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ABSTRACT
FACUITY OF ENCTNEERING AND APPLIED SCIENCE
ELECTRICAL ENGINEERING |

Master of Philosophy

THE STEADY STATE ANWALYSIS OF AC-DC HIGH VOLTAGE POWER TRANSMISSION SYSTEMS
by Iarn Eric Barker
This thesis presents a method of representing the steady state behaviour
of a two-terminal H.V.,D.C, lirk for figital computer analysis, The
representation is such that it may ﬂé used in conjunction with any con-
ventional A,C. load flow program to obtain a simultaneous solution for
the operating conditions of boti the A.C, systenm and the associated
H.V.D.C, links, The characteristics of the control system of each D,C.
link.are represented and the operating ~onditions of each link are de-
fined in terms of the control system settings, i.e, Current Order and
Current Margin for a constant current control scheme and Powcr Order
and either Current Margin or Power Margin for constant power control,
The work is developed in three distinct stages, Having established
the method of representation and analysis for a single converter station
in Chapter 1, Chapter 2 continues to analysé the operation of a complete
H,V.D.C. link, assumed to be operating between infinite A.C., system bus-
bars, Chapter 3 proceeds to the complete analysis of an interconnected
A.C,-D.C. system,
Computer programs based on the methods described have been written
and results obtained using these programs are given 7Tor two small test

systens,
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INTRODUCTION

It is becoming increasingly important to be able to represent
H,V.D.C, transmission schemes in digital computer programs concerned
with all aspects of power system analysis, and at present it would
seem that these facilities are most urgentiy required for load flow,
fault level and transient stability programs, This has been brought
about simply by the increasing use that is being made oi H.V.D.C.
power transmission: the very presence of an H,V.D.C, link in a systen
demands that it should be represented in some way, even if it is of

secondary interest in ~2 particular study,

This thesis is concerned only with the steady state or load flow
aspects of this problem and presents a method of representing two
terminal H.,V,D.C, transmission scﬁemes vhich form part of an integrated
A C.-D.C, power transmission network, Each 1ink 1s represented in
considerable detail: this allows useful studies to be mad= wheré;the
link is of primary imporiance anc the A.C, system is only incidental to
the study (e.g. a design study tc help detcrmine the tap steps for a
converter transformer). Another important feature of the representation
is its abilify to work in conjunction with any conventional method of
load flow analysis,

The method of converter representation used in this tresis is
based on the published work of Gavrilovic and Taylor (ref, 1) which
gives an account of a method for determining the steady state operating
conditions of one terminal of an H,V.D.C. tronsmission system, The
equations are in a per-unit form, This is especially convenient in
view of the universal use of per-unit equations for conventional A.C,
system representation to which the H,V.D.C, link equations must be
coupled,

Chapter 1 examines the methods described by Gavrilovic and Taylor
and extends the analysis to deal with an alternative set of con-
straining terminal conditions which is required for the analysis

performed in Chapter 2,
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Chapter 2 makes use of the analysis for a single convertor
station and proceeds to snalyse a two terminal H,V.D,C, link
operating between infinite A.C. systom busbars, The analysis is
complicated by the discontinuities introduced by the characteristics
of the control system,

The methods of Chapter 2 are developed in Chapter 3 vhere an
iterative procedure to obtain a cimultaneous solution of A.C., and D.C.
system variables for an interconnected A.C,-D.C. power transmission
network is devised and examined,

Some of the material contained in this thesis has been published
previously (ref. 2) by the eauthor, Jointly with Dr, R,A, Carre, as an

I.B2.K, Conference paper in 1966,
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CHAPTER 1

ANALYSIS OF A SINGLE H,V,D.C, TERMINAL

1,1 INTRODUCTION.

Couverter stations come in many shapes and sizes - so much so
that a considerable amount of rationalization is needed before a rep-—
rescntation with sufficiently general characteristics can be produced,
It would be inconvenient, for example, if different methods of analysis
had to be used for two and three winding converter transformers, 6-pulse
and 12-pulse bridges, and so on, Rationalization has been achieved to
the eztent that only a few simple options are required to cover a full
range of possible converter station configurations,

The per-unit equations developed by Gavrilovic and Taylor in
reference (1) are presented in this chapter but include no reference
to an equivalent A.C, system impedance, since for vnresent purposes,
only the convertor station itself is of interest, The equations are
solved by an iterative method for two sets of constraining terminal
conditions - the constraints being those required for the analysis of
Chapter 2, The reliability of the iterative procedure is examined and
examples of its use are given,

1.2 FEATURES OF THE REPRESENTATION.

1.2.1 Converters,

The basic unit of any H,V.D,C. power transmission scheme is the
six-pulse full-wave bridge rectifier: controlled firing angles are
essential for inversion but for certain applications diodes may be used
for a rectifier terminal, In principle any number of 6-pulse bridges
may be connected together in series on the D-C side of the converter and
fed in parallel from the A.C. side. Frequently 6-pulse bridges are
connected together in this way in one or more pairs, each pair being
phase displaced by the converter transformer connections to give
12-pulse operation, A final option for the converter configuration-
is the possibility of 2 pole operation, achieved by suitable earthing

on the D.C, side of the converters,
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It is usual for converter stations to be arranged so that each
bridge commutates independently of all other bridges - and assuming
this to be the case, it has veen shown (ref, 1) that for all the above
converter arrangements, the basic unit of analysis is a single equiv-
alent 6-pulse bridge, The equivalent bridge is independent of 6 or 12
pulse operation, one or two pole connections or controlled or un-
controllied valves: the number of 6-pulse bridges connected together is
of course significant and is involved in the determination of the base
values of voltage and power for the per-unit equations on the D.C; side
of the converters, Fig. 1 shows a typical bi-polar, 1Z-pulse converter
station having a total of four 6~pulse bridges and indicates ihe base
values to be used for the D.C., side of the converters, A full
explanation of the per-unit system for both the A.C, and D.C, sides
of the converters is given in reference (1), so it will not be repeated
here, Fig. 2 shows the single equivalent 6-pulse bridge and associated
per-unit quantities; A list of ovrincipal symbols, incluling those
related to Figs, 1 and 2, are given at the end of this thesis,

1.2.2 Converter Transformers,

In the same way as there are many different converter arrange-
ments to be analysed, there are several different converter transformer
arrangements.‘ However, for the purposes of the present analysis,
factors such as the disposition of the windings on the éore, transfermer
phase shifts ete, do not arise explicitly, the only significant
variation being the distinction between a two~ and three-winding
transformer, The two-winding transformer is treated as a special case
of the analysis for a three-winding transformer by a suitable choice
of impedances for the star equivalent circuit and by assuming zero
injected tertiary current, So again, as for the converters themselves,
it is possible to use Jjust one equivalent circuit for all converter
transformer arrangements, Fig, 3 shows the full equivalent circuit

for the converters and converter transformers and also shows the
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filters and static capacitors referred to in the next section,

1.2.3 Reactive Power Supplies and #ilters,

Apart from considerations concerning the calculation of
commutating reactance, for the purposes of a steady state analysis at
the fundamental frequency, filters and static capacitors may both be
represented by fixed susceptances, Such susceptances may be connected
to either the tertiary wirnding terminal of a three winding converter
transformer or the line winding terminal of a two- or three-windirg
transformer, Synchronous comnensators are usuvally connected to the
tertiary winding of a three-winding transformer and prcvision has been
made to represent them by a fixed reactive power injection at the
tertiary terminal of the converter transformer,

1.2.4 Commutating Reactance,

The calculation of commutating reactance depends very much upon
the detailed configuration of converter transformers, reactive power
supplies and filters, It has been shown (ref, 1) how tlLc commuiating
reactance may be calculated from the most common converter station con-
figurations, but in order that studies involving unusual configurations
may be completed it is felt that the commutating reactance should be
‘given as an independent item of data for any computer program involving
3teady state converter calculations, An example of an unusual con-
figuration vwhich requires the experienced Judgement of an engineer to
determine the commutating reactance is the case when no filters are
included in the configuration, This may be the case for example at a
remote generating station which feeds the main system through a single
D~C 1link, and where the generators have veen designed to gperate‘with a

high harmonic content.

1.5 FORMULATION OF EQUATIONS,
The equations presented in this section are the basic per-unit
equations derived by Gavrilovic and Taylor in reference (1). 4An

additional converter loss term has been added to equation (1) which

allows for a voltage drop proportional to the direct current: the
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constant arc voltage drop has been neglected,
Equations(1) - (5) define the relationships between the variables

for the equivalent circuit of Fig, 2 and equations (6) - (1?} refer to

Fig. 3.
X 2
_ . c kIS
Vi T e, Cos © -~ iy ( 3 + ) ) (1)
| W ir
1p = 1dM (Vd + T)/ec (?)
1) - 5, &)
Y . 2
i,0= Yig -1 (4)
i, = i, -3, (5)
L, = G- J (Xc - Xv)iv (6)

For a susceptance b, connected to the tertiary winding terminal of the

t

converter transformer,

i, = dn /Gy - 1/b)) | (72)

For specified reactive power qt at the tertiary winding terminal of

the converter transformer,

- 4x_q ~* '
. .2 t7t 1
iy = {jLva (V1 + ” - 1)/2th k. J (7v)
y
or if X, = 0, then

i, = (th/zy)* (7¢)
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and for a two-winding transformer where X, =% 0= 0,
i, = 0. {78)
L= (&, - 1)/n (8)
v = (- jflxlil)n ()
iy = - 1y + ooy) -~ (10)
S =y, L¥ (11)

1.4  SOLUTION OF EQUATICNG,

If each of the complex variables in equations (1) to (11) are
considered as two real variables, then there are fifteen cquatioﬂs in
eighteen real variables, This of course meaans that in order to define
a particular operating condition, the equivalent of three real
variables must be specified, If the thrce variables on the right-
hand side of equation (1) are specified then all the other variables
may be simply evaluated, in turn, in the order defined by equations
(1) - (11). This suggests an iterative method of solution of these
equations, which in principal could be applied if any three vf the
eighteen variables are specified, If initial estimates are made for
the three variables in the right-hand side of equetion (1), say

e , cos OO and i then the following procedure of linear inter-

co do’

polation may be used to obtain the required values for the three

specified variables x, y and z of say X, Y, and Z,

(i) Evaluate equations (1) - (11) for the most recently estimated
values of e, COS QO and ido to obtain the corresponding values
of x, y and z, say X ¥, and Ze

(ii) &x := X - X



Sy 1= Y - Y,

Sz 1= 7 ~ 2
o

(111) Evaluate equations (1) - (11) for e +—Aec, cos OO =nd ido’

where Aec is a small displacement in €0 to obtain a numerical
approximation to the partial derivatives ax/aec, aY/aeC and
az/bec.

(iv) Evaluate equations (1) - (11) for €., €08 O +Acos O end i, ,

where Acos O is a small displacement in cos ©, to obtain a
numerical approximation to the partial derivativeséﬁx/écos 9,
dy/ocos O and 8 z/2 cos O,

{v) Evaluate equations (1) - (11) for €.,1 COS QO and 1, + Aid,

do

where Aid is a small displecement in 1 to obtain a numerical

d’
approxination to the partial derivatives Bx/aid, ay/bid and
8z/81d.

(iv) Solve the linear interpolation equations for three variables,
equations (12), to letermire the necessary displacements to be

made to €0’ cos @O and i to improve the values of X yo

du

and z_ i.e. solve equations (12) for 5ec, Scos © and 5id.

ox

i

(ax/aec} de_ + (ox/dcos ©) bcos © + (ax/aid)éid }
Sy = (8y/8ec) 5ec + (8y/dcos ©) dcos © + (ay/aidﬁir, |

Sz

i

(az/aec) be  + (8z/8cos 0) dcos © + (Bz/aid)éid

(vii) Having calculated values of 6ec, Scos O and 5i,, then:

d’
e = e+ Oe
co co c

cos O :=cos @ + dcos O
) o
i i 1do-+8 i
Stages (i) - (vii) are repeated in sequence until (ii) gives
values of |8x|, |8y| and |6z| which are less than a prescribed

tolerance, i.,e, until the values of X, Y and Z have been

attained,
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The relationships between e, cos o, id and all the other
variables were examined by the author in an attemp: to detevmine the
conditions under which the above method would be convergent, However,
the general analysis to determine convergence criteria given specified
values of any three of the eighteen variables appeared to be very
difficult, It also became clear that a study of such a genera’
nature weculd be of little practical relevance, since work on the
operation of a complete two terminal link between infinite A.C,
busbars (see Chapter 2) indicated that it wculd only ever be necessary
to specify one of two sets of constraints,

For the two sets nf constiaints now of vital importarce to the
complete two-terminal representation, considerable simplification of
the generalized procedure proposed in the previous paragraph is possible,
For CASE 1, values of id and cos @ are specified and linear inter-
polation is only required for one variable, e, to obtain a specified
value of Ve For CASE 2, id is specified and linear in*orpolation is
required for iwo variables, e, and cos @, to obtain specified va.ues
of vy and Vgo The necessity for applying these two particular sets
of constraints is dealt with in Chapter 2,

For CASE 1, the simplification of the general procedure is
extensive and to avoid confusion the resultant procedure is restated

here in terms of the specific variables involved rather than in terms

of the general variables x, y and z ete,

CASE 1: The values of id and cos O are spécifiea: assume an initial
estimate for e,r say e_ , and then apply the following pro-
cedure of linear inter?olation to obtain the required value
of Vi, say V.. Initially set Aec = -0.1

(1) Evaluate equations (1) - (9) for e and cos O, to

i
co ' d

obtain the corresponding value of Vl’ say vlo‘
(i1) v, = V. - Vio®
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iii) Evaluate equations (1) - (9) for SN + Aec, id and
cos &, to obtain a numerical apprcyimation vo the
partial derivative avl/aec.
(iv)  Solve the linear interpolation equation for one variable
to determine the necessaryAdisplacement to be made to

e to Improve the value of v i.e, solve equetion

c lo*
(12.1) for 5ec.
bv, = (3v, /e ).Be_ (12,1)
(v) €0 (T foo T 6ec, and
Aec = -ISeC] if f&ecl < 0.1

Stages (i) - (v) are repeated in sequence until (ii)
gives a value of ]6v1] which is less thei a prescribed
tolerance, i.e, until the required value of V1 has

been obtained,

For CASE 2, as for CASE 1, considerable simplification of the general

procedure is possible and the complete procedure for this case is also

CASE 2: The value of id is specified: assume initial estimates for e,

and cos O, say, €0 and cos OO and then apply the following
procedure of linear interpolation to obtain the required

values of vy and Vys Say Vl
Aec = -0,1 and Acos © = ~0,02,

and Va, Initially set

(i) Evaluate equations (1) - (9) for .o COS Qo’ and id’
to obtain the corresponding values of v

1 and Vd’ say,

Vlo and vdo‘



(ii) 6vl = V1 - Vi,

g = Vg = Ygo

(iii) Evaluate enuations (1) - (9) for . n +-Aec, cos GO,
and id’ to obtain a numerical approximation to the
partial derivatives avlﬁiéc and 8Va/bec.

(iv) Evaluate equations (1)-(9) for €,,C08 O + dcen O, and iy,
to obtain a numérical appreximation to the partial
derivatives avl/acos O and ava/a cos O,

(v) Solve the linear interpolation eguations for two
variables to determine the necessary daisplacement to

be made to e, and cos O to improve the valvas of vy

and v,, i.e. solve equations (12,2) for 6ec and ¢cos 9,

6vl = (avl/aec).Bec + (avl/acos 0).5cos © %? (12.9)
5Vd = (an/aec).SeC + (avd/acos 0).5cos © J
(vi) €0 T o T éec

cos OO := cos 6+ dcos O
Ae = -|6e | if |8e | < 0.1
c ¢ c
Acos © 1= - |dcos 0] if |bcos 6] < 0,02
Stages (i) - {vi) are repeated in sequence until (ii) gives
values of lﬁvll and [6vdl which are less than a prescribed

tolerance,

An investigation into the relationships between the variables involved
in the iterative procedures for CASE 1 and CASE 2 has been completed
for three typical sets of data referred to as DATA1, DATA2 and DATA3,
details of which are given in Table 1, The results show the re-
markable linearity of the relationships over the whole range of
interest. In fact the relationships between V3 and e,» COS 9 and id
are in all cases exactly linear, as can be seen from equation (1)

and for a two-winding transformer the relationships between vy and e,

and between cos © and id are also exactly linear, since for this case
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e, and v, are not only linearly related but in certain circumstances
are in fact identical gquantities, A complete set of graphs relating

Vis Vs €0 i, and cos Q@ for DATA1, DATAZ and DATAZ are presentel in

d d
Figs, 4-9 for a full permutation of the following per-unit values of €
cos O, and id:

id 0.6, 0,8, 1,0

cos Q 0.7, 0.8, 0.9, 1.0

e, 0,5, 1.0, 1.5
With the exception of Fig, 9 the non-linearities can not easily be seen
from these graphs (in fact they exactly linear in some cases), The
small degree of non-linearity can however be seen from the tabulations
of Tables 2-4,

For the iterative procedure ol CASE 2,an important compliéation is
apparent - that is, the value of cos O can not logically exceed unity.
It was at first thought that its calcula?éd value could te allowéd to
exceed unity for intermedliate iterations, aund the solution rejected
if the final calculated value of cos © also exceeded unity, This
assumption was tried, but it soon became clear that certain limits do

in fact apply to cos O, even for intermediate calculations, It can

easily be shown from equations (1) and (2) that if

Ti, X%

4
6e
c

c
cos © > 1 +

then

Equation (4) will then require the square root of a negative number

and fail to produce a meaningful value of iq. Assuming typical values
for id’ X, and e, of 0,8, 0,14 and 1,0 respectively, the limiting value
of cos O is of the order of 1,06, The small margin of 0.06 is in-
sufficlent to cater for possible overshoots in the value of cos ©

during the intermediate stages of convergence, However an extremely

simple solution to this problem has been found as follows:
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If, after the solution of equations (12.2), cos Qo exceeds unity

then the new value of cos QO is set to unity. If the previous

value was also unity then the procedure is terwinated and it is

assumed that no valid solution exists for the given constraintis,
By initially setting Acos © negative and ensuring that it remains
negative in section (vi) of the procedure for CASE 2, the cal:iulation
of partial derivatives in section (iv) can never fail because cos ©
is too large, The remote possibility of cos OO oscillating against
its 1limit of unity has been guarded against by setting a limit on the
number of times equations (12,2) are solved: However this limit (of
10) has never been reached in the very large number of calrulations of
this type which have now been made., It has not been possible to prove
analytically that the process of limiting cos Oo to unity can not term-
inate the calculaticns prematurely, however it has been shown to work
reliably in pracitice. In fact there is an automatic check that the
value of cos Oo has been limited correctly, If a mistaxe had been made
in prematurely assuming that no valid solution exists, then the procedure
described in the next chapter would fail to find the appropriate
operating condition for the oomplete two terminal link, This has not
happened in any case considered to date,
1.5 CONCLUSIONS,

The three sets of test data given in TABLE 1 have been used to
obtain the results shown in TABLES 5 and 6. The direct current was
0.8 per-unit in all cases,

TABLE 5 shows the convergence from the initial estimates to typical
operating conditions for CASE 1 and CASE 2 when limiting values of cos ©
are not involved. |

TABLE 6 shows convergence for CASE 2 when the cos O limit is met,

The example solutions for CASES 1 and 2 are typical of the many
other cases studied during the course of the development of several

computer programs, Without exception the convergence for both CASE 1
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and CASE 2 has been found to be reliable and quick. Because this is
so, it is possible to specify fine tolerances for terminating con-
vergence: a value of 10-6 p.u, has found to be suitable for all
variables and gives a result of comparable precision to an analytical
solution of the equations.

The analysis presented in this section is not of great use in its
own right, but forms the first logical step in the development of the
complete D.C, link representation presented in the next chapter. The
analysis for CASES 1 and 2 msy in fact be regarded as working sub-

routines which are available for future analysis,
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CHAPTER 2

ANALYSIS OF A TWO TERMINAL H.V,D.C, LINK

INTRODUCTION.

This chapter establishes how the complete steady state operating

condition of & two terminal D,C. link may be determined if control

system settings and constant voltages on the A.C, side of the con-

verter transformers are specifiea,

2,2

FPEATURES OF THE REPRESENTATION,

2.2.1 H.V.D.C, Converters,

Each H.V.D.C., terminal is represented as described in Chapter 1,

2.2,2 HV.D.C, Line,

The D.,C, line is represented by a resistance whose value

correspends to the "loop resistance” between the converters,

(1)

(ii)

2,2,3 Control Systems,

Two basic forms of conirol are considered:

Constant Current Rectifier Control: In this case the inverter
angle is held constant and the rectifier firing angle is ad-
justed to control the magnitude of the current flowing in the
D.C., line, If however the rectifier A.C, terminal voltage is
too low to permit operation with the rectifier angle above its
minimum permissible value, then control passes to the inverter
terminal, The inverter firing angle then controls the magnitude
of the current in the D,C, line at a lower value, reduced by a
specified "current margin", and the rectifier operates at its
minimum permissible firing angle;

Constant Power Rectifier Control: In this case the inverter
angle is also held constant and the rectifier firing angle is
adjusted to control the power flow at some point along the D.C.
line, Again, if the rectifier A,C, terminal voltage is too low
to permit operation with the rectifier firing angle above its
minimum permissible value, then control passes to the inverter

terminal, The inverter firing angle then controls the power
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flow in the D,C. line at a lower value, reduced by either a
specified "ecurrent margin® or "power margin", and the -
rectifier operates at its minimum permissible firing angle,
Converter transformer tap settings are usually adjusted by the overall
control system to maintain rectifier control and nominal D.C, voltage
levels, However it has not been possible to consider this particular

feature at the present time,

2,3 FORMULATION OF EQUATIONS,

Equations (1) - (11), as derived in section 1,3 are used to repres-
ent each terminal, Thesz two sets of equations must then be linked to

include the effects of the D.C, line and the overall control system,

-

The D.C° line is represented by a simple voltage drop equation:

Var ~ Vai = 1R : (13)

The effecis of the control system are a litile more involved,

For constant current control. the direct current id is defined by:

i, = iy - M (14)

where ido is the "current order" and Aid is the "current margin" which
is set to zero when margin conditions do not apply.
For constant power control an additional relationship at one

terminal between power order and direct current 1s required, For con-

stant power control on current margin the required relationship is:

i, = [P /v, +KiR)]| - A1 (152)
while for constant power control on power margin the required relation-
ship is:

i = (Pdo - APd)/(vd + KijR) (15b)
and in each case idmax z id z idmin‘
Pdo is the '"power order", APd is the “power margin" and K is a factor
which determines the exact point along the D.C, line at which the
power is being controlled, The effect of the factor K is to allow
for the voltage drop between the converter station to which equation

(15a) or (15b) applies and the "control point" on the D,C, line,

Table 7 shows the values of K normally used, The appropriate margin
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setting, Ai, or APd, is set to zero when margin conditions do not

d
apply. The appropriate version of equation (15) is applied to the
converter which is not in control in <rder to determine the value of-

direct current to be used for equations (1) - (11),

2.4 SOLUTION OF EQUATIONS.

The equations of sections 1,% and 2,3 are solved together con-
sidering first the case for constent current control,

4t the inverter terminal the following constraints are known:

Cos © = cos yo
a4 = 4o
vy = sgpecified vzlue, ’ N

This corresponds to the CASE 1 solution of equations (1) - (11), as
described 1n section 1.4, Having established the inverter conditions
the direct voltage at the rectifier terminal may be obtained by
application of equaticn (13), so at the reétifier the following con~
straints are kncwn:

i = i

d do
vy = value calculated from equation (13)
vy o= specified value.

This corresponds to the CASE 2 solution of equations (1) - (11), again
as described in section 1.4, "The solution is then complete unless no
valid sciution fer CASE 2 can be found, i,e, the A,C, terminal voltage
at the rectifier is too low, 1In this case the link is assumed to
be operating under inverter control,

FPor inverter control under current margin, calculations begin at
the rectifier end where the known constraints are:

Cos O = Cos ao

i, = 1 - Ai

d do d

v, = specified value.
Again, CASE 1 of section 1.4 may be used to solve equations (1) - (11),
this time for the rectifier terminal, and equation (13) may be used to

establish the direct voltage at the inverter terminal, So at the
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inverter terminal the known constraints become:

3 = 10 ~ Aad
Vi = value calculated from ejquation (13)
vy = specified value,

Then CASE 2 of section 1,4 may be applied again to determine the
couditions at inverter, and will in the vast majority of cases yield
a satisfactory solution., However, it is theoretically possible when
working under current margin conditions for the A.C. terminal voltage
to be too low to allow the rectifier angle to exceed ao' The true
operating condition in such cases corresponds to a direct current in
the range

14 > 14 2 140 ™ Ald.

The valiue of id may be determined by simple linear interpolation for

.

ig using constent converter control angles of yC and @ at the

inverter and rectifier, and teginning with a value of id half way
betwesn ido and ido - Aid' This procedure can only fail to determine
a vaiue of id. if the method of dealing with Cos @ limits for CASE 2

as described in section 1,4 has also failed;

The overall procedure for constant power control is identical
to that just described for constant current control with the single
exception that for the converiszr that is not in control the appropriate
version of equation (15) is solved simultaneously with equation (1),
to determine the value o% direct current,

Solution with equation (15a) yields:

. : [ENRY: : 3
(A1, .B-A-a1 KR+ /(A-pi B+ai KR) +4(B-KR) (4. 81,-P, )

3 (REB) (16a)

id =

i 2 i,z i, . .
dmax ~ 47 “dmin

Solution with equation (15b) yields:
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A+, /A% + 4 (B-KR) (4B, - B, )
2 (KR-B)

(16b)

i i, =i, . .
dmax ~ 74 dmin

In each case,

A = e cos @
c
B = e N MW2T
-6 18

and Lid or APd is set to zero if margin conditions do not apply.

2.5 CONCLUSICNS,
The procedurves described in this chapter were used to produce a
program to study the inter-relation betweén th2 various data conotants
and control system settings, The program was not however used in this
way but in fact became a subroutine used in the analysis described in
Charter 3, A version of the routine in the form of a separate
program, rather than a subroutine, was however retained, and would
have become a vital tool had it become necessary to investigate failures
in the convergence of the overall A.C./D.C. system analysis described
in the =mext chapter,
No example solutions that sperifically illustrate the methods
described in this chapter have been obtained, but their validity is
demonstrated indirectly by the results given in the next chapter for

overall A.C./D.C. system studied,
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CHAPTER 3

ANALYSIS OF A PARALLEL A.C,-D,C, TRANSMISSION SYSTEM

361 INTRODUCT ION,

Assuming given control system settings and A.C, terminal
voltages at each end of a D.C. link, Chapter 2 describes how the
operating conditions of a link, including the real cnd reactive
power transfer at each terminal, mav bte established, This immediately
suggests =n iterative method of solution of the following type for
the simultaneous set of equations describing an interconnected
A,C,-D.C, transmission system:

(i) Initially, the A,C, system busbar voltages are estimated, and
then the two following calculations are performed alternately
unt’l all changes in A.C. systeﬁ busbar voltages are smaller
than a prescribed tolerance,

(i1) Using *he latest estimates of the A.C, tusbar voltages at the
terminals of each D,C, link in the network together with the
various control system settings, calculate the real and reactive
power transfers to the A.C. network by the method described in
Chapter 2;

(iii) Using these power transfers, improve the estimates of all A,C,
busbar voltages using any conventional A,C, load flow method,

This approach has also been used for the network analyser and is

described in reference (3); I+ has also been found successful for

digital calcularsion ard details of a program based on this method are
described in this chapter, The program was originally written by the
author in PEGASUS AUTOCODE for the Southampton University PEGASUS
computer and then subsequently re-written in KDF9 USERCODE. The

USERCODE version of the program completed in March, 1966, is now in

regular use by the Power Systems Department, English Electric Power

Transmission Limited, Stafford;
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3,2 FEATURES OF THE REPRESENTATION,

3,2,1 The A,C. System.

The representation of the A.,C, system allows the passive net-
work to be built up from series lines in the form of nominal 7
circuits, two winding transformers with off nominal taps, and shunt
impedances, Multi-winding transformers can be rep.esented %y‘the
appropriate equivalent circvit consisiing of two or more two winding
tran=sformers and series 1ines; ‘Terminal constraints at generation
points are specified in terms of fixed voltage modulus and angle at
any number of slack busbars, fixed real power injection and voltage
modulus at voltage regulated nodes, and by fixed rezl and reactive
puwer injection; Loads of fixed real and reactive power may be
specified at any busbar,

Apart frem the provision of more than one slack busbar, this
specificaticn corresponds t¢ that normall& mace for A.C, load flow
programs, Haviig moire than one slack allows the program to be used
for short time regulation studies (i;e, up to about 0,2 seconds after
a d*sturbance) on the basis that:

(i) Automatic voltage regulating equipment has not had time

to act and so each machine may be represented by a
fixed complex voltage (i.e. a slack busbar) behind
the machines direct-axis transient reactance,

(ii) Load may be represented as fixed impedances to ground

and A.C, system faults as low impedance shunts;

(iii) Automatic transformer tap changers have not operated,.

(iv) D.C, link control systems operate instantly,

(v) If either equation (7b) or (7c) has been applied to

the steady state operation of the link, then it is
replaced by:
1= (g - 103 (x, + %) (7e)

where Eb is the emf behind the direct axis transient

reactance of the synchronous compensator, x'b,



%.,2.2 The D,C, Links,

The D.C. links are represented as descritoed in Chapter 2,

3,3  TORMULATION OF EQUATIONS,

The equations for the A.C, System may be derived by considering
the generalized non-slack node, i, in the network where there may be
connections to adjaceut nodes, j, slack nodes, s, and to earth, o,
Applying Kirchoff?s current law for a net complex power injection §i’
which may be from a combination of various load and/or generation

representations,

% |

S.\*
or v =[(-§:} + g X_l 2 J"J ___,i (18)

Transformers are included, effectively in the equivalent g
circuit form, and so contribute to both the Zij and Xio terms of
equations (17).

The equations for voltage regulated busbars cannot be explicitly
formulated at this stage since they depend upon the method of solution
chosen for the A,C. system, In all cases however, the principal is
to adjust the value of injected reactive power, possibly between fixed
limits, in order to achieve the specified voltage modulus;

The equations for the D.C, links are formulated as descriged
in Chapter 2;

3.4  SOLUTION OF EQUATIONS.

Of the three stages of the overall method of solution outlined

in section 3.1, stage (i) needs no further explanation, and stage (ii)
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has been dealt with fully in Chapter 2. It only remains therefore
to discuss the solution of the A.C. network equations and the con-
vergence of the overall scueme,

In principal, any Load Flow method which allows for the spec-
ification of net real and reactive power at any busbar may be used
with the D.C. link representation described, The choice of method is
therefore quite open, In general however, it would seem that the nodal
iterative methods offer more flexibility in that the "degree of
improvement" of A.C, network voltages for the latest power transfers
to and from a D,C, link is under fine control and this could le=d to
a mére efficient solution, For this reason a Successive Over-
Relaxation (S.O.R.) nodal iterative method was chosen in which tlie
same real accelerating factor, w , is used for both real and imuginawy
components of complex voltage,

The S.0,R. procedure for the (m+1)th iteration may be defined as:

—i -

/o (m) \ X
v (m+1) - (m) + i(/§i /v (m)} + Z: z;iszs
N = . { \ S

Y., v (m+1) Y. .v (m)
+ E: :11451————~ + Z: —ignﬁ - v.(m) (19)
jo<i 2ii jos i =i -t

Busbar voltage regulation is achieved by variation of the net
reactive power injected at a machine busbar while the real power is
held constant, Thus for a voltage regulated busbar i, Pi and Vi are

specified, After the application of equation (19) for busbar i at

s (m)

is adjusted on
25

each iteration, the reactive component, Qi’ of
the basis that adjacent busbar voltages are not changed by the modified

reactive power injection, A corresponding adjustment is then also made

to v.(m+1).
A

After the application of equation (19), the net current injection

(m+1) (m)

at node i, gi corresponding to §i , becomes §i(m)/xi(m+1)} *’
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@) () [%W)]* | (20

So, §1

If the change in Qi’ [Qi, is assumed not to modify the values of v.
J

at adjacent nodes, but causes a voltage change of Azi<m+1) at node i,

then §'i(m-H) :i:vi(m+1) + Axi(m+1)] .ﬂii(m+1)4_Ali(m%1)z;;}*’ -

and A.§i(m+1) - §i(m+!) _ §i(m) (22)
- Azgfm+1) +‘;AQi(m+1). (23)

)
So, from equations (20) - (22), and neglecting terms in Aga“,

r —% . NE
j () V*(mm“v.(mmy“g +Av.<m+1>[i_(m+q) | (54)
1 =1 t ""l]j i ' ’
Given V., :\{v.(m+1) + Av.(mH)z (25)
iy —i J

and APi(m+1) =0 (26)
the required values of AQi(m+1) and Azi<m+1) may be determined from
equations (23)—(26);
If v @) oy e
‘ —i

g (1) oy b

L5

p O =G + JB

+1 .

Azi(m )= X + Jy,

then, again neglecting terms in Ayig,
2

x= (V.7 - - £%)/2 (e + ) (27)

vy = kx (28)
where k = (eG + fB + a)/(eB - £fG - b),
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(m+1)

and Q =x (fG - eb - b) +y (a - fB ~ G). ) (29)

(m+1) (m+1)

if Qimax <Qi or if Qi < Qi min, the limiting value
of Qi’ Q is used and the displacement Ayﬁ(m+1>
to the latest voltage estimate, Xi(m+1)

limit’ to be applied

, 1s proportionately reduced,

thus:

Axi(m+1> = AV, . (30)
An important point to coursider in the convergence of the overall
procedure is the effect of the aiscontinuity introduced when D.C.
links are switched over to uperat-on under inverter control undér
margin conditions after the initial assumpticn *hat they are operating
under rectifier control, The apporent neeé for inverter control ﬁay
only be due to incomplete czonvergence of the A.C. cystem voltages,
and the premature selection of margin operation for any D.C. link would
have a detrimental effect on the nverall convergence, Indeed, with
more than one D.C. link behaving in this way, convergence may be pre-
vented altogether, ZFor this reason it was decided to divide the
calculation into two phases:

Phase 1; Maintain Ai, or APd equal to zero for all D,C, links during

d
inverter control calculations until a converged solution for
the overall A,C.-D.C. system has been achieved;

Phase 2. If any D.C. link is on inverter control then continue the
calculations allowing true values ofz&id orlsPd to be used
for all D.C. links during inverter control calculations,

3.5  CONCLUSIONS.

Two test systems were used to study the performance of the

method,

The first trials were made using a simple 4 busbar network,

details of which are given in Table 8 and Fig, 10, Three studies
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were performed to determine what effect the relative strength of
the parallel A.,C, and D.,C., ties had on the overall convergence process,
The direct current order was changed for each study: values of
ido = 0,%, 0,5 and 0,7 per-unit were used, giving ratios of A,C, to
D.C, power transfer of 2.57, 1,22 and 0,61 respectively. Rectifier
control was maintained in each case, In order to eliminate the effects
of the particular method chosen for the solution of the A.C. network
equations, the S,0.R, iterations were allowed to continuve until a well
converged solution was obtained between each D,C. link calcuLétion.
Convergence was equally rapid in each case, Fig, 12 shows how the
rectifier and inverter A,C. terminal voltages converge to within
0.0005 p.u. of the asymptotic value after five D.C, link calculations
in each case,

Having demonstrated considerable insensitivity to the relative
strengths of parallel A,C. and D.C, ties, which is essential to the
satisfactory operation of the method in the general case, furthér
investigations were made using a second test sysiem shown in Fig, 11,

The 14 busbar systems of Fig, 11 is én I1.E.E.E, Computer
Applications Sub-Committee Standard sysiem in which a strong A,.C,
connection which carried 61,7 MW has been replaced by a D.C, link
designed to transmit the same power and maintain the voltages through-
out the A.C., system, The data for the A.C, system is given in Table 9
and the data used for the D,C, link is given in Table 10, The
convergence from an initial estimate of 1 p.,u. at all busbars for this
A,C.-D.C., system was examined in seven test runs, in which the number
of S.0.R, iterations between D,C, link calculations was varied for
each run., In the last run no D,C, link calculations are performed
after the initial calculation: this therefore corresponds to a normal
A.C. load flow in which the D.C, link is replaced by constant real and
reactive power generation -~ the complex power at each terminal

corresponding to that injected by the D.C., link for terminal voltages
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of 1 p.,u. Figures 13-19 show how the voltage voltage displacements
at the rectifier and inverter terminals vary between successive S,0.R.,
iterations for each of the seven tes®t rums,

Two important conclusions may be drawn from these Figures,
Firstly that the relative frequency of S.0.R., iterations and D.C. link
caliculations is not critical, and secondly that convergence rates and
numbers of S,0.R. iterations requircd for A,C,-D.C, and conventional
A C, 1oad flow studies (Eig, 19) are almost the same, Table 11 gives
a summery of data relevant to these conclusions,

A careful study of the Electrical section of IJcience Abstracts
chows that since the completion of the originsl work for this thesis
in October 1965, very little published work has appeared which directly
relatves to the work described here. References (4) and (5), published
at about the same time as the authors own paper, reference (2); both use
methods very similar to those described here,

references 5 and 7 perhaps indicate the direction in which
interest in the subject is moving and are typical of several papers
on multi-terrinal D.,C. links, in that more attention is given to the
logic of the control systems proposed than to the performance of the
mathematical methods devised, In particular, it may prove gquite
difficult under certain circumctances to decide which mode each link
is operating in, if, during the cunvergence of the overall process,
the relative values of A.C. terminal voltages for each link are

substantially in error.
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PRINCIPAL SYMBOLS

Complex quantities are underlined, thus v
Complex conjugate is indicated, thus v*

Modulus value of complex numbers and real numbers are indicated, thus v,

D.C, System,

vd Converter Direct Voltage, p.u.
e, Commutating Voltage, p.u.

a Rectifier firing angle, degrees,
% Inverter margin Angle, degrees,

General firing Angle/margin Angle, degrees,

id Direct curreut, p.u.

X, Commutating reactance, p;u.

T Converter "loss resistance", p.u.

M Marker, +i Rectifier, -1 Inverter,

iv Valve winding current, p.u,

ip In phase component of iv’ p.u.

iq Quadrature component of ;V, p.u.

X, Converter transformer valve winding reactance, p;u.
X, Converter transformer tertiary winding reactauce, p;u.
Xl Converter transformer line winding reactance, p;u.
it Converter transformer tertiary winding current, p.u.
Xy Converter transformer starpoint voltage, p.u.

Xﬁ D.C, link A.C, terminal voltage, p.u;

;1 Converter transformer line winding current, p;u.

gs D.C. Link current injection into A,C, network, p.u.
S Complex power injection into A.C, network, p.u.

ido Current order for constant current control, p.u,
Aid Current margin, p.u.

Pdo Power order for constant power control p.u.

APd Power margin, p.u. @

R D.C. line (loop) resistance, p.u.



—30—

n Converter transformer line winding tap setting, p.u.

a, Min value g, degrees,

Yo Min value v, degrees,

a4y Reactive power injection at converter transformer tertiary,
p.u.

& Internal emf of synchronous machine on tertiary winding of

converter transformer, p,u,
x! Direct axis transient reactance of synchronous machine on
tertiary winding of converter transformer, p.u,

Converter transformer *ertiary winding terminal voltage, p.u.

v,

bt Susceptance of shunt capacitor connected to converter
transformér tertiary winding terminal, p.u.

bl Busceptance of snunt capaciior connected to D.C, link
terminal point, p.u,

N Number of bridges conneccted in éeries on D.C, side of
converter,

VV Converter transformer valve winding nominal voltage, volts,

MVAt Converter transformer ratirg, iIVA,

See also Fig, 3 for D.C., link notation,

A,C, System,

Y Admittance, p.u;
v Busbar voltage, p.u.
\2 Specified busbar voltage modulus, p.u.
P Real power, p.u. (net injection to A,C, network).
TQ Reactive power, p.u; (net injection to A,C. network),
S Complex power, P + jQ, p.u. (net injection to A.C., Network),

[

Current corresponding to complex power B, p.u.
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TABLE 1

Basic Converter Data used for Numerical Bxamples

DATA 1 Two-winding transformer X, = 0.18
X = 0,18
v
X, = 0
X1 = 0
n = 1,0
bt = 0
@ = O
DATA 2 Three-winding trarsformer, X, = 0.085
with fertiary filter, x, = 0.08
X, = 0.005
X = 0.08
n = 1,0
b, = 0.35
q, = ©
DATA 3 Three-winding transformer, X, = 0.15
with tertiary synchronous Xv = 0,08
compensator, X, = 0.005
X, = 0.08
n = 1,0
bt = 0
q, = 0.35

All data in per-unit on 100 MVA base,
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TABLE 2

Tabulation of relationships of Figs. 4 and 5 for DATA 1,

e

cos @

i

A

V.

¢ a a s
0&500000 00700000 09600{)00 09293451 0'500000
1,000000 0«700000 0.6700g0 0e64345] 1.000000
1.500000 06700000 0,600000 0993451 1500000
02500000 06700000 0,800000 06274602 0500000
1,000000 0«700000 0,”00000 0e6246C2 1.000000
1500000 0700000 0,200000 0e974402 1500000
0.500000 02700000 1.000000 0.255752 04500000
1000000 0700000 + 0000000 0.,605752 1000000
1:500000 0700000 1eGN0000 0e955752 14500000
0.,500000 Ce8C000O0 0.620000 0634345 0e500000
1000000 0800000 0.,600000 0743451 14000000
1500000 08000006 0,800C00C ie14345] 1500000
0.500000 0800000 0800000 903244602 0500000
1,000000 0800000 0,800000 0e?224502 16000000
1.500000 0+800000 0s800000 16124602 1500000
0.300000 0e800000 leGCOOOO 06305752 0500000
1.000000 0800000 1s000000 0e705752 1000000
1.500000 0800000 1.CO0000 1105752 1500000
0.500000 092006000 0.670000 00393451 0500000
1.000000  0.900000  0,60U0000  g,54345] 14000000
14500000 0.900000  0.500000  1,29545 14500000
0.500000 0900000 0.870000 0374602 0+500000
1000000 0900000 0.8250000 0eB824602 1.000000
1500000 09000090 0.800000 1e274602 1500000
0.500000 0900000 1000000 Q0e355752 0e500000
1.000000 0905000 1.000000 0.805752 1000000
1,500000 00900000 1.000000 1.255752 1'500000
06500000 1000000 0600000 0s44345) 0:500000
1000000 1000000 0,600000 0943451 1000000
1.500000 10000000 0600000 l¢443451 1500000
0,500000 1000000 0,800000 0e424402 06500000
1000000 1000000 0800000 0eP24402 1000630
1.500000 14000000 0,800000 19424402 14500000
0+500000 12000000 1.000000 02405752 0¢500000
1;000000 l1e000000 1000000 0e905752 1,000000
1500000 1000000 1000000 1405752 1500000

A1l values in per-—unit,



Tabulation of relationships of Fipgs,

.

TABLE 3

6 and 7 for DATA

2

e
c

0.500000
1000000
1.500000
0.500000
1000000
1500000
0500000
1,000000
1500000
0500000
1000000
1,500000
0500000
1,000000
1,500000
0.500000
1000000
1.,500000
0,500000
1.000000
1.500000
0;500000
1.,0000600
16500000
0.500000
1000000
1.500000
0500000
1.000000
1;509000
0500000
1.000000
1.500000
0.500000
1000000
1500000

Cos ©

0700000
0700000
0700000
0700000
0e7000G0
0s70000N
0700000
0700000
0.70C000
0«80C000
0«800000
0800000
0.800000
0800000
0800000
0800000
0800000
DeB00000
0900000
09200000
0900000
0900000
0,900000
0e?00000
0906000
0.500C00
0900000
1000000
1000000
1000000
1000000
1000000
1000000
1,000000
1000000
1000000

A1l values in per-unit,

4
0,600200
0.600u00
0600000
0.800000
0,800000
0.8C00G00
1000000
14000000
100GQ00
n. 600000
V600000
0.6G0000
0800000
0.800000
0.,800000
1.000000
1,000000
1.000000
0;600000
0.£00000
0.00000
0.8C2000
0,800000
0800000
1000000
} 000000
1.000000
0,600000
0,600000
0.,600000
0,800000
0,800000
0.,800000
1 ,000000
1,000000
1p000CC0O0

[y

V4

06323296
0673296
1023296
0314395
0eb6642395
1014395
0e305494
0eb55494
1.008494
0373296
0e7732%6
Jel73296
0.364395%
Qe764395

‘Telb64395

06355494
De755494
1.155494
00423296
4873296
1323296
0ed414395
0864395
1314395
0405494
0e855494
]+305494
0e473296
0973296
10473296
QDeab4a395
0964395
104642375
0.455494
0955494
1e455494

Vi
0521183
1005743
1e491208
0534056
1017662
1802759
0+547388
1029875
1e5148223
0517066
1001143
16486434
0528954
1e0Q1 1752
12496549
Ue54145¢4
16022756
]e50625]
0e511397
0994695
1479690
0521995
16003522
16487823
0533429
1201290}
10496360
G«502328
0953280
1ed467064
0es511311
0e9896548
106472116
0521478
0s996707
104776894



Tabulation of relustionshivs of Figs,

%4

TABLE 4

8 and

9 for DATA

z
- .

e
C
0500000
1000000
1.500000
0500000
1.000000
1.500000
0500000
1.000000
1800000
0,500000
1000000
1500000
0,500000
1.000000
1,500000
0.,500000
1.000000
1500000
0.500000
1000000
1500000
0500000
1.000000
1500000
0.500000
1.000000
1.500000
0.500000
1.000000
1.500000
0500000
1.000000
1500000
0.500000
1.000000
1500000

Cos O

0700000
0e700000
0.700000
0e700000
Ce700G00
0700000
0700000
0.700000
0700000
0+800000
0800000
0800000
0800000
0800000
0800000
0800000
0800007
0e800002
0+9200000
0«900000
Ce200000
Ce%00000
C.%00000
0.900000
0930000
0900000
0900000
1000000
1000000
1000000
1000000
1000000
1000000
1.000000
1000000
1000000

A1l values in per—unit;

*a
0.,600000
0.600000
0.600000
0,800000
0,800000
0,800000
1000000
1,000000
1 ,uD0000
0.600000
0.60C000
0,600000
0800000
0.,800000
0800000
1000000
1.700000
1000000
0.600000
C,600000
Le600000
0500000
0.800000
0800000
1.,000000
1000000
1000000
0,600000
0.600000
0.60C000
0,.,800000
0800000
0.,800000
1,000000
1000000
1000000

Ya

0302876
0652876
1002876
06287168
0eb637 148
0987168
0271460
0eb621460
0971460
Q352876
Ce7%2276
1152876
00337165
0737168
12137148
06321440
0s721460
1e1214608
0.402876
06832876
1302876
0e387148
0837148
1:287168
0e371460
0821460
1271460
0e452876
0952876
12452876
0e437168
Qe937168
1¢437 168
02421460
Qe%21460
12421460

1.
0ad4546¢
0975713
ledB5427
Ds4458072
0e977019
1e486858¢
0446087
09783509
1488317
0445474
0.9752582
1484864
0445883
069764309
148613
Oed446274
0977677
148744
0eddb455
0974615
14840814
0e445938
0975645
14485131
O0ed46442
0e976745
ledB8624
0044537
0:773580
10482737
0e44592¢9
09744058
10483484
0s446547
0975344
1484333
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TABLE 5

Convergence for CASE 1 and CASE 2 not involving Cos O limits

DATA CASE eC cos O vd vl

1 1 0.900000 - - 0,900000
0.950000 0.985926 0.8422%1 (0. 950000)

1 2 0, 900000 0, 990000 0.815602 0.900000
0.950000 0.964588 0.840961 0. 950000
0.950000 0.965926 (0.842231) (0.950000)

2 1 0, 900000 - - ~0.599166
0.952790 - ’ - 0.950066
0.952722 0,965926 0,884695 _ (0.950000)

2 > 0. 900000 0. 990000 0.855395 0.095270
0.952816 0.964411 0, 883302 0.950265
0.952781 0.965866 0, 884654 0.950019
0.952722 0.965926 (0.884695) (0.550000)

3 1 0.900000 - - 0.871779
0.975249 - - 0.949449
0.975781 - - 0.019994
0.975785 0.965926 0.879704 (0.950000)

3 2 0.,900000 0., 990000 0.828168 0.871474
0.975309 0.964422 0.877777 0.949529
0.975783 0.965928 0.879704 0.949999
0.975785 0.965926 (0.879704) (0.950000)

The constraining values of v, and v, to be achieved are given in
brackets, Convergence in al% cases  is complete to six figures, All
values in per-unit,
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TABLE 6

Convergence for CASE 2 involving Cos 0O limits

DATA CASE

1 2
2 2
3 2

The constraining values of v
are given in brackets,

e

0.900000
0.950000
0.950000

0,900000
0,9634E3
0.969050

0,900000
0.976067
0.976565

cos O

0.990000
1.C00000
1.000000

0.,990000
1,000000
1.,C00000

0.990000
1.,000000
1,000000

0,815602

0.874602

0.874602
(0.909846 )

0,855%95
0,927878
0.933445

(0.954719)

0.828168
0.913235
0.914133

" (0.945504)

0. 900000
0.950000
0., 950000
(0.950000)

0.895270
0.954406
0.959762

(0.950000)

0.871474

0.949798

0.950722
(0.950000)

and v. which were to have been achieved

All Values In per-unit,
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TABLE 7

Values of K for Constant Power Control

Equations ({52) and (15b)

Station in Control Control Point on D.C. line
RECTIFIER RECTIFIER END
RECTIFIER INVERTER END
RECTIFIER : CENTRE
INVERTER RECTIFIER END
INVERTER INVERTER END
INVERTER CENIRE
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TABLE 8

D.C, Link Data for 4 Busbar Test System

Inverter Rectifier

o) 0.0950 0.0950
X3 0.0705 0.0700
X, 0, 0800 0.0700
X, 0.0010 0.0010
bt 0,1000 0.1000
Y 10 -

a, - 0

n 1.0300 0.9900
3 0.1510 0.1405

1l

0.03

Current margin setting, Aid =0

D.C. line resistance, R

A1l values in per-unit on 100 MVA base.
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TABLE 9

A,C. System Date for 14 Busbar Test System,

Branch Data

end 1 end 2 Total Series Impedance Total line  Transformer
susceptance Tap ration

(end1/end2)
R X B
2 3 0.04699 0.19797 0.0438 -
2 4 0.05811 0.17632 0.0%74 -
2 5 0,05695 0,17388 0.0340 -
3 4 0.06701 0.17103 0.0%46 -
4 7 0 0.20912 0 0.978
4 9 0 0.55618 0] 0.969
5 6 0 0.,25202 0 0.932
6 11 0.0946S 0.19890 0 -
6 12 0,12291 0.25581 0 -
6 13 0.06615 0.13027 0 -
7 8 0 0,17615 0 -
7 9 0 - 0,11001 0] -
9 10 0.03%181 0.08450 0 -
9 14 0.12711 0,27038 0 -
10 11 0,08205 0.19207 0 -
12 13 0.22092 0,19988 0 -
13 14 0.17093 0,7%4802 "0 -
9 0 0 -5,26316 0 -
2 1 0,0193%8 0,05917 0,0528 -
5 1 0.0540% 0,223%304 0 -
Nodal Data
Busbar Type LOAD GENERATION
MW MVAT V% o° MW MVAr  MVAr
max min
1 Slack 0 0 106,0 0 - - -
2 PV 21.7 12.7 104.5 - 40,0 . -52.7
3 PV 94.2 19,0 101.,0 - 0 21.C -19.0
4 PQ 47.8 -3.9 - - - -
5 PQ 7.6 1.6 - - - - -
6 PV 11.2 7.5 107.0 - 0 16.5 -1%.5
7 PQ 0 0 - - - - -
8 PV 0 0 109.0 - 0 24,0 - 6,0
9 PQ 29.5 16.6 - - - - -
10 PQ 9.0 5.8 - - - - -
I PQ 3.5 1.8 - - -~ - -
12 PQ 6.1 1.6 - - - - -
13 PQ 13.5 5.8 - - - - -
14 PQ 14.9 5.0 - - - - -

Values of R, X and B in per-unit on 100 MVA base.
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TABLE 10

D.C. Link Data for 14 Busbar Test Systenm

Inverter Rectifier

vy 0,0700 0,1740
Xy 0.0705 0,0700
x, 0.0800 0,0700
X, 0.0010 0,0010
bt 0,1000 0.1000
Y 10 ‘ -

@, - 0

n 1.0000 0,9900
x_ 0.1510 0.1405

D.C. Line resistance, R = 0,015
Direct Current sottiug, ido = 0,644
Current margin setting, Aido = 0.

All values in per-unit on 100 MVA base,
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MVAt
A

D.C. Voltage Base =

i

D.C. Power Base

D.C. Current Base =

Pig, 1.

dB

dB

dB

v

it

i

- A2

dB

—>

dB

(3v 2/7)

MVAt,N

Far/ Vap

Typical bi-polar 12-pulse converter station, with N = 4,
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Pig, 2, Per-unit equivalent 6-pulse bridge,
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For 2 Winding Transformer X, =x = it
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FPig, 4, Relationships between e,s COS o, id and Vs for DATA 1,
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A.C, Terminal Voltage, per-unit.

0.98

0.961=

O A‘)‘! 2“ - - 3 s 4
D.C. Link Calculations,

Fig, 12, Convergence of Converter A,C, Terminal Voltages for 4 Busbar
A,C./D,C. Test System,
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Changes in Voltage Modulus between S.0.R. Iterations, per-unit.
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S,0.R. iteration and after iterations
2,%,4,5,6,7,8,9,10,11,12,13,14,
|
2.
\
\
\\
\\\
A
\ \ Output paper tape from program damaged
\ \\l Results not available in this region,
VoA
\
\
\
\
\ Inverter
31
i///»Rectifier
_4'
"'5 N A ]
10 20
S.0.R. Iterations,
1
Fig, 13, Convergence of Converter A,C, Terminal Voltages

for 14 Bu

e
o
&

p
nars

0
A.C./D.C, Test Svstem




Change in Voltage Modulus between S.0.R. Iterations, per-unit,

10 -

10—3“

1 0_4-
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Run 2.
D.C. Link Calculations before first
S,0.R. iteration and after iterations
5,6,7,8,9,10,11,12,13,14,15,16.

Inverter
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\\<(/ Rectifier
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S.0,R., Iterations,

Fig, 14. Convergence of Converter A,C., Terminal Voltages

for 14 Busbar 4,C./D.C. Test System,
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Change in Voltage Modulus between 5.0.R. Iterations, per-unit,
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Run 4,

D.C. Link calculations before first
S.0,R. iteration and after iterations
10,11,12,1%,14,15,16,17,18,

Rectifier,
f//

’// Inverter,

i i N

10 20 30
S.0.R. Iterations

Fig. 16, Convergence of Converter A.C, Terminal Voltages

for 14 Busbars A.C./D.C. Test system




per-unit,

Change in Voltage Modulus between S,0.R., Iterations
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Run 5. ;
D.C. Link calculations before first
\ S.0.R. iteration and after iterations
i 10,12.14,16,18,20,
10721
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1074 Rectifier
L Inverter
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S.0.R. Iterations

Fig, 17. Convergence of Converter A,C, Terminal Voltages
for 14 Busbars A.C./D.C, Test System




Change in Voltage Modulus between S,0.R. Iterations, per-unit,
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Fig, 18, Convergence of Converter A,C, Terminal

Voltages

for 14 Busbars A.C./D.C, Test System




Change in Voltage Moduius between S,0.R. Iterations, per-unit,

Run 7,

D.C., Link calculation only performed
i before first S.0.R. iteration,
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Pig. 19 Convergence of Converter A.C. Terminal Voltages
for 14 Busbvars A.C./D.C. Test Svstenm




