINE CURRENT DISTRIBUTIONS 
FOR WYE-DELTA TRANSFORMER IN TERMS OF GENERAL 
CURRENT if). cl 

The equations rela~ing the winding currents and the 
.t> 

general current, ia' for the first distribution of Table 2.1 

are written as, 

i -1 =i x y f). 

1 =i 
x z 

(i +i +i )/Il=O x y z 
where the third equation represents 

(2.2) 

the ampere-turns 

requirement on, thè primary side. Manipulating these three '. 
équations yields the delta winèlng c\lrrent distributions, 

ix=i~/3 

iy=-21~/3 

(2.3) 

The two other winding current distributions may be derived 

in a similar manner. Table 2.2 lists the winding currents 

for the thr ee bas ie cases of Table 2.1. 
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DISTRIBUTION i
IG 

i . i y z 

1 i~/3 -2i /3 i
Â
/3 

Â 

2 -2i /3 i/3, i
ll
/3 

- fl 
3 ifl/~ ii3 -2i

ll
/3 

TABLE 2.2 DELTA WINDING CURRENTS FOR' THE THREE SECONDARY'LINE 
CURRENT DISTRIBUTIONS OF TABLE 2.1 

Given the constraints of Table 2.1 on the delta 1ine 

currents a general relation fOI the winding cur rents may be 

derived. These equations are written in matrix form as, 

i 
x 1 2/3 1/3 'Â 

1. 

t - 1/3 1 2/ '6 - l.b 'le 

2/3 1/3 1 i Â (2.4) 
z c 

To illustrate the use of Eqn. 2.4 in determining the 

winding current distribution during norm~ bridge operation, 

a typical conduction- interval will be studied. Fig. 2.6 (a) 

il1ustates the conduction interval involving valves V03 and 

VD4 where the wlnding distribution ls determined by 

substi tution of, 

fa=~ i~"'-Id 
in to Eqn. 2. 4. 

Fig. 2.6(b) shows the flow of commutation current 

between valves VD3 and VDS. Eqn. 2.2 lS employed with, 

iÂ_i , i6 --i q 

c CCIII b com 

eombining these 'two cases, using superpos 1 tion, yields 

the operating condi tions for the wye-del ta " transformer 

during the commutation -"of valve VD3 by valve VOS. This 

averall distribution is shown in Fig. 2.6(c) • 

. -

J 
1 

1 
1 

l, 



r--"''' F ••• nltl JI d 

19 
1 

VD3 
If 

o 

(a) 

1 

(b) 

VD5 

(e) 

V04 

() FIGURE 2.6 Application of superposition in determination of delta 
bridge winding 'currents :J. 

(a) Current distribution with VD3,.VD4 conducting 
(b) Commutation current distribution for VD3 co ating. 
(c) Overalr'current distribution during commutation 

s1,Jb-in terval 
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By following' this procedure, ,the delta bridge primary 

currents are determined for an entire period and are 

sketched in Fig. 2. 7 (a) • The wye-wye bridge primary 

currents shown in Fig. 2.7(b) are added to the wye-delta 

currents to yield the overail stator currents, sketched in 

Fig.2.7(c). The resultant alternatin9 currents achieved 

using this connection approximate the "desired sinusoidal 

distribution better than the AC currents of a single Graetz 

Bridge. , 

2.4 Harmonie Analysis of Bridge.Converter Waveforms 

To evaluàte the exact effect the l2-pulse converter 

connection has on reducing AC and OC harmonie content, 

Fourier Series analysis is employed. The Fourier 
\ 

coefficients for the DC line voltage and AC stator phase 

currents are calculated for both the six and-~welve-pulse 

configuration with operatin~ conditions, w~=Ooand a -O. The 

coefficients derived under these operating conditions are' 

the simplest to evaluate and allow for a useful compari'son 

of the characteristics of the two connections. The e~fect of 
1 

commutation overlap and firing delay on the OC voltage and 

AC current harmonies will be discussed' qualitatively at the 
. 

end of the section. 

2.4.1 Analysis of DC Line voltage 

The Fourier series describing the wye-wye bridge OC 



FIGURE 2.7 

() 
~ 0 0 0 

Bridge currents ; a=120,w~ <30/w~ <30 
(a) Wye-del ta transformerlprima~ currents 
(b) Wye-wye transfo'rmer primary currents 
(c) Overall stator currents 
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line voltage waveform shown in Fig.2.5(b), is given by 
\', 

Eqn. 2.5 

v~= (3f3Em/1l') (l+k~l (1/(6k+l)~l/(6k-l»COS6k~t (2.5) 

'The series representation for the wye-delta bridge DC 

line v~:üt~ge i6 obtained by advancing Eqn. 2.5 by 30°. 

v~= (313Em/1l') (l+k~l (1/(6k+l)-1/(6k-l) (-1)kcos6kwt (2.6) 

The overall DC line voltage is derived by adding the 

two series of Eqns. 2.5 and 2.6. 

0, 

2.4.2 Analysis of AC Phase Currents' 
o 

For the operating conditions WlI =0 and 00 ,6. ~ y and et=,l, ... 

i are sketched in Fig. 2.8. 
a 

The Fourier series describing Fig. 2.8(b~ is 

i~= (2/3Id/rr){eoswt~k~lCOS(6k-l)wt/(6k-l) _ 
00 

+ k§leos(6k+1)wt/(6k+ll) 

a a 

(Z.S) 

The series for the wye-delta primary current of 

,F ig. 2.8 (a) May be wri tten as 

,1::. 
~a= (2I3Id/1T) {coawt-krl (-l~eoa (6k-l) wtl (6k-l) 

+ k:l (-l~ cos (6k+l) wtl (6k+l) } (2.9) 

Direct addition-of the two currents iY and i 8 yields a 
a a 

series expre!sion for the overall stator phase current. 

la'" (4I!Id/rr) {coswt+k!l (-1) keos (12k-l) wtl (12k-l) 

-k!l (-1) keos (12ktl) wt/ (12ktl)} (2.10) 

Fourier series expansions for the band c phases May be 

calculated by shifting Eqns. 2.8,2.~ and 2.10 by 120 0 and 
o 

240 respecti vely. 

1 
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FIGURE 2.8 Bridge cu ents ; a=O, Wj.I=O 

(a) Wye-d ta transformer primary current 
(b) Wye-wye transformer primary current 
(c) Total AC stator line currents 
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1 . . 
The results of this section are given in Tables 2.3 and 

2.4 for the characteristic harmonies which are of practieal 
• interest in most engineering applications. --

... 
SIX-PULSE BRIDGE 

" 
TiiLVE-PULSE BRIDGE 

k 1 

• (2n1d /Tr) "OF FONDAMENTAL * (2'1l l lrr> \ 
d 

\, OF FUNDAMENTAL 

1 l 100.0 2 100. <l 
, 

5 l/S 20.0 b 0.0 
, -

" 

7 1/7 14.3 0 0.0 

11 1/11 9.1 2/11 9.1 '. 

13 1/13 7.7 2/13 7.7 

TABLE 2.3 MAGNITUDE OF HARMONICS OF AC LINE CURRENTS FOR BRIDGE 
OPERATION WITH WlJ _00 AND Cl =0 0 

SIX-PULSE BRIDGE 
, 

TWELVE-PULSE BRIDGE 
k 

, 

• (3/JE/Tr) , OF OC VALUE * (3~E /n) , OF OC VALUE 
M 

OC 1 100.0 2 100.0 

6 1/S-1/7 5.7 0 0.0 

12 1/11-1/13 1.4 2/11-2/13 Jl. 4 
• 

18 1/17-1/19 .6 0 0 .. 0 
. 

24 1/23-1/25 .4 2/23-2/25 .4 

TABLE 2.4 MAGNITUDE OF HARMONICS OF OC LlNE VOLTAGE' FOR BRIDGE 
OPERATION WITH WlJ -O· ~ND Cl_Oo 

From these tables i t may be seen that the effect of the 

twelve-pulse connection is to remove specifie current and 

voltage harmonics without changing the ratio of the 

, 

! , 
l 

1 
\ J , 

1 , ' 
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remaining harmonie magnitudes to their fundamental and DC 

eomponents respeetively. • , 
Further pairs of bridges may he added to the 

connection, each with an appropriate phase shift, to yield 

a convelter with charaeteristic A~ current harmonies of 

order pk+l and DC voltage harmo~ics of order pk, where p is 
.fi! 

the converters pulse number. Although complex arrangements 

have been built and studied, it is generally aecepte~ that 

for HVDC applications filtering is the most economical means .. 
of removing AC current harmonies of order k-ll and above, 

and DC voltage harmonies of order greater than or equal to 

k .. 12. 

For~ practical 12-pulse configurations, tuned fl1ters 

are generally employed to remove the k=ll and k=l3Aharmonics 

while a high-pass filter ia employed to remove harmonies of 

order k=23 and above. Since the bridges absorb reaetive 

power under all operating conditions, the filters al~o serve 

the function of injecting needed reactive power into the 

system • 

The magnitudes of the DC voltage harmonic.~ of praétical 

12-pulse bridge networ~s have lower per-unit values than 

their AC counterparts. The harmonies appearing on the DC 
,~ 

line are further redueed by the insertion of a large choke , 
"t.' 

inductance between the bridges ~nd the OC system. In Many 

applications, such as underground cable transmission, OC 

side filters are not required and are therefore not included 

in ,the general analysis of this thesis. 

1 
1 
" i 

i 
1 

. ) 



.. 

j 

il 

. i () T 

1 

26 

l -, 

The analysts of this section has intentionally omi tted, 

the ef fect of, ,both the delay angle and commutation overlap, 

to allow for simplifications in the calculations of the 

Fourier coefficients. Delay angle has" no effect on the AC 

current harmonie content, while / the valve commutation 

overlaps tend to reduce the 

alternating currents below 

armonic content of' the 

WU"O level of l/k [25). 

However, 'calculations also indi ate thàt most non-zero 

combina~ions of wu and ct tend to reatly increase the .level 
j i 

of Oç ! voltage harmonies. .' Despl~e this, the values of 
1 

Tables ~.3 and 2.4 serve as userul upper limits ior the 
1 

·analysis carried out in system simulations. 
1 

1 

2.5 Summary 

The higher power capabilities and reduced harmonie 

content of the twelve-pulse bridge connection described in 

this chapter make it a useful tool in HVDC conversion 

applications. Based on the simple analysis -of thi~ chapter 
, 

the remainder of the thesis will study the means by which 

l:inear state analysis and computer techniques May be applied 

to the study of the twelve-pulse bridge converter. 

) 
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CHAPTER 3 

NETNORK ANALYSIS OF 'l'WELVE-PULSE CONVERTER 

: 3.1 Introduct ion 

The f.ir~t step in ap~yin9 the digital computer to the ~ 
study of the twelve-pulse converter is the selection of' an 

appropriate network model. Figure 3.1 illustrates the 

network components inc1uded in the' bridge converter of t~is 

thesis. 

Having selected a suitable mathematical model for the 

network, the next step in the analysis is the determination 

and accurate description of the reqvired solut~on. This 

allows for the full exploi taUon of any desireable 

propetties of the solution .in the formation of the numerical 

algorithme 'In networks containing periodically switched 

elements careful consideration must be given to' the nature 

of the periodic solution. ., 

Once a complete study of the network pJ:operties 1 has 

, been made, the appropriate mathemat1cal and riumerical 

anafysis tools may be selected 

prepared. 
-JI 

~ 

and the computer algor i thm 

This chapter endeavours to describe the first twa steps 

, in the a~alysis procedure. Particular attention is focussed 

on the history of the application of state spac~techniques 
1 

to periodically switched networks. The solution algorithms 

-J 

• J 

1 

i, 
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'~f Chapter 4 follow as a direct pràgression of the concepts 

hkrein described. 

3.2 Digital Rep~esentation of Converter Valves 

In power switching analysis programs intended for use 

with differing topologies [6 -151, the valves are generally 

modelled as variable resistances. When the valve is in its 

conducting state the resistance value is small. Wnen the 
-..... 

valve is reverse-biase~ and enters its blocking state the 

resistance value is made very large. The advantage of such 

a model is tha~ the sy~tem equations need not be re-arranged '" 

to represent changes in circuit tO~due to normal 
-switching operations. 

For programs ' dedieated to the simulation of specifie 

switching ci rcui ts, [6-18 1 , a Boolean (ON OFF) 

represen~ation is generally chosen for the valves. Such a 

representation is usfd for the valves of the twelve-pulse ' 

converter in this thesis. Eliminating non-conducting 

branches leads to a reduction in the number of equ;tions and 

v~riables required to describe the system. However, separate 

systems of equations are reqwired to represent each topology 
"-

encountered in the process of normal swltching operations . 

Symmetry properties are generally explaited to reduce the 

number'of topologies required ta fully define the network 

operation. 
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3.3 Network Model of Twe1ve-Pulse Converter 

The twelve-pulse bridge canverter model, shown in 

Fig. 3.1 consists of: 

(1) The OC transmission line, represented by a constant 

direct current sou~ce of value Id 

(2) AC components 

(a) Three-phase synchronous generatar madelled in each 

phase by an emf in back of its sub-transient impedance 

Rs ,Ls. Ta include the bridge firi,ng delay ~n .~he 
analysis a var iable angle i5 incorpora,ted into the 

emfs: 

e (t)=E sin (wt+1T/6+8) 
a M 

e (t) =E sin (wt-1T/2+6) 
b M 

e (t)=E sin (wt+S1T/6+6) 
c M 

(3.1) 
. 

By using the unbiased emfs of Eqn. 2.1 to determine! the 

br idge swi bchings, the desired delay a. between forward 

biasing and firing may be obtained by controlling e • 
. 

(b) Thé wye-wye and wye-delta transformers are mode1led 

by ideal transformers connected ta the winding l~akage 

impedances RTl' LTl and RT2' ):,T2 respectively. 

(c) AC shunt filters labelled high-pass (HP), Il-th and 

13-th, used to remove eharacteristie harmonies 

generated by the oonverter. 

This model i9 sufficient for analysis of the steady 

state performance of thé converter under normal operating 

candi tions . 

1 
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operated 

switching elements are often referred to as being piece~wise 

linear. Each circuit obtained by replacing the valves of the 

bridges in Fig. 3.1 with their Boolean models, is linear and 

time-invariant and thus amenable to linear circuit analysis 

[26]. .~ 

The collection of circuits which are formed by 

rep1acing~he bridge valves with open or short circuits will 

"" be referred to as sub-networks. The time interval during 

which any particular sub-network serves as the working model 

of the overall network, as determined by the valve states, 

i5 referred to as its sub-interval.The 'gating sequence 

applied to the network determines which sub-networks are 
, 

required to model a complete cycle of operation, and in 

which order the y will appear. 

The dynamic variables of each sub-network may be 

described by a $et of first order differential equations. 

X (t)= [A ] x (t) + [S ]u(t) 
-n n -n n - (3.2) 

The vèctor x (t) i5 the state vector and generally consists 
-n 

of the minimum number of current and voltage variables which 

allow for a complete description of the n-th sub-network. 

Since the sub-networks are linear,. [A 1 and [B ] are constant 
n n 

matrices. 

The solution for the state' vector of Eqn. 3.2 is of the 

gener al form, 

t < t< t 
n- n+1 (3.3) 

, , , 
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where t and t are the n-th sub-interval boundary t'imes. 
n n+l 

The first part of the solution is the ,zerq-input 

response (ZIR) , where f~ (t )} 
n n 

is the state transition~ 

matrix and ~n is a vector of integration constants. This 

part of the solution represents the response of the network 

to the initial capacitor voltages and inductor currents. ,,\! 

The second" part of the solution, the zero-state 

response (ZSR) depends on the network forcing functions and 

topology. Appendix 1 elaborates on the formation of the ZSRs 

and state'transition matrices for the sub-networks. 

If t=t is substituted into Eqn. 3.3, the unknown 
n 

vector Integration constant may be written in terms of the 

general solution. The overall solution may now he written 

x (t)= xZSR(t)+ [~ (t-t )) (x (t )_xZSR(t )) 
-n -n n n -n n -n n (3.4) 

The collection of sub-network eolutions may be utilized 

to form a complete description of the circuit operation when 

combined with an understanding of the general nature of the 

overall solution. 

~ 
3.5 properties of periodic Solution in Periodically 

Triggered Three-Phase Bridge Configurations 

This section introduces two properties of the desired 

solution which will be used in conjunction with linear 

circuit theory to form the numerical algorithme ! 
j 
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3.5.1 Periodicitl in T 
.. ' 

The periodic solutions of the differentia1 equations 

associated with the steady state operation of the bridge 

qonverter and other switching networks differ from the 

classical steady-state solutions in linear networks. In 
1 

physical linear networks the periodic solution consists 

entirely of the ZSR, and is reached only after the ZIR~or~ 

transient solution has been damped to an insignificant 

value. 

For networks containing switching e1ements the ZIR of 

each sub-network is re-excited in each period by the 

switching process. Thus the overall periodic ~"solution 
,-

contains bath the ZIR and ZSR in each sub-interval. The 

periodicity requirement which the solution must satisfy may 

," be wr i tten in terms of the' sub-interval stat.e vectors xn (t) 

and the overall switching period, denoted T, as 

x (t+T) = x (t) 
-n -n (3.5) 

3.5.2 Periodicity,:in T(6 

It wa~ pointed out in Section 2.2 that the sequence of 

gating currents applied to the valves of the Graetz Bridge 

are chosen so aS to produce ba-lanced positive-sequence 

currents on~he AC side. Since the AC network 15 balanced, 

superposition may be employed to show that the combined 

effect, of the injected currents and generator emfs ia to 

produce.positive-sequen~e currents and voltages throughout 

the AC network. 
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Due to the balanced, positive-.sequence nature of aIl AC 

variables, the T/6 periodicity property May be exploited. 

Simply stated, any T/6 segment of the three-phase solution 
• 

is sufficient to reconstruct the entire solution. 

As an example, Fig. 3.2 shows '. the transposi tions 

required to reconsèruct a full period of the three-phase 

emfs froro a T/6 section commencing at t=O. 

AlI currents and voltages on the AC side~ of the net~ork 

May be teconstructed in exactly the same manner, and the 

entire problem May De reduced to studying any T/6 section of 

the b 'dge operation. 
"-

" 

3.6 State Analysis Applied to Piece-Wise Linear Problems 

The matrix handling capabilities of the digi tal 

computer make state space techniques very attractive for use 

in the computer-aided analysis and design of electronic 

circuitry. Cespite this, the full advantages of this 

mathematical description have jrarely been applied to the 

analysis of switching circuitry. 
\ \ 

In numerous instances sophisticated methods have been 

applied to the' compilation of defining equations of 

switching n~tworks only to have these ~quations SOlVéd by 

slow and expensive numerical integr ation techniques (6 -151 • 
.., 

These methQds seem particularly inappropriate when applied 

to circuits where variable resistors are used to model the 

thyristors. In such network models, large order-of-magnitude 

1 
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FIGURE 3.2 Example of T/6 periodicity property. Re-construction 
of full period of balanced 3-$ emfs from basic T/6 
segment 
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diffetences exist betwe~the ~e~~ing time constants. In 

order to achieve numeric l stabili~, unneces.sarily small 

step sizes must be used in the integra\ion algoritlLs. 
\ \ 

Once the problem ha~ been re~ognised as being 

piece-wise linear, the state~escription may be applied to 
\ 

valve networks in a variefY of\fashions. Ta describe these 

methods, a general swi~ching network, consisting of N 
\ 

separate switching statesAper period is postulated. Fig. 3.3 

shows the connectedlsequence of N sub-intervals constituting 

a full period of operation. The time origin has arbitrarily 

been chosen as t=t 1 • The sub--network numbers 1 through N 

correspond to the N consecuttve topologies encountered in 

one cycle of normal operation of the network. 

T - , 

-t
l 

IJ. t 2 t 3 -1 j.f-t
N It-- t2~ t

1 
.. 

"'- --- ... ~ .. ~ , 

1 2 3 N 1 2 ... SUB-INTERVAL # 
If 
IJ 

t 
n 

t 

FIGURE 3.3 Sequence of sub-in~ervals correspond~ng to operat~oD 
of arbitrary switching network 

... The state vectors describing each of the N sub-networks 

may contain different elements depending on the topologies. 

Campatibility matrices are therefore required at the N 

switching instants to match final and initial conditions. 

x l(t 1)= [C lx (t +1) -n+ n+ n n n 
, n= 1, ••• N (3.6) 

1 
l, 
l 
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The N compatibility matrices are formed by applying flux and 

charge continuity requiremen~s to the ind etor currents and 

capacitor voltages respectively, at tl'}e swiitching instants. 

1 

3.6.1 Iterative Determination of Initial Conditions 

~he simplest application of linear state analysis to 

the problem" of Fig. 3.3 involves iteratively modifying an 

arbitrary initial condition by applying the sub-network 

state solutions, boundary conditions and periodicity in T 

property [20] . 

. An arbitrary initial condition x (t ) is chosen and the 
-1 l 

solution advanced through a period using Eqns. 3.4 and 3.6. 

In each subsequent iteration x (T+t ) replaces the initial 
-1 l 
," 

condition'x (t ). The flow chart shown in Fig. 3.4 describes 
, -1 1 , 

this iterative procedure. 

This method eliminates the stability problem associated 

with the numerical integration process, however it still 

requires a potentially expensive iteration procedure 

requiring multiple calculations of the state transition 

matrices and solution vectors. 

3.6.2 Closed-Form Solution 

A few authors have presented papers in which analytical 

solution techniques have been developed for handling 

networks containing periodically operated thyristors and 

( ) _ swi tches. In 1971 LiPO [16\ pr esented an analytical solution 

to the problem of a çpyristor speed control for an induction 
, . 

\ 
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START 

SELECT INITIAL CONDITION !l Ct l ) 

BLOCK 1 ---, 
~======~==~--------~ 

ADVANCE SOLUTION THROUGH SUB-INTERVAL 
APPLY EQN.3.4 TO CALCULATE !n<tn+

1
) 

APPLY BOUNDARY CONDITION EQN.3.6 TO 
GET INITIAL CONDITION OF NEXT SUB-
INTERVAL x (t l ) -n n+ 

NO---

GENERATE DESIRED SOLUTION VALUES 
USING ITERATlVELY DET!RMINED x (t ), 

COMPATIBILITY MATRICES AND STATËlSOtUTIONS 

STOP 

r -

FIGURE 3.4 Flowchart for iterative determination of initial 
condition vector 
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motor, utilizing state space techniques. The following year 

Liou [17] presented a general solution method for handling 

linear circuits containing periodically operated switches • .. ,< 

The closed-form solution presented here follows the appr9ach 

of these two pa Ifér'S'. 

In this method x1(t ) is treated not as an iterate but 
- 1 

rather as an unknown. Repetitive application of Eqns. 3.4 

and 3.6, through the N sub-interval~, yields an equation for 

the final condition x (T+t ) in terms of the unknown vector 
-N 1 

X (t ). 
-1 l 

xN(t:t+T)= R + [Sl.!1(t 1 ) (3 1 7). 

In Eqn. 3.7 Rand [Sl consist of the first 'N-l 

compatibility matrices, as weIl as the N state transition 

", matrices and ZSRs evaluated at the appropriate boundary 

times. Since all elements of Rand [5 J May be calculated 

directly, an explic~t relation May be obtained to determine 

the initial condition. Applying the final compatibility 

matrix at taT+t
1

, 

x (t +T) ... x (t +T) '" [C ] x (t1+T) -1 1 -N~1 1 N -N (3.8) 
l 

Substi tuting Eqn. 3.7 into Eqn. 3.8, applying the 
, 

periodicity in T property, and re-arranging~elds, 

~1(tl)= ([Il-[CN][S)-l[CNJE (3.9) 

Tae righ~ hand side of Eqn. 3.9 May be calculated to give 

the initial condition and an explicit form for the entire 

solution. The inner loop of the flow chart of Fig.~3.4" 

labelled BLOCK l, i5 repeated in Fig. 3.5 to descri~ t""e 

formulation of the explicit' relation • '\l', ! 

... 
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START 

1 ( 
~ BLOCKl ,-

FORMULATION OF FINAL CONDITION 
VECtOR IN TERMS OF INITIAL 

CONDITION VECTORS 

l 
APPLY FINAL COMPATIBILITY MATRIX. SOLVE 

MAT~X,EQN.3.9,FOR INITIAL CONDITION VEÇTOR !l(tl ) 

~ 
GENERATE DESlRED SOLUTION VALUES 

USING ITERATIVELY DETERMINED X (~») 
COMPATIBILITY MATRICES AND STATËlS UTIONS 

..L 
~TOP 

FIGURE 3.5 Flowchart for analytical determination of initial 
~ condition vector and problem solution 

START 

1 
SELECT INITIAL ITERATES FOR COMMUTATION 

TIMES; lll' lJ 2 ,···\.Im 

4t 
BLOCK 1 

FORMULATION OF FINAL CONDITION VECTOR 
IN TERMS OF INITIAL CONDITION VECTORS 

,j " ) 
APPLY FINAL CO~~ATIBILITY MATRIX. SOLVE MATRIX 

EQUATION 3.9 FOR INITIAL CONDI~~ON !l(t1, 
-..- ! " 

USING IN1TIAL CONDITION ~+(t~, SUB-INTERVAL STATE 
SOLUTIQ.~S AND COMPATIBILI y TRIeES CALCULATE i S(lJ l ) 

ic2(1l~~, ••• icm(J.lm) AT COMMUTATION TIME ITERATE 
.J&. . 

- TEST FOR SUFFICIENT ACCURACY - YES-

~ NO 
UPDATE COMMUTATION TIME ITERATES GENERATE REQ 

SOLUTION x (t) 
UIRED 

FOR ANY - NEW = OLD f (' . ') 
J.li \.Il + i 1cl,1c2···1cm TlME t USING x -1 (t1) 

. i = l,2 ••• m sfop 
FIGURE 3.6 Flowchart for iterative détermination of initial 

condition vector with unknown bQundaries 
corresponding to commutation times 
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This method entirely .removes the need for numerica1 

i teration. 

,t 

3.6.3 Unknown Boundaries in Closed-Porm Solution 
. 

The analytical solution obtai~ed for the ini tia1 

condition vector in Eqn. 3.9 was obtained under the 

assumption that a11 boundary times in Fig. 3.3 were known 

beforehand. This of course would be thé case if all the 

boundary times corresponded ...... ,to the firing of valves at 

specified gating times. However, some of t)e changes in 

topology correspond to the commutation of valves, and the 

corresponding boundary times are therefore related to the 

commutation times. These commutation times are dependent on 

the initial conditions of the commutating sub-intervals and 

must therefore appear as unknowns in Eqn. 3.9. To point out 

.. thi~ dêpendence, Eqn. 3.9 i~ rewritten as . 

( ) . "'" -1 
?fI t 1 = [G(U 1 ,lJ 2 ,···,J.lm>,l F(U

1
,lJ 2 ,···,llm) (3.10) 

where the F vector and .(G]matrix are function~ of the m 

commutation time ... 'The ~nitial condition ~ 1(t1)'Q May be 

evaluated, using Eqn. 3.10, for commutation time iterates. 

Using each iterate of the initial condition vector,. the 

solution matrices, and the cQmpatibility matrices, the 

commutation currents may be evaluated at 
. 

thelr commutation 

times. By numerically solving the syst~ of equations 

i j (U . ) = 0 
• C J 

, j=l, ••• ,m (3.11) 
./--, - \ 

~ watue for each of the commutation times may be determined. 

~he required procedure ls depicted in the flowchart of 

"1 

1 

1 

1 

! 

\ 



() 

,. 

. , 

1 

1 () 

42 

Fig. 3.6. 

Such a problem was addressed by 001, -Menémenlis and 

Nakr~, [18] in a paper discussing the particular case of a" 

six-pulse Graetz Bridge inverter acting as a series tap. In 

this problem one independe~,~~ va ri abl:.e 1 a single conuautation 

time, .existed. This. thesis addresses the problem of the' 

twelve-pulse converter where two independent commutation 

" current yariables existe Chapter 4 describes a m~thod ~hich 

utilizes Eqn. 3.10 in conjuncti~n with a minimization 
" algorithm to numerically determine the commutation times, ~ -and overall solution. 

3.7 Application of T/6 Periodicity Pfoperty 
" T-ne complexi ty of matrix manipulat'ions associa,ted wi th 

the formulation of the finalv 
condi~ion vector in terms of 

the initial cond~tion vector, described by Eqn. 3:10, 

increase dramatically wi th increasing N. In the case of the 

twelve-pulse conv~rter the numerous gatings and commutations 

constituting a fu~l period are prohibitive wh en considered 

in terms of an analrtical sol~tion. To allow for a' prâctical 
,-

digital algorithm to handle'the problem, T/6 periodicity 

must be applied •. The number of topologies ~hich must he 
~ 

considered, upon application of this property, are reàuced 

by a factor of six. 

Referring to Section 3.;.2 and Fig. 3.2 . , 

,.! ' 
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X (t)3-X ~t-ST/6) 
a c 

Xb(t)=-x a(t-ST/6) 

X
c
(t).-X

b
(t-ST/6) 

ST/6 +t1 < t~ T+tl 

43' 

(3.12) 

where xa(t), xb(t), and xc(t) represent the a, b, and c 

phase components of a particular state variable. .. 
Substi tuting tS:T+t

1 
in Eqn. 3.12 and applying the 

T-per iodiai ty \ proRerty of Eqn. 3.5 yielâs: 

~~(tl)=-Xc(t(+T/6) 

Xb{t 1) III-X a (t I+T/ 6) 

Xc{t 1) =-Xb(t l+T/6) (3.13) 

Application of Eqn.3.l0 with T replaced by T/6 and 

using the final compatibility matrix [~] to execute the 

transpositions of Eqn. 3.13 allows for a çonsiderably 
J 

simpler equation in terms of the commutation times. The 

expression thus formed requires considerably Iess matrix 

~anipulations ~an if the entire period had been considered. 

3.8 Summêry 

State space techniques allow for the full exploitation 

of the matrix handling oapabilities of advanced digital 
, 

computers in the analysis of electrical networks. 

This chapter has outlined the techniques and concepts 

w&ich, when applied to piece-wise l~near configurations, 

allow f9r the use of state theory in their analysis. 

Chapter 4 describes the formation of the algorithms which 

• 
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() 
make use of these concepts· in the. analysis of the normal 

operation of the twelve-pulse converter. 
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CHAPTER 4 

FORMATION OF SOLUTION ALGORITHMS 

A.1 Introduction 

The approaches used to apply linear state analysis to 

ce-wise linear problems were introduced in Chapter 3. 
r 

chapter applies these concepts 1 to formulate the 

specifie algorithms to be used in the analysis of the 

twelve-pulse bridge converter. 

Since the commutation times are not known before the 

solution has been determined, the exact ~~~ork 
eonf igur ations e~ch period a,re also unknown. 

~ Because of this, separate algorithms must be prepared for 

different groupings of commutation lengths. The exact 

configuration is then determined during the solution along 

with the commutation variables ~l and ]J2' Once the problem 

has been classified in terms of its commutation times, and 

the necessary sub-network state descriptions generated, the 

general method described by the flowchart of Fig. 3.6 may be 

applied. 

l ' 
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4.2 Classification According to Commutation Angles 

" It was pointed out in Chapter 3 that through the use of 

the T/6 periodicity property, the problem was reduced to 

studying any given T/6 segment of the bridge operation. The 
)'! 

actual topologies encountered in a given T/6 segment of 

operation are determined by the lengths of the commutation 

times for the va~ves of the two bridges. Table 4.1 lista the 

permutations of commutation angles which occur during bridge 

op.~r ation wi th the two commutation angles, WU l and WU2' less 

than 60 ° . 

CASE 

l(i) 
(i i) 

2 ( i ) 
(i i) 

3 ( i) 
( i i) 

~300+WlJ2 ,<60° 
< 30 ° 

< 30° 
< 30° 

~ 30°,< 60° 
> 30°,< 60° 

<30° 
~ 300+WlJl ,< 60° 

TABLE 4. 1 COMMUTATION ANGLE GROUPINGS FOR NORMAL BRIDGE 
OPERATION 

Under normal operating conditions the two commutation 

angles have similar values and in the analysis that follows 

° i twill be assumed that 1 wu1-wu21 < 30, thus el iminating 

Case 3 of Table 4.1 from consider ation. 

The bridge currents corresponding to bridge operation 

with commutation angles in the range of Case l(i) are shown 

in Fig. 4.1. ,Ouring the defining T/6 segment, 0.::,. t< T/6, 

only two dynamic variables are required, one to describe 

each of the comm.utations. To simp1ify the notation two new 

.. 
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introduced. 

Figs. 4.3(a} and (b) show the currents il cy and iCd for the 

first T/6 segment of Case lei) and Case l(ii) respectively. 

The bridge currents 'for converter operation in the 

range of Case 2 (i) are shown in Fig. 4.2. Because of the 

increase in J-l 2 , the commutation of VD2 by the swi tChing of 

valve VD4 extends into each new periode to maintain a 

cons istent notation, the dynamic var iables used to represent 

the commutations remain icy and LCd' Because of this 

select ion, the commencement of the def ining T/6 segment was 

chosen to coincide with the end of the VD2 commutation, 

t=~2-T/12. Fig. 4.3(c) and (d) show the currents icy and ied 

for the T/6 segment,' ~2-T/122 t<J-l 2 +T/12. The cur rent 

variable i now includes parts of two separate commutations cy 
in the defining interval. This does not lead to any real 

difficulty since e~ commutation current has the sarne form, 

due to the balanced natur e of the AC circui t and the equally-

spaced valve triggerings. Referring , to Fig. 2.3 of 

Chapter 2, the relation between icy evaluated at the initial 

and final boundary times may be, written as, 

i (J,L,-T/l2)= Id+i (J-l
2
+T/12) cy ~ cy 

(4.1) 

This boundary condition suppl ies the addi tional 

information required to form the compatibility matrix used 

to match the boundary (Sondi tions for the def ining T/6 

segment. 

Separate solution algori thms must be developed to 

handle the converter operation in the two WJ-l 2 ranges given 



., 
-- -----,_._-_._._--------.---~---- ----_ .. '_ .. _. _ .. _--_. _. __ .---- -.,- -" .....• 

r) \ .. 

t81 

tCI 

50 

1 l'! 
VY2 1 1 1 VY3 VD3 m YD3 VY.I 
""" 'AM v .. VIM v .. V04 
1 VIII vœ YD5 

1 1 
l ' 

voa 1 Y'I3 V03 

\IOil 1 vw vo. 
VOl VYS, ') 

FIGURE 4.3 Wye bridge commutation current icy and delta bridge 
commutation current icd 

(a) Case l(i); wlll<30o, w1l2<30 o 

(b) Case l(ii)i 30!wu1<60o , w~2<30° 
(c) Case 2 (i); Will <30 0

, 30°,::,wIl2<60o 

(d) Case 2(ii); 30°,::,w~l<600, 30°,::,w~2<60o 
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in Table 4.1. For Case l, Eqn. 3.10 i5 formulated with 

t =0. With w~2>30°, in Case 2 operation, the ini tial 

condition vector of Eqn. 3.10 is evaluated for t =~2-T/6. 

4.3 Selection of State Variables for Sub-Networks 

The first step in formu1ating the solution algorithms 

lS the determination of the state variables required to 

describe each sub-network constituting the basic T/6 

segment. The minimum number of network variables, which 

allow for a complete description of the operation of each 

sub-network, are utilized. 

4.3.1 Case l, w1.l 2 <.1.Q. 

Five separate sub-networks are required to fully 

descr ibe the CORverter operation when the wye-del ta \ 
o 

commutation angle remains below 30 . These five sub-networks 

labelled 1 through 5, are shown on the following pages as 

Figs.4.4(a)-(e). Open circuited branches corresponding to 

valves in the blocking state have been removed fram the 

diagrams. é. The inductor currents and capaci tor voltages 

labelled on each diagram indicate the state elements to be 

included in each state vector. The complete state vector for 

each sub-network is also included in the diagram. 

Due to the balanced three-phase nature of aIl AC 

circuit quantities, only two state variables are necessary 

to fully describe each three phase inductor current or 

.. 
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1 
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capacitor voltage. As shown in the diagram the a and b 

phas'es have been used to def ine the three-phase voltage and 

current variables. 

For the non-commutating sub-networks, nwnbers 2 and 4,/ 

no other state variables are required since the wye-wye and 
~\ 

wye-delta traqsformers carry only the OC line currents. The 

dimension of the state vector 

def ined'\ as 

for the non-commutating 

'sub-intervals is N2. Clearly, for the 

sub-networks of Figs. 4.4(b) and (d), N2=14. 

Sub-networks l, 3 and 5 represent the converter during 

vari commutations, and the required commutation variables 

are in the state vectors.-Sub-networks land 3 

single commutation each have state vectors 

of N2+l. Sub-network 5 represents the network 

while commut ations ar e occur ing 

simultaneously. Its 

fommutatio~ variables, 

equal to N2+2. 

state vector 

i cy and i cd ' 

o 0 

4.3.2 Case 2, 30< WH2~ 

in the" two br idges 

includes the two 

and has a dimension 

Canparison of Figs. 4.3(!l)"' (~ _with 

indicates that only one new sub-network is 

Figs. 4.3(cl. (dl 1 
'"" introduced by the 

o 0 

30~ WU2<60 condition. This sub-network corresponds to a new 

commutation commencing in the wye-wye bridge before the 

wye-delta commutation is completed. Sub-network 6 i8 shown 

in Fig. 4.4(f). The state vector for sub-network 6 includes 

the same variables as those used ~o describe the fifth 
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~ 
sub-network and, therefore, has the sarne dimension, N2+2. 

Having selected the curtents and voltages to be used in 

describing each of the sub-networks, KVL and KeL are used to 

generate the required 
1 

matrices [A] and state 

(B] ( Appendix 1 ). -

" 
4.4 Solution Algorithm. Case l 

The proced~re of BLOCK l of the flowchart of Fig. 3.4 

i5 used in the f01lowing analysis to generate the required 

matrix expression for ~l {O}. Pirst the expression ls derlved 
o 

for thew~1<30 condition, and this result is then repeated 
o 0 

with some modification for 30 ~w~l<60 • 

o 
4.4.1 Case 1(i), W1J

l
-2!L. 

The notation and essential data used in this section, 
/ 

for the formation of a solution algorithm for Case l(i), are, 

collected together in Fig. 4.5. 

The initial condition vector ~1 (0) May be partitioned 

as 

(4.2) 

where the initial value Id' of the commutation current has 
\ 

been substituted. The N2-dimension vector x* (t) contains aIL 
-1 

the AC side state variables of the Nl-dimension state vector 

!l (t). Thus in applying the general me~hod developed in 

Chapter 3 it is only necessary to solve for the vector 
..J ,1 

, 

) 
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'k 
~1 (0), in terms of the commutati~n times ).Il and ).12. 

Applying the state solution for the first sub-intetval 

yields the expression 

Zl(~ll- lI~(~ll+ ($1 (~1» (~~(oJ -Z:(OI) 

, 

( 4. 3) 

where the superscript s is used to identify the ZSR • 
.. 

Referring to the state vectors shown in Figs.4.4(a) ,(b) the 

first compatibility matrlx may be written as, 

The 

[C ] = 
1 [ 0 ( •• J .2 

1 N2 

boundary condition at t-).I is written as 
1 . 

(C i J{!!:: (~ 1 1 - ($1 (~1 1 ) ~~ (01 ) + (C 1 ) ($1 (~1 1 ) [~! (0 1] 

With the sta~e transition matrix partitioned as 

[~ ().I )1'" [PU(JJ 1) 
1 1 

~21 (lJ 1) 

1 

Eqn. 4.5 may be re-written as 

N2 

~2 (lJ 1 ) - !l ().I 1 ) + [ P 22 (lJ i) ] ~i (0) 

where 
J s s . 

gl().Il)= [C11{Xl(lJl)-[~l(JJl)]~1(0)}+f21(Ul)Ii 

(4.4) 

(4.5) 

(4.6) 

(4.7) 

/ 

(4.8) 

Eqn. 4.1 15 substituted into the second sub-interval 

solution, evaluated at t-T/12, to yield, 

!.2 (T/1,2) - !.; (T/12) + (~2 (T/12-JJ I ») {!I (U I ) -!.; (U
I

)} 

" 
(4.9) 
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As was done for ~1 (0), ](.3' (T/12) may be partitioned as \ 

riCd (T/12~ rI J 
~3 (T/12) = l~3 (T/12) J la L~i (T/12) 

With this not,ation, 

~3(T/12)= ~2(T/12) 

( 4 • 1.0) 

( 4. 11) 

and the second compatibility matrix is simp1y the identity 

matrix. 

Eqn. 4.11 is substituted into the state solution for 

the third sub-interval, at t=T/12+~2 to yield, 

'~3 (T/l2+",)= ~;(T/l2+",)+1~3 1",»{[~:(T/12J -~;(T/l2» (4.12) 

The same compatibi1ity matrix may be used between the 

third and fourth sub-intervals as was used for the first 

two, and the boundary condition at t·T/12+~ may be written 
2 

as 

~ (T/l2+"2)- IC,l 1$3 (",!){ [~:(T/l2)J -~;(T/12» 
(4.13) 

Substituting Eqn. 4.9 and ~he partitioned state matrix, 

[

011 (lJ2) 

221 (lJ 2 ) 

l 

into Eqn. 4.13 yields 

0~2(lJ2) J 
[022 t\.l2) ] 

N2 

!.4 (T 112 + 1J 2 ).. ! 2 (~1 ' lJ 2 ) + [S 2 (1J 1 ' \.l 2) ] ~ i (0) 

where , 

l 

N2 

(4.14) 

(4.15) 

!2(~1,lJ2)- fCl]{~;(T/12+~2)-[~3(lJ2) 1~;(T/12)}+021(\.l2)Id 
• 

+( Q2 2' (lJ 2) ] {!; (T 112) + (~2 (T 112-~ 1) 1 (~1 (1J 1 ) -!; (~ 1 ) ) } ( 4. 16) 

and 

(4.17) 
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The equation ls advanced through the final sub-interval 

by applying the fourth state solution. 

~4(T/6)= ~:(T/6)+[~4 (T/12-~2)J{~4(T/12+~2)-!:(T/12+~2)} (4.18) 

The final compatibility matrix applies the periodicity 

in T/6 property as weIl as satisfying the continuity 

constraints. Considering the state vectors of Figs. 4.4(a) 

and (d) as weIl as the phase transpositions of Eqn. 3.13 

leads to the final boundary condition. 

~i(O)= [C4]~4!T/6) (4.19) 

where 

1 1 0 -1 0 

[C ] = 
N2 

4 "1 1 
"" -1 0 

N2 (4.20) 

Substituting Eqn. 4.15 into Eqn. 4.18 and multiplying 

by the compatibility matrix ,as in Eqn. 4.19 gives a matrix 

* relation for xl(O) in terms of the two commutation times. 

( S s} ~ i (0) "" [ C 4} !4 (T / 6) + [ ~ 4 (T /12 -lJ 2 ) J (~2 (~l ' ~ 2 ) - ~4 (T 112 + lJ 2 ) ) 
'", 

+[C4 ] (~4 (T/12-~2) 1 [S2 (~1/~2) l!t(O) (4.21) 

* Combining the x (0) terms and inverting leads to the 
-1 

final equation, 
-1 

?ii(O). [Gl(lJl'~2») !1(~1'~2) (4.22) 

where 

[Gl(~1'~2»):11 [I)-[C4][~4'(T/12-~ )J(S (u 'U )J 
2 2 l' 2 

El (u1,lJ Z)· [C4J)(C~:(T/6) 

+[t4 (T/12--u 2 ») (!!2 (~1,JlZ)-~(T/12+jJ2»} (4.23) 

The right ha~d side of Eqn. 4.22 May be calculated 

" 

j 

i , ' 

1 

~ 1 
" j 
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straightforwardly for given iterates of the commutation 

tim~s ~l and ~2. The determination of the commutation times 

leading to a final solution of Eqn. 4.22 is described in 

Section 4.6. 
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o 0 

4.4.2 Case l(ii), 30<4W!,,60, 

The notation and a summary of the essential data used 

for Case 1(i1) ls shown in Fig. 4.6. The procedure of 

Section 4.4.1 may be repeated, with some modifications, to 

* generate the required matrix relation for ~ (0) when the 
o 0 commutation angle is in the range, 30 <W" <60 . 
- ""1 

Rather than repeating the matrix formulation, the 

required state solutions and boundary conditions are listed. 

The four state solutions evaluated at each sub-intervals 

final time are: 

1) ~l (T/l2)= ~~(T/12)+[~1 (T/12)]{~1 (O)-!~(O)} (4.24) 

2) ~5(Ul)= ~~(l.ll)+[~5(Ul-T!12)1{!5(T!12)-~~(T!12)} (4.25) 

3) s 
~3(T/l2+U2)= !3(T/l2+1.l 2 ) 

+[~3(T/l2+U2-)Jl)]{~3(f.11)-!;(1.l1)} (4.26) C 
4) !4(T!6)= ~:(T!6) 

s 
+[~4(T!12-)J2)]{~(T!12+1.l2)-~4(T/l2+1.l2)} (4.27) 

The four boundary conditions requ1red to connect the 

solution are given by: 

1) - ~ (T/~) '" [:~ (T;12)l. [~: !T/l2~ 
> !5 (T!12J , J 

where 

(C 1 '" 2 

1 N2+1 

(4.28) 

(4.29) 

1 

\ 

\ 
1 
J 

) 



3) !4(T/l2+U 2 )= [C l ]!3(T/l2+U
2

) 

wh'ere [Cl) was def ined by Eqn. 4.4. 

4) The final boundary condition remains Eqn. 4.19. 

67 

(4.30) 

If the state transi tion matr.ices are parti tioned as, 

[<1> (T/l2)] = . [ Pu (T/l2) ~~2 (T/l2) J l 
1 !:21 (T/l2) [P22 (T/l2)] N2 

l N2 

[<1> 5 (]JI-T/12) ] = 
[

MIl (U I-T/12) ~~2 (]JI-T/l2) J l 

~21(lJI-T/12) CM22 (]JI-T/ 12 )] N2+l 

l N2+1 
the final equation may be written as 

-1 
!i(O)= CG 2 (]Jl,]J2)] !.2(]Jl,]J2) 

where 

[S4(lJ 1 ,lJ 2 ) = [Cl] [<I>3(T/l2+lJ
2
-]Jl)l [C

2
] [S3(lJ 1 )] , 

~4(]Jl,lJ2)= [Cl]{~;(T/12+lJ2)+[<I>3(T/12+]J2-lJl»)X 
s 

(CC 2 1R3 (lJl)-~3 (lJ 1
»} 

(4.31) 

(4.32) 

(4.33) 

(4.34) 

(4.35) 

(4.36) 

(4.37) 
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4.5 Solution Algorithm. Case 2 

Once again the pro~edure depicted in Fig. 3.6 is 
1 . 

applied, however in this case it is utilized to generate the 

initial conditions at t.~2-T/l2. It is noteworthy,. that in 

Figs. 4.3(c) and (d) at each boundary point there is at 

least one commutation occuring. Because of this it is 

necessary to include a commutation current variable in' the 

initial state vector no matter w~ere the time origin' A is 

sèlected. 

4.5.1 Case 2(i), w~l~ 

Following the precedent of 
\..- ~ 

the previous section, the 

collected notation of this section is shown in Fig. 4.7. 

At the initial boundary time, t=U 2 -T/12 the commutation 

current must be included with the other unknown state 

var iàbles. The initial ,condi tion r-vector is advanced to t=U
1 

using the first state solution. 

~l (U I )= ~~(Ul)+[~l (~1-~2+T/12)J{~1 (~2-1/12)-~~(u2-T/12)} (4.4~ 

The first compatibility matrix (Cl] ta once agaln 

defined by Bqn. 4.4. Applyin~ the boundary cpndition at t~ul 

and the state solution fôr the second sub-interval 1eads to 

the expr ession, 

x 2 (T/12). ~5(UI'u2)+(S5(~1'u2)J~I(U2-T/12) (4.41) 

where 

[55 (U 1 ,1J 2 ) J .. [~~ (T/12-lJ1 )] (CIl [~l (lJl-1J2+T/12») 

!5~lJl,lJ2)· ~:(T/12)+[~2(T/l2-ul)]X 

" . 

) 

, 

1 

\ 
{ 
y 
i 

{-
j 

1 

i 

[ 

~ 
1 
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The boun~ry condition at t-T/12 has the f'orm of . -
Eqn. 4.11. C~bininq this b,oundary~condition with the state 

J 

solution for tne third suo.-:interval evaluated at t-T/6 r {' 

yie1ds, , 

(4.44) 
, 

Çomparinq the state vectors shown' in Fig8. 4.4(ç) and 

(f) 1ead~ ta the boundary conQition, 

wher"e 

1 0 2 
r-Q.---­
,1 0 

N2 , . 
o• . 

10 '1 
1 

l N2 

Substituting the partitioned state 

[~ (T/12»). ~ _ 
[

011 (T/12) Q~2 (T/12) J l 
3 021 (T/1~? [0;22 (T/12)] N2 

l N2 . 

l' 

" , 
(4.45) 

~ 

(4.46)' 

transition matr1x, 

. , 

(4.4"') 

. 
P1uqging Eqn. 4.41 into Eqn. 4.44 and, ,sub8titutinq the 

r esul t into the boundary condi tion of Eqn. 4'.45 yields 
\ _. 

~ (T / 6 ) = '!6 (11 1 ' lJ 2 ) + J S 6 (11 1 ~ lJ 2 -) ]! 1 (1l2 -T /12) . ( 4 • 48l 

J 

,.!I 

.( 
'\ 
1 
( 
1 
: 
t 

f 
~ .,1 

i 

, . 
, , 
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.... where 

(4.49) 

Eqn. 4.48 ls' substitubed'into the state solution for 

~he sixth sub-network, evaluated 'at t.~2+T/12, resulting in 

the expression, 

~ (\J2+T/12) ... ~('U2+T/U)Ht6 (U2-T/12).J {~(jJl'~2)-~ (T/6')} 

(4.51) 

As in the Case 1 ana1ysis, the final compatibility 
~-

matrix applies the T/6 "periodicity property a10n9 with ,tht; 

~ontinuity constraints. In Section 4.2 it vas mentioned 

that particular attention wa~ reqaired ln- applying the final 

boundary cendi tiens to the wye-br idge cOlllDutation curren'ts 
J, L 

for Case 2 analysis. Upon consideration of Figs. 4.3(0) ana 

(d) as well as the sketch of Fig_ 2.3(b), Eqn. 4.1 was 

derived. The remainder of the terms are ~atched by the 

equation 

!.i(\J2-'l'/12)· [C4]~hJ2+T/12) (4.52) 
. 

whefe [c
4

]was previoûsly oefined in Eqn. 4.20. 

&qns. 4.1 and ~.S2 May be combined to form an overa1l 

COIDpatibility rel,ation between ~l (U
2 

-T/12), and ~ (\J2 +T/12) • 

!.l (lJ2-T/12)· !1+[C51~(lJ2+T/12) (4.53).., 

) 

J 



72 

(j where .... 
p 

[fdJ~ [01 or 
\K .. [C

S
!- 0 

f- -~:l N2 

(4.54 ) -1 1 ~ 

2 N2 

UP9n substitution of Eqn. 4.51 into Eqn.' 4.53 the final " . 

matrix relatioR for the initial condition ~l (u2-T/12) in 
l , 

terms of the commutation times ls wrltten, 

( ( -1 
!1 ~2-T/12) .. (G3(~1'~2)] !3(~1'~2) (4.55) 

where 

[G3(~1,U2)1. [Il-ces] [~6(U2-T/12)J [S6(~1'~2)] rt· 56 ) 

!:3 (~1' ~2)" !S.1 +(C5J~ (~2+T/U):+ Ct6 (~2-T/l2)] (~(~l ,J.l2)-~ (T/6» 

(4.57) 

" '\S 

1 \ • 

t 

t 
l' 
1 
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o 0 

4.5.2 Case 2 (i i), 30 'wu 1 ~ 

As was done for Section 4.4.2, the four sub-interval 

solutions and boundary conditions are listed, and the 

initial condition relation derived by comparison with the 
o 

w~l <30 result. 

1) !o1 ('1"/12) .. !~ (T/12)+l411 (T/6-u2) 1 {!l h.l2-Y~).-!~ (lJ2-T/12)} 

2) Eqn. 4.25 \ 

3) X3(T/6)· !.;(T/6)+[413 (T/6 -U
1

)]{!.3 h.ll)-!.;(U
1

)} 

4) ~ (J,12+T/12)· ~ (lJ2+T/U)+ (~6 (lJ
2
-T/U) 1 {~(T/6)-~ (T/6)} 

1, 

(4.58) 

(4.59) 

( 4 • 60) 

The boundary conditions required to formu1ate the 

solution have already been presented as Eqn. 4.28, 

Eqn.4.29, Bqn.4.45 and Eqn. 4.53. With the state 

transition matrix for the fifth sub-network partitioned as 

in Eqn. 4.32, the final equation i8 written as 

xl (lJ 2-T/12)· [G
4 

(lJ
I

,lJ
2

)]-1 ta (lJ
I

,lJ
2

) (4.61) 

where \-

[G4 (!JI ,1.I2 ) Je [I]-le
S

] (~6 (lJ
2
-T/12») (Sa (lJ

I
,J,12)] (4.62) 

~(J,1I,U2)·(C5]{~(U2+T/U)+[~6(!J2-T/12)] (~(Ul,U2)-~(T/6)} (4.63) 

lSa(J,1I,U2 )J=rc3] lt3 (T/6-lJI )] [~2] ~S7(\.1I,J,12)] (4.64) 

.!!s (!JI' \.12)" [C3] {!.; (T/6) + lt 3 (T/6-lJ
I

) ] ([C21~ (UI , ll2 )-!; (U I ) ) } ( 4.65) 

. r ~2 (UI -T/12) l 
lS7 (lJI , U2) 1 = l [~~ (U1-T/U) lJ [tl (T/6-u2) 1 ( 4 • 66) 

fMrl (lJI-T/12~ 
R7 (lJ1 , u 2 ' = ~ (UI ) +~l (lll-T/12)J l d- [ts (lleT/ 12) J~ (T/12) 

r ~2 '(lll-T/12) J 
_U~2(1JI-T/l2)] {~~(T/12)-t~1 (T/6-ll2)1!.~(1J2-T/12)} 

(4.67) 

1 
1 

\ 

~ 
~ 

.. 
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4.6 Determination of Commutation Times 

The four vector equations developed in Sections 4.4l, 

4.4.2," 4. ~ and 4.12 give ini tial conditions in terms of 

commutation times for the converter operating anywhere 

within the range Since the 

commutation times are not known beforehand, the selection of 

t condition equation must be made to match the 

iterat~s. The flowchart of Fig. 3.6 could be 

include this step by inserting a selection block 

the inner loop, before BLOCK 1. Each time the 

time iterates àre updated the routine branches 
, 

to the appropriate evalu~tion of one of Eqns. 4.22, 4.33, 

4.55 or 4.61 

Once an initial condition has been formed, either at . 
t=O or t.~2-T/12, the solution is advanced, using the 

appropriate state solutions and compatibility matrices, to 

t-T/6 or t=~ +T/12. If the commutation currents are 

.UffiCi.ntl~mall at these points, 1 1CY (\lI) 1 and 

1 iCd (\l2+T/ 12) 1 the ini tial condi. tion ma~ be used to 

generate values for the network variables for an entire 

period. If sufficient accuracy has not been attained, the 

two currents are treated as the general functions, 

fl(~1,\l2)= icy(\ll) 
f2(~1,\l2)= i od (\l2+T/12) 

The roots of 

f l (1l1,J.l2)'"' 0 

f2(~1,J.l2)'" 0 

(4.68) 
(4.69) 

(4.70) 

l , 

l' 

. ' 
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are determined using a second order Newton method. If k ls 

the iterate number, the equations for the new iterates are 

wri1:ten as 

df 1 (u~'u~) /dlJ l 

1J~+l= 1J~ + df2(U~'1J~/dJJl 

k k -fI (U
1

,1J 2 ) 

k k 
-f

2 
(lJ

1
, 1J

2
) /DET 

where 
k k k k 

1 

dfl (U l ,lJ 2 )/du1 df l (1J1 ,1J2 )/dJJ2 

k k k k 
df

2
(Ul ,u2 )/du1 df2 (1J1 ,1J 2 )/du2 

.. 

(4.71) 

(4.72) 

(4.73) 

. ... 
p~tial derivatives ar~ appro~eù~numericallY. 

For ple 
df(kk kk kk l U1,1J2 )/du2- [fl (U I ,lJ2+A)-f1 (U1,U2)]/6 

where 6 Is an arbitrary step size. 

Although other methods may be used to solve Eqn. 4.70, 

practic.l experience indicates that the Newton method used 

converges rapldly for this application. 

4. 7 Surnmary 

Algorithms 

simulation of 

have .l""been formulated which allow for . ,. 
the twelve-pulse converter operating with 

commutation angles less than 6~. Separate formulations of 

the initial conditions were made dependent on the value of 

the commutation angle iterates specified. 
, 
The results of thls chapter allow fo~· a determination 
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of the commutation times and the initial condition vector. 

Por thëse results to be useful in design and analysis 

various forma of output are required. The next chapter \1eals 

with the development of output programs. 

'1 

.r 
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CHAPTER 5 

OUTPUT IN TIME AND FREQUENCY DOMAIN 

5.1 Introduction 

The algorithms developed in Chapter 4 allow for the 

numerical determination of the commutation times and the 

-? ini tial condi tion vector. For the purpose of analysis, it 

ia necessary ta present the results of converter simulations 

in a more accessible fOIm. First, in the time demain, plots 

of the vario~s network currents and voltages are produced. 

These plots aid in'understanding the converter operation and 

May be used to compare the conversion process under various 
o ( 

operating conditions. The second basic category of-output 

osed in this thesis is presented in the frequency domain. 

Frequency decomppsitions of the network currents allow for 

an evaluation of the ef~eet of particular circui~ elements 

on the characteristic harmonies. The frequency a~a1ysis i9 

particularly useful in the selection of filters and other 

network components designed to reduce harmonies in the AC 

network. 

This chapter describes the methods by which the program 

time and frequency domain outputs are produced. Equations 

are derived which may be used to calc~late the Fourier 

coefficients for any general piece-wise linear problem. 
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5.2 Time Domain Output 

To produce plots of the state variables and other 
{ 

network voltages and èurrents through a fullAperiod requires 
( 

the use of the initial condition vector, commutation times, 

sub-interval state solutions, compatibility matrices and 

transposition properties. Starting frem the appropriate 
-

ini tial condi tion vector, the_ f irst sub- interval state 

solution May be used to generate values at Any time t within 

the sub-interval. At the boundary time, the compatibility 

matrix May be used to formulate t~e initial conditions for 

the following sub-interval. This process is continued until 

plot points are generated for the entire defining T/6 

segment. 

aaving generated the required solution values for the 
o 

first 60 segment no further calculation of state variables 
1\ 

is required. The current :atP voltage values for the 

remainder of the period May be formed us~n9 the T/6 

transposition property described in Section 3.4.2. 

This method May be applied sttaight-forwardly when the 

network solution yields a wye-delta commutation angle in the 
o 

range, w~2< 30. For network conf'igurations in which w]J2 

exceeds 30 0 the defining T/6 segment was chosen to commence 
1 

meaningful 
" 

at ~~2-T/12. Therefor e, to allow for 

compftÎsons, the first step in g~neratin9 Case 2 plots-ia to 

use the transposition pr~erty i~ediately te gene7ate 

values between 0 ~ t <]J2-T/12. Applying the tr ansposi tions of 

Eqn. 3.13 te the state equations associated with the sixth 

1 __ ......... ____ , .. _"'--.. ... _, __ . _,,_ .... ..,._ ............. _n ...... _n ....... __ .... 
'-r~ --1----,------'. 

,4 
1 

:\ 
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i 
j 
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1 

sub-network and using the notation of Fig. 4.2 allows for a 

complete re-construction of the period commencing at t~O. 

A nLl1lber of the network currents and voltages are not 

includad in the state vectors. To obtain values far these 

variables throughout a period, KCL and KVL are used to form 

algebraic expressions in terms of the state variables. 
1 

These methods were utilized to produce the plots shown 

in Chapter 6. 

5.3 F5eguency Domain Output 

Output in the frequency damain is not directly 

available 'fran the reaul ts of the solution al go ri thms. 

Instead, the Fourier coefficients of the various current and 

voltage variables must be calculated fram the available time 

domain information. Rather than relying on numerical 

analysis programs, which calculate approximations to the . 
coe5ficients, the piece-wise linear descri~tion of the 

converter variables ls exploited to achieve analytical forms 

for the côefficients. 

The first step in the analysis, involves writing 

equations for the coefficients in each sub-interval. Next, 

T/6 periodioity iB applied ta generate ,values for the 

Fourier coefficients for a full periode 

---.,---- - - -- .. 

.r 

,­. 

1 
~ 
1 
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,. 
5.3.1 Caleulation of Fourier Coefficients in Piace-wise 

Llnear Problem C 

Each atate variable contained in the solution veetors 

of C~apter 4 May be represented by a Fourier series, 

x(t)- ao + J1 (akooskwt + ~sinkwt) r-
, 

where w -21f'T, and T is both the source and switqhlhg per iod 

for the converter. 
(! r 

The Fourier coefficients of Eqn. 5.1 May be written, 

a = (l/T)j~;tl x(t)dt (S.2) o., , , 

a' = T+t 
k (2 / T)f

t1 
1 x(t)coskwt dt (S. 3) 

bk = (2/T) f~+tl"x(t) sinkwt dt (S. 4) 
1 

For the general piece-wise 1inear problem discussed in 

Chapter 5 each state element may be sapar ated into 

componenta corresponding to the N sub-intervals per period, 

x(t)= x (t) , t < t < t +1 n n - n (5.5) 

where n ranges frOID l to N. 

~sing the def ini tion of Eqn. 5.5 the integr aIs ,/ of 

Eqns. 5.2 to 5.4 may be re-written, 

N tn' N 
a O = ( liT) 1: f +1 xn(t)dt = (1/T)n~1aOn (5.6) 

n=1 tn 
N t 1 N 

ak = (2/T)n.1 ftn+ xn(t)coskwt dt = (2/T) _E akn (5.7) 
n n=1 

bk (2/T) !1f: n+1 ' x (t)sinkwt dt = 
N tS. 8) , , = (2/T) 1:: bkn n n n n=1 

, .. 
o 

" 

Ëach term of Eqns. 5.6 through 5.8 May 

~analytically sinee in each sub-int~rval the 

o 

be ca1cu1ated 

state variable 

~""---.~~ "T"- __ - ____ ~ __ ...... '_' -0' __ ..... _,,_._._ ....... -._. __ 

lr§' 

1 
1 

) 

1 
1 

1 
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solution May be written (Appendix 1), 
L \ (t-tn ) 

xn(t) = dn+gnCoswt+hnSi~wt+t:lCtne' ~n (5.9) 

whue L ia the dimen~n of the n-th sub-interval state 

vector, and C tn and À tn are complex coefficients. 

The integrations of Eqn. 5.6 are s~raightforward and 

only the results for the sin and cos terms will be 

reproduced here for reference. 

The n-th term of Eqn. 5.7 May be re-written, upon 

substitution of Eqn. 5.9, as 

a = rtn+1 (d +g cos wt+h sin wt kn t nn n 
n L ~ .. 

+t.lCtne 1n(t-tn»coskwt dt (5.10) 

Each term of Eqn. 5.10 May be integrated separately, 

and the the overall result written as 

akn = (dn/kw) x (sinkwtn+1-sinkwtn) 

+ 

+CtnX{eÀtn(tn+1-tn) (À1ncoskwtn+l+kwsinkwtn+l) 

-Àtncoskwtn-kwsinkwtn }/(À;n+k2w2 ) 

gn x{ (tn+1-tn)/2 + (sin2wtn+1-sin2wtn)/4w} 

+hn(Sin~tn+l-sin2wtn) 

OR 

9 {(sin(k-l)wt +l-sin(k-l)wt )/2(k-1)w n n n 

+(sin(k+l)wt l-sin(k-l)wt )/2(k+l)w} n+ n 

+ hn{(cos(k-l)wtn+l-COs(k-1)wtn+1)/2(k-1)w 

+cos (k+l) wtn -co~ (k+l),wtn+1) /2 (k+l) w} 

.. ~-_........ -------
" 

k=l 

k~l 

(5.11) 

J 

1 
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1 

An analagous derivation for the sin term yields ,1 

bk = (d /kwl x (coskwt -coskwt Jl!!1) n n n' nT 

+Ctnx{eÀth(tn+1-tn) (ÀtnSinkwtn+l-kwco~kwtn+l) 
~. 2 2 2 
-Àtnsinkwtn+kwcoskwtn}/(Àtn+k w ) 

9n(Sin2wtn+l-sin2wtn)/2w 

+h {(t I-t )+(sin2wt -sin2wt il)/4w} n n+ n n n.,.. 

OR 

9n{(cos(k-l)wtn-cOS(k-l)wtn+I)/2(k-ltw 

+(coS(k+l)wtn-cos(k+l)wtn+1)/2(k+l)w} 

83 

k=l 

+h
n 
n~in (k-I) wtn -sin (k-l) wtn) /2 (k-l) w " k;l 

+(sin(k+l)wtn-sin(~+1)wtn+l)/2(k+l)w} 

(.Po 12) 

Eqns. 5.11, 5.12 and 5.2 a110w for the eva1uation of each 

component of 

contributions 

the Fourier coefficients. Summing 

of each sub-interval a110ws for 

determination of the overall coefficient& •. 

- 5.3.2 Application of T/6 Periodic!t:y 
, 

the 

a 

To Avoid the ca1culation of the coefficients of 

Section 5.3.1 for the 24 sub-intervals which constitute a J~ 
( 

full ~riod' of converter operation, T/6 periodicity is 

exploited. To illust~ate the applicatipn of this property, 

,the a~ coefficients ,of the stator phase current ia will be 

cons~dered. 

,To simplify the notat'ion used in the analysis, the 
> 

coefficient cOlI\ponents of the first two, T/6 ,se9ments are 

(5.13) 

,0 

r 

\ .' 
i ,1 

\ 

1 
1 , 
j 
1 

! 
r 
/, 
l' 
1 

f • 

l, 
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and . 

" T 

-.. 

a:(T/3)' = a:S"+ a;6 + ~f + .:8 

J 

where the sUP:erscrip~ ~ refers 'to ,the current la. 
, ' . 

" 

; 8:4 
~ 

(5.14) 

With this . notatipn, -the first four terms of Bqn. 5 .. 7 

May be written, -

~~ = (2/T)fT/ 6+tl i coskwt dt 
~ (T /6) . t'l a".' (5.13) 

, 

The next four terms of Eqn. S.7 are written, 

,<j a: (T/3) '= (2/T) f;~~!~l 1acoskwt dt 
1 

(5.16) . '-

-TheODcomputations invo1ved in evaluating the overall 

coefficients are greatly reduced by applying T/6 
- . . 

'periodicity. Applying t~e feriodiclty 'properties allows for 
, . 

Eqn. 5 .. 16 to be evaluated by modifyfhg the resu1ts achieved - \ . 
, 

in the firs~.T/6 segment. To aohieve t~is, T .b~T/~ is 

substituted ihto Eqn. 5.16. 
a '(2/T) fT/6+tl 
~(T/3) = t 1 ia(T+T/6)Coskw(T+T/6) d-c (5.17) 

Using the trigonome~r~c identi ty 

COSkW(T+T/6) .'COSkWTcoskwT/6 - sin~wTsinkwT/6 

Eqn.. 5. 17 Iqay be r e-wr i t ten as 

a:(T/3)=(~/~)X{~OS~WT/6f~~6+tl'ia(T+T/6)COSkWT dt 

(S.IS) 

. k T/6fT/ 6+t1 . . } .-Sl.n W 't 1. (T T/6) Sl.nkwTd"t 
1 a: 

(S~19) 

Applying the T/6 periodicity property, 

i a (T+T/6) = -ib(~) 
.' 

and .using a notation' conals.tant and S~l~, 

Eqn. 5.19 May be re-wri tten, , 
a b b 

ak (T/3) = (2/T)x{-ak(T/6)coskwT/6': bk{T/6)s~kwT/6} (5.21) 

ClearlY,thia .ethéd may be' ~pplied to~ the coeff~cient 

components for the 'remaineSer 
, - f 

of the period, to obtain an 

... ~ 

l' 

'1 

-", 

.' 
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expt~'ttion for the averall 'eoeffieiènts, Eqns. 5.6<, 5.7 and 
" " , 

5.8, in terme of the three-phase eompo~ents ~n the defininq·. 
'II> 1 

T/6.~~gment. In actua1 fact only two phase components of the 

. coefficients are r-equired since the followin,g e"tUations are 

satisfied. 

aa + ~b + aC =0' 
k k k (5 .. 22) 

and " , 
ha + bb + b~ =0 k k J\. 

. ' 

Applying th~ procedure described by Eqns. 5.17 through 

5.20, along with the phase transpositions ~escribed . in . -
Section 3.5.2, for the entite 'period. yields the overall 

~ coefficient-solutions. 
~ 1 

ak = a: (T/6) X{1-c~skwT/3 - coskwT/2 + co'skw5T/6} 

.. 

+a~ (T/6) ~ {-cos'kwT/6 - coskwT/3 + coskw2T/3 -1:- coskwST/6} 

+b~(T/6)x{SinkwT/3 + sinkwT/2 - sinkwST/G} 

'+b~(T/6)xesinkwT/6 + sinkwT/3 - sinkw2T/3 - sinkwST/6} 
(5.24) i, 

à 
hk = ak (T/6) xJ -sinkw1!'l3 - sinkwT/i + sinkwST/6} 

b 
+8k (T/6) x{-sinkwT/6 - sinkwT/~ + sinkw2T/3 + sinkw5T/6} 

a ' . 
,+bk (T/6) x{l - coskwT/3 - coskwT/2 +'coskw5T/6} 

b 
+bk (T/6) Xt-coskwT/6 - coskwT/3 + coskw2T/3' + coskwST/6} 

l . (5.25) 

l' 

,'! • 
" 

, . , 

t 

V .. 
1 

1 

.( 



' .. 
Il 

o 

1 

, " 
1 
[

l, . , " , 

.1 " .. .Î,. ' 
;11 ' 

." \ 86 
. -

..,. , 

S.4' SWllJllaCX T' 

• As 'was' the case in deVeloping the so~ution algor! thms. 

. , 

of Cbapter 4, 'r/6 peçiodici ty play~ 'a pivOtal role . in the 
1 

presentation of r'e~ults in both' the tisé and. frequéney 

domaine 'rime plots and ~outi:Etr coefficients are' deriv.èd, 

based' on the àefining state"solutions 
. . 

of the f irs t T/6 

segment. The results of this chapt;:er. are \lsed tp. qenera~e 

the output for the simulations 'of Chap.ter 6. 1 
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\ 
6.1 Introduc~ion • ", 

" 
For the soluti9n àlgoritruns,of Ch~er 4·to be useful 0-

in an engineeri environment, post-processing of the 

Chapter S described the m~thods which results 1e 

'exploi te4i 

periodici ty 

\ 
line,ar state ~egcription and 

tô generate-timè and .. frequen,cy demain 

r;esults. 

This chapter( d~onstrates "\Ithe use of these programs in 
q ~ 

the analysis of the, twe1ye":-pulse converter. Resulta are , 

and for varying opéraUng cond,i tio~s. .' 

" The final section is devoted to a br ief descriptio_n of 
~ 

the 'numerical aspects of the prog~am operation. sane of , 
-, 

,<IJ 
~ .Jo 

6.2 'lime Domain Results ~' i , 
The piece-wise linear descripton. of the c6nverter . 

, * 
allows fôrfnsiderable flexibility in thE formation of." 

outpu. t ~esul s. in t.he time dpmain. ~'llhrough tais description 
,; . . --. ~ . 

an xact for ulation for the networ~ariables solutio~s in 
~" .\., l' 

the initial conditions a~e avai~able for any poin~ . 
) 

Uma. This allows for" the production t"e.l.atively 
rA 

.. , . 

.> 1 

, , 

" ( , 

'. 

. , 
1 

" 1 

J 
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i'ne~pensive lllots of" \.\n'lilfti'ted ~Soiu.tion. 
~./ ~ ., ~ # 

-6.2.1 cot\:èr~er' ~~~h s~'unt AC-Filter~ ~\ 
... ,'. ". , 

" 

Th~ ~irst conv~rter qOnfi9ur~ti~n to be 

the CO'lft90tion of Fig. 3.'1 in Whi~h·.ll-th> 
,fil'ters ar e ~~ t~~hed to _ thyC 

ife simu1ation ~: 
, ' 

used in 
• \ ,1 

, • 11. 

1) Sourae- Valt,les, 

E .. ~1.65V 
rtt 

fa .. -' 60Hz 

e • 120 0 
• 

, , 

2) Transformer Impedances 1 .. . " 

LTl = LT2 • 50mH /l, 

-2 
RTl :II RT2 -.5xlO n 

l, 

.3) rilter Imped~nces J 

'L 11 .- 46.48mH 

C'~l =- 1.1394 \.IF 

R 1l: .. ' '~1184 n n 

L 13" ~,~. 48mB 

C 13~ . • 8958 \.IF 

R 13- 2.272 n 
. 

L Hp· 4.46mB 

C lIP" -3. 5~~ }JF 
1 

R HP'" 64.45 n 

. _--~---''-----------' 

, 
\ 

" 

'" 
) 

" 

1 • 

conside.ted 18' 

13'-~h' and HP r 

\ ' 

~. 
,or 

,( 
! 

! - \ 

1 \ 

n 
I-
l , 

1 

" i 
l 

~ 
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~d ::es:vn:a:::i~:<:im::::o:: :::'::::::: t::al:.~::~e::: 
, ~,:el.~~;'n of Hl \~~ re~~n":~ f r ~,enCies .~nd· quali ty factors 

will be <iit:!cus,sed in Sect!on, 6 .. 3 in which . frequency domain 
~ 

results are 'presented f'Or this system". 
( ~ 

, -6 . 
W!th t6e t01~, nee € .. ~et ~o 10 , as s~eifled,!,!I, ~ 

Eqns. 6.1 and-6.2 th ,progr~ converged to the steady-~~a'1:e~ : 
, , '.' ..... . .!.. -l 

ft sOlut~wo stepr.s. 

'1 l '~éy ~ jJ 1) 1 < € t . .' '. J . 
(.. 1 led (jJ2+T~12) 1 < f \ _ ' , 

(6.1) , 
" (6~2) 

) 

T~ bridges 'ha,J 'l~e)1t.i~a~,.ba~ transformer,: rati~. and 

sinee the., ~orme\ imped~e~' are ~qua1 in tnia 

. sim:1at~the' \ two eonmiutation angles 1 are 'idè~tica1, 
"," ". 0 • 

(&)~ = .7 

'l'he following contain plots Qf 'the varrous 
'\. 

network variables. Fig. :6.1 shows 

" curr~nts '.Jhe al9E!,tit'aie sum of i ~ 
lî'ig. 3.1, a1ong"'~ith the c-phase 

, 

the ~otal c-phase. bridge 

and i JI3,'as defined in z .. , 

stator' c:u~r!i!nt i c for a 

fu~l pe~iod. This plot dramatically 'inpicates the degree to 

whieho harmonies "are removed fran the AC system by' the shunt 

filte"ts. 1 1 

The two subsequent plots, Figs. 6.2 and ~.3 show th~ 

eurrents in the 1l-th and 
~ -" 

resPectively •. Thel magnitude of 

13-~tf harmonie 

the 

filters 

fr'equency 

, . , 

.. l.,.' 

a1ternating eomponents of t~e two currents, a~e betw~en S,and t, 
\ 

8 percent; of' the peak value of the fundéUjlental. earried by. 
. \ " 

the stator phase. As expected these results are below t,1)7 'g~r,' 

. \ 
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, - , 
l ' \. 

value'$ of 9~ l'.. and 7.71.. for: the ll-th and Il-th harmonie 

c~ne~ts of ~he brid9~ current& a~ zero Ooamutation. 
,. '/\ ,.. ...... '1 ., 

·Pig. ~.4 shows the current ~lowin9 through the 

capacitor C ,of the HP filter. The spikes in theOwaveform 
HP • 

the i~tants of to~,logy changes caused by valve 
~ 

oceur at 
, . 
firing or commutation. 

A1l three shunt currents contain' smali, fundamental 

components due to the three~phase generaëors. The final plot: 
~ \ 

for th~se ~ystem values is of the DC voltage vd shawn in 

P 19. 6.5 • 

o • 
" 

6.2. 2 Convetter vi th HP AC Pilter 

The next converter configuration to be analyse~ 

consists of the connection of Section 6.2.1 vithout the AC 

tuned filters. The HP filter is tuned to rernove all 

characteristic harmonies including the ll-th and l3-th. The 

system values used are= .. 

r 

t' 
r 
r' 

l' 
1 
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/'1 .... ... 

1) Source Value~, 
• 

EM - 81.6SV Ls 
. -60mB 

Id • • SA ~ • . lx 10-2n . 
f' ,. 60Hz e 

S 

e :ra 1300 

. . 

2) Transformer Impedances 1 

" 
LTI 

:1 LT2 • 50mB 

.5x lO-30 " 
R.rl ,. R.r2 :1 

~ 3) Filtet Impedance; 

LHP • 46.48mH 

'C
HP 

:1 1.2SluF 

R
HP 

:1 35 n 

The lower resistance reduces the 0: factor in the second .,., 
order HP filtet thus -allowing for eiif'ective operation over a 

wider range of~frequencies. The prQgram converg,d to 'the 
o 

final commutation angle values of wu= 27.9 in three steps. 

The increased commutation angles reduce the level of 

characteristic harmonies injected into the AC system. , { 

The st.ato,: phase current, l c ' is shown in Fig. 6. 6 fo~ the 

'operatrng conditions of this section. Cçmparison with 

Fig. 6.1 clearly indicates the superiority of the first . 
filterirlg scheme. Fig. 6.7 shows the 

j 

current through th~ HP 

fil ter. 
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6.3 Fregyeney Deeomegsition of Fu~l Filtering Scheme 

The' frequenay damain output algori thms d~s~it.bed in 

Seotion 5.3 were used to stuày the effect of the comm~t~tion 

anqles on the harmonie content of the stator phase ~urrent. 

The systein of Section '6.2.1, whieh was used for this 
" 

purpose, has the fOllowing fi1ter eharactertstics: 

1) ll-th Harmonie Tuned F ilter 

W =11. 526 XII) rad./sec'. r 5 

0=9.0'63 
...... .. . ~ 

2) 13-th Harmonie Tuned F il ter 

wr =13.0 xWS rad./sec. ,r 

0·7.7138 

3) 
~ 

HP ~ilter 
,. 

w';' =20.99 xWs rad./sec. 

0=38.33 

where the standarq definitions for the resonant frequencies .... 
and quality factors have been used. '. 

w = lllLe r 
Î (6.3) 

tW}ed fi1ter 

high-pass filter (6.4) 

Figs. 6.8 and 6.9 

current as a percentage_ of 

the commutation angle W\J. 

plot the variation of harmonie 

the fundamental component versus 

From Fig. 6. '8 the effeet of 'deviation fram the 

resonant fr~9uency may e~ear1y be seen. The Il-th harmonie 
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f iiter ia pooklY tuned and as" a consequence the ~tator phase 

current contains relativ~ly large componénts of' the Il-th 
• ...,.-- 1 .. 

harmonie current for the ent~re~range, of c~utation anglesr 

Fi~. 6.9 plots the next ;argest.pair/of characteristic 

harmonies ~'nerated by the, tw~lve-pul~e c..onvarter, the 23':'ra . ~ 

and 2S-th components. .;. V 

Both graphs disp1ay the advantag@, in terms of ha~monic 
~ l " 1 

reduction, 
... ~ 1 

achieved by operating 

..... co~on. ang,le:-. 

• 

\ 
6.4 Nwner ica). AS2!cts of Results 

""'" 

thê br idges 

. " , 

"'. / 

w1th 

;, 

large 
~ 

.. 

. ..... 
The examples of Sections 6. 2 and " 6. 3 have shown ttiat 

the prograrn converges raptd1~ to~th~ steady-sta~s. 

Wi th . equa1 commut a'pion ~ngles. in the' wye and del ta br idges , . . 
conver9~nfe ls, usua~ly achieved in three(or four iterations. 

,In configuratio~s where the two angles have different valueâ , 
the. toler an ce is met within se~èn o~ eight steps. ... . ... In both 

cases the r~dity of convergence 

is d~pendent o~ the i'ni tia1' guess 
of" .' 

with the Newton,algorithm 

used. 

As an example of the' performance of the prog!am in , , 
l , 

'arriving ~t. the ste~dy~state results,. a sim~e system with . ' 

only one shunt 'eleme,nt pel: phase 'was studied. The dimension 

of the 'state vectors,far non-commutatipg 

this system are equal to four • 

. 
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Using the ~ABL V7A Model 470 Qomputer the pr 6gr am 
, .. 

'requ!red .71 s'ec:onds tÔ-èoQlpi1e and "".69 ~s'econd~ t,o execute. 
~ . \ . 

T~e-obje~t code required 76 kbytea'of storag& while 7 'kbytes 

were needed for array storage. Clearly, for la~ger syàt~s 

ti~e requirements increase rapid1y due to the, elgenvalue -
, . 

calcu1~tions and matrix manipulations. However significant , 

savings can be -achieved in the study of sYstems by c;ompiling '~'" 

the [A) and [S] matrices and cal~ulati-ng and storing the 

elgenvalue solution matrices separ~elY. The ammou~t of ~im~ 
, 

requireato calculate results for a fixed config~ration with 
, 1 

ch~nging .inputs could thus be gr:eatly reduced. ... 
The main sub-routines used to study the syst~ of 

.~ J 

'Section 6:2.1 are listed in Appe~dix B. The eigenvalue 
'-

e'valuation and linear equation solution routines used are 

from the IMSL suproutine 1,ibrary [ 27 J. 
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• 
CONCLUSIONS '-

.. , 1 -
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10,4 

/-
1 

~7.1 Conclusions 
... 

A piece-wire linear approach is applied ta, the analysie 

of, th~ twel~e-p~s-e- <eonveM(er _ Further, by fully expioi ting' 

the symmetry pr,operties of the 'time-varying converter 

topology, the complex~t!es of 

significantly reduced. Applying Newton's to he 

solution of the final no~~linear equatons, rapid cOQvergence 

to the steady state values ls achieved. . ' 

S~gnificant achievements presented in th!s thesi~, 

1 

beyond mat.rial already presented in the ,literature, include; 
\ 

, 1 

(1) A simple appr~ach is presented for modelling the 

winding 1 current distributions in the wye-delta 

transfo~~' during bridge operation. 

( 2) ber of state variables required to model each 
~ 

sub-network is reduced by t~king into account the 

three-phase s etry of the AC sect~on of the cony~rter. 
4 ~ 'J? 

of the converter is resolved,into four r(3) The 

separ.ate probl cor~espondi~g to various combinations 

.o,f the j~O bri ~e commutation angles in the range, 
o 0 

UJll1 < 60 , UJJ.l
2 

< 6Q • 

'(4) For each ra~ e of commutation angles- a pair 0( 
~ . 

non-linear equations are deri ved}n terms of lJ 1 and J.l 2 • 

"'\ 

. , 
,J 

~ 
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i 
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.. -
Durlrig solution the commutation t~me itera~es aré 'used to 

specify which pair of equ'ations are to be used in the 
~ 

subsequen~ iteration. 

Analytical e~ations 

\ 

are _~eveloped for the 

determination,of the fre~ency distribution in piece-/ise 

linear configurations •. 

( 

7.2 Suggestions for,Further Investigation 

Since much of the ~nalysis of power networks involves . 
the determination of steady-state values., the a1go,ri thms and 

progr ams developed in this thesis have a nwnber of 

applications. Further research in this field could include ,-
investigation "of the' fo11owinq topics: 

, . 
(1) • ,Incorporation of a more detailed of the OC 

section pf, the conver~ including filteri\ 

el~ts and translQ.isslon line equivalents ould all~w' 

for ~.etailed stoady-stato anal~~ of mUlti-t~ :lnal RVOC 
connections. Such studies would be particularly u 

• 
analysing control strateqie-s applied to 

<?' 

'Oonf igur ations • 

(2) Re-definition of the system forcing functions and 

equations in terms of terminal power values' wou~d allow 

for the ~clusion of' these programs in hybrid load-flow 

analyses. The proqrams are particular~y economical for 

these applicatons since only modifications to the source 

vectors are required between Iterations. • • 

.. 

i 

1 

l' ~ 
1 
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The programs frequency doma~n output makes it a . q • 

potential1y u~ful taol in analysing strategi.es to reduce 

charactertst~c harmonies. In patticular the routines 

could be inc~udèd as par~ of a general program for the 

selectiOn of optimal ,;filter components' and configurations 
• 1 Î<"ft" 

sUbject to'constraints Buch as cost. 
"' 

(4) The general appro4ch presented in this thesis for 

handling piece-wise linear configurations could .be used . .. 
in conjunction with , a symbolic:, language handler [28] to 
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APPENDIX 1 c;. 1 

FORMATION OF SYSTEM MATRICES AND 
1 

STATE SOLUTIONS 

/ . 
~~yi~g KVL and KCL tb the bridge sub-networks, a 

system of first-order differentia1 equations may ~e wr~tten 

in terms of the network constants. 

( 1-1) 
, 

The system of equations may be re-arranged as, 

!n (t) = [An) x (t) '+ [Bn) ~ (t) ",.' ·«1-2) -n, o • 

• -... :.~. I··~II': .. ~~ .. ~~ . 
. The state-transition matrix for Eqn. 1-2 is cabtulàted, 

from the expression, 

[~n(t)] = [~] e[An 1t '[M ]-1 ( 1-3; n 

where [M ,] 
n is the matrix of eigen-veetors for the [~l 

matrix and [An) is the diagonal which satisfies the matrix 

, relation, 

[A ) = [M] [A) [M J-1 
n n n n (1-4) 

Eigenva1ues and veetors are ca1cu1ated numeriea11y , ~ 

'using the subroutine EIGRE from the IMSL subroutine library. 

For the specifie application of the bridge converter 

the forcing function of Egn. 1-1 takes on the form, 

' 1> 

. , . 

-'\};- (·t-) = coswt a + sinwt b + c 
-n -n -1l-n 

(1-5)'-. -

" whère ~, Èn' and ~ are constant yectors. Given the 

forcing function of Eqn. 1-5 the ZSR of Ego. 1-1 has th~ 
genera1 form, , .' 

~ZSR(t) t 
-.~ == cos \' !In + sinwt ~ + ~ 

.. , 
• ~ t,.. 

.. , ~7 -. ----~ -.- --------~-._-----------;,-.... '~" 
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Substit~ting Eqn. 1-6 into the state equatians, 

Eqn. 1-2 and matching coefficients 1eads ta a matrix 

( 1-7.) 

." , 
(1-8) 
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APPENDIX 2 . 

COMPUTER SUBROUTlNES 

~\ t'. ., ',1 

'l'M' ' 
) 

'Th~ subroutines -used to implement the algorithms of 

Cha.ptèrs 4 and 5 are listed on the following pages. The 

~routines LEQTlF, LEQTlC and EIGRF are from the I~ 

Subroutine Library Package'. For further documentation on 
1 

these sul5routi œs consult r~ferenée 27. ,,' ;-,., 
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• c ~ 'c 
SUBR:X1l'INE MA.'lMlL (Nl,lJa, N3,N4 ,NS,N6, N7 ,N8, N9 ,A,B,AB) 

C C 
C AI AClU\L DnElNSIQI (Nl,N2) C 
C W:)lWt«; DIMIR3IQI (NJ,N4) C 
C BI PC.l'tJAL OIMl!N3IQI (NS ,N6) C 
C K)Rl'C[l«; DIMlR:)IQI (N4 ,N7) 'c 
cr ABI ~ DDENSICN (NS,N9) C 
C ~ DIMENSIQI (NJ,N7) C 
C C 
C 

IMPLICIT ImL*8 (A-H ,o-Z) 
DIMI!N)I(N A(Nl,N2) ,B(NS,N6) ,AB (N8,m) 
00 11=l,N3 
00 1. J1IIl,N7 
AB (I,J) =0.00 
00 1 L-l,N4 
AB(I,J)~(I,J)+A(I,L)*B(L,J) 

l CCNl'INUE 
~ ~~ 
END 

C C 
sœHlJl'INE MMVEX:(N1,N2,N3,N4,NS,N6,A,B,AB) 

C C 
C AI 1C1'UAL Dne5I~ (Nl,N2) C 
C WJRI(DI; J)Dl!NSI(N (NJ,N4) C 
C si ACl'UAL DIMENSICN (NS) C 
C W;)~ DIMENSlCN (N4) C 
C ABI N:!l'UAL DIMENSICN (N6) '1 C 
C iORKnG DIMf.NSICN (N3) C 
C C 

• IMPLICIT REALit6 (A-H,o-Z) 
DIMENSlCN A{Nl,N2) ,B(NS) ,AB(N6) 
DO l l-l,N3 
AB(I)-O.DO 
00 l K.l,N4 

1 AB(I)~(I)+A(I,K)*B(K) 
RE'l'tm 
END • C C 
SU3lO1l'INE CMMMJ (Nl ,N2 ,N) ,N4, NS ,N6, N7 ,NB,N9, ZA, ZB, ZAB) 

C c 
C FOR DIMENSlCNIOO sm StlBlU1l'INE MMHlL C 
C C 

<XI4PŒX*l6 ZA(Nl,N2} ,ZB(NS,N6) ,ZAB(NS,N9) 
DO 1 l-l,NJ 
00 1 J·l,1ft7 
ZAB (I,J)-ccMPLX (O.DO,O.DO) 
00 1 L-l,N4 

1 
1 
1 

) 
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~(I,J)·ZAB(I,J)+ZA(I,L)*ZB(L,J) 
1 CC'NrINtlE 
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c , ., C 

StlBRX1.rINE IN'l"SŒ. (T ,N,K> ,K;r!'ti,XlS) 
C c 
c PœPœ;E : FOlMJIATE ZERO S'1'ATE RE'SPc:N;E AT DIl"F'ENENl' TIMFs • . c 
C.., .C 
C CALLm:; PARAME'rERS : Tl TIME !UR EVALt.lr\TICN ' ' C 
eN: sue-INl'ERV'AL DIMI!NSICN ~ 'IRIS CAIL C 
C Ml, POINl'ER oro 0 VWl'OR IN <XHOI ZSR C 
C K;; POlNI'ER oro G :vmœ IN ~ ZSR C 
C Ml1 PoIN1'ER oro.H V!X!roR IN ~ ZSR C 
C XlS (N); SCLtJrI<N VECroR TC BE BE'ltJRNED 'l'O C 
C ~ CALLnG RCX1l'INE C 
C C, 

c 

IMPLICIT lBM,,*S,(A-B,o-y) ,CD4PLEX*16(Z) . 
CXltMJN ,I<:a6T,IASOR:: (4) ,B&llC (4) ,éSC&: (4) ,ELS,R:; ,ELL,RL ,ELT1 ,Rl'1, 

.ELT2 , Rl'2,EID ,EN,AIPal\,AYED,PI ,cax;.&.,SR3 ,U10 ,U20,S'ŒP ,EPSI ,DEL,REDU 
",Nl,N2,IVEX:,M,ln,K2,1(3,K4~ . 
~ IZSB/VE03(66) 
DIMER:;ICN XlS (N) 

01'=2 .DO*PI*6 .01*'1' 
00 10 I=l,N .>1 

10 XlS (1) =VEX:S (foG+ l -1) *rx::0:3 (or) ~VEXS (MH+ l -1) *DSIN (or) +VPX:S (K>+ l ~ 
, REmJRN 

.,..,. 

1 

--

1 

i 
1 . 

) 

i 

! 
1 

1 

!1" 
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, ' 

SUBlD11'INE iDG CT,N,MP ,MVC,X ) 

PUPœE : <DJpt1l'E ZER:>-INP RESPœSE GIVJlN EIGI!N-~ AND 
.~ 

c c.AI.Lm; PAaAME."ŒRS 
C 

: T; TlME AT WBIQI '!'HE sa.UTICN IS 'lU BE • 
~T1!D 

C 
C 
C 
C 
C 
C 
C 
C 
C 

N; SUB-INŒRVAL DIMENSICN :roR 'l1fiS CALI.. 
.HP; POlNl'ER 'ro f.ODM. MA'DUCES IN ~ ZIR 
~; POINl'ER '1'0 ElGENVALUES IN CXHDl ZIR _ 
XlH (N IN); SŒ.t1l'ICN ~TRix TO BE R::'ruRNEI} oro 

CALLDG lU1rINE 

<XHI:E BLœKS: ZIR; a:Nl'AOO K>D!\L MATlUCES AR) EIŒ:NVAWES EOR 
SCLt1rICN 

C 

C 
e 
c 
C 
C 
c 
C 
c ... 
\". 

c 
c 
c 
c 
c 
C 

C 
C 
C 
C 
C 

ltVUN VARIABLES: ZEIG; EI~ OONED HERE 1____ C 
-'1; EI~ K>JllU, MATlUx JIAMW.tiIJ HERB C 
ZP2; EI~ ~E K>DAL MAmIX LClADED HERE C 
ZIU; MATRIX USED TO :raID IN'.l'EIMmIATE REStlLTS C 
. 

C 
IMPLIClT REAL*8 (A-H ,o-Y) ,cx:MPLEX*16 (Z) 
C tM:.N /zIR/Zva: (211) 

C 

~ /a:N3T/ASOIC (4) ,BSCD: (4) ,CSOR: (4) ,ELS,IS,ELL,RL,ELTl,Rl'l, 
".ELT2,Rl'2,EI:D,EN,ALPHA~AïED,Pl,GmGA,SR3,UlO,U20,STEP,EPSI,DEL,ŒDU 
• ,Nl,N2, IVEX:,M,I<l,K2,R3,K4 
DIMENSlCN XlH(N~N) ,ZEIG(6) ,ZPl'6,6) ,ZP2(6,6).·,ZKl(6,6) ,XCCN(2) 
E():JlVAI.1!N3 (xcx:N (1) , ZCŒ) 
NO=aN**2 
00 10 J-1,N 
ZEIG (J) -~ (MVC+J-l) 

- DO 10 l-l,N 
ZPl (I,J) i'l'zv:EX: (MP+I-l-fN* (J-1) ) 

10 ZP2(I,J).ZVS:(MP~I-1~{J-l» 
c 

'C ZRl. (Z) * (EXP I.Ar4m1\*T): ZPl= (ZKl) * (Z)INV 
C 

c 

DO 20 J'Fl,N 
ZCIN-ZEIG (J) tr 
ZEaCŒXP(~) 
DO 20 l-l,N 

20 ZKl(I,J)=ZPl(l,J)*ZE 
CALI, Q4l.\'OO (Nl,Nl,N,N,Nl,Nl,N,Nl,N1, ZI<l,ZP2, ZPl) . . 

~j • 00 30 I-1,N 
00 30 Jal,N 
ZCXN-ZPl (t ,J) 

30 XlH (1 ,J) -XXN (1) 
C 

--_._._--' 

( 

( 

' .... 

1 

l' 
'1 
~ 
~ 

! 

i 

1 ; \ 

) 
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c' c 
suaaourINE EQOAl(Ul,U2,L,F,G) 

c c 
C PURPœE : FOm FtNCrICH3. Œ' cnM1I'A'l'IQI amJ:en'S F AN:> G C 
C roB. ~E 1 (1) J C . 
C 0 C 
C CALLOO P.ARAME'.ŒRS : Ul ,U2 ; ITEM'Œ VAWFS CF lNlEPJN:ENT C 
C VARIA8LFS C 
C ' L ; -1 FIRrr CALL, CAtaJLATE AIL <:n6TANl' C 
C . VAI..UI!5 AS WEIL AS F,G WITH NEW ItI)EP. C 
C VARIABLES C 
C : a2 CAICtJLATE F,G WITH som INDEP. VAR. C 
C TA.[(IR; œ NEW VAWES C 
C ~ =3 CAICtJLATE F,G WITH ut TA((Iti; CN NEW C 
C VALUE C 
C· '=4 CAIœLA'l'E F,G WlTH U2 'l'A(WI; CN NEW C 
C VALUE C 
C C 
C ~ VARIABLES -: P1(6,6) K>Dt\L MATRIX K=-1 AT T=-ut C 
C P2U2(5,6) ,P22Ul(S,S) ,P11l2(6) ,P2ll1l(5) , C 
C PARl'ITICNS Œ' Pl(6,6) C 
C 03 (6,6) r.t:>J:lU MA'l'RIX K=3 AT T-U2 C 
C 02l22(5,6} ,02202(5,5) ,01112(6) ,02llJ2(5) C 
C C4(S,5) sœ-INTERIlAL CCMPATABILITY MATRIX FOR C 
C K-l AND Ka4 C 
C P2Tl2U M)DAL MA'nUX K*2 AT TaT/l2-Ul C 
C P4Tl2U leDDAL MATRIX K=a4 AT TaT/l2-U2 C 
C BU1 (5,5) ,AU2 (S, 5) ~IATE MATRICES C 
C R3U2 (5) ,R4U! (5) ntl'EIMmIATE VF.Cl'ORS C 
C VWl(S) ,Vri2(S) \'DR!( vml'ORl C 
C X S AL[. VECroR9 CF THIS FOFM ARE ZSR' S C 
C C 
C ~ BLOCl<S : o::NS'l'1 NECE.SSARY CXN3TAN'I'S C 
C W\'.roRO, MA.'l'RICES LIS':ŒD ABOlIE S'1URED HEBE C 
C S'rA'l't:7 v.tmae LIS'l!D ABOJE S'lORED SERE' C 
C y - ~ 

c 
C 
C 

IMPLICIT A!'.AL*8 (A-H ,o-Y) ,CDo!PLEX* 16 (Z) _ 
OOMMON /CCNST~(4),BSOAC(4),CSORC(4),~,RS,ELL,RL,ELTl,Rrl, 

_ .ELT2,RL'2,Et.O,D1,AUlHl,A'mD,PI,~SR3,Ul<f,U20,S'ŒP,EPSI,DEL,REDU 
• ,Nl,N2,IVEx::,M,Kl,K2,K3,K4 '. . l ' 
COMMON ~1P1(6,6) ,Q3(6,6} ,02122(5,6) ,P2122(S,6) ,BUl(S,S), 

.C4(S,S) ,P22Ul(S,S),P2T12U(S,S},P4Tl2U(S,S),Q22U2(S,S) ,AU2(S,S}, 

.R3U2(S) 
CXMœ ;1)TA'l.'E/GAR8(llS) ,Xl.SO(6) ,X3S'l'l2(6) ,XlSUl(6) , 

.X3S12U(6) ,X2STl2(S) ,X4ST6(S) ,X2St1l.(5) ,MUl(S) , 

.VWl(S) ,VW2(S) ,VN3(6) ,X4S1'12(S) ,VW4(5) 
DIMEaIŒ WK(6} ,VB:X(6) ,AlX(5,S} 
GO 10 (lO,20,~0,30),L 

CAIalLA'.Œ AIL ~ oor man:~ U1,U2 

10 '1'0-0.00 
\. 

1 

) 

~ 
1 
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C 
C 

" C 

T6·1.DO/~(6.Dl*6.DO) 
'1'12=1.00/ (6.01*1. 2(1) 
CAU. ~(~,Nl,1,7,13,XlSO) 
CAU. ~(T12,N2,37,42,47,X2ST12) 
CAU. lNl'S(I, ('tl2,Nl, 19,25, 31,X3S1'l.2) 
CAU. ~(T6,N2;S2,S7,62,X4ST6) 

rotM <lK'ATIBILrrY MATRIX C4 8E'DiBBN [(-1 IR> [(-4 

DO II l''l,N2 
DO U J.l,N2 

11 C4(I,JjaO.DO 
C4(l,l).l.DO 
C4 (1,2).1.00 
C4 (2,1)-1.00 
C4(3,4)-1.oo 
C4(4,5)-1.DO 
C4 (5,3)-I.DO 

C . -( • 
C ~ œ PH:GWI CAUl1LA'l.'E9 N!.W VAIllES CF F,G FlOl ImEPENDENl' 
C VARIABIE l'l'ERA'l!S 
C 

C 

20 'l'1-ul./(3.6D2*6.Dl) 
'l'12Ul-x'12-T1 

t 

C FQR.t M:>nM. ~T1UCES DEPENŒNl' CN tU 
C 

CALI.. IQG(Tl,Nl,1,195,Pl) 
00 21 I-l,N2 . 
DO 21 J"l,N! .';. 

, , P2122 (I,J).P1 (I+l,J) 

~ - ...... _- -- -, , . 

C 
C 
C 

IF (J .Gr .N2)Q) 'lU 21 
P22Ul(I,J)·P1(I+l,J+1) 

21 CXlfl'Dkl! 
CALL IDG ('1'1201,N2, 145, 207, P2Tl2U) 

~ INr.9QL(T1,Nl,1,7,13,XlSUl) 
CALL INr.9QL(Tl,N2,37,42,47,X2SU1) 

FOEM sa.,ortœ ~ AM) MP.TRlCES IEP!NŒNl' CN 01 
l. , 

CALI. MMHJL (N2,N2,N2,N2,N2,N2,N2,N2,N2,P2T12U,P22U1,BUl) 
CAIL MMVB:! (N2,Nl,N2,Nl,N1,N2,P2122,XlSO,VHl) 

, ~ 2S 1-1,N2 ' 
25 VW1(I)--VWl(I)+AE!D*Pl(I+l,l)+XlSUl(I+l)-X2SU1(I) 

CAt.L .'l'\7!X: (N2,N2,N2,N2,N2 ,N2; P2T12U , m,R4Ul) 
,....----..QO 26 I-l,N2 
! 26 Mm (1) -MOl (1) +X2Srl.2(I) , . 

/ C , 
00 '10 (30,30,40,30),L \ 

C . ,4 

C CAI.COLM'! ALL ~ AR) MM.'RlCES RB(JJIRIR; l'l'I!a'œ CP ~ CNLY 
~ ~ 

~ "'fi ., ',\l, ~ll 

. . - ~ . _. - , fi '\ .----- .... ..,(----~ .... -
j" 



( ). 

c 

c 
c 
c 

c 
c 
c 

c 

" 30 T2a02/ (3.602*6.001) 
Tl2U2-'r12-T2 
T12U2P=aT12-+'l'2 . 

Pœt M:>Dt\L ~TRICES ŒP~ CN U2 

cAu. fI:l4J(T2,Nl,73,201,03) 
DO 31 I-l,N2 
IX) 31 J:-l~N1 

. 02122 (1 ,J)-o3 (1+1,J) 
IF (J .Gr .N2)OO TC 31 
022U2{I,J)-Q3(I+1,J+l) 

31 c:r.tll'INUE 

POR-l ZSR' S IEPENDENl' CN U2 

CAU. IN1'SCL(Tl2U2P,N2,52,57,62,X4STl2) 
CAU. JNl'SC[, (TI2U2P ,Nl, 19,25, 31,X3S12U) 

C POlfoI SCU1l'lQrI VEClœS AR> Wa'l'RICFS ŒP!lIDPNI' CN U2 
C 

C 

CAU. HOMG(T12U2,N2,145,207,P4Tl2U) 
CAU.. ~ (N2,Nl,N2,Nl,N1,N2,Q2i22,X~12, VW2) 
DO 3S I-l,N2 

35 VW2(I) -VW2(I) +03(1+1,1) *AYED+X3S12U(I+l)-X4S'r12(I) 
CAU. MATV!X:(N2,N2,N2~N2,N2,N2,P4T12U,W2,VWI) ~ 
DO 36 I-l,N2 \ 

36 VWl(l) -VWl(I) +X4S'l'6 (1) 
CALI. .'1'Vl!X: (N2,N2 ,N2, N2 ,N2 ,N2 ,C4, VWI, R3U2) 
CALI. ~'1MJL(N2,N2,N2,N2cN2,N2,N2,N2,N2,C4,P4Tl2Ù,AlX) 
CAU. ~'lMJL(N2,N2,N2,N2,N2,N2,N2,N2,N2,AlX,Q22U2,AU2) 

c c.nenœ: Mà'l'RICES AM) VECl'ORS 'lO !'ORt! F & G 
C 

. 40 CALI" ~'lM1L(N2,N2,N2,N2,N2,N2,N2,N2,N2,AU2,BUl,AlX) 
DO 41 I-l,N2 
00 41 J-I,N2 
AlX(I,J)--AlX(I,~) 
IF (I.EQ.J)AlX(I,J)-.AlX (I,J) +1.DO 

41 cnmNUE 
c 

C 

c 

~ ~ (N2 ,N2,N2 ,N2, N2 ,N2 ,AD2,R4Ul, VWl) 
DO 42 I-I,N2 

42 VWI(I)-VW1(I)+R3U2(I) 

IDGl'=-5 
CAU" LBQrlF (AlX', IVEC, 5,5, VWI, IOOl' ,~, IER) 

VW3(1)~XlSO(I) ~ 

" DO 43 I-I,N2 
4'3 VW3(I+I) aOO(I) -XISO (I+1) 

CAU. MA'lV!X! (NI ,Nl,N! ,NI ,NI,Nl f Pl, VW3, V!CC) 
00 44 I-I,NI 

/ 

11 

, \ 
\ 

1 
1 

1 
! 

1 
j 

~ 
j 

1 

• 1 

, 
i 
i 
1 

i 
1 
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~ 
c 

. C 
C 

c 

c 
c 
c 

4J'VECX(I)SVBCX(I}+XlSU1(~} 
F • ICl(U1) 

F-V.ECX(1) 

G • Ie2 (Ul't'r/12) 

DO 51 I-l,Ni 
G-G-Q3(1,1)*X3ST12(I) .. 
IF(I.G'l'.N2)OO TC 51 .' 
G-G+<l3 (l., I+l} * (X2STl2(I)+VW4(I» 

51 <DfrINtlE 
.Œ'lURN 
END 

) 

r 

" 
--~--~-----------

120 1· 
l 
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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 
C 
C 
C 
C 

SUBROUT~ ~(U1,U2,L,F,G) 

PURPCSE: FO.R4 Ft'NCTIQiS CF CXJM1l'ATICN anuen'S PUR 
~ 1(11) 

CALLIOO PARAM1!'lERS: 01,U2 ; l'l'ERA1E VAU.JES CF INDEPamENr 
VARl:ABLES 

L ; -1 FIRST CALL, ~.ALL a:R3'l'AN1' 
VALUES • 1t!!I.t. PA' F,G Wl'œ NEW 
INDEJ?1!NŒNr VARIABLES·t _ 

-2 CAJ.alLA'Œ F ,G wrm BOrH INŒPOOENl' 
VARIABLES TAKIM,; CN NEW VAWES 

-3 CAUlJLA'l.'E F,G WITH Ul 'l'AKIlI,; œ N!.W 
VAWE 

-4 CAIalLA'l'E F,G WI'Œ U2 TM<IN:; œ N!.W 
VAWE \~ 

WUN VARI1\BLES: P1(6,6) M>DAL Ml\TRIX K-1 AT '1'=Ul 
Pl222(S,6) PARrrrICN CF Pl 
C4{S,S) StlB-INl'ERVAL <D!PATIBILITY MA'IRIX 

BE'l'HI!!EN K-1, 4 
PS0112(7 ,7) M.XJU, MATRIX K-S AT '1'-01-'1'/12 
lU2l2 (6,6) PARrITICN CF PSUl12 -
P2'rl2U (5, 5) K>I]U, MriTRIX 1(-2 AT TaT/12'-U2 
03012(6,6) K>DM. MATRIX K-3 AT '1'-'1'/12+02-U1 
Y4Ul2(6,6) ,XMM'2.(S,6) ,N:J2(S,S) ,SK1(6, 5) 

IN'l'ElHDIATE A!'StJ[,T ~nuCES 
XZ4(6) ,WVl(S) ,WIJ2(6) ,WV3(6) ,W4(6) ,WVS(7), 

WV8 (5) ,WV9 (7) K>RI{ VEaœS 
X S ZSR'S ~ 

cx:JtM::R BUO<S: CXN.:;T; NBCESSARY CXH;TANrS 
f.9.'roRO, K>R[{ f.9.TRtCES 
S'lM1:; N:)R!{ ~ 

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 
C 
C • IMPLICIT Œ'.AL*8 (A-B,o-y) ,CDtPLEX*16(Z) 

c 
c 
c 

COMMCN ~~5Ul12(7,7) ,Rl222(6,6),P1(6,6),P1222(6,S), 
.03012(6,6) ,XMATl(6,6),Y4Ul2(6,6),~(5,6),C4(S,5),P2T12U(5,5), 
.N:J2(S,S),SK1(6,S) ,XSSUl(7),X3SOl(6),X3S12D(6),XZ4(6),~5(7) ,~(7) 
• ,X4ST6(S) 
CCM01 ./'S'm'lE/X5STl2(7) ,WV3(6) ,WV2(6) ,XlSO(6) ,XlSl'12(6) ,WVl(S), 

.X4Sl2U (5) ,WV8 (5) ,?N4 (6) ,WK (210) 
COMMCN /CXH3':Ç,/ASaC(4) ,BSlEC(4) ,CSCIC(4) ,E[S,I5,ELL,RL,ELT1,Rl'l, 

.ELT2,Rl'2,ELD,l!M,AtPSA,AYED,PI,CIEG\,SRJ,UIO,U20,S'lEP,EPSI,OEL,REDU 
• ,Nl,N2,IVS:,M,ll,K2,K3,K4,KS,NS 
GO ro / (l!Q, 20,20, 30) ,L 

CAI!XlLA'lE ALL c:x:tSTANl' VEm'ORS AH) M\TRICES 

10 '1'0-0.00 
'1'6-1.00/ (6.D1*6.oo) 

If 

J 
f 

1, 

~ 
1 

1 

< 
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f 
1 
t' 

122 1 
1 

(-) 
f 

t 1· 
1 

Tl2a1.DO/(6.Dl*1.2Dl) 
CAU. IN1'StL (1.'0 ,Nl,l, 7 , 13 ,XlSQ) 8 
CAU. INftQ..('1'l2,Nl,1, 7-, 13,X1STl2) 

, CALt. _ JNJ:$CI, (T6,N2, 52,57,62 ,X4ST6) 
CAU, lNl'SŒ.(Tl2,NS,67,74,81,X5S'l'l2) ~ 

C 
C ~ <X»1PATIBIIam M'DUX BfmI!:DI'K-l,4 
C 

DO II I-l,N2 

1 
DO II J-l,N2 

~ C4 (I,J) =-O.DO 
C4(1,l}-1.DO , 
C4 (1,2) -LOO i 
C4(2,1)-l.DO 1 

C4(3,4)-1.DO 1 
C4C4,S)-1.OO 

'C 
C4 (5, 3) ~l.OO 

~ HCMG(T12,Nl,l,195,Pl) 
DO 12 l;-l,Nl 
DO 12 J-l,N2 

12 P1222(I,J)-Pl(I,J+l) 
C 

CAU, 'MMMJLCN1,N2,Nl,N2,N2,N2,N2,Nl,N2,Pl222,C4,SK1) 
CALI.. ~'l'VB: (Nl,N2 ,Nl,N2,N2 ,Nl,Sltl,X491'6 ,W3) 
CAU. ~'lV!X: (Nl,Nl,Nl,Nl,Nl,Nl:,Pl,XlSO 1WV2) 

c 
C FCJRo! a:N9'1'ANr sa,urlœ VI!CroR A!I) PIAC!! IN WY2 1 

C 1 
1 

00 13 X-l,Nl 1 
i 

13 WV2(I)~(I)+XlSr12(I)+WV3(I)+à!ED*Pl(I,l) 
, . 

C . 
C RBWŒŒR CF RX1l'INB CAtaJLA'l'ES ŒW VAUJES CF F,G Fœ 
C tel ~ VARIABLE l'l'EMTES 
C 

20 n-Ul/(3.6D2*6.Dl) 
TUllMI-T12 

c 
C FC&1 l()W, Ml\TRICBS DEPENDI!Nl' CN Ul 

l c 
CArL IIMJ ('lUl12,NS, 212, 310, PSUll2) l' , 
DO 14 J-l,Nl 
1U222(1,J)-PSUl12(1,3+1) 
DO 14 I-l,N2 

14 1U222(I+l,J)-PSTJl12(I+2,J+l) 
c 

Fœ.t ZSR' S Œ!P!HlIlN.r ~'ur-'. C .. 
C 

CAIL ~(T1,N1,19,2S,31,X3SUl) 
L 

CAU mrsa:,CTl,NS,67, 74,8l,XSSUl) 
C 

( CAU. ~'1V!X: (N5 ,NS,NS,NS,NS, N5, PSUll2 ,XSSl'l2 ,WV'S) 
c 

WV3(l)-XSSOl(l)~(1)-X3SUl(1)+AlBD*P5Ull2(l,l) .. ~ 

\ 1) 

\ ---,. -\ , 
-~- --------.. ,~ . , - .-
.' -



o 

1 
" 1 

u 

00 17 IJ:II1,N2 
17 WV'3 (I+l),J:IIXSSUl (1+2) -HV5 (1+2)-X3SfJl(1+1) +AYED*P5Ul12 (1+2,1) 

c 
GO ~ (30,30,40,30),L 

c 
C CAUIlIA'm ALI.. V!!Cl'ORS AM) ~'1'RICES REtUI~ U2 l'l'ERA'l!:' CHLY 
c 

30 T2-02/(3.6D2*6.ODI) 
Tl202-rl2i'r2 
Tl2»Tl2-T2 ' 

C 
FOJM ~ lQ.'l'RICES DEP~ œ U2 an,y C 

c 
~ BOMG(T12~,N2,145,207,P2T12U) 
CAU, MA'.1MlL(N2,N2,N2,N2,N2,N2,N2,N2,N2,C4,P2TlaJ,N:12) 

e 
c roIM ZSRIS IEP!NŒlNl' œ U2 CNLY 
e 

CAU. lN1'S(L (Tl2U2 ,Nl,,19, 25, 31,X3S12U) 
CAU. IN1'Sa. (Tl2lJ2,N2,52',S7 , 62,X4S12U) 
00 33I-I,N2 , 

33 WVl(1)-X3S12U(I+l)-X4S12U(I) 
CAU. MP.'1'\1E:(N2,N2,N2,N2,N2,N2,\'i12,WV1.,WV8) 

C 
C CXJeINE U1,U2 VEC.tœS AR> MM'RICE'S' AND VECroRS 
C 

40 Tl2UlM12~..Jt'1 
CAU. R]G(Tl2Ul2,N1,73,201,03012) 

c 
C FCRI Z4 VDœ 
C 

e 

• CAU. MMVB: (Nl,Nl,Nl,Nl,Nl,Nl,Q3Ul2,WI13,W4) 
00 47 I-l,N2 . 

47 wv]'(1)-W4(1+l) 
CAU. MMV!X: (N2,N2,N2 ,N2,N2,NS, l'iJ2 ,W\T1,WV5) 
DO 48 I-l,N2 . . 

48 WV5(1)-wv5(I)+WV8(I) 
CALL MMVEX:(Nl,N2,Nl,N2,NS,Nl,P1222,WS,KZ4) 
DO 49 l-l,Nl 

4~ XZ4(1)aXZ4(I)+WY2(I) 

C PQtoI (Y4) MTRIX 
C 

C 

CALI. MMHlL (Nl,Nl,N1,Nl;N1,Nl,Nl,Nl,Nl,Qm2,Rl222,XMAT1) 
00 57 l-I,N2 
IX> 57 Jal,NI 

57 ~(l,J)·JMAT1(1+l,J) 
CALI. M.\'lHlr.. (N2,N2,N2,N2,N2,Nl,Nl,NI,NI,l'IJ2,XMAT2,Pl) 
CAU. M.\'lMJL(Nl,N2,Nl,N2,Nl,Nl"NI,Nl,Nl,P1222,P1,Y4Ul2) 

C Fa14 «1) -' (Y4Ul2) ) lNII ", Z4Ul2 
C 

00 58 lal,Nl 
IX) 58 J-l,Nl. 

: ~. 

.. ~, ~---:-~ ---,..--- ~----- )" - _. -- -. , . ' 
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Y4Ul2(I,J)-Y4Ul2'(I,J) 
58 IF(I.IQ.J)Y4Ul~fI/J).Y4Ul2(I/J)~1.DO ,\ 

C 
:o:xm-S . 
CAJl, ISJrlF (Y4Ol2, IVB:,Nl,Nl,XZ4,~ ,Wk,ŒR) 

c 
C Jœ( X5(Ul) 
C 

00 7S X-l,Nl 
75 WV5(I+l)-XZ4(I)-X5STl2(I+l) 

WVS (1) -ADP-X5STl2(1) 
CAU. MM.Vl!C (N5 ,NS,NS,NS,HS,NS, PSUl12,WS,WV9) 
DO 76 l-l,NS 

76 ~(I)-wvg(I)+XSSVl(I) 
C - I, 
C FaIC1(Ul) 
C 

P=W9(2) 
C 

C 

W4(1) =-W\19(l) 
DO 77 I-l,Nl 

77 WV4(I+l)-tN9(I+2) 
GataX3S12U (1) 
DO 78 X-l,Nl 

78 GaG+Q3Ul2(1,I) * (WV4(I)-X3SUl(I» 

C GaIC2(U2+T,A2) 
C 
9999~ 

mm 

, " 
.' ' " ", 
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. -

C ":; C 

SUBI01rINÈ EU1A3(U1,U2,L,F,G) 
C C 
C ., PURl?ŒE: FQR.{ FWCrI<N3 CP ClloH1I'ATIOO 0lRRENPS EOR C 
C \J OSE 2(1) 'C :; 
C 1 C 
C CALLltI; PAIWmEPS: 01;U27 ~TE VALUES Œ' INIEPENŒNl' VARIABLES C 
C L~ -1 FIR3T CAtL, CAIalLA'lE AIL a::H)TAN!' C 
C VAtiJEs N) WEIL AS F,G WlTH NEW INIEP. C 
C VARIABLES ~ C 
C -2 C'AICt1LA'I'É F,G WITH BOrH INDEP. VAR. e 
C TAKII«; OO'NEW VARIABLES' C 
C =3 CAUlJr.A'l'E F,G WI'l'H Ul TAI<m; œ NEW VAUlEC 
C -4 0WllLA'l'E F,G WITH U2 TAKIOO œ Nr.W VAWEC 
e "" e 
C M!UN VARIA8œs: Q3T12(6,6) f«)DAL MATRIX K=3 AT '1'=12 e· 
e q Q1222(6,S) PARrrrICN CE' Q3'1'12 e 
e . C5(6,7) sœ-INl'ERIJAL (lHIATmn.ITY MA'l'RIX BE'llUN: 
C K-6 AM> K-l ·,C 
C.., p2T12U(6,.6) M:>œL MATRIX K=2 AT T=T/l2-Ul C 
C R7~12 (7,7) M:>œL MATRIX K=6 AT T=U2-T/12 e 
C ~l{6,6) K>DAL MATRIX Kal AT T=Ul-U2iT/l2 e 
C .1' P2122 (S',-6) pARI.'rrICN CE' Pl e 
C ~Tl(7, 7) ,JCMAT2(6,6) ,XMAT3(S,S) ~RK MATRICES e 
C V!X:l(6) ,VE:2(S) ,va:::J(5) ,VEX:4(7) ,~(7) ,VEX:6(6) , C 
C VlOC:8(6) ,VEX:9(6) \tDRK ~ le 
C 1"',0 , "\ X S'S ZSR'S· C 
C - C 
C <:nKN BUXl<S: a::H;T; NECE:SSARY ON;TAN1'S C 

IMI?LICIT R'AL*8(A-H,o-y) ,CCMPLEX*16(Z) 
OOHMON ~TGRO/X2ST12(5) ,X3ST12(6),X7ST6(7),Qlr12(6,6) ,Q1222(6,5), 

.X3ST6(6),CS(6,7),X2SUl(S) ,XlSUl(6),P2T12U(S,S) ,XlS212(6), 

.X7S~12(7) ,R72M12(7,7),R713(7,6) ~XMATl(7,7),XMAT2(6,,6), 
.P2122(S,6) ,VEC1(6) ,VEC2(S) ,VEC3(5),VEC4(7),VEC5(7),VEC6(6), 
.~(6),~(6) ,~(3) 
~ ;tX:ImT/ASOR:: (4) ,SSOR: (4) ,CSCIC (4) ,ELS, as, ELL,R[, ,ELTl, Rl'l, 
.ELT2,Rr2,E\:D,EM,ALPBA,AmD,PI,~,SR3,U10,U20,STEP,EPSI,DEL,.REDU 
.,Nl,N2,lVl!C,M,K1,K2,k3,"K4,K7,NS _ ~ 
DIMENSION WK(5),Pl(6,6),~T3(S,S) 
00 oro (10,20,20,30) ,L 

la T6-1.00/(~.Dl*6.DO) 
Tl2-1.ool (6.D1 *1.201) 

C 

C 

-: ,'-:-~~-~ \:' ,..--- -
, " 

CI\LL INl'SCL(T12,N2, 37,42,47 ,X2ST12) 
CAU. INrsŒ. (T12,Nl, 19,25, 31,X3ST12) 
CALL INrsŒ.(T6,NS,67,74,81,X7ST6} 
CALL INrsŒ.(T6,Nl,19,25,31,X3ST6) 

, ' 

l,' ,,' 
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--- --- ._--'"------ : ," .------, -- - ---- -- t 
'. 

\ 
\ 
\ 
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,\ 

•\~\ CALL 1Dt3('l'12,N1,73,201,Q3'1'12) 
00 Il 1-1,Nl -
00 li J-1,N2 

",. 

c 

c 

c 
c 
c 
c 

C 

C 

C 
C 

C 

li Q1222(I,Jl-Q3T12{I,J+l) . 

CALI.. MA'lVl!X:(Nl,Nl,Nl,Nl,N1,Nl,Q3T12,X3S'l'12,~) 
. 00 12 1-1,N1 

12 va (l) .... v:ex::s (I) +X3S'l'6 (1) +AnD*Q3'l'12 (I, 1) 

00 13 1-+,N1 
IX) 13 Ja 1,NS 

13 CS (1 ,J) -0.00\ 
CS (1,2) -1.00 
CS (2, 3) -1.00 
CS(2,4) -l.DO 
CS (3, 3) --l.DO 
CS (4,6) -1.00 
CS(S,1)-1.DO 
CS(6,5)-1.DO 

~I 

RBMlUNŒR Œ' IIX1l'INE CAIalLAT.I!S NE.W VAWES œ F,G FOR 
NEW ~lHBfl' VA1UABLE ITEPA'ŒS 

20 Tl=Ul!(3.6D2-6.D1) 
Tl2Ulzrl2-T1 

CALL INrSQ,(Tl,N2,37 ,42,47 ,X2SUl) 
CALI. INTSCL('1'l,Nl,l, 7,13,XlSUl) 

CAU. BCMG(T12Ol,N2,145,207,P2TI2U) 

GO TO (30,30,40,30),L /- -

126 

.. 

C awIJLATE AIL ~ AND MA.TRICE'S AM) ~ REClJIRIN:; U2 l'l'ERATE 
C , ., 

30 T2=U2/(3.6D2-6.OD1} 
'l-

Tl2P2-Tl2-t'r2 
T2M.Î2-T2-'r12 

C 
CAU. .~ (T2Ml2,Nl, 1,7,13 ,XlS212) 
CALI. INœSQL(Tl2P2,NS,67,74,81,X7S212) 
CAU. !DG (T2M12,NS, 212,310 ,R1au.2) 
00 31 l-l,NS 
~13(1,1)·B12M12(1,1) 
00 31 J-l,N2 

31 ~13(I,J+1)·RT2Ml2(I,J+2) 
C 
c FCRoi t12 SPXHNr CP SCLUl'IŒ VECroR 
C ( CAU" ~(N5,!E,NS,N5,NS,NS,R72Ml2,X7ST6,va::4) 

CALI. lW.lV!C (N5,Nl,NS, NI,N!,NS, RTl3, va:a, ~5) 
DO 32 -I-l,NS 

32 vecs(I)~VIC5(I)+X7S212{I)-VEC4(I) .. 
-; 

J 

1 

'\, 

~l 
1 

1 
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127 

(~) 
CALI. ~ (NI,NS ,NI ,N5 ,NS ,NI ,C5, VECS, VEX:I) 
DO 33 Ial,Nl 

33 VB:I(I) -vm=1(I)-XlS212(I) , 
CALL MA'DIlL(NS,Nl,NS',Nl,Nl,N2,N2,NS,NS,R7I3,Q1222,l<MATI) 1 
CALL MA'DIlL(Nl,NS,Nl,NS,NS,NS,N2,Nl,Nl,C5,XMI\Tl,XMAT2) 1 

C 1 
c CAIalIA'.l'B vm.~ AND ~'l'RIœ Œ(J1I~ BOra Ul AND U2 , 1 
C ITERAi'ES MI) CDelNE ~ AND Ml\TRIœ ro FQRt1 F Ml> 1 
c G FœCTICNS 1 

C 
40 Tl2Ul2-'l'1-T2iT12 

CALL lD«i(TI2U12,Nl,1, 195,Pl) 
DO 41 I=l,N2 
00 41 J-l,N1 

41 P2I22(I,J,)=-Pl(I+l,J) 
C 

CAU. ~'lMJL (N2,Nl,N2,Nl ,Nl,NI, N2 ,N5, NS , P2122 ,XMAT2 ,XMATl) 
~ CALL MM.HJL (N2,N2,N2,N2 ,N5,NS,N2 ,N2 ,N2 , P2TI2U ,XMATI ,XMAT3) 

DO 42 l''l,N2 
00 42 J-l,N2 
XMAT3 (1 ,J) --XMAT3 (1 ,J) 
IF(I.EQ.J)~T3(I,J)=~T3(t,J)+I.DO 

42 CCJn'INOE 
C , 

CALt MA'.l'\7EX:(N2,NI,N2,Nl,Nl,N2,P2122,va:I,VOC2) 
DO 43 I=l,N2 

43 VEJ:3(I)-XlSUl(I+l) +VEX:2(I)-K2SUl (1) +AYEI;)*Pl (1+ 1,1) 
CALt MA~ (N2,N2 ,N2,N2 ,N2,tt2, P2TI2U, ~, VOC2) 
DO 44 I=l,N2 

44 ~2(I)-~2(I)+~2(I) 
C 
C EUm( XJ' ('1'/12) 

"-
C 

CAU. L'EX7l'lF (XMAT3 , IVEJ: ,m,N2, VEe2, 5, WK, IER) 
C 

,C ADVAQ SCLUl'I(]I1 ro ~ FtNCrICN; l> 
C 

CALI.. Ml\'lVlOC: (NI,N2 , NI,N2 , N2 ,NI ,01222 , VEX::2, VEX::6) 
CALI. MA'lVEX: (NS, N1 tNS ,NI ,NI ,NS, R7I3, VEO) , VEX::4) 
op 51 I ... l,~ 

1 51 ~4(I)~(I)+~5(I) j 
C 

1 c G= X2 (U2iT/l2) '. . 
C 

G=VPl:4(1) 
C 

CALI. MA'lVEX: (NI ,N5 ,NI ,NS, NS ,NI ,CS, VEX::4, VEOi) 
v:ex::6(I)-VEa(l)+AYED 
DO 52 I-I,NI 

52 VEC6(I)-VEa(I)-XJWS212(I) 
( , CALI. MA'.tVEX:: (NI,Nl,NI,Hl ,NI ,NI ,Pl, V.EX::6, vs:9) 

C 
C _ Fa Xl(UI) 
C 

("-
--,- 1 - ------. --------- -
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o 
c • 

F=XlSUl(l)+VEC9(l) 

RE'.Ll.1RN 
JH) 
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J . ! 

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 
C 
C 
C 
C 

CALLIt«; PARAME"l'ERS: 01,U2 ; ITEPA'lE VAWES CF ~ENŒm' 

MlUN~LES: 

~ , 

L ; .. 1 FœT CAi:.L, CAIalLA'l'E AIL CXN;TAN1' 
VAIIlFS AS ~ AS F,G WITH BOl'H 
~ VAIU:ABLES 

=2 CAIaJLATE F,G WI'l'H BOI'H INI:IE:PENIENl' 
VARIABLES TAIŒNG œ NEW VAIllES 

"'3 CAICtlL.NIE F,G WI'Hi Ul TAKI:N:; CN NEW 
VAWE . 

.. 4 Cl\IaltATE F,G wr.m U2 TAKIm CE NEW 
VAUlE 

Q3'1'601(6,6) ftDIlU. MA'l'RIX K"3 AT T-T/6-U1 
SST12U(7,7) K)D\L MATRIX K-S AT '1'-U1""'1'/12 
~1(7, 7) <XHo!rAItl) PARrrrlœ CF' SST12U 
C5(6,7) sœ-INI'ERVAL CXJo!pATmILITY MATRIX , __ 

';1' .," i" ... 

BE"l'WE:m K-1, 6 ' 
P1T6U2 (6,6) foI)JllU, MA'l'RIX «=1 AT TaT/6-U2 
R7U2T12(7,7) r«>MI, MllTRIX K-6 AT T-02-'1'/12 
~2 (7,7) CCNrAINS PARrITlœ CF R7Ur12 
~1(7, 7) ,Rf2(7, 7) ,WH3(7, 7) ,~4(6,6) ,~S(6,6) 
~(6),VECB(6),VECD(7) ,VECE(7),VECF(6),VECG(7) 
VlDl(7) ,VOOJ(6) ,VEC«6) IDRK ~ ~ 

Mll'nUCES 
x S ZSR'S 

~ BI.CXl<S: cx:NST; NECESSARY cœsTANl'S 
~; \()RK MA'l'.RICES AND V""I!Cr"'""'QR)"""'" 

• 

C 
C 

C 

IMPLICIT BEAL*8(A-H,o-y) ,~16(Z) 
CCJtM:N /CD'lST/ASCJC(4) ,BSJR:(4) ,CSŒC(4) "EtS,RS,ELL,RL,ELT1,Rr1, 
.ELT2,R1'2,E[D,EH,AIR~,Am),PI,~,SR3,ùa.O,U20,STEP~EPSI,DEL,REDU 
• ,N1,N2,IVB:,M,Kl,K2,K3,K4,KS,NS,K7 
~ ~TGRO/Cs(6,7},S5Tl20(7,7) ,R7Or12(7,7),Q3T6Ul(6,6), 

.Pl'1'6U2 (6, 6) ,Mf1(7,7) ,WW2(7, 7) ,WH3(7, 7) ,WK4 (6,6) ,WHS (6,6) ,XlSn2(6) 

.,X3ST6(6) ,X7S'l'6(7) ,X5STl2(7) ,X3SUl(6) ,X5SUl(7) ,XlSUl2(6) ,X7SUl2(7) 
• ,VD.(6) ,VEr8(6) ,v:EXll (7) ,VEX:!E{7) ,vn (6) ,VB:G(7) ,VB:H(7) ,W:>P (5) 
OIMENSICN vm:::::r (6) , va:K (7) ,WKUOO) • 

GO TO (lO,20,20,30),L 

C CAIa.lI.ATE AIL ~TANl' VEa'OR9 AND MrlTRICES 
C 

10 TO-o~OO 
T6=1.DO/ (6.D1*6.00) .. 

<i .• _. _____ ._. ___ . __ ~_ •. ' . 
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C 
C 
C 
C 

C 

-- --"-~--_._----------

T12=1.DO/ (6.01*1. 201) 
DO 11 I=J.,N1 
00 11 J-l,NS 

11 CS (1 ,J) =-0.00 
CS (1,2) -LOO 
CS(2,3)-1.00 
CS (2,4).1.00-­
CS (3, 3) -1.00 
C5(4,6}-1.00 
C5(S, 7) -1.00 
C5(6,S)-1.DO Q 

CALI. INl'SCL (T12,Nl, 1,7, 13,XlSTl2) 
CALL INTSCL(T6,N1,34,40,46,X3ST6) 
CAU. INTSQL(T6,NS,88,9S,102,X7ST6} 
CAU. INTSCL (T1.2,NS,67, 74,81,XSST12) 

. 
REMlUNJ:ER œ lO1l'INE DEPENŒNr œ ITERATES. 

CAIQJ.tATICN PUR ClWQ:S IN Cl rrœATE (NLy 

20 il 1/(3.602*6.01) 
12='1'1-'1'12 

T6 =T6-'l'1 
·~(Tl. ,N!, 34,40,46 ,X3SUl) 

CAU.. INTSCL{Tl,.liS,67, 74,81,XSSUl) 
CALL HCMG(~Ul,Nl,123,402,Q3T6Ul) 
CAU.. a:JoG('lUl12,NS,19S,408,SSTl2U) 

C PARl'rrlcN (S (U1~/12» INro SU8~TlUX FOR CAI.Ct1LATIŒ 
C 

c 

00 22 J-l,NS 
00 21 1-l,N2 

21 *1 (1+ J.t.1.l-SSTl.2U (1+2 ,J) 
22 WNl(1,.t)-SSTl2U(1,J) 

CAU.. MA'.lV.I!x:(NS,N5,Nl,NS,N5,N1,WW1,XSSTl2,~) 
~(1)~(1.)+xssuf(1.)+S5Tl20(1,1)*AIED-X3SUl(1) 
0023~1~N2 , 

23 ~(1+l)--~(1+1)+X5SUl(1+2)-X3SU1(1+l)~SSTl2U(I+2,1) • 
CALL MA'lVEX:(N1,Nl,Nl,N1,Nl,NS,Q3T6Cl,VB:A,VED:;) 
00 24 I-1,N1 

24 ~(I)-VEOG(I)+~(1) 
DO 25 1-1,Nl / 
lX> 25 J"1,Nl 

2S WN4(I,J)~1(I,J+l) 
CALI. MA'lMlL(Nl,N1,Nl,Nl,Nl,Nl,Nl,NS,NS,Q3T6Ul,WN4,'WN1) 

, ' 

c VErA~ WW1 S'lORE Ul Vl!Q'OR,MATRIX S~ICN 
C 

GO TC (30,30,40,30),L 
c 
c CAU:t1I:.A'l'E ALL V!CI'016 AN) MM'RICES RE<JJIRIN:; U2 ITERA'l'E ~ 
C 

30 T2-u2/ (3.602*6. 001) 
'JU212wir2-'1'12 
TU212P:aT2-+'l'12 

II 

: . 

... 



( ) 

\ 

} 

( 

---_._---~.;.....-, ---------~---~- --

c 
c 
c 

c 

C 

T6U2='l'6-'l'2 
CAU. INTSQL(TU212,Nl,1,7,13,X1SUl2} 
CALL ~(TU2I2P,NS,88,9S,102,X7SU12) 
PlLL 1OO('l'6U2,Nl,1,39l,PlT6U2) 
CAU. lOG ~l2,N5, 293, 4lS,R7Ul'l2) 

PARrITlŒ S'lWl'E 'l."RAR)ITIŒ MMlUX 

00 33 I-l,NS 
(Wil2 (1,1) -R7Ul'12 (1,1) 
00 32 J=l,N2 

32 \'M2(I,J+l) o:aR'iur12(l,J+2) 
33 a:Nl.'lNtlE 

CAU. ~'MlL (N1,Nl,N1,Nl,Nl,NS ,NS,NS,NS,PIT6U2 ,CS,WW3) 

C i'fi3. (Pl (T/6-tJ2) (CS) *2 .. (RI (RJ» 
C 

c 

CALI. Ml\'lVEX::(Nl,Nl,Nl,Nl,Nl,Nl,Pl'l'6U2,XlSUl2,va::B) 
DO 34 l-l,Nl 0 

34 VECB(l}--VECB(l)+XlST12(I)~PlT6U2(I,1) 
CALL Mrl'lVEX:= (N5,NS ,NS ,NS ,NS,NS, R7UI'12,X7S'l'6, VEX:D) 
DO 35 l-l,NS 

35 VECO(l)--VECD(l)+X7SUl2(l) 

C ~2,\'M3,va:s,VEXl> S'roŒ U2 VECl'OR, MA'I1UX Sue-SEa'lŒ ~ 
C A 

40 CAU. MA'l.Va: (NS, NS, N5 ,Nl ,Nl,NS , l'M2, VErA, VEIE) 
DO 41 l-l,NS 

41 VECE(I)=V!CE(I)+VECO(l) 
CALL Ml\'lVEJ: (NS,NS ,Nl ,NS ,N5 ,NI ,WW3, VIOCE, VD') 
DO 42 1-1,N! 

42 VECF(I)-VECF(l)+VBCB(I) 
C 
C VFCF SCLUl'lŒ VECrœ 
C 

C 
C 
C 

C 

C 
C 
C 

CAU. MA'lHJL(N5,NS,Nl,N5,NS,NS,Nl,N1,Nl,WW3,WW'2I\WW4) 
CALL MA'1HJL(Nl,Nl,Nl,Nl,NS,NS,Nl,N1,Nl,WW4,lM'1,WS) 

DO 43 l-l,Nl 
00 43 J-l,Nl 
WWS(I,J)-ww5(l,J) . 

43 IF(1.EO.J}WW5(I,J}~5(l,J}+l.DO 

Ioor-S 
CAU. L1!XlrlF <*S" lV9: ,N1,Nl, VEIF , IOOr ,WK, IER) 

1 

VED' • Xl (T/l2) 

vs:x; (1) -AYED-XSS'l'12 (1) 
DO 44 l-l,Nl 

44 VEOG(l+l)·V!CF(I)-X~2(I+1) 
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C 

CAU. MA~ (N5 ,NS ,NS ,NS ,N5, N5, SS'l'l2U, va::x;, VFIH) 
00 4S X-l,NS 

4S VECR(I)-vECH(I)+XSSUl(I) 

C vm:li - XS (Ul) 
C 

c 

VBll (1) -Vl!XE (1) -K3SUl (1) 
00 46 I-1,N2 

46 VBll(I+1).V!CB(I+2)-X3SCl(I+1) 
CAU, Mi\'1VEC (Nl,Nl ,Nl ,Nl,NS ,Nl ,Q3T6Ul, vm:G, vm:J) 
00 47 l-l,Nl 

47 VECJ(I)-VBCü(I)+X3ST6(l) 

c VEC1. Xl (T/6) 
C 

c 

VEXli (1) -VIC (1) -X7S'l'6 (1) 
V!CG(2)--X7ST6(2) 
DO 48 I-1,N2 

48 VECG(I+2).VBCJ1I+l)-X7S'l'6(I~2) 
CALI. MMVEC (N5,NS,NS, NS ,NS ,NS, R7Ul'12, VS:X;, VB!K) 
DO 49 l-l1 NS 

49 VECK(I)-VBCK(I)+X7SUl2(I) 

c VEXl( - X7 (U2-t'Î'/12) 
C 
C 
CF· IC1(U1) 
CG- IC2 (U2-t'l'/l2) 
C 
C 

0, 

-, ..: 
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• c c 
sœRX1l'INE mmm (L,M:XJEFF ,NHAR,D,G,H,ZC,ZL,AI ,BI,At,'81,T! ,TIl) 

C \ • C 
C L :II ,Sœ-lN'l'ER\1AL DIM1N)lœ C 
C tmEFF ;II tIJoIŒa CF ~STIc ~IC; oro BE WAWATm C 
C O,G ,H • PARl'IaJLAR SCLt7rIŒ CDEPFICDNl'S C 
C ZC ,. VFrroR œ a:MPLBX COEFFICIENrS CF ZIR C 
C ZL • VEClœ CXN.rAININ:; BI~ C' 

U C AI ,BI .. ~ a:En'IClEtlr SCU7.l'ICN VECroR C 
C Al ,BI .. EtXJRlER <llEP1iiI~ roR FlNDAMENTAL C 
C TI,TII ,. ~ 'rIMES ~TIQIt C 
C C 
C 

C 
C 
C . 

C 

C 

C 

OIMIH;IQIt . ZC (L) ,zr, (l,) ,AI (RDEW) ,BI (N:lEFF) ,XAl'l4j2) ,XBl (2) , 
.XAN(2) ,XBN(2) ,NBl\Rf)IDEPF) ~ 
JUJlVALENCB(XA1(l) ,ZAl), (XBl(1) ,ZBl) , (KAN(l) ,ZAN) ,(XBN(l) ,ZBN) 
PI"4.DO*~TAN(1.00) 
~2.00*PI*6.01 
WR!T.E(6,112)~ . 

112 EORofA'l'(lH ,1,' ~',015.6) 
'l'AIJaTIl-'l'I 't 

cr1=-1Xm (QtŒXi\*TIl) 
cr-IXn; (~*TI) 
Sl'l-œIN (QtŒXi\*TI1) 
sr-œIN (CHG\*'l'I) 

" 
1lIU.=-D* (ST1-ST)/~ ± 
GlU.aG* «TIl-'l'I)/2.DO+(DSIN(2. O*CMEGA*TIl) -œIN(2.DO*œEGA*T!»/ 

• (4.DO*CMFX:A) ) 
HAl~(ST1**2-ST**2)/(2.DO ) 

~ 

001=-0* (cr-crl) /~ 
GBl~(ST1**2-ST**2)/(2.DO~) 
HB1-H* ( (TIl-'l'I) /2.00+ (DSIN (2 .DO~*TI) -œIN (2.00*~*TIl) ) / 

• (4 .DO*(HX;\) ) 
""""' l , 

ZAl=-JXlt1PLX (0 .00:,"0.00) 
ZBl~(O.DO,O.OO) 
DO 10 !-l,L 
ZE-CDEXP(ZL(I)~) 

ZAl-ZAl+ZC(I)*(ZE*(~)~l~*S'l'l)-ZL(I)*qr~*s'l')/ 
.(~**2tZL(I)**2) , 
ZBl-ZB1+ZC(I) *(ZE* ( ) *Srl~*crl)-ZL(I) *ST+<lt1I!G.*cr)/ 
.(~**2+ZL(I)**2) > 

10 <nfrnllB 
Al-oAJ.-+GM +BAl +}ÇAl. (1) 
Bl-cBl+GBl+HBl+XB1(1) 

1 1 

r 

i 

! 



o 
c 

c 

c 

c 

1 

j 

DO 100 Mal,lCJEFF 
N-NBM(M) 
~*N 
WRI'Œ (6, lll) N,c::IESW 

113 FURMM'(lB ,;,' N-' ,I2,' CM!:GAN-' ,D15)6) 
~*(N+l) 
~*(N-l) 
CrI-ans (ae;AN*TIl) 
cr-JXDS (CJo!EG\N*TI) 
STl=ŒIN (~TIl) 
ST-œIN (~TI) 

~D*(STl-ST)/~ 
GA.NaG* «(OSIN (OONUS*Ttl) -OOIN (CHIN:JS*TI) ) / (2.DO*OŒNtJS) 

.+(œIN«(JoJpJ:1S*TIl)-œIN(CK'Ll.5*TI»1 (2.DO*GfPLœ» 
HAN-H* «IXrS (œtNllS*TI1) -cc:n3 (CKrNœ*TI»/ (2.DO*OŒWS) 

.+(DCDS(<H'WS*TI)-lXDS(CHPLœ*TIl»/ [2.DO*CMPLœ» 

DBN-D* (CT-erl) /CMJ!X;AN 
œN=oG* ( (oc:n; (QŒNJS*TI) -DCX:lD (CKrNOS*TIl) ) / (2 .DO*CMIN(S) 

• + (DOOS (CK'Iœ*TI) -rx:œ (Cl4PLUS*TIl) ) / (2 .DO*CMPLt.lS) ) 
HBNaH* ( (DSIN (œINUS*Tll) -DSIN (CHINJS*TI) ) / (2 .DO*OONUS) 

• + (œIN (<l4PLUS*TI) -œIN (a.1PLUS*TIl) ) / (2 .DO*CMPLUS) ) 

ZAN-DCMPLX(O.DO,O.DO) 
ZBN-DCMPLX(O.DO,O.DO) 
DO 20 I-I,L 

- ~(6,1ll)ZL(I) 
Z~*2+ZL(I)**2 
WRrrE(6,1l1)ZK 
ZE><llEXP(ZL(I)~) . 
ZAN-ZANf-ZC(I) * (ZE*(ZL(1) *Cr1~sr1)-ZL(I) *Cl'~ST)/ 

• (~*2+ZL(I)**2) 
WRrrE(6,1l1) ZAN 
ZBN-ZBN+ZC(I) * (ZE* (ZL (1) *STl~Cl'l)-ZL(I) *S'NŒEG1W*Cl')/ 

• (~*2+ZL(I)**2) 
~(6,1l1)ZBN 

20 ~DIJE 
111 FOlMlT(lH ,1,2(015.6, lX» 
AI(M)~XAN(l) 
BI (M) -œN+œN+HBNi-XBN (1) 

100 cx:Nl'INUE 
Œ'lURN 
END 
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