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Abstract

The thesis investigates the use of a novel filter arrangement called the Energy

Recovery filter ( ER-filter ) for HVDC systems.

Several operating problems can occur with HVDC schemes operating into weak AC

systems. Most of the problems are closely associated to the harmonic ¡esonance and

instability between AC and DC systems. The harmonic instability is usually mirigated by

either modifying the ACIDC system impedanca characteristics or adding extra control

circuits to damp the oscillations. The majority of existing approaches deal with eliminating

the specific harmonic of the most concem. Sometimes a broadband solution is more

desirable because resonance frequencies may change with the system conditions. The filter

used for this purpose should have a low quality factor for coving a wide frequency range.

However, the use of a conventional low Q filter involves large power losses in the filter

resistor. The ER-filter introduced in this thesis will recover the power losses in the filter.

The ER-filter is implemented by replacing the resistors in a conventional filter with

a low power back-to-back DC link which takes power from the filter and retums it to the

system. The link acts as a resistor to the frilter, but does not consume real power.

The studies also show that for certain system conditions a low Q filter is desirable

and for other conditions a high Q is better. This inspired the concept of a "Variable e fìlter"

in which its quality factor is controllable by electronic means. The Variable e filter provides

low Q factor in the steady state to reduce the steady state oscillations, and a high e factor

during fault recovery to help eliminate harmonic currents injected from the saturated



transformer. The ER-filter is able to operate as a variable e filter by mod.ifying the firing

angle control in the inverter of its DC link.

The investigations in this thesis æe conducted through digital computer simulation

using an electromagnetic transient simulation program pscADÆMTDC. The GIGRE

benchma¡k model, which experiences both steady state and core saturation harmonic

instabilities, is selected as the base system. The harmonic instabilities in the GIGRE system

are first mitigated by instailing a conventional filter on AC bus. Later, the conventional f,ilter

is replaced by an ER-filter in order to reduce the high losses in the filter resistor. Finally, the

ER-filter is modified to a Variable Q filter to provide an improved system recovery from

disturbances.

The results of the studies confirm that installing a conventional low Q filter on the

AC bus solves the harmonic instability problems. The ER-filter has a similar performance

as the conventional filter but with much¡educed losses. A¡d the variable e filter gives better

performance during system recovery from faults.
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Chapter 1

Introduetion

I ,I BACKGROT'¡ID

HVDC transmission technology is now an important altemative means of long

distance transmission or interconnection between large power systems. There are a

considerable number of HVDC schemes in operation and several in development.

There a¡e many AC/DC system interactions that should be considered while

installing an HVDC link. The interactions become more pronounced as the power rating of

HVDC link becomes larger. The Sho¡t Circuit Ratio ( SCR, which is the rario of the AC

system short circuit MVA to the DC power ) indicates the strength of the system. The weaker

the system ( i.e. the lower the SCR ), the greater the interactions. It is suggested that the

system with SCR lower than 3 be considered as a weak system. Now there a¡e many FIVDC

schemes connected to a weak system, which give rise to many challenges to control and

operation of the system.

AC/DC system interactions of concern in a weak system a¡e voltage instability,

overvoltages, low order harmonic resonances and instability, and poor recovery from

disturbances. Some of these are closely associated with the low frequency resonance of the

impedances of system/filters combination. Harmonic instability phenomena have gained

much attention and a lot of research is being conducted in this area.

The harmonic instability is usually mitigated by either modifying the system

impedance characteristics or adding extra control circuits. A filtertuned to the low resonance
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frequency on the commutating bus can be added to provide more damping to the oscillations

a¡ound this frequency. The filter for this pu¡pose should have a low quality factor e for

covering a wide range of ¡esonance conditions.

However, the use of a low Q filter for mitigating instability involves large

fundamental power losses in the filter resistors. To reduce the losses of a conventional filter,

a new type offilter called the Energy Recovery filter ( ER-filter ) is introduced. The concept

of the ER-filter is to substirute the resistors in the filter by a small back-to-back DC link,

which takes the power from the filter, ànd sends it back to rhe AC system. The link acts as

aresistor to the filter, but does notconsume real power. The ER-filter has avery low e factor

but no significant real power losses. Also, an ER-filter has the flexibility ofbeing operated

as a variable quality factor filter which is useful for various operating conditions.

L,2 LITERATURE RTVIEW

Low frequency resonance and instability a¡e not new problems due to the inherent

non-linea¡ nature of conversion t5lt17lt20l. With the modem trend where the power

transmitted by the FIVDC link becomes higher with respecr to the power of the AC system,

this problem becomes more serious.

It is the inherent nature ofthe HVDC converter to generate characteristic harmonics.

The converter also produces non-+ha¡acteristic harmonics under unbalanced or t¡ansient

conditions t6l t7l t8l [18] [19]. usually the non-characteristic harmonic will be injecred inro

the AC system since there are no filters for such harmonics on the commutating bus.

The harmonics injected into an AC system do not cause much influence on AC/DC

operation if the AC system is strong. But if an HVDC link is connected to a weak AC system,

there is a possibility of harmonic resonances and instability, To successfully operate an

HVDC link with a weak AC system, an additional control circuit o¡ AC filter must be

installed or some operating restrictions must be enforced.
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The introduction of a phase locked loop oscillator for firing control of the convefter

was a tremendous success in HVDC control, The phase locked loop oscillator can keep

equidistant firing for the converter even if the AC voltages are distorted [9]. There are other

approaches of firing angle modulation to minimize the non-characteristic harmonics [10].

tlll t16l t211. All these approaches deal with specific non-characrerisric harmonics

generated under certain conditions.

Another approach to prevent harmonic instability is to modify the system frequency

characteristic. The low order harmonic resonances of a system/filter combination are

reduced by installing a filter tuned to the resonance frequency t10l I12l [21]. This method

can eliminate the instability mechanism under all circumstânces. The filter used here can be

a single tuned filter or a high pass filter. The filter is tuned to a low frequency close to the

fundamental frequency. Also, the Q factor of the filter cannot be very high as it may shift

the resonance problem to another frequency. Due to these factors, the fundamental power

losses in the filter can be high. A modifìed high pass filter called a C-rype filter, in which

the resistor is short circuited at fundamental frequency by adding a capacitor in series

rosonance with the inductor at fundamental frequency, is used in several schemes.

A¡other approach to harmonic filtering that has been recently proposed is that of

using active filters[22]. The idea of this method is to cancel the harmonics by re-injecting

the current which is exactly the same as the harmonic cur¡ent of the converter but in phase

opposition. To achieve this, exact magnitude and phase angle information must be

continuously known.

Not only the system impedance but also its phase angle are important to the harmonic

instability, especially during transients. Small system impedance and phase angle at

harmonic frequency will help to damp the harmonic oscillations. A low Q single tuned filter

will provide low impedance in a large frequency range, which will mitigate the harmonic

instab.ilities over a wide frequency range. But the fundamental power losses in a low Q filter



are too high due to its large resistor. The energy recovery filter proposed here will overcome

the d¡awback of high losses in the low Q filter and, at the same time, solve the problem of

harmonic instability. This concept is proposed in this thesis for the f,rrst time.

1 .3 TSEAK SYSTEM AND INSTABILÍTY

Because ofthe nonlinear nature of in the AC/DC or DC/AC conversion process, an

H\'DC converter station injects harmonics into both the AC and DC sides. The converte¡

is viewed as a harmonic cunent source from its AC terminal, and a harmonic voltage source

from DC line side. At the Ac side ( either rectifier or inverter end ), only the fundamental

component ( flrst harmonic ) is desired; the remaining harmonics result in system losses and

voltage quality degradation. At the DC side, only the DC component is needed; the

harmonics interfere with neighboring communication systems, To minirnize the harmonics,

normal design practice is to add harmonic filters on the conìnutating buses and use

smoothing reactors and filters at both ends of the DC line.

Smooth Reactors

Figure 1 .1 : General HWC Transmission System

L .4 WEAK AC SYSTEM

The difficulty of operating an HVDC link is closely related to the "strength" of the

AC system. The tendency towards increased size of the HVDC linkrelative to the AC system

power increases this difficulty[4] [ 14].
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1.4.1 AC SYSTEM STRENGTH

The "strength" of the AC system connected to an FIVDC link is indicated by the

factor known as short circuit Ratio ( scR ). The SCR is defined as the ratio of the short

circuit MVA of the AC system to the power transmitted by HVDC link :

^^- Shon Circuít MVA
JL /l = 

-

HVDC Potver

The smaller the SCR, the weaker the AC system. Usually, an AC system of SCR less

than 3 is considered as a weak svstem.

Assume Z" be the "Thevenin equivalent" source impedance in per unit, we have this

relationship:

This means a weak AC system has a high system impedance.

The converter ( either rectifier and inverter ) consumes reactive power which can be

supplied by shunt capacitors in the form ofcapacitor banks or the capacitors in the AC filters

connected at the AC bus ofa HVDC link. The shunt capacitors can significantly increase the

effective AC system impedance. The effective short circuit ratio ESCR is used to allow for

the effect of the shunt capacitors on the system strength:

."-_ Short Circuit MVA-MVAr of capacítors

HVDC Power

L.4,2 PROBLEMS

An HVDC link connected to a weak AC system may experience several problems.

These include:

. voltage instability

,., _ |- 
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overvoltages

low order harmonic resonances and instability

poor recovery from disturbances

Most of these problems are closely associated with the low frequency resonance

between the system and filter impedances.

1 ,5 RE'SONA¡¡CE AND IIARMO]\IIC INSTABILITY

usually, the filters on the cornrnutating bus contain several tuned filters ( sharply

tuned to the low order characteristic harmonics) and a high pass filter for the remaining

higher order characteristic harmonics. The filters a¡e a series connection of a capacitor and

a combination ofan inductor and a resistor, either in series orparallel. The power system can

be equivalently represented as a pure sinusoidal source with a source impedance 2". At a

frequency lower than the first cha¡acteristic harmonic, the total impedance Z¡ of filters is

dominated by the filter capacitors, so the filters can supply the necessary reactive power for

converter stations. But the source impedance Z, acts much like an inductance at all

frequencies,

1.5.1 THD RÞSONANCÞ

The total system impedance, as viewed from a converter station, is a parallel

connection of source impedance Z, and filter impedance Z¡. This results in a parallel

resonance at a frequency lower than flrlst characteristic harmonic.
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SCR = 2.5

.tcR = 10

9 zso

N

Frequency ( Hz )

Figure L2 : The Systetn Freqtæncy Characteristits

Fig. | .2 shows the source and system impedance characteristics of a typical

12-pulse HVDC scheme. The resonânce problem is usually more significant in the case of

weak AC systems. The higher the source impedance Zrou.." ( i.e. the lower the SCR or the

weaker the AC system ), the higher the resonance in system impedance ( see Fig I .2 for

SCR=2.5 and SCR=10 ). Not only the impedance magnitude but also its phase angle has an

effect on the resonance. The phase angle of the system impedance reflects the damping of

the system. The higher the phase angle of the AC system, the less damped is the resonance.

Schemes which are directly fed by remote generators without any local load have very little
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damping from the rest of the AC system on the rectifier side. sometimes these phenomena

may result in harmonic instabìlity for the IIVDC scheme.

L ,6 .2 IIARMONIC INSTABILITY

According to converter theory, the converter only produces cha¡acteristic harmonics

under ideal operating condition. under non-ideal conditions, the converter will also produce

non-rharacteristic harmonics due to unbalances such as:

unbalanced firing pulses due to control circuit errors

unbalanced impedances ( AC systems, fìlters and transformers )

unbalanced AC supply voltages

Aìso during transients such as system start-up, recover from faults and other

disturbances, the converter will also produce non-characteristic harmonics. The converter

transformer saturation is amajorreason, itcan inject all the integer harmonics into the system

t13lt15l. The transformer can be saturated due to:

energization of the transformer producing inrush current

blocking of part of a multipolar scheme producing an overvoltage and hence

transformer saturation

cornmutation failure producing transformer saturation

Characteristic harmonic filters a¡e usually installed on the cornrnutating bus to

prevent the characteristic harmonics injected into AC system. But cha¡acteristic filters

cannot prevent non-+ha¡acteristic harmonics from entering into the AC system,

Non-+ha¡acteristic harmonics injected into the poorly damped resonant networks can cause

difficulties with the HVDC system operation. Because the system is cunent-fed, the worst

case will be when the impedance is a maximum ( i.e. at the parallel resonant frequency ).

Harmonic instability is an important problem due to the resonance of

system/filters when the HVDC tink is connected to a weak AC system. First

the

the
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non-characteristic harmonic current at frequencyJ, injected into the system yields a large

harmonic voltage at the same frequency superposed on the supply voltage, then the converter

modulates the harmonic voltage at frequencyj, into harmonic voltages at frequenciesfi +

60 Hz ( fundamental frequency of supply ) on the DC side. on the Dc side, the harmonic

voltages at frequenciesJ6r + 60 Hz yield harmonic current at same fÍequencies. The harmonic

current at frequenciesfi + 60 Hz on DC side will reflect on AC side as harmonic cur¡ent at

frequency j' . This harmonic cunent injects into the system again so that a harmonic

instability may occur, particularly where the¡e a¡e DC side series resonance at the

complementary frequencies ofresona¡ce in the AC side ( i.e. the DC resonance frequency

differs fromthe AC resonance frequency by close to +60 Hz ). ln that case, harmonic currents

on the DC side are also amplified.

1 .6 SOLUÎIONS

The harmonic instability is mitigated by either modifying the AC system impedance

characteristics with filters or adding extra control circuits.

1 .6 ,1 CONTROL CIRCUITS

Today, most of the new HVDC schemes use a phase locked loop oscillator in the

firing control of the converter. The phase locked loop oscillator can track the fundamental

component in the AC bus voltage, and then keep equidistant firing for the converter even

if the AC voltages are distorted. But the equidistant firing does not solve the particular

harmonic instability problems. Additional control cùcuits must bs added to eliminate the

problems[21]. There are other approaches of firing angle modulation to minimize the

non-tharacteristic harmonics. But all the approaches deal with eliminating the specific

non-+haracteristic harmonic of the most concern.



L ,6 .2 FILTERS

To modify the AC system chalacteristics having high impedance at a low order

harmonic, a filter tuned to the resonant frequency can be installed on the commutatirg bus.

The majority of the approaches deai with the harmonic instability at a specific

frequency. They are not broadband solutions. sometimes the broadband solutions a¡e more

desirable since resonant frequencies may change with the system conditions. The filterused

for this purpose should have a low quality factor e for covering a wide frequency range of

resonance condition, The Energy Recovery Filter is introduced to recover the power loss in

the conventional low Q filter.

I .7 SI'MMARY OF THD THESIS

ln the thesis, a detailed description of harmonic instability and its solutions is

presented. A modified CIGRE benchma¡k model is selected as a base system fo¡ the

investigations, A frequency scanning method is introduced in digital simulation for finding

the harmonic resonance in a real AC/DC system,

A comparison of the va¡ious cases studied indicates that the ER-filter provides

broadband damping and elimination of harmonic instabilities without increased losses. Also

a novel " Variable Q " filter is invesrigated in which the e-factor of the filter can be changed

adaptively.

Aìl studies a¡e conducted using digital simulation on an electromagnetic [ansients

simulation program ( EMTDC ).

L .7 .I SCOPD OF lHT THESIS

This thesis presents the following aspects:

I. Review of harmonic instability phenomena in a weak HVDC scheme and their

solutions.
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2. Digital simulation studies ofthe base system ald the solution ofharmonic instability

with conventional low Q filter.

3. Frequency scanning method for predicting harmonic instability.

4. Component selection of the Energy Recovery filter and its performance.

5. Performance of Energy Recovery filter in solving harmonic instabilities.

6. Implementation of the ER-fitter in the ,. variable quality factor ', mode.

7. Performance ofthe variable quality factor filter during transients.

8. Conclusions



Chapter 2

Study Tool and Base System

2 .L THE STTJDY ÎOOLS¡

2.L ,L INTRODUCTION

Historically, many power system problems have been studied with powerflow and

transient stability computer programs. But those programs are inadequate to deal with the

interaction problems associated with HVDC schemes such as harmonic instability and

overvoltages. To achieve this, simulation with electromagnetic transients programs must be

used. Time domain simulation has the advantage that the differences between small and large

signal disturbances can be readily observed. Frequency domain programs using eigenvalue

analysis are also sometimes used with the linearization of the nonlinear elements, but this

study chooses to use the more complete nonlinea¡ model afforded by electromagnetic

transients simulation,

2,L,2 EMÎDC

The time domain simulation program EMTDC ( ElectroMagnetic Transients

simulation program for DC ) [29] is used as the simulation tool for the studies. EMTDC is

a good program for sn:dying complex power systems including HVDC schemes. A graphical

use¡ interface for EMTDC ( PSCADÆMTDC ) can help users easily use the program.

2.2 lHE BASE SYSTEM

To study harmonic instability problems, we need to select a base system which wili

represent the main factors that cause the harmonic instability.



2 ,2 .L CIGR.E BENCTIMARK MODEL

The CIGRE benchmark model [27] is selected as the base system for the studies. The

main purpose of the benchÌnark is to encourage comparisons of performance of different

controls and provide a reference for testing of simulators and digital programs. The system

is modified slightly as indicated below to heighten the harmonic instability.

2 .2 ,2 MODIFICATIONS TO THS MODDL

For the specifìc studies of the harmonic instability problem, some modifications to

the CIGRE benchma¡k model have been made.

e The base frequency is changed from original 50 Hz to 60 FIz ( North American

standard ).

The AC system damping angle at the rectifier ( sending end ) is changed from B4o

to 87o to make harmonic instability more serious.

The damped low frequency filter is changed to the C-type filter, this will reduce real

power losses in the filter and also reduce the damping.

AC Power System AC Power System

C-type filter C-type f¡lter

Damped high
frequency filter Damped high

frequêncy filter

Figure 2 .7 : Modified CIGRE Benchmarþ, Model



2 .2 .3 FDATTJRES OF THE MODEL

The model represents a 12-pulse 500 kv HVDC link rated at 1000 MW. The DC line

is represented by a T-section whose parameters are typical of a medium or long cable. The

control at the rectifier is constant cur¡ent control and at the inverter it is constant extinction

angle(gamma)control.

The conventional filter design which uses single tuned filters for cha¡acteristic

harmonics and a high pass filter for higher harmonics will usually give a more eflective

reduction of harmonics than required. I¡ modem HVDC schemes, filter design could be

simplified by using only damped filters. A damped filter has many advantages in its

performance, such as being less sensitive to palameter changes, having a wide range of

harmonic filtering, erc. [2].

In weak HVDC schemes ( high system impedance ), the harmonic filtering is easier

than in strong schemes, since the harmonics are injected into the parallel impedance

combination of the system/filter. But at low frequency, a high impedance may occur in the

weak system. so a damped filter tuned at 3¡d to 4th harmonic is installed to ¡educe the

impedance. Because this filter is tuned close to fundamental frequency, a c-type filter is

used to reduce its real power losses. A high pass fitter ( damped ) is used to deal with i1th,

13th and higher harmonics. The C-rype and high pass filter each supply 250 MVAR reactive

power respectively. To totally compensate the reactive power consumption by the capacitor,

a 125 MVAR capacitor bank is insta.lled. While a static capacitor provides the cheapest way

of reactive power compensation, it will increase the effective system impedance and make

HVDC operation more difficultu4l. The Effective Short Circuit Ratio ( ESCR ) is defined

for indicating the system strength with shunt capacitor .
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Some ofthe base values of the CIGRE system are listed in Table 2 .1 .

Table 2 .1 : The System Base Values

RECTIFIER II,n¡ERTER
scR 2.52-870 2.52-750

E.SCR 1.882-860 1.9¿-70.O40
Bus Voltage ( L-L ) 345 kV 230 kv
F ter VAR Supply 625 MVAR 625 MVAR
Nominal Angle 150 150

2 .2 ,4 THE IMPEDANCE/FRDgI'ÞNCY R.ESPONSE OF THE MODÐL

The total system impedance/frequency plots of the CIGRE benchmark model, as

viewed from the termina-l buses, are shown in Fig. 2 .2 .



Rectifie¡

lnverter

-*--*-

Frequency ( Hz )

,.--.---.-
\

Rectifier

Inverter

./--.-..-.---\\
'''----1

r20

Frequency ( Hz )

Fígure 2 .2 : The Total AC System Impedance lFrequency PIot

Fig. 2 .2 shows that a high paraltel impedance ( 1195 O ) resonance around 120 Hz

( exact at 113 Hz ) is 18.88 times of the fundamental f¡equency impedance ( 63.31 C) ) at the

sending end. At the receiving end, the parallel impedance resonance ( 100 O ) at 120H2

which is 3.58 times of the fundamental frequency impedance ( 27.9 C2 ) and is much smaller

than that at sendìng end.
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The DC impedance/frequency plot, as viewed from the converter, is shown in the

Fig. 2 .3 . There is a series resonance around 60 Hz which is close to the complementary

frequency ( 53 Hz) of the AC system resonance.

Frequency ( Hz )

è0ooô
0)
Þ!

120

Frequency ( Hz )

Figure 2 .3 : The DC Sid.e Impedance lFrequency PIot



2 ,2,5 CONCLUSIONS

From the discussions above, it is known that the modified GIGRE benchmark model

has the following features:

1. A weak AC system with little damping at the sending and receiving ends.

2. Thg total local reactive power compensation is via capacitors.

3. Low order harmonic resonance around 2nd harmonic on the AC side, and a

complementary resonance on the DC side.

Features 1 and 3 a¡e the major factors contributing to harmonic instability. So the

base system gives us a suitable system rnodel for the low order harmonic instability studies.
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Chapter 3

System Sfudres

3.1 INTRODUCTION

In this thesis, the following four types of HVDC system configuration a¡e simulated

to investigate the performances of different filters,

1. Modified CIGRE benchmark model without any additiona.l filter.

2. Modifled CIGRE benchma¡k model wirh a conventional filter.

3. Modified CIGRE benchma¡k model with an Energy Recovery filter.

4. Modified CIGRE benchma¡k model wirh a variable Q filrer.

Each case is simulated on the computer with the EMTDC program. For every

simulation, the following waveforms are recorded for the analyses.

c AC bus voltages at both rectifier and inverter sides,

o DC currents and voltages at both rectifier and inverter sides.

. Active and reactive powers at sending and receiving ends.

. Ffuing angle ofboth converters.

o Additional data for specific purposes ( such as filter currents, extinction angle, some

control signals and etc.).

3.2 THE BASE SYSTEM

The modified CIGRE benchma¡k model is considered as the base system for the

studies. The rectifier AC filter configuration is as in Fig. 3 .1 .



Hectifier

rectifier ac bus

AC system Filters Capacitor bank

All resistances in Q, inductances ¡n H and capac¡tances in pF

Figure 3 .1 : Rectifier AC Filter Configuration of the Base System

This system is modelled on the computer using the EMTDC program. A suitable

timestep of50 ps is selected for all the simulations. Different operating conditions such as

system start-up and fault recoveries are tested. The results for each test a¡e measured and

saved in the data files for the later analyses.

3 .2 .L PERFORMANCD DT'RING SÎARÎ-UP AND STEADY STATE

Shown in Fig. 3 .2 are the waveforms during system sta¡t-up and steady state.
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Figure 3 ,2 (Concluded): Start-up and, Steady State in the Base System

The harmonic instability is evident from the results in Fig. 3 .Z where the

oscillations in the DC cunents, active powers or firing angles can be easily seen. ln the steady

state, these quantities should be constant at their nominal values. The oscillations are not

present initially but built up in about 0.4 seconds. During steady state, the following facts

can be observed:

o The DC cunents in both converters have 80 Hz oscillations_

1.51.2o.9

f) Inverter AC Voltâge

h ) Inverter Firìng Orde¡
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The active powers at sending ard receiving ends have 80 Hz oscillations of about

20 MW and 12 MW respectively.

The cl orde¡s of rectifier and inverter have 80 Hz oscillations of about 50 and l.5o

respectively.

The sending end AC power is 953 MW and the receiving end AC power is 933 MW.

So the totai loss of the DC link is 20 MW.

10

o 120 240 360 4aO 600 720 a40
Flequency ( Hz )

AC Curenr

o 120 240 360 4aO 600 720 A40 960
Frcquency ( Hz )

AC VolrÂgc

240 360 480 600 720 840 960
Freqùency ( Hz )

AC Cure.t

120 240 360 4AO 600 720 A40 960
F¡equency ( Hz )

AC Volta8e

10

E

o 120 240 360 4aO 800 720 A40 960
Freqücncy ( Hz )

a ) Rectifier

o 120 240 360 480 600 720 A40 960
Frcquency ( Hz )

b ) Inverter

Figure 3 .3 : Fourier Analyses of Base System Waueþrms
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Fourier analyses of the steady state Dc cunents, converter cunents and Ac bus

voltages are plotted in Fig. 3 .3 . They show the following effects:

Besides the DC component, the DC cunents on both ends have g0 Hz harmonics of

about 3.5 Vo and 3.2 7o respectively.

Beside cha¡acteristic harmonics ( 660 Hz and 7g0 Hz ), the converters aiso inject

non--characteristic harmonics into the AC system. The major ones a¡e at 20 Hz and

140 Hz due to the modulation effect of the DC bridge of the g0 Hz DC side

frequency. The 20 Hz currents a¡e 3.8 vo and2.6 vo ofthe frindamental at the rectifier

and inverter respectively, and the 140 Hz currents are 1.7 Vo and, 1.2 Vo of

fundamental at the rectifier and inverter respectively.

The injected harmonic cunents do not produce very high harmonic voltages ( alt less

than I Vo i.e. the individuaÌ harmonic limit) on the AC bus voltage. But the 140 Hz

harmonic cunent causes high harmonic voltages (2.6 Vo for the rcctifier and,7.6 Vo

for the inverter) due to the systenl/filters resonance a¡ound 120 Hz.

The oscillation in the rectifier is larger than that in the inverterdue to higherresonant

impedance on rectifier side.

The results indicate that the system has a steady state hamonic instability problem.

Although the operation does not collapse, the problem is noticeable. The oscillation will

remain in the normal operation if no action is taken.

3 .2 .2 PÞRFORMANCD DTJRIIIG SYSTEM DISTT]RBANCE

In steady state, a single line-ro-ground 3.5 cycle fault is applied on the phase A in

the rectifier AC bus at 0.05 seconds. The system performance during fault recovery is shown

in Fig. 3 .4 ,
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Fþure 3 .4 (Concluded,): Single Line-to-4round, Fault Recouery in the Base System

From Fig. 3 .4 , following facts can be observed:

The system retums to the pre-fault condition in about 1.8 seconds.

After the fault clears ( approximately t=0.15 seconds ), there is a cornmutation

failure at the inverter. This causes DC overcurrents at both sides (1.7 p.u. utd2.4

p.u. in rectifier and inverter respectively).

g ) Receiving Power
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During system recovery, the DC currents have 60 Hz oscillations which decay

gradually.

After 1.8 seconds, the 60 Hz oscillation in DC current dies out and the g0 Hz

oscillation ( the pre-fault oscillation ) returns.
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Figure 3 .5 :Fourízr Analyses of the Waueforms d,uring Fault Recouery

Fig 3 .5 shows the Fourier analyses ofthe outputs in rectifier side at 0.25 seconds

(just after recovery starts ) and I second( when the system is partially recovered ).
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o The rectifier injects all the integer ( 2nd, 3rd, ... ) non-characteristic harmonics due

to Íansformer saturation. The harmonics decay with time as we compare the spectra

at 0.25 seconds (Fig.3.5 a) and l second ( Fig. 3 .5 b ).

o The harmonic components on the bus voltage also decay gradually as harmonic

cunents decay.

o The DC cunent has a major harmonic of 60 Hz which also decays with time.

The analyses indicate that the system experiences core saturation instability as a

result of the fault. After fault clearance, the saturated transformer injects all integer

harmonics into the AC system. The saturation current dies out very slowly.

3.2.5 SUMMARY

The simulation studies of the base system show that the system experiences both

steady state and core saturation harmonic instabilities, The steady state instability is at 80

Hz ( DC side ) frequency, the core saturation instabitity of60 Hz ( DC side ) eventually dies

out and is thus not an instability in the strict sense, but we will continue to refer to it as such

because of its low damping.

3 .3 BASE SYSTEM PERFORI\IÍANCE DURING OîHER SYSTEM DISTIJRBANCES

Several system disturbances are tested on the base system. Note that the harmonic

instabilities in the base system studied ea¡lier can be observed both in DC cunent and AC

voltage. When an 80 Hz oscillation is shown in the DC cunent, its modulated components

80 + 60 Hz also can be seen at the same time in the AC cur¡ent , voltage, power etc. This

means in order to observe the instability ofan HVDC system, only one ofthe quantities needs

to be monitored. In following studies only rectifier DC cunent is plotted for demonstrating

the instabilities in the HVDC system,
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3 ,3 .1 THREE LINÐ-TO-GROI'ND FAIJLT ON RECTIrIER AC BUS

In the steady state, a three line-to-ground 3.5 cycle fault is applied on the rectifier

AC bus at 0.05 seconds. The system performance during fault recovery is shown in Fig. 3 .6 .

Figure 3 .6 : Three Line-to-Ground. Føult on Rectifier AC Bus

Note that during the rectifier AC bus th¡ee line-to-ground fault recovery, the

performance is similar to the single line-to-ground fault case ( Fig. 3 .4 a ). The system

recovers to pre-fault condition in 2 seconds. During the system recovery, DC cunent has a

60 Hz oscillation which dies out in 2 seconds.

S .B .2 IITVERÎER AC BUS FAI,JLTS

Faults on inverter AC bus a¡e also tested for the CIGRE system.

Time(s)

Figure 3 .7 : Síngle Line-to-Ground, Pault on Inuerter AC Bus
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For the inverter AC bus faults ( Fig. 3 .7 for the single line-to-ground fault and

Fig. 3 '9 for the th¡ee line-to-ground fault ), the system recovery performance is much

faster ( less than 1 second ) than the cases for the rectifier AC bus faults ( about 2 seconds,

see Figs. 3 .17 b &. c ).

Fourier analyses ( At 0.25 seconds ) of the outputs ( Fig. 3 .8 ) during the inverter

single line-to-ground fault recovery show :

o As in the case of rectifier the single line-to-ground fault discussed ea¡lier

( Fig. 3 ,5 ), the inverter injects integer non{haracteristic harmonics ( 2nd, 3rd, ...)

due to inverter transformer saturation, which die out in 0.8 second. These harmonics

cause few harmonic voltages in AC bus voltage, neither modulated harmonics in DC

current, because of much lower resonant impedance on inverter side.

o Unlike the case in the rectifier AC faults, 80 Hz DC oscillation ( or 140 Hz AC

oscillation ) still appear during fault recovery and are even aggravated.
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Fígure 3 .8 : Fourier Analyses of the Outputs during Inuerter Single Liræ-to-Ground, Fault

The system performance during the inverter th¡ee line-to-ground fault ( Fig. 3 .9 )

is simila¡ to the case in the inverter single line-to-ground fault. The oscillation during the

inverler tkee line-to-ground fault recovery last the same time but magnitude is smaller than

the case with the inverter single line-to-ground fault.

o
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Time(s)

Fígure 3 .9 : Three Line-to-4round, Fault on Inuerter AC Bus

The base system recovers better in the case of inverter AC bus faults than with

rectifier AC bus faults, since the system impedance at resonance on the rectifier side is much

higher than the inverter side. The high resonant impedance in the rectifier side is the major

reason for harmonic instabilities in the CIGRE benchmark model.

3 .3 .3 DC LINE FA,IJLT

The system can not recover from the DC line faults without conüol action, because

the DC line cur¡ent does not have zero crossings. The only means of clearing a DC fault is

to force the firing angle ofthe rectifier beyond 90o (called forced retard) thus de-ænergizing

the DC line and then re-starting the system after the fault current is extinguished. A.lpha

forced retard can be triggered upon detection of the Dc fault. After the detection ofthe Dc

fault, the rectifier cx order is set to 1350 for 200 ms to de-€nergize the DC line and clear the

fault, and then the c, order is ramped to 0o in 50 ms. A maximum select block is used so that

the retard firing angle order is passed on to the firing control during the recovery from the

DC fault afte¡ which the ( normal ) current control mode operation is resumed ( Fig. 3 .10 ).



Constant Cunent Cont¡ol

Forced Retard

Figure 3 .10 : Forced, Retard, Block in Rectifier Control

Fig. 3 .11 c shows the rectifier cr, order during DC line fault recovery. Note that the

rectifier ([ order is set to 1350 after the fault detection. The DC current ( Fig. 3 .11 a ) is

quickly extinguished because the rectifier converter now wo¡ks as an invefler ( a > 90o ).

The DC fault is clea¡ed with zero DC cunent after which the svstem restarts.
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Figure 3 .11 (Concluded): DC Line Føult Recouery ín the Base System

Fig. 3 .11 shows the system performance during a rectifier DC line-to-ground fault

recovery. The following facts can be observed:

o The system recovers in 0.3 seconds. The system retums to pre-fault condition

shortly after the system restart.

¡ When the DC fault occurs ( at 0.05 seconds ), the rectifier DC cuffent has a 1.6 p.u.

overcunent which is quickly brought to zero because of forced reta¡d.

ð
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During alpha forced retard, cunent becomes zero. This causes the voltage drop on

system impedance to become zero and results in a 1.4 p.u. overvoltage on the AC

bus. The AC overvoltage causes transformer saturation, but no harmonic instability

occurs. There is no 60 Hz complementary resonance on the Dc side, since no curent

flows f¡om AC system into the DC side during this period.
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Figure 3 ,12 : Fourìer Analyses of the Waueforms during DC Fault Recouery
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Fourier analyses of the Dc currents, converter current and AC bus voltages during

fault recovery ( 0.3 to 0.8 seconds ) are plotted in Fig. 3 .12 . They show that:

o unlike AC faults, there ffe no integer non-cha¡acteristic harmonics injected from

the transformer.

. The DC curent contains no 60 Hz oscillation.

with force reta¡d, the DC system recovers following DC fault quickly and there are

no harmonic instability problems during fault recovery.

3,3.4 SI'MMARY

The simulation studies ofthe base system in different fault conditions show that the

faults on the rectifier AC bus ( where the system impedance is much higher than that of the

inverter AC bus ) present the most difficult situations for the system to recover. so in the

later studies, only the system response to the rectifier AC bus faults are presented.

3 .4 FRE9ITENCY SCANNTNG MDTHOD FOR IMPEDANCE RESPONSE

The system impedance responses have been calculated by assuming that AC and DC

systems are operated separately, under this condition, the DC system is considered as an

ideal cunent source feeding into the AC system. Therefore, the DC system has no effect on

the AC system. Howeve¡ in the actual system the impedance might be affected by the DC

system especially for the weak system condition.

In order to identify the presence of a possible instability in a real AC/DC systemmore

accurately compared to precious methods, the frequency scanning method[23] is introduced

in this thesis. This method as applied to digital transients simulations of HVDC system is

an important contribution of this thesis. In the steady state simulation, a small individual

harmonic current is injected into the AC bus. The system impedance can be calculated by

measuring the AC bus harmonic voltage V¡ in response to the injected harmonic current I¡.



AC System Filters Curlents Injection ConYerter

Fígure 3 .13 : Frequency Scanning method for System Imped,ance

since the DC system behavior is nonlinear. The superposition principle which is true

only for a linear system does not apply. But if the distu¡bance caused by the injected

harmonic is small enough, the DC operation can be considered as nearly linear a¡ound the

operating point.

The injected harmonic currents should be small enough to not affect the normal

operation of the HVDC system nor cause any disturbance. This can be checked by

monitoring the firing angle of the HVDC converter. Normally, if the oscillation in firing

angle cause by injected harmonics is less than half degree ( 0.5o ), the Frequency Scanning

Method is considered valid.

From the experience of the studies in the CIGRE system with this method, following

points are helpful in the application of this method:

I. Use a harmonic current injection that is as sma.ll as possible ( the harmonic current

mustbe large enough however, to show a signiÍicant voltage response withoutbeing

unduly buried in noise ).
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2. use nonlinear phase shift between each injected harmonic ( with linear shift, the

harmonics result in a constrictive interfe¡ence peak that causes ân unduly large

disturbance in the I{VDC system, Fig. 3 .14 ).
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Figure 3 .14 : Effect ofPhase Shift between Harmonícs in the Total Injected, Current

3 .4 .L FRtgIrÞNCy SCANNING FOR ÎIID BASE SYSTDM

The actual system impedance response ofbase system was obtainedby the frequency

scanning method described above. ln steady state, a series of small harmonic cunents ( i.e.

80 Hz, 81 H2,...200H2 at rhe magnitude of 2 Amps, or less than 0.l zo of the fundamental

current in AC source ) æe injected into the rectifier AC bus. Then the harrnonic components

at those frequencies will build up in the AC bus voltages due to the impedances at the

harmonic frequencies.

Fourier analysis of the AC bus voltage is shown in Fig. 3 .15

\ 21Èt¡ t-lñeæ Ptrâse .Shift

\ /trt¡ È.¡on-rine¿Ù prrase SÈtifr
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Figure 3 .15 : Fourier Analysis of Rectifier AC Bus Voltage

The frequency spectra of the AC bus voltage contains harmonic components from

80 Hz to 200 Hz in response to the injected harmonic cunents. Note that the harmonic

components in AC bus voltage are very small (<0.2vo ) and thus guarantee the assumption

of a small disturbance that does not significantly change the operation of the DC system.

From Fig. 3 .15 , the rectifier AC impedance can be easily obtained by calculating

the ratio of AC bus voltage to the injected harmonic current ( known, 2 Amps ) at each

frequency. The measured rectifier Ac impedance/frequency characteristics by frequency

scanning method is shown in Fig. 3 .16 . The results are plotted with the calculated

frequency response for comparìson.
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Fígure 3 ,16 : AC System Impedance lFrequency Characteristic

The results indicate that the frequency scanning method is able to find the resonance

and damping of the AC/DC system,

Comparing the spectra of calculation and measurement from g0 Hz to 200 Hz in

Fig 3.16, there are some differences between the linea¡ analysis method and frequency

scanning method. Note that the resonant frequency measured by the frequency scanning

method is shifted to a higher frequency ( about 140 Hz instead of r20 Hz in calculation ).



This is affected by the impedance from DC system. ln linear analysis, the DC system is

assumed as a cur¡ent source with infinite impedance. As in the frequency scanning method,

the high ( not infinite ) equivalent impedance of DC system is reflected in the simulation

result. This causes the shift of the resonance peak. AJso, the Dc system provides some

damping to the harmonics which ¡esults in lowerresonant impedance measured in frequency

scanning method.

The simplistic picture presented in the linear analysis is often not observed in

practice. This is because the AC and DC systems are inherently coupled and it is not always

correct to consider individual resonances on each side. Thus a 2nd harmonic resonance may

be calculated ar the AC side by considering only the system and filters, but in realiry the

resonance may be different from this frequency.

However, the impedance at 2nd harmonic is still significantly high enough to cause

the post-fault harmonic instability at r20 Hz. Also, the resonant frequency of 140 Hz is

confi¡med by the presence of 80 Hz oscillation ( 140 - 60 Hz ) as seen in Fig. 3 .2 etc.

3 ,5 SUMMARY OF THIS CITAPTDR

In this chapter, the modified GIGRE benchma¡k system ( which is selected as a base

system for the studies ) has been simulated on the EMTDC program. several simulation

studies a¡e conducted on ths different system situations such as system staft-up and

disturbances. The general performance of the system can be monitored through the rectifier

DC cunent waveforms as in Fig. 3 .17 .
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,

Figure 3 .17 : Rectifier DC Cutent in the Base System

Following conclusions are obtained in this chapter:

The modified CIGRE benchmark system experiences both steady state and. core

saturation harmonic instabilities. It is a good candidate as a base system for the

studies.

Different system disturbances have been tested on the base system. The rectifier AC

bus faults are the most series conditions for the base system recovery.

The Frequency Scanning Method provides a mors accurate frequency impedance

characteristic measurement for the real AC/DC system.
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Chapter 4

System with Tuned Filter

4 ,L THE SYSTEM WIÎH TT'¡IDD FILTER

To cure the harmonic instabilities in the original system, the system

impedance/frequency characterìstic is modified by insta ing an additional fiÌter on the

commutating bus. since the resonant impedance on the inverter side is much lower than the

resonant impedance on the rectifier side ( see \s. z .z ), only the rectifier side needs

modification. In a laterchapter, this lossy filter will be replaced with an energy ¡ecovery type

filter,

4.2 SELÞCTION OF THÞ FILîER

rect¡lier ac bus

AC syslem Filters Tuned lilter

All resistances in ç), inductances in H and capac¡tances in pF

Figure 4 .7 : Rectifier AC Filter Configuration of the System with Tt¿ned, Filter
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The purpose of this filter is to reduce the peak impedance at the resonance of the

system/filter and so an R-L-c filter tuned at 120 Hz is used. In order to keep the same

reactive power supplied by the capacitor in the base case, this filter replaces the capacitor

ba¡k in the original case ( Fig. 4 .1 ).

4 .3 SÞLECTION OF THD oUALITY FACTOR OF lHE FILTER
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Figure 4 .2 : Mod,ifying the Imped,ance lFrequency bv Tlned, Filter

o
- 500
N

èô

A
6)O

'. I \.rlr"l \l\ ',r i

i\,k\ \I l\. \Il',,'
lj
ll
lj

___ Q= 100

- 
Q=33

----- Q=I



As stated earlier, a low Q factor R-L-c filter is used here to provide a broadband

solution for harmonic instabilities.

It can be seen that a high Q filter gives a very low impedance at the tuned ( resonant)

frequency, but also results in two high sideband resonances which may cause other

instability problems ( Fig. 4 .5 ). Reducing the e facror reduces the high impedance peaks

at nearby frequencies but increases the value ofthe filter impedance at the tuned frequency.

Thus there is a compromise between tuned impedance and sideband impedances in selecting

the Q factor of the filter. so in this application, a e facror of 3.3 was sslected which gives

a maximally flat response as seen in Fig. 4 .2 . The parameters of the filter a¡e:

Cç2.785¡tF Lç0.632H Rr144e

4 ,4 IMPEDANCE/FREgI'ENCY RESPONSE BY FREgIJDNCY SCANNING MTTHOD

The frequency scanning method described in chapter 3 is used here to measure the

rectifier impedance/frequency characteristic in the systems with the filters of different e
factor.
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Figure 4 .3 : Measured, Frequency Responses by Frequency Scanning Method,

The measured frequency response of the system is shown in Fig. 4 ,3 . The systems

with different Q factor I q=1, Q=3.3 and Q=100 ) tuned filters are simulated and plotted in

the same graph. Again, the resulting characteristics are slightly different from the calculated

results ( Fig, 4 .2) due to the effect from the DC link as discussed in Chapter 3.

4 .5 PERFORMANCE OF THE SYSTEM WITH TIJ¡IDD LOW g FILTÞR

A simulation ofthe start-up shows no buildup ofoscillations in the system with the

tuned filter (F|g. 4 .4 a ) unlike the base case resulr ( Fig. 3 .17 a).
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Figure 4 .4 :Rectifier DC Current ín the System with Tù.ned Lou e ( e = B.B ) Filter

From a Fourier analysis of waveforms ( not shown ) we observe the following:

Reduced harmonic content in dc current at the resonance frequency ( < I Vo ).

The rectifier injects mainly characterisric harmonics : 660 Hz (3.72 go) and,Tg} Hz

(2.35 Eo), and few non-characteristic harmonics.

The injected harmonic cunents do not produce high harmonic voltages ( aìl less than

i 7o; i.e. the individual harmonic limit ) on the bus. The steady state oscillations are

eliminated.

The sending end AC power is i040 MW and the receiving end AC power is

987.5 MW. Howeve¡ as a drawback, the power loss is increased from 20 MW to

52.5 MW. This indicates a filter loss of 32.5 MW.

c ) Tluee Line-to-Cround Fault
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From the steady state, a single line-to-ground 3.5 cycles fault is applied on phase

A of the ¡ectifier AC bus at 0.05 seconds. Results ( Fig. 4 .4 b ) and their Fourier analyses

( not shown ) show that:

o The system recovers to pre-fault condition in about 1 second.

c There is no conmutation failure in the inverter,

. During system recovery, the DC current has a 60 Hz oscillation which decays

quickly and its magnitude is less than that in the base case ( Fig. 3 .17 b).

o The ¡ectifier injects all the integer non-characteristic harmonics due to transforme¡

saturation. The non--characteristic harmonics however decay quickly as compared

with the base case.

A simila¡ improvement from the base case is also observed for the thee

iine-to-ground fault at the rectifier AC bus ( Fig. 4 .4 c ).

Results show that the system with a tuned low e ( e = 3.3 ) filter has a much bette¡

performance than that of the base system ( comparing Fig. 4 .4 with Fig. 3 . 17 ). However,

there is a drawback ofhigh losses in this solution due to the power consumption in the fÌlter

resistor.

4 .6 STEADY STATE CONDITION OF lHE TIJNED FILTER

The steady state conditions of the low e tuned filter can be calculated according to

the system parameters. The rectifier bus voltage is V¡us = 345 kV (l-l rms), so:

The fundamental voltage ( 1-g rms ) drop on the filtei resistor is

The cunent flow in the filte¡ is

vFl#.+l=,,ouo,



The power consumption in the filter resistor is

Mw =3!ilvÅ=32.2MW

The simulation resuits confirm this calculation. Note that the resistor in the low e
filter produces power loss. In the final implementation, the resistor is replaced with the

Energy Recovery link.

4 .7 EFFDCT OF ÎHÞ g FACTOR OF THD FILTÐR

As shown in Fig, 4 .2 , increasing the Q factor ofthe filte¡ will ¡educe the impedance

at tuned frequency but increase the sideband peaks. The effects on the system performance

can be observed in the simulation resulrs in Fig. 4 .5 , where a high e filter ( e=100 ) is

installed on the rectifier AC bus.
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Figure 4 .5 : Rectifi.er DC Cunent ín thz System with a High e ( =100 ) Fitter

In the system start-up and steady state ( Fig. 4 .5 a ), the oscillations in DC current

are clearly visible. The steady state harmonic instability remains as in the GIGRE system

( Fig. 3 . 17 a ) due to the sideband resonances. However as seen in Figs. 4 .5 b&c the system

recovery from AC faults is much better in the high e filter case than in the low e filter case

( Figs. 4 .4 b&c ) before the steady state oscillations return. This phenomenon can be

explained as follows: After fault clearance, the saturated transformer injects a large amount

of 2nd harmonic into the AC system which cause the core saturation oscillation[i]. since

the filter is sharply tuned at r20 Hz, the 2nd harmonic current injected from the saturated

converter transformer is completely absorbed by the ñlter. The 2nd harmonic will notbuild

up in the AC voltage to cause the oscillation.

) Three Line-to-Cround Fault
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Thus the high Q filter shows poor steady state performance because of the low

damping. on the othe¡ hand a low Q filter gives better performance during the steady state.

Howeve¡, the small impedance of the high Q filter at tuned frequency ( l2o Hz ) helps the

system recover f¡om faults,

The above discussion suggests that a " variable Q filter " on the AC bus could be used.

The " variable Q filter " provides low Q factor in the steady state to reduce the steady state

oscillations, and a high Q factor during fault recovery to help absorb harmonic cuüents

generated due to the fault. The Energy Recovery f,ilter to be introduced in the next section

. can be controlled electronically to have variable e and can thus implement the feature

discussed above.

4 ,A CONCLUSIONS

Installing the low Q fi1ter tuned at 120 Hz on the rectifier commutating bus solves

the harmonic instability problems in the CIGRE system.

The total losses of the system with the low Q tuned filter are 32.3 MW higher than

in the original system due to the losses in the low e tuned filter.

The quality factor ofthe tuned filter has a different effect on the system performance

during steady state and fansient operation. A variable e factor filter could be

designed to achieve improved performance fo¡ different operating modes.



ehapter 5

Energy Recovery Filter

5,1 INTRODUCÎION

Adding the low Q tuned filter on the rectifier commutating bus solves the harmonic

instability problems in the original system. The total losses ofthe system increase due to the

high losses in the tuned filter, The proposed Energy Recovery filter ( ER-filter )t241[25] will

recover the losses and still solve the problems.

5.2 THD ENERGY RTCOVERY FILTER

rectifier ac bus
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68.35 kV: 12.86 kV

35 MVA

13.94 kV : 345 kV
40 MVA

ac system

energy recovery filter

- A resistances in ç¿, inductances ¡n H and capacila¡ces in pF

Figure 5 ,1 : Rectifier AC Filter Configuration of the System with dn Energy Recouery Filter

The ER-filter is constructed by replacing the resistors in a tuned filter with a

back-to-back DC link. The rectifier of the DC ii¡k is connected to the tuned filter and the

inverte¡ to the commutaing bus as shown in Fig. 5 .1 .

Fleclif¡er



Looking from the filter side, there is a certain amount ofreal power flow in the filter.

This means the Q factor of the f,rlter is low. This power flows through the back-te-back DC

link and retums to the AC system. so, to the sending AC system there is almost no loss due

to the ER-filter.

The diode bridge rectifier of the filter DC link is uncontrolled and accepts power

from all frequency components ofcunent in the filte¡. However the filter DC Link capacitor

and smoothing reactor combinâtion feed a relatively constant DC current to the filter link

inverter. Thus on the inverter side the link behaves more like a source of ( predominantly )

60 Hz power, whereas on the rectifier side it behaves more like a resistor. Thus the tuning

cha¡acte¡istics of the filter remain more like that of a low e filter, but the loss power is

¡ecovered af 60 Hz frequency on the inverter side.

5 .2 .L SOME COMMENTS.ABOUT THD DR-FILIER

1. Because of the relatively well defined cunents in the filter, the input to the bridge

is like a current sou¡ce. In conventional FrvDC converters, the fidng angle of the

bridge is measured from the commutating bus voltage, and so the conventional

definition offiring angle is not applicable he¡e. we could define the firing angle as

measured f¡om the zero crossing ofthe fundamental frequency cunent. Rather than

build a firing control scheme for the thyristor using this concept, we just investigate

the use of a diode bridge for rectification.

2. The power rating of ER tink is small, for simplicity and economics, a 6_pulse diode

bridge is selected for the rectif,ier of the ER link. And a 6-pulse thyristor bridge is

selected for the inverter.

3. In the Dc link, a capacitor and an inductor are used to maintain a constant voltage

on the DC side, and isolate the interactions between rectifier and inverter.

4. The harmonics generated from the converters of the ER link a¡e negligible because

the rating of ER-filter is small compared to the main DC link.
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5 .2 .2 SPECIAL FEATTJRES OF ENERGY RDCOVERY FILTER

The operation of the rectifier in the ER-filter is different from the converter in a

conventional HVDC link which has a constant sinusoidal voltage supply from the AC

system[28]. The rectifier in the ER-filter has a near sinusoidal cu ent supply instead of a

sinusoidal voltage. so the rectifier operates as a cunent source rectifier. The simulated

steady state current and voltage waveforms a¡e shown in Fig. 5 .2 ,

b ) DC Cunents in ER-filter

d ) Rectifier AC Voltage ar Transformer Side

lo

.32
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Figure 5 ,2 : Stea.dy State 'Waueþrms in the ER-fiIter

a ) Rectifier AC Cunents

Id I'

c ) Rectifier AC Voltage at Converter Side

-55-



The equivalent circuit of the rectifier in the ER-filter is as below:

I
V¿

I

Figure 5 ,3 : Equiualent Circuit of the Rectifier in the EÈ-tink

5 .2 ,3 REI"ATIONSHIPS IN THE CURRENT SOI'RCÞ COÀruERÎER

Developed below are some analytical relationships between various filter

components that wiu be useful in the selection of filtet components.

Assume that three phase AC currents are:

Ia(t)=l,nSin(,.]Dt)
)

16 ( t ) = 1,,, Sin ( a;t-in )

Ic(t)=I,,Sin(rt+lr¡
J

where I* is the rms value of the AC cur¡ent

and the DC voltage V¿ is constant p¡ovided by the capacitor.

Then the cuûent on DC side .I'¿ is:

( 5 .r I
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then the nns value of E'o¡ is:

u,*= -11roV'
and the fundamental component of E'o¡ is

Er*r= ß ,o'11

The rectifier AC voltage Eo6 ( including the drop on transformer leakage impedance)



Eot ( t )= E'ot ( t )+x¡ ( Ia ( t )-Ib ( t )) (5.7\

5 .2 .4 SELECTION OF COMPONÐNÎ VALI'E"S FOR DR-FILTER

To make the ER-filter work the same as the 120 Hz tuned filter discussed in

chapter 4, the filter DC link should be operated to perform as the resistors in the tuned fiiter.

That is:

o Filter DC link sending end L-L voltage as viewed from the filter must be the same

as the voltage drop on the resistor in the tuned low e filter ( i.e. 6g.35 kV l_t rms).

' The power rating of filter DC link must be the same as the power consumed in the

filter resistor, i.e, 32.3 MW.

According to these data and the formula derived earlier, the rating of the ER-filter

can be calculated. The rectifier is assumed to be a diode bridge and an extinction angle of

18o is assumed at the inverter, the leakage impedance of converter transformers is chosen

fo be 18Vo. The DC iink is operated at a suitable rating of 2 kA DC cunent.

The DC voltage of the ER-link:

_. MW 323MWv¿= n= ztoq =16'r5kv

According to ( 5.3 ), the AC cunent at rectifier

I^, =-LI¿ = r.481kA
3,,12

Assume rectifier transformer rating of 35 MVA ( leakage impedance )Ç is 0.957 e,

l87o of the base impedance ). According to ( 5.7 ), the L-L voltage at the sending end is:

= L2.86kV

The inve¡ter is operated as a conventional converter, the Ac cument at inverter is



t.633kA

Assume the inverter is operated in Constant Extinction Angle control ( y= 1go ) and

the inverter tansformer rating is 40 MVA ( leakage impedance )i¡ of 0.9 o, l gzo of the base

impedance ), the L-L voltage can be calculated as:

- l,t =
.,'

(5.8)

The leakage impedance of ¡ectifier converter transformer will affect the filte¡

characteristic, because it acts as an inductor in series with the filter inductor. The inductance

of the tra¡sformer can be calculated as below:

The base impedance of ¡ectifier transformer is

v,=v\:o*x"ta = ß.e4kv:f cosy

,u"""=W-- 133.48ç¿

so , the actual impedance is

ú)Lr=XrJe.u.)*Zbo,"= 0.18 * 133.48 =24.03e

and the transformer leakage inductance is

24.03L7=¡5=0.0$4ll

and because of Lr, fhe actual series inductance needed in the filter is

L¡ = 0.63 - 0.06+ = 0.568t1

Thus the designed values are summa¡ized below and also shown on the diagram in

Fig. 5 .1 .



DC Link:

Rated Power: 32.3 MW

DC voltage: 16.15 kV DC cunent : 2 kA

Capacitance = 50 pF Inducta¡ce = 0.2 H

Rectifier:

cr orde¡ : Nil ( Diode bridge operation )

Transformer rating: 35 MVA, 68.35 kV : 12.g6 kV

Inverter:

y = 18o ( Constant Extinction Angle control )

Transformer rating: 40 MVA, 13.94kV : 345 kV

5 .3 FRE9ITDNCY RESPONSE OF lHE SYSTEM WIÎH ER_FrLÎER

The ¡ectifier impedance/frequency character.istic in the system with ER-filter is

measured by frequency scanning method. Fig. 5 .4 shows the result:



o 250

N

Figure 5 .4 : Meøsured, Frequency Response of ER-fitter by Frequency Scanning Method,

The ER-filter is designed ro have an equivaÌent quality factor e of 3.3. The

frequency response demonstrates good match with the conventional tuned filter of a quality

factor of 3.3 ( solid line in Fig.4 .3 ). This proves the applicability ofthe ER-filter concept

in tuning the filter.

5 .4 THD SYSTEM IPIÎH ÐNERGY RECOI¿ERY FILTER

To reduce the power losses in the tuned filter, the ER-filter is used to substitute for

the tuned filter. The rectifier AC filter configuration thus is as in Fig. 5 .1 .
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6 .4 ,L PÞRFORMANCE DT'RING START-TJP AND STEADY STATE

A simulation ofthe start-up and steady state shows no buildup ofoscillations in the

system with the ER-filter. System performance is virtually identical to the system with the

tuned filter of Q=3.3 ( comparing the Fig. 5 .5 a with the Fig. 4 .4 a ).

1,2
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1000
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Time(s)

Fþure 5 .5 (Continued.): Start-up and, Steady State in the System, with Eï_fitter

o.9o.3

c ) Sending Power

d ) RecÌifier Firing Order
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Figure 5 .5 (Conclud.ed): Start-up and. Steady Støte in the Systern uith ER_fitter

During the steady state, following facts can be observed:

. The DC current is significantly ripple free compared to that in the base system.

o The oscillation in active power at both ends is significantly reduced ( < 2 MW).

o The oscillations in the d order of the rectifie¡ and inverter are small ( < 10 ).

o.o 1,2

f) lnverter AC Vol!âge

h ) Inverter Firing Order
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The sending end AC power is 998 MW and the receiving end AC power is 977 MW

So the HVDC link power loss is 21 MW, which is close to the total power loss in

the base case ( 20 MW ). That means ER-filte¡ does not consume any significant

amount of power.
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F¡equency ( Hz )

AC Cùrent

o 120 240 360 4AO 600 720 a40 960
F¡cquency ( Hz )
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Frequency ( Hz )

AC Vollage

o 120 240 360 4aO 600 720 A40 960
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AC Votrâge

Frcquency ( Hz )

a ) Rectifier

Frequency ( Hz )

b ) Inverter

Figure 5 .6 : Fouri.er Analyses of the Wøueþrms in System with EÙ-filter

o 120 240 360 4AO 600 720 a40 960 o 120 240 360 480 600 720 a40 960



Fourier analyses of the steady state Dc currents, converter currents and AC bus

voltages are plotted in Fig. 5 .6 ( This should be compared with Fig. 3 .3 0fthe base system).

It can be seen that:

. The harmonic content in the DC current is much reduced.

o The converters inject mainly characteristic harmonics : 660 Hz (4Vo)and7g0Hz

( 2.47 Vo ), and a few of the non-characteristic harmonics.

¡ The injected harmonic currents do not produce high harmonic voltages ( all less than

17o i.e. the individual harmonic limit ) on the bus voltage.

6 ,4 ,2 PENTONME¡VCE DI'RING SYSTEM DISTTJRBÂNCE

In steady state, a single line-te-ground 3.5 cycle fault is applied on the phase A in

rectifier AC bus at 0.05 seconds. Fig. 5 .7 shows the system recovery. The graphs should

be compared with the Fig. 3 .4 which are fo¡ the base system.

-65-



1.2

o.8

1.50

o.75

¡¡ o.oo

-o,75

-1,50

1200

= 1000

aoo

30

Aru

o.
u os 06 

Ti¡ne(s) 
og 1'2 1l

Fígure 5 '7 (continued): singte Line-to-Ground. Fault Recouery in the system with EÐ-fiIter

d ) Recliñer Fi¡ing Order
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Fígure 5 .7 (concluded): single Line-to-cround, Faurt Recouery in thc system with ER-fitter

The system recovery is much faster than the originar system and sim ar to the

system with tuned filter ( see Fig. 3 .4 and Fig. 4 .4 b ).

There is no coÍtmutation failure in the inverter, nor any DC overcurrent.

During system recovery, the DC cunents have 60 Hz oscillations which decay

quickJy.

a

a

f) Invener AC Volrâge

h ) Inverter Firing Order
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Figure 5 .8 : Fourier Analysis of the Wauforms during Fault Recouery

Fig. 5 .8 shows the Fourier analysis ofthe outputs at0.25 and l seconds.

The rectifie¡ injects ail the non-characteristic harmonics due to transforme¡

saturation, the non-+haracteristic harmonics decay quickly with time as we

compare the spectrum at 0.25 and I seconds.

Harmonic voltages on bus voltage also decay quickly as harmonic cunents decay.

The DC cunent has a major 60 FIz component which also decays quickÌy with time.

o
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A similar response is observed for the three line-to-ground fault. The rectifier DC

current is plotted in Fig. 5 .11 b with the rectifier DC current during start-up and single

line-to-ground fault recovery.

5 .5 ER-FILTÞR PERF.ORMANCE DURING FAI'LT RTCO\IERY

The ER-filter contains a small back-to-back HVDC system, its operation is also

affected by the fault in the main IfVDC system.

o

-100

4

o

I i6

o

d ) Recrifier DC Volrage in ER-filter
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Figure 5 ,9 (Continued): Wøueþrms in EÙ-filter during Main System Fault Recouery

b ) Rectifie. ,qC Volrage in ER-filler

c ) Re.tifier DC Cunent in ER-fìller
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Fþure 5 .9 (Concluded): Waueþrms in ER-fiIter duríng Main System Fault Recouery

Fig. 5 .9 shows the waveforms in the ER-filter during the main system fault

recovery. The ER-filterretums to normal operation shortly afterthe fault clears. During fault

recovery, AC and DC quantities on the rectifier side are highly distorted ( Figs. 5 .9 a, b, c

& d ) but the DC cunent and voltage on inveÍer side are almostunchanged due to the filtering

of rhe link ( Figs. 5 .9 e. & f ).
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b ) Rcclilicr AC \,olr¡sc in ER-Utrcr

12O 2¡tO 35O ¡l€O 5OO 72O a4O 960 o r20 2¡to 360 aao

F¡equency ( Hz )

c ) Reltif¡er DC Cwcn! in ER-nlrer

Frequency ( Hz )

e ) Invener DC Curenr jn ER-filre.
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d ) Rcctifier ÐC Votr.age in ER-¡lrer
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f ) Inverer DC Voltåse in ER-tìlrer

240 360 4AO 600 720
Flequency ( Hz )
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Figure 5 .10 : Fourier Analyses of the Waueforms in ER-fitter during Fault Recouery

The Fourier analyses ofthe waveforms in the ER-filter during the main system fault

¡ecovery are plotted in Fig. 5 .10 . Notice the excessive distortion on the fectifier AC

voltage. Also the filte¡ AC current has a significant 2nd harmonic component shortly after

the fault indicating that the fllter is removing the 2nd harmonic cur¡ent from the system. The

2nd harmonic on AC side is modulated into the 3rd and 1st harmonics on the DC side ( see

Figs.5 .10 c & d ), which are filtered out by the L and c components on the DC link in

ER-filter ( see Figs. 5 .10 e & f ).
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5.6 SUMMARY

The Energy Recovery filter has been investigated in this chapter. The filter

components were chosen from a steady state design, and the performarce was investigated

by using digital simulation. General performance of the system with an Energy Recovery

f¡lter is obse¡ved.
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o.3 0.6 0.9
Tirne ( s )

c) Three Line-to-C¡ound Fault

o.o 0.6 0.9 1.2
Tirne ( s )

Figure 5 .11 : Rectifier DC Cunent in the System uith an Energy Recouery Filter

The following conclusions a¡e obtained:

The ER-filter solves the harmonic instability problems ofthe original system with

much reduced losses.

The DC link in an ER-filter simulates the resistor in a conventional firter. The

ER-filter recovers both fundamentai and harrnonic power losses and retums them

to the AC system at fundamental frequency.

l.
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The fault tests indicate that the transient performance ofthe filteris satisfactory. The

summarized ¡esults for the current response for three transient conditions: start-up,

single phase and three phase faults are shown in Fig 5 .11 , which should be

compared to Fig. 4 .4 and Fig. 3 .17 .



Ghapter 6

Filter with Variable Quality Factor

6.1 INTRODUCÎION

In the Chapter 4.7, it is shown that a " Variable e filter ,' on the AC bus could be used

to provide good performance in different system situations. The " variable e filter " can be

implemented by modifying the firing angle control of the inverter in the ER-filter[26].

6 .2 oUALITY FACÎOR CONÎROL OF THÞ ER-FILTER

We now investigate the feasibility of varying the quality factor ofthe energy recovery

filter. It is known that the amount ofthe power flow through the ER-filter reflects the e factor

of the filter. The more the power flow in the filter, the lower the e factor of the filter due to

higher damping. so if the power flow in the ER-filter can be controlled, the e factor of

ER-filter is controllable.

6 .2 .r THE R.ÞLATTONSHIP BETWÞEN g-FACTOR AND FIRING A¡ICLE

As the DC link in the ER-filter is operated at a constantDC cur¡ent of 2 kA, changing

the DC voltage of theER-link w.ill affect the powerflow in the ER-filter and thus its e factor.

The DC voltage of the ER-link is determined by the firing angle ( a ) of the inverter. Thus

the equivalent Q factor can be derived as shown below:

The inverter is operated as a conventional voltage source converter, Assume that the

inverte¡ has AC voltage ofE¡¡, transformer leakage impedance ofx"¡ and fluing order of o,

then the DC voltage of the ER-link is:



1,.1i 2
VIQ =-l¿r, cos(l80o-a) + !X"¡ I¿ ( 6 .1 )

lt ît-'-

The current /d remains virtually constant due to the curlent source naturo of the

rectif,rer AC currents.

According to equations 5.6 and 5.3 in Chapter 5, the fundamental component of the

l-l AC voltage at the rectilìer is:

,16
E¡,(a) = - Va@)

îl

and the AC current at the rectifier:

(6.2\

, -fr,t'n=iEld (6 '3 )

Accordingly, the equivalent resistance of the ER-link is:

F,,"Ø\ 6R"n@)=:p=-]-va@) (6.4)' 
''13 I'' lt-td

Then the Q factor of the ER-link is :

t1
e"q@) =),3- ( 6 .s )

R"q(a)

For example in Fig 5 .1 , Eu¡=7394 kV, Xcì=I\Eo arLd Id=2 kA. The relationship

between the qualiry factor ofthe ER-filter and o, order ofthe inverter is plotted in Fig. 6 .1 .
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îigure 6 .1 : Equiualent Q Factor of the ER-filter us. d. Ordør

The ER-filter can operate at any Q factor by firing the inverter at conesponding

angle O(, are seen in Fig. 6 .i . For example, if a low Q factor ( say e=3.3 ) is required, an

ct order of 1400 should be selected. And for c[=85o at the inverter, a very high e factor

( Q>100 ) is obtained. It appears at first glance as though for c,=85o, the inverter is operating

in rectification region. This is however not true, because when the overlap angle is included,

the power flow is still ( slightly ) into the AC system.

However, due to the CEA control and losses in the circuit elements, the equivalent

Q factor can only be from 3.3 up to a certain value.

6 .2 .2 FRÞgITDNCY R.ESPONSES OF ER-FILTÞR.AT DIFFERENT d ORDER

The frequency responses of the ER-filter at different cr order a¡e measured by

frequency scanning method. The results are shown in Fig. 6 .2 .

si¡ce the G order of ER-filter conesponds to the equivalent e factor of the filter

( Fig. ó . i ), the frequency responses in Fig. 6 .2 should match the frequency responses of



E
o 250

ñ

the conventional tuned filter at different Q factor ( Fig. 4 .3 ). The comparison shows a good

match between the ER-filter of o,= 140o ( solid line i nEig. 6 .2 ) and the tuned filter of e=3.3

( solid line in Fig. 4 .3 ) and a reasonable match between the ER-filter ofcr=85o ( dotted line

inFig.6.2 ) and the tuned filter of Q=100 ( dotted line in Fig. 4 .3 )

120
F¡equency ( Hz )

Figure 6 .2 : Frequency Responses of ER-filter at Different A, Order

6 .2 .3 CONÎROL MODIFICATIONS TO IMPLDMENI VARIABLD g FILTDR

constant extinction angle control of the inverter in the ER-filter maintains an

extinction angle of 180 to prevent commutation failure of the inverter. At normal operation,

the inverter has an cr o¡der of about 140o which provides a DC voltage of 16.15 kv to give

a power rating of 32.3 NNV ( equivalent Q=3.3 ). Reducing the cx, order of the inverter wilì
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reduce the DC voltage provided by the inverter and will thus cause lower power flow

through the filte¡ and hence a high Q factor ( Fig. 6 .1 ).

As discussed earlier, a low Q filter is desired to mitigate oscillations in the steady

state and a high Q filter is required during fault conditions for bette¡ fault recovery. So the

firing angle control of the inverter in the ER-link is modified as in Fig. 6 .3 . Note that rhe

minimum select circuit ensures that the extinction angle controller's order is never exceeded

and thus the extinction angle always remains at i8o or larger, so as to ¡educe the risk of

commutation failure.

Forced .A.lpha Order

Figure 6 ,3 : a Ord.er Control of the Inuerter in the ER1ínþ,

At the steady state, constant Extinction Angle ( cEA ) control is selected to provide

an equivalent Q of 3.3 for the ER-filter. During fault recovery, the c order is forced to g5o

for 0.7 seconds and then ramped to l44o in 0.5 seconds ( Fig. 6 .4 b ). This gives a very small

DC voltage during fault recovery ( Fig. 6 .4 a ) which means an equivalent high e factor for

the ER-f,ilter. The forced c o¡der is triggered by detecting undervoltage in any phase.

1440

1.2 Tiìne(s)l
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'1 6

a ) DC Voltage in ER-filter

Tirne ( s )
b ) Alpha Order of the Inverter in ER-filter
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c ) Measured Gamma in the Invefle¡ of ER-filter

90

60

30

o
o.3 0.6 o.9 1-2 1.5

Tirne ( s )
Figure 6 ,4 : Controllable Q Filter Performønce during Fault Recouery

6 ,3 PÞR¡'ORMANCE DIJRING SYSTEM DISTI'RBANCES

Shown in Fig, 6 .5 is the rectifier DC cunent during fault recovery in the systemwith

the variable Q factor filter. It shows better recovery than the ER-filter with only cEA control

in the inverter ( Figs. 5 .11 b&c ), where the harmonics in the rectifier DC current decay

much slowly.

o.o
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a ) Single Line-to-Cround Faulr1.2
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Fþure 6 .5 : Føult Recouery of th.e System with Variable e Filter

Note that the response is very similarto that of the system with the high e tuned filter

(Fig.4.5 b&c). This is corresponding to the fact that the variable e filter has high a

equivalent Q factor during fault recovery ( from 0.05 second to 0.75 second ). After that the

cx' order of the invefer is ramped back to 1440 in 0.5 second, which results in the variable

Q filter returning from a high Q factor to a low Q factor. The integer harmonics ( mainly 2nd)

generated from the saturated transformer after the fault will decay in this time period.

changing the variable Q filter to a low Q factor will not affect the filtering performance to

the 2nd harmonic in the main system because there is no 2nd harmonic in the system after

the distu¡bance vanishes.

since the cEA control ( low Q factor ) at the inve¡ter is selected in the steady state,

there are no steady state oscillations during normal operation. The results will be the same

as the ER-filtef case in Fig. 5 .5 .

ln conclusion, the advantage ofthe variable e filter is to combine the good features

of high Q factor dur.ing fauit recovery and low Q factor during steady state, which ¡esults

in a solution for mitigating harmonic instabilities in all circumsrances.

o.o O,G
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6 ,4 VARIABLE g FILTER PDRFORMANCE DI'Rtr{G FAIJLT RDCOVERY

Fig. 6.6 shows the waveforms in the variable Q filter during main system fault

recovery. Note that during the fault recovery, the voltages ( AC and DC sides ) are reduced

by the forced alpha order but the cunents ( AC and DC sides ) remain relatively constant due

to the current source nature of the AC side infeed to the rectifier ( The current is mainly

determined by th L-C components of the ER-filter.

o.4

f o.o
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a ) AC Cu¡renr in ER-fitter
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b ) Rectifìer ÀC Voltage in ER-fiher
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îigure 6 .6 : Waueforms in Variable Q Filter duríng Fault Recovery

c ) Rectifier DC Cuûenr in ER-filrer
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d ) Rectifier DC Voltage in ER-fil¡er



Shown in Fig.6 .7 is the Fourier analysis of rhe AC cunent and voltage in the

variable Q filter. Note that the AC current in the ER-filter have fundamental and 2nd

harmonic components. That is different from the case of the ER-filter ( Fig. 5 .10 a ) where

more harmonic components ( 3rd, 4th, etc ) are observed. This is because the variable e filter

( equivalent Q of 100 during fault recovery ) is more sharply tuned to the 2nd harmonic than

that of ER-filter ( equivalent Q of 3.3 ).

120 240 360 4AO 600 720
Frequency ( Hz )

Figure 6 ,7 : Fourizr Analyses of the Waueþrm in Variable Q Fílter d,uring Fault Recouery

6.5 SUMMARY

The variable Q filter can be implemented by adding an Ct order control in the inverter

of ER-link. The relationship between the Q factor and firing angle cX, has been de¡ived.

During normal operation the Q factor is kept tow thereby providing broadband damping.

During faults when it is known that mainly 120 Hz current are excited, the filter switches

to the high Q mode to quickly eiiminate the oscillations. The simulations show successful

operation of this concept. The following conclusions a¡e obtained:

1. The variable Q filter allows operating at any desired e factor by controlling the

firing angle CX,.

2. This cont¡ol action helps the system to damp out the oscillations quickly and return

to normal operation faster,

ì6

b ) Rectifier AC VolraAe in ER-filrcr
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3, The va¡iable Q filter combines both advantages of the low e factor during steady

state operation and the high Q factor during fault recovery.



Chapter 7

Conclusions

7 .L INTRODUCTION

ln this thesis, the following contributions have been made:

t. Prediction of harmonic instabilities using the frequency scanning method.

2. C¡iteria in selecting filter for damping harmonic instabilities.

3. Component selection ofan Energy Recovery filter.

4. Relationship between Q factor and CX, order in a ER-filter and the implementation

of a variable Q filter

5. Transient tests prove the efficiency ofthe ER-filter in various configurations and

for va¡ious contingencies.

7 .2 ?HE COMPå,RISON OF DIFFDRTNT CASES IN STEADY STATE

Table 7 .1 is the data ofthe th¡ee cases in steady state ( the steady state results in the

system with a va¡iable filter a¡e the same as the ER-filter case, since the variable e filter is

set to the same Q factor ( Q=3.3 ) as ER-filter in the normal operation ). It shows that both

the tuned filter and the ER-filter can eliminate harmonic instability. The performance is

similar in steady state but the system with the tuned filter has much higher losses.



Table 7 .1 :The Steady State Feature of the Systems

BASE SYSTEM SYSTÞMWIîH
TTJNED FILîER

SYSTÞMWIÎH
ER-FILIER

DC CI'RRENT ( REC. ) I. + 0.038 P.U. I. + 0.002 P.u. 1. r 0.o08 P.u.
DC CI'RRÞNT ( INV. ) 1. + 0.034 P.U, L + 0.002 P.U. I. I 0.007 P.U.

cx, oscrLLATroN ( RDc. ) 5o <0.5(, lo

c[ oscrl,I,ArroN ( rNv. )
I.50 <0.10 <o.20

SÞNDING POW'ER 953 I 20 [,1W to40 r 2 Mw 998+3MW
RECDTVÞD POWER 933 r 12 MW 987.5 r 2 MW 977 t 2 lvlv'l

POWÞR LOSSES 20 MW 52.5 MW 2l MW

To elaborate further, the frequency scanning method proved to be useful in defining

the resonances in the highly nonlinear AC/DC system.

7 .3 lHE COMPARISONS OF lHT DIFFÐRENT CASES DTJRI¡IG ÎRANSIDNTS

7 ,3 ,L COMPARISON OF SYSÎEM SIART-I'P

Fig. 7 .I shows the DC currents of three cases at system start-up ( again the variable

Q filter case is not shown here because it is the same as ER-filter ). The results suggest that

. The systems start-up in about 0.4 second.

o The base system has much higher oscillations than other cases.

. The systems with the tuned filter and the ER-filter have similar performances,

although both cases have a little oscillation, there are no harmonic instabilities in

either case.
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wirh rhe ER-filter

'riñe ( s )

Figure 7 ,1 : Th.e DC Currents during System Størt-up

7 ,3 .2 COMPARISON OF SINCLE LIND-TæROI'ND Nå,IJLT RDCOVERY

Fig.1 .2 shows the DC currents of the four cases in a rectifier AC bus single

line-to-ground 3.5 cycle fault recovery. The results suggest that:

The system with hlters (conventional tuned, Energy Recovery or variable e filter)

return to the pre-fault condition much faster than that in the base case.

In the systems with the filters, the oscillations are much less than that in the base

case, also the oscillations decay more quickly.

In the base system, there is an overcurrent in the DC cunent due to the inverter

failing commutation. There is no such event in the cases with filte¡s.
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In the system with a variable Q filter, the system recovery ( Fig. 7 .2 d ) is better the

that ofthe other two cases with f,rlter ( conventional filter Fig. 7 ,2 b or ER-filter

Fig. 7 .2c)

a) Base ( CIGRE ) System

Time(s)

Figure 7 .2 : The DC Cunents during Single Line-to-Ground îault Recouery

7 .3 .3 COMPARISON OF ÎHRTE LINE-ÎO-GROIJND FAT'LT RDCOVERY

Similar phenomena are observed in the systemrecovery from arectifierACbus ttuee

line-to-ground fault recovery.

ir



a) Base (CICRE) System
1.2

o,a

1,2

o.a

o.a

i,

o.a

0.6 0.9

b ) System with the Tuned Filter

Time(s)

Figure 7 .3 : The DC Cutents during Three Line-to-Ground Fa,ult Recouery

7 ,4 CONCLUSIONS

The simulation results in this thesis verify that an Energy Recovery type filter

effectively emulates the conventional tuned filter. Installing the ER-filter ( or variable e
fiiter ) solves the harmonic instabilities in the GIGRE system with significantly reduced

power losses,

wirh rhe Vadable Q Filter
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7 ,ó TUTTJRT DIRECTIONS

The concept of Energy Recovery ( or Variable quality factor ) type filter may be

extended to other filter topologies ( such as high pass filter, C-type filter etc. ) to recove¡ the

power losses in thei¡ resistors. Also, it may be possible to convert theER damping type filter

discussed here into one that also tunable. To achieve this, we may have to vary the complex

paÍ ofthe impedance ( as opposed to merely the real part ). This couid be achieved by using

thyristor or GTO devices in the rectifier. Adding fîring angle control to the rectifier, we may

change the phase difference between voltage and cur¡ent and thus the equivalent impedance.
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Appendix

PSCADÆMTDC draft files for CIGRE benchmar.k Model
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