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A earlier algorithm for the detatiled simulation of the High Voltage Direct
Current- (HVDC) link using the tensor approach was m°d1ﬁed to lmlm"e the
runtime speed. The runtime, app;oximét?lx eleven percent that of the original
algorithm, was improved bx' employing sparsity techniques, restructuring the
state matrix, and ?O-!Idensins. subroutines. The readability of the code was
accomphshed by 3 modular programming approach. This research was d°ne fora
two-terminal simulation, but could be expanded and modified to include multi-

terminal simulations.



CHAPTER 1. INTRODUCTION

. This thesis documents a time efficient and modular approach ﬁo siiﬁulate a

_d'e‘taicled‘ model of an HVDC system. Time savings was achieved by employing

sparsity techniques and by taking advanfz\;ge of the structure of the state equation

coefficient matrix. Modularity was employed to allow for better readabilif,y and
for ease of future maintenance of the program. These implementations enhé,nce

-the program’s use as a tool in future research.

1.1 Brief History of HVDC Developments

... Direct current was the basis of early discoveries and applications in

_electricity. Early scientists Galvani, Volta, Ohm, and Ampere worked with and
‘described electricity in terms of direct current. The early ap-plicatioﬁs of power
| transmiSsion included those by Thomas Edison, who, using DC power, was the

 first in the world to build a central power station on Pearl Street in New York

City. Two primary developments promoted the growth of Alternating Current
traﬂ%smission over DC tranSmission. The first of these was the induction machine

which became a less expensive, reliable workhorse. The second the transformer.

Although direct current applications were almost completely superceded by other

- forms of energy, it was still used in some applications, one of which was long

distance power transmission. The use of DC power in transmission stemmed from



o lower line losses The early HVDC systems used DC generators, frequently hydrov

- ‘_ powered, connected in series to boost the voltage to a transmrssxon level In 1903 -

,‘ Peter Cooper Hetht 1nvented the mercury-arc rectlﬁer thus enablmg the use of' |

: AC generatron for DC transmrssron By the 1930 sa control gr1d had been added

" to the'arc vaIVes, and the ﬁrst HVDC vllne had been-bullt- by‘ the New York Pow‘evr-_’ A

~and Light Corporation and »Genera'l Electric. In the 1940’s AC-:DC,l‘ibnks"Were‘ |

"being used in steel mills to convert»’power' between 25Hz and 60Hz ’op'eratingv‘

~ frequencies. - In 1954, the ﬁrst commercral HVDC hne was bullt for 20 mlles of S

-underwater power transmrssron between the Swedrsh marnland and Gotland By‘v
the m1d-1980 Sy there ‘were about 26 HVDC systems operatmg ‘m the world Wlth

o elght more bemg built. Thrs growth in HVDC was due to the replacement of : » .
mercury-arc valves with much cheaper, more rehable, solid state thyrrstors in-the _}

1970°s(1)- The new thyrrstors, sometlmes referred to as lelcon Controlled :

rRectilﬁersv (SCR), made HVDC an economic 'feasrbrhty for over-land apphcatlons T

~ longer than 400 miles and for underwater applications longer th’an 20 »miles[2]b. o
" 1,2 Slmulation Techniquesfor the‘.HV',DC Systems

The desrgners of HVDC systems needed tools for the 1n1t1al desrgn and the' |

'analysrs of the systems The first’ method developed was a scaled down versron of N

' the actual system Much 1nformatron could be obtarned but the abrlrty to modlfy v

“tvhe.test system parameters was very dlfﬁcult‘[3] These scaled models were alsov ,'

: expensive to build.



Another method of | simulation, developed later, utilized »‘the analog
cé’r_np'utér.v ‘This type of detailed simulation g"avé' good res"ults for investigations
‘la’svting‘ up to about one second of real time [4]. As the analog simulations often

~did 'n:o(t.' émplo'y a. canonical represen:f‘,ation of the ‘s"ySt’e‘fn ‘equatiéné, it was
o cuﬁ_’ibé:éomé to change the sf,ructure of the systém[é‘]; A variation _6f thé ana.log -

, sﬁij‘xi/aﬁlétion siinulatidﬁ was 'developéd to. modularize the system. Called a v"pé.-rit‘:y i
s’iﬁlvlrﬂév‘tio’n,‘"v it was configured to have topological parity with test systern. Wlth
this »te‘évhnirque, the HVDC syStem_and; the- model were divided into common
’se'gménts so th‘vat:paramete:rs could be more easily modified|5].
1.2.1 Dlgltal Siﬁulationé

‘With the deVeIOpmenﬂof digitél cémpufers, new methods were déVéiOpéd to

mode1 HVDC systems. ' This exploration was done because digital computers
Qﬁ"éred ‘th‘e “fexibility t'o  simulate Vdiﬂ'erent' syétem 'par’afn‘ete:s_. The dig;tal-
'.s;imul‘atioﬁs were develo‘ped for extensive evaluation of new and existing HVDC

. systems. Somé of the applications of the digital simulation include:
+ examination of system disburax_ices[ﬁ]-,
. »de'\‘fe'l,(‘)pment of new control schemes[7,8,9],
e study of fexpandedvn'i-ul.titerminal systems{10,11,12];
. »miﬁimibza'.»tio'n‘o‘f transmission losSes[13], _
o enhancement of load studies[14], and
 '. exé,mination of bulk transfer. |

Dépending on the study, different types of n‘iod'el_s may be employed. Some
models were developed to study long term transients; other models were

developed to examine short term transients. The accuracy of an average value



o Lmode_lflis _.Often‘siiﬁ'iclent: for laflong‘te.‘rm’transientf"study,‘ whereas."a“ detalled model

- provides a more reﬁned view used for short term trans‘i‘ent studies;- v

A part:cular representatlon of the system should be based on the type of o

o study Whlch must be done There are models whlch vary between the extremes of L |

: expre‘s_;smg. the .entlre HVDC system_ as a lo'a"d‘ and emu_l:atlng; the 'iconver.ter clrcult 3 =

L in bdet:ai_l'.rli.Thei'models could be divided 'int_o’,»; tWosubheadlngs- ,;?"’:‘?f%g?l;mﬁdels'f: L

‘V‘and' detailed "models.‘ The average »models vaW.;ih-‘.detafil vfl;Qﬁlj.a steady ',St%te,-'IO'aél"f::" o
f to the 1nclus1on of the converter controls s@mé‘b?f thesemodels include: R e

0 the steady-state load model[15]

. the varying load model[15] o
S . the load model w1th steady-state DC control[15]
'f-f'_ ' the quam-steady—state model[16]

. the reﬁned qua81-steady-state model[17]

S ;More reﬁned models use a comblnatxon of a dyna.mlc control scheme and DC '

S j_, ‘c1r.cu1t ,response w1th the'.stea-dystate converter : model These models ‘are. all R

fsxmula.ted usmg an average value model of the converter Anoth method is to;“ o

o model both the converter and DC system 1n detaxl Th1s type of modelils needed:-dﬁ',‘ff»-

to perform a. varlety of studles 1nclud1ng those related to harmon1cs and short

. term' transwnts A detalled model of the HV'DC hnk presents dlfﬁcultles 1n1" _‘

o l'81mulat1ng the changlng topologles of the converters

e 1;2.,;.2“ '_‘.p‘gt'gﬂéd—Simﬁiationl

Detalled d1g1tal 51mulat10ns of HVDC systems requlre a close tracklng of the‘» -

”topology of each converter in the system so the descrlblng d1ﬁerentlal equatlons{ a

correctly reﬂect the converter topology The formatlon of the correct set of |



- differential equations presents the primary difficulty in this approach.

VThie fér:ﬁation of the 'coﬁvef;tér state equétions can be done in a number of
‘ways.  One method is to predict every c‘Onlverter' topology for all conditions[18,19].
The sftate'equations which describe each of the topologies are stqre;d in memory
aﬁd ’\imﬁliémvente'd during the simulation as required. This method is -céétly'if;om a
: memof& point of view because of the large number of po'ssible ‘g:'Onverter
.topolégies including those which reﬂeqt abnormal conditions :ihi‘p:os‘ed‘ on the
cqn%re”rtér. .Although ‘ample memory is bavail_able in disk form, mof.e time is
‘»feqﬁirédvté access the info;‘mation ffogi disk than frdm random access memorj
. (RAM) Thus,' thé large number of cirguit topologies which must be ‘saved may

~ also cause slower run times due to the accessing time of the information.

| o ', ‘Another method of v‘implementatvion' is to use a fixed topology me"t}vwd.
When. a thyris,}tof is on, the resistance of that thyristor is véry loiv;‘ when a
thyristor is 6ﬁ', the resistance of that thyristor is very high. This method is used
in manjir applications such as SPICE and GRAYCE[20]. It is applicable for cases
in 'whiéh a’ circuit topoio'gy changes only slightly or wh'eﬁ the simulation. is
‘iv'rllt‘e:ndéd for general circuit applicatibns. This method of simulating switching
does -ﬁot work well when there is too 'éreat a difference between the on and off
"resistanceg ‘used for the thyristors. If the magni-tudé of the difference becomes too
‘l'ar‘ge,.‘ the “sta'te Iﬁatrix' which »desci‘ibes the circuit becomes .stiff; The
‘mathématicé.i model inay not be numerically stable, or an iinplicit integration R

routine may be necessafy to retain a sufficiently large region of stability[20].



vAnother'approach' is tovusev a general method to form a set of’lzindependent Co

1 equatlons that accurately reﬁect the mstantaneous topology of the system In thls C

L approach a new set of converter state equatlons would be developed each t1me the, RS

:states of the thyrlstors change There have been multlple methods developed to o :

| form the set of descnblng equatlons One method uses’ the formatlon of a tree" B

s »based on a predetermmed hlerarchy In thls method zero—current sources are ST .

- substltuted for vnon-conductmg thyr.lstors, 3 ‘and 3 vz'ero-voltage.:;sources : *are:'f S

- substltute‘d fOr c,onductlng thyristor's [21).

A s1m11ar approach 1mplements Kron reductlon to 81mulate the model[12] -

The orlgmal set of converter equatlons is set up as: 1f all of the thyrlstors were; i

- cOnductlng. Thls method reduces the descrlbmg equatlons to only the,',' o

- _1ndependent equatlons for the present converter topology based on knowledge of.» R

the thyrlstor statesv Th1s approach employs a general method of obtammg an S

1ndependent set ‘ of equatlons ~not, restrlcted- to ; .predet_ermmed«_} convert'er “ _'
‘topologies|22]. This approach of modelling the converter was selected for this =

» D'etailed models have been <used:_3in" th'ei ‘l-development{’i"'off other di‘gital' -

’simulations Hybrxd s1mulatlons use the average value models to 31mulate the o

R :_‘[system for long term DC trans1ents and - the detalled model for the short term, o

Ce rdmore 1mmed1ate trans1ents Recently, parallel processmg 1deas have been used to.‘

—dlgltally s1mulate the HVDC system in real—tlme[ ] . -




1.3 Motivation

> AﬁeX1ble time eﬁicignt. HVDC simulation tool was desirable for Peducmg
analysm vtime,l A-_Wor\king prqgram was developed m the mid 1939’% that used the
_téﬁ§§r' aualvsis method to. simulate an HVDC system[12] It was subsequently ‘
o expanded to be.. compatlble wrth the Electromagnetrc Transrent Program, |
. (EMPT)[10,23] Usrng the methods developed in these eﬂ'orts, a more modular'

approach Was sought which would also be more time efficient,

- If only the_ converter were needed to accurately model ‘t,lg,,,e HVDC system,
-. -_the program would run' very quickly si-h",ce only two or three state equ‘ations' are'
) requrred to fully model the converter In an accurate representatron of the HVDC

bsystem, the surroundmg AC system must also be modeled Thrs mcludes the
: Theveum reyresentatron Q;f ‘the AC system .an,d., the filters used to suppress the
"“harmonics oroducegl hy the converters. Typically for a IZPulseHVDC system,
s each .9fv'.t’he' ‘t;hrée phases 'regu'iares an eleventh harmonic ﬁlter,a ,t_hirteépth
' 'har—monic filter, a high pass filter, a capac'itor hank and a 'Thev.enin line
1mpedance Each of the filters requrres two state equat1ons, the capacrtor bank -
' and the Thevemn blmpedance requlre one state equation for each. Thus eight
state »eq}uations’ needed to 'descgribe each phase of the AC _system, For the entire

N th?ree‘phase sy-st.em‘.24 state equations are needed.

For the two-termlnal HVDC lmk there are 48 state equatrons needed to -

- = descrrbe the AC system voltages and currents, one for the DC lme voltage, and a

varxable number (usually two or three) to describe each converter. Therefore,



" between 53 and 55 state ‘equations ‘are required to model a 12-p'u1sé HVDC hnk |

The simulation of 2 model with this many state equations is very time-consuming R

and ‘difﬁcult to manage.
The ;,algorithm_can also be difficult to ‘pro'gram in ,af'f‘ashionWhich--‘v"vould‘ _ '

L prOVide 'ﬂexibility ‘ to subsequent users. Therefore, a modular approach Was{f

| sought which would allow ﬂexrblhty for users to modlfy any part of the systemv--p

model Thls ﬂexrblhty would provide the researcher a more useful tool

14 'O_bjectiver’ |

The objective of this thesis is to modify th_e :previous algorlthm _to”mak'e ita R

more. efﬁcient and useful- tool.f The usefulness ‘of the 'program can fb'e v'e"nhan:ced by i

adherlng to a: modular programming approach to ensure ease of readlng and‘_f""",;.

mamtamm‘g the code The efﬁclency of the program could be enhanced through

the restructurlng of the state equatlon coefficlent matrlx and employmg spar51ty.f-'s_ O

o 'techn1ques. These objectives 'Would be best m‘et '1n"usvmg, a Ianguage thatksupports

the‘f use of record‘s ‘and structured. variable declarations.'_‘.'lllheref_ore, ‘the '.ﬁ'nal s

choice was to write a new program in C to achieve a more efficient and useful

* tool.

15 Outline of_Thesis

Chapter 2 of thxs thesis rev1ews and explalns the mathematlcal development T
L of both the AC state equatrons and the set of converter loop equat1ons Chapter ,’ =
2 also explalns the extensmn of the tensor mathematxcal development 1nto a

o modular algorx_thmm_,approach. The results, gylven in Chapter '3‘, shows tlme
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‘ s@yings ovériits predecessqr, the validity of the model, and a transient respense of
the model. Chapter 4 gives a summary of what was done and recommendations

for future work.
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'CHAPTER 2. MATHEMATICAL AND STRUCTURAL DEVELOPMENT

2.1 Introduction
An explanation of the system Structnr‘e,“a mathematical .develop.m'e'nt of the

'_ simulation, and an overview of the algorithm is presented.‘ in this chap,te'r. Itls .

first necessary to define the system which is being simulated. ‘VF.‘ignre 2.1 .s'ho‘ws_'a_; R

one-line - diagram of the ‘complete tw‘o-te'rm‘inal" system ~which contains two -

converters, a DC line, and the AC-networks connected to each of the converters.; B

The AC network consists of a Thevenin equivalent source and line impedance, a -

. capacitor bank, and three sets of filters. Also 'included ‘are two three. phase

| ’transformerS' one is Y-‘Y connected, and the otheris Y-A connected S0 that there' - '

'1s a 30 degree phase dlﬂ‘erence in the AC voltages to the top and bottom brldges‘

of each converter Dxagrams of the converter are shown in Flgure 2 2 and Flgure'_ 3 N

5 | ‘2.3% ; i

2.1. 1 Thyristor ”Orderi'n‘g

e There are two dlﬁerent ordermgs of the thyrlstors used‘ 1n' theprograrn
. Y.The first, shown in Fi 1gure 2.2, is the ﬁrxng order, the second shown in Flgure 2 3,

is' the state order. The purpose of the state order is to prov1de a numberlng |

scheme to label the thyrlstors in the program The thyrlstor voltage and current



va\ri@blés,afer indexed using the state order, whereas the ring counter uses the

: ﬁr‘iﬂl,;;lfg;,‘erdrer.

o F lgure 2.2 has £he .thyrisltorsr lvabcl"ed in firing order. The firing order ‘i-‘é
based on the commutation vvéltag,es. UThe commutation vol.l‘vsagg is thevoltage that
5 tpansfersthe ,currenﬁ of the. thyristor .thch is pre’senﬁléy coﬁdﬁ.c.tfng} té. the 'n\,elext‘
”tyt:i’stbr in the ﬁr}i’ﬁg—vord"er. The comr‘rrlutat-ionj voltage for thyristor 2 m vVEi-:g;ure
23 is;l.vi;,he i'oltagge ‘bétw'éen"the_”Ar phasé and the B ph‘avse"ksouréésf.f’ When the

commutation voltage becomes positive, the next thyristor may start to conduct if

o th‘éréfi-sj a gate voltage provided from the controller.

212 Dé’i}a.i»ledv Converter M’odellihg

The differential equations which describe the HVDC link could be set up in
a vérie;ﬁy"of-:ways; “One W-ayv,would- be to have a separate set of équaﬁviqﬁs for each
of ;the-vpci)ssible édnverterr. operating conditions. It would be difficult ﬁo,‘_glfeﬁne'all .

7 plossibl‘e»toﬁo.l‘og'iés of the converter including all possible fault conditions. 18,19}

g A.t;othér method is to use a SPICE-like approach; each thyr»i;st‘oxs is #ssignéd' )
multlple vafﬁes of resistance. When ﬁzhe, thyristor is co.n&uc;-ting, it ﬁas; a small

' -i,ri:rllpeﬂ'a'.nce.‘ When the thyristor is not conductiné, it has a lé.rge impeflﬁnce.
'B‘ecau,sg of the large diﬂ_’erei;ce in the or‘der of maﬁgnitu&e'between the_ on and;. 6ﬂ’

X »,:'-ir:n{‘pztfed‘a,-l_iev.es,_ the fesui.tixig numerical problem is stiff. The i,nteg\i'a;ti‘op. method
’ usedmust ha.ve‘ a large région of a,bs<:>,lute stability. Exprlri;:i_t metho&s ‘are ,nO‘t
_':sui:tavbl»ervar 'stiﬂ’ problems because their r‘egio.n of gbsolute vstabi_litji,s: ﬁsual’ly

small. [24]



A dlﬁ'erent method based on tensor analy51s, was utlhzed A connectxon

,:‘ _;matrlx, based on “thyristor- states, relates a comprehenswe set of converter statef' o

B equatlons to an 1ndependent set of equatlons that deﬁnes the present converter-' S

= ,:_:;:topology Thls method aﬁ'ords a more general solutlon than the ﬁrst approach_ -

Rk " thhout the numerlcal stnﬂ'ness found in the second approach The vanables and - -

f‘development of a structured mathematlcal solutlon 1s done 1n the followmgf_: I

- _"fv_‘sectlons[12 22]
;v'2'.2 Mathematical ‘Development :
Thls sectlon prov1des the mathematlcal development of the algorlthm’,‘- S

L xmplemented and the 1mportant varlables belng used Fxgure 2 1 shows the B

“detalled model of the DC hnk WhICh is belng snmulated The HVDC system canff-,' L

g !({be dnvnded into- three parts the AC system, the DC system, and the converter »:~_

' f_f‘ The AC system voltages and currents requxre 24 state equatlons Slnce the AC g B

R system components do not physnca.lly change over the course of the sxmulatlon, e

s .»the state equatlons remaln ﬁxed Thls is not true in the general case because 1t 1s_’.1‘__.'v' '

possrble to sthch on a new capacltor bank or to adJust the taps of the e

transformer for added control In thls work the control for changlng' the taps of -

"“v,,the transformer has not been lncorporated because the slmulatlon runs of 1nterest e

R f'are short relatxve to the delay in- the tap-cha.nglng control The""’conv'“j:ters are

slxghtly more dxfﬁcult to model in time because the number and the coefﬁc1ents of T

| the related equatnons change each time a thyrlstor changes states Although the" o

DC line voltage equatxon does not change, the locatlon of 1ts state equatlon JREes
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coefficients ‘within the A matrix vary as the converter loop equation variables
' 'éhange.

. The mathematical steps used to simulate one time step of the model are
- illustrated in the flowchart in Figure 2.4.
2.2.1 The C'onverte: Equations

Altthou‘fgh it is not possible to separate the converter equations from the rest

- of the systerh equations, the following section focuses primarily‘on buil‘ding and
| éolvihg the: converter equations. The converter equations are dependent on the
'AC‘fsystem equat‘ions_. The link currents are updated based on the latest values of
the ACléurrénts. After the development of the converter equations, the AC
variables are discussed.
2.2.1.1 Loop Equations

- In a tensor approach, the initial set of s‘tatevequatio'ns is developed assuming

~all thyristors were conducting. Figure 2.5 displays the tree and link diagram of a
| 12 'p'u'lse converter. Nine branches, shown as solid lines in the figure, were
o -a.nbitra;ily chosen to‘ be the tree. Based on this tree, ten loop equations fully
-~ describe the converter. These equations can be written in the foliowing form:

V]oop = Zlooleoop , | (2'1)

- where
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Y .
e I, -
%c ' : Yinkl
ohe : iinks
eY . ‘ Ry
_c{a ' - | Nink3
€ch v 1 Nink4 - v 1
e —V4 Vloop » ' Uinks | IIOQp . S
- Vloop = | - HK N == _x, y Iloop = . eie =1 A e (2.2)
ST  €a Visp|  fhioks | Mfees| |
,e{,’c -} R ' Yink7 | -
A : ' ir:
‘ €ca - SRR illl‘lksv .
vy | illlnlffo
a A AN ink10.
€ca T ehe +€ca Ramng
L - d
~and
Y : ‘ »
Zloop - Zlo:p - gc R : | : _ (2.3)..
% ‘ Zicop: o AR s

~ The superscrlpt Y denotes the Y—Y portlon of the converter, thynstors one _:',

through six in state order. The superscnpt A denotes the Y—A portlon of the_' _

converter, thyrlstors seven through twelve in state order

Ilocp 1s the set of all the loop currents Whlch are shown as hnks in Flgure'_ -

2.5. Zloop is the 1mpedance matrix whlch relates the set of volta.ges in Vloop to the B

loop currents The actual ‘values for- the Zloop matrlx along Wlth an example‘

: ,‘derxvatlon can be found in Appendnr B Vloop is the set of voltages Wthh are g ,k
vusedb‘to_ determlne the lln'k currents. In this notation, € = eav f“eg,
. 2212 .The FC‘.onnection Matrix |

,JbThe.conn’ection matrix is?'develioped | to reduce the fOrig‘inal set of loop

| ‘equations to fonly,those’-epplicable“tob the oresentglconverter topology"[22]f. It



- relates the loop cutrents (the set of currents from the links shown in Figute 2:5)

~ to the new set describing the present converter topology as follows:
Tioop = Caly A (2:4)
where fjp is the set of loop currents, I, is the reducted set of currents of the
present - converter topology, and C, is the conmection matrix. A detailed
deseription of the logic and the formation of the connection matrix is given in
Appendix C.
2.2.1.3 Reduction of the Loop Equations
Substituting Equation 2.4 into Equation 2.1 gives a new expression for
Vieops that is
 Visop = Z1oopCaln: o - (2.9)

P:i-é-rﬁult‘ipl“y‘in:g both sides by the transpose of C; gives
CtVieop = ChZioopCala- - ~ (28)
Defining '

Vn = C;V,oo-p- : : » ' (2.7) i

and |
, Zn = C:Zloopcn; o , (28)
~_ the final result is |
Vn = ZhIn-' v' : ‘ (29)
The connection matrix is a 10X2 matrix when theré is no commutation between

* thyristors. Under this condition, the result will be a 2X2 Z, inatrix. For each



- commutation occurring, one additional column exists in the connection matrix in

| :order to form a complete set of loop equations. 1Therefore,_,‘;u,h'_d'érfnor‘ma":l‘j S

vCOhc_li't'iOIls with overlap of less than 60 electrical degrees, .the”convé;te‘r{vc‘an-_ be
. :'}fﬁlly‘ descnbed using no mofg than three of the loop equaLti'on‘s, i e
'2.2.1.4 The Converter State Equations
The pext step is to manipulate Equation 2.9 into state equation form. .
Previously, the variable Z has been used to represent the impeda"n'ce.v ’Sincve »this“ﬂis‘ S
. a dyhamic simulation, the original values of Rénd L -rh'ustv be used. Z_Repla_.t:ingﬂ Zy- ' '
| bﬂ"by ,its operational form,

Z’nv=' Rn +p Ly.

Usivfn'g;t‘his substitution in Equation 2.9 gives |

s Va=Retplgh  (@10)
~ Expanded, this is o N R |

Pv’l;tting: is_he d‘i.ﬁéfénjti‘al éﬁ the leftv side ‘give.s |

‘  Fi»na«‘!&”'*‘p“'e‘-mv“_l’tipl&_}ipvg both sides »b..y Ln y;élds,j;hé ﬁnal resm{f S
v ‘- 1‘>‘In - L;lvn"LannIn | , : (213) | |

E ':T‘hé loop eqq?tioﬁs'are ﬁow in state égu’étion fo:ni.v A‘_Si'll,ée‘ -they.anr‘e» mthe fﬁémé:

~ form as the AC state equations their'coeﬁicients’ can be added to_“the state matrix.
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' 2215 fSysite,m. State Equation tegration-

After the A méttix has been formed, the integration is performed. The

integration  technique employed is the fourth order Runge-Kutta method. By

because ‘thev-z‘iumérica;l problem is not stiff.

- " An implicit method requires an inversion of the A matrix to obtain a value
~ for the variable at the next time stép. An explicit method predicts the value of
t;he_;varia,blé at the next step based on previous values. By employing the exﬁlieit

integration method, com'putatiOn time can be saved without a loss of accuracy.
2.2.1.6. ngp Currents v
:  The relationship between Loop andv I, was defined in ‘Equat_ioxi, 2.4. The

'syétem state variables were updated during the iﬁtegratib_n, The state variables

3 Solvedv for in the converter state equations were the values of I,. So by the

Qrigin—él definition the loop currents can be determined using,

o - Iléop = Cyply. ‘ (24)
© 2.2.1.7 Loop Voltages ‘

- To update the loop. voltages, _a'nother transformation matriﬁ; must be

| ’devel;qpe,df. - The definition of Vieop given in Equation 2.2 was



Vloop =
A ,"
€be.
AL
eca : -
-ebc

eca. + ebc + eca/ s

“ The prlmar}"‘voltages of the transformers are found a.s part of the AC bstate
equatxon ‘s,solutfxon integration. Multlplyxng the | prlmary voltage by the4 |

E appropriate tﬁrns rat.io, t, giveé the .followxng ?et, of lvovop‘ vol_tagesr F»or example, :
o the'ﬁrst eq‘uation’ rvquld b.e‘ | | | |

e}:: = e‘lr,;écqnd’;ry."‘ é&mnaa;y‘j_ L (214)
ef; =t* (eZprxmary ez‘ériinaw »
“For the same _-l’eve:l §f secondary'voit,age as:thé Y—Y _traﬁéformer,’ the'fﬁvrﬁs ratio of
,t,h‘? Y—A ‘trahsfbrmg_r r"nu:c;t;be \/;t; This yieidsz } |

€ac = ©€a,secondary ""ec,s’ecoqda.ry- T L _(2'1.5):

ek = tV3 (e primary — e primary)-

Extending this for all the loop voltages,



“defined as V,.

a

A
€he

A
€ca

A .

2.2.1.8 T'hyristdr Voltages

ml

ooooo

l.a .4 Al
|eca tepe tea

ooooo

converters has been built on Equation 2.1.

ooooooo

vloop = 'Tvvprimary .

Vloop = Zloop Il:::op

Va,primary

' V-c,p‘rima‘»ry |

| Vb, primary |
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’(é.is) -

Since the aséumption is that the thyristors are ideal, the voltage across
those éonduc‘ting is zero. The other thyristor voltages must be calculated to

determine the state of the thyristor at the next time step. The simulation of the ?

The loo'p- 'equation‘s were deﬁved assuming that the thyristors were all conductihg.

' V’If this were ﬁrug, ihe V§ltage aé‘r'oss all the thyristors would be zero; however, all
 of the thyvr_i‘stors, do not cond‘uct at the same time. A set of voliage eﬁuations
' mﬁ‘st-be‘ developed to account for the voltage across the thyristors in the loops

defined in Equation 2.1. This difference due to the voltage across the thyristors is |



Now, expressing V, and Vigop in terms of the thyristor 'voltages gives | h

Vy =‘Vloop» = Zloo’p'illoop‘ o

<.
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_Based on Equatlon 2.18, a general 1nc1dence matrix ¢an be developed to relate all-

the thyrlstor voltages to the voltage dlﬁerence of the loop equatlons, Vi o

F:Transcrlbmg the coefﬁclents from Equatlon 2 18 mto matrlx form ylelds -

"cooocococoow |

cocoocoCcOoOrRO

°°°°°EP°LL

COCOOOoO~OO

. ocococococorooo

vgoocngLon

R-Y-E-F-Fo - ¥-N-N-N-)

N E-T-T-T-F-T-T-I-N

déb#ocoéoocm‘

OCHOOO0O0COS.

ogkogocf;

waQV"

- »(‘2‘.19.):

Smce xt is the set of thynstor voltages bemg sought Vthy,,sto, must be expressed" ¥

~in terms of V To formulate thls express1on, 1t is necessary to reduce D

' Each;column,of D corresponds- ‘to a 'thyristor ahd?_eac'h thyristor'that is R

conducting, has a voltage of zero ‘across it. Therefore, since the columns of D
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~corresponding to conducting thyristors will always be multiplied by zere, they can

be eliminated,

| E@eh:rowtbf.the' D matrix corresponds to a loop equ,a;_tiog.v Equatlon 21 was
dév;lopgd using the assumption that anI. thyristors were coxidxz;cting;‘; Vi was

| developed only be’ca».‘use some of the thyristors wefe not conductmg ,V Therefore,

smce link ‘j'é,utre-nts corresponding to a éonducting thyristor have Vx eleméntg -

equal to zero, these rows can also be éliminatéd. So the final result will be;
Vi,n = Dy Vinyristor,n I (2.20)

After the row and column eliminations, D: becomes a square matrix which can be
iﬁ?&rtgd, Now the;v.ol_t.ages of the thyris,tor_s' not conducting can be dét@rmined»

using

Vthyri_,stor,ﬁ =D;1'vx,n~' - o , . (221)

2.2.1.9 Rectifier Control

The subroutine for calculating rec,tiﬁe-n'cont.rolf’variahleav is divided into two
sections, The first contains error detection and amplification, and the second

céntains thyristor firing control. The control scheme is illustrated in Fi‘g_uref 2.6.

" The first, sectiog of -Qhe subroutine employs a PI controller to \pryo,duee_ a
normalized output signal based on the error between the actual DC current and
its reference value. ~ The signal is processed through a proportienal gain and an

. .bi.ﬁteg»ral‘ ggéin. The amplified errors are summed together and sent to a limiter

7



: w-hi‘ch reduces systein overcon}pe.nsation.g This lcontroller;,v’iillustrated_' in »F_igure” :

27, is used s an input to the second part of the rectifier control.

The"..second ,:pa_rt'"o’lf ‘the subroutine'»usesja ramp function to detel-,mjne}”théf ; e

’ f.vﬁiri‘ngﬁyiz intert?al. -Whenetrer ‘the fixed-slope: ramp function Crossés_;}théfqontroldletfel,' B

»the" rarnp-ffunction is resetto- zero : Fi'g.ure‘2v.8’-' i'llustrates wh'at t~his"’looks’like over -

g tlme, 1t is a sawtooth waveform The x-axxs 1s tune, and the y—axxs represents thef, 5

: 'ﬁnumber of electrlcal degrees smce the last thyrlstor ‘was - ﬁred When the: :

o cOnverter is '.Operating under rstea_dy sta_te condrtlons,-‘ a"thyrlstor vsh"ould,be: vﬁre_d\_ -

every 3‘0" electrical'degrees because each of ‘the t}weltre thyrlstorsshouldﬁreonce [

every cycle,:or,‘fonce’ every 360 electrical'degrees;. The dashed llnerunnlng 'parallel’zv

' 'to the “)‘c'-axis is th‘e".stefa'dy state firing angle,. or_* —;-‘T‘-‘[rad'i'ans_‘. e

The current in the DC line depends on the length of tune the thyrlstors

i .conduct When the delay angle is. longer, the thyrlstor conducts for less tune,

S when the thyrlstor conducts for less tlme, less current ﬁows 1n the DC llne o

-' : Therefore, 1f the current were to be hlgher than the reference current at the la.st; 8

i tlme step, the controller produces an error sxgnal whlch causes the ﬁrlng of thef S

| "”next thynstor to be delayed longer CODYel‘Se.IY;" lf-'theﬁc,u? ren_t:-was‘ ﬁlOW{;at‘. the last R

,-tlme _step,}_ then‘the next 't'hyr_lstor 1s‘tu’rn:‘ed,'lvon,_'earl‘ier.g g

The purpose of the output error 51gnal of the PI controller 1s to adjust the -

o ":ﬁrlng tlme If the actual DC current from the rectlﬁer 1s hlgh then the outputf,'l_v":""'i_-t',-'.:

' from the PI controller is negatlve il~ S




‘Irefergnce _Iactug.l » B
- Error= .("DC DC ) , (2.22)

I.i'ef erence
DC

Since the current is high, the thyristor firing angle must be increased. The angle

can be increased by subtracting the output of the PI controller from the steady
"St.@te‘_,” -;L firing angle. This mo#,es the point of intersec’-tion between the ramp and

the fir ing level. It is at the new point of intersection that the next thyristor will
be ﬁred " The curved, dashed line shown in Figure 2.9 is the difference between

the steady state firing angle and the error out of the P controller.

kTihe two horizontal, dotted lines in Figure 2.9 show the maximum and
mini.mufm,,ﬁvriﬁ-_‘g angles. If the cur\;édllvline dips below the minimum value, the :
nex:,t;t;h-_&_ris#é:r w:i‘l,l»' not fBe fired until t;he ramp has intersected the minimum ﬁrmg
‘angle line. If the curved iine exceeds the maximum value, the negt tli‘?lz"rsistbir wxll

The final step of the routine advances the ring counter in a circular queue.
“A set of four consecutive 1's, or "on" values, are moved in firing order as"
“illustrated in Figure 2.10. The 1’s correspond to the conducting thyristors, and

the 0’s ,C6r-ne$pon§l to the ‘non.-.conduc.ﬁinig_ thyristors.

_ 22 110 '%Invertier Control

: ! ’;l’igvhje;—ii;nve;t:er.COnt;r,o‘l .s"ﬁbro'ut_ine is very similar to that of the rectifier céntrol

o ._égbr@utiag.v (See Figufe 2.11) T‘he inverter subroutine uses a ”propo‘x'eti_gnal‘_
p;:i;t_noller to‘,ampﬁl:iify the error signal. The error signal is the _diﬁerénc,e in the

actual extinction angle, Y,ct, and the reference extinction angle, Yyt
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Before the error. can be calculated, the actual extinction“bangle ‘must be

" 'bfovund. This calculation requires that the commutation voltages be mon'itored for -~ -

| doanard zero crossings. When one is detected, the time th‘evlaststhyri,stor was

o tu'rned off is subtracted from the current time. By"converting this ‘time to

radlans, e/act can be determmed The error. is calculated amphﬂed by the
| proportlonal gaxn, and sent to the second part of the procedure whlch determmes

bwhen the next thyr:istor should be ﬁred.

The next thyristor firing is determmed by usmg an Inter-ﬁnng-perlod (]FP): :

[25] It is very sumlar to the ramp/sawtooth type of method used in the rectxﬁer N
control The [F‘P is the time between firings of the thyrlstor Under steady state' b

conditio_ns the IF P is 30 electrical degrees, or. —g—- radians.

T
i

.The output from the proportlonal controller is added to the IF P When the- e

" current time reaches the sum of the IFP and the error tlme, the next thyrxstor is |

vready to be fired. The rmg counter- is then adva.nced The ﬁnng order of the ;
thyrlstors in the inverter is exactly the same as that for the rectlﬁer (See Flgure

210)
2.2.1.11 Thyristor States

Each thynstor state ‘must be checked every txme-step to determme its

F. status The ﬁrst step checks for thyrlstors that are turnmg off ThlS requu'es the

'values of the thyrxstor currents. If the thynstor state is on and 1ts current has

o gone_-n‘egatlve slnc_e._ the prewous time step, , . the thyrlstor,should be turned off.
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Th‘é'»t{h'yri'stor currents must be calculated based on the updated independent link

currents. The following equation expresses this relationship.

Iy | ¢ o o 161

il [yoooosa e o)

X | - _ sk

Lol <1 =1 0 0o 1 0 0o o o of [{"F]

| oo 0 0 1 0 0 0 0 0 o0 o] |[nks

{ys| o o o 1 0o 0o o o0 o o [l | |
Alwye [ _JO 0 =1 =1 1 0 0 0 0 0f [Lisks (2.23)
Jamitle s v el o6 g e el O
B Tiivys

[ Jo o o 0 1 -1 -1 0 o of [

w9l o 0o 0o 0 0 O 0 1 0 O link8 |

|Ltnyro o 0 0 0 0 0 0 0 1 of |l

Ipys{ J]O0 0 0o 0 1 0 0 ~1 —1 0f |hiakwo

Lihy1a " ' - T ;

The second step is to check fof thyristors which é;re presehtly oﬁ, but should be
tu‘rﬁed Q’n".’-v Tuf‘ning a th‘yristor on takes no mathematical vcalc_ulatiorls. If the
ring coﬁntef element is'én, then the correspondiﬁg thyristor is i;’u‘rﬁed 6n.~

If there were no,cha‘n‘gesAin the thyr‘istor states, then the calculations neéded o
i"bri. this'_itime step are complete. The ﬁext step in the solution is to integrate the
state equations for the next time step. If there was a change in thé thyi'isﬁor
s_tateé; then the state equations no longer reflect the current converter circuit, and
the cbﬁverter state equationé must be rebuilt. This rebuilding \is accomplished
. usin‘gi t,he- connection matrix based on tHe new set of thyristor s‘tates to reduce the
- loop eéuatibns.

It ‘ié also necessary to revise the state variables »and to update the loop
curreﬁté. After’ne‘w' con‘v‘érter state equations have been calculated and the state -

" variables updated, the process begins the next time step with another integration.
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-2.2.2° AC and DC System Equations

From a physlcal perspective, the AC system modelled consifsts of a Thevenin_-‘
‘ equlvalent of the AC system looking back 1nto the system from the converter
._transformerpnmanes, and the AC filters. The AC ﬁlters in parallel thh the .
converter are tuned to remove the 11th and 13thvharmonlcs as well as other high
frequency harmonlcs. | |

Examlning .the circuit from a mathenlatical persp‘ectlve,b "»both_ loop vand "-

nodal equations must be developed to form an independent. set of equations which

describe the AC voltages and currents. The only known voltage in the AC system' o

is the Thevenin voltage, which is the forcmg functxon of the system All other |
values of current and voltage can be found throu_gh the‘ set of state equatlon"s.-‘ .'

The fOllowing are the differential equations needed to simulate theﬁAlC side of the'

converter. Only the A phase equations of these equations are only:shown. Th__e‘ B

AeQuatlons for the other two phases are similar..

AC Phase Current in the AC equivalent:
d. _,1 B p oy e A s

Tt lae _—/,(m)(et_h—‘ thith~Vap)- S ,(2.. 4)
~ AC Phase Voltage at the Primary' of the Converter Transformer:. ‘
RS A U ML T
dt S Ce B , o th : S

» 'llbth_,Harmonic Filter Current:

. R - o |
T ——ify3 =(m)(vac—ve11“3f11lf1t)- R (.2-25)



11th Harmonic Filter Voltage:

1 :

)(lfu)
Cry

d .

- 13th Harmonie Filter Current:

4. 1

dt f13 (Lns- NVac vas—Resing)-

* 13th Harmonic Filter V°1ta€e’ | -
‘v-.v—.Vc13 = (""L')(lfIS)
Sdt T " Cng :

= ngh Pass _;Fil.teif.Current;v .
(e
nghPass Fllter Voltage: |

et
b
Lth is t_he ’i“heven_’;n inductance of the AC system,
Ry is the Thevenin registance of the AC system;
- eth i,s‘ t_ﬁ_e Thevenin voltage of Athe AC system, |
L i ds t.vhe'VThe_vgnin current ofv the AC system,
; vapls the 'phasé .vvolt‘a;g,e.of the capapitdt' bank,
Cc ls thebvca_pacita.z.icélof ﬁhe ’cv,apaci.tor bank,
2 1m is' ‘tv;liiencurreﬁt A-in the eleventh harmonic filter

ipg is the current in the thirteenth harmonic ﬁlt,er

—Yipp + (5 )(Vac=Vp ).

@)

(2.29)

(2.30)

o (2,;,31) -



ipp is the current in the inductor of the high pass’ﬁlter,

| Veip iS t,he.capacitor voltage in the eleventh harmonic filter,

| Vez'is thec_ay-)_acitorvoltage inthethirteenth'herrnonic ﬁlte’r,- - o

vhp ieth'e voltage} across the car)acitor of the high p‘essﬁlter, R
Lmi :is the kinjduct'anc,e of the‘ eleventh'harmonio' ﬁlter, S

Lf13 is’ the 1nductance of the thlrteenth harmonlc ﬁlter,

-,th is the 1nductance of the high pass ﬁlter,

» Rm is the resxstance of the eleventh harmomc filter, -

Rf‘13 is the resi_stance of the thi_rteen_th harmonic ﬁl-ter, B

Ryp 1s the”vresietanee of the'hlghpasvsv ﬁlter, =

Cfl 1 is th‘e capacitenoe of theleleventh' harrnolnicvﬁlter,'i

. ‘Cf13 is the capacrtance of the thirteenth harmonxc ﬁlter, |

o .Chp is the capacltance of the hlgh pass ﬁlter,

| ‘There- is aléo a state équation to describbez‘th'e» DC .line v‘olt'a.gé": o <

VR S S R ey
db T Cge T T

The DC network is represented by a T network w1th a shnnt capacltor at

, the center to develop the DC line voltage ‘This DC lrnev.voltjege equatlon is
,‘vdependent on the DC lme currentsv The lme currents are_-tpert,ofjthe vcovnverter:

equatxons. Since the indices of the.DC hne _'eurrents sometlmes kc,h'.av‘n‘,ge When‘v..the,.v
,‘ set of eonducting _thyristore change, the ’voltage equation must be vr‘ebnil’tv when :

the;conrerter:state’ -equatlons”arev rebuilt. The valuesb of :;the vcoeﬁieiem'j,éfwillnot : i

change, only 'their locations in the A matrix. -
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2.3 ‘The State Equ}atiOn Coefficient Matrix
- . The following sections discuss ht'he structure of the state matrix and its
‘ _‘irhp‘lemei;ta',_tbion-‘_iﬁ te_rme of sparsity'ahd data structure. Each set of converter"i
_equatiohs:.is deﬁelOped'separately and then added to the set of AC state;eq\iations. o
”O,I‘l i'e)iemining the c'ontenf,s'“of fthe A matrix, the sparsity :of the r‘natr“ix is” ’
vapparent If the sparmty of the mat.rlx is to be explonted a new means of stonng .
","'the elements of the array must be developed Conceptually, 1t ‘can stlll be S
: thought of as’ a two dlmensnonal array, although, it is not stored in a two
, dxmensional'array. T
i 231 Struj}ctv\__ire. of the State Matrix
o . Flgure 2.12 ghows" a broad view of the layout. The first 24 rows are the
state egua;ti’ons deecribing the AC system associated with the rectifier. ‘The next
24 rows are the state;ei;d&tions des'eribing-_the AC system a;sso‘_ciiated with the
:i‘n\krertér.l The 49th row is the equation describing the DC line voltage. The next
four roy#s..are reserved for the rectifier state equations. The last four rows are
rese,xjved‘ for the inverter state equations. Under normal conditions, a m‘axilmum‘

H of three of the rows are used for the rectifier and three for the inverter.

._.Anot)her Wa'.y‘.“t},o separate the A m'a',t‘ri)v:,,, shown in F igure 2.13, is to divide 1t -

| mto blocks Row one is- the A phase AC current at the converter. Colfum-n- one is -

SR multlphed by the A phase AC current at the last time step. The A ma.tnx can be_

«\newed as a grld in which blocks correspond to physical groups. ‘For example, the

upperﬁ left 24)(24 block correspondsv.t.o%the AC system connected ‘to thegr‘ectl.ﬁer‘.
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| The 24)(24 block dlrectly to the nght and the 24><24 block dlrectly below the,.
upper left block are ﬁlled with zeros because there is no AC 1nterconnectlon “
: between t'he two ACsYstems,_ only through the DC line.

- By,looking at the matrix in grid forrn, ‘it is possible to c‘ategorizei the blocks
into two 'grou’p’s.’ ‘The first group consists of those blocks whlch wi_ll’ 'u‘ot_;‘. ‘chauge,' "
over the course of the _sin‘mlation.‘ In thls case 1t is the upoer left-49*49 block. -

"‘I‘he' second group. would be those blocks"whicll cba.nge“, ov'e'r»tb‘e‘course of the
- simulation. This lncludes-t}he rest of the matri‘xi which is tbe set IOf rows.a,nd‘ |
columns correspo‘udin.g to the converter equation va.ria.bles.‘ The seco.nd group
could be‘broke’n down furtb'er between converters. In t‘he two terminsl case, it =
vwould be b-roken into twopa.rts: lthe .rectiﬁ.er a.ndthe: 'iut'erter. . |

- Table 2.1 Row Descriptiou of A Matrix

~ Rows __Description
'Rectifier AC equations: , ’ ‘
1-3 A,B,C phase AC currents at. the converter -
4-6  A,B,C phase AC voltages at the converter e o
7-9  A,B,C phase AC voltages across the 11th ha.rmomc ﬁlter
. 10-12  A,B,C phase AC voltages across the 13th harmonic filter-
. 13-15 = 'A,B,C phase AC voltages across the high pass filter |
. 16-18  A,B,C phase AC currents through the 11th harmonic filter
- 19-21 * A,B,C phase AC currents through the 13th harmonic filter
| 22-24  AB,C pha.se AC currents through the hlgh pass filter <
'Inverter AC equations:
|7 25-48 ' Same as rows 1-24
DC line equation: S ‘
49 ' The voltage across the DC line capa.clta.nce NCAEN
‘| Rectifier. equations: : e
- 50-53 Reduced loop equations for rectlﬁer '
Inverter equatxons ’ : '
_50-53 Reduced loop equatlons for xnverter




_- :i'is well over 11,000 muﬁlﬁtiblifca‘tions; The time step being used is one quarter of an
electrical degree. This translates one second of simulated time into 88,400
o iterations. One multiplication on a Sun IPC (Spare I) takes approx1mately 2.1
~ mieroseconds, which would yield a savings of almost 17 minutes of CPU time for
a half second of simulated time.
This discussion emphasizes that there should be a way of multiplying only-
“the non-zero elements in the array, while ignoring the zero elements.. R
- 92.3.3 Data 5Stri;éturé of the Stat’e‘ Matrix
Since sparsity theoretically yields a valuable time savings, 2 method must be
: .devé{iopéd ‘to multiply only the non-zero elements. ~Since this is a specific
_v ippiiéation and the strxi:ct;ure of the system matrix is known, ofily the non-zero
elements in the matrix need to be stored. This would require a different structure
’ thah'"é, twddimension‘al‘array. o
. This was the approach that was taken in this work. A one dimensional
. a.r‘fﬁy of ‘records Wﬂés.'use_d to store the non-zero coefficients. The record has ‘the

structure shown in Figure 2.15. Since only non-zero elements are stored, there is-

-'ﬁdi‘negd to -éh‘eck the 'matrix’for_non—zero elements. All of the necessary

% xnformatlon is in the féc'ord; o
Since the A i‘n'atr’ix'was'divided into three sectiotis, the ‘multiplication was

 also divided into three sections. This division was used to recalculate the

. converter state equation coefficients and load them into the A matrix without

- v'aﬁ‘gcﬁﬁgi the unchanged ecoefficients. ‘:Alt’h"ough this three-section _apprbaé_h is



) 'eﬁicient in terms of CPU time,v it does'_'not,j.l'e’nd itself"'. well -b'to‘*:handlin.g.: anl::}

unknOwn number of converters.

The Runge—Kutta 1ntegratlon technlque requlres four multlpllcatrons of the;_f .

A matnx- by four one—drmensro’nal ’arrays The multrpllcatxon beglns by .

1n1tralmng the resultant matrlx As each record is read from the array, the value'r{i_ |

of the coefﬁcrent is multlplled by the column of A column element in the one

dlmensnonal array. That product is added to the row-rof A" column in the._:i';,f o

'resultant ma_tnx,

2.4 Algorithmic Overview

The algorlthm used to srmulate the two-terrmnal HVDC system was,_'

rdeveloped using a modular. approach The algorlthm was dlvrded 1nto computer__'_- '

tasks Each major . task such as the : 1ntegratron and »the control- was

1mplemented in a separate subroutlne Other aspects of modularlty were also{

rnyestlgated.

-~ Modularity by function was incorporated,"’whenf‘;possib'lev. Fun.ction"' 1s S

deﬁned_' as a physical process of the converter or AC ‘system. For "exarnp'le‘," the

* control of the phySical system can be replaced or :modiﬁe‘d While thef. re'st..'of ' the o

B phys"ical systern remains unchanged. Therefore, 'itv would be beneﬁvdal"‘to'h‘ave't'he""'_-»_'_ o

‘..ablllty to replace or to modrfy only the control routlne for the rectrﬁer or mverter'f L

,bﬂrldge. ThlS type of modularlty allows for a stranght forward substltutlon of o

subroutines to 1.n,corporatea change in the physical system.,. R
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Another form of modularity was in the flow of the program. This form of |
| mpéfizuﬁlariaty locates fﬁel.at.,ed subroutines or flinsésN of ~vsc.od_e tOgether | ;_i:n'v #h@' same ,
 section of the program. It also e\nsuﬂr‘es that independent tasks are located in
ﬂsepa:réte é&ie:ciions- In order to make the algorithm more '?nﬁadﬂfblﬁ, and
‘malntalnable, related preces of code were kept physncally cJose together thhm the}_

algorlthm The algorlthm, broken down by ﬁow, is shown in Flgure 2. 16 The

' vﬁow of the program is separated into six large tasks.
2.4.1 System Parameter :In:it.ita_,fl’_i;z.aﬁo‘

F,Tjhe :ﬁow of the program begins with the initialization of the system

VDC system being model'fled.ﬂ

pa;rnmetrers, parameters unique to ~the ip.arti.,cnglar
The vpa;rameters mclude voltage levels, resistances, capacitances, and mductances,
whlch are used V%b;.y the algorithm. It is durlng this stage that the constant ‘
matnces and evar»ivabfleé are ifni-t\i'a'l.i:z.;ed. "Ffosr example, the full set 79;;f ,:n_e_;cv-ttlﬁer and
converter _loop v,eqn:at'ions are formed. The transformation kmatriv;ces ueed to

caleulate thyristor voltages and loop ml;t.eges. are also formed. o
- 2.4.2 Operating Condition Initialization

The ese,.c,onfs:i stage in rhe program flow is the in_itializa-!:ion of ohe operating
conditions. Contained in the aop,erle;t_in.é conditions are the initial states of the
~§hyfristor§, values of the control variables, values of the state vaf;lab:les, v?ﬁ_l-ter B
.Séaél‘ues,';an,d other variables necessary for the start of the »simu;lation,. The second
'~stég.e_. ini'tinl,iz‘es the state variables using 'ne physical values vl‘o\ade_d in the first

zsiza;_;ge.



36

There are two optxons given in the 1n1t1ahzatlon of the operatlng cohdxtlons
" The ﬁrst optlon is to begin the slmulatloln usmg a pre-deﬁned ‘set of thyrxstor" L
“s.tates- The mltlal operatmg condltxon vanables are descnbed m Appendlx A -
:The second optlon is to contlnue from a prev1ous run. In thls ‘case, the restart
coadltiohs are read 'from‘,-a .recovery__ﬁle t‘ha‘tvhas vbeen Cre_ated 'atvthe end of a_
: ,preyious simu‘latlonl ‘It» contains‘» all vthelinformati‘o‘n n’:e'cessarj‘r. to‘ beg‘l'n the e
xsimulatio-n l'rom the last time step of that prev‘ious sirriulatioh.' . All vthe_se:. Varlahles
- are llsted ln,Appendix A. | | o |
:2t4.3 bonverter)State Equation lnitialivzation'_

After"the operating conditions aﬁd AC state eQuatioﬁs are initialiZed the:

vconverter equatxons must be developed This stage of the program ﬁow 1mt1allzes R

,the matrlces whlch descrlbe the topology, reduces the loop equatlons,‘ andf:,' -
mampulates the reduced set of loop equatlons 1nto state equatlon form These":
.t‘asksh are based entirely on: the states. of the thyrlstors | Format;oh. of the
' eomrerter ,statev eqhatlons. mustv“ be . repeated .ea'ch. tlme“the‘ topologyof | the o
eohw‘rerter chan‘ges‘.‘ | |
244 - Mam Loop
‘The‘ fourth s’tage ol' the prograrn ﬂow is the ma’in'.loop fol' -the~ simulatio‘n;. Tt )
contalns the lntegratron of the state equatlons, the updatmg of the loop eurrents, L
loop source voltages, and thyrlstor voltages, ahd the control subrotxtrnes for thex.v. :
c’onverters. _’ It is the most_ tlmek consummg part. of the_ sunulatron *he(_‘;ausej itis )

" repeated every time step.



2.4.5 Thyristor State Changes
When a thyristor state changes, the reduced set of loop equations is no
longer valid. The new converter topology dictates that the converter _-stéte '

equations be reformed. This is done by reforming the connection matrix,
reducing the loop equations, and manipulating the reduced loop equations into
 state ,equatidn form. Re-forming the co‘nverter» state equations is separated from
't'he‘ main lodp because it is necessary to do this only after a change 'in' the -
converter topology. ‘Computing time would be wasted if the state equations were

fecaflcglated every time s‘tép.
2;4.6 Exiti-ng the Program
The user has three -éhoi.ces w}h‘en .ex-i-ting the program:
» to continue the simullation,
o to end the simulation after saving the final operating ‘conditions as a
--starting point for another simulat‘ioh, or

« to-end the simulation without saving the final operating ‘(A:ondi'ltiohs.“

“ These six stages make up lthe flow of the algorithm. T'ilé ﬁrﬁt three are
related té the initialization, the fourth and fifth comprise the'ma‘ih loop, and the

sixth allows the user to exit the simulation.
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B Figure 2.2 12-Pulse Converter Eiagfém in Firing Order



Figure 2.3 12-Pulse Converter Dl'i’agr'am_in'Styate ‘.Oi'd;jerf -
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Figure 2.5 Loop Diagram for a 12-Pulse Converter -
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Rows 1-24: T
Rectifier AC System Equations -

_ Rows 25-48: .
- Inverter AC System Equations

“Row 49: DC Line Voltage Equation

Rows 50-53: Rectifier Loop Eqvuatibns o

- F’igure 2.12 Separatibn_ of A 'Ma'trivay was';

' Rdws 54-57: invertei},Loop Equations |
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CHAPTER 3. RESULTS

3.1 Intreduction

The goal of this thesis was to employ time saving techniques to an existing
de:téiiled HVDC -algorithm to make it more efficient and uséful‘. To verify the
| Fesults, the val‘idity of bothvtimve savings and the model itself must be tested. The
claims bf time savings are veriﬁed th;ough the use of a compiler option called
"p.rpf' ', or Profile. Profile keeps a record of the amount of CPU time spent inside -
of each 5ubroutine. St‘éady state rfesAults fx_'om. the program are shown, vand
‘éimulat:ed-‘ fral-ues are c,?)mpar'ed» with ekpect_ed values. The eﬁﬁpected values are
ca;lclilﬁ‘téd" using formulas der~ive‘d‘ for steady state c_on:di_t_ioﬁs. L,éstl}, thbe
traﬁsie_nt study shows the r‘eaction of the system to a step Ch.ange vinkvthei reference

DC current at the rectifier.
3'.2' ’Fime Savings

The resﬁlts of the profile study are shown in Tables 3.1 and 3.2. In the
tables, t£e~ column of data used to analyze the performance of igdivi-dua,l
subroutines is the "ms/call’, or the average execution time per call in
mi’lliseco#ds. The v.”?!?f in thiis column only reflects thﬁe Cf-’U time required to

execute the statements within the corresponding subroutine. It does not include



o Table 3.1 Profile ReSults'frdrﬁ"Orig_vinal‘PrO'gra.mf,;‘.‘\ o

time  cumsecs #call ms/call - name
61.7  144:13 1439  100.16 = - integ .

2.7 216.41 2878 222 tvolt .
| 1.6 22017 11512 - 033 multi |
0.9 22225 17268 . 0.12  filter |
0.9 224,24 1 1990.00 ~ MAIN |
0.4  227.70 1439  0.61  current |
0.3  229.22 2878 026 state |
0.1 231.79 1439 0.12 - firing

0.0 23270 1439  0.06  gprec . |
00 23321 1 40.00.  imit |

time cumsecs  #call ms/call - lvi‘amei o

100  25.94

209 - 542 - 2878 1.88  CalcVthy |
{187 71027 5756 0.84  multiply
112.1 1340 - 1439  2.18  integ
9.7 1592 2928 0.8  Invert -
-1 6.9  17.72° 17268  0.10°  filter -
| 55 1914 - 1 1420.00 . main
1.3 2350 2878

1.3 2384 1439 0.24  InvCtrl -

1.0 ~ 2409 - 1439 - 0.17  buildB -
05 - 2478 50 240 formAvar . |
04 2488 50 200  reduceRL "
{03 2521 1439 . 0.05 - RectCtrl |
| 00 2593 50 . 020  formCn
| 0.0 2594 0.00  InitStates
1-0.0  25.94 ‘
0.0 25.94 0.00 - formD |
0.000 - formRL

Loo 2594 000 formTx

|19.6 189.95 5758 7.96 giav | .

0.1 23194 - 48 . 3.12  reduce | -

012 CalcState | =

0.00  formAfixed |
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‘the time reqﬁi-red to perfbrm ahyb subroutines which are called frem wif:hi»n the
. éi:ven subroutine. The main routine is called only once. The actu,ai' time spent
p.e-fférming_ statements in the main routine shoﬁn in ‘Ta.,ble' 3.2 Wais*‘ V14:20:
: mi.‘ufi-sec‘opds,, but ki-t took the progpém‘b 25;9‘4 seconds td run. The rest df‘btlhq time

was s~pvéqt within other subroutines which were called from the main routine.

- - Table 3.1 shows the results for the original Fortran algorithm, and Table
3.2 Zdigp‘layé the results for the C algorithm. These results were obtai‘;n_éd from
runs on a Sun IPC (Sparc I) workstation. Each program was run for one full

electrical ‘cycle, or % of a second. The time step for each simulation was one

quai'ter of an electrical degree, or 11.6 microseconds. The b.rigina_l simulation
‘took 233.54 CPU seconds to simulate one electrical cycle. The new simulation
~required only 25.94 seconds of CPU time. There is a time savings of almost an.
_-order of rhagnitude.
- 3.2.1 Integration Time Savings
The primary time savings occurred within the integration routine. The
subroutines from each routine were different in terms of the tasks that were done
for’each algorithm. Therefore, to examine the time savings in the integration, the
set of subroutines which performed the same task must be studied for the Fortran

" ‘and € versions.

In the Fortran version, both the A and B matrices were formed within the

inﬁegration algorithm. The "multi" routine was performed eight times within the



| § s
. ;k"’integ‘fation; te form f,he <‘:0verteri‘state eqﬁatiqns. yThe integr»a’pi‘en' ipithe AFo'rt'ra‘nvv

: v.ersioﬁnrequ,i‘red ,100.1‘6 ms‘}‘ples eight tirﬁes 0..‘33‘me i‘or ea(ﬁ:h»;lteretion. O’ne'othéf.

: 'eubreutiee was .u_eed’ within the iptegraﬁon rsub'reutirnef to '(}:a-lculate\,y_ tlk'ie'eonverter '

,:e{,ate" eqﬁations. The svub‘routi'n‘e‘ "ginv" waeperforn‘iedfoneelt)ef 1v_iterva;t;Ai‘on and
x"—equ:ir‘ed‘ %.'96 ms. This‘ is ‘a~total'of 1’10..’f6 ms of CPU Jtime'fer‘ene igﬁegretioh.

L In' orderv to-‘ be cﬁon}siete'nvt iin.th‘e )c'on";per‘iSOn _betweep‘ the two ’Vereions, ﬂie,
-subrbutiﬁeé' whlch }perfofrvn‘ ‘fhe sa’n_:le‘taSks as in the:F.’tOrtrban” Yerfsiee,"muSt'be; o
‘enaly?ed for the C v.ersioh. For téhe eame function 'toi'occuvrA ‘in ﬁhe dintegratibnf
as :‘»in ;‘vt)hfe Fort‘ran"integxration, "iﬁt¢g"9 ';multi;)ly;"‘ "formAV:;;r'~',,'"'fbr;llAﬁXed";‘ o

"i':l")evibldB'v',v’a_nd',{"Invert" ‘must all be "e;c‘a'mine‘d.» The ‘integratvi.o’lllk ;éé;ﬁifés ":2.‘18'ms"-
from i"ii»ljteg"f ‘p-lu‘s‘", four execuitiona of f'mvult?ipvl‘y'v', ' "mﬁ_ltiplsr"":isv1‘i§e'(itf%’ to form the
: ,proauet iof' the siate matrix and the“State vvariablee.‘ "The totalCPUtlme requi.,redv"‘
~for"v,the agc.tu'a‘lv_ iﬁtegratiqn was i5.5v47 @3; per »ivtei"é,i‘;'ion.; (Note "multl" in’ the
"k:F’ort,‘ran.ﬁregram'van:d "multiply” in theC ,progrem do not perfofm"‘tjheg_same'taskg e
eécirl_:,‘therefo're shqﬁld not be compared;) ‘ H -

o The -foxb-'m‘ationf‘of t-he A matri)é, vm‘ust also _e.nalyzed.‘sihee:iif," is “,partvof:_‘vth‘e
taskperformed vi»h.;theForbtra'n ver:sio,l‘l. The »Ifqunilbafi‘brvl_ of;ﬁthe A mettiij m tl&e C
- yersi'on’.is,idope' in two_rsteps; The,:ﬁ"rst st‘ep;"_is_ the fo‘rrrne.ti’onk "ef theACstate

1eqyue.tki'on portion whose coefficient will n—et;: change. This ,iSfdene in 'fformAﬁXed"

B ‘.W';h‘ic’h'- t}ak’esr,less than 0.01 ms to perform. Step two is’ the formation of the

; converter state:equations. ‘These state equations 'mu_st. be formed "every.ti’me the

‘thyristor states of the converters change. - This task ‘is performed ﬁéing»b |
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"formAvar”, "formCn", "reduceRL", and "Invert" which were executed 50 times
during the simulation. To make a meaningful comparison with the Fortran

version, an equivalent time duration must be calculated in milliseconds per

_iteration. Therefore, li (3)9 times the sum of the CPU time fequired of each
subroutine gives the equivalent CPU time expended for each i(‘;‘erat‘ion‘. 'That"> ’
result gives the equivalent time duration of 0.19 ms per iteration spent on
r‘eforrﬁing the converter state equations.

The lést_ routine which must be made part of the comparison is the
calcfulatioﬁ of the B matrix. This is done in "buildB" and requires 0.17 ms per
iteration. Summing the CPU times for these subroutines gives a total of 5.90 ms .
per iteration.

From Chai)ter 2, the expected sa\}ings of employing sparsity in the
integfation was examined. If one multiplication took 70 cycles on a 33 MHz
m:«ichine‘,- and if approximately 11,000 multiplications could be saved in one
iteration, it was calculated that the estimated savings would be 23 milliseconds
per iteration. The actual savings was 110.76 ms minus 5.90 s which is 104.86
ms of CPU time for every iteration. This savings is much greater than
aiitic.ipated.

3.2.2 Reasons for Time Savings

Although the sparsity techniques employed supplied a large part of the time

savings, the elimination of re-forming the A matrix at every time step also saved
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much CPU tlme In Chapter 2 it was shown that there are 166 coeﬂicxents which..- o

do not change over the course of the s1mulation There are another 14 to 32 o

coeﬂicients' for the converter state equations which vary only with the' change in"/ LA

the converter topology ‘But there are no coefﬁcxents which needed to be changed o

every time step In fact, by examlnmg Table 3.2, it can be seen. that the state' '

: equations' were calculated only 50 times for both the rectiﬁer“and the .inverter. o

.Therefore, the converter equation coe‘ﬁ’icients in the A 'ma_trix were calculated S

1389 times more;than necessary in the Fortran p’rogram,-‘ and’ the AC .syste_n'i _ -

vcoefﬁcient‘s' were calculated »1438 ti_rnes more than necessary. |
Another l‘al_'ge' difference can be seen in the time it took'v toj 1nvert the L
matrix for the vconver.ter state equations. The subroutine'"ginv:"‘-nsesv a spec‘ializeld_'

: ’sing'ular Tvalue deComposition algorithm which reqnires farvnlore' calchlations thgﬁ.'._-
’does the _G‘anss-Jordan inversion employed in fllnvertf':, This ‘canrbe "s‘een-‘in‘:-the'

savings of over 7 ms per iteration due to the replacement of "ginv"by ;"'Invelrt_".

Although' there are other tilne savings Which can be identiﬁed- by com'par'ing Lo

Tables 3.1 and 3 2, The majority of the time savmgs resulted from the sparsxtyf -

;technlques and the ellmlnatlon of re—formlng the A matrlx The overall tlme o

'sav1ngs was nearly 90%.

3.3 Starting from a Recovery File

- A recovery file was implemented to'allow the user to begin the _'\siniu_lation” .

fromrvthe end condition of a previous simulation. ‘This feature is especially'ns'efnl. o

for multipl‘e runs from the same starting conditions because it eli»rnina;tes,: the need B
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to wait for the transients in the simulation to settle before starting a new study.

o The folle&ving results were o,btained using the recovery file. All of the values used
for the b"recov:ervy file are degcribéd in App_endix A.

R A Sirjn_i;latibn was run to illustrate the length of time it requires 'for i;he

’ mltlal transients to settle. | The steady state value of DC curné_nt sho'.ubldv;be about

o 198 ;lgAlsin,ce the,reférence currén‘ﬁ was set to 1.98 kA. By ‘:exami'x_iing F igi;:pera,l',

it can be Seenthat: theASi-vmulation;‘requiies approximately 0.28‘-sgconds for thé o o

_ ‘i,hitial_,t‘pénsients to s,ettl_e. This is 'CQﬁiValent to ajpproximately 24,200 i;t,era»tions »
of the program, 17 glrectr'ical cycles, or 7.25 minutes of CPU time. This can be
‘ sho,rténed by using a closer set of initial conditions.
o YS,‘.Y4v.Steady,.;S,tate RéSults .
= v_‘The vagli-dity of the model must be tested. A straight forward approach is to :
B - ’cémp'are“ the simulated _steady state results with the corresponding values
‘ '.predicted..fr:o_m:formula.é[l].v‘ One such formula for the average DC voltage at the
rectiﬁer ‘terminals is
'_:::‘: dec,’av.«_e =qu' CQS(CZ) - Rc Id.' R o o ‘ (3,1): v
‘where:

oVE,

— Ep t,

| Vg, is the épeg circuit voltage,

: Em is_ the "pr’ix»na,ry- phase AC peak line to neutral voltage,

t is the turns ration bf the transformer,

R is the DC current,



s the delay angle, |

6 X

" R, is'the commutating resistance, ,
, ‘ ST

X is the leakage reactance of the transformer.

- Table 3.3 Values Used to Calculate Average DC Voltage ‘

Varlable L . Value L
Rectifier Inverter
Eq 188.525 | 188.549 - 1
t (turns ratio) | ossse | os475
| Ly (transformer inductance) | 0.2793 | 0.03052 |
o | | 13996 S
~ e | 1rssr
I 198 | 188

'Calcu‘lating,Vdo" using the peak voltage from Figure 3.9 and the. transformer

turns ratlo found in Table 3.3, yields a value of 536 kV The value shownin. =~ -

Table 3 3 for the transformer inductance must: be multlphed by the AC frequency
to ﬁnd the reactance. The value of R, is 20.1 ﬂ.‘ Flgure 36 dlsplays the DC
" voltage. _waveforrh of the reetiﬁer. An exact average value ‘.i's not ’eho'tvn, but 496.3
- kV matches very closely with the dieplayed w’aVeform. .
Another formula to test the DC’voltagfe at the inverter terminals is:

Vdc,ave = V4o cos(’)') - Rc.Idrr ; - » (3'2) B
7 is the extinction angle of the inverter. The other variables correspond to _’the o

same physical -d‘ef_i_nitions described above for the inverter. _.»_The'va_l-‘ue_. for. Vaé' s
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528 kV R is 22 .0 {1 which’ ylelds a value of 461.1 kV for the average DC voltage '
‘:Flgure 3 7 dlsplays the DC voltage at the inverter termmals T_hie .average value
' | »,,c‘_alculated compares favorably with the center of »the wave_for;m: Sh.own';in F ti;gu,re_

3.5 T.rans'ient Results

A casewas run to lietnonstrate the transient .re'sp,onse,of'the HVDCsystem, .
an.d I: 'in ;harticular, ‘the action of .the conver_te-r control. A -step ‘chaﬁnge.‘ in the
‘ ‘reference current from 1. 98 kA to 1.89 kA was put xnto the rectlﬁer controller
The results are shown in Flgures 3 16 through 3. 19 The DC current took only‘

v0..3;seconds to settle to its new value.

It is dlfﬁcult to analyze th'e transxent condltlons Usmg Equatlon 3."1,}le0
' and R should remain _conStant. - One would think that since the rectifier control
varies the ﬁr:ng angle, a would increase so that Iy would decrease As o is
fxn'creased the average _v:oltage' level drops which causes o to decrease. This
: -.oscillat‘ion occ.urs in the ﬁl'lng angle until the DC ,curnent reaches the: nefe»rence

value. In this case, the controller os_cillates once.
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" CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions =
A detailed HVDC simulation can be used tq cdndu‘c't“va"\y':ziiivet"y'-vof _studies”

‘when designing a new HVDC link or analyzing a,n'existing' system. Thése,studi‘eé'

~-include bulk power transfer, ahainié of harmonic compoh,en:ts'on‘ eitth'erf the AC or
DC systems, and analysis of transient conditions. The main obJectwe of this'

thesis was to develop a versatile and efficient simulation tool fo"r"thése.«‘pﬁ'rpos'es.} L
The primary benefits derived from this res_edféh are the time Sa’\r:inééf.'invfﬁsi_n'mlavtio‘r’i: ‘

~runs and the ease of maintaining the program.

‘,4.1.1 Time Savings

" The time savings resulting from mOdifyiﬁg ‘the origing.l; 'algori'thm,iwére
substantial and can be attributed to several factors. The I‘n'ostgim_portant factor

- was the 'iinpletnentation of As/par-sity‘ techniques. ‘Byr implemje;iting gparsity, over g

11,000 multiplications were eliminated every iteration. |

Ai;bther time saving was the result of 're-stru‘(b_:tur.i_ng‘fthé* A matrix. :
- Previously, the entire A matrix‘was re-formed every time step. By 'difiding ‘thé A

matrix into three sections, oxil_y the sections “(':o.rrespml_d'ihg_‘ to é';,lchange in. the

"_'~ci'rc'uit,tdp<_)16g'y 'wogld.ihaVe ‘- t;o_'be ré—for’med.-f’The __stété___ "e’(_l_ljlé.t;l_‘o;I:IS':_‘f_‘_‘)f the AC _' B
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Sysjtem‘sb'comiecfred',to, the x.v'ecvt'i‘ﬁetv" or to the inverter remain éoﬁétant during‘vk the
sxmulatlon Théreforé, the .vAfC”syst;em coefficients are c.balc'.ulyated‘ once for the
. | entlresxmulatlon . T_he réctiﬁer and invertel_'vstate' eéuations change F(‘eac.l‘i tim‘ebbt'}vle'
- topologyof _*‘thve gdn§er£ér'~changes. ‘Therefore, it is necessary to calc’ﬁlat\e:t‘hé stgté :
- levq'ua/tioxj -’ co;fﬁ(‘:ients o-n‘ly:ait the time of the topology chvan;ge‘., »The'va‘ct‘t_‘l_al time
's;vin‘gsii achieved using fhe sparsity technidues and the rest,ructﬁredA r‘n‘a.trix‘ was |
10,“1‘.86" .,mili‘iseconds per:iter‘atiOD using a Sun IPC (Sparc I) wOrkstatio#.' This
o »}tf,ra.,xl:‘sl»é.tes:i'nto ’moré ;than 15 fnihuteé of CP_Uv time saved for every 01 seconds of
simuiét;éd’_vf_ime, -
ib'Tile'si.;:rga‘miinéd 'implemehtation of the édntrdl schemes as v&ellés éthef :
}.au‘tbibnésj all co’gtributgd to an bvérall time savings. All the cﬂangés implémeﬁted :
o gaveatotal bt'uine Savings of »20 minutes and 45 seconds Qf CPU timé fc;r é&éry 01
ss:g(':(;_nd%s‘of simulated time on a Sun vIPC workstation. The ne;v_ algorithm ran in
approxu'nately eleven pé;cent o_f’th'e“ time of the prograrﬁ Wi'itte,n.;vitvhout thgse
o tlme séiﬁi"inﬁg ,teéh”niqués;
| 412 Modu]arlty L -

- An vobjégti_v,e »ofl the theéis was to make the algorithm readable and

o vm'aintainéble. - This was achieved by modularizing the flow, function, and task of

v the pro:gra_m, _‘Modularity of the flow was accomplished by keeping related tasks
wit_hin the same section of code. Code pertaining to each independent task was
grouped together. By grouping the tasks sequentially, rather than intermixing |

lmes of code fo;-the'ta'sks, the ,algorithm became more readable. In the algorithm
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" there are six stages in the flow. The first thréefstagsés comprlsethe 1n1t1ahzat10n
o fpr‘o'c'es’ees',‘ the following ‘two stages vfo‘r:m the main loop, and the last sta.ge
terniinate‘si the program.‘
~ The second modularity *_was'tby function ‘-Here', fu'n‘ction- describe’é"a -ph'yé.ical*f FE

pi‘OceSs“'df the converter, i.e. the control is a physmal process thhln the'_f_. '-;,;_'f

" '_COnverter An example of how thls modularlty assrsts 1n the sxmulatlon 1s m the':f S :

5 replacement of an exxstxng controller by a dlfferent one through the substxtutlon%;? L

of a 'sxngl_e subrontlne.

o The last type of modularxty was by task or by subroutxne To lmprove_,r_,, ,

'readabxllty and malntalnablhty, subroutxnes were - created for two purposes to

, perform tasks-»whlch were done _repeatedly and to cOn’dense the rnarn ront;ne'.rnto_":

a ycomprehensible form.

- 4.V1v.~3”Advant,ages of the. C Language
~ The prO'graMing‘language Crenahle:d a straig‘htrforward imp'l_ernefn_tati'on of

sparsity "and modular programming. C contains a data -strupctnrer. type_:.-_.call_e_'(i_ a

record. It was much easier to ‘devvel'op‘ the sparsity techni/qn'ee :nSii‘i‘g records

These records could hold both the_ location of the ﬂ'eleme'nt in,_the Amatrlxandxts
value 'inj;a:'eingle data ‘structure.k This belirnina‘ted. the need‘for a ,s'et_v o'f-: arrays tO -
hold'the;row, column, and'Value of the element. Another feature_that‘C_ pbssé_gsés_ o

is the ahil‘ity to dynamically store data.
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E ) The structure of the C language faci'litated'/ documentatioﬁ of the program.
Comiments can be on the same line as program statements. Since C is case
" ééﬁsliti?ve; ,:\'rafiables using upper and lower case letters can be uniquely definied.
y The ﬁééé’ss’it‘y to declare each variable provides a convenient place te "v.‘erba‘.l:lr)'r‘
describe that variable.
o 42 :’Re'éomi‘fﬁend‘ations
: The Zpurpo'se'of this rproj'ect was to create a simulation that would be a time
: 'a-h:d memory efficient tool for a two terminal link. In the future, howeverg more
: Workw1ll be done with multiterminal systems. Most of these recommendations
K stem from the rieed for the multiterminal case.
421 Layout of the State Matrix
L Furter modularity in the structure of the state matrix should be pu,x“‘Sued.
F‘irésently“, "t‘lie approach is to divide the A matrix into tliree sections. T‘he first

' »part of the matrix houses the coefficients that do not. change thexr values or

o locatlons ‘during the course of the simulation. The second section holds the

coefﬁclents calculated for the rectlﬁer topology The thlrd sectlon holds the
o ‘coefﬁclents calculated for the 1nverter topology

An al:'t“er'nativ‘e approach would be to divide the A m-ati‘ix based on each
. ,coﬁve’ctei- father thali by fixed and changing coefficients. ThlS a.pproach would
~pl'ov1de an ea31er mclexmg scheme for the multltermlnal case. Rather than
separatmg the AC state equatlons from the converte‘r state equatlone,,_it would ‘be

" mete bexﬁ;eﬁcial to keep the converter equationé and the .asso‘ciated;AC s‘ystem
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equations in the same block of the A matrix. By modiul‘ariz‘ing thev Awmatrix'in L
this way, there would be a constant block size reserved for the COeﬂi_cient‘s of each |
v converter and its associatedvAC system. This-;vwoilld‘,r'nak;e, it "easie; to index the},;, "
© state variables for each converter in the multiterminal’ case. Aﬁdtﬂer“"advantage‘ |
 would be the easy elimination or addition of a converter to thebs'yatém._‘-‘ g

 4.2.2 Data Structure of the State Matrix

Ptesently, veach of the three sections of the ,A matrix is 'étored 'iﬁ a se;:)arat,ef
e ,array of records because the rectlﬁer and mverter could change topologles at'

| dlﬂ'erent tlmes One dlfﬁculty w1th this method is that the creatlon of the array :

: .,:,"of records must be done statxcally in the declaratlon sectlon of the program

vaeyncé, if a new ‘cvon'ierter and ‘DC, line were ‘to be adde’dvfto‘ the,éystam’,‘another ‘
ﬂarray;tvo‘tild have to be declared. ' ey
An altefnativévapproach uéing the arr»ay atrﬁctare _Woul,d::ta ’to. Store all of | o
the rcoeﬁflciei‘its in one array of re,cords. Th{is method. WOul,dv e.li‘_nijir“iaté‘ the .ﬁeé_d'tov
2 declaraarfl:d dimens'ion,a new ‘ar'ray of ;eédrdvs '_‘eachtin}e'a.'_a;w}c:on'\;e'r’texf was -
‘ added to the’iayster'n,‘but the dimansion of tl‘iévsingle array wouldstlllneed to‘be
.,'ra-ditnenSiaaed,' Aﬁ'o,ther pr.qblem arises bécaasew the numberof ‘co,efﬁci,ei)ta
| requlred to ni;_od‘elthe‘ canverter is not static‘, _ .Adyaami'(‘:f methodof :éliminating , 
» the ;old coefﬁcrientsvsand reading ia the n(‘e"w‘ cbéfﬁciénta‘iS nveed(‘édj-;v,.’ Allnkedllst cax“i’
accomplish this. | S
- By using a linkédlist, one data strpctufe ‘can replaaé vlthe thrée{o{:moref ”

~arrays used in the multiterminal case. Pointers can be t_lsed to keep track of the
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start and end of each converter’s coefficient section. When the t»bpoiogy of a
ieonvelftér fééhzanfg.esj, the pointers can be used to eliminate the old coefficients and
iii-ﬂéeft the new coefficients to the end of the list.
.v 423 Iﬁdéiin,g of the Loop Equations

A 'ipf(")gbfl?e"im arises when the set of loop equations is reduced to the
independent set of loop currents. The index given to the DC link in the reduced
s‘g’t of ilb(’?p equations varies between two values.

- Under normal operating conditions, when the full set of loop equations are
reduced, the DC link current is always one of the two or three loop currents
ichosen {ﬁo be ;an independent current. {The boolean logic 'ej'tplé.hatif()h of the
coﬁﬁééﬁﬁﬂ matrix is in Appendix C.) Thus, the DC link current index in the
reduced set of equations takes on ,th_je values of one or two 'du"r‘infg | normal
-:opeéra‘tibn«. If the DC link current were permanently chosen as the first link in the
fi'eduvé:éd{set, then it would also be indexed one in the reduced set. There would be
no to recalculate its index.

424 Change the Indexing Method of the Converters

 Each converter presenf,ly has an index asSociated with it. The rectifier’s
| iﬁ*‘dé'x is "‘z‘eifo:, and the inverter’s index is‘one. The indices are ﬁééd for a variety of o
i‘)’urpos‘es iﬁclﬁdin"g’ the control scheﬁles and the multiﬁ‘lication of th“e A matrix; B
Indexing the converters from 1 to N, where N is the number of converters, would
be tnoré cbnsistent with the rest vof the indexing schemes used vi‘n the 'thryristor ; )

'_ ’fsth?té numbering, the state ‘vhﬁab‘l'e ﬁub'erin’g‘,, ete.
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- 4.25 Useof 'Tra‘nsformer Taps in System Control . - '
c \P'resent“ly the transformer tap settings are ﬁXed. .-C_hanging‘.the’trénéfd;méf ST
E .t;abpggi ’would _'rev_qui're recalculating parts of the'.AC‘ state eQUatfoﬁs 'ipi?olviﬁg. the
‘tu’rbns ratio, the current transformation mﬁtrix, and the voltage 'ﬁranéfdrmation
" matrix. Additionally, anotﬁer control loop to change the tap ééttiﬂgs‘ would have
to be developed.
4.2.6 'Sum'mary
. This Work has been done to provide a fa.'stv,' flexible, a‘nd"vﬁseful‘rtool to
simulate a two-terminal HVDC system. ' The sparsity techriiqﬁes ahd inqdﬁlhrf» '
programming were implemented with two-terminal systems in mind; however,

these techniques may be extended fbr'multi-terminél systems.. o L :
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" These ,irafiables are saved at the exid of the simulatib‘n,if-‘»fhel‘opt‘ion is taken.

At vtﬁi‘he':‘bgginningf of a new simulation, these values are restored and used as

- stafrti_ﬁgv c()_‘nditioné.

)

o ’;’?B‘és?é’:ripti@n!. -
Rectxﬁer Control

Error from PI controller _

" The time of the last thyristor ﬁnng

Ramp function used for sawtooth waveform
-Actual firing angle

-"Gate pulse for thyristor

Inverter Control-

Actual extinction angle .
Error of the Proportional controller
Firing angle at last time step ‘

Time used to check for firing time
The time between thynstor ﬁrmgs

’ State variables

Rectlﬁer & Inverter Thynstor States

The last; States of thea Converter thyristor states
i The txme at which each thyrlstor last turned on

The time at which each thyristor last turned off

. Commutatidn Voltages for converters

v.Flltered commutation voltage of converter

7‘ Fxlter Variables

_Variable

't

Errold
Tzero

ramp
Alphaﬁred

" pulse

Gammanow
ErrPl

Phil

Clock

Tifp

state
thystate
lastthystate
Ton -

Toff

- VVeom?2i

Vcom2r
Vcomf2
ylmi
ylm2
y2ml
y2m2
Xsave
“y3save
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~ Appendix B

A full set of 'lOOp‘equati’on's is develo‘ped to describ‘eni‘th:e__converter .'circ'uit_. e

. assuming ‘all ithvristors are in a conducting"'-state.f",The‘- ,,ent‘i‘r"e‘ ;1?‘2'-"p-u‘ls'_e"converter'-:.'N2"” '

can'be ‘mod'eled uslng 10 loop eq:uations{ The final resultw1llhavethefOl'm

]

: _»The' relationship' between the. -loop vol-tages'and.'currents.is deﬁned byZloop V,oop STl

- and Iloop" can be d1v1ded 1nto sectlons, one for each 6-pulse bndge of the--’_"_

_converter As a result of this lelSlon, Zloop can also be conceptually separated":f:"’ b

L .‘mto fojur d1v1s1ons.> :

'Zloopv relates the Y-Y bridge voltages to the loop currents whlch are the llnks'

: ‘shown 1n Flgure B. 1 Zloop relates loop voltages to the loop currents for the Y—A‘ "
jbrldge | Zc is the couphng matrnr relatxng the loop currents and voltages between,‘_,
the tWO bndges The Zloop matrlx is comprlsed of elements whlch can‘be deﬁnedl : d

‘in ,terms of ‘the thyrlstor and transformer»rmpedanc‘es. .

: A full Y-Y bndge is- shown in Flgure B 2 w1th the 1mpedances labeled The ) _: jv :

: A brxdge model is sxmllar, but the hnks are chosen as 1n anure B 1

One example is glven to demonstrate how the loop equatlons “were

: developed The remalmng equatlons were deﬁned in the same manner usmg""-'_' AT

3 :- dlfferent loops The loop correspondmg to the ﬁrst equatlon 1s shown :.;».,
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o B.3. The ‘r_es,t,_o'f the bridge circuit is not shown for the sake of clarity,

Writ‘ihg the loop equation clockwise in terms of impedances, currents and
“voltage sources gives

- eX + (inks — Dinka)Z3 + Ixi‘nk;ZlY + (hinkr + Tinke — hinks) 23

L + (liinkr + Dink2 = Dinks — link) 28 —ed =0

Puttingbtﬁe voltages on the left side alone, and rearranging the othef _t;_e._rm; by _

link currents gives

) eX —ef = (2% + 27 +2¥ + 2 )i + (23 + Z)hinie

e (Z3 + ZZ)Ilika = ZThiaks — 23 Links

Putting this in matrix form

Link1
'Ilinkz_
Liinks
Linka|
> .Ili_nks...'

€ac ¢

(23 +2Y + 2§ +2Y) (2§ +2Y) —(2¥ + 2)(-2¥)-2Y)

.® 4
L2 : . - [} L]
e ] . : * . 4

© Therefore
Zu=2¥+2¥ +2¥ +2¥
T =2 +2Y

Ty =—(2¥ +12Y)

Ty =-17

Iy =—13

- Repeating this process for the other nine loop equations 'gives the - following
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~ results. Only the non-zero elements are given, and the % matrix is divided into

2h=12¥ +2¥ +12¥ +1%

- Zf3op is formed similarly, and the non-zero elements are given below. .= -

-
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Z., the coupling matrix between the Y and A bridges, contains the following

" non-zero elements.



" Figure B.1 Loop Diagram for a 1'2’-*Pu_l’s’:é.Cpnw'/ei‘tej_l-:""
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Figure B.2 12-Pulse Converter Diagram with Impedances

Liink1

Figure B.3 Loop Diagram for First Loop Equation

87




88

~ Appendix C

* The main program contains the initializ‘ation: of sy'stem':p'aranietérsj‘_, the .

2 initiali‘zation “of 'operating conditions; ; the main loop ’sub'routi:ﬁe'f-;;.’c'g]jvs; and the . .

2 ‘.closing» -section. The main routine calls.many’»‘other 'subroutinés. to.‘ -'do:speciﬁ:cr‘,'-l:‘n”f

tasks Whlle the ‘main routme contalns all the stages of program ﬁow, the otheri;f

-‘ subroutxnes usually serve only one of the stages - R

C.1 The PhYs'ical ParameterfInltialliation Subk'routvi‘nesu[‘

" There ‘are four. subrOutines called at:‘:vthe_en;d"_of“fthe.j systém-V'Vpafametej,;:; S

initialization. The subroutine para_rneters are fobtained’ exc'lusivclyf;‘fpém thesystem B ‘ o

parameters.

C.l.l’ Formation ‘of ,the’- Cohv‘erter Loop Equatio_ns = S

The subroutlne formRL" forms the full R and L matrlces The R and L'ﬂ:~

' "matrlces contam the coeﬁiclents of the loop equatlons whlch descrxbe the”-" o

" converter. Both the R and L matrices are later reduced based on the states of the

tthiStOYS-‘ ‘A detailed dé!"vivatio'n of the YR-‘iand»"L'matrices:'is_gi'ven 1nAppend1x B. -

. C12 ‘C're-'aftiiig' JV,Oltage and Current "VI‘rans_forr'nations i

_The ‘suhroutine forme forms transformatron matrlces wh1ch relate'_:'; ol

'secondary AC voltages and currents to pnmary AC voltages and currents The'.v»__-;‘ ‘,vff E

: ,‘voltage transformatlon transforms the prlmary voltages such that the set of :

| VOltages ‘U?e’dr n; the_ ‘loop équa_tlons is returne,d_. The cur‘re'ntcftransfo-rma,t;gn; L |

 relates the link cur_rents. to primary AC’ ,‘curr-en_ts; : The' conVel'tel'transformer e
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turns ratio is the only system pafamétér required.
C.1.3. Creating the Thyristor Voltage Transformation Matrix -

‘The subroutine “formD" is used during the initialization of the system
parameters. It forms a transformation matrix used to calculate the thyristor
voltages. The transformation is based entirely upon the structure of the full
convértei‘ circuit.

C.1.4 Creating the State Matrix for the AC Systems

Tbe subroutine "formAfixed” is used to form part of the coeﬁicient matrix
for the state 'equations. There are 24 differential equations associ#ted with eaéh
AC systelh. Sincé the bhysical properties are assumed to be constant throughout
the simulation, the coefficients of these differential equations only need ’.cobbe
éﬁtered‘into the sfate matrix once for the entire simulation. This differs from the
convelfter differential équations v».'hich.‘change every 'timg the COnvefter toplegy
chang._es. | |
C.2 "v’AI;nifialization of Operating Conditions

The subroutine "InitStates” initializes the state variables with the default
values ‘based on the physical parameters loaded during the first svtage'. Without a
proper set of initial values, the simulation may have difficulty starting of may

require a substantial time to reach steady state.

If the option to begin the simulation from the stored values of a previous

run is chosen, the "InitStates" routine will not be used. The initial operating



I

eondi'ti'o'nsv)fohr,_ the Stnte vva.ria.bles, 4_re<‘:orde:dv vin' ‘the reeo-‘v'ery‘ ﬁle “vq'ou,l'd-"fbe used

o b'insteé,d.

' C.3 Forming the Converter State Equations

© This set of subroutines is used as part of the initialization and the -

 reconstruction of the converter state equations. Therefore, they are executed only
during"{;he,,initialization process or during a éh’angff in the thy‘_',i?féf states of the

~..converter.

- C31 Eor’xningthe'vCOnnection Nla.tri)r
The subroutme foran forms the matrlx whlch relates the full set of

converter loop equa.tlons to the reduced set The Boolean loglc 18’ employed to

-determlne whlch of the hnks w111 be used Thls loglc is ba.sed on the present.

-'s'tates of »th‘e.thymstors. F-lgure C.2 shows_'the‘:tree '_a’nd '_'hnk: dra‘g’ramhp‘c’)n Whlch:‘v =

- the loglc is developed The boolean ‘eqv:u'ations to_e'sto._hl'i:shﬁ the varlous link

condltlons are glven as:

- 'linkl‘ % X1X3 + XIX2
. linky =x;x3 |
- linkg =XXg +X4X5
. linky =x5Xg - :
llnk5 =X +X2 +x3
o llnke =X7Xg + X7Xg . -
- linky —Xng ,
- linkg:=X30X13 + Xj0X11
- linkg =X1X1g
' V“‘llnklo = 1 '

where X denotes the state of the thyrlstor J Theorderof the: th;}""ristorsi is 'showfn] -

in Flgure C 3
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The full-on circuit of a twelve‘ pulse converter has teﬁ loop- currents
) | correspondmg to the ten links in Figure C.2. While inc-lfufsi%oﬁ,jofi f,h:e"ventizrég set of
hnks 1nthe i-ﬁ:stant.;aﬁéous v1v1e_tw}ovrk 'c0nﬁgura£io-nv is not a :ré‘valiéti,c; éan;dii'thn,,
', <}:e>1jta;in"fink5\ are always included. For example, link 10, thé delta t;‘anéfoirmexf
.wiﬁd;ifg‘-gl,.l_:i?talways’ob'n,' as is»l-ink 5, the DC line.. After determlmngwhlch ’lrilllks.
w1ll beused /for the presént. tqpoldgy,. the connection matrix is bullt .

The reduced ¢oﬁvé_'rter network connection matrix sh§w§ thé‘ re'lati»onéhi,p :
betv‘s?égﬁ ,the independeﬁf loop cu‘rrents of the inétantaneoﬁs coniertér -toptc_il-Ogy |
| and t.hose.(;f’ the>compl‘<‘atelbyv"connécted network. Thus, ge_neréting thevconneétion |
.rﬁ‘atri‘i‘; geéiné by fofming 'é. ‘10 by 10 idéntity, matrix. From heré,; i;he columns
c0r;(;$p6ncjl‘i’11igvto2 those links_ not preseﬁt in the reduced bnetworkv a.‘l.'e’.élimir‘latéd._‘
Then ltmust be d_etetﬁﬁné& if any of the four bfénches con.taiﬁi;lg *-a thyristor :
» corréépgncii:sv‘ to a ngnfconducting thyriétor. If ﬁhis is the‘ case, one of the other
,linlvcs-;m‘uusi; be. made into a branéh to replace this branch w’hiqh i_s'r‘émoved; When
" this substitution is 'cOmplete;l, the connection matrix has been forﬁled. |
' "Cb»._3".b2' ]Reducing tixe Conveftei' Loop Equvations

Subroutine "ReduceRL" reduceé the Ryoop and Liggp matriceé; ‘In ¢hapter 2
1t wasshown mathematicallyvhéw the‘c}pnnec‘tion matrix reducedv_the‘:‘set of loop
equatlons fo only thoSe':which.were necessary to describga th",e‘ ;:’Onv\'terier.-;v‘

7 Z,ﬁ‘=C;‘Z]oép C,.lr'

* Reforming the ‘e:qua‘tio‘n for the time domain simulation gives: |



02

an’_‘—— Cg(Rloop + leoop) Cn .

Z‘n =CERIOOPCH + pcltl L]OOP Cﬂ'

, Therefore,*the connection matrix is used to reduce the Ry, »and‘ the Lioop
matrices by multiplying them as:
R, = C! RC,
~and ' '
L, =CtLC,. _ o
The feductio_n is done immediately after the connection matrix has been formed.
C.3.3 Forming the Converter State Equati‘o_n'sv .
' Subroutine "formAvar" forms the 'part of the state equatiog;'coéfﬁci‘enit
matrix, A, ‘which holds the state eqiiatio_ns for the given .COn',vei't,'e'r;f The A matriﬁv‘ _
is divided into three sections for the two “terminal si}inulatic)ns;.f “One secti(;nfv
describes the AC system whose equations do ;iot 'éhange '.during’ the ‘sim'ulation;. L
the second describes the rectifier; and the third describes the inverter.
~* This routine places the coefficients of both the rectifier andv‘im'rérter“sbt_éte’ :
equatiohs‘ into the A matrix after the ‘loop equatrions' 4 are- reduced. The
'mahipuiétion of the loop equations into sﬁa_te'v equation form 'oéc;irs in the first
part of "formAvar". (See Equation 2.13)
’ ‘C'.4“- Main Loop Subroutines
Most of the subroutines are located“in the main loop. This riégabléo, the stage
of the program which is executed most Ofteh, Since these subroutines are

executed most‘frequently, their efficiency i_s'crucia'l}f} I |
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C.4.1 Integrating the State Equations
"' The integration routine is used to integrate 'thé state eﬁﬁ_a‘t’ions of the whole
system. 'The numerical integration used for this simulation is a fourth order
‘ -R-_unge-Kutta method. This is an explicit method of integration which 'pTéd‘iféits
 the value of the variéble for the next time step based on previous values. This
‘method of i;ntegratibn was chosen so that the state equation coefficient matrix

would 'rn'/ot have to be inverted as would "be necessary if using an Viim-‘p’licvit method..

.Y'Th{e integration is the first subroiltine“executed because the loop currents
an_d,volt'a_g.éé: are up.dated”ba,séd;on the integrated values of the state variables at
the mbst recent time step.

C.4.2 Caléulating the Input to the System
State equations are written in the form:
x = Ax + Bu \
Called from ,within the integration procedure, "buil’dB" multiplies the input
‘cqgfﬁciéh_t ‘matrix,'.B, by the ‘vectorbf system inputs, u. The B matrix is large as '
well as being sparse. It has a dimension of 57)x3 for the two terminal case and is
over 98% sparse. Theviﬁpui—t matrix, u,"is comprised of the three-phase Thevenin
voltage. The forcing function of the system is the 571 product of B and u, given |

by
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/I‘Thev ‘eThev_ i i :

S eThev

(=]
o

' »This_product is used 'in the integration rou‘tine'.’ '

© C4.3 The Maultiplication of the State Matrix

| "‘:'The:."state matrix multiplicatibn ‘routine 'explo.it's the*spsfrsity-‘i-bf'A. It xs

developed to be used excluswely to multlply the n)(n state matnx, A w1th an'
n><1 matrlx The A matrlx is. formed by three parts in the case of the two E
»termlnal :llnk.‘ The‘multlphcatl‘on .1s done 1n th‘ree» steps‘ because thel;A matr-lx ,1s" e

| held in three separate arrays Thxs structurlng was done so that one part of the_ f‘_;‘;'.'f )

o A matrlx could be changed w1thout aﬁ'ectlng the rest of the coeﬁ"lclents It is- thef

’ most efﬁclent method computatlonally although 1t does not lend 1tself well to

a ,’multlter_mmal simulations.

. Since A is a very sparse matrix, only the non-zero elements were stored in -

. an arra‘y' of re‘cords_. . The record has the followin'g:structure shownm FlgureCl PR

The sequence of steps for the multlphcatlon begms by clearmg the 57><1>

. ‘resultant array Next the value of the coefﬁclent in the record is: multlphed by"‘vjivl: S

| 'the column of A row in the 57X1 state varlable matrlx Thls sxngle product s o

'added to the row of A row of the resultant array The- multlphcatlon is .

'repeated for each of the segments of A the ﬁxed equatlon coeﬁiclents the' |

1nverter equatlon coefﬁclents, and the rectlﬁer equatxon coeﬁiclents
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CA44 paleujati_ng the Thyristor Voltages -
Subroutme Calthhy calculates the voltages across the thyi"lstors The
‘subroutme can be divided into four sections. Flrst the open-sclrcult loop voltages .
of 'the loops with non—condu‘cting .thyristors, V,, are. c’alculatéd- Ne‘xt the D
matnx (the transformatxon between V and the thynstor voltages) 1s reduced
. based ‘on the 1nstantaneous topology ThlS i8 done by elxmmatmg the columns.
‘:correspondlng to conductmg thyristors and the rows correspondmg to. V '3 for .
.w‘h‘rch’,‘the» loop ‘rem'jalns closed. V, is equ‘al to zero for this ‘case. Then the-»
reduced D matrix, Dy, is inverted. Finally, the non-condueting thyristor voltages
" are "cal"c,ul“atéd based on the product of-’f]‘l)?"1 and the open-circuit loops, Vy, o The
thyrlstor VOltages are. updated after the loop currents and voltages have been
| ."updated
e c.4.s]<:“oﬁtrolling'the Converters
A PI controller compares the DC current of the rectlﬁer w1th a reference
fvaluer; ; Th_e dlﬁ'eren"cje is the. input error. The PI controller dellvers an output
; error‘ si"g‘nal to the éecond part of the -control s‘chemer The second ‘pa‘rt of the

N control scheme, whlch determlnes when the next thyrlstor should be ﬁred, is -

o mﬂuenced by the output from the PI controller

. Fo.r ‘the inverter, a p.roportional '» co"nt‘roller is used to-vmonlt‘or the erfor =
‘between the actual extinction angle, i, and the desired extinction angle, “Yyes-
-‘.’l‘he’ '_output" -‘er'ror from the propor‘tioﬁal controller is sent to the firing section.

The inverter conttol uses a differerit fifing scheme than the rectifier.
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C.4.6 Calculating the States of the Thyristors

iSubroutine "CalcState” determines whichithyris‘t'or states shb_u-ld-b‘e' changed
va’1:1>d" t‘ratv:k'svsv'the time that each thyristbr_is tﬁrﬁed on ‘an‘d oﬂ'the ‘sﬁbr'outiné4
| vbeg‘rir‘);s bybc‘:alculating each thyristor g‘:u‘rifent: based oﬂ th’éw loop cutj-énts;; If thé |
| #hyrigtof }state is on and its predicted vcurr'ént'bvecojmes ‘négatkivt;, t}heﬁ >t;h‘e‘ thyrist_,or ‘
state is turned off. A linéar interpolation is -performed t§ ‘dété‘r’r‘nige thé time"at .
which r’thevth’yristor turﬁed off. "Thjis time is {bxsed' t§ calc,ulé,te ’Yactual for the )
inverter. | | o .

Ifa thyriStdr is off, 2 diﬁ'erént:method is used to 'd'ete‘rmine‘ if ’vivtﬂshoulcl be

turned on. In the control schemes, a ring counter is maintained. The controllers

'determine when a thyristor should be turned on. If ,the-jrin_ﬂg‘cduﬁter élen’pént ,
corresponding to a thyristor has a value of one, then the thyristor should beon. -
‘Therefore, if a thyristor is off, but the ring counter value .is_oné, theﬁ therthvy'r?stor e

i
{

" state is changed to be on. The time at which the thyr’istor was turned on is %thén ‘
. recorded.

Cr.5 ‘Utilvi.ty, Subroutines
-The‘rg are two sub_routine;' that are : usgd as utilitiésj‘i_ﬂ. sé#hé _' of vth‘e’
éu'brqutines. | |
| 051 A Matnx Invérsion
IA Gguss—Jbrdan m»atrixrinver'sion which employs. pivo't;igéitis'i ﬁggd. Itwas

written by Dr. Hornbeck at Ca.tnegie-Mel_lon in 1975[26] »»I‘t’lii@sj.vbéen]t;l"aﬂSléted |
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mto C for fhisfp‘ro;g’ra'ni.f It is used in "formAvar" toyclbmput,_e Ly 1, It was also
used'in f_'-Cia'lthhy" to compute D;'.
‘ 052 v The:VOltage ~F.ilter; '
E Thié‘»‘is-v a:‘seéoqdi-order" dv‘igit;al.\ filter taken from the original ‘p-rOgrém'writfen,
by AJiEV.Hamzei-Nejéd_[IZ].[T"he purpose of the filter is to jr»emo'v'év‘:is much rip‘ple; as
. ",Vpossibl'e 'fr(}m. the commutation voltages. The inverter _c-ontrol».sclieme' watches for
- :z"ero’-,-(‘:rossi:n'gs”of the commutation voltage. Multiple zero-crossings due to ripples
m ‘the" icbmmutation voltage may cause problems in  the control scheme.

»Tllle't"efbre; the voltages are filtered so the ripples are eliminatéd.»



- Figure C.1 Loop Dlagram fora _ 12-Pulse ' Convert



Figuré C.2 12-Pulse Converter in State Order
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