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ABSTRACT

In transrent stablhty programs “that use a statrc dc network representatlon,‘
the procedure to determlne the control modeé of operatlon and the solutlon of
- the multltermlnal de system is complex and tlme consummg A systematlc '

| app‘roach‘tha;t’ is -based' on a hnear*program-mln-g formul-atlon : 1s "presented in

| : this’ thesns The constralnts mcorporated in the LP formula.tlon automatlcallyb‘ AR

ensure that the solutlon obtalned 1s feasible. It is shown that the method is. not '
- only computatronally eﬂic1ent but also Versatlle in‘its: ablllty to handle many oft
| the common control characterrstlcs such as those of the constant. angle (extinc-
tlonf-and‘ lgmtlon), constant voltage-, constantf power andrcuv;rrent controls, »;vol_,-‘.i
tage dében'd"ent current order hmlter (COL), _end-stops",' and also. simulate
the dynamics of power‘ mo’(‘l‘ulat’:ioi'i*a;n(l% l“’e'st"a‘rt. : :

~ As some. apphcatlons requlre a three—phase detailed representa,tlon of the,
. ac/ dc system a technrque l'or detalled srmulatron of the de converter and con-

trols is also pre_sented.—

The vdév"el'oped dynaf‘nic simnln‘ti‘on program is used to. :i.nVeSti'geteithe', -

problem of on-lme netWOrk ﬂow ¢ottrol usmg converter controls of a multlter-
| _m1nal de system In view of fast response of the de¢ powers to converter con-
trols a control method is proposed that extends the apphcatlon of ac: networkv',
flow control to dynamlc situations. Poss1ble applications of the method are to

regulate power flows in a s‘elect group of ac lines, to smoothly steer theva'c‘/dc



X
system from its present state to some desired state and to enhance the dynamic
performance of the ac system by controlling the transient changes in key or

”hackbone” ac lines.




CHAPTER 1
INTRODUCTION

In the past two-terrmnal dc transmlss1on systems (de hnks) were used to '
transmlt electric power between two ac networks whenever the use of an ac tle
was not techmcally feas1ble vfor Teasons. such as 1nterconneet1ng ac ‘networks-of

dlﬂerent operatlng frequency, and/or where. long submarlne cables were',

requlred but were -too- costly for™ ac transm1ssron because of expenswe line

cornpensatlon requlred to balance the lrne charglng requlrements.-
The’co’mmercial availabil‘ityfof high'power solid-state valt'es (thyristors) in
place of mercury valves since the early 705 has made the conversmn process_,:
{more rehable and less expenswe As a result HVDC transmission 1is now.
competltlve with ac for dlstances exceedlng 400 mlles over land or about 20
mlles for underwater transm1ss1on
There are altogether about 26 HVDC projects operatlng 1n the world
today, with elght more projects comlng into operatlon in the next two years.
| Examples of some of these HVDC pro;ects are: | | |
1- The Paclﬁc Northwest-Southwest intertie (Oregon - Cahfornla) is 400 kV .
“ 2000 MW, and' 1362 km long. '
2- The Eel River i is a 80 kV 320 MW back—to—back tle (in Canada) connectlngt. "
Hydro Quebec w1th New Brunsw1ck asynchronously

3- The Square Butte tie (N. Dakota Mlnnesota) is +250 kV 500 MW and 749



km long.
4- Th‘e CPAV>- UPA (or CU) tie (N. Dakota - Minnesota) is +400 kV, 1000 MW

~and 710 km long.

The largest' capacity, highest‘ ‘voltrage‘HVDC system in the world today is in
Brazil, taking hydroelectric power from the Itaipu Dam to Sao Psulo, some 500
~miles -away. In this vcase,- the +600 kV, 6300 MW dc fie is. not.only .less

" expensive, but also serves as a reliable link for power exchange with the |
neighboring country of Paraguay which uses 50 Hz instead of the 60 Hz in
Brazil. | | |

To date all the HVDC systems in commercml operation are two—termlnal

U(elther pomt to-point or back to—back) schemes However, the decrea,smg trend

- in the cost of dc converters and the benefits of thelr fast and ﬂex1ble controls

to _enhance the system operation under transient conditions have created
~greater incentives to. expand existing two-terminal systems to multiterminal
systems. Currently, several multiterminal de (MTDC) transmission projects are

~already in the planning stages.

1.1 Motivation

,Th'e rapid- controllability of _>the de oower through‘ relafively. simple
controls in dc¢ _transmission schemeshas been recognized an'd apolied_ to "enhanc'e
the dynamic and rransient stability of the associated ac systems;_F or example,.
small: sign‘al de power modulation has been‘ used in the Ps,eiﬁc Northwest de
intertie to raise the-dynamic stability limit of the ac intertie, permitting larger
amount of power to be transferred by the ac intertie than what was prev1ously

poss1ble without the de power modulatlon De power modulatlon is also being



used to ,ili.crease thedampingy to toreioﬁal oscillations of the generators -c;lose:é:l _
to Square Butte terminal of th_e'dc link owned by Minnesota Power.

The control of the rea’lband kreactive f*powerss ‘of ’tile dc;’te’rminals, wh:e-ri
prOperly ‘coordinated,  has _beeh';‘shown in [>1;2]:'to alleviate line OVefload_’oﬁr
overvoltage conditions injthe ac network. ‘Although the ecatlier works in [1,2]
were for steady-state ‘conditions, Zhe‘re is no reason why the concept of
coOi‘dinated real and reactive power control could not be applied to dyné,tnic_'
,si:tilat‘i'Ons,, thus opening the door to such ,’ap’plicatiohs as: I’gr'ge—signal d¢ power
modulation, transient stability enhancement and eniergency'cont_rol.

The or,iéina,l and main motivation of this research is to explore the
technical feasib:ilit,y of dynamic -control of real poWer flows in the ac network
using the de pov}er injections of an available ‘:multitefrninal“?de transmission
system. Such an investigation will require computational tools not.unlike'those
| ‘reduired by utility planners and operators. For determining the opel_'a;ting
point of the a,c/dc system, one would require load-flow progr.‘a‘ms “with
-capab'ilities to .hahdle the various operating control chdraeteristics'of the
mtlltite’rmi.hai dc systems, Such itfe"c:hniqiue's and pfogréms havebeen developed
in earlier studies at Purdue [3,4]. Similarly, rdynafnic simulation programsr_ are
‘needed to evaluate the trahsient resoonse of the ac/dc system vto‘ control é,ction
of.to an/ app'lied disturbance. |

Tﬁe dy:namic simulation of the dc‘ eonverteré is much more comp.lex"t.hen
vother cu'cult elements because of the - varymg c1rcu1t topology as different
thyrlstor valves are turned on and off. The switching operatlon is further
} xcomphcated by the dependence of sw-lt.chmg instant with respect to ac and de
Variablesﬁ' Detailed representation of the converter’s SWitching elements is

required when the harmonics and commutation characteristics are vital to the



study objectives. However, for most of the planning and new contfol studies
that focus on the power oscillations in the ac network, such detailed
characteristics ‘may be sacrificed when the disturbahcc on the .con'verter ac
voltages is not so severe or distorted as to introduce any commutation failure.
In‘ Which case, a simpler single-phase model of the converter, based on the
average-valued relationship between ac and dc quantities is often used. The
~ single-phase, averagé—valued model of the converter is of course consistent with
the equivalent single-phase network representation of the ac network used in

standard ac transient stability programs.

A review of the literature on simulation techniques applied to ac/dc .power
systems showed that there has been some work on the detailed digital
simulation of multiterminal HVDC systems [5,6]. And though the
Electromagnetic Transient Program (EMTP} from the Bonneville Power
Administration is readily available, its suitability for simulating a HVDC
éystem, especially a multiterminal dc system, is unclear because of the general-
purpose nature of the ”tacs” {acronym for transient analysis of control systems -
) For purposes of simulating a particular converter such as the Graetz bridges
used in HVDC systems, there is reason to believe that a dedicated algorithm
using the methods described in [7] and [8] can be computationally more efficient
than the gene’ral-pgrpose EMTP tacs. |

Similarly, a literature survey on simulation ytechniques for ac/de systems
using the simple average-valued converter model revealed a need for more
efficient computational algorithm. In this respect, much can be done to reduce
the computation time.for the case when dc network dynamics are ignored.
Instead of cycling through possible control modes of operation of the dc system,

computational effort at each time step can be reduced if the mode and the de



"ﬁetwoi"k solution could be deterinined concurrently.

1.2 Research objectives
5 In an inte’g‘rated ac/dc system, the 'p’ower injections of the dc network cai
"be coordmated to eﬁect within limits, the desrred ac power ﬂow dlstrrbutlon in
the ac network Redistribution’ of the power in the ac system is often requ1red_
"erther to avoid sustained overloadrng of transmrssron lines or srmply to enforce
a more desired power flow pattern for securlty or’ economic reasons The
effectlveness of coordmatmg the de transfer to effect real and reactlve ac power
flow control, under steady-state condrtlon, has been demonstra_ted in -[1,2]. The
'eﬁ’ect\i‘veness» of these methods de‘pe'n'll's on t“he eXtensiveneSS'Of the dc system5
available ‘control effort and the proxrmlty of the de termmals to those key ac
l1nes whose powers are controlled
;Slnce the response of t'h'e d'c Eﬁ'p'owers to de control is fast relative to the
‘electromechanical ‘oscillations in the ac network, extending the network flow
control ‘concept to dynamic situations is a ldéicél 'd.eVelop'rnent.- The essential
‘reqnirerne\n’ts of such an on-line dynamic controller are spee(lend sdaptability.
The "r’n'ain ohj‘ective of this research is to fl’eVelop van' on-line dynarnic
"'nethork flow controller that 'w;ill"proV’ide the dc set poin‘t controller with the
requ‘ire(l changes in the dc powe"l orders to bring‘about the desired control
a'ctlon on a sele"ct group of ac finés. l’otential applications ‘of such a dynamic |
network flow controller are steering and regulating the power flows in select
- group of ac lines and damping the power oscillations in these lines. |
| k'l‘he developrnent of the necessary dynarnic simulation tools is an
k'import“an‘t :p'a'rthf ‘thils research, in »parti»cnllar, the developm‘ent of a more

versatile ac/de transrent stability technique that can handle various control



characteristics of multiterminal operation is essential to conducting the control
studies. In additioh, simulation capability with a detailed representation of the
converter would be beneficial for considering disturbances where the proper
commutation of the bridge becomes questionable. Of course, such detailed
simulation capability can also be used for other types of studies such as those
concerned with harmonics and commutation characteristics and unbalanced

operating conditions.
1.3 Scope of the report

The main contributions of this report are the developments of dynamic
simulation tools and an on-line control power control algorithm - for
multiterminal dc/ac power systems. These developments are described in

Chapters 3 through 5.

Before gloing into the details of the research topics, some background on
the modeling and simulation of ac/dc systems would be beneficial. Chapter 2
is a review of the converter models and the techniques used in dynamic

simulation of ac/dc systems.

~In chapter 3, a new formulation for representing multiterminal de¢ systems
in transient stability programs with the capability of hand]ihg various control
characteristics of the dc system is presented. Results of dynamic simulation
studies demonstrating the successful handling of various kinds of de control

characteristics are included.

- In chapter 4, the development of the detailed model for the converter and
its controls is given. Results of simulation studies on sample two-terminal and

multiterminal de systems are included.



-In' chapter 5, the development on the ‘on-line network .pow,é_t_; ﬂow
~controller- is preseﬁted. Results/ of the control performance obtaingd on a 3~
: tetrﬁiﬁal, 3-machine system are presented. -
Fiha;lly, a s.umr“na,ry of the main findings from this ‘reseaf“l.'c‘-h, concluswns,
and”re,co'minendations, for possible areas of future reéearch are .givén in Chapter

6.



. CHAPTER 2
',‘BACKGROUND ON MODELING AND SIMULATION TECHNIQUES

~ The reemergence of the HVDC transmission as an alterhative' to ac
trausmiss‘ion has created a need for efﬁcieut computatiOnal tools for 'operatioual
and 'planniné purposes. The use of computer -programs in planning HVDC
schemes has not been popular because of their excessive computatlon costs and
therr failure to accurately represent the de system controls. - The accurate:'-
representatlon ol' the dc converters and‘ their controls is an esseutlal .
.requ1rement in studymg the overall transrent behavror of ac/dc systems bemg-
planned. = With de transmission now considered  as viable, technlcal and
‘ecohovmical, ‘alternative to the ac option, -ther‘e are strong_‘ motivatlons" to
delf‘elop digital simulation programs which not only better portray the de
system s behav10r during transient periods, but are also computatlonally more
efﬁCIent Similar requlrements although requmng a more detailed
representatlon of the components, are requlred l'or operatlonal studles 1nvolv1ng
faults and protectlon v‘
‘One popular method of studying dc links is the laboratory models'
,'Though useful in some cases, such as examlmng valve stresses in converters
| "these laboratory mod.els suffer :l'rom an inherent drawback of scaled models,
that of requiring expensive and time-consuming construction and:‘modiﬁcation_

' bwhen 'evaluating different types of control. Today, the use. of scaled_ down



models is limited to manufacturers of dc systems who héve convenient access to
the control hardware. For others, especially the utilifies interested in
considering dc systems in their future plans or already with dc system, digital
simuiation techniques, which offer great flexibility in representing system

components and configurations, are preferred over hardwired simulators.

The manner in which the HVDC system is represented in digital
simulation techniques depends on the purpose of the study. Since the-
representétion for dc lines and filter elements are similar to those used for
similar ac components, their representations need not be discussed further. The
converter with its switching devices is, however, a complex component. Varying
degree of simplification can be used to model the converter. The two common
models of the converter are the average-valued model and the detailed model.
Fig. 2.1 shows the equivalent circuit representation of the average-valued model
of the converter. The converter is represented as a variable voltage source in
series with a commutation resistance that accounts for the voltage drop due to

the transformer reactances.

Since the standard ac transient stability study is based on single—phase rms
values of the system variables, the average-value model of the converter is
consistent with the ac network representation used in existing ac stability
programs. With the average-valued model of converter, the dynamics of the de
control and of the dc lines may or may not be represented. When dynamics of
the primary control loop are taken into account, the‘ voltagé source in Fig. 2.1
is responsive to the changes in the ac voltages as well as the dynamic changes
in the control angles from one time instant to the next. The result is a better
épproximation of the actual de voltage as compared to the case when the.

dynamics of the dc control are neglected. When the dynamics associated with



the dc llnes and the smoothrnig reactors are. also taken 1nto account the; '

‘ computed response of the dc network will have not only the dynamrcs but alsoiv

whatever delay 1ntroduced by these network elements It should however be

pornted out that such 1mprovements in the accuracy of the predlcted response:'

are achleved at a cost of 1ncreased computmg tlme For ln addltlon to the

_srzable 1ncrease in - the number of dlﬂ'erentral equatlons representlng the

. converters, controls and lines, the 1ntegratron step srze has to be made very.

‘ much_ .s-rn;_aller --bﬂec_au__se of’ the ,srnalvl trme_-cons,tants- associated . with" 'th__ese‘ ‘

: com’ponents, o

Where hlgher harmonlcs due to - the valve sw1tch1ng and unusual

topologlcal changes within the converter are to be srmulated a detarled model ‘

of the converter is necessary In the detalled model (Flg 2 2) the swrtchlng'

operatlon w1th1n the converter is represented in full detarl Since the ﬁrrng and

| blocklng of each valve are srmulated varying crrcurt topologles wrthln ‘the -

converter durlng a severe fault can be srmulated Such a detalled model of’ the‘

'converter requrres -an enhanced representatron of the dc converter control

fCorres_pondrngly, thebandwr_dth of the ac and de mo,d__els .s_hould be extended to

cover the‘higher harmonic c.ompo.nen,ts of interest.

Studres usmg the detarled representatlon requrre consrderably more'

- computatron time because of the very small lntegratlon trme step {in the order

f'-fof 01 msec ) requrred by the dynamlc equatlons Therefore the use of detarled-

odel is often conﬁned 1o short perrods before and after dlsturbance

Nevertheless the detalled model is 1rreplaceable when 1t comes to studymg_

'current stresses on the valves durlng 1nternal converter and line faults,

transrent overvoltages across the valves due to faults or swrtchlng in the ac

system asymmetrrcal faults, and uncharacterlstlc harmonlcs generated by the

Ay
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converters; vs‘.u_‘ch'studies are not possible with isi_mpliﬁed models.

In many of the-' early- studies of ac/dc system‘ dyﬂnamic’s with digital
computers an average—valued model was utilued to represent the dc converters
‘i[9-11] In these studies dynamics assoclated with the de network and primary
' control loops were-taken into account The differential equations descrlblng the
~de dc network and controls require a much smaller 1ntegrat10n time step (1n the
order of 0 001 0. 005 sec) compared to what. is normally required in standard
transrent stablllty studies (0.01-0.05 sec) For a given study period the small

- time _step requlrement 1ncreasesthe computatlonal effort con51derably. |
- Fvurther'isimpliﬁcation ini modeling can be ‘achieved by neglecting the
dyn'amics of 'the priimarybcontrolloop' and the dc network, on-the assumption
‘that, .s'uch_ d)rnamics_- are much : ',faster _than .those of the electromechanical
B o_scillatio'ns;of vth’eacv system' [12,13]. Wi‘thv aﬂstatic re_presentation of  the dc
: networvk‘,‘,d:iscontinvuit_ies-in the. de: currevn.ts_are possible, thus creating a new
| 'p‘roblem; resulting .from-the vu‘ncertaint‘ies_ about the control_’mode of operation
of the dcusys_‘tem »;during transient 'conditions. ‘Depending on themagnitudes of
» ac_,uolta_ge'.-and-.the de :v.ar_iables, the control _modev of a converter may change
during transient 'condition. While'there are three poss_ible, mod_es of operation
for a,tvﬁ‘fof_’terminal de system, .sevent‘l'or a three-.terminal dc system', the number
of possible modes of operation inc-reases rapidly as 'the number of de terminals

- increases. In []3] a search through possrble modes to find - a feasible solution

: ~ was. suggested As the solution of these ac and the dc variables is based on an

a pl‘lOl‘l assumption of certain control modes for the converters the scheme to
’: select the control mode should preferably av01d having to cycle over all

- combinations_ of thecontrolmodes at each» timestep‘of the solution.
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Attempts to minimizg the computation tim.e,for st»ud'ie‘s.whi_c-h requif*é ;téj'l.,le
‘use of detailed representation ha‘vé_ led to the idea of hybrid modeling techni—qu'é
’[14’-16,]. Due to the computational efficicney associated with the use of the
average—valued model, the overall computatlonal effort can be mmlmlzed by
restrlctmg the use of detalled representation to the most dlsturbed part of

study As the de system regains normal control and attams predlctable

ibehav1or the detalled representatlon is replaced by the s1mp11ﬁed a,verage-_- :

_ valued model
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Figure 2.1 Average-valued (simplified) dc converter model
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Figure 2.2 Detailed converter model with- tra_nsform'ef connections
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CHAPTER 3
TRANSIENT STABILITY STUDIES USING
A SIMPLIFIED DC SYSTEM REPRESENTATION

Converter operating chéracteristics are highly' nonlinear, especially so
when the operating constraints on the firing angle, current and reactive 'poWer
are taken into account. Since the control mode of operation of the dc system is
variable dependent and the operating margin between neighboring modes is
narrow, changes in the control mode of operation of the dc system often occur
during transient conditions. The approach now used in transient étability
programs that employ a static de network representation cycles through the
probable control modes until the computed values of the current operating
state are consistent with the assumed mode of operation. The program logic
for multiterminal de system soon becomes complex and time-consuming,
because the number of possible combinations of control modes increases rapidly

with the number of converter terminals.
In this chapter, a more systematic method, based on a Linear
Programming formulation is presented. The constraints incorporated in the LP

formulation automatically ensure that the solution obtained is feasible.
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3.1 Simplified dc system representation

The assumptions leading to a simplified dc system representation are as
follows:

(1) The dynamics in the primary control loop and in the d¢ network are

assumed to be much faster than the electromechanical transients of the

ac system that they can be neglected.

(i)  The dynamics associated with dc filters are neglected and they are

represented as constant admittances.

(i)  Harmonic components of both dc and ae quantities are ignored.

3.2 Problem description

When the dynamics in the primary control loop and in the de network are
neglected, the control angles and dc variables, in the simulation, respond
instantaneously to changes in the ac voltages and to changes in the inputs from
the secondary and .supplementary controls. The discontinuities introduced by
the instantaneous changes of the control angles and dc¢ variables present
computational difficulties to the task of determining which control
characteristic each of the converters will be operating on, or the mode of
operation of the dc system , for the next computing step. For example, Fig.
3.1 shows that there are three possible modes of operation for a two-terminal
dc system with just the basic current and angle limit control characteristics.
Fortunately, the mode of operation for such a simple two-terminal system can
be determined simply by comparing some trial value of the line current with
the current box;ders [17]. But then when other control and operating limits are

considered, the procedure for determining the mode of operation is no longer as



vs't:raigh:tflér‘v'ifard.

‘Th‘e’ procedure : for determining 'the “control modeof operation for
__ multltermmal de systems 1s much more complex because of the larger number;
of possrble modes of operatlon and the varrety of ways that the termmals can«;
be 1nterconnected by the de network. It is not clear ahow the proced,ur:‘e‘ '
| descrrbed in [17] can be extend‘ed* to determine the'SOlution of a multi'terminal»
de system One early approach [18] to this problem is to cycle through the'
modes one by one, begmmng w1th ‘the most probable ‘mode and proceedmg;{_
the procedure is one of assumrng Some mode of operatlon and then performmg
a~'dc_ load flow to find the de voltag-..es and the control an’gles Thev computed
con"tr"olf angles should'd be c0nSis‘te'ut= (feasibie) that is w1th1n the perm1ss1ble
| range of the assumed mode of operatlon otherwise the procedure has to be ‘
repeated with -another mod'e of operat-ron' until a feasible solutronf is ’found‘
Such a procedure becomes comphcated to program “and tlme-consumlng to
execute as. the number of terminals. in-- the de system grows because the
'number of possrble modes of control operatron increases raprdly wrth the -
1ncrease in the number of termm-als As the procedure to determlne the mode"
r of operatron and the dc system: solutron is executed at each time step of the
: ‘study,, computational efficiency of the method used is of vpartlcularlmportance.

f-A.'systématic method, based on established linear’ Drogfaniming techniques”
" that w1ll s1multaneously determine the: control mode and the de solutlon is
, presented here. It is shown that the method is not only computatlonally
'effrcient but also versatrle in its azbl;l:lty to handle many of the common control
characteristics,' such. as those of t’h;é-vconstant angle (extinction or ignition),b

‘constant yo’ltag"e, constant power and current controls, y.olztfage dependent
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- current order“limit‘er, vend-Stops, and also simulate the dynamics of power

modulation and restart.

33 Solution'of the de system

| There are several control‘ :methods [19-23] to operate a parallel
' multltermlnal de system but the discusswn here will be hmlted to’ the widely
“used current-margin control method "The formulation however is general; it
~can easﬂy be modiﬁed to deal with other control methods ‘such as the
}hmitlng-voltage method the method usmg arbitrary V-I characteristics or the

| method described in {23]

‘With the current—margin method of control one of the terminals operates
as the voltage-controlhng terminal whlle the other termmals operate with
‘curren:t or. power control: .T-he converter controls are coordinated with the
tap-'ch‘ange‘rs of their respe"ctive converter transformers to minimize the reactive
| power demands and to attaln as hlgh a dc operating voltage as possrble The

tap-changers normally operate to hold the .control- angles of the current or
. power.. controlhng terminals a few degrees above their respective minimum
limlts allowmg some Narrow. margin for rapid control of the currents. To
vavoid,- unnecessary -cychng between tap positions during short transients, a time
. d;elay lS introduced in‘ the tap-changer‘: control loop. Since the tap response is

g.sluggish' fast transient changes in-the‘ ac voltages‘ can : cause the voltage—
controlhng function to be shifted from: the assigned termlnal to any other

terminal which now has the lowest de voltage

The bas1c idea behmd the proposed LP approach to determlne the de
solution of a two-terminal dc system can be explained with the V-I

- ch-aracterlsti_cs shown in Fig. 3.2‘[24]. For srmpllc1ty, the details relating to the



de netvuork constraints that are also incorporated in the LP formu‘lation:Wi’l‘l‘fbe
“ignored.  Given a set of ac‘.' voltages and curren’t orders, the operetin"g,;
character_istics of the converters as shown in Fig. 3.2 can be obtained. | If the:
-inVefter' has the operating characteristics KCYMNQR'S“,» the de solution is 'givena.’
b‘y‘ point'C. At point C, the sum of the cOsine function ofb the control angle of
the rectifier and the inverter is minimum, subject, of course, to the control‘ and
netvx'{;erk constraints. This is also true for the case where the inverter has a
segment of voltage control characteristic M'C’'C”, in which case the actual de
solution is point C’.- Therefore, a_LP“form‘ula'tion that minimizes the sum’ of
the -,cosi"ne function of the control angles of all the terminals, subject to the
network and control ‘constraints, would ‘in these cases yield the correct de
solutions. - | | -

“In the LP formulation, the onerating‘ charaCte‘ri‘stic’s’" of the converters are
'c’onlven,ientl).r described by inequality censtrai_nts, but then the mathematically
feasible operating region of the rectifier includes the area to the left of the
operating chéracteristics ABCDFG, and that of the in‘\‘kerter includes the area
to the right of the operating characteristics KCLMNQRS or KCMNQRS. A
problem ‘arises in the case where the inverter has the extinction ‘angle
characteristic KCL; the LP procedure will pick point L ‘ins‘,tead of point C as
the solution, because the control angle of the rectifier at point L is even less
than that of point C, the control angle of the inverter being the same for both -
pbints "Observe that at point L; the voltage-‘controlling inVerter‘ is operating
: w1th no current margrn Point C will be selected over pornt L, 1f the voltage-
controlhng termlnal is forced to- operate with the current margin AL
' Computatlonally, this can be 1mplemented by a second LP lteratlon in whlch

the current ‘constraint on the voltage-controlllng terminal (1dent1ﬁed by the
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first LP ite’ration) is _redeﬁned appropriately. Fortuna‘t'ely, most practical
systems either incorporate a curfent error control segment to avoid the problem

of multiple operating points or use a constant voltage control.

3.4 Problem formulation

.Th‘e problem of determining thehdc.system solution may be sfated as
equivalent td minimizing thé control angles, subject to the various control and
“network constraints. Th»is 18 same as finding the feasible netWork solution with
the highest de voltage. To formulate this as a linear programming problem, |
the objective function andvth‘e problem constraints must be expressed as linear
functions of the problem variables and the decision variables have to satisfy the
non-negativity restriction. The nonlinearity intr(;duced by the cosine function
of the control angle in the ac to dc voltage relation of a converter can be
eliminated by using cosf inétead of 6 as a variable. However, when the control
‘angle. 0 exceedé 90 °, cdé0 will not satisly the non-neg‘ativityv restriction. This
problem cén‘bé o’ver‘comevby introducing a bias to coso? defining g; = 1+ cosb,,
‘and._usi'lllg gi in_stegd éf cosf in the LP formulation. |

T(})n‘e suitable obj_eétive funetion is
f=Yg o . -~ (3.1)

where g; =1 + cos 0;, the éo_ntrol angle 6, represents the ignition angle for
rectifier ‘yoperation and the extinction angle_ for inverter operation. The above
obje(':tive“func'tio_n is_inaximized, subject to a number of equality and inequality

constraints.
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341 Equali‘ty constraints
The equality constraints are the de network équatidns and the relations
between the open circuit voltages and the ac voltages at the converter buses.

The m-1 R-bus equations for an m-terminal dc system are

m o .
ei - R’Cildi — el - Rclldl+ Erij (_l)k Id.l 122,...,111 (32)
, =2 .

where R ; is the commutation résistance of i th tei‘minal, r;; is the ij th element

of the bus resistance matrix of the dc network with terminal 1 ‘arbitrarily

chosen as the reference bus. Iy is the current flowing out of a rectifier or into

an inverter, it is always positive; k=1 for an inverter and k = 2 for a rectifier.

The algebraic sum of all the dc currents flowing into the network must be zero.
m

Y (-)Mg =0 (3.3)

=1
The equations relating the open circuit vol"tages, e;, to the ac bus voltages,

V., and the control angles, cos 6, can be expressed as

€; = ti Va,ci (gl - 1) i:1,...,m (34)

3.4.2 Inequality constraints
The inequality constraints typically define the permissible operating range
of the various cohtrol characteristics. For example, the upermissiblé operating

rahges of the control angles are defined by
cos 0 < (g; — 1) <cos gmin (3.5)

and those of the dc currents of the terminals with current orders I4,; are
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I <1y,  for a rectifier (3.6)

Ig; > l4o;  for an inverter (3.7)

The characteristic of a constant voltage control with a voltage order V,;

is obtained using the following inequality constraint.
t Vaei (8 ~1)~ R Iy < Vi (3.8)

In the LP procedure, slack variables are introduced in the inequality
constraints, the resultant equations along with the equality constraints are
assembled into the form AX=B. The unknown vector X consists of the
variables g; and I;. Once these variables are determined by the LP, the dec

voltages can be calculated from

Vi = 4Vl — 1) — Ry (3.9)

1

The power factor, real and reactive powers, and the ac current of each

converter can be determined using the following relations:

¢; = cos {Vy / tV,q) (3.10)
Pa = (F1)F IVl (3.11)
Qui = —Valgitan ¢, (3.12)
’ Py +JQq

Ia.ci : ( VvV ) (3.13)

aci

where the above expressions for Py, Qg and I,.; are for the powers and current

injected into the ac network, and * denotes the conjugate of the phasor.
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3.5 Nonlinear controls and operating limits.
Nonlinear: control characteristics can be simulated_ by inddify‘ing_'the llmlts .
in tlhél inequality. ’cf(‘)ns,train_ts_ iteratively. The techniques used to handle some of

the common ones are described below.

3.5.1 Constant power control

Constant power contrbL Is nsuglly implemented by dividing the power
oﬂl_'fder by !the de voltage and using the res.ulf:i_nt current as the currrr_,ent' order.
Constant power control characteristics can be simulated. by modifying the
corresponding current orders 1do_i in Egs. 3.6 and 3.7 after fresh estimates of the
dc voltages become avéiiable, and repeating the LP c‘al‘culation until

'convetrgence is obtained.

3.5.2 »Vol.t#g_g depéndent current order lumt

The Voltage Dependentv Current Order Limiter (VDCOL) is used to loWe‘r-
thé current ordei‘ during a prolonged low ac voltage condition. Its function is to
reduce ‘the probability of commutation failures which could depressed the ac
voltage further and to ease the recovery of the ac voltages by reducing the
I;eavc_ti»vek power demands of thef converters. The effect of the VDCOL. is not
,immediate as it normally has a significant built-in delay. o

.Two ﬁypes of the VDCOL héye been considered, one modifies the current
‘o‘;de\r» accord_ing[to the ac voltage while the other modifies theb current order
according to the dc voltage. The characteristics of bot_h types of VDCOL éan
easily be simulated by modifying the corresponding current orders idoi in Egs.
3.6 and 3.7 accord‘ing to some predefined relations of the ac or dc vbltages. |

The delay element can be simulated separately using a first order time constant
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representation. Since the ac voltages are available from the ac network
solution at the previous time step, modifying the current orders according to
the ac voltages is straightforward. On the other hand, modifying the current
orders according to the dc voltages requires an iterative procedure as the dc

voltages are only available after a LP calculation.

3.56.3 End-stop characteristics

An end-stop i1s usually incorporated into the control of the inverter to
prvevent it from crossing over to rectifier operation during fault periods.
Control ang]e end-stops can easily be enforced by specifying the appropriate

upper limits in Eq. 3.5.

3.5.4 Restart

A restart from a fault is initiated only after the ac voltages have
recovered. The restart ‘begins by first stepping the dc¢ current to some
intermediate value and then ramping it to the desired level. Such a restart
current profile can easily be simulated by using preprogrammed values of the

current order in Egs. 3.6 and 3.7 at the appropriate time.

This has been a description of the basic formulation and examples of the
control characteristics that can be readily handled by the formulation. The
formulation could be expanded to deal with other forms of control

characteristics and could be enhanced further by introducing sparsity



25¢

3.6° Algorithm
| ~As shown in Fig; 3.3, the ac-dc transient stability p’rog'rém may be d1v1ded '
iﬁto three parts: (1) a 'standard: ac transient s-tabiiity’program using dynamie
mach‘inv,e‘ and static ac netwqyrk représentations, (2) a program using the.
prop‘osed"» a,]:g’orithmv to solve ‘tile de network solution using the steady-state:
Operating_ characteristics of: th(; converters, and (3) a prqgram 'toi simu'laté the
dynamic equations of the secondary or supplemen'tiér_y de controllers.

" At the beginning of the‘cc;)mput"a;taion', the ac-de solution is (‘)‘b'tai‘nre'd from a.
standard ‘aé-‘dcr load’ flow ‘céléuiation’. 'I?h;eli, at eé;ch new tinie, step, the ite.ra,tvive
process for the ac-de sdlution‘b-egins with the de SOlverv‘using the ac voltages of
the previous time vstep as initial eSt:ii’natés to ,det'ermin‘e the corresponding ac¢
currents ‘injected by the converters into the ac syStein‘. In the ac transient
stability program the ac cur‘r’ent.s‘ of the converters are treated in the same
manner as the injected. currents of the-ac generators. The ac trahsient stability
progtam calculates the ac nétwork voltages based on the new estimates of the
injected "a)g current‘s of the converters and generators. The new set of ac
VOftages at the converter buses is then used by the dc system 'éblVe'f inlpdrts‘ 2
and 3 to determine fresh estimates. of the inj,ected currents of v.the converters.
This it;rative process. ‘betwéen the ac’ and de networks solvers is repeéted until
the a;c vdltages converge within some preset tolerance. |

As the number of termihals of,_ p'rvacticalv"dq _éystemsb in the Irle‘élv"fvutufve 1s
likely to reméin small '(under 10 ), there is Iiftle advantagevin resorting to
sparéity or constraint relaxationvt‘echni’q‘ﬁesbinv the LP comﬁﬁtati@n,» avstandardv
LP package will be'm(;re than adequate to problems of such order. When used
with ia standard LP pabkage, the programming of the LP | algorithm is

'str-aight'forwafd.»’All”» that is required is the speéiﬁcation of the objective
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function given in Eq. 3.1, the dc netwerk equation and current constraint given
by Egs. 3.2 and 3.3 respectively, and for each terminal the appropriate equality
and inequality constraints, such as those given by Egs. 3.5-8. A change in the
de network configuration, in the course of a study, can be handled by
modifying the R-bus matrix in liq. 3.2. The addition or removal of any
termi.hal would require similar changes to those constraints associated with that

terminal from the overall constraint set.

3.7 Numerical examples

T.hehproposed algorithm was applied to the 3-terminal de¢ system shown in
Fig. 3.4. The parameters of the dc network and the VDCOL charactleristics of
the converters are given iIn Appendix A. The ac system was adopted from a
nine-bus system given in [25]. The computation time step used was 0.0167 sec
(one period of 60 Hz). For convenience of testing the algorithm, the first four
examples were obtained with programmed ac voltages to all three terminals.
Each of these examples demonstrates the ability of the algorithm to simulate

mode shift involving certain types of control characteristics.

Case 1: All three terminals were equipped with just the basic current and
extinction angle cbntrpls. The programmed ac voltages of Fig. 3.5a caused the
two inverters -and the rectifier to operate under minimum extinction angle
control in turn; this can easily be verified by observing that the dc¢ system
voltage, which was determined by the terminal operating under extinction

angle control, tracked the lower envelope of the three ac voltages.

Case 2: Inverter 3 had a constant power control with a power order of 0.4 pu.
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The avé \b'fo'l-tagesﬂ to the other two terminals Were pfogramrﬁed sothat the
| voltfl,g,e-COntroliing IUnctién alternated between these two terminals. In spyi‘té. of
thesharpdrop of the dc voltage, fhe poWef transfer of i'nr‘ve.r_terv 3 w:is held.
coi_lst.antgvat: 0.4 pu by the constant power confroi. If inverter 3 were foréed to
operate at its exfincfioh a;nglé :lﬁimit, it would n}ot’ be able’t(‘); maii_xtéin constant.

power simultaneously.

Case 3: Inverter 2 had a constant voltage COntrdl \',vit‘h‘fzi voltage c‘)‘r‘der,"oAf' 075
'pu.v With the progr:ammed’vac' v_bltages >sh:0wn inv‘Fig. .3.73,' inverter 2 was able
to vliia,_intainv ,consté‘niv;".voltage,‘vavt‘ 0.75 pu only paft of the_tiiﬁe, that was when‘ 1t
was not 'forcved to foperate at its minimurg extinétion angle ' limit. Whén the
voltage O’rdex" was Iowéfed to 0.6 pu, invént_ef 2 méintaihgd‘cbnt.rol of the

volta_ge‘ over the entire period’ as shown: in Fig. 3:.7g.

Case 4: Besides thé basic current and extinction anglé controls, time delayed
voltage dependent current order l‘irh_it,'siw.ere intr'od_uce’d.,vin"the";'éctiﬁer te‘r_mibnarl."
The time constant of the vd_eAlia,vy lo_(_)p, was éet to 05 Sgcond; “The Yac'voltage of |
inverter 2 wa,_s”_ temporarily depressed from 0.9 to 0.4 pﬁ for a period of 1.5
seconds. The effect of the VDCOL in reducing the rea'ctive-powers'of the
te\rminalsv not éontrolling the dc vqlt;age over the depressed ac voltagé period is
v cl'eérly visible frérn Fig. 3.8f. Without, the VDCOL,v the reactive powers would -
have remained constant during the same period..‘ The time-delay in the

VDCOL loop preVe'ntved abrupt changes in the de chrre}nt orders.

Caé’_e 5: The 'sequénce of ev‘ent's's\imulated was that of a severe ac network fault

close to inverter 2 for 12 _“cycl»es,. Two cycles into the fault, the current orders



28

were reset to zero. This was followed by a period of waiting for the ‘ac voltages
to recover to within some prescribe& range, then a further 7 cycles delay, before
initiating a restart. The restart sequence consisted of stepping the current
orders to 50% of the desired values and then ramping them up to the desired
values over the next 5 cycles. The response of the dc system to this sequence
of events is shown in Fig. 3.9. “Over the short period of fault, the effect of the

VDCOL with its long delay (0.5 sec.) was slight. This case has been selected to
demonstrate the capability of the simulation technique and not the modeling,
as it is obvious that for such a severe fault the simplified dc representation is

no longer suitable.

Case 6: The sequence of evénts was the same as in case 5, except that power
modulation sigﬂals were introduced after the restart to damp down the
electromechanical oscillations of the generators. The modulation signals can be
derived from centralized or decentralized schemes, and they can be applied to
modulate both real and reactive powers of the converters. But for this simple
example, 1t was sufficient to consider the modulation at the current control
loop level; the modulation signéls applied to thev current orders of rectifier 1
and inverter 3 were just proportional to the difference in speed of the
generators, wy—w; and ws—w;, respectively. The response of the relative angles,
b9y = 6o—6, and &5, = 53—51‘ are shown in Figs. 3.10a and 3.10b; a noticeable
improvement in the damping of the rotor oscillations ofﬁ the case with

modulation over that without can be seen from these figures.
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38 Coné’lii's‘ibﬂ =

In tran31ent stablllty programs that usé a statlc network representatlon of.
the dc network the program loglc to determlne the de solutlon from the large-
n'umber of control mod‘es of op‘eratl-on of a multiterminal de system’ can be 'bot:h-;;\,
‘comp'l‘iéated“'fandf tirm’e‘-'con'suminég-:; , Neverth'e‘less, it s ij'I'Irl’Porta‘n‘t that changes in
t'hre: cont'rfo'i“ mode be properly“ accounted: fo;.'- in the transient simulation of a de
' ’system | |
- This  paper has presented a; systematlc method based on a LP
' form'ul"a:tlon', which can- be used to determine the mode of _operatl-on as well as -

- the ‘de n'etWork’ solution of a general multiterminal 'HVD‘C_"‘systernj in such

~ transient stability : programs- Thie- constraints in the LP formulation

automatlcally -ensure that the solutlon obtained is fea51ble Nonlmear control"’.
haracterlstlcs are’ 51mulated by modlfylng the approprlate llmlts of these
constralnts in an -1ter.at1v-e loop around:the main LP calculatlon'.

" The capabilities of a digitalf'?'progra‘mi using’ t'h‘e proposed algorithm‘ Were:
vdeinonstr'ate‘d by ‘numerical ek:a,nipl'es based on _a 3-terminal, 3-mjachine ac-de
g system. The examples il‘l'\istrated? the successful handling of mode shifts
Be‘tWeenv"varions- kinds of control eharaCteristics, restart "an_d power modnlation
'to" damp the el’e’ctror’_n'echanvical' ‘osvcil‘l“ations o‘f the ac 'generators,',follonv‘i_ng a
s‘ev—er‘e‘ ac .net’jwo"rk fault. |

Given the snnpli(:itsr of the formulatlon w1th respect; ,to the lfprog'ranl’nling
I of t'ariou$ vi*é'ontro{ characteris-ties and the fact: that the LP "te‘chnique is
cornplitational‘ly efficient in so-rting' throllgh.the feasible solutions- of:‘ the.large'
”order systems, the advantage of the proposed LP method when apphed to the

larger size de systems is quite obvious.
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Figure 3.1 Operéting modes of a two-terminal system
: with only current and angle limit controls
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Figure 3.2 Static V-I characteristics of the converter
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| CHAPTER 4 :
DETAILED REPRESENTATION OF HVDC SYSTEMS

In a detailed 'representation of the HVD‘:C;syst_em, 'theco‘nVerters, the de
network and the'!converter; controls, are represented'v‘in-"fnll detail;" 1 In ‘the
convert'ér freprejsen'tation' the voltage a‘cross: and' the current t‘hrough" the
individual valves are calculated at’ each 1nstant of : tlme with the ﬁrlng and
'blocklng of each valve simulated. The constant lgnltlon angle and constant
current controls - for -rectlﬁers and constant -extinction. angle "control and
~constant current cOntrols for inverters are also simulated in ‘det'ail ‘The dc', '

network is represented by a dynamlc representatlon with RLC components

4.1 Det.ailed réprese_ntatioh of dc ,'c'onv'erters

One approach to simulate the‘ converters is to ’aSsi‘gn separate subroutines» :
to handle the drﬂ'erent set of dxfferentlal _equations representmg various circuit
_topologles Since the converter c1rcu1t topology changes anytlme a valve starts
or ceases to conduct the dynamlc s1mulatlon of the converter is extremely
difficult, espec1ally when it is connected to a weak ac system. Furthermore, this
approach is not capable of handling nnHSUal condncting patterns during :fauvlt‘ '
p'eriods; To overcome such drawbacks, a method, based on tensor analysis ha's
been dev‘eloped.‘[‘7,8].‘ In this’method, the set of eo'uations representing the

- converter with all the valves conducting is reduced by matrix transformation to
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o | r‘epresent a particular condu‘cti‘ngl pattern at each instantof time. Kron's tensor
'an'alvsis 1s used to eliminate the branches corresponding to - non-conducting
: valves Thisb avoids numerical'instabilities in some'of-»the earlier approaches
whlch approx1mated non- conductlng valves by very large impedances. This
' approach is versatile as it hast_he capabllrty to handle any conduction pattern

‘b.withlan arbltra‘ry_ number of conducting valves.

,4;2 Simulation of the dc converter
) To:‘illustrate the method, let’s consider the 3-pl1ase 12-pulse converter
_'shovvn in F1g4llt consists of two 6-pulse. bridges connected in _series. The
- ) tran’SfOrme‘r'b'anl( of one bridge is connected Y-Y and. that of the other Y-A.
‘_Thvis;ensures”_ that t,here is al. 30° phase:shift, betweenv:the ac voltages applied
| across',the two .. ‘l).ridges; =Inb_a 12-pulse converter the interval» between valve

' 'ﬁrings- is 30° as opposed to 60° in.a 6-pulse converter Since the bridges are

B connected in. series. on the “de. side, the output de voltage of. the 12-pulse

’ ’converter is twice that of the 6-pulse bridge, doubllng the power capacrty of

2th

the converter -Under balanced condltlons the 1 harmonic is the lowest one

in the dlrect voltage and 11th and 13th are the lowest pair in t1e ac current.

. The 12-pulse co"nverter can be fully represented‘ by a set of equations
descrlblng ten network meshes The number of requrred meshes and the
-.mdependent currents reduces to five for a 6-pulse converter. The general
1mpedance matrrx relatmg the secondary ac voltages to the set of independent
’ currents is defined by | vr , | _
' | =2,L, (4.1)

where
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‘ zY z, S

Zg and Z,‘ﬁ are the impedancé m_atrices éorresponding t_d the; Y-Y and Y-A
bridges respectively and afe deﬁﬁed in Appendix B. Zc is the éou‘pling ,métrix :
and Z} is the transpose of Z;. The superscripts: ”Y” and ”»A;’ will be used
throughout this chapter to refer to the parameters ».cv’orr‘e‘sponding to the Y-Y

and Y-A bridges respectively. Also, vectors and matrices are denoted by bold

letters. The vectors V, and I; are defined as

ey iy
ep. iy
ecy i’
e ig
—Vy [ Va Iy LY
vV, = =11, 1, = =1... (4.3)
| & | val Tl e
ebe | I
ed A i2
< | I
ec‘i + elﬁ + e‘%‘: ' irA

where e, = e,—¢. and Vg and Iy are the dc voltage and current at the
~ converter t‘ernﬁna;l respectiveiy. | |

The form of Eqgs. 4.2 and 4.3 is chosen in such a way so as to’ facilitate the
simﬁlatioﬁ of bbith 6-pulse and 12-pulse convler‘t,ers." For é 6-pulse convverter‘

Eqgs. 4.2 and 4.3 simply reduce to

Z,=2Y
V. =VY
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Note however, that Eq 4 1 is for the condltloo when all the valves are
conductmg Durmg normal operatlon of the converter, a smaller number of
valves are conductlng. The nonconducting valves, represented by open circuits,
must somehow be eliminated from the above equation. The converter mo.del
cah 'Be viewed as a sequence of network topologies. Tlle network topology
.changes at the instant of a valve turning ON or OFF. Uslng Kron’s reduction,
Eq. 4.1 can be reduced to a set which is valid for a particular circuit topology.
This is accomplished by defining the incidence matrix, C_, which relates the

independent currents I; in the original circuit to the currents I, in the reduced

model., ,

I (44)

n.n

i,=¢C

Once the mCIdence matnx is deﬁned for a part1cular c1rcu1t topology, the

remamlng parameters can be determmed as follows

substituting 4.4 into 4.1,

" multiplying both sides by C,t
C'V,=ClZ, C,1,
" Defining

~and '
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z,=G'2,C,
’t_he final set of equations v,represé'nting the reduced model for a particﬁlar cir’c,u_it
“topology becomes 7
V. =Z 1

n-n

To solve this equation numerically using the trapezoidal rule of integration, it
18 »ﬁrst rewrittén‘inlto its differential form, that is |

Vn :(Rn +an)In
and then rearranged

pl, =L, (V,-R, L) (45)
where p=d/dt and R, and L, are the resistance énd inductance matrices in the
reduced set. The inductance fnatrix L_n in Eq. 4.5 is a square matrix and can be
easﬂy inverted. Eqﬁation '4'5 is solved for the ind.epe_ndent currents I, from
which the mesh currents I_ are calculated using Eq. 4.4. The valve currents
and the transformer pfimary éurrents can then be written in tel_'ms of mesh
~currents Im |

Clearly, the efficiency of the method depends on' the the ’approach used to

generate the incidence matrix C, [8]. In the next section, it is shown that C

can be generated in a logical manner for any given circuit topology.‘
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4.3 Generation of the incidence matrix

' -Figure 4.2 shows the mesh diagram for a 12-pulse b;id-ge.‘ If all the valves -
were conducting, there would be tén links corresponding to ten mesh currents.
Dﬁring normal operation only 2 or 3 valves are conducting in each bridge;
_theréfore, only a small number of links and branches will remain in the circuit.‘
~The dimensi’o_n‘ of the incidence matrix is 10xn for a 12-pulsé bridge and 5x n
| for a 'S-pu'ls'e bridge where n is the number ofirerhaining links in the circuit of
Fig. 42 By considering all possible conduction patterns, a logic statement can
be derived for each link ‘which is:equal to ”1” if a particular link exists 1n the
reduced,ciréuit -andis equal to. 707 othe‘rwise. When all the-existing links are
determined, a check is made to see whether the valves selected as tree branches
in the original tree (e valvés 3,6 in each bridge ) in Fig. 4.2 are still
conduéti_ng, If either oné of these valves has turned off, é new tfee branch must
be selected and the ap’propriat»er_ elements_in matrix Cn.must be modified as

explained in Appendix C.

4.4 | Célculatio_n of the v_a_lve ‘v.oltag.es

e »T_he ‘volitag‘es across the non-conducting valves must be calculated at each
instant. of timé to dekterminebt_heiyr firing (ON/OFF) state for the next time
’step.ryjj(b)[_lce ,thé: incidence.m"at'rvix C, h'a,s_‘been generatedv, the independent
éur:ents"Im and the voltages V _are’updatved usin_g the mest recent values of I|
a’fld» V.. A m(.)d,iﬁed form of Eq. 4.1 which includes valve voltages in the loop

equations is‘used to determine the valve voltages. -
V,=V.-Z,I, (46)

- where
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and: v ~and vj A are the voltages across the Jth valve in the "ﬂui)pel'and lower
br1dges respectlvely For a 6—pulse brldge the vector V reduces to VY that is.
V, VY If: the voltages v;{ vg ,v3 and vé in Eq 4.7 were all zero, all other
voltages could be dlrectly calculated from Eq 4. 6 In general the vector V

- related to. the valve. voltages by the matrlx D.

vvxzfy;:v S 48
w.hler‘_,el‘
V, = lVIYy . ,,v.g ‘ vl A ]t , D = 0 pal
'anvdé
10-100 0 001500 1]
1-1r00 0of 10-1000
DY=000 10-1 , DA=fo1-100 0]
o0 0 01 ~1f 00 0 10—1{
001 001f 000 ‘01—_1._1

Similarly, IS DY for a 6-pulse bridge. Since th-e/'v_ol-t;asge_across the conducting

- valves is zero, the columns ’c0rrespo.nding to these valves in D. are eliminated.
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reduCed rnodel, the matrix D is reduced to a square matrix D,. The unknown

b"”valve voltages are then caICUlated from the reduced form of Eq. 4.8 given by

“an : Dn_-l Vxn o

4.5 | Voltagé and curr'enft transformation matrices |
The voltages e, ecAa,..}. 'in A\ are the line-to-line ac voltages on the

jsecondary side of the transformer In the Y-Y connected bridge the secondary

| .‘~"'phase voltages are related to the primary voltages by the transformer tap ratio.

Because of the l/ \/_ factor 1nherent in the Y-A connectlon the tap ratio is
‘lncreased by a factor of \/_ for the Y-A transformer SO that the peak ac voltage
bapplled across the lower and upper brldges is of the same amphtude The

transformatlon matnx T relates the secondary voltages V., to the primary

' voltages.» -

where V [ Vap _vg;, vepl® is the vector representing the primary ac voltages

and
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| When Writing the equations for the ac side of the system, “the transformer -
secondary currents should be referred to the prlmary side. By 1nspect10n of Fig.
.. 42 the secondary currents are calculated from the mesh ‘currents usmg the

followmg r,elsa;twns.

i =i
Y =Y Y
s = I, T 1

B
H
>
|
>
+
B>

where i 1 and Iba are the a-phase transformer secondary currents

The prlmary currents are related to the secondary currents by the -

transf ormer tap ratlos
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L =L+ VBGLE

o lap B |
. N P . Y Q-
Ip = libp| o L' =f
il | ;

~ where

G Tl B e

S -eX[‘)ressinp“ IY' and I2 in 'terms i' of thedmesh currents I, the transformation

.matnx whlch relates the primary ac currents dlrectly to the converter mesh

= currents is glven by

CE=tf0 10 -10 | V3V3-VB-V3 VEL, = [TiY| TiA] L
R _ V3 12

46 Re'presentation otf the ac system and the harmonic filters
The ac system 1s represented by lan'_’eQUi.valentbvoltage uso.‘urce in series with
an eduiy'alent‘,,rea,ct:ance, .O_b'viously_,_ a full representation of the‘e‘ntire ac
: system 1nclud1ng a de't:-a.iledp simulation of ac ‘generators yviil re‘sult in a more
bacvcura,te 'a,nd‘ rea,listi‘c response of the system | under tra,nsients but the
. requrrements on- computer tlme and storage would be prohrbltlve The use of a
Thevenm equrva,lent is better su1ted to the detalled of the de s1mulatlon The
Thevenrn;:eqmva,lent circuit can'be updated at arbltrary intervals for a realistic
repre's’enta’,tion of the ac system-. |
In ‘an HVDC system both the rectlﬁer and the inverter are connected to
_.the ac system through tap changmg transformers \ number of harmomc
:-s_hunt _ﬁlters a}r‘_eb_ﬂusuall‘y placed on__'the ac-side at both‘ ends of the line. The

" filters are _usua,:l.ly' in the form of series RLC circuits tuned to eliminate the 5th,
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7th, 11th, 13th harmonic in a 6-pulse bridge and .ll’th'and 13th harménics i‘nﬂ‘a’,_
12-pulse bridge. A d»am'ped .high-'pa‘ss filter is also added for higher har'rnor_;icé.,
These filters serve a twofoldl purpose; that of reducing h%;,rmonics in voltages
-and currents, and of éUpplying reactive power. The reactive power supplied by
the filters is generally noﬁ sufficient to fully c‘o'mpens‘ate'the reactive power

drawn by the converter; hence additional capacitor banks are usually installed.

Although the ac shunt filters are treated as static elements in a simpliﬁed
model, their effect on the harmonics and the dynamic response of thel ac:s'yst‘em
cannot be neglected in a detailed analysis. Complete representation of the
~ filters ié however very costly from a computational poinut of view as they add
éonsiderably to the number of differential equations to be solved duringrthe
siinulétidn. Depending on the nature of the study and the disturbance ﬁnder
considération, qu representation of the filters at all de terminals m‘ayk not be
necessary. . .For most studies, a‘-complete representation of the filters-at those dc
terminais which are electrically near and: are thus more affected By the
disturbance under study may be sufficient.

The differential equations. representing the ac side are given below. In the

following, p=d/dt and the subscript )} refers to the harmonic number of the

filter. For convenience, equations for only one phase of the ac system are

given.
AR R '
Pl — (]_) (eth ~ Tehlth — vap)
th |
, _ 1. . : 3 r.
PVap — (_) [la.c' - E Ifj T lap T lhp T (_) (vap - vhp)] ‘
Ce i=571,13. Thp . 7



o7

,. l : .
‘plfj = (T) (Vap TV T lfj)
}

' 1. .
pvcj - (_c—)]f] i 577a11;13

1
PVhp ( ) hp + ) (Vap - Vhp)
hp Thphp
Where,
l,c © ac p.hase current
v, : ac phase voltage at the converter bus.

ap -

e,, : ac system Thevenin phase voltage
tyh,lin ¢ Thevenin resistance and inductance
i; - harmonic filter currents

vy harmonic filter capacitor vo.ltage

rpl,¢; ¢ filter resistance, inductance and capacitance

Ihp :  high-pass filter current

Vpp o high-pass filter capacitor voltage

Thpslhp Chp = high-pass filter resistance,.inductance and capacitance
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: 4.7 Simulation algorithm' .
| The dlﬁerentlal equatlons describing the ac system, harmonlc ﬁlters and
" reactive compensatlon dc converter and dc lines are all assembled and put into
the form X =AX +BU. The complete set of differential equatlons is then
solved using the tra,pez01da,l rule of ‘integration. The vector X contains ac
phase currents and voltages, reactive compensa,tor and - ﬁlter currents and
voltages, converter currents I, as well as dc line variables. i.

-Eve.ry, vtime the vIcOn_verAter network topology -‘chang'es, the iconver.ter
equations 4.1 should be updated to a new reduced set given hy Eq. 4.5. To do
| this, a new inciden-ce matrix should first be generated from the knoeredge of
" the Yalves conduction state. The ma,trices Rn and L and the Vector Vn arev
then calculated form Zm'a,nd Vm respectirely usingthe _n'ew,incidence m_a,tri_x; '

- If a change in- the conduction state of any of the valves from the 'i-preVi'ou's
time step. had been detected, ‘the Currents I, in the new reduced set'muSt. be
properly initialized before the integration process starts. The mesh cUrrents I,

“and subsequently the valve currents are updeted. ‘The sec_onda,ry- volta}ges‘i_Vm
are also updated using the most recent values of the primary voltages just
~ obtained fr"omr the solution of differential equations X. The Valye_ voltages are
then calculated using the updated values of V| and I, o |
| Befor'.e. the,‘eonduction‘ state-of the valves forthe ne‘x'tv.time step _ce,n be
determined, the sta,tus of the control pulses for each valve should be knoWn’ for
. valve to turn ON its control gate must first be pulsed . Therefore dependlng
on the converter type (rectlﬁer or inverter), approprla,te control subroutines are
called at this point.. Once the . conduction sta,_te'of_ valves ‘is upda,ted, the

program moves to the next time step where a new incidence matrix is
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generated 1f there is change in the conduction state of the valves A simplified

- ﬂowchart of the program is shown in Flg 4.3.

L RN

4».8'-'Simv'ula.tion of the de Ycontrol system . . o -

iThe converter valves are equi'pp'ed with control gates by which their ﬁring

) .__can be controlled A valve will ﬁre only when the anode—to—cathode voltage

‘ across its terminals is positive and a control pulse exists at its control gate

L Dlﬁerent types of controls can be implemented by controlllng the ﬁrlng delay of |

b.the valves.- For example, 1f 1t _1s desrred‘to control the current in a rectlﬁer, the
current.is _vmeasured and _cornp'ared vvith its set value. If the current exceeds the
set-value iti is. reduced by increasing the. ignition delay of the valves an‘d hence
:-reducmg the dc voltage which in turn - causes the current to drop Conversely,

B the current can. be lncreased by reducmg the delay tlme in valve ignitions.

The two common types of grld control schemes are the 1nd1v1dual phase”
,vjand the equidlstant pulses firing »sche‘mes. With the individual phase firing
vs_ch_eme, a saw—tooth- ;voltage is. compared with a control voltage V. that is
’ generated; by a curren;t.’ regulator or.an extinction angle controller.  The starting
:point 'of the saw.—tooth voltage corresponds, to }the zero crossing of the
commutatlon voltage As shown in Fig. 44, a firing pulse of 120 degrees
'duratlon is generated when the saw-tooth voltage crosses the control voltage,
Ve Altho.ugh. this. method ‘provides - satisfactory results =with = converters
. ‘conne’cte’d.» to strongiﬁac'_: 'system's, lt has. been found to be not suitable for
» converters Operating onto a weak ac connection because of harmonic instability
farlslng from the magniﬁcation of ac harmonlcs additional to 5th, 7th, etc. [26]
"An 1mproved method of grid control 1s to use a control system in whlch firing

o pulses are,tlmed “by 3{ phase-locked oscillator. This rnethod, usually referred to
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as the eqU'ldistant- pulses ﬁring‘lyscheme, has been devel'oped“ and ’ex‘pand‘ed‘ upon
by several authors I[_27'-29],‘. ;Althongh the problem of harmonie lns’tabilitv with
individual plrase’:control on HVDC systems’»w’h'ich are 'connecte(l to weak ac
~ systems can be overcome by designing(_approbr‘iate,active,ﬁlters: in’ the control
loop, methods using the voltage controlled oscillator (VCO) have proven‘to be
Inore re'lia'ble; as a result, the individual phase "ﬁring scheme':is gradually being
abandoned. - | | | |

The VCO; is a vol_tag'e to frequency converter that 'c0nverts an i‘nput de
voltage into a train of pnlses whose freq’uency'vis proportlonal to the f‘inpnt'd'c ‘
voltage. Since the' ﬁring instants are no longer derived from the zero crossings
of the: commutatlon voltage in steady state; the pulses are ﬁred at equal
d1stances The 1nput dc voltage to the VCO could be the error in the current
from the current regulator or the error in the angle from the extlnctlon angle
controller. A change in the input dc voltage changes directly the frequency of
tlleo'utput pulses, hence the name pulse frequency control (PFC) systems.-i .

The VCO can be modified in such a way that the phase of the pulses
rather than their frequency ‘is proportional to the input control v‘oltage. This
, type‘of control system is then called ‘a pulse phase control (PPC) system. Due |
to proportlonal characteristic of the PPC as opposed to 1ntegral characterlstlc
of the PFC systems, the 1mplementatlon of the constant ﬁrlng angle control in
‘PPC systems becomes tr1v1al by s1mply applylng a constant 1nput voltage -
~ Both control systems are however suitable for the purposes of controlhng the

current or the angle of the converters in HVDC systems.
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' ‘,‘4 8.1 Simulation of the current regula.tor

The block dlagram for the current regulator is shown in Fig. 4.5. The
' »vmeasured current is compared w1th the current settlng and the error is fed to
the VCO after being amphﬁed The VCO produces control pulses which are
Aapplled to a rlng counter. The ring counter is made up of shift registers. Each-
 time a pulse arrives -at the_lnput_of the ring counter, the contents_of the
. counter arev moVed by one position. During steady state operation, the control
' i:voltage ) ap'plied‘ ftolthe VGO is Zero ;and the VCO is adjusted to‘generate
control pulses which are 60 degrees apart for 6-pulse,operation and 30 degrees
- for. thev1~2-pul"se opera'tion; 'T._his. ensures that the duration of the pulses applied
| ‘vto the valt'es are 120 degrees If lthere is. a'change in the control voltage due to
| the dev1atlon of the current from its set value the frequency of the oscillator
changes accordlngly untll the control voltage returns to zero where agaln the
pulses are generated at 30 degrees 1ntervals (for 12—pulse operatlon) shown in
vi ‘Flg 4 6. | |
| To 1mpleme‘nt the constant ﬁnng angle control amm, it is only necessary to
.l ‘delay the arrival of the control pulse at the shift reglster untll.the'commutatlon

voltage’ has reached a predeﬁned positive. value During a transient if the ac

v ’voltage at.the rectlﬁer snde is not h1gh enough to malntaln the current control,

 the control is. automatlcally shll'ted to the Constant Ignltlon Angle control‘
vwhere the: pulses are generated w1th a -delay correspondlng to ap from the

a -actual zero crossmgs of the ac voltages
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4.8.2 CEA control for inverters

There are two‘\typesiof‘ ’eXt‘inctionb angle controls. One is of the feedback ‘
type in whlch the extlnctlon angle is measured and then control applled to
“correct it, and the other is the prediction type which predicts the angle frorn
the voltage and current oOn,ditions. The predictiorl type has the a‘dv_antage of
keeping the voltage-tixme area after commlitation larger than a certain
‘minimum value whereas with the feedback’ type.e)rtinction 'angle’ oontrol, it is
neoessary'”to wait for a change in the extinction angle from the “disturbance
before any action is taken by the controller to restore the angle. Past studies
have indicated that using prediction type control leads torhore desirable results
under transient conditions where ac cOmmutation voltages are'highly distorted.
To inerease the precision of the operation, the prediction type controller'can be
accompanied by a feedback 'loop which measures the error in the extinction

angle and feeds it back to the controller.

Most of . the original methods using prediction type used one of the
commutation voltages directly or differentiated. A method baeed on the
integration of the commutation voltages was later developed [30]. In thls
method each valve is controlled separately and a fresh computatlon of the -
correct firing angle is performed every cycle. Integratron of the commutation
voltages reduces its harmomc d1stortlon and is thus partlcularly helpful when
‘the commutation voltages are highly distorted as in the case when the

converter is connected to a weak ac bus.

Under steady-state and assuming sinusoidal waveforms, the equation

which defines the commutation process is given by



63

Ve, cos ﬂ-\/gemcosﬁ +kI;j=0 | | {49
where, ‘
€t ac phas}e'voltavge (0-p) |
B : angle of advance (i.e. 8=y+u)
’yv: extinction angle

- commutation angle

-k : constant proportional to the commutation reactance -

I : converter dc current

The ﬁrst two terms in Eq. 4.9 can be thought of as voltage—tlme areas
under angles 8 and ~. The thlrd term k Iy must then correspond to the

P

commutatlon angle

The pom‘t that - the valve has to ‘be fired in order to guarantee an

extinction angle of ~ is determined by the following relation.

V3e, coswt = V3e,cosy+kIy =0 (4.10)
Here, the time‘ reference is taken at zero angle of delay. Equation 4.10 is
satlsﬁed at wt = = 7r—,8, the angle of ﬁrlng

The ﬁrqt two terms are generated by 1ntegrat1ng the commutatlng voltage

from =7 + 7 to the present instant as shown in Fig. 4.7.

f \/—e smwtdt = \/_e coswt — \/_e 0057

o *—7r+7 '
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Therefore if a de voltage of kId is added the output of the 1ntegrator Eq
v4 10 will be satisfied at the time this negatlve signal crosses zero. |

The basrc. idea presented above can beexpanded tovmake it‘possible for
the inverter to operate at greater angles of advance, ﬂ- ; This ‘is done by adding

an extra term to Eq. 4.10.
V3e, coswt—V3e_ cosy + k Ij+Ve =0 -  (411)

When the 'control voltage V. is zero, the operation is on CEA control. The
greater the signal V., the greater is the angle of advance #. Current regulation
at the inverter side can thus'_be accommodated by defining the appropriate
control voltage Vcc as the error signal from a summer which . cOInpares the
current with its set Value The error signal is amplified only when I 1s less than
the current settlng and is set to zero when it is greater to énsure inverter

operation on CEA control.

- 4.9 Numerical examples

To demonstrate the capabilities of the'detailed simulation program, three
examples were chosen. In the first example, the rectifier quantities for 12-
pulse converter operation with complete filter representation are given. Thev
second ekaniple demonstrates the response of a dc link-}to a commutation
failure on the inverter side. Finally, in the third e)v(a’mple,'the ac/de system
response to a 25% drop in the ac voltage on the rectifier side of a multiterminal
dc system are presented. | |

The s1mulated system was a dc link (Fig. 48) consisting of 12-pulse

'converters. The ac harmonic ﬁlters tuned to ehmlnate 11th and 13th

harmonics were fully represented. ngh-pass filters to ‘damp higher harmonics
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~ were also i’nclﬁded. De lines were represented By their equivalent pi models.
Se'_veral‘pi sections can be sirﬁulated if desired. Figures 4.9-11 show the rectifier
side quantities.‘ | |

Steady‘-st-ate va]ueé df the dc voltages and control angleé can be checked
»usi‘ng' the followiﬁg pfocedure. For this examplé, the dc line resistance was set
 1;0 R, = 10€2. The rest of the system parameters necessary for steady-state

| calculations are given in Table 4.1.

 Table 4.1 System parameters for the dc link

"RECTIFIER | INVERTER
C ey (KV) . 55.0 - 500
\(1(9) N 75 7.54
| I;;'(KA) o 1.00. 1 0.90
ami,,' , 7min(DE(§S) 7.00 18.00
c 1w | 100

In this éxample' the ac voltage were chosen such that the inverter station
'Qp'e:‘rated--as a véltage-controlling station While operating with miﬁimum angle
of margin (Wmin)" The reétiﬁer" station ‘operating on current control regulated
the line ”éuvrrevn,tvvto ‘Ido‘W: ],v.VO KA . The dc voltage at the inverter terminals is

given by -
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' | 3 nb \/— | ‘; -3 anl
: l Vd?, T €m COS(’)’mm) - T Idoir o (412)

where n, s the number. of = 6-pulse bridges, . vtlre converter -

(n, = 2 for 1'2—pulse_vconverter). The dc voltage at the rectifier side is -
Var = | Vd?l + Rl Iio

The operating. firing angle at the rectifier station is then calculated from the :

followmg relatlon

3 Ilb Xl
. vdl + T Ido ; .
a = cos” e 4.13
3 Ilb \/5 : ( )

T

€m1

The voltage eml in above is the zero—to—peak secondary voltage Usmg t‘le o

parameters glven in Table 4.1, the followrng approxrmate results are obtamed

| Vio| = 142.90 (KV)
Vgr = 152.90 (KV)

a = 23.13 (DEGS)

4.9.1 Simulation of a commutation failure

A common inverter maloperation is a commutation failure. It is usually ‘,
caused by a ‘combination of low ac voltage (perhaps due to an ac fault), high"
direct current and/or late arrival of the control pulse. It is identifiable by the
extension of the cornmutation period from oue valve to another beyond the

point where the commutation voltage reverses.
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To study the effect of the cOmmurtation failure on the system parameters,
the arrival of the control pulse to valve 1 was delayed for 15°. In this exafnple,
the minimum extinction émgle was set to 18° and the commutation angle (u)
was found from the simulation t.é be approximately 25°. As observed ih F.ig.
s '4.12‘d, the faililre‘f to commutate from valve 1 to valve 2 caused the inverter
current - to rise to about 1f4'KA. The additional current came from the
_d,ischarge of the de line capacitance. During this fault, fhe rectifier current was

not affected as much as the inverter current.

' | Figure 4.12é shows that the‘ dc voltage acrossv the upper bridge. Sihcé the
'commutation, failuré was programmed to occur-in the ﬁpper bridge, the voltage
across this bridge drops to zéro indicating.an unusuali sequence of valve firing.
The total dc ’voltage acroés the converter héwéve.r drop,s to half of its normal
valué-,, Thé second ‘drv‘c’)p m de vbltage magnitude in Fig 4.12b is due to the
action of the inverter current regﬁlator. Since the down swing in the de¢ current
vexceededv ‘the current margin (‘100 A), the inverter current regulator was
a’uto}mavtically _avctiva_téd.‘ For a short perié)'d, the invérter operated at a larger
extinctién angie than the preset minimum value. This resulted in a temporary

drop-in the dc voltage magnitude as observed in Fig 4.12b.

- 4.9.2 “S>im-ulyaf,iovn  of a mulﬁterminal de system

A parallelQCanccted, radial .multiterminal dc system consisting of a 12-
pulse réctiﬁerland twb.o 12-pulse inverter stations was considered. The primary
g@ntrOls fc,ons}isting»of the current 'fegful’ato; and firing angle controller were
siml_i]'a,t"ed in det’a_il at all terminals. T he upper and lower. limits on éontrol

angle were incorporated in the control simulation.
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' The widely used current margm ‘method of control was assumed as’ such '
the “converter current orders were coordrnated to establlsh a 10% current‘
’margm between “the rectrﬁer current settlng ‘and’ the sum of mverter current :
settlngs Wlth this method of control, under normal steady-state COIldlthIlS:
~ one- of the converters usually an inverter operates as a voltage-controlllng

termlnal whlle all other terminals operate on current and power control.

In this example mverter 2 was the voltage-controllmg termlnal pr1marlly'. |
due to its lower ac voltage. The type of fault s1mulated was that of a 3-phase _
25% drop in the ac voltage at the rectifier station for a period” of 5 cycles.
During the fault, due to the depressed ac voltage at the rectlﬁer termmal 1ts'
control automatlcally shlfted to minimum ﬁrmg angle control mode and the
E current control was lost. The controls at inverter 2 swrtched over to current 1
control due to a lower dc voltage profile set by the rectlﬁer statlon As aresult,

the rectlﬁ,er became the voltage—controlhng termlnal-absorbmg the current

* margin. Figures 413—15 show that once the fault was cleared the system

E returned smoothly and sw1ftly to its normal operatlng state.
- Using the system parameters given in Table 4.2, the steady-state Values_ of
the dc voltages and control ,angles- can be calculated using_ the_.sam‘e relation

between ac and de¢ quantities as given in Eq. 4.12.
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| l’l‘ablc' 4.2 _'l‘hree-terrhinal de "sy,stem, parameters

| : CRECTIFIER 1 | INVERTER 2 | INVERTER 3
e (KV) | 625 850 | 575
x| 7s4 754 - 7.54
| a0 18 | 100 - | 075
‘“a,,;,,,,a,m,,,(l)rcS)  7e0 | 1800 | - 1800
[« 1 100 1.00 | 100

The lme re51stances between the dc terminals and a mldpomt neutral bus

: connectmg the three de termlnals ‘were R“ = 5Q Rlz = 32 and RB = 30
respectlvely In thls example lnverter 2 was controlllng the voltage by

: operatmg on it CI*JA control whlle rectlﬁer 1 and 1nverter 3 operated on thelr o
current controls and regulated the currents at thelr termlnals to the ‘current
'orders grven in Table 4. 2 The lnverter 2 voltage can be calculated usmg Eq.
4 12 from whlch all other voltages are calculated. The voltages and currents at.

' l.all termlnals are given by vi

Vi = 16074 (KV) I = 185 (KA)

| Vaz| = 15719 (KV) Iy = 110 (KA)

| ‘vd’;.,|, = 1"58.2'4,(1{\/) I = 075 5 (KA)

The control angle at the rectlﬁer statlon can be calculated using Eq 4 13.

' : The extlnctlon angle at . the mverter 3 is calculated using a similar relatlon‘ 3

| ’,j'_glven by n
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3 ny X
| Vas| + =" Las

3Db\/§
- ——— ¢
T

7 = cos” (4.14)

m3

a, = 18.2 (DEGS)
v3 = 27.3 (DEGS)

During the fault, the rectifier operated at its constant ignition control

(@ = o, ) and controlled the voltage. Both inverters operated on their
current controls. The average value of all de voltages and currents during the
fault are given.by:

V4 = 13075 (KV) Iy = 175(KA)

| Vaz| = 119.00 (KV) I;o = 1.00 (KA)

| Vas| = 119.75 (KV) I43 = 0.75 (KA)
The extinction angles at inverters 2 and 3 are computed using Eq. 4.14 and are
given by

1, = 42.8 (DEGS)

4.10 Conclusion

In this chapter, an algorithm for detailed simulation Of, the dc system was
presented. The simulation results on sample two-terminal and three-terminal
demonstrated various capabilities of the algorithm. The simulation results
showed >agreement with calculations using approximate rel’afions of the

average-valued (simplified) HVDC models.
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The 'rve“sults have indicated that the occurrence of the commutation failures.
g leéd to abﬁormal de -voltage and cu‘:rlrents at the cénve;ter termixia:l.'Studying
, the‘ ‘impact of commutation failure on system dpe:atidn. ié .partiéula;ly
import:;nt with weak aé system rconnections. In such cases, the increased |
| 7 sehsitivit-y of converter ac voitage to disturbances resu'lts‘ in distorted Voltagesv
which often lead to commutation failures. In practice, upon _the-.detection of a
" commutation failﬁre, sbfﬁe control action, such as advancing the firing of the

valves, is taken to avoid cascade commutation failures.
The results on rectifier side fault demonstrated the capability of the
' progr'am to ‘ha.nbdlje'mode shifts. Upon the removval'of the fault, the-sysfem

returned smoothly to its normal operating state.
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Figure 4.1 12-pulse converter with ac side quantrtles referred ,
‘ . to the transformer secondary '
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- Figure 42 ‘ 'Mes'h drié,g"rarx:x-'for a 12—puléé converter |
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start '
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Solve the complete set of dlﬁerentlal-'

equations X Calculate- thynstor vol- o
. tages and cu.rrents '

,Check the st_atus of the'g'rid plill-ses. o
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Exlt
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Any change in the conductmn state of
the thynstors ? .

Figure 4.3 Detailed simulation program L
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- V3e, (coswt + cosy) +2X; Iy

Figure 4.7 Integration of _th‘e'commutatidq'ioltage for CEAVcOnvti'dl‘ S
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CHAPTER 5 :
COORDINATIN G THE DC POWER INJECTIONS OF -
A MULTITERMINAL HVDC SYSTEM TO EFFECT DYNAMIC -
' NETWORK FLOW CONTROL IN THE AC NETWORK

In an‘ integrated ac-dc' poWer system, the pOWer injectiong.fof the de

| network can be coordlnated to effect, within llmlts the desrred ac power flow

‘ d1str1butron . the ac network In thls chapter the feas1b111ty of coordlnatlng ‘
. the dc 1njectrons of vav-multlt,er_mlnal HVDC system to dynamlcally control the
' poWer ﬂows ofv aselect group of ac lines is exam’ined‘ ‘Potential applications ol' '
' the method are to steer and to regulate the power ﬂows of a select group of ac
hnes and also to damp the power osclllatlons in these ac hnes The
eﬂ'ectlveness ol' the proposed dynamic ﬂow controller is . demonstrated by
i‘ numerlcal examples 1llustrat1ng steerlng, regulatlng and damplng control’ .

actlon.
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N 51 Int‘ro'dbuc'_tion L

Besrdes belng eﬁiclent m thelr prlmary functron as bulk power transfer.'

’ :'..f'.transmlssmn dc systems offer controllabrhty that can be used for a varlety of

| :-‘purposes such as power modulatlon to enhance the dampmg and dynamlc

: "stabrllty of the ac system [31 34] and reactlve power control [5 35] As ‘more

dc termlnals in the form of hnks or multrtermlnal systems come 1nto» '

’operatron the opportunlty for coordlnatlng the dc powers of these termlnals to
| control the power ﬂow in the ac network increases. Tradltlonally, desired
K changes in- the power ﬂow w1th1n the ac network are obtarned by reschedulmg

""v,”"'generatlons and adJustlng phase-shrftlng transformers Such- tradltlonal'

o methods however are much slower actlng than that possrble w1th dc control

T Besrdes hlgher productron cost results when the rescheduled generatlons depart

o :‘.from the optlmal dlspatch solutlon A better alternatlve is. to ﬁrst utilize

' whatever leftover termlnal capacrty of the dc system to allev1ate power ﬂow

_‘_and voltage v1olat10ns before resortmg to generatlon shrftlng

Changmg the dc power 1nject10ns have a s1m1]ar eﬁ’ect on the ac network

E ‘]g.ﬂows as changlng the generatlons A multrtermlnal HVDC system usually

: i_operates w1th one of the termlnals the voltage—controllmg terminal, acting as a
"slack termlnal [36] .as . a. result the slack terminal’s power is determmed

vjlndlrectly by the controls of the other termlnals and the dc network losses )

"f;:Wrth neghglble energy storage capablhty 1n the dc network changlng the dec

R _power of one converter in response to a local ac dlsturbance would" 1nev1tably

:.;transfer the eﬂ'ect of the d1sturbance through the dc network to that part of
-’f""the ac system to whlch the voltage—controlllng termrnal lS connected Whether ,

"1t be rearrangmg the dlstrlbutlon of ac power ﬂows or provrdmg dampmg to




the-ac* _s‘ys-tem, “coordination'f _fof’é':the:‘f;?dc.‘,‘inj ee:tions I ne'ces_sary- to achleve
. ',d_;e".s'ifred.v ‘:local*e'fl’ect atfacceptablef tcosvt-idon'i la ..sy-s»:tem-’wide 'basis.-. Uk . |
Coordlnatlng the- dc power mJectlons “of a multltermlnal dc system‘ to:..
control real and reactlve ac; power. ﬂows for~ steady-state operatlon has beenﬁ ,
:- 'demonstrated in [l 2] The effectlveness of . steady~state ':epower ﬂow control
depends on the extent of the. ac-dc network 1nterconnectron avallable control
..eﬁort and the transfer lmpedances between converter ‘buses’ and ac lmes whosej :

“gpower are to be controlled

T.he '“--1’;ab111ty "to 'control ‘the "ac line ﬂoWs-.dynamic‘-ally ‘can_be ) used to

' 'lfac1htate operatlon of the 1ntegrated ac-dc _power system m several ways o

"’Potentlal appllcatlons of the dynamlc control of -ac network ﬂows usmg a
k' -mult1term1nal HVDC system are steerlng and regulatlng the power ﬂows in a
select group of ac lines and damplng the power osc11]at1ons in these llnes The
eﬁ'ectlveness of the dynam1c network ﬂow controller applled to steerlng and
regulatlng the power ﬂows and to damplng the power oscﬂlatlons in ac llnes 1s

| demonstrated by numerlcal examples using a transrent srmulatlon program

52 Problem formulation

. An' essential requirement of on-line dynamic control p’rOcedures is

o vcomputatlon speed And one key factor to faster computatlon is to keep the R

computatlonal burden to a minimum. Often thls calls for some degree of
simplification to the problem description. In thls study of the dynamlc, |
.k'”network ﬂow contro] problem the fast electrlcal transrents of the network'
elements are 1gnored as in standard transrent stablllty studles only the slower

electrlcal power osc1llat1ons caused by the electromechanlcal osclllatlons of
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machines are considered.

The objective of the on-line dynamic network flow controller is to provide
the converter controls with the required changes in the dc power orders that

will brmg about the de31red ac line flows in a select group of ac lines

Let PX. and qu be the instantaneous values, at the k th sampling
mstant of the real power flow in the ith ac line and the dc power injection of
the jth dc¢ terminal, respectively. If the desired power flow of the ith ac ]ine is

o, the desired change in the power flow of the ith ac line, xf, will be

Ps.
iP:ci - P;‘Cl Changing the dc power injections into the ac network will alter the
distribution of power flows within that ac network. Let x; = P,; — PX. be the
vchange in the power flow in the ith ac line corresponding to a change in de
power at.the jth terminal given by u; = Py — P(lfcj.

Naturally; it is desirable to achieve the desired ae line flows with as small
‘a change in dc power injections as possible. Hence, the problem of finding the

required change's‘ in dc powers is formulated as that of finding the minimum of

the objective function

n m . -
= Zl olxix{)? + Y o u? | (5.1)
1= .

i=1
where o's and a;’s are weighting factors, and m and n are the number of de¢

terrninals, and the number of ac lines in the select group, respectively.i_

In terms of the ac network distribution factors gij’s, the ac network
constraint equations relating the changes in power flows of the n ac lines to the

eh;inges in power transfers of the de network are



ln general m and n are: not equal therefore the u. ’ 's cannot be obtamed srmply

by settrng X;'s to the desrred values of x"s in Eq. (5. 2).

The dc network constralnt on the changes in dc power powers uJ 's, is.

basxcally one of power balance - that is the net injected power into the dc net-

work should be equal to the de system losses. lgnormg termlnal losses and also ' -

the second order terms of u. 1 's, the change in the de network losses ownng to the: _

changes in dc power transfers can be expressed in terms of the correspondmg B:

, coefﬁcrents of the dc network Such a reﬁnement in . the control formulatron- :

has been shown to be unnecessary (2]. Furthermore, w1th the control computa-'
tlons repeated at short time intervals, the change i in de network losses from one
computatlon to the next due to changes in the dc power transfers can be
neglected Thus _
=0 63
i=l |
The cbange in power of the slack terminal fsay, um)" b_eing dep,en_d_ent_ on those |
of the other terminals can be eliminated from Egs. (51) and (5.‘2), xiﬁel‘din‘ga
n

, T m=~1
(=% olxix{2+ ¥ au? +ay,
i=1 i=1 , o

i=t

..{3 “jr : (5.4)

mE (gu grm i=l,...,n SRR (55)
j=1 | | |

The solution to the above const_rain_ed problem is obtained by minimizing

Bl

> ki[X. '3: (8; = gsam)uj] s

the unconstrained Lag_rangian function [2]

L= Xn: o(xi~x%)? + E au2+a
izl =t

i1 izl

where X/'s are the Lagrangian multipliers.
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The necessary conditions for a minimum are:

dL

dx- =20(x;x{) +'\ =0, i=l..n0 . (5.7)
i - . - N
dLL m;l n T
™ = 2a5u; + 200, Y ur Y] Mgy~ gim) =0,
J 1=l i=1 _
j=lLog(m-1) - (5.8)
L _ . omido o o
PV (g — &im)y; =0, i=1,...n | (5.9)
g ; | o _

'Eliminati‘ng,the, Aj's _and x'i’s; the required uj’s_ are"given by the ma'trix'.
equation
(A+HSHU=HSX (5.10)

where the superscript t denotes the transpose of the vector or matrix.

. .
ayta, op oag
agtay, v oay ’
A= o ‘ '
am~l+dm;

€11 8im 217 82m " 8n1&um |

g1278im 8227 82m

CHY

81(m-1)"81m | . gn(m;l)_gnm-

S = diag [0},04, . . . , 0]



e
s the L. vector, (g gsup )"

X is‘the m vector, (x DX3, .- Xs

16.3 ‘Control implementation

The mformatlon exchange among the - varlous controllers and the ac-dc ,

»,j-;power system for 1mplement1ng the network’ ﬂow control 1s shown in Flg 5. 1.

I thls study, the response ‘of the ac-dc power system ‘to ‘the changes in the o

.%.,power orders of the de system Is determmed by an ac-de transrent stablllty
:.gprogram Changes m the control ‘mode of the multltermmal dc system are
fproperly accounted for in: - the transwnt 31mulat10n 37]. The network ﬁow‘
: controller samples the values of key ac lines flows and de powers at the rate of
,"60 Hz and »-us,est,hem _to'comp-u-te‘t‘he -requlr‘ed -changes in the de 'lpowe’r orders |
accord‘iing ":to the speciﬁe'd control function. The requ1red changes 1n ‘the dc}_‘ ,
| ;lpowers as determmed by the network flow controller are then. used to update |
' lthe dc power orders of the converters At ‘the next sampll‘ng ‘lnterval, : ‘the :

above pr,ocedure is repeated ‘over again.
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| 5.4 Examples
o The‘following studies are based on the test systemshoWn’ ln Fig. 5.2. The

- ac system was adapted from a. nlne—bus system glven in [25]; parameters of the

' ac- dc test system are glven in Appendlx D.

541 Damping of poWer‘oscillations S

A dlsturbance to the ac-dc system was created by slmulatlng a temporary
fault on bus 5 for 8 cycles The power ﬁows Pig, Pys and Py durlng and after
‘ -the fault w1th no dampmg control apphed to the de system are shown in Fig.

5. 3 The fault caused a shift in the. operatlng mode of the ‘de system, with

- Zlnverter 2 losmg the voltage control fllIlCthD to 1nverter 3 temporarlly Wltll

‘no damplng control the - dc powers remalned essentlally constant after the

' ,gfault The power osclllatlons ln the same three lines w1th damplng control,.

g shown here 1n Flg 5 4 are less osclllatory than the case w1th no damping
control apphed The result obtalned w1th 3 cycles of commun1catlon and

;.;'compntatlon' delay in the:.control loop is 51mllar to that obtained with no delay,

S except for the slight delay invthe response that can be observed by comparlng

l* ig. 5. 5 w1th Flg 5 4. The avallable control eﬂort for damplng purposes from

" "La converter may be hmlted by the device ratlng, thls can be taken into

-co_nsrderatron_ by »lilmltlng_ t_he change in its de. power Flgure 5.6 shows the
: _;vrj‘eSponse; obtained with a power‘ rating-.:of 1.0 ~pu_;apphed to converter 2. The

'»tec-h_niQu'e. forimpl_eme_’nting‘ the limitf on the'change in de powers'is- the same as

e that des_cribed in [2]. Although the‘damping action was not as good as the case

' ",b'w1thout the llmlt it 'is_.iSt_illi-notic.e'absly"':fbetter'.t,han that obtained without

«dampmg control



If the values of Pg; at the kth ‘ifistant cannot be prespecified, they can be
determlned by a movmg average- computatlon such as -
ac1 ; E Pac1
—k—np
where np lS the ‘number of past sampllng pomts used in the welghted average-

of P Flgu;lje 517 shows the controlled ‘response w1th 3 cycles delay 1n thea‘

am
: control !leo"p‘ and the 'desired._ values of power flows, P;‘m 's determmed by the -

moving averages of measured power flows using a np of 20.

5.4.2 :s’t'éeringfand- f‘é‘gulatf-ﬁg line powers

In practice, steering could be used to relieve Aan overloaded lihe'- 6r to
lmprove the steady-state stability margin of the ac system For purposes of
lllustratlon a change in operating state of the system ‘was lntroduced by
dropping the real and reactive components of the load on ac bus 6 by 30%
Flgure 58 shows the steering of the power flow P78 back to its prev1ous level
by ramping the desired value, P2 ; of that line over a 10 cycle duration after
the initial transient power swing has settled. Following the steerin.g operation,
the _:pow‘e'r‘ flow Ppg was arbitrarily regulated at its predisturbance leyel,
‘Rsisihng the power flow Pyg after the load at ac bus 6 has been lowered caused.
~more of the generated power from unit' 3 to flow clockwise, increasing the.
'power‘ﬁéw through the ac line b'et}ween buses 4 and 5. Should this increase in
the power flow P45 be also of ce_ncern, simultaneous control of the power flows
P and P, can be applied. Figure 5.9 shows the response with simultaneous
control of Pyg and Py by the network flow controller, in this case both line

flows were steered toward a_nd‘r_egu.lat‘ed arbitrarily at their pi'evious levels.
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With communication and computation delays in the control loop, compehsation
for thése delays wa‘s' required to stablize the regulating action. Using a lead
c‘ompensator for the 3 cycle delay, the result for simultaneous control of Py

and Pjg is shown in Fig. 5.10.

5.5 Discussion

An alternative formulation of the above minimization problem is:

minimize

L n : ) m .
) f '—‘Zal I‘-Xi—Xisl + 2:1(1] I lljl (511)
i=1 i=

subj ect to the network cbnsxtra_ints of Egs. (5.2) and (5.3) and the limits on the

converter capacity

P Pol < u; < PPk (5.12)

The absolute condition on the physical variables in the bbjective _function can
bbe‘h;‘in'dled by either introducing decision variables or program logic. This
formulation has advantages of being able‘to'enforcé limits of converter capacity
‘-di'rectly within the solution. procedure and the use of a staridard LP package.
Ho_wevér, the perfor‘mance of the LP formulation in cases calling for
simultaneous control of two or more lines is not as predictable as the quadrétic
formulation in regard to the choice of the weighting factors in the objective

function.



5.6 Conclusion

The namerical ex dmplés;: have shown: that: with “p‘r’opér coordination the’ dc
injections of a m:u-lti»termiﬁal HVDC system can be used to steer and to regulate
tﬁe power flows of a select gfoup- of ac Iinés, and to damp the-p'ower"}
oscillations in these lines. In this study, the'vsam’ev algorithrﬁ:‘has been applied
to provide damping, steering or rebg-ulatingiaction' by modifying»the weighting
féc‘tOr‘s and the compe-nysa,to’vr. Perhaps, an ‘optimized version, de‘dfi;cated to
perform a specific taék, niay be more preferable in practice.

The results presented in this chapter ‘mbtivate further ‘research on dynamic
network flow cbnt;‘ql using dec¢’systems; in particular, developing a systematic
control de’sign‘ methodology that can take into aécount the changes in condition

of the ac system.
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~Network Flow Controller
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 Figure 5.1 AC network flow control
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Figure 5.2 Sample 3-terminal, 3-machine system



LINE FLOWS

Id

103

1.00

1 S ; - 46
-.500 +— — .
. 800 . 188 200 3.00
3.00 .
rectifier 1
— —= iInverter 2
. ====- inverter 3
2.004
Lo =T T T T T T T T T T T T s s
0.00 . T Y =
0.00 » 1.00 ' 2.00 ‘ 3.00

- time (s)

Figure 5.3 Response of system without damping control



104

1.00
.5,00‘ b
_J .
L
N
=
=-.800 T e T
- 8.00 1.00 2.00 3.00
3.00 r—— ‘
‘ rectifier 1
_ — —= inverter 2
: ' : ’ -f---- inverter 3
2.00 -———/'\/\/ ' :
| ]
: /7 N .
- 7 \§_.—‘-—~—-— _____
1.00 =7 RN
0.00 — — - —
0.00 1.00 2.00 : 3.00

Figure 5.4 Damping applied to line flows Py, P45 and P45
with no control delay



ROTOR ANGLES 35,

40

- .. 38,

_ROTOR ANGLES 83,

2o.

1056

- — with control

no control -

=o.onv; ,  1000 2.00

no control

. === with control

0.00 . 1.00 - 2.0

time (s

- Figure 5.4 Continued

3.00



Id

LINE FLOWS

106

1.00 1
0.60 1 \\. / -
L Py
| = Py
=.500 -t T " — ™
0.00 1.00 : 2.00 ' 3.00

;m0-

N v '

~— rectifier 1
———inverter 2
--== inverter 3

7\
/ - -~ .
--\-— \ 7~ TNy e TS D oy ey s i D Sy o —
1.009 7 N |
0.30 - " T ™ n y
0.00 1.00 2.00 : 3.00

time ¢s)

Figure 5.5 Damping applied to line flows Pyg, P,s and Pg

with 3 cycles of control delay



LINE FLOWS

Py
' S T Py
-.500 : T J .
‘0..00 - 1.00 2.00 3.00
3.00 -
rectifier 1

—-—=— inverter 2
~===inverter 3

v -
R _
: ' VA St G —— —_—
1.00 =" % VL /‘4\ N =
S A NP e e e etereananas
0.00 —— r - —
0.00 1.00 2.00 . 3.00
"time (s8)

Figure 5.6 Damping applied to line flows P78,> P45 and P4 with
: 3 cycles of control delay and limit on converter 2



Id

LINE FLOWS

108

1.00

100 200  3.00

rectifier 1.
———inverter 2
====-inverter 3

. — e o ,‘.w‘ ’\
100 --t-—. .\\' /’{‘ N T T T s e T T
v,/
0.00 +— — . —
8.00 1.00 2.00 3.00

time (s)

Figure 5.7 Damping applied to line flows P,g, P45 and P 4 with

3 cycles of control delay and moving averages



LINE FLOWS

- Id

1.00 7

109

. o Pag
B —==Pyg
N -==-Pg
66? -.-l_—/
' —--w\___—-—\~_',’—\~_/‘_‘
333 1 g___;(:j:j-..-._.‘__.; ----------------------
0.00 - — —" ’
- - . 0.00 : 1.00 2.00 ' 3.00
. 3.00 - — :
R o o rectifier 1
T : - —=-—=—nverter 2
: S o ’-_--;-mverter3
2.00 - ‘ o : '
100 TG -
L L RSPt s £ b gt
0.00 +————rme———— ———
. 0.00 . 1.00 . 2.00 3.00

 time (s>

Figure 5.8 Stee_ririg;and'_vregulait;i‘rig' Pag with no control delay



ta -

110

1.00 4 .
Pig
——~Pg
===~ Py
667 -ﬂ___/
3334 T
- -"—‘-\-—-—— —————————— — e ]
0.00 1.00 2.00 3.00
3.00 7 ~
rectifier 1
: — —— inverter 2
. L] -—==-inverter 3
2.00 9.
1.00 f—--ih"' ———————
0.00 e RS — 4
0.00 1.00 2.00 3.00
. time (s)

Figure 5.9 S-tee‘ring‘and regulating P,g and P,5 with no control delay




LINE FLOWS

. 8.00 -

Id

111

1.00

0.00 1.00 2.00 3.00
3.00

—— rectifier 1

~— —= jpverter 2
1 ==---inverter 3

2.00 - o

0.00.» » - — e — . ;
8.00 ‘ 1.00 v 2.00 3.00
L time (8D

Flgure 5.10 Steering and regulatmg Pigand P with 3 cycles
of control delay and compensatlon



CHAPTER 6
C.NCLUSIQNS AND RECOMMENDATIONS

In the plannlng and desrgn of a HVDC system a large number of system.}

| studles are conducted to evaluate the performance of the ac/dc system under _-‘

all probable condltlons Such studles are also conducted when comparlng

'varlous optlons for example comparlng the ac alternatrve to the de case: ’, o

Similar. analytlcal tools, usmg perhaps more sophlstlcated .OF. detall modehng‘_
”are necessary l'or operatlonal consrderatlons to study the system response and,'
_ -stablllty under balanced and unbalanced conditions. - | |
» The maln objectlve of thrs research has been to develop ‘an on-llne ac -
power ﬁow controller usmg the dc 1nject1ons of a multltermlnal HVDC system .

b»'However dynamlc snnulatron programs are needed to evaluate the dynamlc',.

“ performance of the controller The development of these srmulatrons led tov,_,’ _

 new formulatlon and s1mulatron technlques descrlbed in chapters 3 and 4;

In chapter 3 ol' thls report a new algorlthm for representmg‘ multltermlnal n
idc systems 1n transrent stablllty programs has been set forth Wrth the‘
i'dynaml-cs of the dc network and" contr-ols neglectedr a systematlc method to~
7 .determlne the control mode ol' operatlon durlng transrents is requlred as a;
,_change in the control- mode of operatlon of the de system mlght occeur durmg' )

" Eaults or-otherv disturbances in the ac system. Exrstrng-_methods use,_a_ sclcctlon
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logic approach which may have to cycle through all probable operating modes
vof the multiterminal de system for the correct mode of operation. The
proposed method which utihzes a Linear Programming forrnulation determines
the mode of op}eratlon and‘the dc network solutlon of a general multiterminal
de 1" system \simultaneouslyv ‘The _constraints in the kLP formulation
automatically ensure that the - solutlon obtained is feasrble it is therefore
- computationally more eﬂiCient than prevrous methods Furthermore nonlinear
“control characteristics can be handled by the mew method. Such control
characteristics are 4simulat'ed by modifying appropriate limits of ithese
constraints in“an iterative loop aronnd the main LP calcillation.‘ f The numerical
e’xamples‘ ! 'presented in chaptfer" 3 illustrating‘various 'fe_atures of the proposed
ac /}dc_ transvi‘ént:'stabilvity algo_rithmv_conﬁrmed the Versatility of the new method.

Detailed representations of the dc converter and its controls are necessary
to study harmomc -and unbalanced fault problems and  also in dynamic
r'srmulation studies where the dlsturbance is so severe and. close to the converter
that ._t‘hei probablli_ty, of commutation,.~ fallures s ,high_, . Such . detailed
representations provide much more insight into the interaction of the dc system
controls with the ac system than similar studies with simpler representations
The dcvclopment of a dlgltal 51mulation program usmg detalled representations |
of the converter and its controls 1s presented in. Chapter 4. The algorithm

based on tensor technlques is computationally more efficient and also more

: "~versatlle than those based on other approaches For cxample the algorithm

has the 1nherent capabihty of handlrng unusual converter valve conductlon
| \topologies in a systematic manner Tests of the algorithm conducted on sample
two—termmal ‘and three—termmal dc systems demonstrated the working of the

algorithm. Steady-state_ ‘values.jof these results have been verified by
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- cal'cula’tions using estab'lis:hed equations. Results on: sa‘m-ple- systems. are E

lncluded in Chapter 4 to lllustrate the capability of the algorlthm in s1mulat1ng .

the ac/dc system response to faults and also the condltlon of- commutatlon,-

failure.

Flnally, the feaSIbrhty of coordlnatlng the dc mJectlons of a multrtermlnal- -

de system to dynamlcally control the power ﬂows of . selected ac llnes is
'demonstrated by examples showmg the successful appllcatlon of such a'- '
controller to steerlng, regulatlng and damplng of the power ﬁows in the ac "
networl(. : |

The a‘bove functions”are ‘accomplished with the same\coordinated 'control
algorrthm us1ng “different compensators for each functlon It is observed that
the control performance obtained I sens1t1ve to the transfer characterlstlcs of
the.ac network to the de injections. Although'ch‘anges in the ac‘networkjcan
be a_ccountedfor by rnodify-ing the cor_npensatorls, such 'modiﬁcations will have

to be done on-line on a continual basis:

8.2 Recommenda*’lons

lt ‘has been demons,trated; through “this _research -work, -tha}t‘dynamic
'network ﬂow control using the de m_]ectlons of a multltermmal dc system is
feas1ble Because of the sensrtlvrty of the control performance to ac network
condltlon it is recommended that further work be carried out to develop an
adaptive on- llne network flow controller This would require developlng a
| method to ldentlfy the ac network state and characterlzmg this state in the
’ form that can be used to deSIgn the compensator Also the steenng and
fa,

'regulatlng control actlon would requrre a sound decrslon makmg process, based |

S on securlty enhancement or economic operatlon criteria, to better deﬁne the



purpose of such controller.

Presently, there is considerable interest to add small dc taps on existing de
links to supply way-side loads. Since such taps are likely to be connected to
weak ac busses, the development of control to satisfactorily opérate these taps
will- be of much interest. In this regard, the‘detailed simulation program
developed in this report will be a useful simulation tool for evaluating the

dynamic performance of new dc controls.
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Appendix A

Parameters of the dc system

Commutation resistances

Ry = R,y = 0.0247 pu, Ry5 = 0.0157 pu.

DC line resistances

R, = 0.0150 pu, R, = 0.0312 pu, Ry = 0.319 pu

Table A-1 VDCOL characteristics

Rectifier 1 OG =030 GF =015 OE =185
Inverter 2 OT = 0.0 TQ =025 - OP = 1.00
Inverter 3 OT =0.0 TQ =0.25 OP = 0.75

(Coordinates és labeled iin Fig. 32)

ED = 0.50
PN =050
PN =0.50 .
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Appendix B

M_e,sh imp_e‘d.an‘ce m'atrices for 6-pulse

~and 12=pulse cbnverters |

The mesh  equations for a Y-Y brldge are arranged such that the .

impedance matrix Z

triangle of this matrix ar_e given below.

zY—zY+zY+z3+zI

, is symm etric.

The non-zero e]ements for the upper _

=2,+2Y
Zik = Zs Zos =LY +ZY +Z2,+ 14
AR AR A oY _ Y ‘
. 2ot by =1, T
14 c Z = -7
3 6
Zis = 13 Y LY
, i =7y +1, +Z5+25
25 =2 +2Y+ 2,424 v _
Tl o S Z45 = ~Zg
Zoy = -1 - -
3 T e 23 = 2y + 24+ 2,
23y = ~Ty ~ 1 |
295 =~y
Where;
YASAL AL converter tranéformer phase reactances
Zy,...,24: conducting impedances of the .thyristors :

Z4 . impedance of the smoothing reactor

For a 12-pulse converter, the impedance matrlx correspondmg to the Y-A

’ brldge 18 appended to the matrlx glven above as explained in chapter 4. The
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nonzero elements of this matrix and the coupling matrix Z_ are givéﬂ below.

28 =2, + 7 74 =75

Z5=1

12 3 Zzﬁ%:_zb

2i =18 24 = 22 + Z

A —gh 4 ¢

o = I L I =28 + I + 2
Ziy = L@ + Ly + 1y ip=-12p

23 == If 74 = 28 + 2
ZA:_ZA 2

24 b Z5A2: lf&

25 = 79 74 = - 18-z
I8 =7, + Zg 74 = - 7

8 =y : :
234 = Ls ZH =22 + 78 + 22
YA:ZA

435 c

where Z2 | Z2 and Z2 are transformer reactances for the Y-A bridge. The

nonzero-elements of the coupling matrix are as follows:

2t =~ 1y
L =14
2 =-174
2t = - 174

Note that when the thyristor conducting impedances are neglected, this

matrix is zero and the matrices Zg and Zrﬁ‘ are greatly simplified.



123

- Appendix C
- ‘G'eneraﬁibn of the incidence matrix, C,

rvThe mesh diagram for a 12-pnlse bridge is shown in Fig. 42 The tree
shOWn by bold lin‘es was arbitrarily selected. The circuit can’ be Tully _
represented by ten mesh currents correspondmg to ten llnks in Flg 4. 2 For a
6-pulse brldge this number is reduced to-5. The loglc- ‘varlable L;
correspondmg to link 71" is equal to ”1” when the llnk exists in the reduced set
and is 70” when it is ellmlnated from the circuit. Slmllarly, the loglc \arlable X;
is defined to be equal to 1 when a thyrlstor is conducting and zero when lt 18
-off. Using Boolean algebra an expression can be derived for each hnk by
considering different conductlon patterns in the brldge Therefore, - |
L, -exists when Xp x;{-%-x]Y Xy =1

similarly, L, to L, are defined by

Lﬁ‘—‘-xle:{l + x{ sz
L, —X2A X3A
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Note that link 10 will always exist in the reduced model. To generate C,
starting with a 10x10 identity matrix, the columns corresponding to the non-
existing links are eliminated first. Since the tree selected in the Fig. 4.2
contains four branches that correspond to four conducting valves, if in a
particular circuit topology, either one of these vaives in not conducting, it

cannot remain a branch and thus a new tree branch should be selected.

'~ For -example, if conductor 3 is not conducting, either links 1 or 2 shouid
become a‘ tree branch. A simple mesh analysis shows that if L'1 becomes a
branch , then element c;s in Cn‘ should be changed to‘ 1. and if L, becomes a
branch, then element co5 in C should be set to 1 and ¢y to -1 if column 1
exists.

The matrix C, can thus be fully constructed by applying the same
argument to all four valve groups of a 12-pulse bridge. In accordance with
other parts of the algorithm, the matrix C is defined by

cy o
Cf CA

where C[ is the coupling matrix and C, = CY for the 6-pulse bridge.
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Appendix D

Parameters of the ac-de system

Commutation resistances

R = R = 0.0548pu, R_5 = 0.0315pu.

DC line resistances

R,;=0.0150pu, R,=0.0312pu, R,;=0.319pu

GENERATORS
UNIT 1 UNIT 2
0.146 0.590
0.096 0.582
0.061 0.096
0.097 0334
8.69 6.00
- 1.50
100 100
23.64 9.92

UNIT 3

0.673
0.664
0.139
0.394
5.14
1.50
100
9.60
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