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SAMMANFATTNING

Foreliggande examensarbete beskriver en studie av kopplingen mellan en hogspdnd
likstromsledning och en hogspdnd viixelstromsledning, som gar i samma ledningsgata.
Studien har fokuserats pa risken for odnskade reliskyddsfunktioner pa
vixelstromsledningen till foljd av jordfel pa likstromsledningen. Resultaten fran den
inledande, principiella studien, har sedan applicerats pa Fenno-Skan II. Studien visar att
jordfel pa likstromsledningen inte kommer att leda till oonskad reldskyddsfunktion pa
nagon av de delvis parallella viixelstromsledningarna.

Den omsesidiga kopplingen, framst den induktiva, mellan de bada ledningarna, dr av
sadan storleksordning att den enbart har praktisk betydelse for nollfoljdsstorheter. Den
omsesidigt kopplade nollsfoljdsstrommens maximala RMS-virden for den totala
strommen respektive fundamentalkomponenten uppgar till 1200A respektive 700A. Dessa
strommar dr mycket kortvariga och styrs ned till noll efter 60-80 ms. Jordstromsskydden
for de delvis parallella 400kV och 220kV ledningarna kommer, med nuvarande
instdllningar, inte att losa ut for dessa kopplade nollfoljdsstrommar.

Kopplingsstudierna dr utforda med modeller som utvecklats i PSCAD/EMTDC och
MATLAB. Modellen for PSCAD/EMTDC dir detaljerad och representerar hela systemet,
medan modellen i MATLAB dr enklare och representerar enbart kopplingen mellan
ledningarna och dr baserad pa teorin for stdende vagor. En god overensstimmelse
mellan resultaten fran de bada metoderna har erhallits.

Bakgrunden till examensarbetet star att finna i samhdillets okade intresse for miljofragor
och att hinsyn till var miljo blir allt viktigare. For att hjdlpa till att virna var miljo dr
Svenska Kraftndt angeldgna om att utnyttja samma ledningsgata for flera ledningar och
att sambygga ledningar ddr det dr ldmpligt. Detta leder till att ledningar allt oftare gar
parallellt, med sma avstand mellan ledningarna, vilket leder till starkare omsesidig
koppling mellan ledningarna. Denna koppling kan i sin tur innebdra oonskade
reldaskyddsfunktioner, som paverkar och kanske rentav dventyrar driftsikerheten. Det dr
ddrfor viktigt att sdkerstdlla en hog driftsdkerhet och att kontrollera att inga oonskade
reldaskyddsfunktioner erhalles. Svenska Kraftndit arbetar just nu med en utbyggnad av den
befintliga monopoldra 400kV, 600MW likstromsforbindelsen mellan Finland och Sverige,
Fenno-Skan, till en bipolir £500kV, 1400MW forbindelse. En del av utbyggnaden
planeras som en luftledning i samma ledningsgata som befintliga stamnditsledningar pd
en strdacka av 70km, fran Dannebo till Finnbole. Den nya forbindelsens negativa pol
skulle ddirvid bli parallell med en befintlig 400kV ledning lings en 53km lang stricka och
med en befintlig 220kV ledning lings 7.5km.
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ABSTRACT

With stringent environmental regulations in the world today, acquisition of new rights-of-way
(RoW) for transmission projects by electricity companies is at a premium. Faced with this
scenario, electricity utilities naturally opt to optimise existing RoW with the consequence that
distances between transmission lines in the same RoW are being pushed to the limits.

The concern however, for transmission lines located in close proximity with each other is that at
non-dc frequency, they will influence each other through electromagnetic coupling. Of interest
also is the effect, if any at all, of the resulting coupling on the protection system of the coupled
circuit.

Svenska Kraftndt (SvK), the Swedish National Grid company, is currently working to expand the
existing monopolar 400kV, 600MW Fenno-Skan HVDC link between Sweden and Finland into a
bipolar £500kV, 1400MW link. As one consequence of this expansion, two sections of mutually
coupled overhead lines will be created; one coupled section of about 53km will be formed
between the second pole (new pole) of the £500kV HVDC link and an existing 400kV HVAC line
and another coupled section between the same pole of the HVDC link with an existing 220kV
HVAC line of about 7.5km. The coupled sections arise since the first 70km of the second pole of
the HVDC link will be constructed as an overhead line mainly within existing RoWs before
transforming into an undersea cable en-route to Finland.

In this thesis, the coupling of transients to the HVAC lines that could arise due to a pole-to-
ground fault occurring on the HVDC line has been studied in respect of the above mentioned
coupled line sections. Furthermore, assessement of the impact of the coupling phenomenon on the
ground protection of the HVAC lines has been carried out.

The study has been carried out using models developed in PSCAD/EMTDC and MATLAB. The
PSCAD/EMTDC model is detailed, taking the form of a full system representation. The MATLAB
model is more of a conceptual model, based on solving a system of coupled transmission line
travelling wave equations. Good agreement between results from the two models has been
achieved.

The conclusions of the study are that the coupling phenomenon is mainly due to coupling in zero
seuqgence networks. Peak values for the RMS coupled zero-sequence currents of 1200A and 700A
for total and fundamental currents respectively can be expected. These currents are transient in
nature and they decay to zero within about 60-80ms.

The study further concludes that the ground overcurrent protection of the coupled 400kV and
220kV AC transmission lines in the SvK system will not be called into operation as a result of the
coupled current flowing in them. Finally the study concludes that the ground protection settings
in the SvK system can be said to be adequately and properly set such that no unwanted tripping
will occur due to this type of coupling phenomenon.

Key Words: Coupling Phenomenon, HVDC transmission, HVAC transmission, Right-of-Way
(RoW), Zero-Sequence Network, Ground Overcurrent Protection, Ground Protection Settings
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1. INTRODUCTION

With heightened environmental regulations in the world today coupled with the
continuously increasing competition for land among various economic activities,
acquisition of new rights-of-way (RoW) for transmission projects by electricity
companies is at a premium. Given this scenario, electricity utilities naturally choose to
optimise existing RoW with the consequence that distances between transmission lines in
the same RoW are being pushed to the limits.

The concern however, for transmission lines located in close proximity with each other is
that at non-dc frequency, they will influence each other through electromagnetic
coupling. Without detailed analysis, it is hardly possible to quantify the amount of
coupling that could exist particularly under transient conditions arising due to faults
involving ground. Of interest also is the effect, if any at all, of the resulting coupling on
the protection system of the coupled circuit.

1.1. Objective of the Thesis

The main objective of the thesis work presented in this report is to investigate the
coupling phenomenon in relation to two corridors of couplings that will be created once
Svenska Kraftnidt completes the expansion of its currently monopolar 400kV High
Voltage Direct Current (HVDC) line between Sweden and Finland into a bipolar
arrangement.

Svenska Kraftnidt (SvK), the Swedish National Transmission company, will soon
commence expansion of the 400kV, 600MW monopolar HVDC line between Sweden
and Finland into a £500kV, 1400MW bipolar line. As a consequence of this expansion,
two sections of mutually coupled lines will be created; one coupled section of about
53km will be formed between the second pole of the £500kV HVDC line and an existing
400kV HVAC line and another coupled section between the same pole of the HVDC line
with an existing 220kV HVAC line of about 7.5km. This situation is shown pictorially in
Figure 1.1 below. The coupled sections arise since the first 70km of the second pole of
the HVDC line will be constructed as an overhead line mainly within existing RoWs
before transforming into an undersea cable on its route to Finland.

This study focuses on the coupling of transients in the HVDC line to the HVAC lines
within the same right of way arising as a result of a line-to-ground (LG) fault occurring
on the HVDC line. The study further assesses what impact this phenomenon has on the
protection of the HVAC lines and whether the HVDC protection and control can play any
role in this phenomenon.

To study this phenomenon, system models were developed in PSCAD/EMTDC and
MATLAB. The PSCAD/EMTDC model is quite detailed, taking the form of a full system
representation that includes the HVDC system together with its controls, the power



system equivalent at necessary nodes and line representations including the mutual
couplings. The MATLAB model is more of a conceptual model, based on solving a
system of coupled transmission line travelling wave equations

The results obtained from the simulations were then used to evaluate possible protection
system effects of the coupling circuit as well as that of the coupled circuit.

Dannebo
53.1km
500kV DC Line Forsmark
400kV AC Line
220kV ACLine @ = __——c--=-=--" >

Finnbole <>

Figure 1.1: Single line view of mutually coupled lines

1.2. Outline of the Thesis Report

This report is arranged in eight chapters. Chapter 1, which constitutes the introduction,
provides the background to the thesis work and sets out objectives, which the study aims
to accomplish.

Chapter 2 discusses the theoretical background relevant to this thesis work. It includes
discussions on HVDC basics, HVDC control and protection, HVAC line protection as
well as the concept of mutual coupling between transmission lines.

Chapter 3 primarily focuses on a review of similar cases elsewhere in the world where the
phenomenon of mutual coupling due to HVDC and HVAC lines, existing either in the
same right-of-way or on the same tower, have been studied. Selected papers presenting
results of similar studies have been reviewed and key results obtained from such studies




by different authors are presented in this chapter. Furthermore, a brief section on the
coupling of HVAC to HVDC is also included in this chapter.

This is followed by chapter 4, which is dedicated to the description of system modelling
carried out in PSCAD. In Chapter 5 a discussion and analysis of results from PSCAD
simulations is presented. This chapter is then followed by Chapter 6, where a coupling
model for two lines in the same RoW, built in MATLAB, is presented.

Chapter 7 then focuses on the discussion of effects of the coupled currents on the ground
protection of the AC lines. Finally chapter 8, aimed at detailing overall conclusions of the
thesis work, forms the last chapter of the report.



2. THEORETICAL BACKGROUND

This chapter gives the theoretical background necessary for the study of the coupling
phenomena that may occur between transmission lines.

The first part of the chapter is divided into three parts — HVDC transmission, HVDC
control and DC line protection. The transmission part considers the basics of HVDC
conversion, the rectifier and inverter operations of HVDC converters, the commutation
process in the converters and describes the main configurations of two-terminal HVDC
systems. The control part discusses the basics of HVDC control and the main functions
and characteristics of the rectifier and inverter control systems. The HVDC line
protection part describes how the DC line fault is detected and cleared by the protection
system and how normal operation is resumed after the fault. Different methods of DC line
fault detection are also considered.

The second part of this chapter covers the HVAC line protection methods that are
relevant to this thesis work, more specifically the distance protection and ground fault
protection.

The third part covers the mutual coupling phenomena between two transmission lines.
Firstly, a description of the coupling effects between two transmission lines is given. This
is followed by the calculation method of self and mutual inductances and capacitances.
Finally, a computation method of coupling effects between two transmission lines is
given in this chapter.

2.1. HVDC Transmission

There are lots of advantages that favour DC transmission over AC. First, the cost of AC
and DC transmission has to be compared. When comparing AC and DC lines of the same
voltage level, a DC line can carry as much power with two conductors as an AC line with
three conductors of the same size. Therefore the right-of-way (ROW) required for the
transmission line of a given power level is significantly smaller for a DC line. Other
benefits for DC line are simpler and cheaper towers, reduced conductor and insulation
costs [1].

From the point of view of power losses, DC losses are around two-thirds of the
comparable AC system losses, since there are only two conductors [1]. All the factors
together result in significant savings of the DC transmission line as compared to the
equivalent AC line.

A drawback of DC transmission is the high cost of converter stations, which counteracts
the economical gain of the DC transmission line. DC transmission becomes economically
justified only after exceeding the breakeven distance between two converter stations. For



overhead lines this is between 400 to 700 km and for cables between 25 to 50 km [1].
When the breakeven distance is exceeded, the total cost of DC transmission becomes
cheaper than AC.

From a technical point of view there are many positive characteristics of DC
transmission. One point is that the DC line itself does not require any reactive power
compensation, but on the other hand, the converter stations consume a lot of reactive
power, which can be up to 60% of the station’s power rating.

An advantage of DC transmission is also the possibility to use a DC link in order to
improve the stability of an AC system, because the power flow in a DC system can easily
be controlled at high speed.

Moreover, the power carrying capability of a DC link is unaffected by the transmission
distance, which is not true for AC, where it is inversely proportional to the distance. The
transmission distance with AC cables is limited up to 50km due to the high steady-state
charging currents. This restriction does not exist for DC cables, thus making the
breakeven distance up to 50 km.

Final benefits are that DC links can be used to connect two AC systems with different
frequencies or different control philosophies. When two AC networks are interconnected
by a DC link, the fault level of the system does not increase significantly, which is not the
case with AC connections [3].

The biggest drawbacks of DC transmission are [1]:

High cost of converter stations,

Transformers cannot be used to alter voltage levels,

Harmonics generated by the converter stations need to be filtered out,
Requirement of reactive power by the converter stations and
Complex controls of DC transmission.

Nk W=

2.1.1. Converter Types

A converter is required in the HVDC system for converting electrical energy from AC to
DC or vice-versa. Two main three-phase converter types exist in the world today
(Figure 2.1) [1]:

e  Current source converter (CSC) and
e Voltage source converter (VSC).
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Figure 2.1: (a) CSC and (b) VSC

Up to 1990s, CSC configuration has been used almost exclusively. Mercury arc valves
have been implemented in the CSCs as the fundamental switching devices up to 1970s,
when they were replaced by thyristor valves [1].

Since 1990s, VSC type of converters have also been available for use in HVDC systems.
The choice of which converter type to choose for a particular project is based upon
economic and technical considerations of the system. Currently, the main obstacle for
wider use of VSC type is its limited power range up to a couple of hundred MW [1].

A comparison between the characteristics of the two converters is given in table 2.1 [1]:

Table 2.1: Comparison between converter types

Converter type
CSC VSC
On AC side | Acts as a constant voltage source Acts as a constant current source
Capacitor required for energy storage Inductor needed for energy storage
Large AC filters required for harmonic | Only a small AC filter needed for higher
elimination harmonics elimination
Reactive power supply necessary for No reactive power supply needed since the
power factor correction converter can operate in any quadrant
On DC side | Acts as a constant current source Acts as a constant voltage source
Inductor needed for energy storage Capacitor needed for energy storage
DC filters required This capacitor provides DC filtering
Provides inherent fault current limiting | Problems with DC line faults since the
features capacitor discharges into the fault
Switches Line commutated or force commutated | Self-commutated
with a series capacitor Switching at high frequency
Switching at line frequency (multiple pulsing in one cycle)
(single pulsing per cycle) Higher switching losses
Lower switching losses
2.1.2. CSC Converter

The main converter type used for higher power HVDC transmission is the CSC. It is also
the system used in the Fenno-Skan HVDC project and therefore a description of its
operation is provided next.



CSC utilizes thyristor valves as switching devices, which are connected in a three-phase
bridge configuration (Figure 2.2) for both, rectifier and inverter operations. A valve is a
combination of thyristors that are arranged in series and in parallel to meet the required
current and voltage ratings. V,, V, and V. in Figure 2.2 denote 3-phase voltages of the
AC system and X, is the commutation reactance of each phase. V4 is the output DC
voltage. The bridge configuration is used due to the lower peak-inverse voltage across the
converter valves and better utilisation of the converter transformer when compared to
other possible alternatives like three-phase double star or six-phase diametrical

connections [3].
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Figure 2.2: Three-phase, 6-pulse thyristor valve bridge

From Figure 2.2 it can be seen that two valves are connected to each phase terminal,
upper one with the anode connected to it and lower one with the cathode connected to it.
Thyristor valves turn on and conduct current when they receive a firing pulse from the
control system and are forward biased (voltage across the valve is positive). They
conduct current until the valves become reverse biased (negative voltage across the
valve) and current reaches zero. The valves are fired in successive order, which is
indicated by the numbers in Figure 2.2, so that the current would commutate from one
valve pair to another as smoothly as possible [4].

2.1.3. Ideal Commutation Process

Commutation is the transfer of current from one converter valve to the next with both
valves carrying current simultaneously [2]. In order to understand the commutation
process better it is good to consider the case with an idealized converter bridge, which is
connected to an infinitely strong power system with zero source impedance (Figure 2.3).
With these conditions the commutation between valves on the same side of the bridge is
momentary. In Figure 2.3, uncontrolled bridge rectifier (uses diodes instead of thyristors)
is pictured with valves 1, 3, 5 on the top and 4, 6, 2 on the bottom connected to phases A,
B and C respectively.
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Figure 2.3: Uncontrolled bridge rectifier connected to an infinitely strong grid
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The operation of the converter is explained with the help of Figure 2.4. At instant K,
phases A and B are involved in current conduction through valves 1 and 6. At instant L,
valve 2 gets the most negative voltage and becomes forward biased. Current commutates
then from valve 6 to valve 2. Now valves 1 and 2 are carrying the current up to instant M,
when valve 3 gets the most positive voltage and becomes forward biased. Current
commutates now from valve 1 to valve 3. From that moment valves 3 and 2 are carrying
the current up to instant N when current commutates from valve 2 to valve 4. Similar
processes occur at instant O when current commutates from valve 3 to valve 5, at instant
P (valve 4 to 6) and at instant R (valve 5 to 1). Now one cycle is completed and the same
succession of commutations occurs again in every period [3].

Voltages V¢, and V,, denote the cathode and anode voltages with reference to the neutral
n respectively. The output voltage of the bridge is the cathode voltage with respect to the
anode voltage:

VdO = Vcn - Van (21)

The output voltage V4o has 6 pulses in every cycle of the fundamental line frequency,
hence the name 6 pulse operation. The average output no load DC voltage of this type of
ideal diode converter V4 can be calculated by integrating the instantaneous output DC
voltage over a 60° period [1]:

z/6 \/5

/3 [N2v,, cos(and(an ===V, =135V, (2.2)
-7/6

VL is the RMS AC line-to-line voltage. Vo is also the maximum output voltage for the
three-phase bridge converter configuration, because all the valves start current conduction
immediately after becoming forward biased.

VdO
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Figure 2.4: Commutation between converter valves without source impedance

2.1.4. Effect of Valve Firing Control

In order to determine the instant of current conduction of the forward biased converter
valve, thyristors must be used instead of diodes. Thyristors start conducting current after
receiving a firing pulse to the gate from the valve firing control system. By delaying the
instant of current conduction of the valves the average output DC voltage can be varied.
The delay is characterized by a delay angle o, which is measured in electrical degrees.
From Figure 2.5 the effect of o to the output DC voltage can be seen. The effect of o is
also given by equation 2.3 [1]:

(2.3)
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Figure 2.5: The effect of & to the cathode and anode voltages
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With a large smoothing reactor on the DC side, the voltage waveform in Figure 2.5
produces a constant direct current whose magnitude is dependant on the average DC
voltages at both ends of the DC link and on the link resistance [3].

The higher the delay angle o is, the lower the average output voltage V4 becomes. With
diode operation (o0 = 0) the output voltage Vg0 is the highest and it is reduced in
proportion to the increase of o.

When a = 90°, the average output DC voltage is 0. When a exceeds 90°, the mean DC
output voltage V4 becomes negative and the bridge operation can only be sustained with a
DC power supply. Due to the supply, the current flows in the same direction through the
converter valves (from anode to cathode) in opposition to the induced e.m.f in the
converter transformer. This way, power is being fed to the AC system from the DC
system, i.e. the converter acts as an inverter. There are 3 conditions necessary for inverter
operation [3]:

1) three-phase AC voltage must be provided by the AC system
2) converter firing angle oo must be higher than 90°
3) presence of a DC power supply.

Maximum power inversion in ideal case would occur with a delay angle of 180°, but in
reality this is not feasible, because no time would be left for current commutation.

2.1.5. The Real Commutation Process

In reality, a source with zero (input) impedance does not exist. Therefore a reactance X,
is introduced to the bridge configuration (Figure 2.2). X, is the commutation reactance,
which basically is the converter transformer leakage reactance. The main effect of X, is
the reduction of the rate of change of current, i.e. lengthening the commutation time [2].
The length of commutation is characterized by the commutation angle u in electrical
degrees.

Figure 2.6 presents the commutation process from valve 5 to valve 1. Before
commutation the DC current Iy is flowing through valves 5 and 6. After commutation, I4
flows through valves 1 and 6. During commutation all 3 valves participate in current
conduction, i, rises from zero up to I4 and i, decreases to zero during the commutation
interval u.

10
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Figure 2.6: (a) Equivalent circuit of the commutation from valve 5 to valve 1
(b) The commutation currents

During commutation, commutation current i, flows from the conducting valve 5 to valve
1 and is equal to phase a current iy:

ia=1iu (2.4)
Voltage drop AV occurs on inductance X, during commutation:
di di
AV = (X, o) e = x, (2.5)
d d(ax)

During the commutation interval u, current i, rises from 0 to Ig. When integrating
equation 2.5 over the commutation period, voltage drop AV can be found:

u 1,
[Avd(en = [X di, =X 1, =4, (2.6)
0 0

Area A, (Figure 2.7) represents the voltage drop that occurs during every current
commutation between two valves. This voltage drop area occurs 6 times during each
period and reduces the average output voltage V4[1]:

X1,

C

A
V,=V, cosx _62_u =V, cosa— 2.7)
V3

V4
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Figure 2.7: Voltage drop due to commutation, represented by area A,
Equation 2.7 presents the real average output voltage of a rectifier, which considers the

firing delay and current commutation. For an inverter the mean DC voltage (negative sign
omitted) is represented by the following equation [1]:

3X.1 3X .1
V,=V, cosf+—L=V, cosy——%L (2.8)
V4 T
Angle B is called advance angle, vy is called extinction angle and they are equal to [2]:
p=mr-«a (2.9)
y=p0-u (2.10)

2.1.6. HVDC Types

Most of the HVDC converters with thyristor valves are set up in twelve pulse
configuration (Figure 2.8). The configuration utilizes three-winding converter
transformers with two DC side windings — an ungrounded star and a delta connection.
Another possibility is to use two separate two-winding transformers. The AC voltages
that are applied to both of the six pulse valve groups have 30° phase difference, which is
utilized for eliminating the AC side 5™ and 7™ harmonic currents and the DC side 6"
harmonic voltage. Therefore a significant saving in harmonic filters is achieved by the
use of twelve pulse configuration [2].

12
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Figure 2.8: Twelve pulse configuration

Three main two-terminal HVDC configurations exist in the world today and they are
described below.

2.1.6.1. Back-to-Back Configuration

This configuration is used when two AC systems that need to be interconnected are
located at the same site. This way the two converter stations are in the same substation
and no transmission line is required between the converters (Figure 2.9). The connection
can either be monopolar or bipolar. This type of configuration is used for example in
Japan where two systems with different frequencies (50 and 60 Hz) are interconnected.
Another possible use for back-to-back configuration is an interconnection between two
asynchronous AC networks [2].

Y X v T
o—ET o [ ()
a4 A Z§J=_§Z &Wﬁ

Figure 2.9: Back-to-back interconnection between two AC systems
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2.1.6.2. Monopolar Configuration
Two converter stations that are separated from each other are connected by a single

conductor and earth (or sea) is used as a return conductor (Figure 2.10). If the use of earth
for current return is prohibited a metallic return conductor can be used instead [2].

Y _ZST vl T
1L B e

—_Hetallic return
(If recessory)

Figure 2.10: Monopolar HVDC connection
2.1.6.3. Bipolar Configuration

A bipolar HVDC configuration consists of two combined monopolar HVDC systems, one
at positive and one at negative polarity with respect to ground. Both of the monopolar
systems can operate separately with ground return when one pole is out of service,
resulting in higher reliability of the overall system. By appropriate switching, one DC line
can also be used as a return conductor during faulty conditions. But when both poles
carry equal current, the total ground current is zero. Ground is only used for current
conduction in the case of an emergency or when one pole is not operating [2].

A bipolar configuration is also going to be implemented in the Fenno-Skan project .
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Figure 2.11: Bipolar HVDC connection
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2.2. HVYDC Control System

The primary functions for a two terminal HVDC control system are the following [1]:

e Control of the power flow between the terminals,

® Protection of equipment against over currents/voltages caused by faults, and

e Stabilization of the attached AC systems against any operational mode of the DC
link.

Besides these primary functions there are other desirable features that the controls should
have [1]:

e Limitation of the maximum DC current to protect the thyristor valves,

¢ Maintaining maximum DC voltage in the link to reduce transmission losses,

e Minimization of reactive power consumption by operating the converters at a low
firing/extinction angle,

e Control of the frequency in an isolated AC system, and

e Cope with steady-state and dynamic requirements of the DC link.

2.2.1. HVYDC Control Basics

The main idea of HVDC control is to establish the desired current in the DC line by
varying the DC voltage at the converters. The principles of HVDC control can be well
described by a two-terminal monopolar HVDC link schematic and its equivalent circuit
(Figure 2.12).

% Fune
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Figure 2.12: (a) Two-terminal monopolar HVDC link (b) Equivalent circuit of the link
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Vor and V4o; represent the no-load DC voltages of the rectifier and inverter respectively.
R.r and R are the equivalent commutation resistances of the rectifier and inverter. Ryjqe
denotes the DC line resistance.

An expression for the current in the DC line 14 can be derived from the equivalent circuit:
Vi, cosa—V,,. cosy

R, +R,, —R.

Line ci

I, =

(2.11)

Since the resistances in the denominator are constant, the only way to change the DC line
current is by varying the voltages Vgor or V4o and by varying the angles o or y. The
voltages can be changed by converter transformer tap changers and the angles are varied
by converter valve control systems. Angle varying action is very fast (less than 10 ms)
and is used first when a disturbance occurs. It is followed by the tap changer action to
bring back the converter angles to their normal values [1].

In order to minimize the reactive power consumption of the converters, the power factor
should be as high as possible. Power factors for rectifier and inverter are given by
equations 2.12 and 2.13 respectively [3].

cos @ = O.5[cos a+cos(a+ u)] for rectifier (2.12)
cos @ = O.5[cos y+cos(y+ u)] for inverter (2.13)

From the equations above it is seen that the power factor is high when the angles a or y
are kept low.

2.2.2. Characteristics of HVDC Control System

The best way to understand the control principles of HVDC transmission is to study the
voltage — current characteristics (Figure 2.13). The characteristics are used to illustrate
the relation between DC voltage and current (V4 and Iy) in steady state during the power
flow control on a DC line.

The control of current in the DC line is done by the rectifier current controller during
steady state operation. The rectifier can control the current as long as its delay angle o is
above its minimum limit, which often is set to 5°. Minimum o -characteristic is
represented by equation 2.14 and by the line AB on Figure 2.13 [1].

V,=V,, cosa—R_1I,

2.14
Rcr :3_a)LL‘I” ( )
T

L., is the leakage inductance of the converter transformer at the rectifier. R is the
equivalent commutation reactance and represents the slope of characteristic AB in
Figure 2.13. Low value of R, implies that the AC system is strong and the characteristic
AB would be almost horizontal [1].
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The steady-state rectifier constant current characteristic is the vertical line BMXQ in
Figure 2.13. This represents the normal operation of the rectifier where the delay angle o
is varied in order to keep the DC current I4 constant [2].

Because of the limited thermal inertia, the converter valves cannot carry large overcurrent
continuously; therefore a maximum current limit is implemented in the controls. I« in
Figure 2.13 represents this limit, which is usually set to 1.2 per unit [1].

Wl

Minimum delay angle

Ecctificr chorocteristic

E Minimum extinction ongle
[ .M Ihverter chorocteristic
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Figure 2.13: Steady-state V;— 1; characteristic of a two terminal HVDC system

During steady state operation the inverter takes care of the DC voltage control. The
voltage is controlled by keeping the inverter extinction angle Y constant, which results in
a reduction of DC voltage V4 when DC current I is increased. This is represented by
minimum constant extinction angle (CEA — usually around 18°) characteristic KLMN in
Figure 2.13 and by equation 2.15 [1].

3w (2.15)

L. is the leakage inductance of the converter transformer at the inverter. R is the
equivalent commutation reactance and represents the slope of characteristic KLMN in
Figure 2.13. This is usually steeper than the AB slope due to the lower relative strength of
the inverter end AC system [2].
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Another possible operating mode for the inverter is constant voltage operation, which is
represented by line LXY in Figure 2.13. For operation according to this characteristic, the
inverter extinction angle Y must be increased beyond its minimum level [2].

The operating point of the HVDC system is represented by the intersection of the rectifier
and inverter characteristics. In this case it is point X for inverter constant Vg4 control or
point M for inverter constant y control [2].

The operating point is achieved with the help of the converter transformer on-line tap
changers. For rectifier the transformer on-line tap changer is used to keep the delay angle
o at its normal operating range to meet the constant current setting l.s. For inverter
operation, the on-line tap changer adjusts accordingly to meet the desired level of DC
voltage (for minimum constant y control) or extinction angle (constant V4 control) [2].

When the inverter is operating at point X and the DC current order at the rectifier L. is
increased beyond point L, the inverter changes its control philosophy from constant V4 to
constant y control and operates according to the line KL. DC voltage becomes lower than
the desired level and the inverter transformer on-line tap changer has to increase its DC
side voltage to turn back to constant voltage control [2].

The constant DC voltage characteristic (line LXY in Figure 2.13) is not used in all
HVDC control systems. Voltage control can be achieved also with the cooperation of
constant extinction angle y characteristic (line KLMN) and transformer on-line tap
changer [2].

2.2.3. Current Margin Control Method

When the rectifier is operating at a higher delay angle than minimum (5°), it is controlling
the current in the DC line. But the inverter also has a current controller that is
characterized by the section NYO in Figure 2.13. Both current controllers receive the
current order I.r. The rectifier current controller tries to maintain that current in the DC
line, but the inverter current controller tries to keep the DC line current at a slightly lower
value. The difference between the currents is the current margin I,,, which is usually 0.1
per unit. In normal steady state operation, the inverter current controller is forced out of
action and the rectifier keeps the current reference in the DC line. The inverter current
controller is active only when the rectifier is operating with minimum delay angle o and
keeps the current in the DC line at a value s — I, [2].

The minimum o characteristic is line AB on Figure 2.13. If the rectifier voltage should
fall below points N or Y (line A’B’), due to an AC voltage drop for example, the
operating point of the HVDC system changes. A new operating point is formed at the
intersection of the A’B’ characteristic and the inverter constant current characteristic
NYO and is denoted by Z. The Inverter has now taken over the current control, keeping
the DC current at I.f — I, and the rectifier is controlling the DC voltage as long as it
operates at its minimum o characteristic [2].
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2.2.4. Voltage Dependent Current Limit (VDCL)

Lines QR and OP on Figure 2.13 denote the rectifier and inverter voltage dependent
current limit (VDCL) characteristics. These characteristics reduce the DC current order if
the DC voltage decreases, e.g. due to an AC system disturbance. In order to maintain the
operation of the AC system, VDCL limits the current in the DC line. When normal
operation has returned and the DC voltage recovered, current returns to its steady-state
level L. [2].

The rectifier VDCL characteristic is usually terminated with a minimum DC current limit
Imin, Which is usually set between 0.2 to 0.3 per unit. The I, limit is implemented for
keeping enough DC current in the valves to avoid reaching discontinuous current
operation, which might result in dangerous, transient overvoltages [1].

2.2.5. Power Flow Reversal

The direction of the power flow in a DC system depends on the relative voltage
magnitudes at the converter terminals. Power flows from the terminal with the higher
voltage to the lower one. It is different from AC systems, where the direction of power
flow is determined by the sign of the phase angle difference at the line ends and does not
depend on the voltage magnitudes [3].

Since current can flow through the thyristors in one direction only (from anode to
cathode), reversal of power is only possible by changing the polarity of the direct voltage.
Most DC schemes are provided with bi-directional capability, which means that both of
the converters can operate as a rectifier or an inverter [3].

The reversal of power is determined purely by control action and cannot happen as a
result of change in the operating conditions. For power reversal, the rectifier station
increases its delay angle into the inverting region and the inverter station advances its
firing angle into the rectifying region [3]. The reversal of power is illustrated on

Figure 2.14.
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Figure 2.14: (a) Power flowing from converter station I (rectifier) to station II (inverter)
(b) Power flowine from converter station Il (rvectifier) to station I (inverter)
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2.3. HVDC Line Protection

The general philosophy of HVDC protection is similar to that of the AC and its main
desired features can be summarized as follows [11]:

1. All abnormal conditions that expose hazard to the protected equipment or cause
an unacceptable operating condition must be detected and cleared by the
protective system.

2. All protections must be fully redundant and based on different operating
principles if possible.

Selectivity — only the minimum system around the fault should be separated.
4. False tripping of sound equipment must be avoided.

Protective systems must have separate communication channels to the AC
breakers and to the converter valves — communication paths should be redundant.

6. Backup protection must be provided in the case of failure of the primary
protection.

7. DC protection systems must be coordinated with nearby AC protections to ensure
the best performance of both systems.

8. Testing of the protective systems should be possible without affecting the
operation of the HVDC system.

HVDC protection is a complex system with a hierarchical structure where all equipment
is protected by various measures and principles. It is sometimes difficult to clearly
distinguish between a protective and a control function as they are performed by the same
or similar devices [11]. Since the scope of this thesis is DC-line-to-ground fault, only
DC-line protection is considered in the following chapters.

2.3.1. DC Line Fault Clearing

DC line short circuit is different from AC short circuit, because once DC fault starts it
will not be extinguished by itself until the current is reduced to zero and the arc is
deionised. Nevertheless, most DC line faults are caused by lightning and are, similarly to
AC faults, self-clearing, because the arc is deionised at the current zeroes due to line
oscillations, but this cannot be guaranteed. Thus, there has to be some control function
that brings the current down to zero when a fault occurs on a DC line. The amplitude of
the DC line fault current is smaller than the AC one; usually limited to two or three per
unit by the smoothing reactor and by control action [3].

The objective of the DC-line protection is to detect ground faults on the DC-line and
extinguish the fault current by control action. In case the fault is not permanent, pre-fault
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power transmission should be restored by control action after sufficient time delay for arc
deionisation [11].

After the fault detection, the rectifier is forced to full inversion operation and does not
supply any current to the fault [11]. This is done by increasing the firing angle a over 90°
into inverting region and it is kept at that value until the arc extinction and deionisation is
likely to be completed [3].

The inverter voltage already has the correct polarity, thus the two converters are
temporarily inverting at the same time and transferring the energy stored in the DC circuit
electric and magnetic fields into the two AC systems. The inverter firing delay is
advanced at the same time, but a limitation is set to 90° to prevent the inverter from going
into the rectifying region. By this control action the fault arc can be deionised and the
fault cleared very rapidly when compared with AC protection [3].

2.3.2. DC-Line Fault Detection Methods

Most commonly used methods for fault detection in the HVDC line protection are the DC
voltage derivative, travelling wave, differential and voltage level protections. Each of
them is considered separately.

2.3.2.1. Voltage Derivative Protection

At the occurrence of a DC-line fault, the travelling waves initiated by the fault cause the
DC voltage and current to decrease and increase respectively. This method utilizes the
travelling wave concept for fault detection and is normally used as a primary DC line
protection [17].

In the voltage derivative protection the derivatives dV/dt and dI/dt are calculated from
the DC voltages and currents measured at the relaying point. Using the sign of dI/dr it is
determined whether the fault is on the DC line or in the converter station. The weighted

sum of the voltage and current derivatives is then calculated and compared to a set thres-
hold. When this threshold is exceeded the protection will operate (equation 2.16) [17].

g:Kld—V+K2£ (2.16)
dt dt

K and K are the assigned weights and ¢ is the weighted sum of the derivatives [17].
This kind of detection method is very fast and enables fault detection in 2-3 ms. Each
pole in a bipolar HVDC configuration requires this type of detection. In order to deter-

mine the required settings, detailed network studies are required to make sure that the
protection only operates for DC-line faults [17].
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A disadvantage of this method is that it is dependant on the fault loop impedance. There-
fore high impedance faults and faults close to the inverter end on long lines are difficult
to detect [17].

2.3.2.2. Travelling Wave Protection

This type of protection is also based on travelling wave theory and is used as main DC-
line protection. The instantaneous voltages and currents are continuously sampled. When
the wave front is detected, the difference between two samples is measured. If this
exceeds the threshold level, the protection is initiated and a series of different sample
measurements started to determine if the wave has sufficient amplitude for a specific
time. A line fault is detected if all these measurements exceed the determined thresholds.
With a bipolar HVDC line the faulty pole is detected by the polarity of the ground mode
wave. Figure 2.15 explains this method of protection [17].
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Figure 2.15: Different measurements used to determine the DC-line fault

The first measurement on Figure 2.15 calculates the wave difference between just before
the wave front and after 2 samples (0.2 ms). The second and third measurements
calculate the wave difference between just before the fault and after 5 and 7 samples [17].

The advantage of this method is that both the voltage and the current contribute to the

fault detection. A shortcoming is that for long lines and high impedance faults, waves are
damped more and difficulties might arise in detecting the fault [17].
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2.3.2.3. Current Differential Protection

Current differential protection is mostly used as backup protection and involves
measuring and comparing the currents at both line ends. This information is sent to the
converter stations via telecommunication infrastructure. If the difference between the two
measured currents exceeds a certain threshold value for a predetermined time the
protection will operate. The advantage is that it is simple and, if correctly set up, provides
good reliability and protection coverage. It can also be easily implemented for mult-
terminal HVDC systems [17].

The disadvantage of this method is that for long HVDC lines and especially for cable
systems, errors are introduced at each line end. The errors are caused by the charging and
discharging currents due to voltage variations. Therefore the sensitivity of the protection
to detect high impedance faults is limited. Another disadvantage is that the information
regarding the line currents has to be sent to the converter stations via telecommunication
network, which makes the protection dependant on the reliability of the tele-
communication [17].

2.3.2.4. Minimum DC Voltage Protection

This protection method is used to respond to voltage depressions over a large time
interval for detection of high impedance faults or faults close to the inverter terminal [17].
It is used as a backup to the primary DC line protection and it also backs up the voltage
dependant current limit (VDCL) protection. The protective zone of the minimum DC
voltage protection is the DC line and all equipment connected to it, including the thyristor
valves and bypass pairs [11].

A bypass pair is formed by two healthy valves in a bridge arm when one valve in the
bridge experiences a failure. Valve faults are usually temporary and can be cleared by a
temporary absence of conduction. The main firing pulses to the converter bridge are
blocked and firing pulses are injected to the bypass pair. After the fault is cleared, normal
operation of the converter bridge is restored [3].

Two different fault detection principles are used by the minimum DC voltage protection.
The first one compares the observed DC voltage against a preset reference value similarly
to the DC-line protection. The second principle picks up the protection when the firing
angle exceeds 80° and the DC current is larger than the highest allowed continuous
bypass pair current [11].

The advantage of this method is that the reliability is not influenced by the
telecommunication infrastructure and can provide adequate backup for the HVDC
transmission line. The disadvantage is that for close-up faults, the response time might be
too slow, but it can be solved by implementing multiple detection levels, where steeper
depressions have shorter response time [17].
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2.3.3. Recovery After The Fault

After the pre-set arc deionisation time has elapsed, the rectifier stop order is removed and
a restart attempt is made to restore normal voltage and pre-fault power. The time for
restarting is dependant on the DC line properties and the converter control systems [3].

One method that can be used for recovery is to override the conventional current control
and use an exponential function for controlling the recharging of the DC-line. After the
deionisation period, the rectifier firing angle is stepped from around 120° to 90° over one
firing instant. The following firing of the valves is then controlled by expression 2.17 [3]:

a =a,+090-a,)xe (2.17)

where oy is the control angle, which gives the nominal line voltage, A is the elapsed time
since the beginning of the restart control action (from when a = 90°) and k is a constant
that controls the rate of response [3].

During the recharging period, the inverter operates under constant extinction angle
control (y = vo) [3].

In case the first attempt to restart fails, redundant control system takes over the further
attempts to restore normal line operation. Up to three restart attempts are made, each after
a different pre-set arc deionisation time. If all the attempts fail, the pole is blocked and
isolated together with the transmission line at both ends. Restart attempts are blocked also
when the telecommunication channel between the rectifier and the inverter is out of
service or when the system is already operating at a reduced voltage [11].
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2.4. HVAC Line Protection

High-voltage transmission systems are mostly interconnected in a network of circuit
components, usually of more than one voltage level. Unlike in radial systems, where
there is only one source of fault current, in looped or meshed transmission systems, fault
currents may flow to the fault point from more than one source. This has the consequence
that simple protection such as overcurrent relays which are quite adequate for radial
systems are no longer adequate for looped systems, as they can not be effectively
coordinated for these complex systems [11].

For this reason, other types of relays are in use that are more selective and have
performance characteristics that make them more suitable for the needs of high voltage
transmission applications. In general, three main types of relays are in use, these are;

¢ Distance relays
e Pilot relays
¢ Directional overcurrent relays

In the Swedish system at the voltage level of interest (400kV and 220kV), the type of
protection mostly used for phase faults involves a duplicate system of distance relays
based on different characteristics [18].

For earth fault protection, the main protection used is based on the residual current
principle incorporating various stages (mostly 4 stages) while the distance earth fault
protection is also used as back-up protection. Because of their relevance to this thesis
work, principles of these two protection types will be discussed in some detail here.

2.4.1. Distance Protection

In terms of principle, the distance relay operates by comparing the voltage and current in
some way to obtain a measure of the ratio between the two quantities. The ratio of
voltage and current is used as an estimation of the impedance between the relay position
and the fault. This impedance estimation is compared with a pre-set threshold, typically
80-90% of the line impedance [11, 19]. The relay generates a trip signal when the
estimated impedance is less than the threshold, as this is an indication of a fault on the
line.

ZA :_>ZB

Distance
relay

Figure 2.16: Principle of distance protection
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For instance in Figure 2.16 shown above, if Z, is the ratio of voltage and current at
location A and Zg the ratio of voltage and current at location B, then under normal
operation, the impedance seen by the relay at location A will be given by

Z, =7, +Z, (2.18)

Where 7 is the impedance of line AB. During normal operation as well as during a fault
to the right of B, Z,>7;. However, for a fault between A and B, if h (O<h<l1) is taken as
the fractional distance between A and B, the impedance seen by the distance relay at A is

Z,=hzZ, (2.19)

In this case the tripping criterion is:

® 7Za <Zy;fault on the line to be protected
® 7> 7y ;no fault on the line to be protected

As already indicated above, due to unavoidable errors and other uncertainties, the
threshold is not set at the line impedance but at a value somewhat lower, typically 80-
90% of the line impedance.

It should be noted that a distance relay will trip a faulted line in a very short time as long
as the fault is within the distance threshold. For faults near the far end of the line and
beyond, a system of zones of protection is used to trip such faults to different thresholds
and relaying times. This is illustrated in the Figure 2.17 below:
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generates a delayed trip if the
measured impedance is within this
zone

generates a double delayed trip if
the measured impedance is within
this zone

v

generates an instantaneous trip if
the measured impedance is within
this zone

Figure 2.17: Example of relay characteristics

In the system above, the distance relays have three zones of protection. Zone 1 is set to
protect 90% of the line length and operates with no intentional time delay. Zone 2 is set
for 100% of the protected line plus 50% of the shortest adjacent distance, and is set to
operate with time delay T,. Zone 3 is set to reach through 100% of the impedance of two
lines and 25% of the third line, and to operate with time delay Ts.

There are various relay characteristics used in distance relays, the main ones being
e The impedance characteristic - normally includes directional restraint (Figure 2.18
below):

¢ The mho characteristic (Figure 2.19 below):
¢ The quadrilateral characteristic (Figure 2.20 below):
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Figure 2.18: Impedance characteristic
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Figure 2.19: mho
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Figure 2.20: Quadrilateral characteristic
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2.4.2. Ground Fault Protection

As explained before the main protection for earth faults in the Swedish national grid is
based on the directional residual current principle which incorporates 4 stages as well as
the distance earth fault protection being in use as back-up protection. Figures 2.21 and
2.22 below provide an illustration of the 4-stage earth fault protection used.

Direction
element

|

ool
(LG
\__

—

/ ® Non-directional stages
e Time dependent
e Lowset
e  Three directional stages e Stabilised

e High set
e Independent time

Figure 2.21: Residual Current protection with three directional stages and
one non-directional
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Figure 2.22: Characteristic of time dependent relay
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Though the principle of protection involved in the scheme illustrated above is a common
practice for solidly earthed high voltage transmission system, the 4-stage system is
typical to the Swedish national grid and its evolvement is historical. The scheme in its
current form has evolved over the years ranging from the 1950s to 1970s and is a
consequence of years of proposals, counter-proposals and long discussions amongst
various interest groups including the power utility, telephone companies, railway
authorities, etc [18].

In this scheme, the first three stages, 1, 2 and 23 can be viewed as being of the
independent (constant) time delay type and are connected in series with a directional
elements on the DC side. The operating time of stage 1 is in the order of 30ms while that
of stage 2 is in the order of 0.4s.

Stage 3 is set so that it is able to cope with very small residual currents, typically < 100A.
In a power system these small currents can be expected to occur during high resistance
faults as well as series faults resulting from an open phase or two of the system.

In the initial development, stage 3 was not time dependent and this caused some
unwanted trippings at the time. As an initial solution to the problem, stage 23 was
introduced with tripping time delay of 0.8s. However, it was later discovered that the
introduction of stage 23 was not a full solution to the unwanted trippings caused by the
time-independent sensitive stage 3 and as a result a time dependent stage 3 as depicted in
Figure 2.21 above was introduced in the power network

As a matter of principle, the residual current protection is based on the measurement of
zero sequence currents (residual current) or voltages. For this principle to work, the
transmission system must have multiple grounding points at wye connected transformer
neutrals, located through out the system.

Any current flowing to the ground contains zero-sequence components and, under
grounded conditions, a zero-sequence voltage will be measured at any nearby relay
installation. For this reason, most ground relay systems depend on detecting zero-
sequence currents as a way of detecting abnormal system conditions. During normal
operation of the power system, no significant zero-sequence currents flow with those that
do appear being the result of unbalance in the operating condition of the three phases.
These unbalance currents are very small compared to fault currents, so it is a good
approximation to think of the normal power system as being free of zero-sequence
voltages or currents.

The residual current characterizing the earth-fault current is equal to the vector sum of the

3 phase currents. The residual current is also equal to three times the zero-sequence
current Iyi.e.

Irsd =3 I0 = Ia + Ib + Ic (2.20)
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where [,, I, and 1. are phase currents while I and I;s4 are the zero sequence and residual
currents respectively.

In systems where directional overcurrent ground relaying is used, determination of the
direction of a fault current is included with the protection system. In order to determine
the direction of a fault current from the ground relay location it is necessary to provide
the relay with a reference or polarising quantity against which the zero-sequence line
(fault) current can be compared, giving the relay a sense of the current direction. The
polarising quantity can be either a zero-sequence voltage or current. In Figure 2.21 above
a directional element based on voltage polarisation in an open delta arrangement is
included and this seems to be typical in the Swedish national grid.
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2.5. Mutual Coupling between Lines

With transmission rights-of-way (RoW) at a premium, it continues to be a common
practice for electricity utilities to optimise the use of existing RoW, resulting in more than
one transmission line being built within close proximity to each other. The subject of this
master thesis is a good case in point where the Swedish National Grid company (Svenska
Kraftnit) is in the process of constructing a second pole of what will become a bipolar
+500kV, 1400MW HVDC line within 18 metres to a 400kV HVAC line in the same
RoW.

At non-dc frequency, transmission lines located in close proximity will influence each
other through electromagnetic coupling.

In the analysis of the coupling between transmission lines, the coupling effects can be
represented by mutual inductance and capacitance elements. For short transmission lines,
the capacitive effects are negligible [11] and therefore can be ignored. Capacitive effects
however, need to be included in the analysis of long transmission lines as well as in cases
of short to medium lines where it is felt capacitive effects may be significant [11].

Knowledge of both self and mutual per-unit-length line parameters (inductance and
capacitance) is therefore necessary in the computation of coupling effects between lines.

2.5.1. Computation of Self & Mutual Inductance/Capacitance

Self and mutual inductances can be computed using the formulae given below on the
basis of Figure 2.23.

Conductor i

Conductor j
y dij
+—O

O

Figure 2.23: Parallel
transmission lines model

O geometry
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With the skin effects neglected, the self and mutual impedances are given by [13, 15]:

0) D

Zi = +r)+ jﬂln—e

Ds

(2.21)
., . De
Z.=r,+ ] ——In—
g =Ta T 27 Dm
where:

e . = conductor resistance
® 14 = resistance due to earth return given by the Carson empirical formula as
9.869 1, where f is the frequency.

e  =the frequency in radians per second

e Ds and Dm are self geometrical mean distance and mutual geometrical mean
distances respectively.

e De = the depth of penetration of the current below the ground measured from the
conductor given by

_ P
D, =65 8\/; , Where p = soil resistivity. (2.22)

Similarly, based on Figure 2.24, self and mutual admittance elements (Y) can be

computed Conductor i Conductor j

I

D

A r
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Yi

»
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Yi

A

v
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Figure 2.24: Parallel lines model geometry (Admittance computation)

33



Yy =p! (2.23)

where, P is a matrix (potential coefficients) with its elements given by

JOi =y )2+ + 1))
d.

J

P; = jorwe, In (2.24)

where 4 =\/()’i _yj)2 +(h; _hj)2 fori#jand

d;j = radius of conductor i for i = j and &, is permittivity of free space.

Though in the illustrations above, transmission lines have been shown consisting only of
one conductor, the equations as given are general enough and equally apply to
multiconductor transmission lines.

2.5.2. Computation of Coupling Effects

With per-unit-length line parameters calculated as in 2.3.2 above, and assuming an
electrically long transmission line model, the coupling between the lines can be
computed, taking into account the distributed effects of the lines series impedances and
shunt admittances. Figure 2.25 below is an illustration of the differential parameters of
two mutually coupled long lines.

'_'_’_:-:? _____ _

. + |
Vps 7 VeetdVee | (¥B- Ymdy [:|

4—_dx

I L

Figure 2.25: Differential parameters for two mutually coupled long lines
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For the case of a single long transmission line, the following equations for the differential
change in voltage and current can be written [11]:

dv,
dx
(2.25)
al, v
dx IR

Which, when solved for the voltage and current quantities at the sending (S) end of the
line in terms of the receiving (R) end quantities, lead to the classical long line
transmission equations:
Vg =Vgcosh)L+Z I sinh )
(2.26)

1
ISZZ

o

Vg sinh L.+ 1 cosh )L

Similarly for the coupled lines shown in Figure 2.25 above, the following equations can
be written for the differential transverse voltages and longitudinal currents [11].

dv dIAx _ _
d‘:x — ZAIAX + ZmIBx dx - yAvAx ymva
(2.27)
dv, di
dxx =ZBIB,\:+Zm1Ax d)ljx =vaBx _yvax

where the per-unit-length parameters are defined as: z, = self-impedance of line A, zg =
self-impedance of line B and zy = mutual-impedance between lines A and B. Similarly
ya = self-admittance of line A, yg = self-admittance of line B and zy = mutual-
admittance between lines A and B.

Solving the above equations using the classical approach, the following equations in
matrix format, which can be used to calculate voltage and current at any point along the
lines, are obtained.

Vs Apa Aup|Bas Bap || Vg
Vs _ Ags  App|Bpa  Bpp || Vig 228)
Tas | | Caa Cap|Dasa Dap || Lar '

1 BS CBA CBB DBA DBB 1 BR

where
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As are given by:

_ (7 —¥pp)cosh y,x— (73 — ¥35) cosh ¥, x

Aq
"W
;/i p(cosh y;x—coshy,x)
App = 2 2
="
(2.29)
;/12; 4 (cosh 7, x—cosh 7, x)
Apy = 2 2
="
4 75 —van)coshyix— (75 —yan)coshy,x
BB =

2 2
IS D)
Bs are given by:

_ Vol = Vip)2a = VapZw)sinh 11X = NI(¥3 = Vip)2a — VapZm]sinh 7,x

B s
VP (712 - 722)
B, = Vol = V38) 2w — VapZplsinh Yix = (Y3 = ¥5g) 2y — VapZplsinh yox
5 =
7172(712 _722)
(2.30)
By, = Val(F7 = ¥an) 2 = Vaazalsinh 1ix = yi[(73 = ¥aa) 2y — Vpazalsinh p,x
oA =
7172(712 - 722)
By = Vol (V7 = Van)zs — Voaza 1sinh yix = 1i[(¥3 = V342 — Veazy Isinh p,x

7172(712 - 722)

Cs are given by:

Cop = Vol = V55)Ya — VapYm SiDh X =V [(¥3 = V35) Y4 — VipYm)sinh p,x
7172(712_722)
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C. = 72[(712 - 71233))’M _71%3)’3]51“}1 71x_71[(722 - 71223))’M _73\ByB]Sinh Vo X
AB — 2 2
nrvm —7)

2.31
C,, = Vol (F = ¥aa) Y — YoaY alsinh i3 71[(2722 — Y20 Yy — Y24y 4 Isinh 7, x =0
N =72)
Cop = Vol (¥ = ¥aa) Vs = V5aYy Isinh 71X—271[(§’22 —¥an)Yp — VoaYu 1sinh 7,x
N =72)
Ds are given by
Dyy=Ay,
Dsp = Agp (232)
Dy = Ayp
Dpp = Agp
and
Yin = ZaYa ~ Zu Y
Vs = 25Y8 ~ Zn
(2.33)

2 _
VaB =ZaYM —ZmYB

2 _
VA =ZBYM ~ZmYa

N=2aYa+2YB — 22y Yy +\/ZA)’A +2pYp — 22y —Hzy2p —11%/1 Y Yays — )’1%/1)
(2.34)

V2 =2aYa+28Yp 22y Yu _\/ZAyA + 25V =22y Y —H2azp — 23V AYE — Vir)

Solving the coupling problems using the classical method quickly increases in complexity
and computation burden with the number of couplings involved. As an alternative, the
coupled transmission line equations can be decomposed and solved using modal analysis
(eigenvalues, eigenvectors analysis) [16].
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The equations as given above assume that the line is completely transposed and the
equations can then be applied to each sequence network in turn. It is well documented in
literature that coupling between positive and negative sequence networks of lines is very
weak such that it is not uncommon for this aspect to be neglected. However, the coupling
between zero sequence networks may be significant and should be subject of detailed
analysis [11, 12, 14].
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3. EXPERIENCES AROUND THE WORLD

The problem of coupling between HVAC and HVDC lines has been covered in various
scientific papers. Lots of different issues have been covered in these papers, for example
induction from AC to DC lines during steady state and fault conditions, induction from a
DC line to a neighbouring AC line during transients, influence of AC/DC coupling to
different network elements and also different ways about modelling the coupling between
lines. Some papers considered the coupling effects if the HVDC and HVAC were placed
on the same tower, and others described the problems with these circuits on the same
right of way (RoW), but on different towers. The following is a conclusion of important
notes from different papers that have covered similar issues to this thesis.

3.1 HVDC Coupling to HVAC

This section focuses on the results that were found from three different IEEE scientific
papers about the coupling from HVDC lines to HVAC lines. This type of coupling is
relevant to the present thesis and is therefore covered more thoroughly than the opposite.

3.1.1. Coupling Case from Reference [5]

The paper that covers most similar problems to this thesis is [5]. It concentrates on the
cause of large zero sequence transients in AC lines due to transients in a neighbouring
earth return DC circuit. The study described in that paper was performed due to tripping
of AC lines that shared a common 240 km corridor with two DC circuits in the Manitoba
Hydro system in Canada.

The reason for tripping the AC lines was the operation of the ground current detection
relay. The cause of tripping seemed to be the transition of the DC system from normal
metallic return to ground return operation. This phenomenon seemed confusing because a
large zero sequence current was observed in the AC line regardless of its distance
(183 m) from the DC line. It also seemed to be associated only with a DC line ground
current transient, because in steady state no induced current was noted during earth return
DC operation. After analyzing the waveforms, it was seen that induction was present at
very low frequencies and not at strict DC. This means that if a transition to the ground
return operation of a DC circuit has finished and ground return current has decayed to a
constant magnitude, no zero sequence currents are induced to the adjacent AC lines.
Currents are induced to the AC line only by the transient, which has a fairly low
frequency.

To study the coupling phenomena, a simple model of the system was built, which
represented all the essential parts of the system — ground resistivity and various
terminating impedances of the transformer neutrals. In the model, the zero sequence paths
of the AC and DC transmission circuits were modelled as two single conductor
transmission lines (Figure 3.1). A current of 1 p.u. (at various frequencies) was injected
into the DC line which was grounded at the other end. The AC line was terminated with
impedances at both ends, which represented the zero sequence impedances at line
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terminations. Finally, induced currents in the AC line were plotted as functions of the
frequency in order to study the induction effects while varying the ground resistivity,
distance between the lines and the transformer grounding resistance.

Mode 1 Line 1 (DCH Made 3

Mode 2 Lime 2 CACH Mode 4

Current
E 2= |wlz Yﬁlg YSE

Source (T)
R Tronsformer zero /7’

— sed. impedonce — ==

Figure 3.1: A simplified two conductor system with ground return [5]

The study results show that the current induced in the AC line is definitely due to finite
ground resistivity and does not appear with infinitely conducting ground. This induced
current has a magnitude of about 20% of the zero sequence current in the inducing line
and is not affected very much by the distance between the lines, the grounding resistance
or by the presence of ground wires. The effect of ground resistance can be observed from
Figures 3.2 and 3.3. I, is the induced current in the AC line of the model for a current
injection of I;=1 A in the DC line. The frequency axis is in logarithmic scale so that 0.0
corresponds to f=1 Hz, 2.00 to =100 Hz etc.

It is seen that the frequencies of interest are up to 30 Hz range (log f=1,5). There are
induced current peaks at higher frequencies, but they are caused by the line capacitances,
which are not too prevalent at lower frequencies [9]. From the figures it can be noted that
practically no low frequency induction exists when infinitely conducting ground is
assumed, but already considerable low frequency induction exists for ground resistivity
of p = 10 Qm. With increasing resistivity to 1000 Qm, the magnitude of the induced
current does not change much and remains in the 20 % range of the zero sequence current
(Figure 3.3).
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Figure 3.2: Frequency response (I,) with perfectly conducting ground [9]
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Figure 3.3: Frequency response (1) of the system considering ground as an imperfect
conductor: (a)p = 10 Qm (b) p = 100 OQm (c) p = 1000 Qm [1]

41



In Figure 3.4, the influence of the distance between the AC and DC lines is shown.
Distance was varied between 50 m and 1000 m with a ground resistance of p = 100 Qm.
The results show that the induction is still almost 20 % even for interline distance of
1 km. The higher frequency peaks are a function of capacitances and diminish with
increasing distance [9].
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Figure 3.4: Frequency response (1) for different interline distances

In the previous cases it was assumed that the AC line transformer neutrals had negligible
resistance to ground. The study also showed that including a resistance in the zero
sequence path does not decrease the induced current in the 1-30 Hz range, but does
reduce slightly in the lowest frequency range (less than 1 Hz). Also the tail of the
waveform of the induced current in the AC neutral seems to decay faster due to the extra
grounding resistance.
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Another aspect considered in the study was the effect of grounding wires above the AC
lines. A ground wire 1 m above the AC conductor was introduced in the model, but no
appreciable effect was observed at lower frequencies. Thus the assumption that a ground
wire above the AC conductors would shield the line from the low frequency induction is
not true.

The important conclusions that can be made from this paper are the following [9]:

1. No zero sequence currents are experienced by AC lines with grounded neutral
transformers in the vicinity of DC lines during DC circuit steady state operation
even with ground return.

2. Even the slowest transient in the DC line (with earth return operation) could
induce large zero sequence currents in the neighbouring AC lines and might cause
the operation of AC protection systems.

3. The induction phenomena are definitely due to non-zero ground resistivity.

4. Even with very low earth resistivities a considerable induction phenomenon is
observed and it is only a little higher with higher resistivities.

5. Induction can be a significant event with interline distances as large as 1 km.

6. Ground wires above AC lines do not shield the AC circuits from the low
frequency transients of the DC lines.

7. Transformer grounding resistance causes the reduction of very low frequency
induction. (<1 Hz). Initial transient peak is almost unaffected.

3.1.2. Coupling Case from Reference [6]

The second paper that covers similar issues with the present thesis is [6]. It describes a
study carried out to a particular system in Japan if one cicruit of a double circuit 154 kV
(line-to-line) AC line was converted to a = 125 kV (bipolar) DC line with the third
conductor used as neutral. The system was modelled on a real-time three phase power
system simulator by using hybrid electronic circuits and physical models. With the
simulator it was possible to study fast and slow transients as well as symmetrical and
unsymmetrical operation. The double-circuit AC/DC line was divided into 7 circuits
where 3 sections had the AC and DC circuits on separate towers and 4 sections had them
on the same towers.

The part of modelling where the AC and DC lines are on separate towers, but on the same

right of way (ROW) is similar to this thesis. Some important notes about modelling the
lines can be found in paper [6]:
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1.

The mutual capacitances between the AC and DC circuits were neglected due to
long distance between the lines.

It was assumed that the mutual impedances between the conductors of the AC and
DC circuits were all equal due to small inductive coupling and this was
represented by placing this impedance on the common ground circuit.

The mutual impedances of the same circuit were not equal and the model
accounted for the asymmetrical placement of the conductors.

The capacitance model of the AC and DC circuits assumes symmetry between the
conductors within the same group.

The paper covered also the modelling of mutual inductances. Useful remarks from the
paper are the following:

1.

If it can be assumed that mutual inductances are equal, a single inductance can be
placed in a common path and can be used instead of several couplings.

If the mutual inductances cannot be assumed as equal it is necessary to model all
the inductances individually. To simplify, it can be done by placing an inductance
in the common path with the size being less than or equal to the minimum of all
mutual inductances. This common inductance can be used for modelling
frequency dependence effects.

On the simulator in paper [6] the mutual inductances were represented by
transformer-like couplings, but the resistance elements of the mutual impedances
were not represented individually. The average of all mutual resistances was taken
and placed in the common path.

Different tests were simulated on the hybrid AC/DC line and one of them was a DC line
to ground fault. The behaviour of the system was analyzed when a line to ground fault
was simulated midway of the positive pole. The fault caused short oscillations which died
out in less than 50 ms in the system and it can therefore be said that the response of the
system was stable. The fault on one pole did not have any significant influence on the
other pole.

3.1.3. Coupling Case from Reference [7]

Paper [7] presents the outcome of a feasibility study that was undertaken to examine the
AC/HVDC line interactions caused by the close proximity of the transmission lines — AC
and DC circuits placed on the same tower. A three-circuit tower configuration was
considered in the study — 115 kV AC, 230 kV AC and a bipolar £500 kV DC.
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The effects of AC circuits on the DC line as well as DC circuits on the AC line were
determined in the study by simulating various faults and loading conditions on both types
of lines. Simulations were made with a program called the Alternate Transients Program
(ATP) with its associated graphical user-interface ATPDraw.

From the simulations it occurred that in the case of a three-phase short circuit on the
230 kV AC line, no appreciable effects were noticed on the DC line’s voltage and current
waveforms. But on the other hand, DC faults have appreciable effects on the AC current.
When a single pole-to-ground fault occurred on the +500 kV DC line, the current in the
AC line had a large negative spike of —375 Apcu compared to the steady state prefault
peak-to-peak value of 75 A. After the fault the AC current was still able to recover back
to a steady state peak-to-peak value of 75 A. The AC voltage waveform also showed a
slight transient response which decayed to zero in less than 0.1 s or 6 cycles.

3.2. HVAC Coupling to HVYDC

Papers [8], [9] and [10] consider the issues of coupling from AC lines to parallel DC
lines. The situations were quite similar in the papers since all of them analyzed AC
coupling to DC with the lines being on the same right of way, but on different towers.
Lots of similar results can be obtained from these papers.

An HVDC line running in parallel with an HVAC line will be exposed to fundamental
frequency coupling [6]. A steady state fundamental frequency current will be
superimposed on the DC current in the HVDC line due to inductive and capacitive
coupling from adjacent AC lines [8].

The induced fundamental frequency current is converted into a DC current and a series of
harmonic currents of the sidebands of the converter transformer valve side current [8].

The DC component causes an unsymmetrical magnetization and could lead to converter
transformer core saturation during a fraction of the cycle. This causes the
noncharacteristic current harmonic, increased noise and transformer heating [8].

Due to the saturation also other undesirable effects are caused, such as [9]:

1. Transformer loss of life due to the localized stray flux heating and possible
deterioration of interlamination insulation caused by the increased
magnetostrictive forces.

2. Harmonic generation - a broad spectrum of harmonics is injected into the AC and
DC sides due to the saturation. The high harmonic content makes it difficult to
design filters on both the AC and DC sides. High harmonic content is present also
in the neutral current of the transformer, which is of primary importance to filter
design, because it causes a much higher level of telephone interference than the
same amount of current flowing in a balanced mode of the transmission line.
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3. Control and protection - due to the presence of a DC component the current
transformers will experience a similar offset saturation, which leads to inaccurate
measurements of current. In the DC control, CT saturation may lead to optimistic
measurements of extinction angle and can cause the operation with lower
extinction angle than planned. This results in the control of being more prone to
commutation failures with minor system disturbances. By the CT measurement
errors the transformer differential protection can be affected, resulting in either
decreased sensitivity or false trips.

Paper [10] states that the driving sources of fundamental frequency current in the DC line
are voltages and currents in the AC line, which can be represented by their sequence
components, but only three of them need to be considered in the model:

1. Positive-sequence voltage
2. Positive-sequence current

3. Zero-sequence current

Explanation for neglecting 3 components is the following. Positive-sequence components
are important due to their magnitudes — close to 1 pu.

Negative-sequence components obey the same coupling mechanisms as positive, but are
small compared to positive-sequence and can be neglected.

Zero-sequence voltage is also small and doesn’t couple much current on the DC line.
Zero-sequence currents are also small, but their contribution cannot be neglected, because
these currents return through ground or via overhead ground wires [10].

The most important results from the simulations are the following:

1. Distance between AC and DC lines and the length of paralleling are dominating
factors in the strength of coupling [10].

2. Higher resistivity of earth may result in stronger capacitive coupling [10].

3. If the steady state fundamental component of DC current ripple was kept below
0.1% of the converter rating, the HVDC system performance is not effected
substantially. A fundamental component of 1% would cause a noticeable impact
upon the system performance. If the threshold of 0.1% of the fundamental
frequency induction is exceeded, studies of the effect on converter performance
should be required [9].

Possibilities to mitigate the problem of fundamental frequency induction are the use of
DC filters, modulation of DC control, transposing AC and DC lines [9].
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4. SYSTEM MODEL IN PSCAD

This chapter describes the system model developed in PSCAD/EMTDC and used for
studying the coupling phenomenon involving AC lines due to a line-to-ground fault
occurring on the DC line.

The digital simulator used for studies, PSCAD/EMTDC, is a time-domain transient
simulator, which can be used in simulating a power system and its controls. It comes with
a graphical user interface for sketching electrical equipment and provides a fast and
flexible solution. This digital simulator represents and solves differential equations of the
entire power system and its control in time domain.

The overview of the system setup in PSCAD/EMTDC is shown in Figure 4.1 below. The
system can be viewed as consisting of three main blocks namely, the HVDC system, the
HVAC lines together with their terminating impedances and the AC/DC line coupled
sections.

Though the subject of this thesis focuses on studying the coupling phenomenon to the AC
lines due to a pole-to-ground fault occurring on the DC line, a great deal of time and
effort was devoted to the modelling, validation and testing of the HVDC system. This
was necessary to ensure that the performance of the HVDC system was as close as
possible to the real system and therefore ensure that the coupling results obtained would
closely match what could be expected to happen in reality. Despite the fact that no
calibration of the model with the actual system was carried out, based on a comparison of
known inputs and their corresponding outputs, the authors believe this goal was achieved
within tolerable error margins.

The model description includes the following elements:

a) The HVDC System — under this subheading the following components are
covered; the AC System, The converter transformers, the converters, the DC
side, the AC filters and the control system.

b) The HVAC lines

c¢) The DC/AC line coupled sections
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Figure 4.1: System Overview

48



4.1. HVDC System

As can be seen in Figure 4.1, the HVDC system has been modelled as a £500kV,
1400MW bipolar connection between the Swedish and Finnish power systems. This is in
agreement with the expansion plans currently being worked on by Svenska Kraftnét and
Fingrid. The positive pole (existing pole) of the bipolar system has been modelled with a
power rating of 600MW, while the negative pole (new pole) has a power rating of
800MW.

In modelling the HVDC system the CIGRE HVDC benchmark system available as an
example file in PSCAD/EMTDC was employed as the basis for building the model used
in this study. The HVDC system model is therefore quite detailed, taking into account
component details for both the Swedish and Finnish AC systems including the AC filters,
converter transformers, converters, the DC side system and the rectifier and inverter
control systems.

4.1.1. The AC Systems

The AC sides of the HVDC system on the Swedish and Finnish ends have been modelled
consisting of supply networks incorporating AC side filters. The AC networks at both
ends have been represented by Thevenin equivalent voltage sources with equivalent
source impedances (voltage source behind impedance). Source impedances were
computed based on short circuit levels for the converter AC substations provided by the
Swedish and Finnish transmission operators. The system fault levels for the two AC
substations as provided by the two utilities are indicated in Table 4.1 below. The
impedance angles at both system ends were selected to be 80 degrees as this is likely to
be more representative in the case of resonance at low frequencies [3].

Table 4.1: Fault levels at AC substations

Description Swedish Side Finish Side
(MVA) (MVA)
1 | Minimum short circuit capacity 8000 3000
2 | Max. symmetrical short circuit capacity 20000 13000
3 | Future maximum short circuit capacity 25000 20000

On the basis of the information in the table above a short circuit level of 20GVA was
adopted for both the HVDC AC terminals in the base case and a parametric study was
carried out using other values to determine whether a change in short circuit level would
impact the study results.

4.1.2. Converter Transformers

Each 12 pulse converter side has been modelled consisting of two three-phase two
winding transformers, one with a grounded Wye-Wye connection and the other one with
a grounded Wye-Delta connection. In the absence of actual transformer parameters, the
transformer parameters adopted are considered typical for transformers found in HVDC
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installations. A leakage reactance of 18% (X =0.18 p.u.) was adopted for all transformers.
The transformer power ratings were determined to be 2x370MVA and 2x494MVA for
the positive and negative poles respectively using the calculation method detailed below.

Secondary side rated Voltage:

v, 1

3 X
——=Np cosa, ——F

V2 2

V,, = 4.1)

and secondary side fundamental RMS rated current:

2
I, = \g A gy (4.2)

SZV :\/S'VZV 'IZr (43)

and transformer MV A Rating:

where Npr = number of six pulse bridges, X¢ = commutating reactance, Vg = DC
nominal voltage at the rectifier (an appropriate value should be used if the calculation is
done for the inverter), Iqn = DC nominal current.

4.1.3. Converters

All converters used in the model are in accordance with the PSCAD/EMTDC simulator
six-pulse Graetz bridge block, which includes an internal Phase Locked Oscillator (PLO),
firing and valve blocking controls, and firing angle (o) / extinction angle (y)
measurements. They also included built-in RC snubber circuits for each thyristor. The
thyristor valves are modelled as ideal devices and therefore, negative turn-off and firing
due to large (dv/dt) and (di/dt) are not considered.

4.1.4. The DC Side

The DC sides for the two poles of the HVDC link, though having some similarities, have
been modelled differently mainly due to the fact that the negative pole (new pole)
incorporates an overhead DC line of about 70km on the Swedish side, which shares
rights-of-way with a 400kV AC line for 53km and a 220kV AC line for 7.5km.

The positive pole (existing pole) DC side model consists of smoothing reactors at the two
HVDC ends (inverter and rectifier) and a 200km undersea cable running from Sweden
(Dannebo) and transforming into a 33km overhead line before terminating in the
converter station on the Finnish side (Rauma).
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The negative pole (new pole) DC side model, just like the positive pole, consists of
smoothing reactors at the two HVDC ends (inverter and rectifier) and a 200km undersea
cable running from Sweden and transforming into a 33km overhead line before
terminating in the converter station on the Finnish side (Rauma station). However this
pole also consists of a 70km overhead DC line section connecting the undersea cable to
the negative pole converter station (Finnbdle station) on the Swedish side. The tower for
this overhead line section is also used to carry the return conductor running in between
the two converter stations on the Swedish side and connected to the earth electrode
located near Dannebo and the Baltic sea.

In the model equally sized smoothing reactors (0.3375 H) have been used at each end for
both poles. The sizes of the smoothing reactors are equivalent to that currently installed
on the existing pole (positive pole in Figure 4.1) of the HVDC system.

The undersea cables of the DC links have been represented by an equivalent T-network,
similar to the implementation in the Cigre benchmark model. The cable resistance and
capacitance values used were provided by Svenska Kraftniit.

Given that the overhead line section of the negative pole (new pole) will run in parallel
with the 400kV and 220kV AC lines in areas where it will share the same rights-of-way
with these lines, its modelling has been based on the frequency dependent (phase) model
found in PSCAD/EMTDC. As also explained in Section 4.3 below of this chapter, this
line representation gives the most accurate results for transient-type studies. Details of all
overhead lines used in the study are provided in Appendix 1.

4.1.5. AC Filters & Reactive Compensations

As shown in Figure 4.1, tuned filters were incorporated for filtering out harmonics
generated by the HVDC system at both ends of the system. The most relevant harmonics
are of the orders of 11, 13 and the higher characteristic harmonics (multiples of 11 and
13). The parameters and impedance characteristic of the AC filters at the rectifier and
inverter end AC systems are provided in Appendix 2.

The total reactive power consumption of the converters at each end of the HVDC system
is about 640MV Ar. This reactive power is supplied by the filters in the model.

4.1.6. The Control Systems

The controls for the HVDC system are identical for both the positive and negative poles
and are modelled independent of each other. No bipolar or higher level controls are
incorporated in the system. The desired power levels are determined by the voltage and
current levels in the DC lines. The voltages in the system are determined by the
secondary voltages of the converter transformers and the firing angles of the converter
bridges. The steady state firing angle for the rectifier is chosen as 20° and the extinction
angle for the inverter as 15°. The current levels in the model are given manually as
references — 1,2 kA and 1,6 kA for the positive and negative poles respectively. Since
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the voltages in the HVDC system are +500kV, the steady state powers for the positive
and negative poles are 600MW and 800MW respectively.

The V4-14 characteristic of the pole controller can be seen from Figure 4.2.

Uaciny [p11]
- m:ﬁn
_.___________________-_-_-_-_‘_
A y=15°
1.0 4+ B .,.._hhji____h
0.9 T
’ v=31°
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014 ©
T : > Iorder[pu]
02 ne 1.0

Figure 4.2: The V-1, characteristic of the pole controller

Since the control mechanisms for the positive and negative poles are identical, the
operation of the controllers is described on a single pole basis. There are two main
control principles incorporated in the pole control system - the current control (CC) and
the constant extinction angle (CEA) control. The CC is integrated in both the rectifier and
the inverter control schemes; the CEA is used only in the inverter controls.

4.1.6.1. The Rectifier Control System

The schematic of the rectifier control system is depicted in Figure 4.3. The current
reference to the rectifier Iyqer comes from the inverter control system. Ioqer 1S compared
with the measured rectifier DC current Icree and the error Iegor reer 1s fed to the PI
controller. The rectifier advance angle Py is the output of the PI controller. This in turn
is converted to the rectifier firing angle o, which is limited between 5° and 150°. The
normal steady state firing angle of the rectifier is 20°.

1P + Iermr_re-:t E’re-'-'t +

Idcrer_'t —_—| flt —FQ—D PI — —»  Ooct
1lter

Loxter 3 1459

Figure 4.3: The rectifier control system
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4.1.6.2. The Inverter Control System

The inverter control system is more complicated than the rectifier’s and it is pictured in
Figure 4.4. CC is also incorporated in the inverter controls, but it is only active during the
system startup and during a fault. Under normal operation the inverter firing angle o,y is
determined by the CEA controller.
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Figure 4.4: The inverter control system

The rectifier current order Iy, is formed by the inverter controls as follows. The inverter
DC voltage Ugciny 1s filtered and fed to the voltage dependant current limiter (VDCL),
whose output is compared to the current reference in the DC line (If = 1 pu), which is
given manually as an input to the controls. During normal operation Ioer 1S always 1 pu,
but when the DC voltage at the inverter decreases for some reason (i.e. a fault in the DC
line), the Ioger 1s reduced in relation to the voltage drop. The VDCL characteristic is
illustrated in Figure 4.2 by the line ABC. It determines that when Uy, falls below
0.1 pu, the Iyqger is limited to 0.2 pu. When the inverter voltage Ugciny 1S higher than
0.9 pu, the I is set up by the characteristic between the points A and B. When the
Ulciny drop is between 0.1 and 0.9 pu, the rectifier current order Iy is determined by the
characteristic between the points B and C in Figure 4.2. The reason for choosing these
limits for the VDCL comes from the simulations — with these parameters the HVDC
system recovery after the fault was found to be the best.
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The inverter CC compares the measured and filtered inverter DC current ly,y With the
rectifier current order Io4er. During normal operation the current error Ieyor iny 1S Zzero and
the input to the PI controller is always -0.1. This gives an output advance angle PBcc of
30°, which is lower than the output Bcga from the CEA controller in normal operation. At
the occurrence of a fault in the DC line Leyor iny 1S nOt zero any more and the input to the
PI controller increases suddenly. This causes the PI controller output Bcc to increase
beyond the Bcga and the MAX-selection block chooses Bcc to set up the ai,y. The inverter
firing angle is determined by the inverter CC until normal operation of the DC line has
resumed.

The inverter CEA controller keeps the inverter extinction angle at 15° during normal
steady state operation. It compares the measured minimum inverter extinction angle Yiny
during one cycle of the fundamental frequency with the reference value Yy The
reference extinction angle vy is formed by the addition of the input value yn,, = 15° and
the error component Ay, which is created by the ramp-up function from the Lo iny value.
During transients, the input to the CEA PI controller y.r is negative and the PI controller
output Bcga is limited to 30°. In this case the CC determines the inverter firing angle oy,
which is limited between 70° and 150°.

During normal operation on the other had, the input to the CEA PI controller Yeyor 1S
positive and the CEA controller determines the ai,y, wWhich in turn is limited between 90°
and 150°.

4.2. HVAC Lines

There are three different models for transmission lines in PSCAD. The most accurate of
these, for transient-type studies, is the Frequency Dependant Phase (FDP) model, which
is suitable for modelling both the HVAC and HVDC lines. It is basically a distributed
RLC travelling wave model, which incorporates the frequency dependence of all
parameters and represents the frequency dependence of internal transmission matrices. In
order to do this, detailed conductor information (i.e. line geometry, conductor radius, DC
resistance, height from ground, mid-span sag) is required as input to the model.

Because the FDP model is the most accurate method for modelling transmission lines in
PSCAD, it was chosen for modelling the 400 kV and 220 kV AC transmission lines. The
configuration and length of the lines were given by Svenska Kraftnidt (SvK) and
incorporated in the model. The details and layout of the modelled 400 kV and 220 kV AC
lines can be found from Appendix 1.

Both, the AC and DC overhead transmission lines have ground wires, but they are
neglected in the base case simulations for simplicity. Ground wires are included in the
sensitivity analysis (section 5.3.7), where their effect to the coupling is studied.

In the modelled system, the 400 kV and 220 kV overhead transmission lines are
terminated by equivalent zero-sequence impedances. In the base case 5 parallel
transformers were assumed in the terminating substations of the AC lines, each of them
having 0.1 pu zero-sequence impedances on a 100 MV A base. Therefore, the equivalent
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zero sequence impedance Xoeqy in the terminating substations of the AC lines is the
following:
Viese 400°
Xocge = (o X/ Ny = (0.1x—2

)/5=32Q 4.4)

base

where Xqp, is the zero-sequence impedance of a single transformer, Nzt is the number of
parallel transformers, Vp,se and Spyge are the base voltage and power respectively.

The value of the equivalent zero-sequence inductance Loeqy can be calculated as follows:

L :x0eqv — 32
v om 2xwx50

=0.1019=0.1H 4.5)

where Locgy is the value used in the base model for terminating the 400 kV and 220 kV
AC lines; the zero-sequence resistance is neglected, because its value is much smaller
than the reactance. The effect of various terminating impedances to the current that is
coupled into the AC lines is analyzed in Section 5.3.5.

4.3. AC/DC Line Coupled Sections

The FDP model takes into consideration the mutual coupling between two transmission
lines if they are modelled in the same right-of-way (RoW) and it is also capable of
accurately simulating the undesirable interactions between DC and AC lines in proximity
to one another. Therefore it was decided to choose this model for simulating the coupling
between the Dannebo—Finnbdle HVDC line and the parallel 220kV and 400kV AC lines.
More information about the FDP model and its calculation methods can be found in the
PSCAD help file.

In order to model more than one transmission line in a single RoW, the distance between
the centres of the lines must be specified. Another important parameter is the ground
resistivity of the RoW, this must also be given as an input. The rest is similar to
modelling a single line — detailed information of the lines (configuration and conductor
data) must be given to PSCAD before it calculates the transmission matrices, taking into
account the mutual coupling between the modelled lines.
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5. PSCAD SIMULATION RESULTS

In Chapter 4, a PSCAD model is developed for the purpose of studying the coupling
phenomenon. In this chapter the focus is on the presentation of the simulation results
obtained and their analysis.

This chapter begins by presenting a base case performance of the HVDC system under
normal operation conditions after which the HVDC system performance during a line-to-
ground fault is presented. This lays a foundation for the presentation of the coupling
issues that arise during a pole-to-ground fault due to an overhead line section of the
negative pole of the HVDC system sharing the rights-of-way with a 400kV and a 220kV
AC line, as was shown in Figure 4.1 and repeated in Figure 5.14 below. It should be
pointed out right from the outset that the negative pole (new pole) of the HVDC link is of
interest in the work being presented here, since this is the pole with the coupled sections.
Therefore, all fault conditions and related phenomena studied and presented here relate to
this pole.

Thereafter, this chapter goes on with the presentation and quantification of coupled
currents to the AC lines under various scenarios. A parametric analysis of how various
variables affect the coupling phenomenon is then presented next. Variables investigated
include:

HVDC negative pole fault position
Soil resistivity

Length of the coupled section

Distance between the coupled lines
Fault contact resistance

AC lines aerial ground wires

AC line terminating impedance

Effect of AC system short circuit levels

This chapter ends with the analysis of coupling with monopolar and reverse power
operations of the Fenno-Skan HVDC link.

5.1. HVDC System Performance

The objective of this section is to highlight the operation of the HVDC system under
normal operation and during a line-to-ground fault at a selected point at the inverter
terminal of the HVDC link.
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5.1.1. HVDC Normal Operation

State variables that include AC side voltages, DC side currents and voltages and
operating alpha orders for the rectifier and inverter sides for a 2-second normal operation
of the HVDC system are presented in Figures 5.1 to 5.8 below.

Figure 5.1 shows the AC side RMS voltages for both the inverter (Swedish) and rectifier
(Finnish) ends in per unit. It is evident from the figures that under normal operation the
AC voltages are maintained at 400kV at both ends, hence the 1 p.u. RMS voltage
achieved in Figure 5.1.
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Figure 5.1: HVDC system AC side RMS voltages

Voltage [pu]

Figures 5.2 and 5.3 depict voltages for the positive and negative poles respectively while
Figures 5.4 and 5.5 are presentations of currents in the respective poles. Given that the
DC systems is a £500kV bipolar connection, it is clear from Figures 5.2 and 5.3 that the
HVDC system achieves the required steady state voltages following start-up that are out
of phase by 180° at the two poles, and maintains these voltages under normal operating
conditions. However the current direction is unidirectional, flowing from the rectifier to
the inverter for the positive pole and from the inverter to the rectifier for the negative
pole, under all operating conditions as dictated by the laws of thyristors physics.
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Figure 5.2: Positive pole rectifier and inverter end voltages
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Figure 5.3: Negative pole rectifier and inverter end voltages
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Figure 5.4: Positive pole rectifier and inverter end currents
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Figure 5.5: Negative pole rectifier and inverter end currents

In Figure 5.6 below, the current that flows in the neutral under normal operation of the
HVDC system is shown. It is a well known fact that in a bipolar system, if the poles are
operated at equal power, no current flows in the neutral under normal operating
conditions. In the particular system studied, however, the positive pole operates at
600MW while the negative pole operates at 800MW. This is consistent with the
information provided by the sponsors of the study, Svenska Kraftnit. The consequence of
this power disparity is that there will always be a normal operation current flowing in the

neutral in the order of 400A.
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Figure 5.6: HVDC neutral current measured at the rectifier end
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Under normal operation as would be expected, the rectifier operates with an alpha order
near 20°, while the inverter operates with an alpha order around 150°. This is shown in

Figures 5.7 and 5.8 for the positive and negative poles respectively.
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Figure 5.7: Positive pole rectifier and inverter end alpha orders
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Figure 5.8: Negative pole rectifier and inverter end alpha orders
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5.1.2. HVDC Operation Under Fault Condition

With normal operation of the HVDC system, as discussed in the foregoing section, the
following is a presentation of how the HVDC system responds, when a fault suddenly
occurs on the negative pole conductor of the Dannebo-Finnbole overhead DC line.

A bolted negative pole-to-ground fault (R = 0 Q) was applied, 0.6 seconds after system
start-up at the inverter end of the bipolar HVDC link (fault point A in Figure 5.14). The
duration of the fault is 0.1 seconds. Figures 5.9 and 5.10 describe the operation of the
negative pole in the above described conditions.
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Figure 5.9: Neg. pole rectifier and inverter DC voltages during neg. pole-ground fault
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Figure 5.10: Neg. pole rectifier and inverter firing angles during neg. pole-ground fault
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Figure 5.9 shows that under fault conditions both, the rectifier and inverter voltages are
reduced to zero to prevent the supply of current to the fault. The voltages are brought
down to zero by changing the rectifier and inverter firing angles (Oyect and oiny) to 90°,
which can be seen from Figure 5.10. The rectifier is first brought to full inversion by
increasing Oye¢ to its maximum value (150°), which is followed by a reduction of Oy to
90°. In this way the fault is cleared faster than in the case where o, was changed to 90°
immediately after the fault initiation. Figure 5.10 also shows the steady state rectifier and
inverter firing angles, which are 20° and 143° respectively.

Figures 5.11 and 5.12 describe the operation of the positive pole in the same conditions
as before — a fault applied to the inverter end of the negative pole. It is clearly seen that
the positive pole and negative pole are independent of each other — a fault on one pole
does not affect the other pole. Minor disturbances can be detected in the positive pole
voltage and firing angle waveforms, but this can be considered negligible. The steady
state firing angles for the positive pole rectifier and inverter are the same as for the
negative pole, which is also clear from Figure 5.12.
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Figure 5.11: Pos. pole rectifier and inverter DC voltages during neg. pole-ground fault
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Figure 5.12: Pos. pole rectifier and inverter firing angles during neg. pole-ground fault

Figure 5.13 characterizes the operation of the AC systems at the rectifier and inverter
ends during the same conditions as in the previous cases. It can be seen clearly that a fault
on the DC line has practically no effect on the operation of the AC systems. A slight
disturbance in the RMS value of the line-to-line AC voltage at the rectifier end can be
noticed, but this can also be considered negligible and of no consequence.
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Figure 5.13: AC system line-to-line RMS voltages during neg. pole-ground fault
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The main purpose of this section is to show how the HVDC system is operating under
fault conditions. Figures 5.9 and 5.10 show clearly that when the fault is cleared, the
system recovers and steady state operation is resumed after a delay of approximately 0.5
seconds, which is very close to the time needed for the system start-up. Therefore it can
be concluded that the modelled HVDC system operates in conformity with the real
system and can be considered suitable for performing the coupling analysis.
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5.2. Coupling Phenomenon — Basecase

PSCAD coupling phenomenon analysis and results constitute the subject of Sections 5.2
to 5.4 of this report. In the present section this subject is presented in reference to the
results obtained for the so called basecase system. The basecase system is shown in
Figure 5.14 and selected key parameters used are given in Table 5.1 below. Wherever
available, parameters used in the basecase model correspond to design parameters of the
real system.

As already mentioned the coupling phenomenon was studied considering a line-to-ground
fault on the negative pole of the HVDC system for the two coupled sections, namely:

1. Coupled Section 1 : RoW consisting of the HVDC negative pole overhead line
section and the 400kV AC line,

2. Coupled Section 2: RoW consisting of the HVDC negative pole overhead line
section and the 220kV AC line.

The two coupled sections are clearly marked in Figure 5.14 and their details are provided
in Table 5.1. To make the discussion easier to follow, in the absence of the actual
substation names, the terminating substations for the 400kV and 220kV AC transmission
lines have been give hypothetical names. As can be noted from Figure 5.14, the
terminating substations for the 400kV AC line have been called Substation 400A
(Forsmark substation) and Substation 400B, and similarly, those for the 220kV AC line
have been called Substation 220A and Substation 220B.

For the basecase, coupling has been studied for a fault at point B (Fault B) of the negative
pole, since this point gives the highest coupling for the 400kV case, and for a fault at
point A (Fault A) of the negative pole, as this fault results in the highest coupling for the
220kV line.

In Section 5.3, a parametric or sensitivity analysis of the coupling phenomenon is
presented.
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Table 5.1: Key basecase parameters

Parameter Description

Assigned Value

1 | HVDC operation Bipolar, power flow from Finland to Sweden

2 | HVDC AC side fault levels (both ends) | 20 GVA

3 | Coupled line RoW ground resistivity 100 Qm

4 | AC line equivalent terminating 32Q

reactance

5 | Distance between coupled lines e HVDC-400kV AC line RoW =34 m
e HVDC-220kV AC line RoW =32 m

6 | Length of coupled sections e HVDC/400kV AC line RoW =53.1 km
e HVDC/220kV AC line RoW = 7.5 km

7 | Point of fault application (Figure 5.14) | Fault B

8 | Fault resistance Rg=0

9 | Time at which fault is applied t=0.6s

10 | Duration of fault tg=0.1s

11 | Aerial ground wires Neglected
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Figure 5.14: Drawing for coupling studies
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5.2.1. Coupled Section 1: RoW Consisting of the HVDC Negative Pole
Overhead Line Section and the 400kV AC Line

Coupling results in relation to the 400kV AC line are discussed in this section for the
following cases

i.  Normal operation
ii.  Line-to-ground fault on the negative pole

5.2.1.1. Coupling During Normal Operation

We begin our presentation of results for the basecase considering normal operation of the
HVDC system. Under this condition virtually no coupling exists between the HVDC and
the 400kV AC line. The results obtained are shown in Figure 5.15 below with
measurements taken at Substation 400A.

Substation 400A
|
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o —
=
o
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|
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g
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o
3 0.
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g
€
o
a3 0. =
Tmelsl go0 025 050 075 1.00 125 15 175 200

Figure 5.15: Total coupled current under normal operation

The non-zero values (though still negligible) obtained for slightly more than 0.5s in
Figure 5.15 can be attributed to HVDC system start-up which process occurs transiently.

The current shown in Figure 5.15 is the neutral current which is the sum of the phase

currents. Plots of coupled phase currents, though not shown here, are of no interest due to
the fact that they are also of zero magnitude under normal operation of the HVDC.
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5.2.1.2. Coupling During Line-to-Ground Fault on the Negative Pole

A line-to-ground fault was applied at fault point B in Figure 5.14. Fault point B is of great
interest because, as will be seen in the sensitivity analysis, it results in the highest
coupling into the 400kV AC line. With this fault applied, results are presented for the
following:

i.  Analysis of contributions to the fault current

ii.  Coupled currents in the 400kV line including neutral and phase quantities
iii.  Coupled voltages in the 400kV line including neutral and phase quantities
iv.  Neutral current sequence component and harmonic analysis

(i) Fault Current Contributions

Figure 5.16 below shows the contributions to the fault current from the HVDC system
and from the undersea DC cable. It can be observed that while the HVDC system limits
the fault current through the rectifier to about 2.8 p.u. (fault current of 4.5kA at nominal
current of 1.6kA), a large fraction of the fault current that follows to the ground is due to
the discharging of the DC cable.
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Figure 5.16: Contributions to the fault current
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(ii) Coupled Currents in the 400kV Line

Figures 5.17 and 5.18 show the coupled currents in the 400kV line at Substation 400A
and Substation 400B respectively. The currents were measured flowing into the line at
both substations and it can be observed that the currents at the two substations are equal
in magnitude, but in anti-phase with each other. Since the 400kV line is of a short-line
type (72km), it is not a surprising result that the currents at the two ends of the line are of
equal magnitude. It can also be observed that the induced current has the same shape as
that of the fault current.

In Figures 5.17 and 5.18, it can be noted that the total induced current peaks at about 2kA
with an RMS peak of about 1.2kA. Of the total RMS current, about 58% (700A) is due to
the fundamental current and the rest is contributions from the other harmonics as will be
shown under harmonic analysis. This clearly shows that the coupled current during this
fault type is significant and evaluation of its impact on the protection of the AC line is a
worth undertaking. It is also noted that the coupled current is transient in nature and
decays to zero in about 60ms.
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Figure 5.17: Substation 400A, 400kV line coupled current under fault condition
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Substation 400B
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Figure 5.18: Substation 400B, 400kV line coupled current under fault condition

In Figures 5.19 and 5.20, respective phase currents induced at Substation 400A and
Substation 400B are shown. Like the total coupled current, the coupled currents in the
phases are equal at the two substations. Furthermore, these phase currents are identical in
all phases.
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Figure 5.19: Substation 400A, 400kV line coupled phase currents under fault condition
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Figure 5.20: Substation 400B, 400kV line coupled phase currents under fault condition
(iii) Coupled voltages in the 400kV Line

The coupled phase-to-ground voltages, measured at substations 400A and 400B, are
shown in Figures 5.21 and 5.22 respectively.
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Figure 5.21: Substation 400A, 400kV line coupled phase voltages under fault condition
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Substation 400B
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Figure 5.22: Substation 400B, 400kV line coupled phase voltages under fault condition

The explanation relating to the coupled phase currents equally applies to the coupled
phase voltages, except that due to the difference in distances from the coupled section to
the two substations at the ends of the line, the induced phase-to-ground voltages at the
two substations are not equal. At Substation 400A the peak value of the phase voltages is
about 30kV compared to 25kV for those induced at Substation 400B.

(iv) Sequence Component & Harmonic Analysis

To understand the sequence component composition of the coupled currents, a sequence
component analysis was carried out. Since it has already been shown that coupled
currents at the two ends of the line are equal, this analysis was only done for Substation
400A.

In Figure 5.23 below, results clearly demonstrate that positive and negative sequence
currents are negligible or totally absent from the coupled currents. On the contrary, a look
at Figure 5.24 shows that the coupled currents are about 100% zero sequence currents. In
the figure the first 5 harmonics of the zero sequence currents are presented. As would be
expected, the fundamental current has the highest magnitude, followed by the second,
third, fourth and fifth in that order.

The observation here that coupling is far more stronger between zero sequence networks,

when compared to positive and negative sequence networks, agrees well with what can
be found in literature [15]. This fact will be useful in explaining the role of ground
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resistivity in the coupling phenomenon as one of the parametric analyses presented under
sensitivities in Section 5.3.
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Figure 5.23: Positive & negative sequence components present in coupled currents
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Figure 5.24: Zero sequence components present in coupled currents
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Figure 5.25: Positive & negative sequence components present in coupled voltages

The behaviour observed in sequence currents is well replicated in sequence voltages.
Figure 5.25 shows a clear absence of positive and negative sequence voltages, whereas
Figure 5.26 demonstrates a full presence of zero sequence voltages, suggesting a very
strong coupling in the zero-sequence networks.
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Figure 5.26: Zero-sequence components present in coupled voltages

Harmonic analysis of the total coupled current (neutral current) yields a spectrum of
frequencies that are present in the coupled quantities. The first 5 harmonics are plotted in
Figure 5.27 below. The spectrum pattern fully resembles that obtained for zero sequence
currents in Figure 5.24, though here the magnitudes have increased three-fold, since the
currents considered are total currents. The pattern is repeated where the first and second
harmonics are much higher in comparison to the higher harmonics. The harmonic
magnitude decreases when moving from lower to higher harmonic orders.
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Substation 400A: Neutral Current Harnonics (first 5)
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Figure 5.27: Harmonic spectrum of the total coupled current

5.2.2. Coupled Section 2: RoW Consisting of the HVDC Negative Pole
Overhead Line Section and the 220kV AC Line

This section treats the fault on the negative pole, which gives the highest coupling in the
220kV overhead AC line. A line-to-ground fault was applied at the fault point A in
Figure 5.14. This position gives the highest coupling in the 220kV AC line. With this
fault applied, results are presented for the following:

i.  Coupled currents in the 220kV line including neutral and phase quantities

ii.  Coupled voltages in the 220kV line including neutral and phase quantities

iii.  Total coupled current (neutral current) sequence component and harmonic
analysis

(i) Coupled Currents in the 220kV Line

In figures 5.28 and 5.29, it can be noted that the worst fault results in the total induced
current in the 220kV line with a peak of about 600A. This is much less when compared to
2000A obtained for the 400kV line. In RMS terms, this current has a peak slightly less
than 400A of which about 70% is due to the fundamental current. In comparison to the
400kV line, the coupled current in the 220kV line is much lower. This can be explained
on account of the differences in lengths between the two coupled sections of the two
lines; 7.5km for the 220kV line compared to 53.1 for the 400kV line.

Though the coupling in the 220kV line is not as significant as for the 400kV line, the

current behaviour is however very much similar to the 400kV case - the coupled current
is of transient nature and decays to zero in about 60ms.
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Figure 5.28: Substation 220A, 220kV line coupled current under fault condition
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Figure 5.29: Substation 220B, 220kV line coupled current under fault condition
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Figures 5.30 and 5.31 characterise respective phase currents induced at Substation 220A
and Substation 220B. Like the total coupled current, the coupled currents in the phases
are equal at the two substations. The phase currents are also identical in all phases.
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Figure 5.30: Substation 220A, 220kV line coupled phase currents under fault condition
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Figure 5.31: Substation 220B, 220kV line coupled phase currents under fault condition
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(ii) Coupled Voltages in the 220kV Line

Figures 5.32 and 5.33 are plots of the phase voltages at Substation 220A and Substation
220B respectively. The explanation above, relating to the coupled phase currents, equally
applies to the coupled phase voltages at the two substations, except that due to the
difference in distances from the coupled section to the two substations at the ends of the
line, the induced phase-to-ground voltages at the two substations are not equal.
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Figure 5.32: Substation 220A, 220kV line coupled phase voltages under fault condition
220 kV substation B
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Figure 5.33: Substation 220B, 220kV line coupled phase voltages under fault condition
(iii) Sequence Component & Harmonic Analysis

Figure 5.34 and 5.35 below characterise the zero-sequence components of the coupled
currents and voltages respectively. Both positive and negative sequence components are
either negligible or totally absent from the coupled quantities. In the figure, the first 5
harmonics of the zero sequence currents are presented. As would be expected, the
fundamental current has the highest magnitude, followed by the second, third, fourth and
fifth in that order for both current and voltage.
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Figure 5.34: Zero-sequence components present in the coupled currents
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Substation 220A: Zero Seauence Voltaae Harnonics (first 5)
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Figure 5.35: Zero-sequence components present in the coupled voltages

Harmonic analysis of the total coupled current (neutral current) yields a spectrum of
frequencies that are present in the coupled quantities. The first 5 harmonics are plotted in
Figure 5.36 below. The pattern obtained here is very similar to the 400kV case except for
the magnitudes, which, as expected, are much lower.
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Figure 5.36: Harmonic spectrum of the total coupled current

80



5.3. Sensitivity Analysis

The aim of this section is to show how coupled currents are affected by varying a number
of selected parameters. The parametric studies are presented considering a wide range of
parameters. Parameters investigated include:

(i)  Fault position on the HVDC negative pole
(i)  Soil resistivity
(iii)  Distance between coupled lines
(iv)  Length of the coupled section
(v)  Value of equivalent line terminating impedance
(vi)  Fault resistance
(vii)  Inclusion of aerial ground wires
(viii)  Effect of AC system short circuit levels

Parametric analysis was carried out for the coupled section involving the 400kV line only
(coupled section 1) since, as shown in Section 5.2, this is the coupled section that gives
significant coupling to the AC line. Parameters were varied one at a time, i.e. other
parameters were kept the same as in the basecase. The effect of changing various
parameters was monitored only at Substation 400A (Forsmark) because the measured
values differ only negligibly from those measured at Substation 400B.

5.3.1. Effect of Fault Position

The position of fault application was moved along the negative pole of the HVDC link
and variations in the coupled currents to the 400kV line were monitored. The fault
application positions are shown in Figure 5.14 and are as follows:

Fault A — fault at the inverter (Swedish) end after the smoothing reactor,

Fault B — fault at the beginning of the coupled section 1,

Fault C — fault in the middle of the coupled section 1 (26,55 km from Fault B),
Fault D — fault at the end of the coupled section 1 (53,1 km from Fault B), and
Fault E — fault at the rectifier (Finnish) end before the smoothing reactor.

SNk WD =

Observed variations in coupled currents due to fault position change are shown in Figures
5.37 and 5.38 for the total current and total RMS current respectively. Two observations
can be made from these plots:

a) The fault position that results in the highest current through the coupled section
gives the highest coupling, and

b) Coupling is highest for a fault position which results in a fault current that flows

in the entire length of the coupled section — this seems reasonable as this would
result in the highest flux linkage.
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In Figures 5.37 and 5.38 fault B gives the highest coupling since it satisfies both (a) and
(b) above, followed by fault A and then C. Coupling due to fault D and E is negligible
since these fault positions hardly meet requirements (a) and (b) stated above.
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Figure 5.37: Variation of total RMS coupled currents with HVDC fault position

Substation 400A: Neutral RVIS Fundamental Current vs Fault Position
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Figure 5.38: Variation of fundamental RMS coupled currents with HVDC fault position
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5.3.2. Effect of Soil Resistivity

In Section 5.2, it was shown that coupling during line-to-ground fault was almost entirely
due to zero-sequence transients. The consequence of this is that soil resistivity becomes a
key parameter in the determination of whether there will be coupling or not. In Figures
5.39 and 5.40, it can be observed that for any value of soil resistivity other than zero, the
coupled current in the 400kV line is significant and with about the same order of
magnitude. For zero soil resistivity the coupled current is negligible. This observation can
also be found in literature [5].
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Figure 5.39: Variation of total RMS coupled currents with soil resistivity

83



Substation 400A: Neutral RVS Fundamental Qurrent vs Soil Resistivity
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Figure 5.40: Variation of fundamental RMS coupled currents with soil resistivity

5.3.3. Effect of Distance Between Coupled Lines

Figure 5.40 and 5.41 present, respectively, the coupled total and fundamental RMS
currents in the AC line with respect to different interline distances between the Dannebo-
Finnbole HVDC line and the 400 kV AC line.
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Figure 5.40: Variation of total RMS coupled currents with interline distance
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Substation 400A: Neutral RMS Fundamental Current vs Interline Distance
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Figure 5.41: Variation of fundamental RMS coupled currents with interline distance

It can be seen from Figures 5.40 and 5.41 that the effect of interline distance can be
considered almost linear for both, the total and the fundamental RMS currents. The
highest coupling occurs for the closest interline distance (26m between the tower

centres), whereas the lowest coupling is caused by the farthest distance between the lines
(1000m).

5.3.4. Effect of Coupled Section Length

In this parametric study we show the effect of varying the length of the coupled section
on the coupled currents. The results are plotted in Figures 5.42 and 5.43 for the total
coupled current and the fundamental current respectively. The key observation here is
that while, as expected, the coupled current increases with the length of the coupled
section, the relationship has a maximum after which any increase in the length of the
coupled section results in decreased coupled currents. For instance in Figures 5.43 the
coupled fundamental current is higher for a coupled section length of 150km compared to
that of 500km. It would appear as the length increases beyond a certain point the line self-
impedance matrix increases to the extent that it begins to decrease the coupled currents.
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Substation 400A: Neutral RVS Current vs Coupled Section Lenath
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Figure 5.42: Variation of total RMS coupled currents with length of the coupled section

Substation 400A: Neutral RMS Fundamental Current vs Coupled Section Lenath
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Figure 5.43: Variation of fundamental RMS coupled currents RMS with length of the
coupled section
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5.3.5. Effect of Equivalent Terminating Impedance

The effect of varying the equivalent line terminating impedances for the coupled total and
fundamental RMS currents is given by Figures 5.44 and 5.45 respectively. The equivalent
impedance means the impedance of all the zero sequence sources that are in parallel at
the line terminating substations. For simplicity, the resistance was neglected since it is
much smaller than the inductance of the line terminating transformers.

Substation 400A: Neutral RVIS Current vs Eauivalent Line Terminatina Imoedance
O<6ohm> |0 <B2ohm>  |A<B0ohm>  |® <1120hm>  |W <160 chm>
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Figure 5.44: Total RMS coupled currents versus equivalent terminating impedance

Substation 400A: Neutral RMS Fundamental Current vs Equivalent Line Terminatina Inpedance
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Figure 5.45: Fundamental RMS coupled currents vs equivalent terminating impedance
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From Figures 5.44 and 5.45 it is easy to see that the effect can again be considered
closely to linear. The highest coupling is caused by the lowest equivalent impedance and
the lowest coupling by the highest impedance.

5.3.6. Effect of fault resistance

Figures 5.46 and 5.47 represent the effect of the negative pole-to-ground fault arc
resistance on the coupled current in the 400 kV AC line

Substation 400A: Neutral RVIS Current vs Fault Resistance
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Figure 5.46: Total RMS coupled currents versus fault resistance
Substation 400A: Neutral RVS Fundamental Current vs Fault Resistance
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Figure 5.47: Fundamental RMS coupled currents versus fault resistance
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Again, almost linear relationships for the total and fundamental coupled currents can be
obtained from Figures 5.46 and 5.47. In the basecase the simulations were done with
bolted pole-to-ground fault (R=0), which means that in reality smaller values of coupled
currents to the 400kV AC line are expected.

5.3.7. Effect of Aerial Ground Wires

In the base case the transmission lines were modelled without aerial ground wires for
simplicity. To understand whether ground wires have any effect on the coupled currents,
a parametric analysis was carried out with ground wires included. The results obtained
are shown in Figures 5.48 and 5.49 for line-to-ground faults applied at fault positions A
and fault positions B respectively.

With a fault at fault position A, the obtained coupled currents in the cases with or without
ground wires are equal. For the case with a fault applied at fault point B, there is a small
mismatch between coupled currents for the two cases. The with-ground-wire case shows
a slightly higher coupled current in comparison to the without-ground-wire case
(Figure 5.49). Fault A and Fault B were found to be the lower and upper limiting cases,
i.e. fault position A gave no mismatch in the coupled currents between the with-ground-
wire case and the without-ground-wire case, while fault point B gave the largest
mismatch. Considering that even with a fault position giving the largest coupled current
mismatch the difference is for all practical purposes negligible, it can be concluded that
the aerial ground wires have no or little effect on the coupling phenomenon.

Substation 400A: Neutral RMS Current
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Figure 5.48: Effect of aerial ground wires on coupled currents (Fault A)

89



Substation 400A: Neutral R\VS Current
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Figure 5.49: Effect of aerial ground wires on coupled currents (Fault B)

5.3.8. Effect of AC System Short Circuit Levels

Figure 5.50 compares the total coupled RMS neutral current in the 400 kV AC line
between two different values of the rectifier (Finnish) AC system short circuit levels —
3 GVA and 50 GVA.

The result obtained from the simulations is somewhat unexpected, because it was always
assumed that the rectifier AC system short circuit level had a remarkable effect on the DC
system fault current and thus, on the coupled current to the AC system. But, even by
changing the short circuit level very much, from 3 GVA to 50 GVA in this case, no
remarkable change in the coupled current to the AC system was obtained from the
simulations.

The same pattern also applies when the short circuit level of the inverter end AC system

is varied. Therefore, it can be concluded that the mutual coupling between overhead DC
lines and AC lines is not dependant on the AC system strengths at the ends of a DC link.
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Substation 400A: Neutral RMS Current vs Rectifier (Finnish) AC System Short Crcuit Level
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Figure 5.50: Variation of the total RMS coupled currents with changing the rectifier
(Finnish) AC system short circuit level
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5.4. Coupling Phenomenon with Monopolar Operation

To determine the amount of induced currents during monopolar operation, the positive
pole converters were taken out of service and the negative pole then used the positive
pole conductor as a return path. The worst fault condition (Fault B) was simulated and the
results obtained are plotted in Figure 5.51.

A comparison of Figure 5.51 and Figure 5.17 obtained for the basecase shows that
changing the mode of operation from bipolar to monopolar has no effect on the coupled
current. The same results were also obtained when the monopolar operation was changed
from metallic return to ground return.
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Figure 5.51: Total coupled currents during monopolar operation
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5.5. Coupling Phenomenon with Reverse Power Operation

The study carried out in this section has the objective of determining whether a reversal
in the power flow direction, from that used in the basecase study (Finland to Sweden), to
one, where power flows from Sweden to Finland in the HVDC system, would have any
impact on the coupled current. The study was done for the most onerous fault position
(Fault B). The results obtained are shown in Figure 5.52.

Comparing this plot with the one obtained for the base case (Figure 5.17) shows that
under reverse power operation the coupled current obtained has the same magnitude as in
the base case. However, the coupled current direction during the fault is reversed on
account of the reversal of the power flow direction in the HVDC.
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Figure 5.52: Total coupled currents during HVDC reverse power operation
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6. MATLLAB MODEL AND RESULTS

In addition to the PSCAD simulations presented in the foregoing two chapters, a
MATLAB program was developed to confirm the existence of coupled currents in the
HVAC lines due to a pole-to-ground fault in the HVDC system. The MATLAB model
and results obtained therefrom are the subject of discussion of this chapter.

The MATLAB code was developed based on the coupling phenomenon conceptualisation
and equations developed and discussed in Section 2.5 of this report. In comparison to the
PSCAD simulation, in which results were obtained in absolute terms, it will be observed
that the results obtained from the MATLAB model are rather conceptual. However,
efforts have been made to demostrate agreement between MATLAB and PSCAD results.

6.1. MATLAB Model

As stated in various articles [11,12,14] and confirmed by the PSCAD simulations
(Section 5.2), the most significant coupling occurs between the zero-sequence networks
of the two lines. The coupling between the positive and negative sequence networks is
marginal and can therefore be neglected.

Thus, it was decided to model only the zero-sequence networks of the 500kV Dannebo-
Finnbole HVDC line and the parallel 400kV HVAC line in MATLAB; the positive and
negative sequences were not considered. The concept of the coupling analysis is given
by Figure 6.1 and it is similar to that of [14]; the AC line was terminated with equivalent
zero sequence impedances at both line ends (nodes 2 and 4) and the DC line was
terminated by the converter transformer zero-sequence impedance (node 3).

Mode 1 S00ky DG Mode 3

Mode 2 400Ky &C Mode 4

T

0,1H 0,1H E

N\ Transfarmer zero _//7|/F

seq. impedonce _— =

Ijn=Lp.u, 0,0516H

At

=

5 ;C)’ KK Y S E*é
Ground reslstlvity=100c0hn—m
- WA WS WU W W

Figure 6.1: Zero-sequence networks of the coupled AC and DC lines modelled in
MATLAB

The study of coupling was performed in MATLAB by the same principle as given in
Section 2.5 of this report. First, the code for calculating the zero-sequence ABCD and
admittance matrices of the coupled lines was developed in MATLAB. The input data for
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these matrices is the zero-sequence self and mutual impedances and admittances, which
were obtained from PSCAD by modelling the parallel lines in the same RoW and solving
for the line constants. Then the system of coupled travelling wave equations were solved
using the MATLAB program.

For coupling studies, a current of 1 p.u. at various frequencies was injected into node 1.
At each considered frequency, new ABCD and admittance matrices are calculated by the
program. The program then calculates all unknown node voltages and currents. The
results for nodes 2 and 4 represent the coupled voltages and currents. For more details,
the desribed MATLAB code is given in Appendix 3.

6.2. Results from the MATLAB Model

Using the MATLAB code, harmonic currents ranging from 0 — 2000Hz of 1 p.u. were
injected in turn in the HVDC line as explained in Section 6.1 above. The frequency plot
of the induced current in the HVAC line is shown in Figure 6.2 below. It should be noted
that for this study, circuit parameters used are identical to those used in the basecase of
the PSCAD model (Table 5.1).

Induced Current vs Frequency

0.6

Current, (p.u)

S R R R
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency, (Hz)
Figure 6.2: Frequency dependance of the coupled current

From Figure 6.2, two main areas of interest can be identified:

(i) Coupled currents in-the-less-than 100 Hz frequency range: significant
coupling is observed, which peaks around the 0 — 20 Hz frequency range.
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Coupled currents in this region are mainly due to inductive coupling [14]. To
clearly show the variation of coupled currents in the 0 — 20 Hz frequency
range, a zoomed-in frequency plot is presented in Figure 6.3 below.

(ii)  Coupled currents in the high frequnecy range: another peak is observed in
the coupled currents in the high frequency range around the 1000Hz
frequency. This is mainly due to capacitive coupling (effect of line

capacitance) [14].

Induced Current vs Frequency
0.6

Current, (p.u)

Frequency, (Hz)
Figure 6.3: Frequency dependance (0-100 Hz) of the coupled current

Figures 6.2 and 6.3 clearly demostrate the penetration of harmonic currents from the
HVDC line to the HVAC line as a result of the coupling phenomenon. Inductively
coupled currents are predominant at low frequencies, while capacitively coupled currents
are significant at high frequencies.

6.3. Comparison of Results from MATLAB and PSCAD

From the MATLAB model, it was shown in Figure 6.2 that for a 1 p.u. current injected in
the HVDC line, at fundamental frequency, the coupled current to the HVAC line is about
0.14 p.u.

In Figure 6.4, the fundamental RMS currents for the fault current and coupled current in
the neutral obtained from the PSCAD simulations are shown. Table 6.1 provides a
presentation of the ratio of the the fundamental RMS components of the coupled current
to that of the fault current.
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Table 6.1: Ratios of fundamental (RMS) components of coupled current to fault current
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Figure 6.4. RMS fundamental components of the fault and coupled currents with a fault
at point B

In Table 6.1, it can be seen how the amount of coupling obtained in PSCAD compares to
that obtained using the MATLAB model — 12% from PSCAD compared to 14% from the
MATLAB model. It follows that the level of agreement achieved between the two models
is quite good.

Lots of similarities can also be seen when comparing Figure 6.2 with the results from
[14]. The biggest difference seems to be the high coupling in the 0-20 Hz range
(Figure 6.2), which was not obtained in [14].

This should not cause too much concern in our case since the highest coupling seems to
be caused by the first and second (Figure 5.27) harmonics and subharmonics (<50 Hz)
were not observed in the frequency spectrum of the coupled currents from the PSCAD
simulations.
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7. EFFECT OF COUPLED CURRENTS ON THE GROUND
PROTECTION OF THE 400kV AC LINES

As was explained in Section 2.4.3, ground protection for high voltage (HV) and extra
high voltage (EHV) transmission lines in the Swedish national grid is primarily provided
by using two protection functions, namely:

(i) Time overcurrent (time dependent) ground protection, and
(i)  Three-stage high set (time independent) directional overcurrent ground
protection with a predetermined time delay for each stage.

These protections are based on the zero-sequence (3Ip) ground protection principle.

For most faults the time overcurrent (time dependent) ground protection will be the first
one to operate and offers the most reliable and secure protection for such fault types. For
this reason we start by evaluating whether this relay function would trip due to the
coupled currents. The same relay characteristic applies for both the 400kV and 220kV
overhead lines, but only the 400kV line, in which a much higher coupled current was
obtained, is considered in this chaper. The time overcurrent (time dependent) ground
protection used in the Svenska Kraftnidt (SvK) system has the characteristic shown in
Figure 7.1 below.

Stage 3

A

5.8s

t:5.8—1.351ni
88

1r ,  Stage 23 B
Stage 2

A
ﬁ
A

3o (A)

1
0 2000
Stage 1

Figure 7.1: Characteristic of time dependent relay

A review of Figure 5.27 shows that the total fundamental coupled current in the 400kV
line has a peak magnitude of about 700A. For this current, using the relay characteristic
above, the relay operating time can be calculated as follows:

t=5.8—1.351nL = 5.8—1.351nm = 3.00s (5.1)
88 88
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The fundamental coupled current decays to zero within 60-80ms. Since the time
overcurrent (time dependent) ground protection requires 3 seconds to trip the line, it
follows that it would not operate for this current.

From the parametric study in Section 5.3.4, increasing the coupling length up to a certain
length gives the highest fundamental coupled current. In this study the maximum
fundamental coupled current of about 1.2kA was obtained for a coupled length section of
around 200km. Coincidentally, this happens to be equal to the value of the total RMS
coupled current. Using the relay characteristic above, this current requires a relay
operating time of 2.3 seconds. For this case also, the coupled current is transient in nature
and decays to zero in 80ms. Therefore, for the time overcurrent (time dependent) ground
protection settings used in the SvK system, no line trip would occur even for this
maximum case.

All three stages of the high set (time independent) directional overcurrent ground
protection have settings that are higher than the obtained fundamental coupled current of
700A and 1200A for the basecase and maximum limiting case respective. These relay
functions would consequently not even pick up during the time of flow of the coupled
current.

The conclusion therefore is that the transmission line would not trip as a result of the
coupled current due to a pole-to-ground fault current on the HVDC system. The ground
protection settings in the SvK system can be said to be adequately and properly set, thus
no unwanted trippings will occur due to this type of coupling phenomenon.
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8. CONCLUSIONS & RECOMMENDATIONS

This study focused on coupling of transients to the HVAC line that may occur due to a
line-to-ground (LG) fault occurring on the HVDC line sharing the same right-of-way
with an HVAC line. The study was carried out using models developed in
PSCAD/EMTDC and MATLAB.

In PSCAD a detailed model of the system was developed. Modelling of the HVDC
system was quite detailed with all necessary control functions included. For overhead
transmission lines the most accurate model available in PSCAD for modelling
transmission lines for transient studies was used. The study started with the basecase
scenario, in which the parameters used are the same as the real system design data
wherever available. Several parametric studies involving a number of selected parameters
were investigated.

In MATLAB, a simplified two conductor conceptual model was developed. It has been
shown that a good agreement between PSCAD and MATLAB results was obtained.

The following conclusions can be drawn from this study:

1. Coupling of current to the HVAC line due to a pole-to-ground fault on the HVDC
system occurs transiently and is largely due to zero-sequence transients in the
HVDC pole. Several and similar frequencies are present in both the fault current
and the coupled current and the two currents are essentially of the same shape.
The fundamental current makes up about 60-80% of the coupled current with the
magnitude of the harmonics decreasing with increasing harmonic order. Beyond
the fifth harmonic the harmonic magnitude decreases to negligible values.

2. For the actual system design dimensions, peak values for the RMS coupled
current of 1200A and 700A can be expected for the total current and fundamental
currents respectively. This current decays to zero within about 60-80ms.

3. The coupled current is independent of the mode of operation of the HVDC
system. Equal coupling is obtained for fault conditions under bipolar and
monopolar mode of operation. The same is true for reverse power operation.

4. Negligible coupling occurs for a near zero-value or zero-value soil resistivity of
the transmission RoW. For a non-zero soil resistivity the coupled current is
significant and it increases with increasing soil resistivity, but the incremental
value is small. From Figure 5.39 it is shown that the difference in the coupled
currents between 10Qm and 1000Qm is only slightly more than 200A.

5. The coupled current decreases with an increase in the distance between the
coupled lines. The relationship exhibits an almost linear variation.
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10.

1.

The coupled current increases with an increase in the coupled section length.
However, this relationship has a maximum beyond which the coupled current
begins to decrease. In the model used in the study this length is around 200km for
the fundamental coupled current.

The AC line equivalent terminating impedance limits the magnitude of the
coupled current. Almost linear relationship was also obtained from the study.

The magnitude of the coupled current in the AC line as a result of a fault on the
DC line can be considered independent of the existence of overhead ground
wires.

The DC pole-to-ground fault arc resistance reduces the DC fault current and
therefore the coupled current into the parallel AC line. Again, close to linear
relationship was obtained.

The coupled current, in both the 400kV and 220kV AC lines, is not dependant on
the short circuit levels of neither the rectifier nor the inverter end AC systems.

Given the existing settings of the ground overcurrent protection of the AC
transmission lines in the SvK system, the coupled 400kV and 220kV AC lines
will not trip as a result of the coupled current due to a pole-to-ground fault
occurring on the HVDC line. The ground protection settings in the SvK system
can be said to be adequately and properly set such that, based on our studies, no
unwanted trippings will occur due to this type of coupling phenomenon.

Furthermore, in recognition of the fact that no field tests could be undertaken to confirm
the results of the study, the following recommendations should be considered:

1.

Measurements of coupled current particular for the coupled section involving the
400kV AC line section should be carried out during commissioning of the HVDC
system.

Performance assessment of the 400kV AC line ground protection when carrying
induced current should be carried out during commissioning, possibly for two

cases:

a. Considering actual line ground protection settings, and
b. With minimum ground protection settings.
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Appendix 1. Geometry of Transmission Lines used in the Study

Table Al.1: Conductor details used for modelling the AC and DC overhead lines

Conductor name Radius Area DC resistance | Mid-span sag | # of sub-
[m] [mmz] [<Y/km] [m] conductors

Curlew 593 0.01585 593.00 0.0549 5.0 3

Al59 774 0.0181 774.00 0.0384 5.0 3

Condor 454 0.01385 454.00 0.0716 5.0 1

Atle 241 0.01005 241.00 0.189 1 1

Steel 70 0.00472 70.00 2.737 1 1
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Figure Al.1: Geometric configuration of the 500 kV DC line
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Figure Al.2: Geometric configuration of the 400 kV AC line
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Figure Al.3: Geometric configuration of the 220 kV AC line
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Parameters & Impedance Characteristic of the

AC Filters at the Rectifier and Inverter End AC systems

Appendix 2

Figure A2.1: Schematic of the AC filters

Impedance Characteristic of the AC Filters
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Figure A2.2: Impedance characteristic of the AC filters

106



Appendix 3. MATLAB Program Developed for Calculation of
Coupled Currents & Voltages Between Lines in the same RoW

$This first part is used to enter frequency dependent self and mutual
$impedance and admittance matrices.

$From these matrices the per unit self and mutual impedances matrices
%$for the lines are obtained

%$Base quantities

vbase=400;

sbase=100;
zbase=vbase”2/sbase;
Ibase=sbase/ (sqrt (3) *vbase) ;
lengthA=53100;

$Actual impedances and frequency matrices obtained from PSCAD at
$different frequencies. Impedances and Admittances are in ohm/m and
$mho/m respectively and frequency in Hz.

%$So0il resistivity=100ohm-m was used.

$Impedances and admittances at 0,1 Hz

zaa0l=[0.131429111E-04+0.328899596E-051];
yaa0l1l=[0.100000000E-10+0.592302473E-111i];
zba01=[0.186463758E-04+0.340522613E-051];
yba01=[0.100000000E-10+0.550147126E-111i];
zma01l=[0.343666182E-06+0.247290383E-051];
yma0l=[0.000000000E+00-.622036378E-121i];

% Impedances and admittances at 1 Hz

zaal=[0.186501285E-04+0.272080614E-041];
yaal=[0.100000000E-10+0.592302473E-101];
zbal=[0.244131185E-04+0.282916871E-041i];
ybal=[0.100000000E-10+0.550147126E-101i];
zmal=[0.592771533E-05+0.190115280E-041];
ymal=[0.000000000E+00-.622036378E-111i];

Q

% Impedances and admittances at 10 Hz

2zaal0=[0.698969285E-04+0.144405566E-0311];
yaal0=[0.100000000E-10+0.592302473E-091];
zbal0=[0.813938428E-04+0.145920813E-031];
ybalO0=[0.100000000E-10+0.550147126E-091];
zmalO0=[0.564032951E-04+0.601689289E-041];
ymalO=[0.000000000E+00-.622036378E-101i];
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zaaz25=[0.8
yaaz5=[0.1
zba25=[0.9
yba25=[0.1
zma25=[0.6
ymaz25=1[0

zaa50=[0.9
yaa50=[0.1
zbab50=[0.1
yba50=[0.1
zma50=[0.7
yma50=[0

[
[
[
ybal00=[
[
[

o

yba500=

zaal000=[
yaal000=[
zbal000=[
ybal000=[
zmal000=[
ymal000=[

o

zaal500=[
yaal500=[
zbal500=[
ybal500=[
zmal500=[
ymal500=[

.115911849E-03+0.
.100000000E-10+0
.125640969E-03+0
.100000000E-10+0.
.907059521E-04+0
.000000000E+00-.6

.357134600E-03+0.
.100000000E-10+0
.320239023E-03+0
.100000000E-10+0
.283174481E-0340.
.000000000E+00-.3

44555327E-04+0.3
00000000E-10+0.1
90498524E-04+0.3
00000000E-10+0.1
70930528E-04+0.1

45122596E-04+0
00000000E-10+0.2
08641360E-03+0.5
00000000E-10+0.2
40829184E-04+0.1

.5

.714378144E-0340.
.100000000E-10+0.
.607198550E-03+0.
.100000000E-10+0.

.570076359E-03+0

s Impedances and admittances at 25 Hz

4

07674650E-031
48075618E-081
02660704E-031
37536782E-081
01240660E-031

]
1i
1i
1;
]

4

.000000000E+00-.155509094E-0911];

91882855E-031]
96151236E-081]1;
77073534E-0311];
]
]

4

4

75073563E-081
84250922E-031

14

.000000000E+00-.311018189E-0911;

116194040E-021

]
.592302473E-081]
.113172375E-021]
]
]

550147126E-081

.351983477E-031

22036378E-091];

s Impedances and admittances at 500 Hz

556534718E-021

]
.296151236E-071]
.545870339E-021]
.275073563E-071]

]

156936381E-021
11018189E-081i];

3 Impedances and admittances at 1000 Hz

108632140E-011
592302473E-071
106973395E-011
550147126E-071
.292007885E-021

4

4

4

4

4

4
4

4

4

4

]
]
]
]
]

.000000000E+00-.622036378E-0811;

.109651277E-0240.
.100000000E-10+0.
.909285733E-03+0.
.100000000E-10+0.
.870887652E-03+0.

3 Impedances and admittances at 1500 Hz

160340315E-011
888453709E-071
158333699E-011
825220690E-071
416487175E-021

]
]
]
]
]

.000000000E+00-.933054567E-081i];
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o

zaa2000=[0.149222030E-02+0
yaa2000=[0.100000000E-10+0.
za2000=[0.121842860E-02+0
yba2000=[0.100000000E-10+0.
zma2000=[0.117600724E-02+0
ymaz2000=[0

.211182882E-011]
118460495E-061]
.209011409E-0117;
110029425E-061]
.533916599E-021]
.000000000E+00-.124407276E-0711];

% Impedances and admittances at 2000 Hz

4

4

4

4

$Impedance and admittance matrices for all considered frequencies

freg=[(0.1,1,10,25,50,100,500,1000,1500,20007;
zaa_matrix=[zaal0l, zaal, zaal0, zaa25, zaa50,zaal00,zaa500,zaal000, zaal500, z

aa20007;

yaa_matrix=[yaall,yaal,yaal0O,yaa25,yaab50,yaal00,yaa500,yaal000,yaal500,y

aa20007];

zba_matrix=[zbal0l, zbal, zbal0, zba25, zba50, zbal00, zba500, zbal000, zbal500, z

ba20007;

yba_matrix=[yball, ybal,yball,yba25, yba50,ybal00,yba500,ybal000,ybal500,y

ba20007];

zma_matrix=[zma0l, zmal, zmalO, zma25, zma50, zmal00, zma500, zmal000, zmal500, z

ma2000];

yma_matrix=[ymalOl, ymal,ymal0O,yma25, yma50, ymal00, yma500, ymal000, ymal500,y

ma2000];

$Impedance and admittance matrices
zaa_matrixpu=zaa_matrix.
yaa_matrixpu=yaa_matrix.
zba_matrixpu=zba_matrix.
yba_matrixpu=yba_matrix.
zma_matrixpu=zma_matrix.
yma_matrixpu=yma_matrix.

N=length (freq) ;
for i=1:N
$Line A

za=zaa_matrixpu (i) ;
ya=yaa_matrixpu(i);

$Line B

zb=zba_matrixpu (i) ;
yb=yba_matrixpu(i);

$Mutual parameters

zm=zma_matrixpu (i) ;
ym=yma_matrixpu (i) ;

/zbase;
*zbase;
/zbase;
*zbase;
/zbase;
*zbase;

in per-unit
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%$Calculation of complex propagation constants

GamaAA2=za*ya—-zm*ym;

GamaBB2=zb*yb-zm*ym;

GamaAB2=za*ym-zm*yb;

GamaBA2=zb*ym-zm*ya;

Gamal2=0.5* ( (za*ya+tzb*yb-2*zm*ym) +sqgrt ( (za*ya+zb*yb-2*zm*ym) ~2-
4* (za*zb-zm"2) * (ya*yb-ym*2)));

Gama22=0.5* ((za*yat+zb*yb-2*zm*ym) —-sqgrt ( (za*ya+zb*yb-2*zm*ym) *2-
4* (za*zb-zm"2) * (ya*yb-ym*2)));

Gamal=sqgrt (Gamal2) ;

Gama2=sqgrt (Gamaz22) ;

$Calculation of original ABCD matrix elements

denl=Gamal2-Gama22;

SA's

aha=( (Gamal2-GamaBB2) *cosh (Gamal*lengthA) - (Gamaz22- GamaBB2)
*cosh (Gama2*lengthA)) /denl;

aAb=-GamaAB2* (cosh (Gamal*lengthA) -cosh (Gama2*lengthA) ) /denl;

aBa=—-GamaBA2* (cosh (Gamal*lengthA) -cosh (Gama2*lengthA)) /denl;

aBb=( (Gamal2-GamaAA2) *cosh (Gamal*lengthA) - (Gama22—-GamaAA2)
*cosh (Gama2*lengthA)) /denl;

Amatrix=[aAa, aAb; aBa, aBb];

%$Bs
den2=Gamal*Gama2* (Gamal2-GamaZ22) ;

bAa= (Gama2* (za*Gamal2-za*GamaBB2-GamaAB2*zm) *sinh (Gamal*lengthA)—-...
Gamal* (za*Gama22-za*GamaBB2-GamaAB2*zm) *sinh (Gama2*lengthA) ) /den2;

bAb=( (Gama2*Gamal2*zm—-Gama2*GamaBB2*zm—-Gama2*GamaAB2*zDb)
*sinh (Gamal*lengthA) - (Gamal*Gama22*zm-Gamal*GamaBB2*zm—
Gamal*GamaAB2*zb) *sinh (Gama2*lengthA) ) /den2;

bBa= (Gama2* ( (Gamal2-GamaAA2) *zm—-GamaBA2*za) *sinh (Gamal*lengthA)-. ..
Gamal* ( (Gama22-GamaAA2) *zm—GamaBA2*za) *sinh (Gama2*lengthA) ) /den2;

bBb= (Gama2* ( (Gamal2-GamaAA2) *zb-GamaBA2*zm) *sinh (Gamal*lengthA)-...
Gamal* ( (Gama22-GamaAA2) *zb—-GamaBA2*zm) *sinh (Gama2*lengthAd) ) /den2;

Bmatrix=[bAa,bAb;bBa,bBb];

%Cs

cAa= (Gama2* ( (Gamal2-GamaBB2) *ya—-GamaBA2*ym) *sinh (Gamal*lengthA)-. ..
Gamal* ( (Gama22-GamaBB2) *ya—GamaBA2*ym) *sinh (Gama2*lengthA) ) /den2;

cAb=- (Gamal* ( (Gamal2-GamaBB2) *ym-GamaBA2*yb) *sinh (Gama2*lengthA) -. ..
Gama2* ( (Gama22-GamaBB2) *ym—-GamaBA2*yb) *sinh (Gamal*lengthAd) ) /den2;

cBa=- (Gamal* ( (Gamal2-GamaAA2) *ym-GamaAB2*ya) *sinh (Gama2*lengthA) -. ..
Gama2* ( (Gama22-GamaAA2) *ym—GamaAB2*ya) *sinh (Gamal*lengthA) ) /den2;

cBb= (Gama2* ( (Gamal2-GamaAA2) *yb-GamaAB2*ym) *sinh (Gamal*lengthA)-. ..
Gamal* ( (Gama22-GamaAA2) *yb—-GamaAB2*ym) *sinh (Gama2*lengthA) ) /den2;

Cmatrix=[cAa, cAb;cBa, cBb];

110



dAa=alAa;
dAb=aBa;
dBa=alAb;
dBb=aBb;

Dmatrix=[dAa, dAb; dBa, dBb];
%$Z parameters to be used for calculation of Y matrix elements

Zl=aAa*bBb-aBa*bAb;
Z2=aAb*bBb-aBb*bAb;
Z3=aBa*bAa-alAa*bBa;
Z4=aBb*bAa-aAb*bBa;

$Calculation of Y matrix elements

%Yss
Yssl=(dAa*bBb-dAb*bBa) /det (Bmatrix)
Yss2=(dAb*bAa-dAa*bAb) /det (Bmatrix) ;
Yss3=(dBa*bBb-dBb*bBa) /det (Bmatrix) ;

( ( )
[

4

4

Yss4=(dBb*bAa-dBa*bAb) /det (Bmatrix
YssM=[Yssl,¥Y¥ss2;Yss3,Yss4d];

$Ysr
Ysrl=cAa- (dAa*Z1+dAb*Z3) /det (Bmatrix)
Ysr2=cAb- (dAa*Z2+dAb*Z4) /det (Bmatrix) ;
Ysr3=cBa- (dBa*Z1+dBb*Z3) /det (Bmatrix) ;
Ysr4=cBb- (dBa*Z2+dBb*74) /det (Bmatrix)
YsrM=[Ysrl,Y¥sr2;Ysr3,Ysrd];

4

4

Yrrl=71l/det (Bmatrix);
Yrr2=72/det (Bmatrix) ;
Yrr3=723/det (Bmatrix) ;
Yrrd4=74/det (Bmatrix) ;
YrrM=[Yrrl,Yrr2;Yrr3,Yrrd];

$Yrr

$Yrs
Yrsl=-bBb/det (Bmatrix) ;
Yrs2=bAb/det (Bmatrix) ;
Yrs3=bBa/det (Bmatrix) ;
Yrsd4=-bAa/det (Bmatrix) ;
YrsM=[Yrsl,Yrs2;Yrs3,Yrs4d];

ABCDMatrix=[Amatrix,Bmatrix;Cmatrix,Dmatrix]
Ymatrix=[YssM, YsrM; YrsM, YrrM]
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%$Definition of line terminating impedances

L2=0.1;
x2=2*pi*freqg(i)*L2/zbase;
XcovTx=0.18*400"2/(494*2) ;
L3=XcovTx/ (2*pi*freq(i));
x3=2*pi*freq(i) *L3/zbase;
x4=x2;

%$calculation of equivalent terminating admittances

yv2=1/x2;
y3=1/x3;
va=1/x4;

$Definition of adjusted mutual admittance matrix

Yeqv=[Yssl, ¥Y¥ss2,Ysrl,Y¥sr2;¥Y¥ss3, (¥Yssd4+y2),¥sr3,¥srd4;Yrsl,Yrs2, (Yrrl+y3),Y
rr2;Yrs3,Yrs4,Yrr3, (Yrrid+y4d) ];

%$Definition of bus injected current matrix
%1l p.u. current is injected at bus 1 and zero current is injected at
%the other buses. Il = injected current at bus 1 and Iinj = Injected
$current matrix

I1=1

Iinj=[I1;0;0;01;

%$Solving for unknown bus voltages
Vbus=Yeqgv\Iinj
$calculation of unknown bus currents

I2(i)=-y2*Vbus (2);
I3 (i)=-y3*Vbus (3);
I4(i)=-y4*Vbus (4);

I2mag (i)=abs (I2(1));

I3mag (i)=abs (I3 (1));

Idmag (i) =abs (I4 (1)) ;
end

% $PLOTS FOR REPORT

% %$Induced current against frequency

figure (1)

plot (freq, I2mag) ,grid, AXIS ([-50 2000 0 0.6]);
title('Induced Current vs Frequency');

xlabel ('Frequency, (Hz)");

ylabel ('Current, (p.u)');

figure (2)

plot (freq, I2mag),grid, AXIS([-10 100 0 0.61);
title('Induced Current vs Frequency');
xlabel ('Frequency, (Hz)");

ylabel ('Current, (p.u)');
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