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ABSTRACT

The successful application of HVDC tramsmission links requires
correct predictions of the performance of the dec link and the ac system to
which it is interconnected. Whatever the system configuration, the steady-
state, dynamic and transient bghaviour of the associated dc and ac systems
are mostly interdependent; To simulate these phenomena with digital com-
puters, converter stations must be modelled in more detail than as simple

dc sources.

This thesis discusses the development and implementation of a
converter model which enables the converter bridge circuits to be repre-
sented in detail and the valve ignition to be controlled in the constant
current mode. The model has been added to the U.B.C. Electromagnetic
Transients Program to permit simulations of the complete ac/dc system. It
is used to analyze the harmonics during steady-state operation, and to
compare the results with those obtained from conventional (approximate)
formulae. In a transient case, the new model gives closer agreement with

field measurements than the simplified model used before.
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1. INTRODUCTTION

Power system networks are subjected to different forms of dis-
turbances, such as switching operations, faults, lightning surges, and other
intended or unintended manual interventions. The overvoltages and currents
caused by these sudden changes in circuit conditions may produce excessive |
stresses on the‘system components which must be prevented, or at least
limited, to avoid potential damages. More insulation is one way of prevent-
ing excessive stresses, but there are strong economic reasons for keeping
the system insulation at its lowest possible level. This can be achieved

only if the transient phenomena are fully analyzed.

Extended from the idea of a~c calculating boards, the transient
network analyzer (TNA) was developed for transient studies!. It has been
widely used by the utility industry for over forty years. The system being
studied is represented by actual components of reduced size and modified
electrical characteristics., It is particularly useful in modelling the
frequency dependent characteristics of the line constants and in those
cases where the work is of exploratory nature. However, the transmission
lines are approximated by cascaded m-circuits, which impose an accuracy
problem as far as high-frequency components of voltage and current are con-

cerned. Another drawback of this method is the limited access to the sophis-

ticated equipment.

The introduction of computers has extended the scope of the mathe-
matical modelling in solving engineering problems. Digital programming to-
day offers a relatively easy and flexible alternative to the physical models

in power system analysis. In the late 1960's, the Bonneville Power Adminis-



tration (BPA) initiated the development of the Electromagnetic Transients
Program (EMTP)? which simulates the behaviour of the electrical system by
using mathematical representations of the characteristics of the components
and by solving a set of differential and algebraic matrix equations. The
generalized access to computers, the flexibility of the EMTP for running
cases, and the relative ease with which program changes can be made are the
main reasons of its widespread acceptance., Of course, there are many areas
such as frequency-dependent characteristics, nonlinearity of surge diverters,
magnetic saturation of transformers, etc., which need further improvements.
A combination of physical models and digital simulation can be extremely
powerful and the two ap%roaches should be seen as being complementary rather

than competitives.

With the advent of the ecoﬁomic feasibility and technical applica-
bility of HVDC transmission, there is a need for an extension of the existing
facilities to carry out DC transient studies. The DC simulator uses the same
control circuitry and a scaled repreduction of the commutation valves of the
actual system3'”. When interconnected with the traditional a-c TNA, it be-
comes particularly valuable in development and evaluation of the control
schemes. During the same period of time, considerable amount of work has
been done in the field of digital simulation of HVDC systems. Additional
features have also been implemented in the BPA EMTP for this purpose: a
simplified model which represents the converter station as a current cén—

® and a control system simulation package "TACS"

trolled dc voltage source
(Transient Analysis of Control Systems)’ which can accept any arbitrary
interconnection of a set of control system building blocks. Good results

obtained by using these two models are shown in reference paperss’g.

The UBC Transients Program (a simpler version of the BPA EMTP)



contains only the simplified model which is inadequate for representing a
combined ac/dc system. "TACS" is very flexible and can be used for a wide
range of applications. However, it is relatively large and usually re-
quires a fairly long computation time. The major research effort of this
thesis has been directed towards the development of a new converter model
which can be interfaced with the UBC Transients Program for HVDC simulations.
The model is complex enough to analyze transients in. aé¢/dc systems realis-
tically enough, but it is iess flexible than "TACS'" inasmuch as only one

particular type of converter control can be handled.

As the thesis proceeds, the implementation and testing of the
model are described. New approaches in representing the limiters and the
initialization process are investigated. Then the program is applied to
harmonic analysis and transient studies where the comparisons with results
obtained by other methods and fieldlmeasurements are also included. Final-

ly, a summary of important results and conclusions is given.



2. MODELLING AN HVDC TRANSMISSION SYSTEM

To provide accurate predictions on the preformance of an HVDC
system under different operating conditions, the simulation method should
be capable of representing the dc link, the associated ac systems, the
converters and the controls as well. This chapter describes the main com-
ponents of an HVDC system and their behaviour which the model must reflect

correctly.

2.1 Network Representation

The basic components of a dc link between two ac systems are shown
in Fig. 2.1. The basis for the simulation is the UBC Electromagnetic
Transients Program. For convenience, it will be referred to as the
"Transients Program". ;t is a general purpose program designed to calculate
the instantaneous voltages and currents under any type of disturbance. The
solution methods and its applicabilities have been well described??10>11,
The existing models in the Transients Program are adequate to simulate most
circuit elements in both the ac and dc side ﬁetworks. The dc transmission
configuration can be monopolar, bipolar, ground return or metallic return.
The transmission lines are represented either as multiphase w circuits or
distributed constants. The ac and dc filters which comprise branches tuned
to different harmonic orders of the supply frequency are represented as
lumped R, L, C elements according to their connections in the system.
Although zigzag winding, fork connection, polygon connection etc., are used
in some commercial installations, the converter transformer can only be
modelled with wye and delta connections as of now. The amount of detail in

the representation of the ac systems depends on the nature of the study.

3



They may be represented with detailed generator and line models, or just as

ac voltage sources behind Thevenin equivalent impedances.

2.2 The Converter

It is the predominant device in an HVDC system which transforms
an ac voltage into a dc voltage and vice versa, controls the exchange of
power between the two systems, and limits the disturbances caused by faults
occurring on either side of the converting unit. The most commonly used
circuit in HVDC transmission is the sixfpulse bridge. Fig. 2.2 shows the
basic hardware requirement. The valves can be mercury-arc valves or sili-
con controlled rectifiers. The valve dampers are used to avoid sudden jumps
in the inverse voltage across the valves when they turn off (dv/dt protec-—
tion), while the anode dampers limit the rate of rise of current during

valve ignition (di/dt protection).

The performance of a converter bridge is controlled by changing
the firing angle, o, of the valves. Fig. 2.3 shows how the dc voltage is
effected by variations in a. As o exceeds 90°, the bridge changes from
rectification operation to inversion operation. To minimize the generation
of harmonics,vthe bridge units are usually paired with wye/wye and delta/wye
transformers, with a phase shift of 30° between them, to fprm a 12-pulse
unit. These 12-pulse units are themselves connected in series to produce

the required transmission voltage level.

To simulate the operation of the valves, the existing model of a
diode switch, which conducts whenever the anode voltage is higher than the
cathode voltage and interrupts at current zero, is modified so that the

ignition is controlled by an external firing signal. The characteristics of
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Fig. 2.1 Basic HVDC Link: 1 - AC filters; 2 - Rectifier station;
3 - Inverter station; 4 - DC filters; 5 - DC reactors.
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91914
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TRANSFORMER

—

Fig. 2.2 Basic Hardware of a converter bridge: 1 to 6 -
Main valves; 7 - Bypass valve; 8 - Valve damper;
9 - Anode damper.



\ (a) o = 0°

= 30°

Fig. 2.3 Direct voltage (heavy lines) of bridge converter
with variation of ignition delay angle a
(a),(b) - Rectification;

(¢) - Zero voltage;
(d) - Inversion.



the control systems and the generation of the firing pulses will be de-

scribed in the next section.

2.3 Converter Control Characteristics

The control loop of rectification is generally a constant current
looplz. The schematic diagram of the basic components of such a controller
is shown in Fig. 2.4. Recent installations contain additional and more
sophisticated schemes, such as constant power order, dc power modulation or
frequency modulation for ac system damping, etc. These latter applications
are extensions of the former and the variables under control are ultimately
converted into changes of current ofder. For electromagnetic transients
analysis, the constant current controller plays the most significant part.
Therefore, to simplify the modelling, only this control scheme is imple-

mented in the program.

Con.

F P K - ]I),(I:NE

Fig. 2.4 Constant Current Controller : I;  current command ;
Id line current ; AI current margin; G(s) regulator
transfer function ; ey, regulator output;
ey, max, ©¢ min limits of regulator; Con. converter;
F.P. firing pulse generation; Tr. transductor.



The control characteristics may be divided into three sectionsl3> 1t

(Fig. 2.5): (1) Constant minimum ignition angle (C.I.A.) control is used

to keep the rectifier operating with its minimum permissible firing delay ay,
The theoretical minimum oy equals zero, but in practice it is kept to between
10° to 20° in order to maintain an adequate margin for rapid increases in
rectifier voltage. The slope of the curve in this section depends upon the

value of commutating reactance; the output voltage of the converter is given

by,
v, =1V cos ag - 3 X I (2.1)
d do 1 c d
where Vd = average converter voltage,
Vdo = converter ideal no-load direct voltage,
ag = minimum delay angle,
XC = commutating reactance per phase,
Id = dc line current.

(2) Constant Current (C.C.) Control is used to provide both the rectifier and
inverter with the control ability to regulate the line current when it does

not agree with a set reference I The slope of the curve depends mainly

ds”

on the output of the current regulator, and the output voltage is given by,

_ 3
Vd = Vdo cos o _;T'Xc Id (2.2)

where o = angle of delay of firing.

(3) Constant Extinction Angle (C.E.A.) Control is used to keep the inverter
operating at its minimum extiqction advance angle., The angle must be kept
small to provide high power factor but large enough to main;ain a safe mar-
gin to prevent commutation failures. The slope of the curve again depends
on the value of the commutating reactance, and the output voltage of the

converter is given by



-3
V,=V, cosag- =X I
1 ‘///// d do Yomed

‘(/’,,_Vd=vd cos O X Id
2
- 14
V.=V 2

Fig. 2.5 Control Characteristic of Converter: 1 - C.I.A.
control; 2 - C.C. control; 3 - C.E.A. control.

Converter 1 (rectifier) on
df C.C. control

e

B ——

-

Converter 2 (inverter)

on C.E.A. control

-
- -
- -

I
VAT d

Converter 1 (inverter)

,///on C.E.A. control

Converter 2 (rectifier) on
C.C. control

Voo
Vo
X 1
Vo4
L -
--r

Fig. 2.6 Two-converter Control Characteristic.
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vV, =1V cos Y - 3 X I (2.3)

where Y, = minimum extinction advance angle.

For a two-converter system, the operating point is at the inter-
'section of the two control characteristics. In Fig. 2.6, the intersection
X; between the solid lines is the operating point where converter 1 is at
constant current mode and converter 2 at con&tant e%tinction_angle,ﬁOde.
Power is transmitted from converter 1 to converter 2, If a reversal of
power transmission is necessary, the characteristics are changed to those
shown by the broken lines and X, will become the operating point. The -
difference between the current settings Idsl and Id82 of the two converters
is called the current margin, AL. This margin, typically 15% of the rated
current, has to be largé enough to avoid the two converters from operating

at the steep constant-current lines simultaneously. Such operation is

undesirable and may also be very unstable.

The operating mode of a converter is determined by the control
amplifier output voltage e As seen from Fig. 2.4,

eo"(s) = (Ids -1, -AT) G(s) (2.4)

The parameters of the transfer function G(s) can be obtained from the
station operating manuals!®, The transfer function of the control scheme
studied in this thesis is a second order one of the form

K(l+ST2)
(1+sT;) (1+sT3)

G(s) = (2.5)

where K is the static gain

and Ty, Ty, T3 are time constants.
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The other settings depend on the operating conditions of the system. Dif-

ferent amplifier output voltages lead the converter to different operating

regions:

a) if e >eé  >e. . , the converter operates in region '2'

o max o o min

(see Fig. 2.5), i.e. on C.C. Control.

b) if e <e ., the converter operates in region '3',

a o min

i.e. C.E.A. Control.

c) if e > the converter operates in region 'l',

e.
o o max’

i.e. C.I.A. Control.

As shown in Fig. 2.7, the direct voltage V, is a function of e

d o
and can be described as®:
Vd =k + ko eOL (2.6)
where k; = intercept,
ko = .slope of the converter constant current control characteristic.
\Y
d
Y
dmax
I
l
|
|
|
| .
- ] _e
 Somi S max
[
!
[
[
v |
d mint-

Fig. 2.7 Relationship between D.C. voltage Vg and regulator output ed
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Knowing the value of V, and the operating region of the converter,

d

the delay angle a can be calculated from equations 2.1, 2.2 or 2.3. Then

the pulse generator determines the firing instant for each valve. There are

two basic approaches in the design of pulse generators:

1

2)

Individual phase contrél;: Six independent delay circuits time the
firing pulse of each valve. The delay is calculated from the ear-
liest instant at which firing is possigle, that is, the instant at
which the commutating voltage begomes positive. This type of con-
trol has the advantage that it .can achieve the highest possible
direct voltage with the asymmetry prevailing at the time. However,
it has a drawback inasmuch as abnormal harmonics, especially of the
third order, appear in the currents.

Equidistant firing control (or 'equal space’ control) !16: There is
always one reference phase at which the firing angle is determined
according to the control amplifier output. Starting with this
angle, each firing pulse i timed at 60° electrical after the pre-
ceding pulse, that is, the valves are ignited at equal time inter-
vals. As a result, abnormal harmonics are suppressed but the

response in the event of a fault is slower.
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3. IMPLEMENTATION OF THE CONVERTER MODEL

This chapter describes the solution method and the computer imple-
mentation of the converter model. Also included is a discussion of the two

major problems encountered during the implementation.

3.1 Subroutine VALCON

To simulate the converter control of the HVDC system, a subroutine
VALCON (''Valve Control") was developed. The FORTRAN listing of the program

is included in Appendix 1.

Input Requirements The user must provide the following information, in

addition to the usual input data of the Transients Program:

1) The coefficieﬂts of the transfer function K, Tj, T, T3,

2) the operating mode 6f the converter, i.e. rectification on inversion,

3) the initial operating region on the converter control characteristic,

4) the commutating reactance Xc’

5) the electrical frequency,

6) the connection of the converter transformer, i.e. wye-wye on wye-delta,

7) identification of a branch (usually a switch) where the reference
direct current will be taken from,

8) three node names on the primary side of the converter transformer from
which the commutation voltage of each valve will be calculated,

9) the limits V .

d ma , that are placed on the excursions of the
X

Vd min
regulator amplifier,

10) the pulse generator type.
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Numerical Integration The s-domain equation (2.4) can be expressed as two

first order differential equations:

d ea(t)
Xe) = —gr
ax(t) _ dI(t)
ea(t) + T X(t) + P 4 = KI(t) + KT, it (3.1)
where
I(t) = Ids_ Id— AL
T = T1+T3
P = Tq = Ty

These equations, as described in more detail in the next section,
represent the converter control loop when the regulator amplifier operates
within the limits. They must be solved simultaneously with thé rest of the
external electric network. The numerical integration formula based on the
trapezoidal rule was adopted in the program. This algorithm was chosen ,
firstly because it is the éimplest second order implicit method and is
numerically stable for any stepsize At17: secondly, it simplifies the inter-
facing problem as the Transients Program uses the same stepsize and integra-

tion technique. Applying the trapezoidal rule to equation (3.1) results in

the algebraic difference equations

X(£) + X(t-bt) = i%-[ea(t) - e (t-t)]
1 , T P _ _
> [ed(t) + ea(t—At)] + E—[X(t) + X(t-At)] + e [X(t) » X(t_At)] (3.2)

K ToK
= E—[I(t) + I(t-At)] + —ZE-[I(t) - I(t-At)]
Rearranging terms, this becomes

- B -
ea(t) = 3 I(t) + HIST (t-At)

X(t) = i%-[ea(tj - e (t-at)] = X(t-at) (3.3)
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where

=
I
~
-~
=
+
\.I/\)

and the "history" of the state of the amplifier

HIST (t-At) = Zgig-l(t—At) +-éig e (t-0t) +

4P
A-At

X(t-At)

After the program enters the time-step loop, the instantaneous values of e,
and X are calculated and the history term is updated at each step. Then the
delay angles and the firing pulses are determined based on the equations

described in the previous chapter.

The Interface The electric network and the control system are solved
separately in the Transients Program and in the subroutine VALCON, respec—
tively. Variables such as ac bus voltages, dc line currents, valve status
(open or close) etc., are passed from the main program to VALCON, which,
after manipulation through its logic, returns the appropriate firing signals
to continue the simulation. Modifications in the Transients Program to
incorporate this interface are documented in Appendix 2 and a general flow

chart of the simulation algorithm is shown in Fig. 3.1.
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3.2 Limiter Representation

The control amplifier output is usually clamped according to the
maximum and minimum angle of delay constraints of the converters. This type
of limiter creates a special problem of nonlinearity. The solution method
which has been used in the existing simplified model is such that the def
rivatives of the output are set to zero’/ when a limit is reached, which
changes the structure of the differential equations. To investigate the
validity of this representation, the actual hardware arrangement of the con-
trol circuit must be analyzed. Assuming that all the transducers and fiiters
are ideal, and neglecting all the protective circuits and monitoring devices,

the control amplifier circuit is shown in Fig. 3.2. The overall relationship

between the input and output voltage is18;
e ZO
o
& o 3.4
e, Z, ( )
i i
where Z; = short-circuit transfer impedance function of the feedback loop
Zi = ghort-circuit transfer impedance function of the inputvcircuit.

ey min 41
e 5 e —
-~ I | Rin J —
— S 1
ds | ol ]
| Rin |
I, i ' A e
d ! i .
| Ry S .
AT = i Ll G2 k
b 2 1 !
7 | 0 R2 l
i | VU : Z
e | R C N
w1 L e
[ S | B a
L ll,l
3 =i
d2 ey mpax

Fig. 3.2 Control Amplifier Circuit. A High Gain Amplifier; C, R's
Capacitance and Resistance of the Damping Circuit; ey €,
Input & Output Voltages; d;, d, clamping diodes.
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The input transfer impedance Zi is simply Rin’ and the complex
transfer impedance of the RC feedback network in terms of the Laplace-
transform operator S is in the same form as equation (2.5) with the time

constants having the relationships given by19

Ty = R G
Ty « T3 = Ry Ry €7 Cp (3.5)
Tl + T3 = Rl Cl + R2 C2 + R2 Cl

The function of the control amplifier can be divided into three
different operating regions. Fig. 3.3 shows that in each region, the current
relationship should be described by different differential equations:

a) e ., < e <e ) i.e. the amplifier is in its active region.
o min o 0 max

e, varies as the input current i changes, the equation of the system

ea(t) = = Zo(t) i,(t) (3.6)
b) e, = ©y min i.e. the amplifier is clamped to prevent it from going

negative or less than minimum. The diode d; is conducting and the
output is kept at ed min® When the amplifier is driven to the limit,
the circuit will undergo a transient period which can be described by

the equation

= 2o(t) + [ip(t) - i1(0)] (3.7)

€ s
O min

The amplifier comes out of the clamping condition when Id becomes less

than (I, - AI).

(Tis )

c) e = e ' i.e. the amplifier goes into saturation or to a
o o max

clamped value of maximum output. Diode dy is conducting and the equa-

tion under this condition is

ed max Zo(t) [iz(t) - il(t)] (3.8)

The amplifier comes out of this region when I, becomes greater than

d

(1 - AT). -

ds
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To simulate the behaviour of the amplifier accurately, al} these
three equations must be included. Every time the subroutine is called, the
operating region of the amplifier is determined and the mathematical solu-
tion will be 'switched from one equation to another whenever the operating

region is changed.

The previously used method of setting the derivatives equal to
zero at the limit gives erroneous simulation results, especially when the
system is subjected to disturbances which drive the amplifier in and out of
the limit in short time intervals. To illustrate the difference between the

two approaches, a simple control scheme, as shown in Fig. 2.4, was simulated

with
, 1.39 (1 + 4.4s)
G(s) (T + .0bs) (1 + .0103s)
and I. = 900 Amp., AT = -100 Amp. e’ = 18.9 volt.
ds 0 max

The converter operated in the upper limit in steady state and was subjected to
a saw-tooth disturbance. Since Ids - AL = 1000 Amp., the amplifier is ex-
pected to stay in the upper limit until the input current exceeds this value.
Fig. 3.4(a) shows that the amplifier jumps out of the limit prematurely with
the previously used approach, and thus cannot return to the limit again in
the subsequent fall-off of the input current. The method of solving differ-
ent differential equations according to the operating regions of the ampli-
fier gives a more accurate simulation. Fig. 3.4(b) also shows that the
amplifier responds differently depending on whether the amplifier has stayed
in the limit long enough to reach its steady state: At A, the amplifier
jumps out of the limit after the damping circuit reaches the steady state,

while at C, the damping circuit is still in the transient process after the

amplifier switches into the limit at B.
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3.3 Initialization

Typical transient studies start with the electric network being in
its steady state conditions. While it is always possible to ramp the simu-
lation up to steady state, this not only requires additional computer time,
but also skill on the side of the user. It is therefore desirable to ini-
tialize the network variables to their steady-state values as closely as
possible. The present version of the Transients Program has a subroutine
which automatically calculates the ac steady state solution for a single
source frequency. In addition, it has an option to read in user-specified
initial data, which will override automatically computed values. The ini-
tialization process in the simulation of ac/dc system is complicated by the
fact that such systems have two or more fundamental frequencies as well as
harmonics, and that the converter valves create a discontinuity between the
ac and dc components, Neither option mentioned is therefore adequate to
handle the initialization alone. To solve the problem, a combination of the

two features has been used.

At time t < 0, a typical system, as shown in Fig. 3,5,can be parti-
tioned into three separate groups; The power transmitting ac system, the dc
link,and the power receiving ac system. The converter bridges serve as the
boundaries, and all the valves are assumed in open state at t < 0. With the
ac networks disconnected from the dc system, dec voltages (simulated as ac
sources of very low frequencies and amplitudes equal to the dc operating
voltages) are inserted at the terminals of the dc line. AC sources are used
because the steady-state subroutine can. only handle ac steadyfstate solutions,
since at dc,admittances of inductive branches would become infinite. Prac-

tice has shown that with a frequency of f = 10“3 Hz, the ac solution is suf-

14

ficiently close to the dc solution®*, and reactances wL and susceptances wC
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t=0

7

o

t=0

Fig. 3.5 System set up for initialization: 1 - Equivalent load;
2 - Converter transformer; 3 - Converter station;
4 - AC current source with very low frequency; 5 — DC
filters; 6 - Smoothing reactor; 7 - Electrode line.

are still large enough to avoid numerical problems. This approach gives good
dc steady state solution for the dotted area in Fig. 3.5, with all the har-

monic components neglected.

To properly initialize the ac portions of the system, the dc net-
lwork is represented as an equivalent load connected to each leg of the
secondary windings of the converter transformers. The initial dc operating
conditions, such as dc terminal voltages and currents, can be obtained from
load flow studies; and with losses in the converter stations neglected, ac
power equals dc power. The équivalent load, which will be a positive or
negative impedance depending on whether the converter operates as rectifier

or inverter, can be estimated from
Z = (3.9)

where V = the rms line-to-ground alternating voltage
S* = the conjugate of the apparent power.
With this load connected at t < 0, the initial conditions of the two ac

systems are computed by thesteady-state subroutine.

At t = 0, the equivalent loads are switched off and the ac and dc

networks are reconnected through the valves. The dc steady-state initial
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conditions are set through the readfin option, and with subroutine VALCON,
determining which valves must be ignited, the system is virtually at its
normal operating state and ready for the transient simulation for t > O.
Fig. 3.6 shows a simulation over a time span of 75 ms for a cése of a six-
pulse converter operation with both ac and dc filters. The system settles
down very fast. Simulations with the order of dc and ac steady state solu-
tions reversed were also studied and the results were basically identical.
It is therefore reasonable to assume that harmonics can be ignored in the

initialization.

Other researchers have found that ac/dc system simulations are
very sensitive to wrong initial values!?, One concern in the method def
scribed here is the behaviour of the valve dampers. Since the circuits in
the converter bridge are disconnected during the computation of the steady-
state solution, they are subjected to wrong initial conditions when the simu-
lation starts at t = 0. Two cases were simulated: one with the simulation
starting at the middle of the non-commutation period, i.e. the valve dampers
are quiescent; the other with the simulation starting at a point of commuta-
tion, i.e. the valve dampers are in a transient state. The resulting curves
in Fig. 3.7 show no differences after one sixth of a cycle. The exclusion

of the valve dampers in the initialization process does not seem to cause

noticeable disturbances.

However, improper initialization on any part of the dc line may
give inaccurate results or even lead to wrong firing sequences. Fig. 3.8
illustrates the severity of this problem. The system studied previously is
initialized in the same way except that the electrode line, which is simply
modelled as a lumped R-L branch, was not included in the initialization,

i.e. it had zero initial values. The curves show an erroneous high voltage
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oscillation on the electrode and an erroneous waveform at the converter
terminal., The simulation does not settle to steady-~state even after a few
cycles. Since most ac/dc system simulations consist of a large number of
components, the initialization process described must be done with extra-.
ordinary care. It is believed that with some program changes in the steady-
state subroutine to handle the superposition of solutions at different net-
work frequencies, the whole initialization process could be done automati-

cally. This is beyond the scope of this thesis, and a possibility for future

improvements.
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4, HARMONIC ANALYSIS

One advantage of a detail converter model is its ability to simu-
late the interaction between the ac and dc sides of the network accurately.
This is important both in steady-state and transients analysis. One major
criteripn in HVDC system design isﬁits harmonic perfofmance. The appearance
of undesirable harmonics!3s20 may cause overheating of capacitors and
generétors, interference in telecommunication circuits, shortened life of
incandescent lights, instabilities of the converter control, and remote
resonances in the ac system. Corrective measures must be imposed to elimi-
nate them at the source or at least to reduce them to permissible levels.

A good amount of published literature describes the different methods for
determining the level of harmonic generation which can be anticipated from
a converter installation. The main objective of this chapter is ﬁot to
discuss these laborious mathematical procedures in detail, but rather to
show the usefulness of the digital time-domain simulation in predicting the
harmonic behaviour, and to compare the results with those obtained from the

theoretical calculations where appropriate.

4,1 Analyzing Method

A Fourier Analysis Program was used to analyze the simulation re-
sults. The output quantities of the Transients Program (node voltages,
branch currents, branch voltages, etc., as a function of time) can be stored
in a file for further processing. Once the simulation settles into steady-

state, the values within one period can be expressed as

f(x) = I a, cos (ix) + % b, sin (ix) (4.1)
i=0 i=0

where a;, bi are the coefficients of the Fourier series.
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The program, originally written by H.W. Domme121, reads all the n
data points within a user-specified period and computes the cosine coeffi-
cients a e am'and sine coefficients b0 oo bm of equation (4.1) as well

as the magnitude of

Ci = ai2 + bi2 (4.2)
with
i= 0,1, ....m
n .
mo= T, when n is even
m = E%l , when n is odd

The resulting finite series
m . m

F(x) = T a, cos (ix) + I b, sin (ix) (4.3)
i=0 * i=0

will pass through each data point of the specified period, and provide a

smooth interpolation between points with the least number of harmonics. A

FORTRAN listing of the program is shown in Appendix 3.

In order to obtain higher order harmonics, the time step for the
simulation must be chosen in such a way that the computation cost does not
increase unnecessarily on one hand, and thét the results are still accurate
enough on the other hand. Experience has shown that for analyzing characf
teristic harmonics, a sampling rate of 10 points per cycle at the highest
frequency of interest will give reasonable solutions. In studying imbalance
factors, however, a step length of less than one degree of fundameﬁtal

frequency should be used.
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4.2 Harmonic Contents

A converter bridge will produce to some noticeable degree all the
lower order harmonics. These harmonic currents appear in both the ac and dc
networks, and may penetrate into the power system far from the connection
point. Under normal operating conditions, some harmonics are predominant in
magnitude. They are usually referred to as normal or characteristic har-
monics and attract most of the attention in system design. They are of the
following order:

DC side = h

kp
AC side = h=kp + 1
where
h = order of a harmonic
k = pulse number

p = 1,2, 3 ... any positive integer

Based on the assumptions of perfectly smoothed direct c¢urrent (i.e.
infinite smoothing inductance on the dc side) and symmetrical operation of

the ac network, the amplitude of the characteristic ac side current harmonics

13 14
for overlap angles of less than 60° may be written as ’

T10F1
Ih T ThD (4.4)
where
I = rms fundamental alternating current with no overlap
D = cos a - cos (otu)
U = overlap angle
F; = [A2 + B?Z - 2AB cos (20L+u)]1/2
A _ sin [(h-1) u/2]
h-1
B _ sin [(h+1) u/ 2]

h+1
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and the rms value of the harmonics of the direct voltage is given by

Van = Vao F2 | (4.5)
where
Fp, = [02 + D% - 2CD cos (2d+u)]%
c cos [(h-1) u/2]
h-1
b _ cos [(htl) u/2]

ht+1

These equations are for idealized conditions, and the true value
will vary from the results obtained with them depending on the operating
condition of the particular system. In the past, planning engineers com-—
puted these ideal harmonic levels and used empirical values based on the
contractor's experience of previous HVDC installations to make modifica-

22

tions““. As this discussion progresses, the practicality of the simplifying

assumptions will be investigated.

The first questionable assumption is the perfect smoothness of
direct current. In reality, the smoothing reactors in HVDC installations
are typically in the range of 0.5 to 1.0 H. Table 4.1 compares the har-
monics contained in the simulated current curve with two theoretical calcu-
lations, one based on equation (4.4) and another derived earliér by Brown

and Smith?3

who described the current wave shape on the ac side of the mer-
cury arc rectifier under pure resistive load condition as:

3.308 Id
i = ————}f~—-[sin 8 - 0.226 sin 56 - 0.113 sin 76

+ 0.091 sin 116 + 0.065 sin 136 - 0.0567 sin 176 ......] (4.6)
The harmonics extracted from the digital simulation lie in between the two
extremes. Furthermore, a finite inductance also implies that the current

wave shape is affected by the nature of the load. Simulated values of ac



ORDER MAGNITUDE OF HARMONIC CURRENT .

OF Calculation EMTP Si?ulation Results Calculation
HARMONIC | based on L=0 L= .5H L = 1H based on L=«
1 1.000 1.000 1.000 1.000

.226 .202 .198 .192

7 .113 131 .135 .132
11 .091 .079 .080 074
13 .065 .065 .067 .057
17 .0567 L0404 L0427 .0354
19 L0454 .0339 .0352 ,0273
23 L0412 ,0183 .0207 .0153
25 .0349 .0139 .0148 .0108

34

Table 4.1 Comparison of current harmonics obtained from theoretical
calculations and from Fourier analysis of simulated curves.
characteristic harmonic currents as a function of direct current are given in
Fig. 4.1. The overlap angle, which results from the commutating reactance,
affects the harmonic content as the loading condition changes. This should

be taken into account in the optimal design of the filters, the converter

transformers and the smoothing reactors.
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4,3 Abnormal Harmonics

The assumption of ideal balanced (symmetrical) operation is also
not realistically achievable. Asymmetrical conditions include?%:26 firing
angle errors from converter control, distortions of the ac bus voltage wave-
forms, imbalances in the ac system voltages and unequal transformer phase
impedances, These imperfections result in the generation of non-characteris-
tic or abnormal harmonics. The effect of imbalances in the ac system volt-
ages on the dc harmonics was studied. Table 4.2 contains the magnitude of
the harmonic voltages on the dc side due to imbalance in the voltage of one
phase of the ac bus. The imbalances in magnitude and phase angle are -5% of
the nominal value. Results show that the characteristic harmonics do not
change much but an appreciable‘amoﬁnt of even harmonics are generated. These
agree with the findings of Mathur and Sharaf?".. In practical systems, a cer-
tain degree of different imbalance factors is inevitable. Most imbalances
result from an interaction among Vérioﬁs phenomena. For example, one or more
phases of the ac voltages can be depressed as a result of a remote fault,
which will lead to the generation of certain abnormal harmonics. Thése har-
monics will propagate into the ac system, which in turn may lead to voltage
distortion. Such cumulative effects cannot be described by simple mathemati-
cal formulations. The Transients Program is capable of simulating cases with
combinations of imbalance factors. For example, a situation where the sup-
plying ac voltages are at 1.0/-90° | ,98/151.2° | 1,02/31.2° p u., has been
analyzed. Fig. 4.2 shows that the magnitudes of some non-characteristic

harmonics are comparable to those of the characteristic ones in this case.

There is no doubt that this simulation approach for obtaining non-
characteristic harmonics offers a relatively easy and economical way to gain

a deeper and more systematic understanding of the causes and effects in the
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RECTIFIER SIDE INVERTER SIDE
HARMONI C :
ORDER Balanced Imbalance of AC Balanced Imbalance of AC

Operation | Magnitude | Phase Operation | Magnitude| Phase

1 lOOOO .0017 | .0018 .0009 . 0007 .0021

2 .0033 .0208 | .0375 .0019 .0172 .0381

3 .0015 .0019 .| .0020 .0008 .0008 .0005

4 .0007 .0084 .0148 .0008 .0059 .0081

5 .0007 .0015 L, 0004 .0022 .0022 .0016

6 .1479 .1394 L1463 .1519 1469 .1522

7 .0025 .0034 .0023 .0046 . 0044 .0048

8 .0007 .0104 .0191 .0024 L0115 .0176

9 .0019 .0027 .0014 .0005 .0004 .0001

10 .0010 -0065 ;0106 . 0004 .0031 .0056
11 .0016 .0034 .0018 .0004 .0004 .0003
12 L0472 L0413 L0446 .0439 .0395 0440
13 .0017 .0028 .0021 .0004 .0002 .0013
14 .0012 .0072 .0113 .0011 .0052 .0086
15 .0015 .0029 .0009 .0006 .0005 .0003

Table 4.2 Comparison of dc voltage harmonics under balanced operation
and imbalance in magnitude and phase in one phase of the ac
bus. 27
generation of harmonics on the ac and dc side of converters. Moreover, cur-
rent and voltage loadings in each element of the filter arms are readily

available, which are valuable to the engineers who must select the protec-

tive level of these dévices.
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5. TRANSIENTS SIMULATION

Two examples are presented in this chapter to test the capability
of the converter model in transients simulations. Part of the network from
the Pacific HVDC Intertie System is used. The transmission line data and

the converter equipment layout of the system is included in Appendix 4.

5.1 Point to Point Operation

As a preliminary test, a simple two terminal case was studied.
Results using the simplified>médel-mentioned in Chapter 1 were used as a
reference. The simplified model was developed in the early 1970's27 for
studies connected with DC circuit breaker tests. It simulates the HVDC
converter station as a dc voltage source whose amplitude is controlled by its
current output. With this simplified model,.the ac networks and the con-
verter transformers are totally ignored and the valve and anode dampers are
represented as an R C-branch in parallel with the dc source. In the detailed
case, the system configuration is similar to Fig. 2.1. The ac side behind
each converter is represented as ac voltage sources béhind Thevenin equiva-
lent impedances, whose values can be found from the positive and zero se-
quence shortfcircuit MVA. The converter transformers are connected as wye
grounded/wye and the valve and anode dampers are represented in detail. The
dc line is 850 miles long and operates in monopolar ground return mode. A
line-to-ground fault was applied 50 miles from the rectifier ené at time
t = 10 msec. The voltage and current at the rectifier terminals are shown
in Fig. 5.1 for both types of models (see Appendix 5 for the input listings
of both runs). The agreement is reasonably good. The phase shift between

the two curves may be due to the exclusion of ac circuits and the lumped
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representation of dampers in the simplified simulation. In such simple
cases, the simplified model does save computation time, while the detailed
model provides more insight into the stress on the conversion components

and the interaction between the ac and dc sides.

5.2 Three-Terminal Operation

To check the performance of a prototype dc circuit breaker in the

8,15

field, several tests were conducted on the Pacific HVDC Intértie System
The system was tapped as a three-terminal system with constant voltage recti-
fier control and independent constant current controls on the two inverters.
The network set-up is shown in Fig. 5.2, and the system steadyfstate condi-

tions before the staged fault test are summarized in Table 5.1.

~Two manually-initiated faults were applied, a closefin fault by
operating an ac breaker which waé connected to ground through a 58 resistor,
and a remote fault by dropping a wire pendulum to short the pole conductor
to a tower at 250 miles away from the breaker. Melvold et al.l® made some
comparisons between field tests and computer simulations using the simpli-
fied model. The same arrangement was simulated using the detailed model.
A sample ‘data deck of the simulation is included in Appendix 6. The result-
ing curves were superimposed with the results given in reference [15]. As
seen in Fig. 5.3 and 5.4, closer agreement with the field test measurements
can be obtained using the detailed model. The converters were operated with
abnormally large valve voltage stresses resulting from the large commutation
margins. Totally ignoring the effects of the ac circuits in the simplified
simulation may cause the inaccurate prediction of the current transfer among
the terminals. Furthermore, the slight disagreement between the field tests

and the detailed simulation, primarily in the form of high frequency oscil-
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Fig. 5.2 System Configuration for DC Circuit Breaker Test
FAULT CELILO SYLMAR CELILO
- RECTIFIER INVERTER INVERTER

CLOSE-IN 69 .2KV/630A 63KV/3304A 53.2KV/350A

REMOTE 70.5KV/558A 60KV/290A 50.5KV/306A

TABLE 5.1 Steady-State System Parameters Before Fault



*31TNeJ UT-3SOTD B SuTMOTTOJ I9yeaiq op ydnoayl juaain) ¢'G 814

(SPUODSSTTTIW) DWL],

€y

01

02

0¢

oy

0s

09

0L

08

06

001

200

400
L

Breaker Current

600
L

(amps)
800
1

1000
L

1200
L

Topou poOTFEIOPp ——-—
Topou paTyTTdUrs ---- -
jusweaANSeaW pI9TJ]

te e @e ond

Vpomeesanre:




Breaker Current (amps)

o
o
N
—
o o
<y nv
— R .
MY . s J
. n A YN a ) ..’ o I
. ) ﬁ\.. v g 1 vy N 7
! v Vool Do W \
= v AL ’ Vit N,
o%q . v “' A v‘\"\ 0N
N v \'l '-‘.. ‘\ :u‘
\e \’o “
o SNy,
\
S
O
S4
<
Fﬂﬂ
ead field measurement
- —--gimplified model
o —.—.—detailed model
O and .
N
o .
_ L T T T T T 1 1 |
0 10 20 30 40 50 60 .70 80 90

Time (milliseconds)

Fig. 5.4 Current through dc breaker following a remote fault.

Va4



45

lations, may be attributed to the inability to represent the frequency de-

pendénce of line parameters in the UBC version of the Transients Program.
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6. CONCLUSIONS

This thesis describes the development of a new converter model
which allows the user to represent HVDC converter valves and their asso-
ciated firing control systems in the UBC version of the Electromagnetic
Transients Program. The modified program can be used to simulate inter-
actions between the ac and dc side and the behaviour of the control system

for any type of steady-state or transient operating condition.

The new model takes account of the actual hardware arrangement of
the control amplifier which leads to a more accurate representation of the
limiters. Efforts have been made to minimize unnecessary computations in
the initialization process. The method developed in this thesis is very
economical, but it could be improved and made more or less foolproof if the‘
whole procedure were done automatically. This would be a worthwhile topic

for future investigations.

The model was applied to harmonic steady-state analysis and tran-
sient analysis to verify its capability. In the latter application, simu-
lation results came close to field measurements. However, it should be
realized that the frequency-dependént characteristics of line parameters had
been neglected in these studies. Considering the complex frequency spectra
associated with the harmonics and transients, this would definitely contrib-
ute some inaccuracies in the simulation. Modelling of frequency-dependent
parameters is the subject of an ongoing Ph.D. project in this Department,

and therefore beyond the scope of this M.A.Sc. thesis.

In terms of complexity, capability and flexibility, this model

lies in between the simplified dc source model and the 'TACS' package’. It



is adequate and particularly useful for basic studies in the research en-
vironment of a university. The model is developed not as a substitute to

either of the two existing features but as a supplement to these.
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APPENDIX 1 -

Subroutinei VALCON Programme Listings

“"SUBROUTINE VALCON(ISTEP, DELTAT, KSWTCH. KPOS3) . ) )
COMMON /THYRIS/THYR(51), THYR2(51), DCCUR(10), DCKR(10),DCT1(10),

102
103

101

1 DCT2(10),DCT3(10), DCK1{(10), DCK2(10), DCMIN{10), DCMAX(10),

2 ACVA(10), ACVB(10), ACVC(10), PHSBHIF(10),
3 ACVAI(10),ACVBI{(10),ACVCI(10), COMR(10),

4 DCINI(10),DFREQ(10), ICON(51), IFIRE(51), NGROUP, IMODE(10),

5 NCOUT(10)

50

DIMENSION DELAY(10), COUNT(51), EALFA(10), EMAX{10), CTIME(10),

1 EMINC10), X(10), KPOS3(51), NMODE(10), CORDER(10),
2 CMARG(10), XCUR(10), XB{10)

DOUBLE PRECISION THYR, THYRZ, DCCUR, DELTAT, DELAY, COUNT, DCK, DCK1,
1 DCK2,DCT1,DCT2, DCT3, PCMIN, DCMAX, DCINI, EALFA, DFREQ, EMAX, EMIN,

2 DELTAZ, T, A, B, P, X, ACVA, ACVR, ACVC, PHBHIF, ACVAI, ACVBI ACVCI,

3 CTIME,CDRDCR CMARG, COMR, XCUR, XB

waexse START CONTROL GROUP LOOP

DO 104 J=1, NGROUP :

DCCUR(JI=DABS(DCCUR{.J))

IF(ISTEP. GT. 0) 60 TO 101

#asxs INITIALIZATION BEFORE ENTERS TIME STEP LOOP
CORDER{(U)=DCCUR(D)

CTIME(J)=0. DO

NMODE (J) =1

I=1IMODE ()

IF{IABS{(I). 6T. 3)NMODE(J)=

IF(I.LT. O)NMODE(J)= —NMDWC(J)
IMODE(J)=IABS(I)-3#{TABS(NMODE{(J))-1)
IF(J.GT. 1) GO TO 103

DO 102 I=1, KSWTCH

COQUNT(1)=0. DO

IFIRE(I)=0

CONTINUE

DELTAZ —DFLTAT/"7 DO

DFREQ(J)=1. DO/ (6. ”83185?DO*DFREG(J))
T=DCTI( I +DCTI{))

P=DCTL1 (N HDCTI{(Y) L

A=1. DO+T/DELTAZ+P/{DELTAR##2)

B=(1. DO+DCT2(J) /DELTAR) #DCK(J)
XB{J)=2. DO/B

DCTL(.)=4. DO#P/A/DELTAT

P=DCINI{J)
IF{IMODE{(J). EQ. 2)DCINI(J)=DCMAX(J)
IF(IMODE(J). EQ. 3)DCINI(J)=DCMIN(D)

EMAX (D =(DCMAX (J)-DCK1 () /DCKRE D)
EMIN(JI=(DCMINC(J)~-DCK1{(J))I/DCKR2{J)
X{J)=0. DO

T=DCCUR(J)
IF(IMODE(Y). GT. 1) T=P
CMARG () =CUORDER (1) ~-T
XCUR (L) =CORDER(JIY-CMARG () —DCLUR (D)
EALFA(JY=(DCINI(J) DCHl(J))/DCVE(J)
DCT2()=1. DO-DCR{DI¥XB(J)

IF (IMODE(J). GT. 1) XCUR(I)= EALFA(J)/DCK(J)
DCT3 () =B/A : o
DCMAX (J)=2. DO#DCK(J) /A~-DCTI(J)
DCK{J)=1. DO-2. DO/A .
DCMIN(L)Y=DCMAX {J) #XCUR(JI+DCKR{J) HEALFA(Y)
G0 TO 105

w3 ON EACH TIME STEP

#xix CALCULATE AHPLIFIER OUTPUT & DETERMINE OPERATING REGION .

A=EALFA(J) ~



300

106

301

107

302

108
105

160

11
104

1414

CEeask QUTPUT DELAY ON REQUEST

51

DCCUR {J)=CORDER (J) -DCCUR (J) —CMARG (J) . L
IF (IMODE(J). EG. 2. AND. DCCUR(J). 6T. 0. DO)GO TO 106

IF (IMODE(J). EQ. 3. AND. DCCUR(J). LT. 0. DO)GO TO 107
EALFA()=DCT3(J) #*DCCUR (J) +DCMIN(J)
XCUR (J)=DCCUR(J) ) o

X (J)=(EALFA(J)—A) /DELTA2-X (J)

IF (EALFA(J). 6T. EMAX(J)) GO TO 106
IF (EALFA(J). LT. EMIN(J)) GO TO 107
IFCIMODE (J). 6T. 1)WRITE(6, 300)J .
FORMAT(’ CONVERTER NO. ‘, 13, BACK OFF FROM LIMIT’)
IMODE () =1

60 TO 108

##e CONVERTER IN UPPER LIMIT
EALFA(J)=EMAX (J)

IF (IMDDE(J). EQ. 1)WRITE( &, 301)J :
FORMAT(’ CONVERTER NO. ‘, 13, ’ HITS UPPER LIMIT’)

XCUR (J)=EALFA(J) #XB {J) +DCT2{J) #XCUR ()

1MODE (J)=2

X (J)=0. DO

G0 TO 108 '

#westn CONVERTER IN LOWER LIMIT

EALFA(J)=EMIN(.J)

IF(IMODE(J). EQ. 1)WRITE(&, 302)J - o
FORMAT(/ COMVERTER NO. /, 13,/ HITS LOWER LIMIT’)

XCUR () =EALFA(J) #XB (J)+DCTR(J) #XCUR ()

IMODE () =3

X{J)=0. DO
DCMINCY)=DCMAX (J) #XCUR (J) +DCK (J) #EAILFA (I +DET L () #X (D)
IF (IABS(NMODE(J)). EQ. 1. OR. ISTEP. EQ. 0)60 TO 160

A=6. 2831B53DO*DFREQ(J)
CTIME(J)=CTIME(J)+DELTAT

A=A-CTIME (J)

IF{A GT. DELTA2) G0 TO 104

CTIME (J)=0. DO ,
s#xwr CALCULATING VALVE DELAY TIME
A=DCK T (J)+DCK2( ) #EALFA ()
B=DABS(DCK1(J))

P=A/B

DELLAY (J)=DFREQ(J) #DARCOS(P)
IF(NCOUT(J). EQ. 0) 60 TO 104

WRITE (6. 11) J, DELAY ()
FORMAT(1H , "CONVERTER NO. /., I3, 2X, ‘DELAY IS’,E15. 646, ' SEC. ’)

CONT INUE

#xxesx START WALVE COUNT LOOP
DO 100 I=1, KSWTCH
K=1ABS(KPO33(1))

IF(K. NE. 4) 60 TR 135

J=ICON(T)

1IF(J. LE. 0)60 TO 100

J=J/10

JU=ICONCI)—J#10

IFIRE(1)=0 o
IF{PHSHIF(J). £Q. 0. DOYGO TO 137
##8% CALCULATE THE COMMUTATING VOLTAGES o
swsx# CONVERTER TRANSFORMER WYE-DELTA CONNECTED _ .
60 TO (141, 142, 143, 184, 145, 146), JJ

A=-1. DO#ACVC(J)
€0 TO 117 _
A=ACVR(J)



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
1414
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
"167
168
169
170
171
172
173
174
175
176
177
178
179

180

e

143
143
145
146

137
111

112

113

114

116
117

151

153

154

155

154

132
131

€0 TO 117

52

60 TO 117 o
A=—1. DO®ACVA(J)
G0 TO 117

A=ACVC (J)

A=~1. DO*ACVB (J)
c0 TO 117
A=ACVA(J)

€0 TO 117
waex# CONVERTER TRANSFORMER WYE-WYE CONNECTED
€0 TO(111, 112,113, 114, 115, 114), JJ
A=ACVA (D) ~ACVC (J)

eo TO 117

A=ACVB (J) -ACVC ()

€0 TO 117

A=ACYE (J) ~ACVA ()

6o TO 117

A=ACVC () -ACVA( )

€0 TO 117

A=ACVC (J) ~ACYB (J)

€0 TO 117

A=ACVA () =ACYB ()

IF (NMODE(J). LT. 0)A=-A i

IF (ISTEP.GT.0) GO TO 118

IF (PHSHIF(J). EQG. 0. DO)30 TO 133

€0 TO (151, 152, 153, 154, 155, 156), JJ
P=~1. DO#ACVCT ()

€0 TO 120

2 P=ACVBI())

€0 TO 120

P=—1. DO*ACVAL(J)
G0 TG 120
P=ACVCI(J)

60 TO 120

P=~1. DO#ACYBI(J)
€0 TO 120
P=ACVAT ()

60 TO 120

€0 TO (121, 122,123, 124, 125, 124), JJ
P=ACVAI () -ACVCI ()

¢ TO 120 .
P=ACVBI(J)~ACVCI(Y)

0 TO 120
P=ACVBI () =ACYAI (J)

60 TO 120
P=ACVCT (J) =ACVATL ()

€0 TO 120

P=ACVCI(J)~ACVBI (J)

G0 TO 120

P=ACVAI (J)=ACVBI (\J)

IF (NMODE (J). LT. 0)P=~P
T=DATANZ2(P, A)+1. 570794327D0
IF (T.LT.0.DO) T=T+&. 28318530700
IF (NMODE(J). 6T. 0)G0 TO 132

CIF (T.GT. 4. 276056475D0) 60 TO 100 .«

60 TO 131 .
IF(T. GT. 3. 4415924634D0)G0 TO 100
COUNT(1)=T*DFREG{(J)

60 TO 119
####% GENERATION OF FIRING PULSES

et i L e teass mmmman b e aae s e 4n e e



181

182

183
184

185

186
187
188
189
190
191

118

119

133

135
100

IF (A.LE.0.DO) GO TO 133
COUNT(1)=COUNT(I)+DELTAT
T=DELAY({J)~COUNT (1)

IF (T.GE.DELTA2) GO TO 100
IFIRE(I)=1

COUNT (1)=0. DO

60 TO 100

IFIRE(1)=0

CONTINUE

RETURN

END
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APPENDIX 2

Modifications in the Transients Program

To incorporate the converter model into the U.B.C. Electro-

magnetic Transients Program, modifications have to be made in the program

so that information may be transferred between the main program and the

subroutine. The required changes are shown in the.FORTRAN 4 listings of

Table A2-1.

Explanation of Changes.
File line no.

53-59.2, 97.2-98

393-395, 450-451
399-429, 571

1296.06-1296.9

1680.2-1681
1687-1687.2
1723, 1795
1726-1728

1764.2, 1795.2

1796
1776.2
1767, 1823
1820

2053.05-2053.6

New variables for collecting information required
by VALCON.

Reset variables.
Input control parameters.

Store node voltages for commutation voltage calcu-
lation before entering the time step loop. ‘

Call subroutine VALCON.
Calculate group number.
Store valve voltage and current.
Determine the ignition of valves.

Avoid premature blocking after the valve fired
which cause small current oscillation.

Store dc line current,

To make the switch open exactly at time t=0.
Reset valve voltage and current.

Reset dc line current.

Store node voltages for commutation voltage calcu-
lation at each time step.



96
97

97.
e

n

18}

n

n

350"

371
392

393
394
395

394
397
399
p99
400
401
402
403
404
405
406
407
508
409
410
411
412
413
414
415
4164
417
418
419
1420

4
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TABLE A2.1

Changes in the Transients Program for data transferred to subrou—-
tine VALCON

C=Change I=Insertion

DIMENSION KMS(650), YS(4650) )
COMMON/HERMAN/ VOLTI(50), VOLTK(50), VOLT(50), VIM(50)
DIMENSION ADELAY(51), XMAX(50), XOUT(100), POLAR(51), JJJ{380)
C FOLLOWING DIMENSION STATEMENT PERTAINS TO VALVE CONTROL PARAMETERS
COMMON /THYRIS/THYR(51), THYRZ(51), DCCUR(10), DCK(10),DCT1(10),
DCT2¢10), DCT3(10), DCK1(10), DCK2(10), DCMIN(10), DCMAX(10),
ACYA(10), ACVB(10), ACVC(10), PHSHIF(10),
ACVAI(10), ACVBI(10), ACVCI(10),COMR(10),

DCINI(10), DFREQ(10), ICON(S1), IFIRE{51), NGROUP, IMODE (10),
NCOUTC10) ) e . . . o
DOUBLE PRECISION THYR, THYRZ, DCCUR, DCK, DCT1, DCT2, DCT3, DCK1, DCKI,

1 DCMIN: DCMAX, DCINI, DFREQ, ACVA, ACVB, ACYC, PHSHIF,
2 ACVAI, ACVBI, ACVCI, COMR
DOUBLE PRECISION COPT. C, R, CK, CREST, BUS, XOPT, TR, TIME, TSTART, TCLOSE,

LF RN A RA R

c HISTORyudF DISTRIBUTED LINES IS CHANGED
LPAST=1250

€ CHANGE FOLLOWING STATEMENT IF DIMENSION OF CONTRDL GROUP 1S CHANGED
LGROUP=10

REWTCH=0
KCONBT=0
N4=0
NCROUP=0 o
DO 229 I=1,LBUS
229 JJJ(I1)=0
209 REWTCH=KSWTCH+1
READ(S, 77) 172
77  FORMAT(I2)
IF(I1T2. NE. 16)60 TO 199
IPRINT=16
IF (NGROUP. 6T. LGROUP)GO TO 9000
NGROUP=NGROUP +1
REWTCH=KSWTCH-1
BACKSPACE 5
READ (5, 89) N2, IMODE (NGROUP), DCK (NGROUP), DCINT (NGROUP),
1 DCTI(NGROUP), DCT2(NGROUP ), DCT3{NGROUF), DCCUR (NSKOUP)
89 FORMAT(IR, &X, 12, 4E10. &)
WRITE(&, 179) N2, IMODE (NGROUP), DCK (NGROUP ), DCINT (NGROUP ) »
1 DCT1(NGROUP), DCTZ(NGRGUP ), DCT3(NCROUR ), DCCUR (NGROUP)
179 -FORMAT(’ CONTROL PARAMETERS: ‘/1X, 12, 10X, 14, 6E14. &)
READ (5, 159)DCK1 (NGROUP), DCK2 {NGROUP ), DCMIN(NGROUP ), DEMAX ( NGROUP) ,
1 DFREG(NGROUP), NCOUT (NGROUP)
159 FORMAT (10X, 5E10. &, 19X, 11)
WRITE (&, 147)DCK1{NGROUP), DCK2(NGROUR ), DCMIN(NGROUP ), DCMAX (NGROUP)
1 DFREG{NGROUP)
149 FORMAT(1H , 16X, 5E14. &)
READ(S5, 139) (VOLT(K), k=1, 3), PHSHIF(NCPDUP),COMP(NFRDDP)
139 FORMAT(2X, 3A6, PE10. &)
WRITE(6, 129) (VOLT(K), K=1, 3), PHSHIF (NGROUP), CDNR(NGRDUP)
129 FORMAT (10X, 3(A&, 2X), 2E14. &)



(21
420
423
424
T 8425

426
@27
Clazs

448
449
450
Liast
452

570
IB71
572
573

1995
1294

1297

425.
425.
425.
425.

427

(1296
1276,
1296
1294,
1294
1296
1|2E96.

1296,
1298
1296,
1296
1296,
1296,
1295
1294

06
12
18
24

36
4z
3@
54

bb
72
78
34
(7

249
259
239
199

as

n
ol
mn

590

3712

3713

3714

3711

~ TABLE A2.1 (coant'd)

DO 239 J=1,3
A=VOLT (J)
DO 249 I=2, NTOT

IF(A. EQ. BUS(I))60 TO 259

CONTINUE

WRITE(S, 1042) A
60 TO 239

JUJ (T ) =NGROUP#10+J
CONTINUE
G0 TO 209
BACKSPACE 9

56

READ(DS, 35)1T2, BUS1, BUSR, BUS3, BUS4, CK1, A, JJ, J

FORMAT (12, 2A56, 4E10. &6, 23X, 12, 11)

ISQURC{KSWTCH)I=0
ENERGY (KSWTCH)=0. ODO
THYR{KSWTCH)=0. DO
THYR2(KSWTCH)=0. DO
IF{(J.LT. 2) 20 TQ 224

CRIT(KSWTCH)=CK1
ICON(KSWTCH) =JJ
GO TO 209

DO 214 I=2, NTOT

L=t
DO 3711 I=2, NTOT
NNENNNIE S

IF(JJ. LE. 0) 60 TO 3711
NJ=JJ/ 10

JU=IU-NJ# 10

60 TO{3712, 3713, 3714), JJ
ACVALNJI=E(T)
ACVAT NN =F (1)

60 TO 3711

ACVB (NI =E( 1)

ACYRT (NJ)Y=F (1)

60 TD 3711

ACVC (NJI=E(T)
ACVCI(NJI=F (1)
CONTINUE

11=0

BEGIN OF LOOP FOR ADMITTANCE M



1678
1679
1680

1[T680.-

1681
1682
1683
1684
14685
146856
1687

1688

1763
1764

1[i764.

1785
1766
Ifi767
1768

1773
1774

1775
1776

1i776.

1777
1778

1794

1795
11795.

17956
1797

Le87.

4}

]

M

1}

(8]

c
1000

c
3722

2103

2102
2105

_IF(TCL. GE. 0. DO) TECL=T

2108

2110

ICHECR=KPOS2{(K)

_60._TO 2105

57

- . TABLE A2.1 (cont'd)-

BEGIN OF TIME-STEPS
KCOUNT=NV

IF(KSWTCH. EQ. 0) GO TO 1009
IF (NGROUP.LE.O0) 60 TO 3722 N _
CALL VALCON(ISTEP, DELTAT, KSWTCH, KPOS3)
CHECKING SWITCH-POSITIONS FOR CHANGE

.

DO 1003 K=1, KSWTCH
I1=KPOS3({K)
IT1=KPOS1 (K)

JI=TCON(R)
IF(JJ. 6T. 0)JJ=JJ/ 10
I=1ABS(11)

CKR1I=E(N2)-E(N1)
A={CKI1+ENERGY (K) ) #0. SDO#POLAR(K)
THYRZ(K)=CKR1#POLAR(RK)
ENERGY (K)=CK1 o
IF(JJ. LE. 0)G0O TO 2122
IF(IFIRE(K). LE. 060 TO 1002
IF(ISTEP.EG. 0) 60 TO 2123
IF{A.LE. O.DO) GO TO 1002
I=3

TCLOSE (K)=0. DO

IF (1. EQ. 3)ADELAY(K)=T+TOPEN(K)
KOMNTRL=4 T
THYR2(K)=0. DO

WRITE(&, 2107) TCL

IF(T.LT. TCL ) 60 TO 1002

I=2

IF{JJ. 67. 0) 60 TO 2105

IF(ITI.GT. O . AND. TOREN(K). 6T. TMAX) I=0 _
IF(TCL. LT. 0. DO. AND. TOPEN(K). LT. DELTA2)60 TO 2110
60 TO 2103

L=nN2 '

IF(I. EQ. 3) BUS1=-A#POLAR(K)
THYR (K )=BUS1
IF (1.EQ. 3. AND. ADELAY{K). 6T. T)BUS1i=1. DO
IF{I. EQ. 2. AND. JJ. 6T. 0) DCCUR{JJI)=—A%POLAR(K) .
IF(1SSS. LE. 0) 60 TO 2112 :



‘1818
' 1819
I @820
1821

1822

I 1823

1824

2052
2053

2054

[2053.
2053.
2053.
2053.
2053.
1 2053.
2053.
2053
2053.
2053.
2053.
2053.

/

TABLE A2.1 (cont'd)

2118 TCLOSE(K)>=0. b0

! IF(I. EQ. 3) I=5

IF(I. EQ. 5. AND. JJ. GT. 0) DCCUR{(JJ)=0. DO
ENERGY (K)=0.DO
KONTRL=3
THYR(K)=0. DO
WRITE(&, 2114) T

1200 K=K+IT2
IF(K. LE. IBR) 60 TO 1100
DO 1601 1=2, NTOT
NNENNNIS ) S
CIF(JJ. LE. 0)60 TO 1601
NJ=JJ/10 _
JI=UJ-NJ%10
60 TO (1602, 1603, 1604), JJ
1602 ACVA(NJI=E(I)
60 TO 1601
1603 ACVB(NJ)=E(1)
GO TO 1601
1604 ACVC(NJI=E(T)
1601 CONTINUE
IF(NV. EG. 0) GO TO 1202

.
o 43 [ &) (4] u

mgmbammmm
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- APPENDIX 3

Fourier Analysis Programme Listings

_C FOURIER ANALYSIS PROGRAM_FOR DISCRETE POINTS READ IN FROM DEVICE 4

DOUBLE PRECISION CTIME, GK2, X, TSTART, C1, GK1: §1, GK, AN, CP, &P, 3,
1 BP.A,B,F,BUS, PATR
~ DIMENSION A(1001),B(1001), F(SOOO) TEXT(17),¥Y(100), BUS(100), =~
1 PAIR(Z00)
1 READ(S, 2)CTIME, TSTART, IOPT, MLIM, INUMB
. 2_ _FORMAT(2F10.5,12,213) L L
IF CINUMB. LT, 1)STOP '
REWIND 4
CREAD(A)TEXT © "7 e T
READ(4)NT, DELTAT, IMAX, {BUS(I), I=1, NT)
READ(4)L, NV, NI, (PAIR(I), I=1,L)
51 NT=NT+1
IF(NT. T. 5000) GO TO 5&
READ(4)K, KONTRL, ISTEP, (Y(I), I=1, mxj:
FINT)=Y CINUME)
IF(KONTRL. EQ. 1) €0 TO 50
- @0 TO 51 }
50 NSTART=TSTART/DELTAT :
IF( (TSTART/DELTAT-NSTART). 67. 0. 5) NSTART=NSTART+1
N \TIME/ uL_LTHT ’ o - N o
IF((CTIME/DELTAT-NY. 6T. O. 5IN=N+1
PIiM=NETART+N
BEQINT=NSTART#DELTAT
REALCY=N#DELTAT
Koz
NPILLUS=NSTART+1
DO 52 I=NPLUS, MM
FiR)=F(1)
G2 K=K+l _ e
WRITE (6 5 INUME, (TEXT(I), I=14, 17), M, (F(K), K=1, 1)
5 FORMAT(35H1IFOURIER ANALYSIS FOR QUTRPUT NUMBER , 15, ' OF ’, 1774, /23H
1ORECORD OF ORDINATES IN, 14, 19H EQUIDISTANT POINTS /(1iH ,6F18. 7))
WRITE (4, $1REALCY, BEGINT
&1 FUORMAT(//CYCLE TIME=', F15. 10, *SECOND’, © ANALYSIS
.4 STARTS ATUKAElS-AO»fSCQONDwa__umoh_”;m__“wn;___”wmmm
A=
AN=AN/2. 0
CoJ=AN+L 6
M=AN+1. 0
IF(MLIM LT. 1) 60 TO &2
CIFMLIM LY. MYIOPT=0
IFCMLIM. LT, MY M=MLIM
62 C1=DCOS(3. 141593/AN)
S1=DSIN(3. 141593/AN)
CP=1.0
5P=0,
=0
10 L=L+1
IFCL. €T. M) GO 70 100
CR2=0,
GK1=0.
K:=N o
_20 GKR=F(K)+CP&GK1#2, O-GR2
GR2=GK1
. BR1=6GK
K=K—1 , -
IF(K.GT. 1) 60 TO 20
AP=(F (1) +CK1#CP-GK2) /AN




100

101 FORMAT (21HOFOURIER COEFFICIENTS/78H HARMONIC =~
MAGNITUDE MULTIPLE OF FUNDAMENTAL)

110
111

. B{L)=BP.

DD 210 K=1,N_

BP=SP#GK1/AN_

60

IF(L.EG. 1) €0 TO 30
IF(L.NE.J) 60 TO 40
phag b L1040,
AP=AP /2.
A(L)=AP

AP=C1#CP-51#SP
SF=C1%SP+51%CP
cP=AP 7
€0 TO 10
WRITE(&, 101)

IN-COEFF.
CP=1. O/DSART (A (D) ##2+B (2) #%2)
DO 110 K=1,M ‘ '
L=K—1
AP=DSART (ALK #22+B (K) ##2)
BP=AP#CP

WRITE (&, 111) L, ACK), B(K), AP, BP

FORMAT (1H , 15, 2X, 4F15. &)
IF(IOPT.LE. 0) €0 TO 1
AN:=N

AN=6. 283185/AN

AP:=K~1
AP=AP #AN

T X=pP

200
210

SP=A{1)
DG 200 L=2,M

SP=8P+A (L) *DCOS( %) +R(L) #DSIN(X)

X=X +AP
F(R)=5P
WRITE (6, 211) (FUK), k=1, N)

__COS-COEFF. _ SI_

211 FORMAT (47HDURDINATES RECOMPUTED WITH FOURIER COEFFICIENTS/{1H ,

.60 7101

T

57 FORMAT ¢ ‘COMPUTED FOINTS ARE MORE THAM 5000,

1 6F18.7))

WRITE(&, 57)

1 OF VARIABLE F AS PER NEED’)
8TOP
END

INCREASE THE DIMENSIOGN
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APPENDIX 4
Line Parameters and Converter Station Parameters
of the Pacific HVDC Intertie

The Pacific HVDC Intertie; which was commissioned on Méy 21, 1970,
was the first overhead HVDC transmission system installed in North America.
Eig. A4 .1 shows the main circuit of the intertie. The northern section, in-
cluding the Celilo Converter Station, is owned and operated By the Bonneville
Power Administration (BPA), while the southern section and the Sylmar Con-
verter Station is partly owned but operated by the Los Angeles Department

of Water and Power (LADWP).

The Intertie is a bipolar (earth return) system with DC rated
voltage of * 400 KV and transmission power capacity of 1440 MW. The dc

transmission line is 847 miles long and its line data is shown in Table A4-1.

The rated direct voltage of the dc line is obtained by using six
series connected, sikfpulse, three phase bridge groups, each rated 133 KV,
1800A. The-equipment layouts of the Celilo and Sylmar Converter Stations
are basically the same. The bridge circuit and the filter arrangement at

Celilo are shown in Fig. A4-2 and Fig. A4-3, respectively.
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PARAMETERS MAIN LINE GROUND WIRE
Number of subconductors 2 1
Subconductor diameter 4,577 cm 1.110 cm
Cross—-sectional area of 1171 mm2 (2312 MCM) 96.8 mm?
subconductor
Bundle spacing 45,7 cm
Nickname and composition Thrasher ENS
of subconductor ACSR 76/19
Number of conductors 2 (pos. and neg.) 2
DC Resistance at 25°C 0.0125Q/km/pole
Total resistance at 1800 A 19.30Q/pole
Average max. height of conductors ‘ 24 .84 m 33.83 m
Sag 11.55 m 11.55 m
Average height of conductors ' 18.45 m 26.13 m
Conductor spacing 12.19 m 5.49 m

TABLE A4.l Transmission line data of the Pacific HVDC Intertie

289 MVA
0072 140 KVA
235 KV +13%: 113 kv 480/240V
-2%
T09:1470 A 12001¢ ¢
. wow? 8 8
- 100nF 2 = 2 -
~ P oy
¥ 3 EL ¥ 5 Omj
U ERE: T
T 060 ¢
= T I00FTT T L=imH
+ T (40KW) 5 L=250pH R3KA
12000 Re=lk N

Fig. A4.2 Converter Bridge at Celilo
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APPENDIX 5

Input .Listings of the Point to Point Operation Simulation

(a) Simplified Model

1 0 CURRENT CONTROL SOURCE SIMULATION = .
2 50. E~6 75.E-3 2 1
3 VR WRT L BOOL
4 VRT ¢CELEC . &3 7 280, .7 ° .
5 VR CELEC. 900. 0 .15
& VR CELEC ) : 001
7 JVL_ . SELEC T T 00N
8 VI SELEC 900. 0 .15
9 VRT  CCAP N S
1o WT RrRF - a5
11 RF CELEC 7.
12 RF CELEC 100.
13 LNIT VT s00, N o
14 VIT SELEC 6.3 280, .7
15 VIT  SCAP R A }
16 CVITGF - -
17 IF SELEC 7.
18 IF SELEC - 100. ,
19 cCAp - ,
20 SCAP : . 5.
21 CCAP  CELEC - .ot o
2o GCAP  SELEC , L0
23 CELEC .43 2n.
24 SELEC : .43 pa.
25 . CAM CGR o : I N e
26 S oseN T SeR 1.
2/ CGR  CELEC 1.
28 8GR SELEC _ T
2% CER .06
30 SGR .06
31 Foo_osu L0500 i
2 -1YRT F .02 2.2 0173 150
a3 -1F  VIT ... .02 2.2  .0173 700.
4
35 SW 1. E-2 1.
36 ‘
37 A&VR L 139 133000. . 4.4 0,04  0.0103 _ 900.
.38 16CAN ~148000. 15800, —-120000. 146000.
39 163AN. 3 .39 BOD. 0000 4.6 0.03 _  0.0125 . 900.
40 161 ~148000. 14800. -117700.  ~10000.
41
2 VRT VR VIT VI
43 _ . e ) o
44
45

44



(b) Detailed Model

o _PACIFIC MNM=DC_INTERTIE. o oo oo
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.1 e et e e 8
2 40. E-4 75 E-3% 1 1 Lo} 1
3 GENAS LICEA .0y ) o _ )
4 GEMNBS DIGEER GENAS BIGEA o .

5 GEMLS DIGEC Grlind DIGEA
b BIGEA .84 114, 2.85
7 . BIGED. ._  _BICEA e e e S ) . e
8 BIGEC BIGEA
9 BIGEA 1.18 114, 1.28
10 RIGER BIGEA
11 BIGEC BIGEA
12 BIGEA CLETA 0z 1. 96
13 BIGED CETD  BISEA CETA _ e o : )
14 BIGEC CETC GIGEA CETA
15 CETA  CHPA 40, )
16 CHFA CETA 5.5 ' B
17 CETB CHPE CFTA  CHPA
18 CHFL  CETE  CHPA  QETA

19 CETC CHPC  CETA  CHPA . o ~

20 CHFC  CETC CHEA CETA

21 CHP 3.9

22 CHP3 CHFA '

23 CHRPC CHPA

24 CETA .93 44, 95

25 . OETn CETA } o e

25 CRTC CLuTA

27 CETA Cila CENAS RIGEA

28 CETB Cl1B  GENAS BICEA i

a9 CETC €1iC GENAS DICEA

30 CLia .82 41, 1.33
31 Cl1iR COLA - e .
cle c11¢ CIiA /
33 Cl11a  CTxap .22 2,07 )
34 C11B {TZDP Clis  CTYAP
3s CL1C  CTXCP Clian  CTXAP
36 51CTXAP 95300,
37 . 52CTXAS NS . . 4795 23174, :
38 1CTALE CTXAP
3% 2CTYBS N2 _ ) _
40 1CTXCP CTXAP -
41 ZCTXCS NS
42 NG 1.E+10
43 CTXAS CVDA L 07 BIAB o e e
44 CTYBE CVLE THAS CVDA
45 CCTXCS €UdC  CTXAS CVDA o i i
46 CEL . CWBA . 1200. 0.0 1
47 CEL {WDR  CFL CVDA
48 CEL cups CEL CuUDA
49 L CAN_ . MDA CEL . CVDBA . . o fh e .
50 CAN cuon O CUDA
51 CAN cYUDC CEL CVDA , By )
2 CVDA  CCA 1000.
53 cCa CUOA . . .25
54 CVDR OB CVDhA  CCA
55 CCE... OVDE  CCA . CVDA. .. IO, S
56 CVRC CCC cvuA  CCA
57 cce VDT CCA CVDA i
58 CIR1  CCTH . 0t
59 CIR3 CCTH CIR1 CCTH
&0 CIR5 CCTH CIR1 CCTH
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61 ___CEL.___CCTH__CVDA _CCA_.

62 CCTH CEL  CCA  CVDA
.63, .Eby - cca -
64 cCA €Dt
&4, CEL.  CAN
64, SAN  SCTH
&5 . €D3  _CCB €Dl CCA ___ e e
) €CB  €p3 A CDi
&7 CDS  ¢oC bt CCA
63 €CCC  €D3 " ceca  ¢pi n
&9 CD4  CaAN  CD1 CLA
70 CAM  CD4  CCA  CDi
71 CD& . CAN_ QR CcA e e e
72 CAN  CD& CCtA  ¢D1
73 Cb2  CAN  CDl cCA
74 CARN Lo BT oY of SN o3 1 1
77 CAN  CGR
78 CGR  CELEC CAN  CGR :
79 CBR 06
20 1CELEQ .43 a2n. 000
el CEL.  POLES 500. 0
82 POLES CELEC . &3 280 .7 i o
a3 POLES HPS 2.5
84 HPS  CELEC 100.
.85 CELEC HPS e el 2O e e et e
85 POLES SUR:S .7
87 SURCHG 5.
8z SURGCS CELEC GEMAS BIREA T T o
89 —1POLESSFAULT .02 2.2 0173 150.
%0 -1FAULT POLERM .02 2.2 0173 700,
91 AN BYL  CEL. POLES i o i e e
2 POILLER SLLEC POILES CELLEC
93 FOLER HPR  POLES HPS i
94 HPR  SELEC HPS  CELEC
95 SELEC HPR  CELEC HPS
) POILER SURCR POILES SURCS
7 SURCR - suncs o
g SURCEH SELEC. GENAS BIGEA
99 POLER CAP  GFNAS BIGEA _
109 CAP _
101 CAP  BYL
102 STA LA
103 .8TB LB . STA  _ L& R
104 - STC  LC STe LA
105 LA , . T 1=
1046 LB LA
107 LC : LA .
108 LA S57h  GENAS BIGEA
109 ... LB _ S57B . GFERAS BIGEA | I _ e -
110 Le 557C  GENAS BIGEA
it _ S57A o o 4.0 214, 1. 32
112 SS7h 5574
113 857¢ 5574
114 8574 5.7 214 &7
115 -  8B7B SS7A - N
116 557C B57A
117 8574 3134  GENAS RIGEA ) i
118 §578 S13B GENAS BIREA
119 857C 5137  GENAS BIGEA

120 5134 _ ) 1.8 44,  1.33 o A



Ad21
122
123

124 7]
125
126

262

12
128
128. 1
128. 11
128. 12
12313
12814
128. 15
129
130
131
132
133
134
135
136
137
A58
139
140
141
142
143
144
145
146
147
148
149
150
151

L)
e

153
154

5%

154
157
158
159
1460
161
162
183
144
165
185
167
1463
169
170
171
171. 03
171. 0&

....CD4.

_S138B

S13C

S13A

. SWo

SHPA
SHPA

~CD1

CD3
CD5

CDhé
coo

© 8133

SHPB
SHPB

. 813¢C

SHPC
SHPC
S13A
5138
S513C
5TA
8T8
STC

1STXAR

25TXAB

18TXRP

1GTXER
«STXC=
NR

STYag

JGTXES b

s3A _ . -
S13A
S13A 2.2 44, .95
8133 S13A o C
513C S13A
SHPA ' 34. 5
I 2
S13A 4.3
4.5
CiRt T L1001 i
CIR3 €D} CIR1
CIR5 DI CIR1
€CA _CDY __CIRY . . _ oo
cen CD1 CIR1
cce cDI CIRrR1
‘SHFB  S13A SHPA
S13B SHFA S513A
SHPA
SHPC S13A_ SHPA L o
S13C SHPA S13A
SHPA
GEMAR GENAS RIGEA - T )
GENBR GEMAS BIGEA
GENCR GENAS BIGEA
CBTXAP C11A  CTXAP . o L
STYBP C11A CTXAP
STXCP C11A CTXAP
TCTXARP "
NR
CTXAP
MR o S —-
CUXAP
MR
X - ~
SYUDA 1 EAS CVDA
SVDB  CTXAS CVDA
SvDC  CTXAS SV ) L
Guna CEL ZVDA
«voB CEL CADA
GVDG S CEL
5WDA  CEL
SV CEL
ML GV 3 i ;
SCTH CIR1
SCTH CIR1
eCTH CIRt A
SHP Cii
GiA CON
5D LD o _ R R _
SAN COA
5D Ci
RGN cea
&4 €D1
SYDA  CCA
2 Cht . . . .
SYDB  CCA
sng cnt
SVDC  CCA - v ) _
CCATI 01
CCBII . 01

68



© 0103
&0,

60.

171,09 . CCC__ €CCCIl S .01 e,
171.12 SVDA 8VDAIl . 01

171.15 SVDB SVDBI1I . 01 .

171,183 1519321l =V} o Yol & Y ¢ 5 S o -
171.3 ccal 87.22 '112. 94

171. 6 ccB1 87. 22 112. 93
i71.9  ccc1 o B7.22 112.7%24
1722 SVDAT ~73. 24125, 14
172.5 SVDBI ~73. 24125. 14

172.8 sSVDCT ~73.24125. 14 T 7777
174 5CTH 8GR CAN CGR

175 SGR SELEC CAN  CGR

176 8GR - CGR . o )
177 1SELEC CELEC

178

179 -1CIRY ¢€D1 0.0 B

180 -1CIR3 CD3

191 -1CIR5 CD5S

182 -1CCA  CD4 o
183 —-1CCB CDs

1849 ~1CCe cp2 0.0

196 ~18VDA  SD1 T

g7 -13VYDB  §D3 0.0

153 -15YDC  SD5 0.0

139 ~16IR4 SD4 0.0 ) o
120 ~151K6  SD6

191 ~151IR2  §D2

191, o2 CCAIl CCAI -1, 1. E10
191. 04 cCBll ¢CcBr -1, 1.E10
191, 06 CCCII €CCI  —1. 1. E10
191,283 SVDAIISVDAL —-1. 1.E1D
1911 SVDBII1SVDBI -1. 1.E10
191, 12 SYDCIISVECT —~1. 1.E10
191. 2 16 4 1.39 133000, 4.4 0. 04’
191. 23 ~-148000. 14800, —-120000. 146000.
191. 26 Ci1lAa Ci1i1B cClicC 7.18994

191. 29 16 -5 1.39  +735. 00 _ 4.6 . 0.03
191, 32 ~148000. 14800. ~117700. ~10000.
191. 35 STA 5TB. &TC 7. 18994

191. 5 POLES POLESS -1, 1.5 ’

152 POLER POLERR ~1. 1.5

i9p. 2 FAULT SuW .01 1.5

193 . R . e e
194 14GENAS 191880. &0. -40.

195 LAGENRS 191630, &0. 130.

156 1AGENCS 1918380, &0. +560. 0

197 143ENAR 177000, &0. —40.

158 L 4GENBR 177000. 50. 180

199 CL4GENCR 177000, . &0, +80. 0.

200

200. 05 2CCTH  133000.

200. 1 ZCEL 1323000.

200,15 ZPOLES 133000

200 R SPOLESS 132000,

200. 25 SFAULT 130300, . R

200. 3 2POLERR117700.

200. 35 2POLER 117700.

200. 4 SCAP 117700, .

o00. 405 25CTH  387.

200. 41 256R  387.

o125
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" 900.

200 L



200.
200.
200.
200,
200.
200.
200.
200,
Z00.
200,
6o

Z00.
200.
200.
200.
200.
200.
200.
200.
200,
Z00.
200,
200.
Z00.
200.
200.
200.
200.
200.
200.
fatotel

00,
2100,
201
202

=203

415

42
425
43
45
)
o2
5295
53.
55
b6
&5
7
71
72
73
74
75
76
77

78

-~
s

791
792
793
794
795
796
797
798

g1

G2

25ELEC 387. _
2CELEC ~387.

2C6R  -387.

2cAaN  ~387.
25YL  117700.
25AN  140350.

35AN SVDA
35AN  SVDB
35AN  SVDC

3CEL  POLES 900.
3POLESSFAULT $00.
IFAULT POLERR900.

' 3POLER CAFP 900, -
3CAP  SYL  900.
3CAP

3CELEL HPS

3SELEC HPR

3POLES SURCS

 GPOLER SURCR
SPOLER HPS

3PDLER HPR

3POLES CELEC
2CELEC -900.
ISELEC 900.
ICAN CER -%00.
3CGR CELEC -90D
3C6R

3B5CTH  SOR %00.
3567 SELEC  900.
250R

SPOLER SELEC
3SAM SYL =980
20CTH  CEL 900,
CEL.  SAN

140350,

117700.

133000.
117700.

133000,

117700,
133000.

4177000
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Sample Data Deck of the Three-Terminal Operation Simulation

S

PACIFIC HV-DC INTERTIE

&0. E-6-

GENAS
GENDS
GENCS
BIGEA
BIGER
BIGEC

BIGEA
BIGER
BIGEC
CETA
CHPA
CETB
CHPR
CETC
CHPC
CHPA
CHPB
CHPC

CETA
CETB
CETC
ciia
C11imB
ci1icC
c11a
C11B
ci11c¢
"D1CTXAP
D2CTXAS
1CTXDP
2CTYXBG
1CTXCP
2CTXCS
CTXAS
CTXBS
CTXCS
CEL
CEL.
CEL
CAN
CAN
CAN
cvna
CCA
cvDB
ccn
cvDC
cce
CIRt
CIR3
CIRS

- CEL -

BIGEA
BIGEE GENAS

CCTH* CVDA-

98. BE-3

CTXAP

-1

BIGEA
BIGEA

BIGEA
BICEA

CETA
CETA

CHPA
CETA
CHPA
CETA

CETA
CETA
BIGEA
BIGEA
BIGEA

CTXAP

CVDA

cvbDA

CVDA
CVDA
CYDA
CVDA
CYDA

CCA
CVDA
CCA
CVDA

CCTH
CCTH

BIGEC GENAS
BIGEA
BIGEA -

BIGEA

BIGEB

BIGEC

CETA- -~ -

CETB BIGEA

CETC BIGEA

CHPA

CETA

CHPB CETA

CETB  CHPA

CHPC CETA

CETC CHPA
CHPA
CHPA

CETA o

CETB

CETC

Cl1A GENMNAS

€113 GENAS

C11C  GENAS
Cl1iA

- CllA

CTYXAP

CTXBP CilA

CTXCP Cl1A

NS
CTXAP

NS
CTXAP

MG

cyDA -

CVDD CTXAS

CVYDC CTXAS

CVDA

cVvDps  CEL

C\VRC  CEL

cVvDA  CEL

cyYDhE CEL

CVyn¢  CEL

CCA

CYDA .

CCR CVDA

" CVYDB  CCA

CCC CYDA

CVDC  CCA

CCTH

CCTH CIR1

CCTH  (CIR1

“CCATT—

. 01
T Bb 114, -
1.18 114
;02 - 156
40.
5.5
.93 - 44,
.82 44
22 2.07
i 99300.
47951,
C07°  .83a3
1200. 0.0
1000.
-1
. 01

83174,




CCTH CEL CCA cvDA
. CD1  CCA - - 3000 ¢ e
CcCA 103931 1.0 ‘
cD3 CCB CD1 CCA
€CB cn3 CCA CD1t

CDS CcceC CD1 CCA- o m T
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