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Abstract

Adding a dc circuit to an existing transmission line is one method of significantly
increasing the power transfer capability of a transmission corridor. The resulting hybrid system has
significant coupling between the ac and dc circuits, not only because of the proximity of the circuits,
but also from the fact that they may share the same sending end or receiving end ac systems. The
resultant interaction produces overvoltages on the dc systém which can be somewhat higher than for

a conventional dc scheme.

This thesis investigates the overvoltages on a hybrid ac~dc transmission system and suggests some
design considerations which could be taken into account to reduce stresses on certain critical

components which result from such an arrangement.

Blocking filters consisting of a parallel L-C combination in series with the dc converter were
included to limit the flow of fundamental frequency current in the dc line. This thesis also investigates
the proper blocking filter configuration to be used as an incorrectly chosen blocking filter can cause

resonance overvoltages on the dc line at fundamental frequency.

A method of eliminating dc components of the currents in the transformer windings of a dc converter
is presented. The method uses the technique of firing angle modulation. It is shown that merely
eliminating the fundamental frequency component on the dc side may not remove this dc component.
The impact of such control action at one converter on the other converters in the dc transmission
system is also presented. It is also shown that the undesirable side effects of such a scheme include
increased generation of non—characteristic harmonics on both the ac and dc sides. The study is

performed using an electromagnetic transients simulation program and theoretical calculations.
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Chapter 1

Introduction

There are presently two different methods for the transmission of electric energy. These methods are
high voltage alternating current (HVAC) and high voltage direct current (HVDC) transmission.
Because of the easy stepping up and down transmission voltages by power transformers, and also
because of the convenience in system interconnection, most transmission lines use three—phase
alternating current operation. In recent years, however, increasing attention has been given to
high—voltage dc transmission as an effective means of solving such problems as stability,
short—circuit capacity and wide—area system operation, inherent to ac transmission. High voltage dc
power transmission has been used all over the world for long—distance transmission of a vast amount
of electric energy and submarine cable power transmission. This energy transmission method has
become more advantageous economically. Each of the alternating current (ac) and direct current (dc)

power transmission schemes has its own technical and economical advantages over the other [1].

The demand for electric power is steadily increasing, and despite efforts in conservation of energy
and load management, the reserve capacity of existing transmission systems is gradually being
reduced. Today rigid regulations are being imposed on the the expansion of power stations,
switchyards or transmission lines. The restrictions on the construction of a new transmission line is
more severe since it routes through different areas of land and is subjected to variety of regulations
depending on the local conditions, some of which may be forest clearances, high cost of land in

congested urban areas and environmental constraints.

Power system utilities are finding it difficult and sometimes impossible to obtain‘a licence for a new
transmission lines. For such situations, the alternative to new lines is to enhance power transmission
capacity of the existing lines. The utility transmission engineer must seek innovative ways to get
power to the load centers under circumstances where no new right-of-way for the transmission can

be readily acquired. These include:



a) Upgrading to a higher ac voltage;

b) Conversion to six phases;

¢) Conversion to dc transmission;

d) Application of series capacitors and shunt var compensation;

e) Adding a dc line to an existing ac transmission circuit;

f) Replacing one circuit of a double circuit ac transmission by a dc line.

With the increasing use of the dc transmission in existing ac networks, the possibility of ac and dc
circuits running parallel to each other and sharing the same right—of—~way or even the same tower is
increasing. It is recognized that there are potential applications for adding a high voltage dc
transmission circuit toan existing or planned ac circuit. Adding adc line to an existing ac transmission
circuit or replacing one circuit of a double circuit ac transmission system by a dc circuit has been
proposed as an effective method of significantly increasing the transmission capacity of the power

corridor [21, [31, [4], [5], [6].

When a dc transmission circuit is added to an ac circuit the term “Hybrid” transmission is used.
Although expected to be more costly than series/shunt compensation of ac lines, the ac-dc hybrid
alternative of e) and f) above are going to be retained in this study due to the higher power transfer
capability with these options. The application of series/shunt compensation is well known and well

documented and thus this project concentrates on the investigation of the hybrid ac—dc alternative.

A number of papers have addressed in the literature the problems arising when ac and dc circuits are
closely coupled. These include induction of 60 Hz currents on the dc line from the ac line which can
lead to converter transformer saturation [3], and prolonged clearing times for dc line faults because of
secondary induction effects from the ac line [5]. Some problems not addressed in the literature are the
onerelated to induced overvoltage and when different types of faults atdifferent locations are applied

on the hybrid system and the effects of ac coupled voltages and currents on the dc circuit.

The dc converters generate harmonic voltages and currents on both ac and dc sides. The cyclical

switching action of the dc converter generates harmonic voltage and currents on both ac and dc sides.



Itis a well known property of the dc conversion process thata current component of frequency “f” on
the dc side appears on the ac side as a component of frequency “fp + f”; “fp” being the fundamental
ac frequency, taken here to be 60 Hz [4]. If the dc transmission line lies adjacent to an ac transmission
line, there is a possibility for a fundamental frequency (60 Hz) current component to be induced into
the dc line, referred to as (Isp). This current would then appear in the secondary winding of the
converter transformer as a dc component (I4.) and also a 120 Hz component (I;50) superimposed on
the fundamental 60 Hz component. This dc current component eventually flows as transformer
magnetizing current and offsets the knee of the flux—current characteristic and if excessive, causes
unsymmetrical saturation of the converter transformer. This can lead to an increase in audible noise
and result in possible loss of life expectancy of the transformer. Other reported problems are
inaccurate control and protection measurements because of saturation of current transformers on the
ac side. Because of the very low magnetizing current requirement of HVDC transformers, even a few

tens of amperes of dc current is considered by some as excessive [4].

There are several instances where adc and ac line follow adjacent corridors and such induction effects
could be detrimental. With the added difficulty of obtaining transmission line rights of way there is
considerable interest in having hybrid ac—dc transmission systems in which ac and dc conductors are
placed on the same tower structure. The coupling of the 60 Hz component would be even more severe

in such cases.

Several alternatives have been proposed for mitigating the dc currents in the transformer windings.
One proposed alternative is to use dc side blocking filters for the fundamental frequency (60 Hz)

induced currents.

Blocking filters consisting of a parallel L-C combination in series with the dc converter were
included to limit the flow of fundamental frequency current in the dc line. This thesis investigates the
proper blocking filter configuration to be used as an incorrectly chosen blocking filters can cause

resonance overvoltages on the dc line at fundamental frequency.

Another alternative is to transpose the ac lines. This option does not completely eliminate the induced

harmonics especially when ac and dc conductors are on the same tower as in hybrid ac—dc lines.



Another possible alternative is to use modulation of the converter’s firing angle. This method appears
to have the advantage of not requiring extensive modifications to the power equipment as in the other
choices. We explore this alternative in chapters 4and 5. Some theoretical results are presented on an
idealized system to understand the essential phenomena. Subsequent investigations are carried out on
a realistic system using an electromagnetic transients simulation program (PSCAD/EMTDC) [7].
The results indicate that it is possible to eliminate the dc currents in the transformer using such a
scheme. However, there are some undesirable side—effects such as the generation of

non—characteristic harmonics.

1.1 CONTRIBUTIONS FROM THE THESIS

The thesis extended the earlier knowledge about ac—dc hybrid systems as follows:

— it evaluates the induced overvoltage and current on an ac—dc hybrid system for different types of

faults and at a number of different locations along the ac—dc line for different system configurations.

— evaluates the coupling effect between the ac and dc line on an ac—dc hybrid system for different

system configuration.

—formulates a method for eliminating the fundamental frequency current component induced from

the ac line into the dc line.

— formulates a method for eliminating the dc component current in the converter transformer

secondary winding on a simple six—pulse bridge and on an ac—dc hybrid systems.

1.2  OVERVIEW OF THE THESIS

The study was organized into the following sections:

1.2.1 CHAPTER2

DESCRIPTION OF THE STUDY SYSTEM

In this chapter is described the hybrid ac—dc system comprising a configuration of the tower, the ac

source in the rectifier and inverter sides, electrical aspects of the ac—dc hybrid transmission lines,



converter transformers, ac and dc filters, thyristor valves, blocking filters and electrode line
parameters and dc control configurations. At the end of this chapter it is shown the waveforms of a

start up and the steady state condition of one simulation example.

1.2.2 CHAPTER 3

OVERVOLTAGES STUDIES

In this chapter the overvoltages on such a hybrid ac—dc transmission system are investigated and
some design changes are suggested which could be implemented to reduce stresses on certain critical

components.

The preliminary simulation study identified two problems with the hybrid system. In the first case, the
smoothing inductor originally selected caused a second harmonic resonance on the dc system which
resulted in excessive second harmonic overvoltages being generated during a line to ground fault on
the ac system at either end. Lowering the value of the smoothing inductor significantly reduced this
overvoltage. In the second problem, the dc blocking filters were determined to be subject to excessive
overvoltages from ac—dc contact faults. This is due to the parallel resonance of the L-C components
of the blocking filters at the fundamental frequency. This overvoltage can be limited by placing an
arrester in parallel with the capacitor. In addition, a resistor can be placed across the filter toreduce the

quality factor and hence increase damping of the oscillation following fault clearing.

The base configuration which was simulated for the majority of the cases reported in this chapter was

as described in chapter 2 . Sensitivity studies were also carried out as follows:
a) different system strength

b) no transpositions of the ac conductors

¢) no electromagnetic coupling between the ac and dc lines

d) ground resistivity of 10 ohms—m and 1000 ohms-m

e) ac line transposition versus blocking filter



f) frequency dependent versus Bergeron transmission line model
¢) only dc line transposed

Investigating the overvoltages in such a hybrid system requires special tools. An electromagnetic
transient simulation program (such as PSCAD/EMTDC) is ideally suited for such studies because it
has the capability of detailed modeling of transmission lines for coupling effects as well as the
capability to represent HVDC converters in full detail and to represent transformer saturation

nonlinearities.

1.2.3 CHAPTER 4

FIRING ANGLE MODULATION FOR ELIMINATING DC LINE 60 HZ CURRENTS

An analytical and simulation methods of using control modulation to eliminate 60 Hz component of
the current in the dc line are presented. We initially believed that eliminating the 60 Hz component of
the current would result in the elimination of transformer dc currents. However it is shown that merely
eliminating the fundamental component on the dc side may not remove the dc component in the

secondary of the converter transformer.

1.2.4 CHAPTER 5

FIRING ANGLE MODULATION FOR ELIMINATING TRANSFORMER DC
CURRENTS

The possibility of eliminating the dc components in the converter transformer windings was
explored. First the feasibility of such a solution using a theoretical approach on a simplified system
was investigated, and the analysis to’more detailed system later was extended by means of simulation.
Some theoretical results are presented on an idealized system to understand the essential phenomena.
Subsequent investigation are carried out on a realistic system using the electromagnetic transients
simulation program (PSCAD/EMTDC). The results indicate that is possible to eliminate the dc

currents in the transformer using such a scheme,



1.2.5 CHAPTER 6

CONCLUSION



Chapter 2

Description of the Study system

2.1 INTRODUCTION

The main incentive for constructing a hybrid line is to significantly increase the power transfer
capability of an existing right—of—way while retaining the power distributing feature of the original ac
system. A review of commonly used transmission tower types identified a wood pole 230 kV ac
Gulfport structure as representative of the type most likely to be candidate for upgrading, due to the
fairly extensive use of this structure throughout North America. Manitoba Hydro, for example, has
seven interconnection to Saskatchewan, North Dakota, Minnesota and Ontario with 230 kV Gulfport
transmission lines [2], [3]. The Gulfport woodpole structure is shown in Figure 2 .1 . The tower is
essentially a wood pole "H” frame carrying the conductors in flat formation with the centre phase
raised slightly above the outer phases and with lightning protection provided by two overhead shield

wires.

Figure 2.2 shows an example of how the existing tower of a gulfport structure can be modified to
include two dc conductors and two shield wires in addition to the three conductors of the 230 kV ac
transmission circuit. This design was proposed by the Manitoba HVDC Research Centre[3], and
takes into account factors such as structural integrity of the tower, electric field effects, insulation
clearance and hot line maintenance. The dc circuit can be rated to carry up to 600 MW of power
(bipolar operation). This would give a 200% increase in total power carrying capacity of the corridor,

based on a maximum capacity of 300 MW for the ac line alone.

Several problems have been addressed in the literature concerning such hybrid lines. These include

induction of 60 Hz currents on the dc line from the ac line which can lead to converter transformer
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Figure 2 .1 : Gulfport structure [2]

saturation [2], and prolonged clearing times for dc line faults because of secondary induction effects

from the ac line [4].

An electromagnetic transient simulation program (PSCAD/EMTDC) was used in the study [7]. The
program has the capability of detailed modeling of transmission lines for coupling effects as well as
the capability to represent HVDC converters in full detail and to represent transformer saturation
nonlinearities. It is important to properly model the dc controls because the overvoltages can be

affected by the control response.

2.2 SELECTION OF THE HYBRID LINE [3]

The limited resources available for this study prohibit extensive examination of many different
hybrid line configurations and voltages. Instead, one representative configuration of conductors and

voltages is proposed based on responses from a survey of major North American utilities who may be
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Figure 2 .2 : Modified tower top of a gulfport structure to accommodate the dc line [2]

considering the use of an ac—dc hybrid transmission line. The Manitoba HVDC Research Centre in

1987 undertook such a survey and the results are summarized as follow:

None of the utilities contacted at that time, with the exception of Southern California Edison, were
considering adding a dc circuit to an ac circuit or converging an ac circuit to dc. A number of utilities
expressed interest in a possible future conversion. Southern California Edison were planing to
convert an existing 400 km, 220 kV ac line to dc by having the two outer conductors as the negative
pole and adding an extra conductor to the inner phase for the positive pole. Their reasons were

partially economic and particularly because of right-of-way considerations.

The New York Power Authority have been studying conversion of existing 230kV single circuit lines

of the wood pole “H” frame type to dc. They did not have a specific project planned but foresaw
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pressures based on economics, environmental issues, acquisition of right-of-way and ac system

interconnections, all forcing them into looking at dc conversion in the future,

Manitoba Hydro have indicated that the line in their system most likely to be studied with a view to
providing increased transmission capacity by converting from ac to dc would be the “H”* frame tower

gulfport design.

Most of the other utilities contacted agreed that it was feasible to replace or convert ac conductors for
dc usage. Alternatively, the addition of dc conductors at the overhead ground wire position was also
feasible. However, most of the existing structures are of the single circuit type and not suitable for
conversion unless the whole line is taken out of service for extended periods since the conversion

cannot be done with the line “hot™.

Both Manitoba Hydro and New York Power Authority have indicated that a single circuit 230 kV
wood pole line is a good candidate for further study. The New York Power Authority studies have
been with “H” frames whereas the Manitoba Hydro line is the similar wood pole ““gulfport™
structure. Since the latter type of structure is common use throughout North America, it is proposed
that the Manitoba Hydro 230 kV gulfport structure be selected as a representative structure for

conversion to a hybrid transmission line.

2.3 MAIN SYSTEM DATA

The study system was adapted from an earlier investigation [3] , and is based on a potential upgrade of
an existing tie line between Manitoba Hydro and the Northern United States. The strong sending and
receiving end systems (6800 MVA) are typical of this situation. The dc filters include a 12th harmonic

filter and a high pass filter.

Figure 2.3 shows the hybrid ac—dc system modélled in the study. The total transmission distance is
390 km. The ac transmission line is rated at 230 kV, 300 MW and the dc scheme is a bipolar +/— 250
kV, 600 MW transmission system. The tower geometry is as shown in Figure 2 .2, and an earth
resistivities of 100 ohm—m is assumed. Sensitivity studies were also carried out at resistivity of 10 and

1000 ohm-m. The ac filters include a tuned 11th, 13th filter, a high pass filter and, together with a

11



fixed shunt capacitor, provide 200 Mvar of reactive power. The ac system equivalent has damping
angle of 80° and a short circuit capacity of 6800 MVA. The transmission line was divided in five
equally spaced locations called TL.1, TL2, TL3, TL4, TLS in between the rectifier and inverter. Each
segment represents 65 km. Different types of faults were applied at either the sending or receiving

ends or any one of the five equally spaced locations and the overvoltages were measured.

A blocking filter (BF) consisting of a parallel L-C combination was included to limit the flow of 60

Hz current in the dc line. The electrodes and electrode lines were modelled as lumped R~L elements.

+/-250 kV DC
600 MW

REC INV

AC System TL1 TL2 TL3 TL4 TLS AC System
6800 MVA g 6800 MVA
Short Circuit Capacity, Short Circuit Capacity

Q{1

r
|
o |
! Transmission Line 1%

| H—
| ( Hybrid ) y
|
|
|
|

<

~A>

230 kV AC (3 Phase)

300 MW

Figure 2 .3 : Simplified single line diagram of the ac—dc hybrid transmission line
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2.4 ACSYSTEM EQUIVALENT

The rated ac voltages at the commutation bus at both the rectifier and inverter were chosen to be 230
kV, line-line, rms at 60 Hz. The relative strength of each ac system compared with dc system capacity
may be best quantified by the effective short circuit ratio (ESCR) or the short circuit ratio (SCR) as

follows:

MVA sys — Mvar additional
MW dc link

ESCR =

(2.1)

MVA sys
SCR = 2

= e D70 2.2
MW dc link ( )

where at the rectifier and inverter:

MVA sys = Ac system equivalent fault level MVA = 6800 MVA

Mvar additional = Additional Mvar (filters, shunt capacitors) = 200 Mvar
MW dc link = Total dc link MW rating = 600 MW

.0 — 200.
Escr = 58000 -2000 _ 4 (223)
600.0

6800.0

SCR = 500

= 1133 (2.4)

The ac system equivalent circuit shown in Figure 2 .4 was used for both the rectifier and the inverter

ac system representation:

The parameters in the equivalent circuit are chosen such that the damping angle of the system

equivalent at the fundamental frequency (60 Hz) is equal to 80°.

The plots of impedance and impedance angle versus frequency for the ac system equivalents

(excluding the ac filters) are shown in Figure 2.5 .

2.5 ACFILTERS

The rectifier and the inverter each has a total of 150.0 Mvar of filters connected to the ac bus. The 11th

and 13thharmonic and high pass filters are each rated at 50.0 Mvar at both ends. At both ends a Cshunt

13
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Figure 2 .4: Ac system equivalent representation.

type filter is provided to make up the remaining 50.0 Mvar. The ac filters parameters are summarized

in Figure 2.6 and Table 2.1

The impedance and impedance angle versus frequency plots for the entire ac system equivalent (with

filters and shunt capacitors included) are shown in Figure 2.7 .
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Figure 2 .5 : Ac system equivalent impedance and impedance angle (rectifier and inverter).
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Figure 2 .6 : Single line diagram of ac filters.
Table 2 .1 : Ac filters data for the rectifier and inverter.
filter 11 th 13 th hp Cshunt

Q (Mvar) 50.0 50.0 50.0 50.0
fn (Hz) 660.0 780.0 1260.0 -
Quality factor (fn) 100.0 100.0 1.0 -
C (ubF) 2.5 2.5 2.5 2.5
L (mH) 23.26 16.65 6.38 -
R (ohms) 0.965 0.816 50.51 -

2.6 CONVERTER TRANSFORMERS

The converter transformers consist of three phase two winding units arranged to produce the desired
star—star or star—delta configurations required for 12 pulse operation. The converter transformer data

is summarized in Table 2 .2.
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Table 2 .2 : Converter Transformer data.

Rectifier Inverter

Base MVA rating per three phase unit (MVA) 146.0 143.0
Rated line side line-~line voltage (kV rms) 230.0 230.0
Rated valve side line—line voltage (kV rms) 108 97.4
Leakage reactance at nominal tap (%) 13.0 12.6
Air core reactance (p.u.) 0.2 0.2

Knee point voltage at nominal tap (p.u.) 1.25 1.25
In rush decay time constant (s) 1.0 1.0

160
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Figure 2 .7 : Impedance plots for the ac system (including filters and shunt capacitors).
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2.7 HYBRID AC-DC LINE

The hybrid line is assumed to be 390 km long. The conductor data is summarized in Table 2.3 . A
ground resistivity of 100 ohm-m was assumed. Details of the transmission line conductor and tower

configuration are summarized in Figure 2 .8 .

Table 2 .3 : Transmission line conductor data.

conductor data

ac conductor dc conductor ground wire

AC AC AC DC DC GW GW
Conductor number Cl C2 C3 4 Cs GW1 Gw2
Conductor type chukar |chukar |chukar | chukar |chukar | 7/16 steel |7/16 steel
Conductor radius (cm) 1.481 1.481 1.481 1.908 1.908 0.554 0.554
Dc resistance (ohms/km) 0.05906 | 0.05906 | 0.05906 || 0.03576 {0.03576 [ 2.79617 |2.79617
Height at tower y(m) 8.825 9.925 8.825 11.79 11.79 14.224 14.224
Mid-span height (m) 6.1 7.2 6.1 8.54 8.54 X X
Horiz. dist. x(m) 0.0 5.486 10973 [[-0.264 [11.236 | 2.743 8.23

GW1 GwW2
R wm——— @ (]
C4 Cs
A @ @
C2
A Cl © C3
@ @
14.224 m
11.79 m
9.925 m
8.825m
y

v v v >

Figure 2 .8 : Transmission line conductor configuration.
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Earlier work performed by the Manitoba HVDC Research Centre developed conceptual outline for
the ac—dc hybrid structure. The main results, related to the Gulfport structure used in this study is

described in sections 2.7.1 to 2.7.5 [8].

2.7.1 ADDITIONAL POWER PROVIDED BY THE DC BIPOLE [8]

The 230 kV Gulport line would normally be expected to carry approximately 300 MW. Table 2 .4
shows that by adding the dc bipole to the Gulport structure, the power that is presently carried would
be more than doubled. If it is assumed that there is always some wind present, the normal ampacity at
40°C with sun present, is 1216 A whichat + 250 kV gives a power level of 608 MW, an increase of

200% over the present level of the 230 kV line.

Table 2 .4 : Power provided by the dc bipole.

voltage +/— 250 kV, conductor 1 x 1.908 radius per pole
N=Normal E=Emergency Y =Yes N=not
sun amb. t. wind speed ampacity power level
&0 (m/s) N E N E
80°C 95°C 80°C 95°%C
Y 40 0.0 881 1141 440 570
N 40 0.0 1105 1314 553 657
Y 40 0.61 1216 1463 608 732
N 40 0.61 1386 1601 693 800
Y 50 0.0 669 985 335 492
N 50 0.0 944 1180 472 590
Y 50 0.61 1006 1302 503 651
N 50 0.61 1207 1455 603 728
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2.7.2 ELECTRICAL EFFECTS FROM THE HYBRID LINE [8]

The electrical effects from the hybrid line on the Gulport structure have been assessed based on

separate calculations for the ac and dc circuits respectively, i.e. the effects from the ac circuit were

calculated ignoring the dc circuit and vice verse. The calculated values of conductor surface gradient,

electric field, radio interference (RI) and audible noise (AN) for the separate ac and dc circuits are

shown in Table 2 .5.

Table 2 .5 : Calculated electrical effects

230 kV AC Circuit Only
Phase spacing 5.5 m, conductor 1 x 1.481 radius, mid—span height 6.1 m
Maximum Maximum Rlat 1 MHz AN
Conductor Electric (15m from outer phase) (at edge of ROW’ 15m
Gradient Field Fair-Maximum from centre line)
Rain—-1.50 dB (A)
(kV/cm) (kV/m) dB(uV/m) dB(A)
16.60 53 42.3 46.5
Generally Accepted Limits:
{Based on current practice) [12] 48.0 52.0
+/— 250 kV DC Circuit Only
conductor 1 x 1.908 radius, mid—span height 8.54 m
. . AN
. Maximum Maximum RIat1 MHz
Maximum . (at edge of
Nominal Total (15m from outer
Conductor . . ROW, 15m from
! Electric Electric phase) .
Gradient . . . : centre line)
Field Field Fair—Maximum .
Rain-L.50
(kV/em) (kV/m) (kV/m) dB(uV/m) dB(A)
21.14 6.18 16.2 49.2 31.9
Generally Accepted
(Recommended Limits:) [12] 300 520 2.0

Based on references [9] [10] it can be predicted that the principle effect of the hybrid arrangement,

with the dc circuit above the ac circuit, will be to increase the maximum conductor surface gradienton
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the ac conductors with resultant increase in RI and AN. The ac circuit will provide a significant
screening effect on the dc electric field, ion current and charge densities at ground level and no

problem is expected from the dc line electrical effects.

Examination of Table 2.5 shows that for the ac circuit there is a margin of nearly 6 dB(uV/m)
between the calculated fair weather maximum RI, 42.3 dB(pV/m), and the recommended limit of
48.0dB (uV/m) for this weather condition and 230k V voltage class [11] [12]. The calculated AN also
has a nearly 6 dB(A) margin between the calculated rainy weather L50 value (46.5 dB(A)) and the
recommended limit of 52 dB(A) [13] [14] [15].

Table 2.5 indicates that + 250 kV is marginally acceptable with the proposed arrangement but

further studies should be carried out, particularly on the RI and AN from the ac circuit.

2.7.3 INSULATION [8]

Insulation for the dc line to be added to the Gulfport structure has been based on an insulator
arrangement proposed for special applications on another HVDC project. The arrangement is, in
essence, an insulated crossarm with the strut portion composed of a solid post type insulator and tie
portion composed of normal cap and pin type insulators. The dimensions presented in Table 2.3 are

based upon light contamination levels requiring a specific creep factor of only 23 mm/kV.

2.7.4 HOT LINE CONSTRUCTION AND MAINTENANCE [8]

With the Gulfport structure, the fact that the dc conductors are located almost directly above the outer
conductors of the ac circuit makes it extremely difficult to install the dc conductors while the ac circuit
is live. The new pole top arrangement could be lifted into place either with a tall crane or by helicopter,
however, the dc conductors would need to be lifted into place under tension in order for the dc
conductor sags to match the sags of the ac conductors and this could prove extremely difficult. It is

considered unlikely that it would be possible to install the dc conductors while the ac circuit is live.

Hot line maintenance aspects of the Gulport hybrid arrangement were discussed with Manitoba
Hydro. No major difficulties are foreseen in being able to carry out maintenance on either the ac ordc

circuits while the lines are live.
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2.7.5 LIGHTNING PERFORMANCE OF HYBRID LINE [8]

The conceptual arrangements for the hybrid ac—dc towers that are considered in this report retain the
use of overhead shield wires on the structures. The dc circuit is located above the existing 230 kV ac

circuit and the overhead shield wires are raised about 2.4m.

With this arrangement, the ac circuit is shielded by both the dc circuit and the overhead shield wires
and hence the probability of direct lightning strokes to the ac conductors will be reduced. The
probability of back—flashovers from the ac circuit to the ground lead on the structure may increase
slightly due to the greater height of the overhead shield wires, but the increase is expected to be small

or negligible. On an overall basis, the lightning performance of the ac circuit should be improved.

The dc circuit will be shielded by the overhead shield wires. The shielded angle will be about 51
degrees. With this relatively large shielding angle, there would likely be a significantnumber of direct
lightning strokes to the dc circuit. However, this should be acceptable because of the relatively small
disturbance to the ac system caused by the dc line monopolar faults and the rapid restart capability of a

dc system.

2.8 ELECTRODE LINE PARAMETERS

The electrode lines at each end were modelled as lumped R-L elements, terminating in ground

electrodes with 0.1 ohms grounding resistance as shown in Figure 2.9 .

0.9 20.0 0.1

M—TH Ay It

electrode line ground electrode

resistance in € and inductance in mH

Figure 2 .9 : Electrode line and ground electrode.
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2.9 DC FILTERS

The filters ateach end of the dc line consists of a 12th harmonic filter and a high pass filter tuned to the
24th harmonic frequency. The components and parameters of the filters at each end are summarized

in Figure 2.10.

Dc bus 250 kv

<t

S W S W

O

™~

iE
< [an]
S =g

o

58S

12 th high pass

All resistances in €, inductances in mH and capacitances in uF

Figure 2 .10 : Single line diagram of dc filters.

2.10 THYRISTOR VALVES

The thyristor valves for the bipole are arranged in two 12 pulse poles. The basic components and

parameters of the valve are summarized in Figure 2 .11 .
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Figure 2 .11 : Thyristor valve components.

Table 2 .6 : Thyristor valve components.

Forward breakover voltage (kV)

Snubber resistance Rs (ohms) 5000.0
Snubber capacitance Cs (uF) 0.05
Snubber inductance Ls (mH) 1.0
Valve reactor inductance (at rated current) Lm (mH) 1.0
Valve ON resistance Rv (ohms) 0.01
Valve OFF resistance (ohms) 1.0E6
Forward voltage drop (kV) 0.001
1.0E5

2.11 BLOCKING FILTERS (BF)

A blocking filter (BF) consisting of a parallel L-C combination was included to limit the flow of 60
Hz current in the dc line. The blocking filters were simulated with quality factors for the inductance
equal to 200. Blocking filter as shown in Figure 2 .12 was used in the converter station, at both ends.
A 39 kV rated metal oxide arrester was installed in order to protect the blocking filter against

overvoltage. Figure 2.13 shows a curve of the blocking filter impedance IZ! and phase angle versus

frequency without the arrester.
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1Z1 Cohims)

Phase angle (deg.)

8000

4500

[N L
m Zn0 Surge Arrester
Ri : 0KV

Quality Factor of L= 200
Quality Factor of L.C=350

Rl = 1885 R2 =0.1885 L=0.1 C=70.36

All resistances in Q, inductances in H and capacitances in uF

Figure 2 .12 : Blocking filter design.
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Figure 2 .13 : Impedance plots for the blocking filter.

a) without the resistor R1
b) with the resistor R1
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2.12 OTHER CONVERTER EQUIPMENT

The smoothing reactor at each end of the dc line consist of air core reactors, each of 0.5 H.

2.13 DC CONTROLS

The control system for the HVDC converter is shown in Figure 2 .14 and was modified from that
proposed in the first CIGRE benchmark model [16]. The basic control system has a current control
path which generates a firing angle order that attempts to keep the measured current equal to the
ordered current. This mode of control is normally active at the rectifier. The ordered current is
effectively reduced during dc undervoltage conditions via a signal from the voltage dependent
current limit (Vdc). The firing angle order is generated as the output of a proportional-integral (PI)
type controller which ensures zero steady—state error. The inverse cosine nonlinear block linearizes

the relationship between current error and the converter dc voltage.

Ide ref. Idc margin
Idc meas. /
£ b Kp+KI/S >I cos-!
Vdc
—> S \ W
QL order
VDCL -
SELECT
L= wax |
cur. error 180 °
‘Y meas. + \"' /
X Kp+KI/S

/

S

Yref

Figure 2 .14 : Simplified dc control diagram.

A second path regulates the extinction angle () of the the inverter to a set reference value (yref) by

generating a firing angle order using PI control. This mode is normally active at the inverter. The yref
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value can be effectively increased for a current less than the ordered current by means of the current
error signal . The actual selection between the current control and the extinction angle control paths is
achieved by selecting the smaller of the two firing angle orders. (Note: The inputs to the “Select
Max” block in Figure 2 .14 are actually p=180°-a., so the minimum « is selected by choosing the

maximum j).

2.14 SINGLE LINE DIAGRAM OF THE HYBRID AC-DC SYSTEM

A single line diagram of this study system with the main components is shown in Figure 2 .15 .

2.15 INITIALIZATION OF THE SIMULATION (WAVEFORMS)

Figure 2.16 and 2 .17 show the waveforms of the hybrid ac—dc system during the initialization of
the simulation and during the steady state, respectively. The load flow was calculated using a
MATHCAD program. The voltage and phase at both ac source ends and the adjust of the tap of the

transformers are described below.

VREC = 245kV X 45°
VINV = 238kV % —10°
Tap REC = 1.05

Tap INV = 1.0

26



230kV 4 250kV DC
0.5 300 MW
2307108 L O
169 MVA
230/108 |
169 MVA
6300 MVA 203104 _%% ZS =
1.01447 et E - —]
lx;’ 70.36 7~ = 100
0.9 0.02 0.1
N N AN—I
HP ‘
i e__
13 th _
]
tith 3% K
|||—|e— /l\
25 T o
e 250 kV DC
300 MW

/

—~v~ 230kV AC (3 Phase )

300 MW
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Figure 2 .15 : Single line diagram of the system studied (Rectifier and Inverter).
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Figure 2 .16 : Waveforms of the hybrid ac—dc system during the initialization of the simulation.

a) Dc voltage at rectifier positive and negative pole

b) Dc current at rectifier positive pole f) Ac and dc power at rectifier

¢) Alpha order rectifier positive pole g) Rectifier ac current phase a (ac system)
d) Rectifier ac voltage phase a h) Rectifier ac current phase a (dc system)

e) Inverter ac voltage phase a i) Rectifier ac current phase a (ac + dc system)
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Figure 2 .17 : Waveforms of the hybrid ac—dc system in steady state.

a, b) Dc voltage at rectifier

) Voltage across the blocking filter
¢) Dc voltage at rectifier positive pole,
before and after the smoothing reactor ~ g) Rectifier ac current phase a (ac and dc system)

d) Alpha order rectifier positive pole h) Rectifier and inverter ac voltage phase a

e) Dc current at rectifier positive pole 1) Voltage on the secondary of the converter transformer
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Chapter 3

Overvoltages Studies

The study was conducted primarily to evaluate voltage profiles along the ac—dc hybrid line for ac and
dc line faults of different types and at a number of different locations. During the course of the study it
was discovered that in some of the original study data was inappropriate as it resulted in a sharply
tuned resonance on the dc line which lead to high overvoltages on the dc line during single line to
ground ac faults. It was also observed that during ac—-dc contact faults there were high fundamental
frequency overvoltages on the blocking filters. Even after fault clearing these overvoltages were very
poorly damped. Remedial measures were investigated and verified using digital simulation [17],

[18].

3.1 SECOND HARMONIC OVERVOLTAGE

3.1.1 RESONANCES

The originally selected value for the smoothing reactor (L) resulted in excessive 2" harmonic
overvoltage on the dc side when the ac system was subjected to a single line to ground fault.
Figure 3 .1 shows a plot of the dc line voltage during this condition. Such a fault introduces a 2"
harmonic component in the dc current and can cause excessive harmonic overvoltages if a resonance

condition exists at the corresponding harmonic frequency.
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Figure 3 .1 : 2nd harmonic overvoltage on the dc line for an ac single line to ground fault, L=0.5 H.

This indicated that the original selection of component values was not appropriate. A frequency scan
of the dc network was performed by isolating the dc transmission line at the rectifier end and exciting
it with a train of impulses. It was found that the combination of the smoothing reactance, the line and

the dc filters resonanted at a frequency very close to 120 Hz.

The smoothing reactor, at both ends of the converter was changed in order to find an appropriate value
which gives lower 2nd harmonic overvoltage in the dc system when the ac system was subjected toa

single line to ground fault.

Figure 3 .2 shows asimplified diagram of the hybrid ac—dc system used in performing the frequency
scan. A train of impulse, represented by a voltage source, was applied at the rectifier side. The current
flowing into the dc transmission line was measured by an ammeter. The smoothing reactors (L) and
the dc filters at both ends and the hybrid ac—dc transmission line were represented in the circuit. The
dc line at the inverter end and the ac line were short circuited by a resistance of very small value,

R=0.01 ohm.
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A fourier analyses of the relation V/I was performed for different values of inductance (L) of the
smoothing reactor. Figure 3 .3 shows the result of the resonance frequency of the dc system as a
function of the inductance (L). In order to reduce the overvoltage on the dc line the inductance of
smoothing reactor was chosen to shift the resonance point towards the 3rd harmonic frequency.

Therefor the inductance of 0.25 H was selected. Figure 3 .4 shows the results of overvoltages on the

Figure 3 .2 : Frequency scan of the ac—dc hybrid system.
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dc line when a single line to ground fault was applied at the rectifier for different values of inductance

of the smoothing reactor.

300

N

T 240

2

g 180

=

g 120

ia @ e e
0 0.25 0.5 0.75 1 1.25 15

Inductance of the smoothing reactor (H)

Figure 3 .3 : Resonant frequency as function of the smoothing reactor inductance.
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Inductance of the smoothing reactor (H)

Figure 3 .4 : Dc line overvoltages for single line to ground fault, for different values of inductance.

Subsequent simulations showed that the 2" harmonic overvoltage was greatly reduced, as shown in

Figure 3.5.
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Figure 3 .5 : 2nd harmonic overvoltage on the dc line for an ac single line to ground fault, L= 0.25 H.

The inductance of such a reactor is usually determined from two main considerations [20]:

a) to prevent consequent commutation failures in the inverter by limiting the rate of increase of direct

current during commutation in one bridge when the direct voltage of another bridge collapses.

b) to smooth the ripple in the direct current sufficiently to prevent the current from becoming

discontinuous or almost so at light loads.

Practically speaking, then, a smoothing reactor is always required, and its inductance is the principal

factor limiting the rate of rise of direct current.

When the inductance was reduced from 0.25 H there was a problem of commutation failure, This
problem was solved by making a modification in the control system. A delay filter was added to the
input of control system, for the following parameters: the measured current in the rectifier and

inverter; gamma measurement in the inverter and middle voltage of the dc line.

3.1.2 SECOND HARMONIC OVERVOLTAGE VERSUS COUPLING EFFECT

A single line to ground fault applied on the ac system generates 2nd harmonic overvoltages on the dc
system as we have seen in the previous section. In this section we are going to evaluate the influence of

the coupling effect between the ac line on the dc line in this 2nd harmonic overvoltage.
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In order to investigate this overvoltage on the dc line a study was conducted on four system

configurations as shown in Figure 3 .6 and described below.

a) hybrid ac—dc configuration and same ac source;

b) ac and dc line share the same sending and receiving end systems with the ac and dc lines not

electromagnetically coupled;

c¢)ac and dc lines ending in different ac systems but sharing the same right of way with the ac and dc

lines electromagnetically coupled;
d) dc line without any parallel ac line.

Figure 3.7 and 3.8 show theresults of the maximum dc overvoltages recorded any where along the
line foran ac single line to ground fault applied ateach locations REC, TL.1, TL3, TL4, TL5 and INV.
Faults were simulated at time intervals of 24° of inception point of the fault in one period
(360°24°=15 fault inception points) and the maximum overvoltage at any of the measuring locations
was recorded. Figure 3.7 a) shows the maximum overvoltage for each fault applied, 15 faults were
applied per location, and consequently 105 faults were applied along the line (REC, TL1, TL2,...
INV). Figure 3 .7 b) shows the enlargement of Figure 3.7 a) (only for the fault applied at the
rectifier location). The numbers 1,2,3,...15 on x axis in Figure 3.7 b) represent the points of fault

inception along of one period of sinewave (1/60 s ).

In case D the fault is only applied at the rectifier or inverter ends as there is no ac line along which to

move the fault position. Hence only the REC and INV locations have bars for case D in Figure 3 .8.
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Figure 3 .6 : System configurations for ac single
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Figure 3 .7 : Maximum dc line overvoltage recorded any where along the line for an ac single line to ground
fault for different system configurations, a)L.ocation where the fault was applied along the line (15 points of
fault inception/location), b)Enlargement of Figure a) above (only for the REC location).

A — Ac line transposed and with coupling

B ~ Ac and dc lines are not electromagnetically coupled

C — Ac and dc sources are independent (ac—dc line coupled)
D — Only dc line

After an investigation of the overvoltage on the dc line for ac single line to ground fault the following

conclusions can be made:

a) Forthe case A , B and D where the ac source supplies both the current fault and dc converter there is
always a 2nd harmonic overvoltage on the dc line when the ac single line to ground fault is applied at
the rectifier side. The reason for the 2nd harmonic overvoltage is due to the negative—sequence
voltage component generated at the rectifier side during the fault. The overvoltages for faults at other

line locations (TL1, TL2, ... etc.) are mainly fundamental frequency overvoltages and because of the
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Figure 3 .8 : Maximum dc line overvoltage profile for ac single line to ground fault.

line coupling, this fundamental frequency overvoltage does exist (and in fact is largest at locations

TL2 through TLS) for case C. However the maximum overvoltages are relatively low.

b) For case B the overvoltage along the dc line is much smaller compared to the other cases because
there is no coupling effect between the ac and dc lines. Only for the fault applied at the rectifier, the
overvoltages are almost the same as in the other cases because in this situation the overvoltage is

principally 2nd harmonic overvoltage.

¢)Inthe case C there isno significant negative—sequence voltage component on the converter bus due
to the lack of a direct connection between the systems. Hence no significant second harmonic exists
on the dc line, and consequently case C shows the lowest overvoltage for a fault at the rectifier

location. In this case the overvoltage are due only the coupling effect between the lines.

Figure 3.8 only shows the overvoltage crest magnitude, but says nothing about the frequency. For
rectifier faults, ac bus waveforms show that cases A, B and D produce second harmonic overvoltages,

whereas the overvoltage for C is of fundamental frequency.

It can also be seen that the overvoltage for rectifier fault is higher for case A than for B and D. This
shows that the coupling effect of the ac line (as in case A) does present a higher impedance to the 2nd
harmonic and hence results in higher overvoltages. It should also be noted that we have carried out

inductive coordination in the original study to the extent possible without the addition of 2nd
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harmonic filters (as described in section 3.1 .1 ) and that we have moved the resonance from 2nd

harmonic to 3rd harmonic to reduce this overvoltage as much as possible.

The explanation of the 2nd harmonic overvoltage on the dc line is due to the negative—sequence
component which is generated during the single line to ground fault. In the single line to ground fault,
three sequences components are present during the fault (positive, negative and zero sequence).
These components generate the dc voltage, 2nd harmonic and zero voltage in the dc side of the
converter, respectively. Figure 3.9 illustrates how the converter behaves when the three sequence

components are applied individually in the ac side during an ac single line to ground fault.

dc line
a) Zero—sequence I %‘— i Vde=0.0
| I
dc line
b) Positive-sequence | é"‘_ x Dc Voltage
I
de line

c) Negative—sequence ! 2nd harmonic

T

| A

Figure 3 .9 : Illustration of the converter for sequence component applied in the ac side.
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3.1.3 EFFECT OF NEGATIVE-SEQUENCE VOLTAGE ON DC LINE
OVERVOLTAGES

Figure 3 .10 shows how the negative—sequence voltage component effects the dc line overvoltage.
In this case the negative—sequence voltage was increased from 0% to 30% (related to the
positive—sequence voltage in the ac source of the rectifier side). Immediately after the
negative—sequence was applied (at time=0.01 seconds), the maximum dc line voltage increased from

1.04 pu to 1.50 pu with the 2nd harmonic component,

Figure 3 .11 shows the negative-sequence voltage versus maximum dc line overvoltage
characteristic on the hybrid ac-dc system. We can see that the dc line overvoltage increases

proportionally to the magnitude of the negative—sequence voltage applied at the ac source at the

rectifier.
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Figure 3 .10 : Generation of 2nd harmonic overvoltage on the dc line with generation of 30%
negative-sequence voltage in the ac rectifier source.
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Figure 3 .11 : Negative-sequence voltage versus maximum dc overvoltage.

3.1.4 SECOND HARMONIC FILTER

In order to reduce the 2nd harmonic overvoltage on the dc line a 2nd harmonic filter was installed at
bothrectifier and inverter ends. Three different parameters of the 2nd harmonic filter were selected as

shown in Figure 3 .12 and table 3.1.

Table 3 .1 : 2nd harmonic filter

2nd harmonic filter
Quality factor 40 40 40
Capacitance C2 (uF) 0.1 0.5 1.0
Inductance L2 (H) 17.59 1.759 3.518
Resistance R2 (ohms) 331.57 33.157 66.315

Figure 3 .13 shows the impedance x frequency characteristics of these three 2nd harmonic filters.
With inclusion of the 2nd harmonic filter the overvoltage on the dc line at the rectifier side was

substantially reduced as shown in table 3.2.
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Figure 3 .12 : Single line diagram of 2nd harmonic filter.

o C=0IuwF o C=05uF
& C=10vF

5 /
/ it
25 -
/ﬁ/
\ /
0
40 80 120 160 200 240 280 320 360

Frequency (Hz)

Figure 3 .13 : Impedance x frequency characteristic of the 2nd harmonic filters.
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Table 3 .2 : 2nd harmonic overvoltage for ac single line to ground fault

Filter capacitance

Maximum dc overvoltage

(uF) (pw)
faults applied at REC faults applied at TL1
Without 2nd harm. filter 1.89 1.46
C=0.1 1.76 1.45
C=0.5 1.56 1.42
C=1.0 1.45 1.39

On the other hand the 2nd harmonic filter shows no effect in the dc overvoltage along the dc line when
the ac single line to ground fault is applied at a location along the line other than rectifier side. Figure
3 .14 a) shows the overvoltage profile on the dc line for the ac single line to ground fault for three
different 2nd harmonic filters (C=0.1, 0.5 and 1.0 puF). As we can see in table 3.2 and Figure 3.14,
there was not a significant reduction of overvoltage along the dc line at locations TL1, TL2, TL3,

TL4, TLS and INV. At these locations on the hybrid system the overvoltages are mainly due to the

coupling effect between the ac and dc lines.
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Figure 3 .14 : Maximum dc line overvoltage recorded any where along the line for an ac single line to
ground fault for different 2nd harmonic filters, a)Location where the fault was applied along the line (15
points of fault inception/location), b)Enlargement of Figure a) above (only for the REC location).

Figure 3 .15 shows the dc line overvoltages for two others types of faults, ac—dc contact fault to
ground (CFG) and ac line to line fault, that generates negative—sequence voltage components. In

these cases the overvoltages present approximately the same profile as we have for the ac single line to

ground fault.
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Figure 3 .15 : Maximum dc line overvoltage recorded any where along the line for different 2nd
harmonic filters, a) Ac—dc conductor contact fault to ground, b) Ac line to line fault.

This study shows that addition of a second harmonic filter branch would reduce the dc line

overvoltages for the ac line to ground, ac—dc conductor contact and line to line faults. The cost of such

filters would need to be weighed against the cost of providing increased insulation on the dc line.

3.2 LINE OVERVOLTAGE STUDIES

Ac and dc line overvoltages were calculated for the following types of fault:

a) ac single line to ground (1.Gac);
b) ac line to line to ground (LLG);
¢) ac line to line (LL);

d) ac three phase to ground (LLLG);
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e) ac—dc conductor contact fault (CF);
) ac—dc to ground contact fault (CFG);
¢) dc conductor to ground fault (LGdc).

These faults were applied at either the sending or receiving ends or at any one of the five equally
spaced locations in between. Each segment represents 65 km of line. The overvoltages were recorded

at these locations for all faults at all locations.

The base configuration which was simulated for the majority of the cases reported in this paper was as
described in chapter 2 and shown in Figure 2.3 . Anelectromagnetic transient simulation program
PSCAD/EMTDC was used in this study. Appendix A shows the PSCAD/EMTDC draft diagram.

Sensitivity studies were also carried out for the following conditions:

a) soil resistivity of 10 ohms-m and 1000 ohms-m;

b) ac system short circuit capacity reduced to 1700 MVA (SCR=2.84) at both ends.
¢) no transpositions of the ac conductors.

d) only dc line transposition

e) Bergeron transmission line model

Faults were simulated at time intervals of 24° of inception point of the fault in one period
(360%24°%=15 fault inception points) and the maximum overvoltage atany of the measuring locations

was recorded. Additional information on fault philosophy are described in section 3.8 .

Figures 3.16, 3 .17 and 3 .18 indicate the maximum overvoltages recorded anywhere along the ac
and dc lines for two different ac system strengths, seven different fault types and three different
system configurations. The system strengths used in the simulation are 6800 and 1700 MVA, which
corresponds to short circuit ratios (SCR) of 11.33 and 2.84 respectively. Each Figure ( 3 .16,
3.17 and 3.18) compares the results between the stronger and the weaker system. The system

configurations are the following:

a) ac line transposed (hybrid line);



b) no coupling between the ac and dc lines (ac and dc lines on different towers);
¢) ac line untransposed (hybrid line).

Figures 3 .19 and 3 .20 show the same results of the Figures 3 .16, 3.17and 3 .18 butina
different way. In this case each Figure compares the results between system configuration for each

system strength.
From these Figures we can conclude:

a) the dc line overvoltages are more severe for the stronger (6800 MVA) system. Note also that the
ac—dc hybrid line considered here can also experience overvoltages due to the new fault types (CF
and CFG ) which would not be experienced by a dc line in isolation. The latter would experience only

the LGdc type of fault.

b) the ac line overvoltages are larger when the system is weaker for all faults involving only the ac
conductors (LL, LLG, LLLG, LGac ). However when the fault involves a dc¢ conductor ( CFG, CF,
LGdc), the overvoltage is larger for the stronger system. One possible explanation for this is that the
dc fault current is larger for the stronger system and thus there is a larger coupling into the unfaulted ac

conductor.

¢) the overvoltages are larger when the ac—dc system is electromagnetically coupled. This is more

pronounced for ac line overvoltages when the faults involving only the dc conductors.

d) in general the overvoltages on the dc line and on the stronger system are larger when the ac

conductors are untransposed.

e) with ac—dc contact faults and dc line faults the ac overvoltages are smaller for the weaker system.
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Figure 3 .16 : Maximum dc and ac line overvoltage for different types of faults.
( ac line transposed)
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Figure 3 .17 : Maximum dc and ac line overvoltage for different types of faults.
( no coupling between ac and dc lines )
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Figure 3 .18 : Maximum dc and ac line overvoltage for different types of faults.

( ac line not transposed )
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Type of Fault Applied Type of Fault Applicd
6800 MVA (transposed) 3 6800 MVA (no coupling) B2 6860 MVA (untransposed)

Figure 3 .19 : Maximum dc and ac line overvoltage for different types of faults and system configuration.
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LGac LL LLG LLLG CF CFG LGdc LGac LL LLG LLLG CF CFG LGdc
Type of Fault Applied Type of Fault Applied

X1 1700 MVA (transposed) 3 1700 MVA (o coupling) 1700 MVA (untransposed)

Figure 3 .20 : Maximum dc and ac line overvoltage for different types of faults and system configurations.

Figures 3.21, 3.22, 3.23 and 3 .24 indicate the maximum ac and dc line overvoltages calculated
anywhere along the ac and dc lines, as a function of the location where the fault was applied. These
overvoltages were calculated for two different ac system strengths, seven different fault types and

three different system configurations.

The main conclusions derived afe shown intables 3.3 and 3 4.
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Figure 3 .21 : Maximum ac line overvolatge at points along the line as a function of location where the
fault was applied (SCR=11.33).
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Figure 3 .22 : Maximum dc line overvoltage at points along the line as a function of location where the
fault was applied (SCR=11.33).
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Table 3 .3 : Comparison between ac and dc line results, SCR=11.33

fault ac line dc line
type
(Figure 3 .21) (Figure 3.22)
I—overvoltages are higher when the faults are I-overvoltages are higher when the faults are
applied in the middle of the line; applied in the extremities of the line

CF | 2-overvoltages for the transposed and 2—overvoltages for the transposed and

untransposed cases are approximately the same; | untransposed cases are approximately the

3—overvoltages are lower for the uncoupled same;

case. 3-overvoltages are lower for the uncoupled
case.

l-overvoltages for the transposed and l-overvoltages for the transposed and

CFG |untransposed cases are approximately the same; | untransposed cases are approximately the
2-overvoltages are lower for the uncoupled same;
case. 2—-overvoltages are lower for the uncoupled
3-overvoltages are higher when the faults are case.
applied in the middle of the line;

I-overvoltages are higher when the faults are l-overvoltages are higher when the faults are
applied in the middle of the line; applied at the REC;

LGac | 2-overvoltages for the transposed case are 2-overvoltages are lower for the uncoupled
higher than for untransposed. case.

I—overvoltage are higher when the faults are I-overvoltages are higher in the middle of the
applied in the middle of the line; line;

LGdc |2-overvoltages for the transposed case are 2—overvoltages for the untransposed case are
higher than for untransposed; higher than the case transposed;
3-overvoltages are lower for the uncoupled 3-overvoltages are lower for the uncoupled
case. case.

I-overvoltages for the transposed case are I-overvoltages are higher when the faults are
much higher than the case untransposed (in the | applied in the extremities of the line;

LL |Rec); 2—-overvoltages for the untransposed case are
higher than the case transposed,;
3-overvoltages are lower for the uncoupled
case.

I-overvoltages are higher when the faults are 1-overvoltages are lower for the uncoupled

LLG |applied in the middle of the line. case.
l-overvoltages are lower compared to the other | 1-overvoltages are lower for the uncoupied

LLLG |fault types case.
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Table 3 .4 : Comparison between ac and dc line results, SCR=2.84

fault
type

ac line

dc line

l-overvoltages are higher when the faults are

l-overvoltages are lower for the uncoupled

CF | applied in the middle of the line. case.
|-overvoltages for the untransposed case are l-overvoltages are higher when the faults are
CFG | larger than the case transposed; applied in the middle of the line;
2-overvoltages are lower for the no coupled 2—-overvoltages are lower for the uncoupled
case. case.
l-overvoltages are higher in the middle of the l-overvoltages for the transposed case are
LGac |line and at REC; larger than the case untransposed;
2-overvoltages for the transposed case are larger | 2—overvoltages are lower for the uncoupled
than the case untransposed. case.
I-overvoltages are lower for the no coupled 1-overvoltages for the transposed case are
LGdc |case. Iarger than the case untransposed;
2—overvoltages are lower for the uncoupled
case.
1-overvoltages are higher when the faults are
l—overvoltages are higher when the faults are applied at REC;

LL |applied at REC. 2—overvoltages for the untransposed case are
larger than the case transposed;
3—overvoltages are lower for the uncoupled
case.

I-overvoltages are higher when the faults are 1-overvoltages are higher when the faults are
LLG |applied in the middle of the line. applied at TL1 and TL2;
2-overvoltages are lower for the uncoupled
case.
1-overvoltages for the transposed case are
LLLG | l-overvoltages are lower compared to the other | larger than the case untransposed;

fault types.

2-overvoltages are lower for the uncoupled
case.
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Figure 3 .23 : Maximum ac line overvoltage at points along the line as a function of location where the
fault was applied (SCR=2.84).
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Figure 3 .24 : Maximum dc line overvoltage at points along the line as a function of location where the
fault was applied (SCR=2.84).
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3.2.1 AC AND DC OVERVOLTAGES WAVEFORM

3.2.1.1 FAULT APPLIED AT THE RECTIFIER SIDE

Figures 3.25, 3.26 and 3 .27 show typical waveforms of four fault types for which maximum
overvoltages were given in Figures 3 .21, 3 .22, 3 23 and 3 .24 . The curves include the

following:

a) voltage across the 60 Hz blocking filter at the rectifier;

b) the rectifier end positive and negative pole dc current;

¢) the rectifier end positive pole and negative pole dc voltages;
d) the three ac phase voltages measured at the rectifier.

e) ac line current

When the fault is applied at the rectifier side and the negative—sequence voltage has high magnitude,
the overvoltage on the dc line will be mainly due to the 2nd harmonic component generated from this
sequence component. Table 3.5 shows the maximum percentage magnitude of the
negative—sequence voltage (related to the positive—sequence voltage) for each type of fault when the

fault is applied at the rectifier side.

Table 3 .5 : Negative—sequence voltage in the rectifier for different fault types

Fault type Maximum negative—sequence voltage
( faults applied at REC)
(%) &V)
LGac 40 56
LL 54 76
LLG 35 50
LLLG 16 22
CF 6 8
CFG 38 54
LGdc 2 3
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Figure 3 .25 : Voltage and current waveforms for ac—dc contact fault (CF).
(fault applied at REC)
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Figure 3 .26 : Voltage and current waveforms for ac—dc contact fault to ground (CFG).
(fault applied at REC)

58

200



b) pu

c) pu

d) pu

e) kA

:
=
§

0 -wﬁ\vﬁ\vm%f\v%/\/\f/\v/ﬁ\
1.20 ol ?
0.60 £\ Jﬁmk

| N
N T A A VAT o ee—
-2.00 X/\,\/ \/\/\/\N\/\Q/\N\/\MMM
L0000 A0 A A nRa00n000s
OO T U SRARUKOCOUAA00R00

O JacRec-A

O JacRec-B

A JacRec-C

Figure 3 .27 : Voltage and current waveforms for ac single line to ground fault (LGac).

50 100

time (s)

(fault applied at REC)

5

=)

200
x10%



3.2.1.2 FAULT APPLIED IN THE MIDDLE OF THE LINE

Figures 3.28, 3.29 and 3 .30 show typical waveforms of three fault types for which maximum
overvoltages were given in Figures 3 .21, 3 .22, 3 .23 and 3 .24 . The curves include the

following:

a) voltage across the 60 Hz blocking filter at the rectifier;

b) the rectifier end positive and negative pole dc current;

¢) the rectifier end positive pole and negative pole dc voltages;
d) the three ac phase voltages measured at the rectifier.

e) ac line current

When the faultis applied in the middle of the line the overvoltages are mainly due to two main factors.
One isrelated to the effect of the transient set up by the traveling wave along the line. The other factor

is due to the 60 Hz coupling effect between the ac and the dc line.

The negative—sequence voltage generated on the rectifier due to the unbalanced condition is
negligible compared to the transient effects described above. Therefore the 2nd harmonic
overvoltage presents slight effect on the dc line overvoltage when the fault is applied in the middle of
the line. Table 3 .6 shows the maximum percentage magnitude of the negative—sequence voltage
(related to the positive~sequence voltage) for each type of fault when the fault is applied in the middle

of the line.

Figures 3 .31, 3.32 and 3 .33 show the waveforms for the ac single line to ground fault applied in
the middle of the line (195 km from the rectifier), at different instant along the sinewave, on the

negative crest, zero crossing and positive crest voltage, respectively.

When the ac single line fault is applied on the negative and the positive crest voltage of the phase
under fault (phase “b’’) the maximum dc line overvoltage is caused by the the high frequency

electromagnetic transient coupling effect generated from the ac line under fault.
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Table 3 .6 : Maximum negative-sequence voltage in the rectifier for different fault types

Fault type Maximum negative—sequence voltage
(fault applied at TL.3 )

(%) kV)
LGac 2 3
LL 6 8
LLG 5 7
LLLG 2 3
CF 2 3
CFG 4 5
LGdc 1 2

When the ac single line fault is applied on the zero crossing voltage the maximum dc line overvoltage

is caused by the 60 Hz electromagnetic coupling effect from the ac line under fault.

Figures 3 .34, 3.35 and 3 .36 show the waveforms of the ac—dc contact fault to ground applied in
the middle of the line. In the case of contact faults between one ac conductor and the positive pole dc
conductor to ground in the middle of the line, the maximum overvoltage occurs when the fault is
applied at the positive crest voltage on the ac line. This results from the addition of the
electromagnetic transient generated during the fault from the ac conductor to the transient generated
from the positive dc conductor. When the fault is applied on the negative crest voltage the transient
generated from the ac conductor is subtracted from the transient generated from the positive pole dc

conductor and the dc line overvoltage will be only due the 60 Hz electromagnetic coupling effect.

Figures 3.37, 3.38 and 3 .39 show the waveforms for the ac-dc contact fault. In this type of fault

the overvoltages are mainly due to the coupling effect between the lines.

Figures 3.40, 3 .41 and 3 .42 show the waveforms for the dc line to ground fault. In this type of

fault the ac and dc overvoltages are higher when the fault is applied in the middle of the line.
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Figure 3 .28 : Voltage and current waveforms for ac—dc conductor contact fault (CF).

(fanlt applied at TL3)

62



a)kVv

b) pu

¢) pu

d) pu

80

10

1.80

0.80

-0.20

2.00

0.00

-2.00

1.50

0.00

-1.50

2.5

O VBFRec-P

© VBFRec-P

A

(VENAV AV AV

Idc Rec - P

O VdcRec-P

O VdcRec-N

O\

]

O VacRec-A
A Vac

O VacRec-B
Rec-C

FER000 9000500000104

A,

JMAAM

EAAENRERTR0RN0NEY
MU

0 JacRec-A

O JacRec-B

A JacRec-C

oo IR

3

m

3

XJ(XX)O(WM

>

0 5

YdVardVi

100

150

time (s)

x10°

200

Figure 3 .29 : Voltage and current waveforms for ac—dc conductor contact fault to ground (CFG).
(fault applied at TL3)

63



12
N N N NN N
= VR WY WY W
-12
1.02 e ?
B 10 2 M\ Ap /\/\ /\/\A/\ Ao
0.98
2,00 O VdcRec-P C VdcRec-N
2 o ]
-2.00 M SR
50 A VaCRe:—CvaCRec—B
= | REA00E00000000000 000000000
° OO: AUV
-1.5
2 o Iac ReCA- AIaC RecO-CIac Rec-B
= 00000 A A A OO0 NNRN000000
s OO00OO0O00OOGO0N
_2 WWW

O VBFRec-P

O VBFRec-P

0 50

100

time (s)

200
x10®

Figure 3 .30 : Voltage and current waveforms for ac single line to ground fault (LGac).
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Figure 3 .31 : Voltage waveforms for ac single line to ground fault.
(fault applied at TL3 at crest of positive voltage phase “b”)
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Figure 3 .32 : Voltage waveforms for ac single line to ground fault.
(fault applied at TL3 at zero crossing voltage phase “b"’)
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Figure 3 .33 : Voltage waveforms for ac single line to ground fault.

(fault applied at TL3 at crest of negative voltage phase “b”)

65



a)pu

b) pu

apu

b) pu

a)pu

b)pu

0 VdeTL3-P

© VdcTL3-N

2.00

\

0.00

\'\FV*/\-\\"’*"/

-2.00

O VacTL3-A

© VacTL3-B

A VacTL3-C

2.00

- -G I

<

SN

0.00

-

A [

=/

-2.00
o 10 20 30 4 50 60
Time (s) x10?
Figure 3 .34 : Voltage waveforms for ac—dc contact fault to ground.
(fault applied at TL3 at crest of positive voltage phase “b"")
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Figure 3 .35 : Voltage waveforms for ac—dc contact fault to ground.
(fault applied at TL3 at zero crossing voltage phase “b’")
o VdeTL3-P © VdcTL3-N
2.00
0.00 ‘\ =1
-2.00
O VacTL3-A © VacTL3-B
A VacTL3-C
2.00
SIS N
-2.00
0 10 20 30 40 50 &80
Time (s) x10%

Figure 3 .36 : Voltage waveforms for ac—dc contact fault to ground.
(fault applied at TL3 at crest of negative voltage phase “b”)
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Figure 3 .37 : Voltage waveforms for ac—dc contact fault.
(fault applied at TL3 at crest of positive voltage phase “b’")
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Figure 3 .38 : Voltage waveforms for ac—dc contact fault.
(fault applied at TL3 at zero crossing voltage phase “b”’)
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Figure 3 .39 : Voltage waveforms for ac—dc contact fault.
(fault applied at TL3 at crest of negative voltage phase “b”’)

67



a)pu

b} pu

a)pu

b) pu

a)pu

by pu

o VdeTL3-P

© VdeTL3-N

\

\‘\F\N,‘,«eﬁ/’_’\

g VacTL3-A

4 VacTL3-C

© VacTL3-B

2.00

-2.00

0.00

2.00

0.00

-2.00

.00

-2.00

2.00

0.00

-2.00

(o] 10

20 30
Time

40
(s)

50 60
x10%

Figure 3 .40 : Voltage waveforms for dc line to ground fault.
(fault applied at TL3 at instant of the crest of positive voltage phase “b”)
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Figure 3 .41 : Voltage waveforms for dc line to ground fault.
(fault applied at TL3 at instant of the zero crossing voltage phase “b”’)
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Figure 3 .42 : Voltage waveforms for dc line to ground fault.
(fault applied at TL3 at instant of the crest of negative voltage phase “b”’)
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3.3 OVERVOLTAGES ON THE BLOCKING FILTERS

As described earlier the blocking filters at the neutral point of the HVDC converters prevent the flow
of 60 Hz currents induced by the ac line into the dc circuit. This avoids saturation of the converter
transformers. However faults such as ac—dc contact faults or line to ground faults on the converter ac
system can set up a 60 Hz oscillation in this tuned filter. Although the dc current has only a small 60 Hz

component, the dc voltage can have a significant 60 Hz component.

Figure 3 .43 shows the dc current and voltages for an ac—dc contact fault. The fault is cleared by
opening the ac circuit breakers on the three phase line at either end. In this case the blocking filter
arrester was not modeled and the overvoltage on the blocking filter was approximately 270 kV. It is
important to limit the overvoltage across the blocking filter because it increases the insulation level

requirement for the converter valves.

Figure 3 .44 shows the same fault with a 39 kV rated metal oxide gapless arrester protecting the
blocking filter. The residual voltage of the arrester is 78 kV crest (10 kA, 8/20 ps). In order to rapidly
damp out the filter oscillation, a resistor was placed across the capacitor to reduce the quality factor of

the blocking filter to 50. The peak overvoltage was then limited to 68 kV crest .

Figure 3 .45 shows the dc overvoltage and arrester energy in the rectifier side for ac—dc contact fault
for three different configurations in the blocking filter. In the first case the ac—dc contact fault was
applied with the blocking filter without arrester and the resistor R1 as shown in Figure 3 .46 a). Inthe
second case the same fault was applied with 39 kV arrester protecting the blocking filter. The energy
absorbed by the arrester was 2630 kJ. For this energy absorption twelve parallel columns are required
(based on an energy capability of 7 kJ / kV(of rated voltage) per arrester column. No attempt was
made to determine the fault case which would be the limit for the energy rating of the blocking filter
arresters. In the last case the ac—dc contact fault was applied with the blocking filter with a 39 kV
arrester and the resistor R1=1885 ohms as shown in Figure 3 .46 b). In this case the energy absorbed

by the arrester was 2470 kJ. The resistor R1 reduced the energy absorbed by the arrester by 6.1%.
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Figure 3 .43 : Voltage and current waveforms for ac—dc contact fault (without blocking filter arrester).
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Figure 3 .44 : Voltage and current waveforms for ac—dc contact fault (with blocking filter arrester).
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Figure 3 .45 : Waveforms for ac—dc contact fault for different blocking filter configurations.

a) Rectifier dc voltage

b) Blocking filter arrester energy
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Figure 3 .46 : Blocking filter design
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3.4 TRANSMISSION LINE MODEL COMPARISON

BERGERON MODEL

The bergeron model is based on a distributed L-C parameter travelling wave line model with lumped
resistance. This model produces a constant surge impedance and is essentially a single frequency
model. The Bergeron method can be used for any general fundamental frequency impedance studies

such as relay testing or matching load—flow results.
THE FREQUENCY-DEPENDENT LINE MODEL

The frequency—dependent line model is basically a distributed R-L—C travelling wave model which
incorporates the frequency dependence of all parameters. Because the Bergeron model is adequate
for studies which essentially only require the correct fundamental frequency impedance, the
frequency-dependent line model should be used for all studies which require frequencies other than
the fundamental to be represented accurately. The frequency—dependent line model is based on the
theory developed by J. Marti [19]. The results for the ac and dc overvoltages with the frequency
dependent transmission line model and the Bergeron model were compared. The comparison was
performed only for the strongest system (SCR=11.33) with the case of hybrid ac—dc line (ac line
transposed) and for the case where there was no electromagnetic coupling between the ac and dc lines.
Figure 3 .47 shows the results for the hybrid ac—dc line case. Figure 3 .48 shows the results for the

case without electromagnetic coupling between the ac—dc lines.

The simulation show that the Bergeron model results in overvoltages that exceed the ones calculated
more accurately from the from the frequency dependent transmission line model. Hence if one is

interested in a worst case design, one could still use the Bergeron model.
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Figure 3 .48 : Maximum dc and ac line overvoltage for different types of faults.
(no coupling between ac and dc lines).

3.5 EFFECT OF BLOCKING FILTER ON AN AC UNTRANSPOSED LINE

The overvoltages were compared for two different configurations in the hybrid ac-dc system,
SCR=11.33. In one configuration the ac conductors were untransposed and with blocking filter (BF)
present and in the other configuration the ac conductors were transposed in the absence of blocking
filter. Figure 3 .49 shows the results of this overvoltage study. The results indicate that for most of the

faults the dc line overvoltages are slightly higher for the case when the ac conductors are transposed
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and without blocking filter, except for dc line to ground and line to line fault where the higherdc line
overvoltage occurs for the other configuration. The ac line overvoltage results show that for most of

the faults the higher overvoltage occurs for the case when the ac conductors are untransposed.
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ac line untransposed and with B 1 acline transposed without BF

Figure 3 .49 : Maximum dc and ac line overvoltage for different types of faults.

3.6 EFFECT OF GROUND RESISTIVITY ON OVERVOLTAGE

A study of the effect of the ground resistivity on the ac and dc overvoltage was carried out. The hybrid
ac—dc system with SCR=11.33 and the ac line transposed was used as the base case. Figure 3 .50

shows the overvoltages obtained for ground resistivities (p) equal to 10, 100 and 1000 ohms—m,

The sensitivity studies showed that the magnitude of calculated dc line overvoltage increases with
ground resistivity with the overvoltage being increased up to 7.8 % for 1000 ohms-—m resistivity and
being reduced up to 9.1% with a ground resistivity of 10 ohms—m. The magnitude of calculated ac
line overvoltage is higher for higher ground resistivity for all faults involving only the ac conductors
(LGac, LL, LLG, and LLLG) with the overvoltage being increased up to 37 %. However when the
fault involves a dc conductor (CF, CFG and LGdc) the ac line overvoltages are higher for lower the

ground resistivity.
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Figure 3 .50 : Maximum dc and ac line overvoltage for different types of faults.

(ac line transposed)

3.7 ACLINE TRANSPOSED VERSUS DC LINE TRANSPOSED

The overvoltages were compared for two different configurations in the hybrid ac-dc system,
SCR=11.33. In one configuration the ac conductors were transposed and in the other configuration
the dc conductors are transposed (with ac line line untransposed). Figure 3 .51 shows the results of
this overvoltage study. It is seen that for most of the faults the dc line overvoltages are higher for the
case when the dc conductors are transposed for all faults involving the dc conductors and lower for
faults involving only ac conductors. Except for dc line to ground and line to line fault where the higher
dc line overvoltage occurs for the other configuration. The ac line overvoltage results show that for
most of the faults the higher overvoltage occurs for the case where the ac conductors are

untransposed.

The results for the ac line overvoltages indicate that the magnitude of calculated ac overvoltages are
approximately the same for both cases except for three phase to ground fault (LLLG) and contact fault

(CF) were the overvoltages are larger for the case with the dc line transposed.
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Figure 3 .51 : Maximum dc and ac and dc line overvoltage for different types of faults.
(ac line transposed)

3.8 FAULT PHILOSOPHY

The duration of all types of faults was set to 50 milliseconds and the fault was cleared at current zero.
Except for ac—dc conductor contact fault (CF) and ac—dc conductor contact fault to ground (CFG) the

faults were cleared by opening circuit breakers at both ends on the ac line.

In the overvoltage studies faults were simulated at time intervals of 24° of inception point of the fault
in one period (360%24°=15 fault inception points) and the maximum overvoltage at any of the

measuring locations was recorded.

The faults were applied at either the sending or receiving ends or at any one of the five equally spaced
locations in between (TL1, ..., TLS). Each segment represents 65 km of line. The overvoltages were
recorded at any locations along the ac—dc lines. Appendix A shows the PSCAD/EMTDC draft

diagram of the faults logic applied in the overvoltage studies.

3.8.1 DCLINE FAULT

Short circuits on the dc line are cleared by firing control of the valves. The main characteristic of adc
line short—circuit is that once started, due to any permanent or temporary fault, it will not be

extinguished by itself until the current is brought down to zero and the arc deionizes.

76



As the fault occurs, the dc line voltage collapses, the rectifier current tends to rise and the inverter
current tends to fall. The only means of clearing a dc line fault is to force the firing angle of the rectifier
beyond 90°, say a=1359, as soon as the fault is detected. This operation to force the firing angle to 135°
is called forced retard. This firing angle is kept at that value until arc extinction and deionization are

likely to be completed.

The protection philosophy in our study was to apply the forced retard (set a=135%) 5 ms after fault
inception and maintain it for 200 ms to de—energize the dc line and clear the fault; following which the
firing angle is ramped down to 0° in 100 ms. Figure 3 .52 shows how the control action of the forced
retard was designed. A maximum select block is used so that the forced retard alpha order is override
to the normal firing control during the recovery from the dc line fault after which the normal firing

control order mode resume its operation.

Normal Firing Control

TF — Fault Inception Time
139,
o L
2 [)
-1) t
—_— 3 !
Forced | , ; I
Retard .
Trigger TF To Tl time T2
L5msg 200 ms . 100ms |
I T T i

Figure 3 .52 : Forced retard strategy applied in the rectifier.
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3.8.2 AC-DC CONDUCTOR CONTACT FAULT

The ac—dc conductor contact faults (CF) were applied between the positive pole and its closest ac
conductor. The circuit breakers, at both ends of the ac line, were set to trip 50 ms after the fault was

applied.

3.9 AC-DC CONDUCTOR CONTACT FAULT TO GROUND

When the ac—dc conductor contact fault is also simultaneously connected to ground the dc controller
senses this as a dc line to ground fault and forces the dc current to zero, removing the cause of the dc
overvoltages. The circuit breakers, at both ends of the ac line were set to trip 50 ms after the fault was

applied.

In the beginning of the study it was identified that the opening of the three phases circuit breakers, at
both ends of the ac line, resulted in excessive overvoltages on the unfaulted ac conductors. Figure
3 .53 shows an example of ac—dc conductor contact fault to ground (CFG) between phase “c” and
the closest dc conductor (positive pole) at intersection TLS. The fault was applied at negative crest of
phase “c” voltage. In this example the tripping time of the breakers (top) was selected to be equal to

41.33 seconds, which correspond to the highest overvoltage on the ac line.

It was concluded that the magnitude of these ac line overvoltages are related to the phase sequence of
the opening of the circuit breakers. In order to reduce these overvoltages multiple simulations were
run in the hybrid system to find out the most appropriate phase trip sequence of circuit breakers, on

both side of the ac transmission line.

PSCAD/EMTDC has a “multiple run feature’ which is able to run the same simulation a multiple
number of times, optimizing a selected parameter by varying an associated value on each run
iteration. The ac line overvoltage was the optimized parameter and the tripping time of the breakers
(top) was selected as the associate value to be changed in multiple run. A multiple run of 134 cases
was simulated, from top=36.67 to top=53.33 ms ( within one cycle), with interval of 1.24e—4 seconds

((1/60)/134) and the maximum ac line overvoltage was recorded.
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Figure 3 .53 : Voltage and current waveforms for ac—dc contact fault to ground.

(three phases circuit breakers were ordered to trip)

After carried out mafy cases of this type of fault, at different locations along the hybrid line and with
different tripping time, it was concluded that the best way to clear this type of fault, with lower

overvoltage stress, is through the opening of only the ac conductor under fault, at both ends.

The main reason for these overvoltages is because in three phase breakers operation it can happens
that the unfaulted ac conductor once open in one end will be charged by the the coupling effect from

the other ac—dc conductors.

Figure 3 .54 shows the plot (from multiple run) of the magnitude of the maximum ac line
overvoltage versus the tripping time for the ac—dc conductor contact fault to ground applied at
intersection TLS. This Figure shows two example cases. In the first one the breakers at the rectifier

and inverter ends are ordered to trip the three phases. In the second only the phase under fault is
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ordered to trip at both ends. As you can see the ac line overvoltages are much higher for the first case.
The maximum ac line overvoltages for the second case are slightly the same for all selected tripping

time.

O three phase 0 only phase C

] i

T .
NN

0.036 0.042 0.048 0.054
Tripping time (5)

3.0

[

m

Maximum Overvoltage (pu)

Figure 3 .54 : Maximum ac line overvoltage x tripping time of the circuit breakers.

The same type of fault shown in Figure 3 .53 is now applied in the same position (TL5), with the
same trip time (top=41.33 ms), which correspond the worst case (highest overvoltage). In this case
only the breaker on phase “c” (the closest ac conductor to the positive pole at location TL5) was
ordered to trip at both ends. Figure 3 .55 shows that the ac line overvoltage was substantially lower

compared to the case when the three phase breakers were ordered to trip.

3.10 SUMMARY

The following observations resulted from this chapter:

— faults involving the ac conductor to ground closer to the rectifier converter introduce negative

sequence voltage on the bus which converts to a second harmonic overvoltage on the dc side.

—dc line overvoltages at other line locations (TL1, TL2, ... etc.) are mainly fundamental frequency

overvoltages due to the coupling effect between the ac and dc lines.
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Figure 3 .55 : Voltage and current waveforms for ac-dc contact fault to ground.

(only phase “‘c’ breakers were ordered to trip)

— the dc line overvoltages are more severe for the stronger (6800 MVA) system.

—overvoltages on the ac line increased with a decrease in system strength for faults involving the ac

conductors.
—with ac—dc contact faults and dc line faults the ac overvoltages are smaller for the weaker system.

— the overvoltages are larger when the ac—dc system are electromagnetically coupled. This is more

pronounced for ac line overvoltages when the faults involve only the dc conductors.
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—in general the overvoltages on the ac and dc lines are larger when the ac and dc lines are coupled.

— the overvoltages are higher for the Bergeron transmission line model compared to the frequency

dependent transmission line model.
— overvoltages for the dc line in a hybrid ac—dc environment are higher than for a a dc line alone
— transposition of the ac conductors reduces the overvoltages.

—the blocking filter in the dc neutral has a tendency to oscillate, which can cause overvoltages on the

dc line. These oscillations can be damped by a resistor—arrester combination across the filter.

—resonances may exist in the ac or dc system which can cause harmonic overvoltages.
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Chapter 4

Firing Angle Modulation for Eliminating DC Line 60
Hz Currents

4.1 INTRODUCTION

Itis a well known property of the dc conversion process that a current component of frequency fon the
dc side appears on the ac side as a component of frequency fy & f, jp being the fundamental ac
frequency, taken here to be 60 Hz [4], [20], [21]. If the dc transmission line lies adjacent to an ac
transmission line, there is a possibility fora fundamental frequency (60 Hz) current component to be
induced into the dc line, referred to as (Iso). This current would then appear in the secondary winding
of the converter transformer as a dc component (Ig) and also a 120 Hz component (I;50)
superimposed on the fundamental 60 Hz component. This dc current component eventually flows as
transformer magnetizing current and offsets the knee of the flux—current characteristic and if
excessive, causes unsymmetrical saturation of the converter transformer. This can lead to an increase
in audible noise and result in possible loss of life expectancy of the transformer [4], [22]. Other
reported problems are inaccurate control and protection measurements because of saturation of
current transformers on the ac side. Because of the very low magnetizing current requirement of

HVDC transformers, even a few tens of amperes of dc current is considered by some as excessive.

There are several instances where a dc and ac line follow adjacent corridors and such induction effects
could be detrimental. With the added difficulty of obtaining transmission line rights of way there is
considerable interest in having hybrid ac—dc transmission systems in which ac and dc conductors are
placed on the same tower structure. The coupling of the 60 Hz component would be even more severe

in such cases.
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Several alternatives have been proposed for mitigating the dc currents in the transformer windings.
One proposed alternative is to use dc side blocking filters for the 60 Hz induced currents. This scheme
sometimes results in increased dc side overvoltages. Another alternative is to transpose the ac lines.
This option does not completely eliminate the induced harmonics especially when ac and dc
conductors are on the same tower as in hybrid ac-dc lines. Another possible alternative is to use
modulation of the converter’s firing angle. This method appears to have the advantage of not
requiring as extensive modifications to the power equipment as in the other choices. We explore this
alternative in this chapter and chapter 5. Some theoretical results are presented on an idealized
system to understand the essential phenomena. Subsequent investigations are carried out on a
realistic system using an electromagnetic transients simulation program (PSCAD/EMTDC) [7]. The
results indicate that it is possible to eliminate the dc currents in the transformer using such a scheme.
However, there are some undesirable side—effects such as the generation of non—characteristic

harmonics [23].

4.2 MEASUREMENT OF THE COUPLING BETWEEN THE AC AND DC LINE

The fundamental frequency current flowing on the dc side of the converter, g will be seen as a
second harmonic, I129, and dc components, I, in the converter transformer secondary winding, as
shown in Figure 4 .1 . The dc component current is the main concern to the ac—dc hybrid system, as it
can result in saturation of the converter transformer. Therefore we have to maintain the induced
current on the dc line from the ac line, as low as possible in order to minimize adverse impact on the

ac—dc hybrid system.

Positive sequence currents of various magnitudes were introduced in the ac line, and the effect on the
dc system was observed, as shown in Figure 4.2 . The current in the ac side varied from 0.0 to 1.4kA
crest. Plots of the induced current in the dc line are shown in Figure 4.3 . Coupling effects with two

different blocking filters and two different ac line configurations were investigated.

The fundamental frequency current flowing on the dc side of the converter, I, the second harmonic
current, Iy, and dc current components, Igc, in the converter transformer secondary winding were

measured for the following configuration:
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a) ac line untransposed and with blocking filter type A;
b) ac line untransposed and with blocking filter type B;
¢) ac line untransposed and without blocking filter;

d) ac line transposed and without blocking filter.

The blocking filter type A is the one shown in Figure 3 .46 a), but without the resistor R2 (ideal

blocking filter).

ac

ezl AC line
fC DC line
>
I I, (f+GOHz) o
AC 120 Inc Iso
R s
— Z8
3 —
Idc (f-60Hz)

Blocking Filter (BF)

Figure 4 .1: Conceptual circuit illustrating the coupling between the ac line and dc line and the effect in
the secondary of the HVDC converter transformer.

Figure 4 .3 c) shows the plots of fundamental frequency current, Ig, induced in the dc line. The
corresponding dc, Iy, and the second harmonic, I;59, components introduced into the secondary of

the converter transformer are shown in Figure 4.3 a) and 4.3 b), respectively.

85



dc line

III——<::)—-®§§—
coupling
V, = 230kV
/ > coupling ac line
—O "'

I (from Oto14kAcr)

Figure 4 .2 : Conceptual circuit for driving current in coupled line.

O Untransposed and with BIF A O Untransposed and with BF B
A Untransposed and without BY v Transposed and without BI¥
14
< |
E /
o 7 e
ke
o
~ b
~ /‘
0 o
24
—
o

b) 1120 Hz (%)
S

10
Q
N /‘
) 5 B
g 1
G} 0 ] ;
0 0.2 0.4 06 0.8 1 12 14
AC current (kAcr)

Figure 4 .3 : Percentage of current, a) dc component in the secondary o the transformer,
b) 2nd harmonic component in the secondary of the transformer, ¢) Fundamental compo-
nent in the dc line induced from the ac line.

The quantities I, Igc and I;50 in Figure 4 .3 are defined by Equation 4.1 .
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Ieo (%) = 26 (4.1)

Ipc
/
e (%) = -
Lac
Ji
Lo (%) = 22
Iac

Figure 4.4 shows the same result of Figure 4.3 except that each plot shows the three components
of current (Ig¢, 1190 and Igpy for each system configuration, such as with and without transposition

and with different blocking filters.

Inreference [4] is cited that the limit for the dc component in the dc line, Iy, is often 0.1% of the rated
dc current. This value is unrealistically small. Without considering the ac~dc coupling effect, the dc

offset solely due to the firing angle unsymmetry can exceed this limit.

Assuming the firing angle unsymmetry of the converter is + 0.1°, which is a very good value. The dc
offsetin the transformer winding is in the worst case as high as 0.11% of the dc current value, as shown

in Figure 4.5 .

4.0.1°

Loffser = 3600 I; = 0.11% Iy

However,

3 3
l; = % lac,.. » hence, Iyger = 0.11% ——‘g— Iy, = 013 I (4.2)

According to the estimation above, the dc offset limit of 0.1% for the converter transformer is

extremely small. In the practice the converter transformer must be designed for a higher dc offset.

4.3 RELATION BETWEEN THE 60 HZ COMPONENT IN THE DC LINE AND THE DC
COMPONENT IN THE SECONDARY OF THE TRANSFORMER

Figure 4.6 shows the six—pulse bridge converter circuit with the notation adopted from reference

[20]. The power source in Figure 4.6 is assumed to be balanced sinusoidal of constant voltage and
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Figure 4 .4 : Percentage of dc, 2nd harmonic and 60 Hz current.

frequency in series with equal lossless inductances. The circuit in Figure 4.6 contains a three—phase
60Hz voltage source, adc current source and a one—phase 60 Hz current source. In the analysis of this
circuit, the effect of the three sources are superimposed. The 60 Hz current source represents the

fundamental frequency current component induced from the ac line into the dc line.

In this section the study of coupling between the ac line and the dc line will be conducted with two

different approaches. Fist of all the induced 60 Hz current in the dc line and the dc current reflected to
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Figure 4 .6 : Configuration of a six—pulse bridge converter. The valves are numbered in their firing order.

the secondary of the transformer will be analyzed analytically and a relation between this two currents
will be identified. Secondly the analytical calculation is then validated by using a simple simulated

case with a six—pulse converter bridge.

4.3.1 ANALYTICAL APPROACH

The instantaneous line-to—neutral voltage of the source are taken as:
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e, = E,, cos (wz+—3’f) (43)

T
ep = E, cos (a)t——3~)
e. = E,;, cos (wt—m)
corresponding to the horizontal projections of the rotating vectors shown in Figure 4.7 .

The corresponding line—to-line voltages are:

Cac = €a —€c = {3 Ey cos (wz+%”—) (4.4)
Che = € —€p = @Em cos (a)t—%)

€ha = €p — €y = /§Em cos (a)t——g—) = \/§Em sin (w?)

Cog = € —€4 = @Em cos (a)t—S%)

€ch = €. —€p = /§Em cos (wt+5~675)

€q —€p = ,/§Em cos (wt+-]2—[-) = —@Em sin (w?)

€ab

Instantaneous curtents and voltages of the three—phase bridge are shown in Figure 4 .8 , where the
voltage of the three phase source is equal to 230 kV (phase—to—phase rms) and the dc current is equal
to 1.5 kA. The 60 Hz current source, which represent the coupling effect, is assumed to be 10% of the
total dc current, 0.15 kA. This value of 60 Hz current source would correspond to a situation where in
the hybrid system we have a circulation of approximately 1.4 kA crest flowing in the ac line as shown
inFigure 4.3 . We have chosen this value of amplitude for 60 Hz current to exacerbate the coupling

effect between the ac and the system.

Equations of the instantaneous secondary current of the converter transformer, for each phase, are
shown in Equations 4.5, 4.6and 4.7 foreach interval of firing angle and commutation. Ia, Ib and
Ic are the three phase currents on the valve side of the converter transformer. The constant A is the
crest value of the induced 60 Hz current in the dc line connected to this six—pulse bridge. A is the angle

of the induced fundamental frequency component measured from the crossing zero of line-line
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Reference axis

Figure 4 7 : Representation of the rotating vectors from the six-pulse bridge voltage source.

voltage ey, On its positive gradient. Note that A is completely arbitrary because the induced currentcan

in theory have any phase angle.
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Iy

(L.

Iy - Iscosa + Lcos0
0,

7
- Isocosa + I cos (0——:-3-) ,
"I’d ,
~Ij + Isgcosa + Iscos@ ,
0,

Isocosa + Isocos (0—%) ,

L .

0,

Ipcosa — Iypcos0

I,

I; - Ipcosa — Iy cos (6 +§) ,

0,
—Iypcosa — Iycos6

—Id ’

, 7
~I; + Ipcosa — Iy cos (0 +§) ,

0,

0<0 <a

a <0 <a+u

b4

a+p <0 <a+§

a+£ <0 <a+ +—7-t—

3 £*3
b4

a+ﬂ+§ <0 <a+m

e+ <0 <a+u+m

a+u+mw <0 <a+4g—
b4 b4
+4— <0 <a+pu+4—
a 3 a+u 3

a+,u+4% <0 <2m

0<6 <a

a <0 <a+u

a+yu <6 <oz+2—73iE
a+2Z <0 <a+,u+2£
3 3

4
a+,u+2§ <0 <a+m
a+m <0 <a+u+m
/4
a+u+m <0 <a+5—3—
a+5Z <9 <oc+,u+5E
3 3

oz+,u+5—a3E <0 <2n
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(—121, 0<8 <a+z3t—

—I; + Ipcosa — I cos (0——25) , a+% <6 <a+,u+g-
1 T
0, a+u+— <6 <a+2—
3 3
Ipcosa + I cos (0+§) , a+2§ <@ <a+,u+2%t—
L=< I, a+ﬂ+2§ <0 <oz+,4-73£ (4.7)
Iy — Ipcosa — Iy cos (9~—§) , a+4—37E <6 <a+,u+4-:%[—
0, a+/,a+4z <0 <a+5Z
3 3
b1
~Iyycosa + Igcos (0+§) , a+5—2E <6 <05+,u+5-§—
\_ 1, a+,u+5§ <6 <2
where:
L =1+ Iy, where lso = Asin (0 +4)

1, = Constant ripple—free direct current flowing in the dc line
A = crest value of the induced 60 Hz current in the dc line

A = Phase difference between the ac line and the reference voltage Em

‘/gEm
2wL.

M = overlap angle

I, = , from reference [20]

E,, = crest value of line—to—neutral alternating voltage

InFigure 4.8,Iq=1.5kA dc,A=0.15kA crest, A = /3 and E;;=187.8 kV crest (230kV phase—phase

mms)- Em i the crest value of line-to—neutral alternating voltage (230 kV rms phase—phase).
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The average (or direct current) of phase “a, band ¢”, 10, Iyo and Iop, can be determined by integrating

the instantaneous current over the period from 0 to 2r. For wt=8, the current I, Iyp and I are equal

to:
1 27
]“°=ZJO 1, do (4.8)
1 27
Iy, -5 fo I, d6
1 27
ley = 5 fo I. do

Substituting Equations 4.5 to 4.7 into equation 4.8 we obtain the following relation (see
Appendix B.1).
2
A

9
L2+ 12 + 1.} = ol (4.9)

A is the crest value of the fundamental frequency current in the dc line and I, Ig and I are the dc
component in the secondary of the converter transformer. In terms of rms value of the induced

current( Ayms) the relation in the Equation 4.9 will be:

2
Arms

L2+ I2+ 1.2 =9 -

/Iaoz + I+ 12

3 (4.10)
Arms T

where:

A rms

NES
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4.3.2 SIMULATION APPROACH

The Equation 4 .10 was confirmed by using a simplified six—pulse bridge converter as shown in
Figure 4.6 and a detailed ac—dc hybrid system as shown in Figure 2 .3 . An electromagnetic
transient simulation program PSCAD/EMTDC was used in this study. Appendix A shows the
PSCAD/EMTDC draft diagram.

Figure 4.9 shows how the relation between the dc components, from phases a, b and ¢ on the valve
side of the converter transformer and the 60 Hz component in the dc line was measured in a detailed

ac—dc hybrid system,

For initial comparison, we simulated the simpler circuit configuration in Figure 4 .6 and compared

the results with the theoretical relationship of Equation 4.10 . The results are shown in Figure 4.10.
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Figure 4 .9 : Simplified diagram of the hybrid system and the measurement of the relation of the
dc component and the 60 Hz component.
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Figure 4 .10 : Relation between the ac components and dc component, according to Equation 4 .10 .

From Figure 4 .10, the variable KK and K are defined as:

P2, 02
\/lao + Iy,

KK =
AI'HZS

+ i,

K = 3 = 0.955
7T

Note that the theoretical value (K) matches the value (KK) obtained from simulation in the steady

state.
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4 .4 FIRING ANGLE MODULATION TO ELIMINATE THE 60 HZ CURRENT

4.4.1 ANALYTICAL APPROACH

In this section we investigate a method for eliminating the 60 Hz component of current, Igg, in the dc
line. As there is coupling between the ac line and the dc line, there will be a 60 Hz current flowing in
the dc line. This section will describe how this 60 Hz current can be reduced or eliminated from the dc

transmission line.

It will be shown that a 60 Hz voltage of controllable phase and magnitude can be generated by
controlling the firing angle of each valve independently. This 60 Hz voltage can then be used to
eliminate the original 60 Hz inducing source. This type of operation in the converter is called firing
angle modulation. To generate the 60 Hz component current from the six—pulse bridge converter, the

firing angle was selected by using the following Equation:

. a .
a =, + Ay, sm[g(z—l)—qf)a] (4.11)
where:
@; = firing angle for the valve i
¢, = base firing angle from valve group control

@, = amplitude of the 60 Hz firing angle
$a = phase of the modulation signal

In the analysis for the elimination the 60 Hz current component, two different assumptions are taking
into account, that will be presented in two different sections. In the section 4 .4 .1 .1 the six—pulse
bridge converter will be represented without overlap and in the section 4.4.1.2 the overlap will be

included in the analysis.

4.4.1.1 WITHOUT OVERLAP ANGLE

First of all let us analyze the case without the commutation reactance in which only two valves
conduct simultaneously. In this case the transfer of current from one valve to another in the same row,

which is called commutation, must occur instantly, that is without overlap.
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The ac voltage and current sources in Figure 4.6, in both ac and dc sides, generate characteristic
harmonics plus the 60 Hz component in the dc side and dc and second harmonic component in the ac
side. The main goal is to eliminate the dc component current in the secondary of the converter
transformer in order to eliminate the problem of saturation in the transformer. But in this section the
objective is to show how we can eliminate the 60 Hz component current in the dc line by using firing

angle modulation.

Waveforms of instantaneous voltage of ac source and direct voltage and modulation of the firing
angle shown in Figure 4 .11 . The average direct voltage Vd, is determined by integrating the

instantaneous voltage v, in the dc side over a period from 0 to 2 .

Che € €y Cop Cub Cyc

300
v, 200

: T3 . /3 : /3 . T3 , /3 :
Pa
S
45
ad
¢y 0.
(deg.) P o0
154 a %
’ |
3 /3 /3 3 /3 6

§

a = a, + a, sin[g(i—l)—m,]

Figure 4 .11 : Waves of instantaneous voltage of ac source and direct voltage and modulation
of the firing angle, without overlap.
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a3 Zra, 2Z1a; 0l
Vd=-—f eacd0+j ebcd0+I ebad9+f
2} Jo

a3 Ziay 2Z+as

4ta 55+, 2
+f ec.bd0+f eabd0+f
T+t

o

€qe A6

Sg‘f'a 2

V4 s the average value of the dc line voltage.

1
V, = —
47 on

a3 T ’_Z—Fazs
I /3 E,, cos (a+g) do + I
0

as

25+ g
+ J J3E,sin@ do + f

3—|-a4

€eq dB ...

/§E,,lcos (0—%) do ..

J3E, cos (6 - 5%) do ..

2%4—625
2;’—%&1 I 5?-*-(12
+ I J3E,cos (6+5=) d — f J3E,sin 6 do ..
Ty 6 4ra,

2 7
+ f J3E, cos (0 +—6—) do

5%+

/3
Vd = ZEm KO

where:

i=6
Ky = Z cosQ;
i=1

(4.12)

(4.13)

The fundamental frequency voltage component, V4o, generated in the dc side can be determined by

using Fourier series, as described in detail in Appendix B.2.

From the theory of Fourier series we have:

n= 0
v(wt) = %3 + Z Cycos (nwt+¢, )
n=1
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¢, = \/( a, )+ (b, ) (4.15)

c1,, is the magnitude of the fundamental frequency voltage component in the dc side of the six—pulse
d

bridge converter which was generated by the modulation of the firing angle.

al‘/
¢1, = —atan P 4 (4.16)

1 Va

¢ 1y, is the phase angle of the fundamental frequency voltage component.

Figure 4 .12 shows the plot of ¢;,,4 as a function of the amplitude o, for different values of 0. As we
can see there is a linear relationship between ¢, and o,,. It was found that the values of ¢;,4 do not
change with variation of ¢. The value of ¢;,,4 in Figure 4 .12 was calculated for E;=1.0 pu and oy

and o in degree.

o e

Qo = 300,

o ST e Ty -
vd f,,..,,-*-‘,_,,,‘n-n—”"" s 55

(pu) 0.5 e e

-:.mm":»if"“"”‘“,':,',‘ s |
0 B i > ! T T T T 1 IIO

0 1 2 3 4 5 : : : 9 |

@, ( deg.)

Figure 4 .12 : Fundamental frequency voltage component as function of oy, and dg (Epy=1.0 pu).

We can fit a relationship as shown in Equation 4 .17 to the results in Figure 4 .12 .

c1, = 5.0010%ag @, , for ag = 10 deg. (4.17)

c1, = 49510% ap @, , for ap = 20 deg.

vd

c1, = 48010 g @, , for ag = 30 deg.
Where o and oy, are given in Equation 4 .11 .

Figure 4.13 shows the plotof ¢y, as a function of the phase angle ¢ for different values of 0. In

this case there is a linear relationship between ¢y, and ¢q. It was found that the values of ¢;,4; donot
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change with variation of o,,. The Equation 4 .18 represents the parametric relation between ¢y, dq;

and o,
300
¢[\'([
(deg.) 2004

100— T e A L e

0 T T T T T T T
0 20 40 60 80 100 120 140 160 180

¢, (deg.)

Figure 4 .13 : Phase angle of the fundamental component voltage as function of oo and 0o (Epn=1.0 pu).

o1, = ¢a + (90°-ap) (4.18)

With these results in Figure 4.12 and 4 .13 we can generate the fundamental frequency voltage on
the dc line which will produce a flow of 60 Hz current that will cancel out the fundamental frequency
current induced in the dc line from the ac line. By knowing the value of o and selecting an appropriate

value for oy, and ¢q.

Figure 4 .14 shows the voltage V;, for firing angle ag=60 and cp=120 degrees, with o,;=0.0 and
am=10.0 degrees. Figure 4 .15 shows that the characteristic ¢;¢ X oy for alpha=c and

alpha=(180-0) are the same (0p=40, 60 and 80 degrees).

4.4.1.2 WITHOVERLAP ANGLE

Now we consider a more realistic case where the inductance of the converter transformer is
represented. In this situation the current in the secondary of the transformer can only change at a finite
rate, and therefore the transfer of current from one phase to another requires a finite time, called
commutation time or overlap time, p, where p is the overlap angle. In normal operation the value of u
is less than 60°. Typical full-load values of p are from 20 to 25° [20]. Figure 4 .16 shows the

instantaneous voltage of the six—pulse bridge v; converter where the overlap is represented. The
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Figure 4 .14 . Dc voltage for firing angle ¢p=60 and 120 deg. (=0 and 0,;,=0 and 10 deg.).

O alpha(0)=40 deg. O alpha(0)=140 deg.
alpha(0)=00 deg. vV alpha(0)=120 deg.
X alpha(0)=80 deg. < alpha(0)=100 deg.

QA ( deg. )

Figure 4 .15 : Fundamental frequency voltage component as function of o, and dg (Ey=1.0 pu).

modulation of the firing angle was performed in order to eliminate the 60 Hz current induced from the
acline into the dc line for the ac—dc hybrid system. The average value of the voltage in the dc side of

the six—pulse bridge converter, Vd, can be found by integrating v, in Figure 4.16 over the interval

from 0 to 2x.
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Figure 4 .16 : Waves of instantaneous voltage of ac source and direct voltage and modulation of the firing
angle, with overlap.

1 a; asti Tay Srogtp
Vy=— f eacd0+f e do + f e;,cd9+f e do ... (4.19)
2l Jo o asru Zia,
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+ €ba d9+f €3 d9+J €ca d9+f es dO
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+ f ecp do + J es d6 + I eqr d0 + f eg do
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2
+ eqe dO
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Vy is the average value of the dc line voltage.

Where ¢;, i=1,6 are defined as:
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€1

€ =

e3 =

€4 =

€5 =

€5 =

W

= —F,,cos(@) (4.20)

[\

W

—E,, cos(@ - —)

[\)

W

—FE,, cos(@ - 2——)

[\

[\SERON]

W

3
- EEm COS(0>

—E,, cos(6 + 23)

—E,,cos(0 + —)

[\

~ a; Qs T+,
Vv, = BE, I cos(@ +25 d9+j Ecos@ 46 + f cos@-"1y do . (4.21)
21 0 6 2 6

J3E,

Y A

a; a3t

a4+,u 23+as
+ f ——cos(@——) de +I sin@ do ..

Zra, Trap

2 s T+
+ J Ecos(9—2§) do + f 003(9—5—36?—) do ..

2%‘("@ 5 2 23£+'a5 +u

g 4Era, T
- f —2—c059 do +J cos(0+5€) ae ..

0 O
4Zratp 3 5Z+a,

+ f £cos(e 2%y do + f cos(@ +2) df .
4+a, 2 3 Ao 2

5E+atu 2
+ I gS—cos(O +%) dé + f cos(9+%) d@:l

4
S5taytu

[Kl( 1 +cosp )~K2sinﬂ} (4.22)
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The fundamental frequency voltage component, V60, generated in the dc side can be determined by

using Fourier series, as described in detail in Appendix B.3.

1y, = /( ar, ) + (b, ) (4.23)

¢1,, is the magnitude of fundamental frequency voltage component in the dc side which was

generated by the modulation of the firing angle of the six—pulse bridge converter.

alv(l
¢1,, = —atan 5 (4.24)
Iy

d

¢ v, is the phase angle of the fundamental frequency voltage component.

From Equation 4 .23 and 4 .24, the magnitude and phase of the fundamental component generated

from the six—pulse bridge can be plotted as shown in Figures 4 .17 and 4.18.

Figure 4 .17 shows the plotof ¢;y4 as a function of the amplitude oy, for different values of ag and .
As we can see there is a linear relationship between ¢;,4 and a,y,. It was found that the values of ¢;,4 do
not change with variation of ¢q. The value of ¢;,4in Figure 4 .17 was calculated for E,=1.0 pu and
omand agin degree.

Figure 4 .18 shows the plot of ¢y, as a function of the phase angle ¢ for different values of a. In
this case there is a linear relationship between ¢;,4 and ¢q (as in the case without commutation

reactance). It was found that the values of ¢7,4 do not change with variation of o,,,. Equation 4 .26

represents the parametric relation between ¢1yq ¢, 0o and p obtained empirically from the detailed
p p b, P y

calculation.

107



&}

vd

(pu)

< v

(pu)

¢y

vl

Cy

v

€1

vd

Qy = 100

0.15
u = 30°
0.10 —
0.054 10°
0 T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Oy ( deg. )
Qy = 200
0.15
u = 30° 209/
0.10- 10°
0.05
0 T T T T T T T 1 T
0 I 2 3 4 5 6 7 8 9 10
al" ( ([C)g' )
Figure 4 .17 : Fundamental frequency voltage component as function of o, and 0t (Epp=1.0 pu).
We can fit a relationship as shown in Equation 4 .25 to the results in Figure 4 .17 .
= 247 104 (2 ap + W) ay,, foray =10 deg. and u = 10 deg. (4.25)
= 240 10* (2 Qo+ 4 ) ay,, forag =10 deg. and u = 20 deg.
=240 10* (2o +u)ay, forag=20deg. and u = 10 deg.
= 232 10 (2a0+u)a, for ap = 20 deg. and u = 20 deg.

€1

v
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Figure 4 .18 : Phase angle of the fundamental component voltage as function of ¢ct and ¢t (Ex=1.0 pu).

¢1,, = po + (96— (o +p)) (4.26)

We can thus generate the fundamental frequency voltage on the dc line which will produce a flow of
60 Hz current that will cancel out the fundamental frequency current induced in the dc line from the ac

line. By knowing the value of o and p and selecting an appropriate value for oy, and ¢.

Figure 4.19 shows the voltage V; for firing angles op =60 and 0,o=120 degrees, with overlap angle
p=10degrees and o;,=0 and 10 degrees. Figure 4.20 shows the characteristic ¢;,¢ X oy, for alpha=cq
and alpha=(180-0a) (0p=40, 60 and 80 degrees), which are not the same (for p different of zero) as

we have concluded in the case without overlap angle in the section 4.4 .1.1.

4.4.2 ALTERNATIVE ANALYTICAL MODULATION APPROACH

A more approximate analytical approach is used to find out the fundamental frequency voltage of the
dc side of the six—pulse bridge converter that will cancel out the coupling effect between the ac and dc

lines. The dc converter will be considered without and with overlap angle. It will be seen that this
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Figure 4 .19 : Dc voltage for firing angle 0:0=60 and 120 deg. ( u=10 deg. and am=0 and 10 deg.).

O alpha(0)=40 deg. O alpha(0)=140 deg.
A alpha(0)=60 deg. vV alpha(0)=120 deg.
X alpha(0)=80 deg. ¢ alpha(0)=100 deg.

Figure 4 .20 : Fundamental frequency voltage component as function of oy, and o (Ey=1.0 pu).

approximate (but simpler) approach yields results almost identical to the more complicated approach

presented earlier.
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4.4.2.1 WITHOUT OVERLAP ANGLE

The average direct voltage V,; for the six—pulse bridge converter circuit excluding the overlap angle is

given by [20]:

Va = Vyocos(@) (4.27)
3v2
Vao = 1.35 Epp,,. (135 =—=)
' T
Ey;, s the line—to-line rms voltage of the six—pulse bridge convertor.

Vo is usually called the ideal no—load direct voltage.

To generate the 60 Hz component current from the six—pulse bridge converter, the firing angle was

selected by using the following Equation:

a =, + Qyusin ( wt + @y )

Note that this is identical to the discrete time instant of valve firing.

Va = Vgocos (ay, + apsin ( wt+¢g ) )

From the trigonometry identity we have:
cos(x = y) = cos (x)cos (x) F sin (x)sin (y)

Vi = Vdo[cos(ao) cos(@y, sin(wf + @) — sin(wt,) sin(a,, sin(wr + (j)a))]

Vi = Vgocos(@) — Vo Sin(@o)am sinwt + @) = Vy — Vg
) W,
dc ac
Component component
Vi, = Vao(Sin @), sin(wt + ¢g) (4.28)

Vieer = Vao(sinay)a,, ( crest value ) ( = Vyaan, for small a g ) (4.29)
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This agrees with the observed relationship in Equation 4.17 obtained from the more exact approach.
The values of 0 and oy, in Equation 4 .17 are in degrees and the values in Equation 4 .29 are in

radians. We can rewrite Equation 4 .29 as:

32
o Oy = ——

JT
rms El?l (ao + aﬂl)
M4

%
d 180

6oCT

= Vyolm = 1.35 Epyp,

N by

Viger = 5.04 107%a,, (for E,, = 1.0 pu ) (4.30)

Figure 4 .21 shows the characteristic Vg, X 0 obtained from the simple analytical calculation,

using Equation 4 .29, and from the analytical approach obtained in Equation 4 .15 .

O alpha(m)=2 deg. (A) o alpha(m)=2 deg. (B)
a alpha(m)=3 deg. (A) v alpha(m)=5 deg. (B)
X alpha(m)=10 deg. (A) < alpha(m)=10 deg. (B)
0.3 —
WM"“Q\
B / B e .
(.']”/(A) / e e = oV oW
’/,E,—e—'—"" T
(pu) 0
[¢] 20 40 60 80 100 120 140

g ( deg.)

Figure 4 .21 : Fundamental frequency voltage component as function of oy, and ag (u=0 and E;;=1.0 pu).

4.4.2.2 WITHOVERLAP ANGLE

The average direct voltage V,; for the six—pulse bridge converter circuit considering the overlap angle

is given by [20]:
3
Vg = Vy,cos(@) — ;Xcld (4.31)
I; = Euﬂ[cos(a) ~ cos(a + )] (4.32)
/2X,
I, = Eir,,,
s \/EXC
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a=a,+apsin (wtr+¢,) ,0 =wt (4.33)

. 3
Vg = Vy,cos [ Qo + Qysin ( Wi+ Qg )] - ;chd

. o 3
Vv, - Vdo[cos(ao) COS(Qy SIN(WE + Pg)) — SIN(Ly) Sin(aLy, SIN(wE + %))] _2x1,
g

K3 = a,sin(wf +¢,)
K3 is a small number for small ., , then :

cos(K3) = 1 and sin(K3) = Kj

) 3
Vi = Vd(,[COS(a(,) - sin(,,) K3]“;Xcld

I, = 13.2[003(050) cos(@p+ ) — sina) K3+ sin(c, + ) K3]

Vy = Vd(,[cos(a(,) — sin(a,) K3] -
3 . .
~ ;XC Iy [cos(ao) — cos(a, +u) — sin(a,)K3 + sin(ag + @)K ]
3
Vi = Valcos(@,)] - ;Xc Iy [cos(a(,) —cos(@, + ) ] ..
N -
dc

component

. 3 . .
- Vapsin(a,) Ks ==Xl [— sin(a,) K3+ sin(@, + ¢ ) K3] — Vg + Va,

N— .

ac
component

. 3 . .
Vi = =Vaosin(a) Ks—=Xl Ks [— sin(a,) + sin(a, + & )]

3 ) 3 )
Vi = ;XCISZ"Vdo sin(a,) K3 — ;Xclsz K3 sin(a, +p )
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_ Eu,, 3 f

\/ZX and Vdo = 1.35 ELL ( 1.35 = — )

rms

Er;,. 1s the line—to-line rms voltage of the six—pulse bridge convertor.

Vi = 75 ELLW[sin(a(,) + sina, +4 )| K

-3
Vi, = \/En Eyp, am [sm(aa) + sin{a, + U )] sin(wt + @)

-3
Va’ﬁ()c,' - \/5.71,’ ELL,,,, G [Sln(a()) + sin(a, + 4 )] ( crest value ) (4.34)
-3 '
Vi, = ‘/—Z;ELL Ky ap, ( crest value ) (4.35)

where:

K4 = sina, + sin(a,+u )

-3
Vi, = 7‘5}‘

This agrees with the observed relationship in Equation 4.25 obtained from the more exact approach.

(200 + p )y, (for small ag and ) (4.36)

The values of o and o, in Equation 4 .25 are in the degree and the values in Equation 4 .36 are in

radians. We can rewrite the Equation 4 .36 as:

3 /3
Wy ol = ——— 200 + Ay = + Gy
dgoc ‘/Eﬂ L s ( o+t H ) ‘/“ /— EnCag ,u) ( z)

Wigerl = 2.52 1074 200+ p daty,  ( for E,, = 1.0 pu ) (4.37)

Figure 4 .22 shows the characteristic Vo0 X 0 Obtained from the simple analytical calculation,

Equation 4 .34, and from the analytical approach obtained in Equation 4 .23.

4.4.3 SIMULATION APPROACH

The results of the analytical approach obtained from sections 4.4 .1 and 4 .4 .2 are verified in this
section by using simulation approach on a simplified six—pulse bridge converter. Appendix A shows

the PSCAD/EMTDC draft diagram used in this study.
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O alpha(m)=2 deg. (A) ©  alpha(in)=2 deg. (J3)
A alpha(m)=5 deg. (A) Vv alpha(m)=5 deg. (B)
x alpha(m)=10 deg. (A) < alpha(m)=10 deg. (B)

0.3

%’%\

Vigoer(B) 0.15

€l \'(I(A)

(pu) 0O

(o] 20 40 80 80 100

180
ay (deg. )

Figure 4 .22 : Fundamental frequency voltage component as function of oy, and dlg
{(u=10 deg. and E;=1.0 pu).

In order to illustrate the elimination of the Isg component, we consider the simplified dc system of
Figure 4 .23 . Here we introduce the fundamental frequency current, gy, through the ac voltage
source in series with the inverter. The inverter is represented by a dc source. This ac voltage source is
introduced in order to simulate the coupling effect between the ac line and the dc line. The inverter is
itself modelled for this simplified example as a voltage source Vdi behind a resistance Ry = Ry

represents the sum of line resistance and the source resistance Ry;.

L, = 05H Ry =10 [, = 1.5kA
e 12 M o

)V, sinwi+2)

,“___@_»Eg__, £ ve-zow

V, = 230kV —_— Vi

Ill—

Figure 4 .23 : Simplified dc system.

We will show that it is possible to introduce a modulation in ¢; in each valve of the six—pulse bridge

converter as indicated by the Equation 4.33 and in Figure 4 .24 .The 60 Hz voltage generated from
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this modulation(Vys0) can have any desired magnitude and phase angle. Here alg is the average value
of the firing angle order o and o, the modulation magnitude. ¢ is the phase of the modulation signal

measured from the crossing zero of line-line voltage ¢, on its positive gradient.

ia,) ibo ic'o id('oo
i(n ib: ic > FFT 1 FFT @
poy ]d'
M
PR [N R S
[:] ]
S Ol B
Dot : S
ib [ [
H— )ty :
) Le 0 0 — 1
Yy YA Y6 12 —
@ >: -y ) a :

©

a; =a, + a, sin ( wt + ¢a)

@—- output signal given inthe Figure 425

FFT| Fast Fourier transformation

FLL| Phase Lock Loop

Figure 4 .24 : Configuration of a six—pulse bridge converter.

The fundamental frequency current, Igo, can be eliminated by introducing the fundamental frequency
voltage, Vyeo, through the modulation, that will cancel out the induced 60 Hz voltage. This is evident
from the simulated waveforms in Figure 4 .25 . The amplitude Va , from Figure 4 .23, of the
inducing source was selected to be 13.8 kV so as to obtain a magnitude of 73A crest for Iso which is
about 5% of the rated dc current of 1.5 kA. For the simulation results shown in Figure 4 .25 , the
inducing 60 Hz voltage has been applied at time = 0.6 s or 0.2 s from the start of the time scale. The

modulation has been applied at t=1.2 s. A modulation amplitude o, = 5° and a phase angle ¢¢ = 180°
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were required for this action. All dc and fundamental components shown in the graphs have been

obtained with an on-line Discrete Fourier Transformation (FFT).

Figure 4 .25 alsoshows the absolute values of the dc current components Iag, Ibg, Icg in the converter
transformer. Note that these components do not disappear with the elimination of I as would be
expected from Equation 4 .10 with A=0. Indeed in this particular case, their magnitudes actually

increase.

The above observation appears contrary to the fp + f rule discussed in the Introduction of this chapter.
However it must be noted that due to the modulation of the firing angle, the assumption of equidistant
firing of the valves is no longer valid and so dc currents can exist on the ac side without the
complementary 60 Hz components existing on the dc side. Thus if our aim is to eliminate the

transformer dc currents, we must not eliminate Iy by control action.

Note also in Figure 4 .26 that the 60 Hz oscillations in the dc current before the application of the

modulation signal die out as required and only the normal 6th harmonic ripple remains.

Figure 4 .27 shows a plot of the harmonics of the current in phase “a” in the secondary of the
converter transformer for the case shown in Figure 4.25 . The harmonics were measured by using the
Discrete Fourier Transformation: a) before the application of the 60 Hz voltage source, from 0.5 to
0.6 s (interval A); b) during the application of the 60 Hz voltage source, from 1.0 to 1.2 s (interval B)

and c) during the application of the modulation of the firing angles, from 1.5 to 1.6 s (interval C).

As expected there is a significant increase in the dc and 2nd harmonic component when the 60 Hz
voltage source is applied. The dc component increased from 0.27% to 2.0% and the 2nd harmonic

increased from 0.29% to 2.6%. The others harmonic components have not change significantly.

When the modulation of the firing angle was introduced the dc component remained almost the same
inphase “a” and increased alittle in the phases b and ¢. The subsequent even harmonics, 2nd, 4th, 6th,

8th, 10th and 12th increased from 2.6, 0.6, 0.72, 0.51, 0.38, 0.29% to 4.5, 4.72, 3.88, 3.48, 3.55,

2.86%, respectively.
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=] Am (IDegrece) o VdeoO (kV)

=] Alpha mecas © Alpha Order

time (s)

Figure 4 .25 : Simulation of the coupling effect in a six—pulse bridge converter, a) Induced 60 Hz current

in the dc line, b) Magnitude of the dc current in the three phases of the secondary of the converter trans-

former, ¢) oy, modulation and crest value of the 60 Hz voltage source; d) o measured and o; modulated
and e) Current in the secondary of the converter transformer.

This method of using the technique of firing angle modulation shows that merely eliminating the
fundamental frequency component on the dc side does not remove the dc component in the converter

transformer windings.

In fact if the modulation described above does make Id free of a 60 Hz component, the dc value of the
phase “a” current (/) is as shown in Equation 4 .38 (derived without including overlap). This is

because the lengths of the positive and negative conducting intervals for phase “a” are no longer
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Figure 4 .26 : Dc current.
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Figure 4 .27 : Harmonic Spectrum of the secondary current transformer I,

A — without 60 Hz voltage source and without modulation ( from 0.5 to 0.6 sec. )
B — with 60 Hz voltage source and without modulation ( from 1.1 to 1.2 sec. )
C — with 60 Hz voltage source and with modulation (from 1.5 to 1.6 sec.)

constant. Because the firing angles are now not all the same (Equation 4.33), I,y cannot be exactly
Ze10.

]aO = Id (a3—a1+a6—a4) (438)

We must therefore seek a method of directly eliminating the dc components in the three transformer

phases. This method is presented in the next chapter.
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4.5 SUMMARY

The following observations resulted from this chapter:

— the fundamental frequency current induced from the ac line into the dc line is larger when the ac line
in an hybrid system is not transposed and without blocking filter. Hence the dc and 2nd harmonic

component current in the secondary of the converter transformer will be larger.

— a relation between the fundamental frequency component current in the dc line and the dc
component current on the ac side was determined analytically and confirmed by a simulation case in a

simple six—pulse bridge.
— the elimination of I by control action does not eliminate converter transformer dc components.

— non—characteristic harmonics are introduced as a result of the control action and can have

significant amplitudes.
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Chapter 5

Firing Angle Modulation for Eliminating Converter
Transformer DC Currents

This chapter explores the possibility of eliminating the dc components in the converter transformer
windings. The feasibility of such a solution using a theoretical approach on a simplified system and

later extend the analysis to more detailed systems is investigated by means of simulation.

5.1 THEORETICAL CONSIDERATIONS

The cyclical switching action of dc converters characteristically demodulates dc side current ripple
into converter transformer current components at other frequencies. The predominant ac—side
components are at frequencies equal to the sum and difference of the dc—side ripple frequency and
fundamental. Thus, a fundamental frequency current flowing on the dc—side of the converter, referred
to as Igp, will be seen as having second harmonic and dc c‘omponents in the converter transformer
secondary winding. Figure 5.1 illustrates the wave shapes which will exist when there is a
fundamental component current flowing in the dc line. This Figure shows the dc current with
superimposed Igp, and also the current in phases a4, b and ¢ in the secondary of the converter
transformer. The currents are represented with numerical values. Such as: dc current, Ig=1.5 kA,

amplitude of the 60 Hz component, A=0.15 kA, the phase angle, 2=—60°, and base firing angle

0o=30°. An expression for I; Ipand L. as a function of angle 6=wr are given in the Equations 5.2 ,
5.3 and 5 .4. We can conclude that the dc component in phase “a, band ¢” , I Iyp and I.p, can be

calculated as in Equation 5.5 .

Here we have used the symbol 1’ for the dc current to indicate that it has Igo superimposed on it. The
analytical expressions for Equation 5.5 after substitution from Equations 5.2 , 5.3 and 5.4 are

presented in Equations 5.6, 5.7 and 5.8.
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In order to eliminate the dc component in the secondary of the converter transformer we require that
140, Ino and I o are simultaneously zero. A numerical procedure using the Newton-Raphson method is

then used to find doy; through doy that satisfy the requirement: I,0=0, I;,0=0 and 1.¢=0.
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Figure 5 .1 : Instantaneous currents of six—pulse bridge converter with modulation of the firing angles.
(without overlap angle)
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The increment of the firing angle in the valve i is called da; . This increment is added to the base firing

angle ao. Hence the firing angle at valve i is given by:

a; = ag + do; (5.1)
7
I + Asin(@ +1) aog+das < 0 <ag+do;—-2—

I - d 0 3 0 1 3 (52)
~Ig - Asin{@ +1) ao+dag+m < 6 <ao+da4+—3—
Id+ASil’l(0+/l) ao+da5+2£ < 6 <ao+da3

I, = < .7% (5.3)

! -Igq - Asin{f +1) ao+da2+5§ <0 <ap+dag+m
[ Ig + Asin(@ + 1) oo + de +4:—JI <0 <ap+da +2E

R s TS (54

-Ig; - Asin{@ + 1) ao+da4+§ <0 <ap+dag——
~ 9

Iao

8-

¥l-

¥

I, ©) adg (5.5)

i Qo+dos Qot+das+ir
f I;+Asin(@+14)) df + f ~I,;—~Asin(@ + 1)) d6
agtdo 2% aotdats
B Qo+dos+2% Qotdont+5%
J I;+Asin(@ +4)) d6 + J ~I;—~Asin(@ +4)) d6
ao+das Qot+dog i
i Qo+den+4% Qo+dastk
J I;+Asin(@ +4)) do + J —1;—Asin(@ + 1)) d6
aot+das+25 agtdoE

—I;day - ldos + 1y doy — 1y dog .. .
- A [cos(/l +a, + doy +§) + cos(d +a,+das) ..

+ cos(d +a,+ das+ g) + cos(d +ag + daG)] (5.6)
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I
]/?o =E —1ydoy — Idas + 1y das — 1 dag ... (5.7)
- A [sin(/1+a0+da5 +—Jg—) + cos(d +ag+das) ...
. 4
+ sm(/l+a(,+da2+€) + cos(A +ao+da6)]
1
[Co = —2;; 1(1 da1 + [daz — 1[/ cla4 - Id da5 .. (5 8)

- A [cos(l +a,+da) + —?) — sin(A + g + das —‘g‘)

+ cosA+a,+dag+ E;_) — sin(A + ap + day + %)}

In this system of three equations, 1,0=0, Iyp=0and =0, there are 6 variables, do, , doy, dag, doy das,
dog, Where Iy, A, ) and o, are known parameters. We have to find some relationship between these

variables in order to transform these 6 variables into 3 variables.

Let us assume that the dc current in the phase “a” is positive. If, for instance, I,o > 0, and we want to
make the current in phase *‘a” equal zero, I,o=0. The magnitude of the current Io can be reduced by
decreasing the area A and increasing the area A, in Figure 5.2 . The area A can be decreased by
reducing the width of the positive conduction period and increasing the width of the negative
conduction period for I,. This may be achieved by increasing the values of doy and dog, and decrease
dos and doy, as shown in Figure 5.2 . The arrows pointing to the right side means that the value of ¢;
should be increased and the arrows pointed to the left side means that «; should be decreased. The

same process can be repeated in the other phases.

We need 3 degrees of freedom to simultaneously reduce I, Iy and I,y to zero. We select these 3

quantities as da,, doy, and da, respectively.
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If IaO >0

A e doy dos =
72 |

do| =2 = o
If IbO >0
&= dag do, =»
l l [I)
I I
dets = < dos
&« da, doy =»
| | I
I I
dos =2 & da;

Figure 5.2 : Modulation of the firing angle.

Considering that the variation of the width in phase ““a, b and ¢”* necessary to reduce I, Iyg and Iog to

zero are doy, doy, and do, respectively. Then we can write the variables doy, dog, dos doy, dos and dog

as a function of da,, doy, and da,, as shown in the Equation 5.9 .

da, = da, - da, day = da,. — da,
day = day, — da, das = da. — doy,
das = dayp — day, das = da, — day,

(5.9)

Now we have three equations (I;0=0, Inp=0 and I(=0) and three variables (da,, doy, and do,) which

makes possible to solve the system of Equations 5 .10 . Denoting these variables do, doy, and do, by

X7, X2 and x3, respectively, we have

[ao =f(.X1,X2,X3) =0
Iy, = flx,x2,%3) =0

I, = fix1,x2,x3) =0
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We may rewrite the equations 5.6, 5.7 and 5 .8 as a function of x;, x; and x3,

1
I = 5 [ Iy (= 4xp + 250 + 2x3)] (5.11)
- A [cos(l +a,+ (X1 —x3) +%) + cos@d +a,+ (xp—x1) ..

+ cosd +a,+ (x3—x7) + %t_) + cos(d +ag+ (x; — xz))]

Iy, = py- [ Iy (2x)—4xp + 2X3)]

+ A [sin(ﬂ +a,+ (x3—x2)+%) + cos(A+a,+ (x—x1)) .. (5.12)

+osing +ay + (o — x3) + %) + cos( +ag+ (x; — x2)):|

I = — [ I (2x1+2x2—4X3)]

+ A [sin(/l +a(,+(x1—x3)+%) — sin{A +a0+(x3—x2)+%) (5.13)

+ cos(d +a, + (x3 - x1) + g) — sin(A + ap+ (g — x3) + 56”-)]

5.1.1 NEWTON-RAPHSON METHOD [26]

In order to solve a set of N nonlinear equations in the N unknowns x/, x2, ..., xn, we may use the

Newton Raphson method [27].

A typical problem gives N functional relations to be zeroed, involving variables x;, i=1,2 ... N

f;(xl’-x29 - '9x)1) = O l = 1,2, . .,N.

If we let X denote the entire vector of values x; then, in the neighborhood of X, each of the functions f

can be expanded in Taylor series.
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AEY
JilX+0X) = fi(X) + Zg_flaxj + 0(0X?) (5.14)

j=1 9%

By neglecting terms of $X? and higher, we obtain a set of linear equations for the corrections X that

move each function closer to zero simultaneously, namely
N
> @y 0x; = B
j=1

afi .
a;j 0x; = ;f; Bi = —fi (5.15)
)

The matrix equation can be solved by LU decomposition as described in [27]. The correction are then

added to the solution vector,

X/ = x4 4 9x; i=1,.,N (5.16)
and the process is iterated to convergence.

We have to determine the values of x/, x2 and x3 in the system of equations given in 5.10 . To solve
this system of equations by using Newton—Raphson method we need to write the expression of the

partial derivative of the functions I,g, Iyg and I..

The partial derivatives of I is

T
Z;o =..21; _41d+A[sin(/1+aa+(x1—x3)+§)—sin<l+ao+(xz—xl»
— sin(d +a, + (3 —x;) + %) +sinA + a, + (x; —m))}
. )
Zx“; = % _21d+A[sin(/l +Qp+ (0~ x1)) ~ sind +a, + (x1 - x2)) } ]
Aoy _ Loy +A[ SINQL + 1+ (61 — X3) + ) + sin(A + @ + (x x)+E)] (5.17)
des  om| o IHTAITS R '
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The partial derivatives of Iy is

dl 1
d;]O =5 _2151 + A[sin(ﬂ +a,+ (X9 —x1)) — sin(d + a, + (x1 — x2)) } ]
dl 1
Zé’; =51 4l + A[— cos(h +a, + (3 —x9) + —765) + sin(d + a, + (x5 — x1)) K
+ cos(d +a, + (g —x3) + %) ~sin(d +a, + (x; — «Yz))}
d[/)o l JT |
it 20+ Al cosA +a, + (x3—x7) +€) —cos(A +a, + (X3 —x3) +—6—) (5.18)
axsz |

The partial derivatives of I is

i, ]

;xclo = o 24+ A[— sin(d +a, + (x; —x3) + g) +sin(d + @, + (x3—x)) + g) }
di 1

dTC; = 5 24+ A[cos(l + @+ (X3 - xp) + %) —CoS(A + @ty + (X7 — Xx3) + 16‘_) ]

di 1 .

dxC; > 41, + A[sm(/l +a,+ (x1 —x3) +§—)~ cos(A +a, + (x3— X2) +%) )

— sin(@ +a, + (3 —x1) + g—) +cos(@ +a, + (xp— x3) + %)J

Appendix C shows a Fortran program called FIRINANG that was developed in order to find the
values of x|, X2 and x3 from the system of equation given in the Equation 5.10 . An example case is

performed in the next section.
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5.2 ELIMINATION OF CONVERTER TRANSFORMER DC CURRENTS

5.2.1 NUMERICAL CALCULATION APPROACH

In order to illustrate the elimination of the dc current, we consider the example case shown in Figure
5.1 .Thedc currentis I4=1.5 kA, the amplitude of the 60 Hz current induced from the ac line into the
dc line is A=0.15 kA, the base firing angle is c.o=30° and the phase A=—60°. In this case the number of

variables N are equal of the number of phases in the ac system, N=3.

a) input data for the program FIRINANG are:

I, = 1.5kA  dc current in the d¢ line

A = 0.15kA  crest value of the 60 Hz component

i

a = 30° base firing angle
A =-60° phase angle

N =3 number of phases

b) output data for the program FIRINANG are (firing angle modulation):

a, = 251, a, = 300, gy = 34.9, ay = 34.9, as; = 30.0, Qg = 251

In order to confirm the calculation of the firing angle modulation, the values of the dc currents I, Iyo
and I resulting from such firing were calculated using numerical integration of the transformer
currents I, I, and /.. The results are shown in Table 5.1 . The same calculation of the currents was
performed without using the modulation of the firing angle, which means the firing angle o; was equal

to 30° for i=1,2, ...6. The comparison is shown in table 5.1 .
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Table 5 .1 : Comparison of the dc component Ip, Ipo, Ico with modulation and without modulation

Id=15kA, A=0.15kA, A =-60°
current with firing angle | current without firing angle
modulation modulation
(A) (A)
firing angle ==> 01=25.1 0pb=30.0 03=34.9 a;=30.0,1=1,2,...6
04=25.1 0,5=30.0 0g=25.1
Taol 0.9E-05 82.9
Mol 0.5E-05 41.3
Lol 0.5E-05 41.6

As we can see the values of the dc component of the currents I,, I, and I was reduced to practically
zero when the modulation of the firing angle was applied. The initial guess values of the x; was 2°, for
i=1, 2 and 3. Only three iterations were necessaries in the Newton—Raphson subroutine in order to

reach the given tolerance of 1.0E-5.

5.2.2 SIMULATION APPROACH ON A SIMPLE SYSTEM

This process of modulation of the firing angle by using the Newton—Raphson method was applied to
the simplified system as shown in Figure 5.3, which was simulated on the electromagnetic transient
simulation program PSCAD/EMTDC. Appendix A shows the PSCAD/EMTDC draft diagram used

in this study.

The current source represents the induced current from the ac line into the dc line, Iy superimposed

with Iso. The current source would ensure that the Igo component was always present. The angles

calculated for oy, oy, ... &g , fora base order of ag= 300, were respectively as described in the previous

section: 25.1, 30.0, 34.9, 34.9, 30.0 and 25.1.

In order to verify these calculated values of o, g, ... o by using the simulation approach, the usual dc
controls were bypassed and separate firing angles from this non—equidistant set were applied to each

of the six valves.

130



Ly = 05H Ry =10Q I, = 1.5kA
N M o

Iy =1, + A sin(wt+4)

Voo = 250kV

ul‘_C’\}‘%é—

V, = 230kV

Figure 5.3 : Simplified dc systen.

Figures 5.4 and 5.5 show the simulation results for three different time interval situations, labeled
A, B and C. In the first interval (A), from 0.0 to 0.1 seconds, the dc six—pulse bridge converter was
operating without the 60Hz current source applied and the firing angle was constant and equal to 30°.
In the second interval (B), from 0.1 to 0.3 seconds, the 60 Hz current source was applied and the firing
angle was still constant and equal to 30°. And finally in the the last interval (C), from 0.3 to 0.6
seconds, the firing angles o; were applied at each valve in the six—pulse bridge and with the 60 Hz

current source still been applied in order to represent the coupling.

As we can see from Figures 5.4 and 5.5 inthe interval B, where only the 60 Hz current source was
applied, the dc component of the current in phases a, b and c increased from approximately zero to 84,
43 and 41 amperes, respectively. In the interval C, where the firing angle modulation was applied
(o=25.1, 0=30.0, 03=34.9, 04=34.9, 05=30.0, 0e=25.1), the dc components of the converter
transformer disappeared completely, which confirms the theoretical calculation used in the previous

section (Newton—Raphson method).

Figure 5.6 shows a plot of the harmonics of the current in phase “a” in the secondary of the
converter transformer for the three time intervals, A, B and C. The harmonics were calculated by

using the Discrete Fourier Transformation, before the application of the 60 Hz current source, from
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Figare 5 .4 : Dc current elimination in phase currents of a simplified six—pulse bridge converter system

a) 60 Hz current source and 60 Hz current measurement in the dc line (crest), b) Magnitude of the dc cur-

rent in the three phases of the secondary of the converter transformer, ¢) Firing angle a,, modulation from
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Figure 5.5 : Dc current (Idc) and phase current (Ia).
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0.0 to 0.1 seconds, during the application of the 60 Hz current source, from 0.1 to 0.3 seconds, and

during the application of the modulation of the firing angles, from 0.3 and 0.6 seconds.

As expected there is a significant increase in the dc and 2nd harmonic component when the 60 Hz
current source was applied. The dc component increased from 0.0% to 7.1% and the 2nd harmonic

increased from 0.0% to 5.0%. The others harmonics have not changed significantly.

20- | TS 1009% (0.93k4)

N
5 6 7 8 9 10 11 12 13

Harmonic number
[ Ja N B

Figure 5 .6 : Harmonic Spectrum of the current I, in the secondary of the transformer.

A — without 60 Hz current source and without modulation (from 0.0 to 0.1 s)
B — with 60 Hz current source and without modulation (from 0.1 to 0.3 s)
C — with 60 Hz current source and with modulation (from 0.3 to 0.6 s)

When the modulation of the firing angle took action, in the time interval C, the dc components were
reduced to approximately zero in all the three phases in the converter transformer. The subsequent
even harmonics, 2nd, 4th, 6th, 8th, 10th and 12th increased from 5.0, 1.0,0.2,0.6,0.4,0.0t09.2, 3.24,
7.8,3.8, 2.8, 4.5%, respectively. The ac side characteristic harmonics, 5th, 7th, 11th and 13th, were

reduced from 18.6, 12.4, 6.2 and 4.4 to 17.5, 10.6, 4.3 and 2.3.
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5.3 DESIGNING OF A CONTROL SYSTEM

The analysis in the sections 5.1 and 5.2 show that there is a solution for the simultaneous
elimination of all dc components on the ac side. However it does not suggest any means for designing
sucha control system. One observation that can be made is shown in Figure 5.7 where the calculated
firing angle values are plotted against the time (angle) at which the firing occurs. Notice that they
appear to lie on a sine wave. Thus one possible method is to use a modulation signal similar to that

shown in the Chapter 4.

Equations 5 .19 shows how the sine wave fitted with the «; values obtained in Newton—-Raphson

method in the previous section. Where ¢,,=5.78°, 0g=30° and ¢p=271°.
a(wt) = a, + a;;sin ( wt + ¢ ) (5.19)

a(0) = [ 25.06, 30.00, 34.94, 34.94, 30.00, 25.06] ., =12 .6

0; = k60° + a() , k=0,1.5

a,(deg.) oz -

a®)deg) __

T T Y T T v T T T T v 7 1
o SO 100 150 200 250 300 3850 <400

wi , 8; (deg.)

Figure 5 .7 : Theoretically calculated q; values fitted with a sine wave.

However obtaining the amplitude and phase for the modulating signal in an on-line control system is
more complicated in comparison to the method presented below and is hence not discussed further in

this thesis.

Controllogic for the firing angle modulation was developed for both dc and second harmonic currents

with application in an static var compensators [28], [29].
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The fundamental concept in designing the control system that eliminates the dc component in the
secondary of the converter transformer is based on the discussion in section 5.1 and shown in Figure

5.2.

Consider the phase current waveform for I, as in Figure 5.1 . If there is a net positive dc component,
its magnitude can be reduced by reducing the width of the positive conduction period for I, and
increasing the width of the negative conduction period. This may be achieved by increasing the values
of a; and a¢ while decreasing the values of a3 and a4, The same process can then be repeated in the

other phases. The control system of Figure 5.8 then comes to mind.

In this control concept, the proportional-integral (PI) controller for each phase keeps increasing or
decreasing the relevant firing angles in order to reduce the dc component to zero. Note that the same
firing angle affects different phases in different ways, i.e., o.; must be increased in order to make Iy
more negative and decreased to make I,o more negative. If the gains are properly chosen, the
controller is able to achieve a steady state and eliminate all three dc components. The positive and
negative contributions are then added to the firing angle order o at the output summing junctions.
The firing angle order o is the pre—modulation firing angle order from the main controls. The angles
are then passed on to a phase—locked loop based firing control system which issues firing pulses to the

valves.

5.4 TEST ON A SIMPLE SYSTEM

Figure 5.9 shows the simulation results for such a controller operating on the simplified system
shown in Figure 5.3 . The 60 Hz current source, which represent the coupling effect, is applied at 0.1
seconds. The controller is enabled at 0.3 seconds. Note that the dc components quickly vanish after
the controller is enabled. The original firing angles for each valve are all equal initially, but take on

different values after the controller is enabled.

These values can be made exactly equal to the theoretical values calculated from the
Newton—Raphson procedure discussed in the previous sub—section 5.1 .1, by choosing an

appropriate value for the phase angle A in the current source. The angles obtained from the simulation,
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Figure 5 .8 : Proposed control system.

for a base order of 40=30° were respectively as follows: [25.8°, 31.19, 35.39, 34.2°, 28.9% and 24.7°].
These are close, but differ slightly from the calculated angle in equation 5 .19 . This is because more

than one solution exists for the angles ai and the controller has converged to a slightly different one.
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Note that as a current source was used on the dc side for the Igo component, it is not eliminated by this
control action. It was noticed in this simulated case that the dc voltage did not change when the

modulation in the firing angles was applied.

=] Ide(60) (measurement from FFT) © Idc(60) (current sourcce)
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x10¢
120 o s
§ 90 -
—
= 60 4 e
30 P DR
(o]
o] 100 200 300 400 500 s00
x107®
=1 Ia0 o IbO
x10®
=
——
[ an]
a2
it
&
=
—_——
[
20

o 100 200 300 400 500 600

time (s) x10%

Figure 5 .9 : Dc current elimination in phase currents of a simplified six—pulse bridge converter system
a) 60 Hz current source and 60 Hz current measurement in the dc line (crest), b) Magnitude of the dc cur-
rent in the three phases of the secondary of the converter transformer, ¢) Firing angle o; modulation from

control action.

Figure 5.10 shows a plot of the harmonics of the current in phase “a” in the secondary of the
converter transformer for the case shown in Figures 5.9 . As in Figure 5.6 the harmonics were
measured using the Discrete Fourier Transformation, before the application of the 60 Hz current
source, from 0.0 to 0.1 seconds, during the application of the 60 Hz current source, from 0.1 to 0.3

seconds, and during the application of the modulation of the firing angles, from 0.3 and 0.6 seconds.

137



20-

TN 100% (0.93kA)

151

%

104

5 6 7 8 9
Harmonic number

[ 1a Y B

Figure 5 .10 : Harmonic spectrum of the secondary current transformer [,.

A — without 60 Hz current source and without modulation (from 0.0 to 0.1 s)
B - with 60 Hz current source and without modulation (from 0.1 to 0.3 s)
C -~ with 60 Hz current source and with modulation (from 0.3 to 0.6 s)

The results for the harmonics analyses from Figure 5.10 are similar to the one shown in Figure 5.6

as was expected, by the reason the firing angle modulation in both cases are close.

5.5 TEST ON A LARGE HYBRID AC-DC SYSTEM

5.5.1 ACLINE UNTRANSPOSED AND WITHOUT BLOCKING FILTER
SCR = 1133, Q = 33% (200 MVAR)

The control concept was now applied to the rectifiers of the positive pole of the bipolar dc
transmission system described in Chapter 2 , with SCR=11.33 (short circuit ratio) and Q=33%
(percentage of reactive power related to the total power transmitted) (Q=0.33x600MW=200 Mvar).
As can be seen from Figure 5.11 which shows the firing angles and the dc components together with
Iso, the controller significantly reduces the dc components. We have simulated the untransposed case
to exacerbate Igp which would of course be much reduced if we had transposed the ac conductors.

Note that in this particular case, the magnitude of Igg is slightly decreased but not reduced to zero with
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the elimination of transformer dc currents. In fact depending on the phase of the ac line currents, Iso
can either increase or decrease as a result of the control action. Appendix A shows the

PSCAD/EMTDC draft diagram used in this study.

Figure 5.12 and 5.13 show the plotof the harmonics in the transformer secondary current, in phase
“a”, in both sides, rectifier and inverter, for the case discussed above. There is is a significant
reduction in the dc component in both rectifier and inverter sides. In the rectifier there is an increase in
the even non—characteristic harmonics, which is more significant in the second harmonic (from 3.1%
to 7.1%). In the inverter there was not a significant change in the harmonics, except for the dc

component.

One of the concerns of applying this control method was that because the magnitude of Igg can
actually rise, it is possible that elimination of dc currents at one end may cause an increase in their
values in the transformers at the other end. It was also felt that if control was applied at both ends, the
two controllers might fight each other. Nevertheless when the simulations were repeated with
controllers active at both ends the controllers were still able to eliminate the dc components. The
firing angles, the dc components and the 60 Hz component in the dc line at either end (positive pole)
for this situation are shown in Figure 5 .14 . The control effort at the rectifier is considerable with a
maximum deviation of about 7° from the nominal value. The effort at the inverter is much less with a

deviation of about 4° in this particular case. Note that the extinction angle controller of the inverter

would modify the value of (¢ to maintain the ordered minimum extinction angle so the modulation

does not result in commutation failures.

Figure 5.15 show the plot of the harmonics in the transformer secondary current, in phase “a”, in
bothssides, rectifier and inverter, for the case discussed above. There is a significant reduction in the dc
component in both rectifier and inverter sides. In the rectifier there is a increase in the
even—non-characteristic harmonics, which is more significant in the second harmonic (from 4.5% to
7.0%). In the inverter there was not a significant change in the harmonics, except for the dc

component.
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Figure 5 .11 : Dc current elimination in phase currents in a large hybrid ac—dc system. Control action only
in the rectifier side and positive pole. Ac line untransposed and without blocking filter
a) 60 Hz current measurement in the dc line (crest), b)Magnitude of the dc component in the converter
transformer (3 phases), ¢) Firing angle o; modulation.

Further simulations were carried out with control applied to all eight converters on both poles. The
controls worked successfully by eliminating the dc components in each transformer, as shown in

Figure 5.16.
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Figure 5 .12 : Harmonic spectrum of the secondary current transformer I, (Rec., Pos. Pole).

A — without modulation
B — with modulation only in the rectifier positive pole
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Figure 5 .13 : Harmonic spectrum of the secondary current transformer I, (Inv., Pos. Pole).

A — without modulation
B — with modulation only in the rectifier positive pole
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Figure 5 .14 : Dc current elimination in phase currents in a large hybrid ac-dc system. Control action on
both sides and only positive pole. Ac line untransposed and without blocking filter, SCR=11.33, Q=33%
a) 60 Hz current measurement in the dc line (crest), b)Magnitude of the dc component in the converter
transformer (3 phases), ¢) Firing angle ¢,; modulation.
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Figure 5.15 : Harmonic spectrum of the secondary current transformer I, (Rec. and Inv. / Pos. Pole)
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Figure 5 .16 : Dc current elimination in phase currents in a large hybrid ac—dc system. Control action on
both sides and poles. Ac line untransposed and without blocking filter, SCR=11.33, Q=33%
a) 60 Hz current measurement in the dc line (crest), b)Magnitude of the dc component in the converter
transformer (3 phases), ¢) Firing angle o; modulation.
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5.5.2 ACLINE TRANSPOSED AND WITHOUT BLOCKING FILTER
SCR =11.33 AND Q =33% (200 MVAR)

The control concept was now applied to all eight converters on both poles with the ac line transposed,
with the same SCR (short circuitratio) and Q (percentage of reactive power). The ac line transposition
was performed at three equally spaced locations of 130 km along the line. As can be seen from Figure

5.17 which shows the magnitude of the 60 Hz current measurement in the dc line (crest), the
magnitude of the dc current component in the three phases of the secondary of the converter
transformer and the firing angle o, modulation. The controller significantly reduces the dc
component. The control effort at the rectifier is much less compared with the case in the section

5.5 .1 where the ac line was untransposed. The maximum deviation of o; at the rectifieris 1.15% from
the base firing angle value of 21.6%. The effort at the inverter is less with adeviation of 0.9 in this case.

These values of deviation are approximately the same for both poles.

5.5.3 ACLINE UNTRANSPOSED AND WITHOUT BLOCKING FILTER
SCR = 2.42 AND Q=60% (360 MVAR)

The performance of the modulation action was investigated in a weaker system in order to verify if
harmonic instability occurs. As described earlier the coupling between the ac line and the dc line will
produce a 60 Hz current component in the dc line. This 60 Hz current will be referred to the secondary
of the converter transformer as a dc and 2nd harmonic current component. In an HVDC system
usually a weaker source presents a high impedance close to the 2nd harmonic frequency. As in the
modulation we are only eliminating the dc current component in the secondary of the converter
transformer and the 2nd harmonic, on the other hand, has been increased because of this modulation
action. One concern of this modulation is that this 2nd harmonic could generate harmonic instability
in a system with high impedance at this frequency. Therefore a weaker system with SCR=2.42 and
with reactive power, in the filters and the shunt capacitors, of 60% of the total power transmitted
(360Mvar) in the dc system was studied. Before applying the modulation in this large hybrid weak

system a total system impedance versus frequency was performed.

144



©.02

0.018

kA

0.0106

0.014

0.012

0.003

bikd

©.004

23

[ENER NS

Q.014

akA

0.012

©.01

0.012

Q.008

hid

©0.004

24

23

22

20

Positive Pole

Recrtifier

timie (8>

0.02

Q.018

0.010

0.014

0.012

0.008

0.004

140

144

Negative Pole

Rectificr

s AR o

] 0.08 0.1 0.16 0.2 0.26 o.a
time (s)

0.010

©.017

0.0186

0.013

0.012

o.008

0.004

146

Inverter

time ()

Inverter

.
A
AN \:\WV N U= A
Ml W VNV VR P MY AL Ve
T I gy s b i
(o] 0.05 .1 0,18 .2 0.26 0.3

o Q.05

.1 [o 0 R4

timec (s)

Figure 5 .17 : Dc current elimination in phase currents in a large hybrid ac~dc system. Control action on
both sides and poles. Ac line transposed and without blocking filter, SCR=11.33 and Q=33%.

a) 60 Hz current measurement in the dc line (crest), b)Magnitude of the dc component in the converter

transformer (3 phases), ¢) Firing angle o; modulation.
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Figure 5 .18 : Harmonic spectrum of the secondary current transformer I, (Rec. and Inv., pos. pole).
SCR=11.33, Q=33%

A — with modulation (ac line untransposed)

B - with modulation (ac line transposed)

5.5.3.1 FREQUENCY SCANNING OF THE HYBRID SYSTEM

The weaker ac source system with SCR=2.42 and filters configuration with total reactive power of
Q=60% (percentage of reactive power) (360 Mvar) of the dc transmitted power are shown in Figure
5 .19 . The total system impedance variation versus frequency plots for the ac system in isolation, as
viewed from the terminal buses are shown in Figure 5.20 . It shows the presence of a high parallel
resonance at 120 Hz at the sending and receiving ends. A possibility of harmonic instability is thus

expected for this system condition.

The system impedance responses calculated in Figure 5 .20 have not taken into account the
connection of the dc and ac lines. Therefore, the dc system has no effect on the ac system. However, in
the actual system the impedance seen from the rectifier or the inverter might affect by the dc system

especially if the ac system is weak.

Using simulation it is possible to identify the presence of a potential instability in the combined ac—dc
system more accurately compared to the previous methods. With the hybrid system operating in the

steady state, a small current with a wide range of frequencies is injected into the ac bus as shown in
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Figure 5 .20 : Total ac system impedance versus frequency (Rec. and Inv. SCR=2.42, Q=60%).

Figure 5 .21 . The system impedance can be calculated by measuring the ac bus harmonic voltage VA

in response to the injected harmonic current I,
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Figure 5 .21 : Frequency scanning method for system impedance of the hybrid ac~dc system.

The actual system impedance response of the hybrid system with SCR=2.42 and Q=60% (percentage
of reactive power) was obtained by the frequency scanning method described above. In the steady
state, a series of small harmonic currents (i.e. 5, 10, ... 1200 Hz at the magnitude of 2 A (Iess than 0.1%
of the fundamental current in ac source) are injected into the rectifier ac bus in the manner described

above.

The frequency spectrum of the ac bus voltage contains harmonic components from 5 Hz to 1200 Hz in
response to the injected harmonic currents. Note that the distortion in the ac bus voltage is very small
and guarantees the assumption of small disturbance that does not significantly change the operation

of the system.

The rectifier ac impedance can be easily obtained by calculating the ratio of the ac bus voltage to the
injected harmonic current of 2 A at each frequency. The measured rectifier ac impedance versus
frequency characteristics obtained by the frequency scanning method is shown in Figure 5.22 . The
results are plotted together with the calculated frequency responses using the simplified formulation

presented earlier in Figure 5 .20 for comparison.

Comparing the spectra from the simplified calculation and measurement from 0 Hz to 1200 Hz in

Figure 5 .22, there are some major differences between the simplified analysis method and
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Figure 5 .22 : The total ac system impedance x frequency (Rec. and Inv. SCR=2.42, Q=60%).

frequency scanning method. In the simplified analysis, the dc system is assumed to be a current source
with infinite impedance. As in the frequency scanning method, the high (not infinite) equivalent
impedance of the dc system is reflected in the simulation result. The dc system provides some
damping to the harmonics which results in the considerably lower impedance magnitude measured

by the frequency scanning method.

The control concept was now applied to the rectifiers and inverter in both poles of the dc transmission
system with SCR=2.42. As can be seen from Figure 5 .23 which shows the firing angles and the dc
components together with I, the controller significantly reduces the dc components. We have

simulated the untransposed case to exacerbate Isg which would of course be much reduced if we had

transposed the ac conductors.

[T ]

Figure 5.24 shows the plot of the harmonics in the transformer secondary current, in phase “a”, on

both sides, rectifier and inverter, for the case discussed above. There is is a significant reduction in the

dc component in both rectifier and inverter sides.

As we can see the 2nd harmonic in both sides remained almost the same. These results confirm that the
modulation of the firing angles presents even good results when the control action is applied in a

weaker system with high impedance at 120 Hz.
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Figure 5 .23 : Dc current elimination in phase currents in a large hybrid ac~dc system. Control action on
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Figure 5 .24 : Harmonic spectrum of the secondary current transformer I (Rec. and Inv, both poles).

A — without modulation
B — with modulation in all poles

5.6 DRAWBACKS

The major drawback of the control method to eliminate the dc components is that it can lead to the

generation of non—characteristic harmonics.

As we can see from plots of the harmonics in the transformer secondary current for the cases
discussed in this section, there is an increase in the second and other harmonics. The second harmonic
has a level of about 3 to 5% and the 4th and 8th about 1 to 3% of the fundamental. It should be noted
that we have presented an extreme case of induction for the simulation cases without transposition,
with about 60A of dc current in the transformer windings. In most situations when the lines are
transposed or a larger distance apart, the modulation effort required is much lower and so are the
generated non—characteristic harmonics. In many situations a certain level of these harmonics may be
acceptable, however, in other situations such as when resonances exist at these frequencies, this

method is not acceptable. In such situations Ig blocking filters may be used instead.

The increased steady state firing angles and extinction angles required tend to reduce the power

transmission and increase the reactive power requirements of the system.

Another drawback of the scheme for eliminating the transformer dc components is that applying
control to one terminal does not eliminate Igo. This necessitates the application of the control action at

all the terminals.
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Itappears that the method is most suitable when used in conjunction with line transposition, in which
case a much smaller level of modulation is required. This is because transposition significantly

reduces Igo (Figure 4.3 ).

5.7 SIMULATION ASPECTS

Note that in the above examples, the angle deviations ranged from 1°-8°. A 50 ms time—step was used
which corresponds to a little over 1o at 60 Hz. Thus in order to get accurate results one must
interpolate the thyristor turn—on and turn—off times between time—steps. The electromagnetic
transients program that is used must support this feature. Interpolation also eliminates the 1o firing
angle jitter in the simulation and thus does not introduce any spurious non—characteristic harmonics.
Wherever possible, an independent check on the simulation results was carried out, such as

comparison with Equation 4.9 .

5.8 SUMMARY

The following observations resulted from this chapter:

— it is possible to eliminate the dc components in the converter transformer secondary winding by
using Newton—Raphson method. It was confirmed the Newton-Raphson solution in an simple

six—pulse bridge by using a simulation approach;

— the proposed method of directly eliminating the dc components works successfully in the stronger

system (SCR=11.33) as well as in the weaker system (SCR=2.42);
—the control can be simultaneously applied at all terminals of a dc system without controller conflicts;

- non-characteristic harmonics are introduced as a result of the control action and can have

significant amplitudes;

~the method of firing angle modulation is probably most likely to be used when original Iso levels are

relatively low, for example in conjunction with ac line transposition.
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Chapter 6

Conclusions

With transmission right—of-way at a premium, there are increased incentives to construct HVDC
lines in close proximity to ac lines. Construction of ac and dc circuits on common structures may even

be considered as an option for maximizing right-of-way utilization.

DC transmission provides an attractive solution to the problem of restricted right-of-way. It is
anticipated this topic will become more important in the future, as electric power demand increases

while construction of new overhead transmission lines becomes more difficult to achieve.

There are a number of technical question which would need to be addressed forac and dc circuits on a

common tower. Some of these concerns addressed in this thesis include:
—study of overvoltage profiles along the line and at the stations for various types of faults.

—steady state induction of fundamental frequency current in the dc circuit and the use of blocking

filters to minimize this effect.

—protection of the ac and dc lines during contact faults.

6.1 OVERVOLTAGE STUDY

The following observations resulted from the overvoltage study:

— faults involving the ac conductor to ground closer to the rectifier converter introduce negative

sequence voltage on the bus which converts to a second harmonic overvoltage on the dc side.

—dc line overvoltages at other line locations (TL1, TL2, ... etc.) are mainly fundamental frequency

overvoltages due to the coupling effect between the ac and dc lines.
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— the dc line overvoltages are more severe for the stronger (6800 MVA) system.

—overvoltages on the ac line increased with a decrease in system strength for faults involving the ac

conductors.
— with ac—dc contact faults and dc line faults the ac overvoltages are smaller for the weaker system.

— the overvoltages are larger when the ac-dc system are electromagnetically coupled. This is more

pronounced for ac line overvoltages when the faults involve only the dc conductors.
—in general the overvoltages on the ac and dc lines are larger when the ac and dc lines are coupled.

— the overvoltages are higher for the Bergeron transmission line model compared to the frequency

dependent transmission line model.
— overvoltages for the dc line in a hybrid ac—-dc environment are higher than for a a dc line alone
— transposition of the ac conductors reduces the overvoltages.

~the blocking filter in the dc neutral has a tendency to oscillate, which can cause overvoltages on the

dc line. These oscillations can be damped by a resistor—arrester combination across the filter.

— resonances may exist in the ac or dc system which can cause harmonic overvoltages.

6 .2 FIRING ANGLE MODULATION

The following observations resulted from the firing angle modulation study:
— the elimination of Igo by control action does not eliminate converter transformer dc components.

— the proposed method of directly eliminating the dc components works successfully in the stronger

system (SCR=11.33) as well as in the weaker system (SCR=2.42).
—the control can be simultaneously applied at all terminals of a dc system without controller conflicts.

— non—characteristic harmonics are introduced as a result of the control action and can have

significant amplitudes.
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—the method of firing angle modulation is probably most likely to be used when original I¢ levels are

relatively low, for example in conjunction with ac line transposition.

6 .3 SUGGESTIONS FOR FUTURE STUDIES

Increasing the power transmission capability on existing transmission line rights of way is an area of
increasing interest in North America. A number of methods of increasing transmission capability are
described in the literature. One way is to add a dc circuit to an transmission line. The major areas of
investigation this alternative include theoretical electrical aspects as well as structural aspects of the

transmission line towers.
The author suggest the following aspects to be study for the future:
1-Survey of Tower Types

A survey should be carried out to determine the configuration and structure in common use by utilities
for transmission voltages ranging from 110 up to 500 kV that appear to be good candidates for

conversion to hybrid transmission lines.
2— Converter transformer core saturation

Saturation of the converter transformer due to 60 Hz current in the dc line should be investigated to

obtain an understanding of its cause and sensitivity to various parameters.
3- Lightning Performance

The number of lightning flashovers of the dc circuits will be high when shield wires are modified in
order to include the dc conductor in the same tower. The number of lightning outages on the 230 kV

Gulfport transmission line should be investigated.
4— Ac—dc conductor contact fault

Contact faults between conductors of the ac and dc circuits on the hybrid transmission line result in ac
voltages and currents on the dc circuitand vice verse. Ac current in the dc circuit could saturate power
transformers causing tripping of these transformers. DC currents could also be present when ac

circuit breakers are required to operate. These factors should be investigated.
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5— Electrical Field effects

A program should be developed to calculate the electrical field effects from a hybrid transmission
line. Anelectrical field test in an high voltage laboratory should be carried out in order to measure the

main parameters of the hybrid ac—dc line (electric field, RI, AN, etc.).
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Appendix A

PSCAD/EMTDC DRAFT FILES FROM
THE SIMULATION STUDIES

OVERVOLTAGES STUDIES
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Figure A.1: Hybrid ac—dc system — rectifier side -REC
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PSCAD/EMTDC DRAFT FILES FROM
THE SIMULATION STUDIES

FIRING ANGLE MODULATION

ON A SIMPLIFIED DC SYSTEM

(from sections 4.3.2, 4.4.3 and 5.2.2)
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PSCAD/EMTDC DRAFT FILES

FIRING ANGLE MODULATION

ON A LARGE DC SYSTEM

( from section 5.5)
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APPENDIX B

B.1 RELATION BETWEEN THE 60 HZ COMPONENT IN THE DC LINE AND THE DC
COMPONENT IN THE SECONDARY OF THE TRANSFORMER.

1 «, @,
lyy = — J 1, d6 + f Uy —Ipcosa + [pcos@) do ... (B.D)
27 0 a
a+pus a+m
+ f (~Ipcosa+1ycos (0—~—) do  + f —1; db
a+s o

oty
+ f (=1 +Ipcosa + Iy cosB) dO

a+p+45 - 2 ,
+ j (Upcosa + Ip cos(9—§) do + f Iy db

i1 k14
a+dz a+pu+ax

T
a+2s

1 a+u ,
I =5 J (Upcosa—1IycosB) db +I I, do .. (B.2)

0
a aty

a+,u+2——
+ J Iy —Ipcosa — Iy cos (6+~) do

z
a+23

3
a+u+ a+5%

(~Igycosa—1Iycos (0) df + f ~I; d

QYT

+

+ (—Id +Igpcosa — Ipcos (0+—) de

.
e

+5%
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1 a+y a+u+s -
Iy = — j —1; d6 + j (=1 +1Ipcosa — Ipcos (B—-—) d8 .. .(B.3)
2% o a+45
+ f (Upcosa+Igpcos (0+—) d6 + f 1, d6
a+2% 3 a+u+2%

atu+d% x
+ J (Id —132 cosa — 132 CcOS (9_§) 4o

a+d%
a+pt+5% P 2
+ J (~Ipcosa + [pcos B+—) d6 + f —1,; do
a+5% 3 a+u+5E

and the solution for the Equations B.1. B.2 and B.3 become:

A
[a():; Cos(a+,u+/1+75)+cos(a+lu+,1_2_;£)]
Al 7
1/%:; COS(a+ﬂ+l)+COS(a+ﬂ+l+5§)]
A P =
Io0=; cos(a+/z+/l+2§)+cos(a+ﬂ+/l+§)

making o+ u+i=0

I =2 |cos (o4 ) + cos (o-2% )] (B.4)
T | 3

Iy =2 cos(0)+cos(0+5£)] (B.5)
7T | 3
AT 7 7

I, =— |cos (0+2— ) +cos (O+— )] (B.6)
7oL 3 3
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using the trigonometric relation:

cos(x) — cos(y) =2 sin {(x+y)/2} sin{(x~y)/2}

the Equations B.4, B.S and B.6 become:

2A T T 3A 14
I, =—— |sin (0—— )+ sin ( —— = sin (0 -Z=
day 7z | ( 3 ) in ( 3 ) - ( 3 )

24 | ) 3A . A
Ipy = —— Sin(0+—7£)+sm(—ZE ) | = sm (0+—)

x| 3 3 -

2A 7 7 34
I, =— |cos (0+— )+cos(— )| = sin ( g+ )

/A 2 6
In order to find the relation between the dc component in the secondary of the converter transformer,
Lo, Ino and I, for the three phases, and the fundamental component current, lgg, in the dc line we
have:

342 T 2 . T2
L2+ L2+ 12 = — [sin (0-%) +sin(o+7) +sin (o+n)2]

342 —l—cos 2( o——gﬁ ) . I —cos (2( 0—% ) N l-cos QLo+m))
i 2 2 2

34213 1 7 1
= 7735 [cos (2(0-—3—)) + cos (2( 0+§ ) +cos 2{o+m ))]

j9N]
>
[

I
-5 [cos ( w—zg ) + cos ( 20+2§ ) + cos ( 20 )]
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2 2 2
Lo+ Iy, + 1., =

oo
Q>

B.2 FIRING ANGLE MODULATION TO ELIMINATE THE 60 HZ CURRENT

B.2.1 WITHOUT OVERLAP ANGLE

The average value of the dc line voltage, V, is given by:

Troy

1 a; Ziay 2%+a; Fane
Vy J . Cue dO + f epe dO + J epy A6 + I eoq dO0 ...

2‘7[ [o4) 2'{%‘!—& 5

4+, 55+a, 2
+ f Cch do + J Cab do + f Cue do

T+t 4Zra 55+a,

From the theory of Fourier series we have:

n=®

v(wt) = % + z Cpcos (n wt+¢, )

n=1

where:
2 .
w=— =27,
T f
Qo
5 " average value

= ‘/(a112 + bnz)

0

&

2 [ nIt
= Z iaad '
L v (wi) cog (2—1) dwi)
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c+T

b, =;;‘,- f v (wi)sin ( 2%’5041(wr) (B.11)
.

¢, = —arctan ( —2—'1 ) (B.12)

The modulation of the firing pulse of six—pulse bridge converter will generate 60 Hz voltage
component in the dc side of the converter. The fundamental frequency component of the voltage V,; on

the dc line, c;vq, can be determined from Fourier series. For wt=8, we have:

2 as oy 25+
ay, = —— j ¢qeCcosl dO + j epe-cosf df + J epycos B db
Yol T
27 0 a; Ziay

0 4‘?‘*‘6‘51 5%‘*‘&2
+ j €.qC086 db + j ecpcosf df + J eqpcosf db

2Z+as T+ 4Z+a,

2
+ f CyueCOs 6 dO

5%& 2

§ a; Tay
a, = 3En j cos(@ +ZZ—) cos@ df + f cos(f —E) cos@ do
d JT 0 6 a; 6

2540 T+ -

+ J sinf@cosf dO + J cos(@ —5—)cos@ db
Ziq, 20 6
4%“'6!1 I 5]';:—*"12 I

+ J cos(@+5—)cosO df + I cos(@ +—)cos@ db
T 6 4ia, 2

2
+

——

cos(@ +%) cos 6 db

55+,
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(24 T‘}'a4
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C1y, is the crest value of the fundamental frequency voltage component in the dc side of the six—pulse
bridge converter which was generated by the modulation of the firing pulse.

(B.16)

1y
$1, = —atan—=
Iy,

is the phase angle of the fundamental frequency voltage component.

b1y,
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B.2.1 WITH OVERLAP ANGLE

The average value of the dc line voltage, V, , is given by:

as sty ray
Vg = @ f cos(0 +-JE) de +J —30030 do + f cos(@—z[—) de .
27 1 Jo 6 a; 2 ot 6
—+a4+u 2+as
+ J —cos(@——) do +j sin@ do ...
ay ot

2%t astu T+
+ J ‘/73003(9 2—) ae + f cos(@—S%) do ..

25+as 2Z4astu

T+0HUL 45t P
- I —cos0 do + f cos(0+5€) de ...

T+ QU
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ra Ao 2

5%+ ao+/4 2 7
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as

+ cos(G —%) cos@ do ...

astu

i}-a 2%‘4‘(1 5

73 os(@——) cosf do + I ' sinfcosf d6 ...

4
ot

T+

—cos(@ 2—) cos@ db + J cos(@ — 5%) cos@ db ...

2 tas+p

’>—+a5+,u

J+Qg Tl

4~—+a | +,u f 5%+as

——cos(@ + 2—) cosB d6 + cos(6 + %) cos@ db ..

T

2

———cos(6 + —) cos@ df + f cos(@ + —763) cosO db

S5 tart

S——m 2 +,u

TOHE a,
J £(cos 0)? do + I cos(@ + 5%} cosB do ..

E,, 24 [e4Sy /] 3
by, = BEn J cos(0+£)sin9 d0+f £cos(?sin@ ae ...
d 2:/T 0 6 a; 2

%1—(14 7

+ I cos(@ ——)sin@ do ...
aytu 6
Tragrp 25+as

+ [ [3—005(9 ——) sin@ d6 + J (sin@)? do ...
Ziay 2 oty
2%*!'&5'!‘# T+

+ J —@cos(e ~ ZE) sinf df + [ cos(@ - SE) sin@ do ..
2ias 2 3 rastu 6

3

Qe 3 45+, 7
J ——cos@sinf db + I cos(@ +5~6—) sinf@ do .

TT+0g T+CeHU
4—+a1+,u 5’3’—+a2 T
+ J —cos(9 + 2—) sin@ df + I cos(@ +—)sin@ db ...
4’%*(11 4%+al+ﬂ 2
£+ao+/¢ 2z -
+ f ———cos(0 + -—) sinf do + j cos(@ +—)sin@ db
55+, 5Zvaytu 6
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ay,, = i (cosu)z[/§ [sina4 COSQy + SIN Q5 COSA5 —SINQA | COSA] .. . (B.18)
—sinay cos az] + [ —2(cosaz)? — (cos ay)? + (cosas)® + 2(cos ag)? .. .
+ (cosa)? — (cos(az)z] ] .-
+cosy siny [[cos Q48inQ@y — COSA5SINAs— COSQ; SinA + cosay sinay .. .

+2cosazsings — 2sinagcos a6] + ﬁ[(oos ag? + (cosas)? — (cosap)? ...

—(cosaz)z]] + \/5[—054 —as +a; + ag]

J3E . . .
b]‘,, = ——zﬂ—m [(cosu )2[— 2 sin @3 COS (3 — SIN (4, COS A4 + SIN A5 COS A5 .. . (B.19)
+ 2 sin g cos ag + sin@; cos @ — sina, cos ap + /—3_[— (cosaq)? — (cosas)? ...
2 2
+ (cosay)” + (cosap) H
+cosp sinp [— 2(cosaz)? — (cosas)® + (cosas)? + 2(cosag)? + (cosa)? ...
— (cos a)? + V3 [sinay cos @y + sinas cos as — sin & cos ¢ — sin a; Cos az]] )
+ [ 203 + a4 — as — 205—a +a2]]
e, = Ca, ) + ( by, )? (B.20)
Ly, ly, ly, '
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APPENDIX C

This program is used to solve the analytical Equations for the firing angles oy, o, ... 0 to reduce or
eliminate the dc¢ current components in the secondary of the converter transformer. The solution is
carried outby using the expression for the dc components, lag, Ibgand Icg and the partial derivatives of
fag, Ibg and Icy. The system of equation below (Equation 5 .10 )is solved by using Newton—Raphson

method, with x;, x» and x;3 being the unknown variables.

[ao =f'(x17-x2’x3) = O
]/)0 =./.(-x17x27x3) = O

1('0 =f(X1,X2,.x3) = O

Where the variables a7, x> and x; represent the variables da, doy, and da,, respectively. Then we can
write the variables da;, dop, dog doy, dos and dog as a function of da,, day, and do as shown in the

equation below (Equation 5 .9 ).

day = da, — da, day = da, - da,
da, = day, — da, dos = da, — day,
das = day, — da, dag = da, — day

The routine MNEWT in the program FIRINANG performs NTRIAL iterations starting from an
initial guess at the solution vector X of length N variables. Iteration stops if either the sum of
magnitudes of the functions f; is less than some tolerance TOLF, or the sum of the absolute values of
the corrections to dx; is less than some tolerance TOLX. MNEWT calls the subroutine USRFUN
which must return the matrix of partial derivatives ¢, and the negative of the function values f, as

defined in Equation 5 .15.

C THIS PROGRAM CALCULATE THE ROOT OF THE FUNCTION F(X)
C WHERE PARTICULARLY F REPRESENTS THE DC COMPONENTS IN
C THE SECONDARY OF THE CONVERTER TRANSFORMER (IA0, IBO AND
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IC0) AND X REPRESENTS THE FIRING ANGLE MODULATION

BY ROGERIO VERDOLIN
19 JUNE 1994

REAL X(3)
COMMON ALPHAO,PHIA,XID,DGRA,RADG
COMMON PIPI2,PI2I,PID3,PID6

OPEN (UNIT=1,FILE="OUT.D")

OPEN (UNIT=2,FILE="ALPHA.D")
COMMON ALPHAOPHLAXID

56 55 sje sk s stk sfe sk st ool sfe e s sfe s sl st s sl s she sl she sl sfe sk s she sl st sfe sk e sk s e s sk sk sR S ok s sk sk ok sk sk

CALCULATION OF CONSTANTS USED IN THE PROGRAM

PI=ATAN(1.)*4.
P12=2%*P]
PI21=1./P12
PID3=P1/3.
PID6=PV/6.
DGRA=PI/180.
RADG=180./P1

INPUT DATA

ALPHAO ~BASE ALPHA ORDER

A — AMPLITUDE OF 60 HZ COMPONENT
XIDDC — CURRENT

PHIDG — PHASE ANGLE IN DEGREE

NTRIAL — MAXIMUM NUMBER OF ITERATIONS
N — NUMBER OF OUTPUT VARIABLES

TOLF — TOLERANCE FOR THE FUNCTION F(X)

TOLX —TOLERANCE FOR X

ALPHA0=30.*DGRA
A=0.15

XID=1.5
PHIDG=-60.0
PHI=PHIDG*DGRA
NTRIAL=20
TOLX=0.00001
TOLF=0.00001

N=3
NP=3

END OF INPUT DATA

X@)=INITIAL GUESS
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1000

O OO0

DO 121=1,N
X(D=2.*DGRA

skoskook ok

CALL MN EWT(NTRIAL X, N NP TOLX TOLF)

ER P SR P ER PP E e o s i SRR Sl R SRR sk

OUTPUT DATA: X(l) X(2) AND X(3)

DA 1=(X(1)-X(3))*RADG
DA2=(X(2)-X(3))*RADG
DA3=(X(2)-X(1))*RADG
DA4=(X(3)-X(1))*RADG
DAS=(X(3)-X(2))*RADG
DA6=(X(1)-X(2))*RADG

Al=(ALPHAO+(X(1)-X(3)))*RADG
A2=(ALPHAO0+(X(2)-X(3)))*RADG
A3=(ALPHAO+(X(2)-X(1)))*RADG
Ad=(ALPHAO0+(X(3)-X(1)))*RADG
AS5=(ALPHAO0+(X(3)-X(2)))*RADG
A6=(ALPHAO+(X(1)-X(2)))*RADG

WRITING OUTPUT DATA TO THE FILE ALPHA.D
WRITE (2,222) ALPHAG*RADG,A,XID,PHIDG
WRITE (1,222) DA1,DA2,DA3,DA4,DAS,DAG6
WRITE (2 222) Al A2 A3 A4 AS A6

FORMAT (8(E10 4, 1X))

STOP
END
2 2 FE TS EEEEEE R EEEEEE P EFEEEE S EEFETEEET T EEE R TR

SUBROUTINE MNEWT(NTRIAL X,N,NP,TOLX TOLF)
INTEGER N,NTRIAL,NP

INTEGER LK,INDX(3)

REAL TOLETOLX,X(3)

REAL D,ERREFJAC(3,3),FVEC(3),P(3)
N=3

PI=ATAN(1.)*4

PI2=2%PI

DGRA=PI/180.

RADG=180./PI

DO 14 K=1,NTRIAL

WRITE (2,%) "ITTERACAO NUMBER=’
WRITE (2,%) K

CALL USRFUN(X,N,NP.FVEC,FJIAC)
ERRF=0.

DO 11 I=1,N
ERRF=ERRF+ABS(FVEC(D))
IF(ERRF.LE.TOLF) RETURN
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DO 12 I=1,N
12 P(I)——FVEC(I)

CALL LUDCMP(FJAC N,NP,INDX,D)

CALL LUBKSB(FJAC N.NPINDX P)
c e S e o

ERRX=0.

DO 13 1=1,N

ERRX=ERRX+ABS(P(])
13 X(D=X(D)+P(D)

IF (ERRX.LE.TOLX) RETURN
14 CONTINUE

RETURN

END
C skosieste sk sk sk ke sk shesie s sk sheste st sk sl sk sk sk s e sl s sk ok e sl e sl se ol sl sieste sl stosiokoiotkoioosk
SUBROUTINE USRFUN(X N,NP,FVEC,FJAC)
REAL X(N),FVEC(NP),FJAC(NP,NP)
COMMON ALPHAO,PHI A, XID,DGRA,RADG
COMMON PI,PI2,PI21,PID3,PID6
PHIAO=PHI+ALPHAO
DA1=DAA-DAC, DA2=DAB-DAC, DA3=DAB-DAA
DA4=DAC-DAA, DA5=DAC-DAB, DA6=DAA-DAB

a0

DA1=X(1)-X(3)
DA2=X(2)-X(3)
DA3=X(2)-X(1)
DA4=X(3)-X(1)
DAS=X(3)-X(2)
DA6=X(1)-X(2)

Siesik sk sk sk K s s sk sl ok sie sk sfesfe sk sfe st shsk sk 3 sk sl e o sfeske stesieok sk Rk sk skt koK sk stk stk stesloR ok

DETERMINATION OF FUNCTION VALUES OF X IN FVEC
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WRITE (1,*%) 'DAL,....,DA6’
WRITE (1,222) DA1,DA2,DA3,DA4,DA5,DA6

222 FORMAT (8(E10.3,1X))
XK11=XID*(DA3-DA1+DA4-DA6)
XK12=COS(PHIAO0+DA1+PID3)+COS(PHIAO0+DA3)
XK13=COS(PHIA0+DA4+PID3)+COS(PHIA0+DAG)
AQ=PI2I*(XK11-A*(XK12+XK13))
FVEC(1)=A0

XK21=XID*(-DA2-DA3+DAS5+DA6)
XK22=SIN(PHIA0+DA2+PID6)+COS(PHIAO+DA3)
XK23=SIN(PHIAO+DA5+PID6)+COS(PHIAO0+DA6)
BO=PI2I*(XK2 1+A*(XK22+XK23))

FVEC(2)=B0

XK31=XID*(DA1+DA2-DA4-DAS)
XK32=COS(PHIA0+DA1+PID3)-SIN(PHIAO+DA2+PID6)
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XK33=COS(PHIA0+DA4+PID3)-SIN(PHIAO+DAS5+PID6)
CO=PI2I*(XK31+A*(XK32+XK33))

FVEC(3)=C0

WRITE (1,*) 'FVEC’

WRITE (1,222) (FVEC(I),I=1,N)

DETERMINATION OE JACOBIAN MATRIX VALUES OF X INFJAC
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FJAC(1,1)=PI2I*(~4*XID+
A*(SIN(PHIA0+DA 1+PID3)-SIN(PHIA0+DA3)
~SIN(PHIA0+DA4+PID3)+SIN(PHIA0+DAG)))

FIAC(1,2)=PI21% (2% XID+A*(SIN(PHIAO+DA3)-SIN(PHIAO0+DA6)))
FIAC(1,3)=PI21*(2%XID+

A*(=SIN(PHIAO+DA 1+PID3)+SIN(PHIA0+DA4+PID3)))

FIAC(2,1)=PI21% (2% XID+A*(SIN(PHIAO+DA3)-SIN(PHIA0+DA6)))
FIAC(2,2)=PI21*(—4*XID+
A*(~COS(PHIA0+DAS+PID6)-SIN(PHIAO+DA3)

+ COS(PHIAO+DA2+PID6)+SIN(PHIA0+DAG)))
FIAC(2,3)=PI2I*(2%XID+

A*¥( COS(PHIAO+DAS+PID6)-COS(PHIAO+DA2+PIDG)))

FIAC(3,1)=PI2I*(2%XID+
A*(-SIN(PHIAO+DA 1+PID3)+SIN(PHIA0+DA4+PID3)))
FJAC(3,2)=PI2I*#(2*XID+

A*( COS(PHIA0+DAS+PID6)-COS(PHIA0+DA2+PID6)))
FIAC(3,3)=PI21*(~4*XID+

A*( SIN(PHIA0+DA 1+PID3)-COS(PHIA0+DA5+PID6)
~SIN(PHIA0+DA4+PID3)+COS(PHIA0+DA2+PID6)))
RETURN

END

SUBROUTINE LUDCMP(A,N,NP,INDX,D)

INTEGER N,NP,INDX(N),NMAX

REAL D,A(NP,NP),TINY

PARAMETER (NMAX=500,TINY=1.0E—20)

INTEGER LIMAX,],K

REAL AAMAX,DUM,SUM,VV(NMAX)

D=1.

DO 121=1,N

AAMAX=0.

DO 11J=1,N

IF (ABS(A(LJ)).GT.AAMAX) AAMAX=ABS(A(L]))
CONTINUE

IF (AAMAX.EQ.0.) PAUSE *SINGULAR MATRIXIN LUDCMP’
VV(D)=1/AAMAX

CONTINUE

DO 19 J=1,N

DO 141=1,J-1
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SUM=A(LJ)
DO 13 K=1,I-1
SUM=SUM-A(LK)*A(K,J)
A(LD=SUM
AAMAX=0.
DO 16 I=1,N
SUM=A(LJ)
DO 15 K=1,J-1
SUM=SUM-A(LK)*A(K,J)
A(LDH=SUM
DUM=VV(I)*ABS(SUM)
IF (DUM.GE.AAMAX) THEN
IMAX=I
AAMAX=DUM
ENDIF
CONTINUE
IF (J.NE.IMAX) THEN
DO 17 K=1,N
DUM=A(IMAX,K)
A(IMAX,K)=A(,K)
A(.K)=DUM
D=0D
VV(IMAX)=VV(J)
ENDIF
INDX(J)=IMAX
IF (A(I,])).EQ.0.) A(J))=TINY
IF (J.NE.N) THEN
DUM=1./A(,J)
DO 18 I=J+1,N
ALD=ALT)*DUM
ENDIF
CONTINUE
RETURN
END
SUBROUTINE LUBKSB(A,N,NP,INDX,B)
INTEGER N,NP,INDX(N)
REAL A(NP,NP), B(N)
INTEGER LILJ,LL
REAL SUM
11=0
DO 121=1,N
LL=INDX(I)
SUM=B(LL)
B(LL)=B(I)
IF (IL.NE.0) THEN
DO 11 J=I1,I-1
SUM=SUM-A(LJ)*B())
ELSE IF (SUM.NE.0) THEN
T=I
ENDIF

sttt st stk ok sk SRk sk
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B()=SUM
DO 141=N,1-1
SUM=B(I)

DO 13J=I+1,N
SUM=SUM-A(LJ)*B(J)
B(D)=SUM/A(L])
RETURN

END
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