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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 resonance and
instability between AC and DC systems. The harmonic instability is usually mitigated by
either modifying the AC/DC system impedance characteristics or adding extra control
circuits to damp the oscillations. The majority of existing approaches deal with eliminating
the specific harmonic of the most concern. 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 returns it to the

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

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 Q filter”
in which its quality factor is controllable by electronic means. 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 eliminate harmonic currents injected from the saturated



transformer. The ER~filter is able to operate as a Variable Q filter by modifying the firing

angle control in the inverter of its DC link.

The investigations in this thesis are conducted through digital computer simulation
using an electromagnetic transient simulation program PSCAD/EMTDC. The CIGRE
benchmark model, which experiences both steady state and core saturation harmonic
instabilities, is selected as the base system. The harmonic instabilities in the CIGRE system
are first mitigated by installing a conventional filter on AC bus. Later, the conventional filter
is replaced by an ER~filter in order to reduce the high losses in the filter resistor. Finally, the
ERfilter 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 reduced losses. And the Variable Q filter gives better

performance during system recovery from faults.
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Introduction

1.1 BACKGROUND
HVDC transmission technology is now an important alternative 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 are 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 Short Circuit Ratio ( SCR, which is the ratio 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 are many HVDC
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 are 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 filter tuned to the low resonance

—1-



frequency on the commutating bus can be added to provide more damping to the oscillations
around this frequency. The filter for this purpose should have a low quality factor Q for

covering a wide range of resonance 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,
anew type of filter called the Energy Recovery filter ( ERfilter ) is introduced. The concept
of the ER-filter is to substitute the resistors in the filter by a small back—to—back DC link,
which takes the power from the filter, and sends it back to the AC system. The link acts as
aresistor to the filter, but does not consume real power. The ERfilter has a very low Q factor
but no significant real power losses. Also, an ERfilter has the flexibility of being operated

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

1.2 LITERATURE REVIEW

Low frequency resonance and instability are not new problems due to the inherent
non-linear nature of conversion [5][17][20]. With the modern trend where the power
transmitted by the HVDC link becomes higher with respect to the power of the AC system,

this problem becomes more serious.

It is the inherent nature of the HVDC converter to generate characteristic harmonics.
The converter also produces non—characteristic harmonics under unbalanced or transient
conditions [6] [7] [8] [18] [19]. Usually the non—characteristic harmonic will be injected into

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 té aweak 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 or AC filter must be

installed or some operating restrictions must be enforced.

.



The introduction of a phase locked loop oscillator for firing control of the converter
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]
[11] [16] [21]. All these approaches deal with specific non-characteristic 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 [10] [12] [21]. This method
can eliminate the instability mechanism under all circumstances. 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 modified high pass filter called a C-type filter, in which
the resistor is short circuited at fundamental frequency by adding a capacitor in series

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

Another 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 current 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

instabilities over a wide frequency range. But the fundamental power losses in a low Q filter
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are too high due to its large resistor. The energy recovery filter proposed here will overcome
the drawback 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 first time.

1.3 WEAK SYSTEM AND INSTABILITY

Because of the nonlinear nature of in the AC/DC or DC/AC conversion process, an
HVDC converter station injects harmonics into both the AC and DC sides. The converter
is viewed as a harmonic current 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 ( first 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 minimize the harmonics,
normal design practice is to add harmonic filters on the commutating buses and use

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

Smooth Reactors

AP I o P

Z;

Z; DC Filters

Figure 1.1 : General HVDC Transmission System

1.4 WEAKAC SYSTEM

The difficulty of operating an HVDC link is closely related to the “strength” of the
ACsystem. The tendency towards increased size of the HVDC link relative to the AC system

power increases this difficulty[4][14].



1.4.1 ACSYSTEM STRENGTH
The “strength” of the AC system connected to an HVDC 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

_ Short Circuit MVA
HVDC Power

SCR

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

than 3 is considered as a weak system.

Assume Zg be the “Thevenin equivalent” source impedance in per unit, we have this

relationship:

2] = L
SCR

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 of capacitor banks or the capacitors in the AC filters
connected at the AC bus of a 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 capacitors
HVDC Power

ESCR =

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

These include;

e voltage instability



e overvoltages
e low order harmonic resonances and instability

e poor recovery from disturbances

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

between the system and filter impedances.

1.5 RESONANCE AND HARMONIC INSTABILITY

Usually, the filters on the commutating 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 are a series connection of a capacitor and
acombination of an inductor and a resistor, either in series or parallel. The power systemcan
be equivalently represented as a pure sinusoidal source with a source impedance Z. At a
frequency lower than the first characteristic 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 Zg acts much like an inductance at all

frequencies.

1.5.1 THE RESONANCE
The total system impedance, as viewed from a converter station, is a parallel
connection of source impedance Zg and filter impedance Zg, This results in a parallel

resonance at a frequency lower than first characteristic harmonic.



500

250

| Z 1 {Ohms)

Frequency ( Hz )

Figure 1.2 : The System Frequency Characteristics

Fig. 1.2 shows the source and system impedance characteristics of a typical

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

weak AC systems. The higher the source impedance Zggyree ( i.€. the lower the SCR or the
weaker the AC system ), the higher the resonance in system impedance ( see Fig 1.2 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 systemn. 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 instability for the HVDC scheme.

1.5.2 HARMONIC INSTABILITY
According to converter theory, the converter only produces characteristic harmonics
under ideal operating condition. Under non—ideal conditions, the converter will also produce

non—characteristic harmonics due to unbalances such as:
e unbalanced firing pulses due to control circuit errors
e unbalanced impedances ( AC systems, filters and transformers )
e unbalanced AC supply voltages
Also 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 amajor reason, it can inject all the integer harmonics into the system

[13][15]. The transformer can be saturated due to:

e energization of the transformer producing inrush current

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

transformer saturation

e commutation failure producing transformer saturation

Characteristic harmonic filters are usually installed on the commutating bus to
prevent the characteristic harmonics injected into AC system. But characteristic filters
cannot prevent non-characteristic harmonics from entering into the AC system.
Non—characteristic harmonics injected into the poorly damped resonant networks can cause
difficulties with the HVDC system operation. Because the system is current—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 the

system/filters when the HVDC link is connected to a weak AC system. First the
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non—characteristic harmonic current at frequency f,, 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 frequency f; into harmonic voltages at frequencies f;, +
60 Hz ( fundamental frequency of supply ) on the DC side. On the DC side, the harmonic
voltages at frequencies f;; 60 Hz yield harmonic current at same frequencies’. The harmonic
current at frequencies f;, + 60 Hz on DC side will reflect on AC side as harmonic current at
frequency f, . This harmonic current injects into the system again so that a harmonic
instability may occur, particularly where there are DC side series resonance at the
complementary frequencies of resonance in the AC side ( i.e. the DC resonance frequency
differs from the AC resonance frequency by close to +60 Hz ). In that case, harmonic currents

on the DC side are also amplified.

1.6 SOLUTIONS

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 circuits must be added to eliminate the
problems[21]. There are other approaches of firing angle modulation to minimize the
non-characteristic harmonics. But all the approaches deal with eliminating the specific

non—characteristic harmonic of the most concern.
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1.6.2 FILUTERS
To modify the AC system characteristics having high impedance at a low order

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

The majority of the approaches deal with the harmonic instability at a specific
frequency. They are not broadband solutions. Sometimes the broadband solutions are more
desirable since resonant frequencies may change with the system conditions. The filter used
for this purpose should have a low quality factor Q 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.

1.7 SUMMARY OF THE THESIS

In the thesis, a detailed description of harmonic instability and its solutions is
presented. A modified CIGRE benchmark model is selected as a base system for 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 various cases studied indicates that the ER~filter provides
broadband damping and elimination of harmonic instabilities without increased losses. Also

anovel “ Variable Q ” filter is investigated in which the Q-factor of the filter can be changed

adaptively.

All studies are conducted using digital simulation on an electromagnetic transients

simulation program { EMTDC ).

1.7.1 SCOPE OF THE THESIS

This thesis presents the following aspects:

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

solutions.
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. Digital simulation studies of the base system and the solution of harmonic instability

with conventional low Q filter.

» Frequency scanning method for predicting harmonic instability.

. Component selection of the Energy Recovery filter and its performance.
. Performance of Energy Recovery filter in solving harmonic instabilities.
. Implementation of the ER~filter in the * variable quality factor ” mode.

. Performance of the variable quality factor filter during transients.

. Conclusions
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tudy Tool and Base Syste

2.1 THE STUDY TOOLS

2.1.1 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 nonlinear model afforded by electromagnetic

transients simulation.

2.1.2 EMIDC

The time domain simulation program EMTDC ( ElectroMagnetic Transients
simulation program for DC ) [29] is used as the simulation tool for the studies. EMTDC is
agood program for studying complex power systems including HVDC schemes. A graphical

user interface for EMTDC ( PSCAD/EMTDC ) can help users easily use the program.

2.2 THE BASE SYSTEM

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

represent the main factors that cause the harmonic instability.
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2.2.1 CIGRE BENCHMARK MODEL

The CIGRE benchmark model [27] is selected as the base system for the studies. The
main purpose of the benchmark 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 THE MODEL

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

the CIGRE benchmark model have been made.

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

standard ).

o The AC system damping angle at the rectifier ( sending end ) is changed from 84°

to 87° to make harmonic instability more serious.

e 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 Rectifier Inverter AC Power Sys}em

O
I I s g
A A Vi R

It
i ] i
o, ‘LT : LT
frequency filter amped hig

frequency filter

e
P

Figure 2 .1 : Modified CIGRE Benchmark Model
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2.2.3 FEATURES OF THE MODEL

The model represents a 12—pulse 500kV 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 current control and at the inverter itis constant extinction

angle ( gamma ) control.

The conventional filter design which uses single tuned filters for characteristic
harmonics and a high pass filter for higher harmonics will usually give a more effective
reduction of harmonics than required. In modern 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 parameter changes, having a wide range of

harmonic filtering, etc. [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 3rd to 4th harmonic is installed to reduce 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 filter ( damped ) is used to deal with 11th,
13th and higher harmonics. The C~type 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 installed. While a static capacitor provides the cheapest way
of reactive power compensation, it will increase the effective system impedance and make
HVDC operation more difficult[14]. The Effective Short Circuit Ratio ( ESCR ) is defined

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

Table 2 .1 : The System Base Values

RECTIFIER INVERTER
SCR 2.5£-87° 2.5£-75°
ESCR 1.88.-86° 1.94-70.04°
Bus Voltage ( L-L ) 345 kv 230 kV
Filter VAR Supply 625 MVAR 625 MVAR
Nominal Angle 15° 15°

2.2 .4 THE IMPEDANCE/FREQUENCY RESPONSE OF THE MODEL

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

viewed from the terminal buses, are shown in Fig. 2 .2.
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Figure 2 .2 : The Total AC System Impedance [ Frequency Plot

Fig. 2.2 shows that a high parallel impedance ( 1195 £ ) resonance around 120 Hz
(exactat 113 Hz ) is 18.88 times of the fundamental frequency impedance (63.31 £2) at the
sending end. At the receiving end, the parallel impedance resonance ( 100 Q ) at 120Hz
which is 3.58 times of the fundamental frequency impedance ( 27.9 Q) and is much smaller

than that at sending 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.

500
@
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0
0 60 120 180
Frequency ( Hz )
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Q 0
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-TH
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<

N LJ
0 60 120 180
Frequency ( Hz)

Figure 2.3 : The DC Side Impedance [ Frequency Plot
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2.2.5 CONCLUSIONS

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

has the following features:

1. A weak AC system with little damping at the sending and receiving ends.
2. The 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 are the major factors contributing to harmonic instability. So the

base system gives us a suitable system model for the low order harmonic instability studies.

-18 -



3.1 INTRODUCTION
In this thesis, the following four types of HVDC system configuration are simulated

to investigate the performances of different filters.
1. Modified CIGRE benchmark model without any additional filter.
2. Modified CIGRE benchmark model with a conventional filter.
3.  Modified CIGRE benchmark model with an Energy Recovery filter.
4. Modified CIGRE benchmark model with a variable Q filter.

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

simulation, the following waveforms are recorded for the analyses.
e AC bus voltages at both rectifier and inverter sides.
e DC currents and voltages at both rectifier and inverter sides.
o Active and reactive powers at sending and receiving ends.

e Firing angle of both converters.

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

control signals and etc.).

3.2 THE BASE SYSTEM
The modified CIGRE benchmark model is considered as the base system for the

studies. The rectifier AC filter configuration is as in Fig. 3 .1 .
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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 of 50 Ws is selected for all the simulations. Different operating conditions such as
system start—up and fault recoveries are tested. The results for each test are measured and

saved in the data files for the later analyses.

3.2.1 PERFORMANCE DURING START-UP AND STEADY STATE

Shown in Fig. 3 .2 are the waveforms during system start—up and steady state.
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Figure 3.2 (Continued): Start-up and Steady State in the Base System
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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 .2 where the
oscillations in the DC currents, active powers or firing angles can be easily seen. In 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:
e The DC currents in both converters have 80 Hz oscillations.
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o The active powers at sending and receiving ends have 80 Hz oscillations of about

20 MW and 12 MW respectively.

e The o orders of rectifier and inverter have 80 Hz oscillations of about 5° and 1.5°

respectively.

e Thesending end AC power is 953 MW and the receiving end AC poweris 933 MW,

So the total loss of the DC link is 20 MW.
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Figure 3 .3 : Fourier Analyses of Base System Waveforms
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Fourier analyses of the steady state DC currents, converter currents and AC bus

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

e Besides the DC component, the DC currents on both ends have 80 Hz harmonics of

about 3.5 % and 3.2 % respectively.

e Beside characteristic harmonics ( 660 Hz and 780 Hz ), the converters also inject
non—characteristic harmonics into the AC system. The major ones are at 20 Hz and
140 Hz due to the modulation effect of the DC bridge of the 80 Hz DC side
frequency. The 20 Hz currents are 3.8 % and 2.6 % of the fundamental at the rectifier
and inverter respectively, and the 140 Hz currents are 1.7 % and 1.2 % of

fundamental at the rectifier and inverter respectively.

* Theinjected harmonic currents do not produce very high harmonic voltages ( all less
than 1 % i.e. the individual harmonic limit) on the AC bus voltage. But the 140 Hz
harmonic current causes high harmonic voltages ( 2.6 % for the rectifier and 1.6 %

for the inverter) due to the system/filters resonance around 120 Hz.

e The oscillation in the rectifier is larger than that in the inverter due to higher resonant

impedance on rectifier side.

The results indicate that the system has a steady state harmonic 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 PERFORMANCE DURING SYSTEM DISTURBANCE

In steady state, a single line~to~ground 3.5 cycle fault is applied on the phase A in
the rectifier ACbus at 0.05 seconds. The system performance during fault recovery is shown

inFig.3 4.
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Figure 3 .4 (Continued): Single Line—to—Ground Fault Recovery in the Base System
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Figure 3 .4 (Concluded): Single Line~to~Ground Fault Recovery in the Base System

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

The system returns to the pre—fault condition in about 1.8 seconds.

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

failure at the inverter. This causes DC overcurrents at both sides (1.7 p.u. and 2.4

p.u. in rectifier and inverter respectively).
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o During system recovery, the DC currents have 60 Hz oscillations which decay

gradually.
e After 1.8 seconds, the 60 Hz oscillation in DC current dies out and the 80 Hz
oscillation ( the pre—fault oscillation ) returns.
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Figure 3.5 :Fourier Analyses of the Waveforms during Fault Recovery

Fig 3.5 shows the Fourier analyses of the outputs in rectifier side at 0.25 seconds

(just after recovery starts ) and 1 second( when the system is partially recovered ).
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e The rectifier injects all the integer ( 2nd, 3rd, ... ) non—characteristic harmonics due
to transformer saturation. The harmonics decay with time as we compare the spectra

at 0.25 seconds ( Fig. 3.5a) and 1 second ( Fig. 3 .5b).

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

currents decay.

e The DC current 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.

3.2.3 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 instability of 60 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 PERFORMANCE DURING OTHER SYSTEM DISTURBANCES

Several system disturbances are tested on the base system. Note that the harmonic
instabilities in the base system studied earlier can be observed both in DC current and AC
voltage. When an 80 Hz oscillation is.shown in the DC current, its modulated components
80 + 60 Hz also can be seen at the same time in the AC current , voltage, power etc, This
means in order to observe the instability of an HVDC system, only one of the quantities needs
to be monitored. In following studies only rectifier DC current is plotted for demonstrating

the instabilities in the HVDC system,
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3.3.1 THREE LINE-TO-GROUND FAULT ON RECTIFIER AC BUS
In the steady state, a three line~to—ground 3.5 cycle fault is applied on the rectifier

ACbus at 0.05 seconds. The system performance during fault recovery is shown in Fig. 3.6,

Rectifier DC Current
1.8

0.2 {

0 0.5 1 1.5 2 2.5
Time (5}

Figure 3.6 : Three Line—to-Ground Fault on Rectifier AC Bus

Note that during the rectifier AC bus three 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 current has a

60 Hz oscillation which dies out in 2 seconds.

3.3.2 INVERTER AC BUS FAULTS

Faults on inverter AC bus are also tested for the CIGRE system.
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Figure 3.7 : Single Line—to~Ground Fault on Inverter 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 three 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.3.17b &c).

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

single line-to~ground fault recovery show :

° As in the case of rectifier the single line~to—ground fault discussed earlier
(Fig. 3.5), the inverter injects integer non-characteristic 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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Figure 3 .8 : Fourier Analyses of the Outputs during Inverter Single Line-to-Ground Fault

The system performance during the inverter three line~to—ground fault ( Fig. 3.9)
is similar to the case in the inverter single line—to—ground fault. The oscillation during the

inverter three line—to—ground fault recovery last the same time but magnitude is smaller than

the case with the inverter single line-to~ground fault.
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Figure 3.9 : Three Line-to~Ground Fault on Inverter 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 DCLINE FAULT

The system can not recover from the DC line faults without control action, because
the DC line current does not have zero crossings. The only means of clearing a DC fault is
to force the firing angle of the rectifier beyond 90° (called forced retard) thus de—energizing
the DC line and then re-starting the system after the fault current is extinguished. Alpha
forced retard can be triggered upon detection of the DC fault. After the detection of the DC
fault, the rectifier o order is set to 135° for 200 ms to de—energize the DC line and clear the
fault, and then the o order is ramped to 0° 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 after which the ( normal ) current control mode operation is resumed ( Fig. 3.10).
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Figure 3 .10 : Forced Retard Block in Rectifier Control

Fig. 3 .11 c shows the rectifier o order during DC line fault recovery. Note that the
rectifier o order is set to 135 after the fault detection. The DC current ( Fig.3 .11 a}is
quickly extinguished because the rectifier converter now works as an inverter (o >90°).

The DC fault is cleared with zero DC current after which the system restarts.
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Figure 3 .11 (Concluded): DC Line Fault Recovery in 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 returns to pre—fault condition

shortly after the system restart.

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

overcurrent which is quickly brought to zero because of forced retard.
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e During alpha forced retard, current 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 current

flows from AC system into the DC side during this period.
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Figure 3 .12 : Fourier Analyses of the Waveforms during DC Fault Recovery
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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 are no integer non—characteristic harmonics injected from

the transformer.

e The DC current contains no 60 Hz oscillation.

With force retard, the DC system recovers following DC fault quickly and there are

no harmonic instability problems during fault recovery.

3.3.4 SUMMARY

The simulation studies of the 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 FREQUENCY SCANNING METHOD 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 current source feeding into the AC system. Therefore, the DC system has no effect on
the AC system. However, 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 system more ‘
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 .
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Figure 3.13 : Frequency Scanning method for System Impedance

Since the DC system behavior is nonlinear. The superposition principle which is true
only for a linear system does not apply. But if the disturbance caused by the injected
harmonic is small enough, the DC operation can be considered as nearly linear around 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 ( 0.5 ), 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:

1. Use a harmonic current injection that is as small as possible ( the harmonic current
must be large enough however, to show a significant voltage response without being

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 interference peak that causes an unduly large

disturbance in the HVDC system, Fig. 3 .14 ).
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Figure 3 .14 : Effect of Phase Shift between Harmonics in the Total I njected Current

3.4.1 FREQUENCY SCANNING FOR THE BASE SYSTEM

The actual system impedance response of base system was obtained by the frequency
scanning method described above. In steady state, a series of small harmonic currents (ie.
80 Hz, 81 Hz, ... 200 Hz at the magnitude of 2 Amps, or less than 0.1% of the fundamental
current in AC source ) are injected into the rectifier AC bus. Then the harmonic 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 .
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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 currents. Note that the harmonic
components in AC bus voltage are very small ( <0.2% ) 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 comparison.
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Figure 3 .16 : AC System Impedance | Frequency 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 80 Hz to 200 Hz in
Fig 3 .16, there are some differences between the linear 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 120 Hz in calculation ).
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This is affected by the impedance from DC system. In linear analysis, the DC system is
assumed as a current 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. Also, the DC system provides some
damping to the harmonics which results in lower resonant 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 at the AC side by considering only the system and filters, but in reality 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 120 Hz. Also, the resonant frequency of 140 Hz is

confirmed by the presence of 80 Hz oscillation ( 140 — 60 Hz ) as seen in Fig. 3 .2 etc.

3.5 SUMMARY OF THIS CHAPTER

In this chapter, the modified CIGRE benchmark system ( which is selected as a base
system for the studies ) has been simulated on the EMTDC program. Several simulation
studies are conducted on the different system situations such as system start—up and
disturbances. The general performance of the system can be monitored through the rectifier

DC current waveforms as in Fig. 3 .17 .
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Figure 8 .17 : Rectifier DC Current in the Base System

Following conclusions are obtained in this chapter:

1. 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.

2. 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.

3. The Frequency Scanning Method provides a more accurate frequency impedance

characteristic measurement for the real AC/DC system.
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4.1 THE SYSTEM WITH TUNED FILTER

To cure the barmonic instabilities in the original system, the system
impedance/frequency characteristic is modified by installing an additional filter on the
commutating bus. Since the resonant impedance on the inverter side is much lower than the
resonant impedance on the rectifier side ( see F\lg 2.2 ), only the rectifier side needs
medification. In a later Chapter, this lossy filter will be replaced with an energy recovery type

filter,

4.2 SELECTION OF THE FILTER
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Figure 4.1 : Rectifier AC Filter Configuration of the System with Tuned 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

bank in the original case ( Fig. 4.1 ).

4.3 SELECTION OF THE QUALITY FACTOR OF THE FILTER
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Figure 4.2 : Modifying the Impedance [ Frequency by Tuned Filter
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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 Q factor reduces the high impedance peaks
at nearby frequencies but increases the value of the 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 Q factor of 3.3 was selected which gives

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

Ce=2.785uF L=0.632H R=144Q

4 .4 IMPEDANCE/FREQUENCY RESPONSE BY FREQUENCY.SCAN NING METHOD

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 Q

factor.
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Figure 4.3 : Measured Frequency Responses by Frequency Scanning Methed

The measured frequency response of the system is shown in Fig. 4 .3 . The systems
with different Q factor ( 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 TUNED LOW Q FILTER

A simulation of the start-up shows no buildup of oscillations in the system with the

tuned filter ( Fig. 4 .4 a ) unlike the base case result ( Fig.3 .17 a).
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Figure 4 .4 :Rectifier DC Current in the System with Tuned Low @ ( @ = 3.3 ) Filter

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

Reduced harmonic content in dc current at the resonance frequency (< 1 % ).

The rectifier injects mainly characteristic harmonics : 660 Hz (3.72 %) and 780 Hz

(2.35 %), and few non—characteristic harmonics.

The injected harmonic currents do not produce high harmonic voltages ( all less than
1%j i.e. the individual harmonic limit ) on the bus. The steady state oscillations are

eliminated.

The sending end AC power is 1040 MW and the receiving end AC power is
987.5 MW. However, as a drawback, the power loss is increased from 20 MW to
52.5 MW. This indicates a filter loss of 32.5 MW.
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From the steady state, a single line~to~ground 3.5 cycles fault is applied on phase
A of the rectifier AC bus at 0.05 seconds. Results ( Fig. 4 .4 b } and their Fourier analyses

( not shown ) show that:

e The system recovers to pre—fault condition in about 1 second.
e There is no commutation failure in the inverter.

e 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. 3.17b).

o The rectifier injects all the integer non-characteristic harmonics due to transformer
saturation. The non—characteristic harmonics however decay quickly as compared

with the base case.

A similar improvement from the base case is also observed for the three

line~to—ground fault at the rectifier AC bus (Fig. 4 .4 ¢).

Results show that the system with a tuned low Q ( Q = 3.3 ) filter has a much better
performance than that of the base system ( comparing Fig. 4 .4 with Fig. 3 .17 ). However,
there is a drawback of high losses in this solution due to the power consumption in the filter

resistor.

4 .6 STEADY STATE CONDITION OF THE TUNED FILTER

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

the system parameters. The rectifier bus voltage is Vi = 345 kV (I~1 rms), so:

The fundamental voltage ( I-g rms } drop on the filter resistor is

JV,{= I Rbeus/w/g I

- = 39.46kV
IRf+ JjoLe+ }Eulﬁl

The current flow in the filter is
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I7E | Vi /3 B 0.27kA
|Rf+ JoLp+ e

‘The power consumption in the filter resistor is

MW = 3|iJV}] = 32.2MW

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

Energy Recovery link.

4.7 EFFECT OF THE Q FACTOR OF THE FILTER

As shownin Fig. 4 .2 , increasing the Q factor of the filter will reduce the impedance
at tuned frequency but increase the sideband peaks. The effects on the system performance
can be observed in the simulation results in Fig. 4 .5 , where a high Q filter ( Q=100)1is

installed on the rectifier AC bus.
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Figure 4.5 : Rectifier DC Current in the System with a High Q ( =100 ) Filter

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 CIGRE system

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

recovery from AC faults is much better in the high Q filter case than in the low Q 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[1]. Since

the filter is sharply tuned at 120 Hz, the 2nd harmonic current injected from the saturated

converter transformer is completely absorbed by the filter. The 2nd harmonic will not build

up in the AC voltage to cause the oscillation.
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Thus the high Q filter shows poor steady state performance because of the low
damping. On the other hand a low Q filter gives better performance during the steady state.
However, the small impedance of the high Q filter at tuned frequency ( 120 Hz ) helps the

system recover from 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 currents
generated due to the fault. The Energy Recovery filter to be introduced in the next section
~ can be controlled electronically to have variable Q and can thus implement the feature

discussed above.

4 .8 CONCLUSIONS

1. Installing the low Q filter tuned at 120 Hz on the rectifier commutating bus solves
the harmonic instability problems in the CIGRE system.

2. 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 Q tuned filter.

3. The quality factor of the tuned filter has a different effect on the system performance
during steady state and transient operation. A variable Q factor filter conld be

designed to achieve improved performance for different operating modes.
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-nergy Recovery Filter

5.1 INTRODUCTION

Adding the low Q tuned filter on the rectifier commutating bus solves the harmonic
| instability problems in the original system. The total losses of the system increase due to the
high losses in the tuned filter. The proposed Energy Recovery filter ( ER—filter )[24][25] will

recover the losses and still solve the problems.

5.2 THE ENERGY RECOVERY FILTER

Rectifier

rectifier ac bus

. N " T
© o l 'R X '
~ ~ (\j
o ! !
— e n " © g Iz 6.2 .
© - © o 2
= & < 5“. ) o' g !
. @ l
e ® = «F o g— K f]\ 50UF :Z 'i =
S o 0 .
ol T I L
3 - _-;L_ = .
= = ' 68.35kV:12.86 kV 13.94 kV : 345 kV,
' 35 MVA 40 MVA )
ac system fiters . ... _ s

energy recovery filter
All resistances in £2, inductances in H and capacitances in F

Figure 5 .1 : Rectifier AC Filter Configuration of the System with an Energy Recovery 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 link is connected to the tuned filter and the

inverter to the commutaing bus as shown in Fig. 5 .1 .
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Looking from the filter side, there is a certain amount of real power flow in the filter.
This means the Q factor of the filter is Jow. This power flows through the back—to-back DC
link and returns 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 of current in the filter, However the filter DC link capacitor
and smoothing reactor combination 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
characteristics of the filter remain more like that of a low Q filter, but the loss power is

recovered at 60 Hz frequency on the inverter side.

5.2.1 SOME COMMENTS ABOUT THE ER-FILTER

1. Because of the relatively well defined currents in the filter, the input to the bridge
is like a current source. In conventional HVDC converters, the firing angle of the
bridge is measured from the commutating bus voltage, and so the conventional
definition of firing angle is not applicable here. We could define the firing angle as
measured from the zero crossing of the fundamental frequency current. Rather than
build a firing control scheme for the thyristor using this concept, we justinvestigate

the use of a diode bridge for rectification.

2. The power rating of ER link is small, for simplicity and economics, a 6—pulse diode
bridge is selected for the rectifier of the ER link. And a 6-pulse thyristor bridge is

selected for the inverter.

3. Inthe 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 are negligible because

the rating of ER~filter is small compared to the main DC link.
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5.2.2 SPECIAL FEATURES OF ENERGY RECOVERY 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 current supply instead of a
sinusoidal voltage. So the rectifier operates as a current source rectifier. The simulated

steady state current and voltage waveforms are shown in Fig. 5 .2 .
a ) Rectifier AC Currents
2.2
Ia )/V\
3 o b
><,\_/&
-2.2

b ) DC Currents in ER—filter

e, S <= ~
d

2.2

kA

1.1

¢ ) Rectifier AC Voltage at Converter Side

32

|
%

E'a 7,_\_*3&‘[%

=32

d ) Rectifier AC Voltage at Transformer Side

32

N B
) [

-32

wi

Figure 5 .2 : Steady State Waveforms in the ER-filter
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The equivalent circuit of the rectifier in the ER—filter is as below:

Y

P4

<
[=H

Figure § .3 : Equivalent Circuit of the Rectifier in the ER-link

5.2.3 RELATIONSHIPS IN THE CURRENT SOURCE CONVERTER

Developed below are some analytical relationships between various filter

components that will be useful in the selection of filter components.
Assume that three phase AC currents are:
I, (t)=1, Sin (wt)
2
Ib(t)=I,,,Sin(wt—-3—ar) (5.1)
) 2
where I, is the rms value of the AC current

and the DC voltage Vj is constant provided by the capacitor.

Then the current on DC side Iy is:
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I 0< wr <4;5
I, ES wt <—
3 3
27
-1 —é—-S ot <5t
Fg(t)=< 4 (5.2)
I T = wt <?
-4£< wt <__a;r
—1 3 3
~ I -%ES wt <27
and the average ( DC component ) of I’y is:
3/2
Ij=——1, (5.3)
The AC voltage of the rectifier is:
r Vi 0 < wt <%ar_
2
0 —-3—5 wr <7
Eg ()= < o (5.4)
- V4 TS of <—
3
~ 0 53—”5 wt <27

then the rms value of E'y, is:

Eﬁw=-v/% Va4 (5.5}

and the fundamental component of E’y, is:

/6

Epind = — Vy (5.6)
4
The rectifier AC voltage Egp ( including the drop on transformer leakage impedance)
is:
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Egp (1)=Ea (1)+X (1o (1)-1, (1)) (5.7)

5.2 .4 SELECTION OF COMPONENT VALUES FOR ER-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 filter.
That is:

e 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 Q filter ( i.e. 68.35 kV 1-1 rms).

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

to be 18%. The DC link is operated at a suitable rating of 2 kA DC current.

The DC voltage of the ER-link:

MW 323MW

= 16.15kV
1y 2kA

Va

According to ( 5.3 ), the AC current at rectifier

T
Ly =——1; = 1.481%A
mr 35

Assume rectifier transformer rating of 35 MVA ( leakage impedance X;, is 0.957 Q,

18% of the base impedance ). According to ( 5.7 ), the L-L voltage at the sending end is:

6
E?' =/( g—vd)2+(XfrJ§ I)nr)z - 12.86kV

The inverter is operated as a conventional converter, the AC current at inverter is:
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Imi = \/%Id = 1.633kA

Assume the inverter is operated in Constant Extinction Angle control ( v=18°) and
the inverter transformer rating is 40 MVA (leakage impedance X; of 0.9 Q, 18% of the base

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

- Vi +%Xﬂ'ld
Y/}

“H-cosy

= 13.94kV (5.8)

The leakage impedance of rectifier converter transformer will affect the filter
characteristic, because it acts as an inductor in series with the filter inductor. The inductance
of the transformer can be calculated as below:

The base impedance of rectifier transformer is

68.35kV2
Zpase = ———— = 133.48Q
base = T3S MVA

so , the actual impedance is

oLy = Xp{p.u.) * Zpase = 0.18 * 133.48 = 24.03Q

and the transformer leakage inductance is

_24.03
" 376.9

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

= 0.064H

T

L= 0.63-0.064 = 0.568H

Thus the designed values are summarized below and also shown on the diagram in

Fig.5.1.

- 59~



DC Link:
Rated Power : 32.3 MW

DC voltage : 16.15kV DC current : 2 kA
Capacitance = 50 pF Inductance = 0.2 H
Rectifier:

o order : Nil ( Diode bridge operation )

Transformer rating: 35 MVA, 68.35kV : 12.86 kV

Inverter:
Y= 18° ( Constant Extinction Angle control )

Transformer rating: 40 MVA, 13.94kV : 345kV

5.3 FREQUENCY RESPONSE OF THE SYSTEM WITH ER-FILTER

The rectifier impedance/frequency characteristic in the system with ER-filter is

measured by frequency scanning method. Fig. 5 .4 shows the result:
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Figure 5 .4 : Measured Frequency Response of ER-filter by Frequency Scanning Method

The ER-filter is designed to have an equivalent quality factor Q 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 of the ER—filter concept

in tuning the filter.

5.4 THE SYSTEM WITH ENERGY RECOVERY 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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5.4.1 PERFORMANCE DURING START-UP AND STEADY STATE

A simulation of the start-up and steady state shows no buildup of oscillations 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).

a ) Rectifier DC Current

1.2

1.0 4

pu.

0.8
b ) Rectifier AC Voltage

0.75 - AL kEaltn 1] , i ‘
0.00-%
-0.75 - sLEaH ¥ ‘ Tl AL 4y tEy i i AE

-1.50

p-u,

¢} Sending Power

1200

MW

1000 A

800
d ) Rectifier Firing Order
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&

0.0 0.3 0.6 0.9 1.2 1.6
Time (s)

Figure 5.5 (Continued): Start-up and Steady State in the System with ER-filter
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Figure 5 .5 (Concluded): Start-up and Steady State in the System with ER-filter

During the steady state, following facts can be observed:

The DC current is significantly ripple free compared to that in the base system.
The oscillation in active power at both ends is significantly reduced ( < 2 MW).

The oscillations in the o order of the rectifier and inverter are small (<19).
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o 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~filter does not consume any significant

amount of power.
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Figure 5 .6 : Fourier Analyses of the Waveforms in System with ER—filter
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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 of the base system).

It can be seen that;

e The harmonic content in the DC current is much reduced,

© The converters inject mainly characteristic harmonics : 660 Hz (4 % ) and 780 Hz

(2.47 % ), and a few of the non—characteristic harmonics.

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

1% i.e. the individual harmonic limit ) on the bus voltage.

| 5.4.2 PERFORMANCE DURING SYSTEM DISTURBANCE

In steady state, a single line-to—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 for the base system.

- 65~



1.2

pau,

0.8

.50

0.75

0.00

pu.

-0.75

-1.50

1200

MW

1000

800

30

Deg.

o]

15 -

a ) Rectifier DC Current

Y T

b ) Rectifier AC Voltage

c ) Sending Power

T

T

T T

d )} Rectifier Firing Order

T

—

0

0.3

T T

0.6 0.9
Time (s)

1.2 1.5

Figure 5.7 (Continued): Single Line—to-Ground Fault Recovery in the System with ER-filter
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Figure 5.7 (Concluded): Single Line~to-Ground Fault Recovery in the System with ER-filter

© The system recovery is much faster than the original system and similar to the

system with tuned filter ( see Fig. 3 .4 and Fig. 4 .4 b).
o There is no commutation failure in the inverter, nor any DC overcurrent.
e During system recovery, the DC currents have 60 Hz oscillations which decay

quickly.
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Figure 5 .8 : Fourier Analysis of the Wavforms during Fault Recovery

Fig. 5.8 shows the Fourier analysis of the outputs at 0.25 and 1 seconds.

° The rectifier injects all the non-characteristic harmonics due to transformer

saturation, the non-—characteristic harmonics decay quickly with time as we

compare the spectrum at 0.25 and 1 seconds.

° Harmonic voltages on bus voltage also decay quickly as harmonic currents decay.

e The DC current has a major 60 Hz component which also decays quickly with time.
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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-FILTER PERFORMANCE DURING FAULT RECOVERY
The ER—filter contains a small back—to-back HVDC system, its operation is also

affected by the fault in the main HVDC system.

a) AC Current in ER-filter
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Figure 5.9 (Continued): Waveforms in ER—filter during Main System Fault Recovery
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Figure 5.9 (Concluded): Waveforms in ER—filter during Main System Fault Recovery

Fig.5.9 shows the waveforms in the ER-filter during the main system fault
recovery. The ER-filter returns to normal operation shortly after the fault clears. During fault
recovery, AC and DC quantities on the rectifier side are highly distorted ( Figs.5.9a,b,c
& d)but the DC current and voltage on inverter side are almost unchanged due to the filtering

of the link ( Figs. 5 9e. & ).
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a ) AC Current in ER-{ilter b )} Reclifier AC Voltage in ER-filter

0.3 70
0.2 -
= Z 85+
0.1
0.0 -l LJ T . . i . o A,u!.. I L ..!: I ,‘.L_uékh,fl ol
[} 120 240 360 480 600 720 840 960 O 120 240 360 480 600 720 840 960
Frequency (Hz ) Frequency ( Hz )
¢ ) Rectifier DC Current in ER-filter d y Rectifier DC Voliage in ER-filter
2 16
< 14 Z  a-

° iJ.'. oA,LéLl!

+ t T T T T T T T T
0 120 240 360 4BO 600 720 8B40 S80 1] i20 240 380 480 600 720 840 950

Frequency ( Hz) Frequency ( Hz )
e ) Inverter DC Current in ER-filter f ) Invericr DC Voltage in ER-filter
2 36
S 1+ Z s-
o T T r r T + : 0 L, } ity S
¢ 120 240 360 480 600 720 B840 860 0 120 240 360 480 600 720 840 960
Frequency ( Hz ) Frequency ( Hz )

Figure 5 .10 : Fourier Analyses of the Waveforms in ER~filter during Fault Recovery

The Fourier analyses of the waveforms in the ER—filter during the main system fault
recovery are plotted in Fig. 5 .10 . Notice the excessive distortion on the rectifier AC
voltage. Also the filter AC current has a significant 2nd harmonic component shortly after
the fault indicating that the filter is removing the 2nd harmonic current 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 ¢ & d ), which are filtered out by the L and C components on the DC link in
ER—ﬁIte;r (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 performance was investigated
by using digital simulation. General performance of the system with an Energy Recovery

filter is observed.

a) System Start-up and Steady State
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Figure 5 .11 : Rectifier DC Current in the System with an Energy Recovery Filter

The following conclusions are obtained:

1. The ER-filter solves the harmonic instability problems of the original system with
much reduced losses.

2. The DC link in an ER-filter simulates the resistor in a conventional filter. The
ER-filter recovers both fundamental and harmonic power losses and returns them

to the AC system at fundamental frequency.
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3. The faulttests indicate that the transient performance of the filter is satisfactory. The
summarized results 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.
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Filter with Variable Quality Factor

6.1 INTRODUCTION
In the Chapter 4.7, it is shown that a “ Variable Q filter ” on the AC bus could be used
to provide good performance in different system situations. The “ Variable Q filter ” can be

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

6.2 QUALITY FACTOR CONTROL OF THE ER-FILTER

We now investigate the feasibility of varying the quality factor of the energy recovery
filter. Itis known that the amount of the power flow through the ERfilter reflects the Q factor
of the filter. The more the power flow in the filter, the lower the Q factor of the filter due to
higher damping. So if the power flow in the ER-filter can be controlled, the Q factor of

ER-filter is controllable.

6.2.1 THE RELATIONSHIP BETWEEN Q-FACTOR AND FIRING ANGLE

As the DClink in the ER—filter is operated at a constant DC current of 2 kA, changing
the DC voltage of the ER-link will affect the power flow in the ERfilter and thus its Q factor.
The DC voltage of the ER-link is determined by the firing angle ( o ) 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
inverter has AC voltage of Ey;, transformer leakage impedance of X,; and firing order of o,

then the DC voltage of the ER-link is:
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3v2 3
Vi) = —;ZCEHE cos(180° - a) + ;XC; Iy (6.1)

The current I; remains virtually constant due to the current source nature of the
rectifier AC currents.

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

I-1 AC voltage at the rectifier is:

6
Epfa) = —Jaz: Va(a) (6.2)

- and the AC current at the rectifier:

4
Iy = mjd (6.3}
Accordingly, the equivalent resistance of the ER~link is:
Eyfa) _ 6
Reg(@) = ——=——V,{a) (6.4)
“ EIJ’H nzld
Then the Q factor of the ER-link is :
\/Z
Qeq(a) = < (6.5)
Req(@)

For example in Fig 5.1, E=13.94 kV, X,;=18% and I;=2 kA. The relationship

between the quality factor of the ERfilter and o, order of the inverter is plotted in Fig. 6..1.
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Figure 6 .1 : Equivalent Q Factor of the ERfilter vs. o Order

The ER-filter can operate at any Q factor by firing the inverter at corresponding
angle O are seen in Fig. 6 .1 . For example, if a low Q factor ( say Q=3.3 ) is required, an
O order of 140° should be selected. And for (=85 at the inverter, a very high Q factor

(Q>100) is obtained. It appears at first glance as though for (t=85°, the inverter is operating
inrectification 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 FREQUENCY RESPONSES OF ER-FILTER AT DIFFERENT ¢ ORDER

The frequency responses of the ER~filter at different o order are measured by

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

Since the o order of ERfilter corresponds to the equivalent Q factor of the filter

(Fig. 6.1 ), the frequency responses in Fig. 6 .2 should match the frequency responses of
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the conventional tuned filter at different Q factor ( Fig. 4 .3 ). The comparison shows a good
match between the ER-filter of 0:=140° ( solid line in Fig. 6 .2 ) and the tuned filter of Q=3.3
(solid line in Fig. 4 .3 ) and areasonable match between the ERfilter of 0:=85° ( dotted line

in Fig. 6 .2 ) and the tuned filter of Q=100 ( dotted line in Fig. 4 .3 )
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Figure 6 .2 : Frequency Responses of ER-filter at Different O, Order

6.2.3 CONTROL MODIFICATIONS TO IMPLEMENT VARIABLE Q FILTER
Constant extinction angle control of the inverter in the ER-filter maintains an

extinction angle of 18° to prevent commutation failure of the inverter, At normal operation,

the inverter has an o order of about 140° which provides a DC voltage of 16.15 kV to give

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

through the filter 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 better fault recovery. So the
firing angle control of the inverter in the ER~link is modified as in Fig. 6 .3 . Note that the
minimum select circuit ensures that the extinction angle controller’s order is never exceeded
and thus the extinction angle always remains at 18° or larger, so as to reduce the risk of

commutation failure.

---------------------

) + 1

¥ PI
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R |

CEA Control

1 aom‘er A ]

L3 1440 ]

' 8s° '

[ =,

. 0 0.7 1.2 Time (5 ),
Forced Alpha Order

Figure 6.3 : o Order Control of the Inverter in the ER-link

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 o order is forced to 85°
for 0.7 seconds and then ramped to 144° 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 Q factor for

the ER~filter. The forced o order is triggered by detecting undervoltage in any phase.
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Figure 6 .4 : Controllable Q Filter Performance during Fault Recovery

6.3 PERFORMANCE DURING SYSTEM DISTURBANCES

Shown in Fig. 6 .5 is the rectifier DC current during fault recovery in the system with
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.

-79 -



te(pa)

fe(pa)

a} Single Line-to—Ground Fault

1.2
1.1 -
1.0 ’XYWMWWMMMMMWWWMMW
o.o ’
o.8 !

o.o o.3 o.6 o.o 1.2 1.5

Time ( s )
b) Three Line—to—Ground Fault

1.2
1.1 -
1.0 - Pt
o.o -
o.a

o.o o.= o.s o.o 1.z 1.5

Time (s D

Figure 6 .5 : Fault Recovery of the System with Variable Q Filter

Note that the response is very similar to that of the system with the high Q tuned filter
(Fig. 4 .5 b&c). This is corresponding to the fact that the variable Q filter has high a
equivalent Q factor during fault recovery ( from 0.05 second to 0.75 second ). After that the
o order of the inverter is ramped back to 144° in 0.5 second, which results in the variable
Qfilter returning froma high Q factor to alow 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 disturbance vanishes.

Since the CEA control ( low Q factor ) at the inverter is selected in the steady state,
there are no steady state oscillations during normal operation. The results will be the same

as the ER—filter case in Fig. 5.5 .

In conclusion, the advantage of the variable Q filter is to combine the good features
of high Q factor during fault recovery and low Q factor during steady state, which resuits

in a solution for mitigating harmonic instabilities in all circumstances.
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6 .4 VARIABLE Q FILTER PERFORMANCE DURING FAULT RECOVERY

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 currents ( 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.
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Figure 6.6 : Waveforms in Variable Q Filter during Fault Recovery
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Shown in Fig. 6.7 is the Fourier analysis of the AC current 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 Q 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 ).
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Figure 6.7 : Fourier Analyses of the Waveform in Variable @ Filter during Fault Recovery

6.5 SUMMARY

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

of ER-link. The relationship between the Q factor and firing angle ¢ has been derived.
During normal operation the Q factor is kept low 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 eliminate the oscillations. The simulations show successful

operation of this concept. The following conclusions are obtained:
1. The variable Q filter allows operating at any desired Q factor by controlling the
firing angle QL.

2. This control action helps the system to damp out the oscillations quickly and return

to normal operation faster.
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3. The variable Q filter combines both advantages of the low Q factor during steady

state operation and the high Q factor during fault recovery.
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7.1 INTRODUCTION

In this thesis, the following contributions have been made:

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

2. Criteria in selecting filter for damping harmonic instabilities.

3. Component selection of an Energy Recovery filter.

4. Relationship between Q factor and O order in a ER~filter and the implementation
of a variable Q filter.

5. Transient tests prove the efficiency of the ER~filter in various configurations and

for various contingencies.

7 .2 THE COMPARISON OF DIFFERENT CASES IN STEADY STATE

Table 7 .1 is the data of the three cases in steady state ( the steady state results in the
system with a variable filter are the same as the ER—filter case, since the variable Q 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.
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Table 7 .1 : The Steady State Feature of the Systems

BASE SYSTEM | SYSTEM WITH | SYSTEM WITH
TUNED FILTER | ER-FILTER
DC CURRENT ( REC, ) 1.£0.038 P.U. | 1.+0.002P.U.| 1.*0.008PU.
DC CURRENT (INV. ) 1.£0.034P.U.| 1.+0002PU.| 1.%0.007PU.
O OSCILLATION ( REC. ) 5° <0.5° <1°
O OSCILLATION ( INV. ) 1.5° <0.1° <0.2°
SENDING POWER 053 + 20 MW 1040+ 2 MW | 098 +3 MW
RECEIVED POWER 933+ 12 MW | 987.5+2MW | 977+2 MW
POWER LOSSES 20 MW 52.5 MW 21 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 THE COMPARISONS OF THE DIFFERENT CASES DURING TRANSIENTS

7 .3.1 COMPARISON OF SYSTEM START-UP

Fig. 7 .1 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
e The systems start-up in about 0.4 second.
o The base system has much higher oscillations than other cases.

e 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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Figure 7.1 : The DC Currents during System Start-up

COMPARISON OF SINGLE LINE-TO-GROUND FAULT RECOVERY

Fig. 7.2 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 filters (conventional tuned, Energy Recovery or variable Q 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 current due to the inverter

failing commutation. There is no such event in the cases with filters.
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o In the system with a variable Q filter, the system recovery ( Fig. 7.2 d ) is better the
that of the other two cases with filter { conventional filter Fig. 7 .2 b or ER-filter

Fig. 7.2¢)
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Figure 7.2 : The DC Currents during Single Line~to-Ground Fault Recovery

7 .3.3 COMPARISON OF THREE LINE-TO-GROUND FAULT RECOVERY

Similar phenomena are observed in the system recovery from a rectifier AC bus three

line—to—ground fault recovery.
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Figure 7.3 : The DC Currents during Three Line-to-Ground Fault Recovery

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
filter ) solves the harmonic instabilities in the CIGRE system with significantly reduced

power losses.
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7.5 FUTURE 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 recover the
power losses in their resistors. Also, it may be possible to convert the ER damping type filter
discussed here into one that also tunable. To achieve this, we may have to vary the complex
part of the impedance (as opposed to merely the real part ). This could be achieved by using
thyristor or GTO devices in the rectifier. Adding firing angle control to the rectifier, we may

change the phase difference between voltage and current and thus the equivalent impedance.
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Appendix

PSCAD/EMTDC draft files for CIGRE benchmark Model
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