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Abstract

In recent years, major power engineering equipment manufacturers
such as Siemens and ABB have proposed the use of active filters in place of tradi-
tional passive filters in their newer HVdc schemes. The compact design and many
other advantages offered by active filters over their passive counterpart have

increased the appeal for this new technology.

The aims of this thesis are to develop detailed PSCAD/EMTDC™
models of active filters for both the ac- and dc-side of an HVdc scheme. The mod-
els are then integrated into the CIGRE HVdc Benchmark Model through suitably
designed de-coupling elements, to evaluate their effectiveness in reducing har-
monic currents in the system. Transient simulations have been carried out to
examine the active filter controller responses to transient conditions typical to

such an HVdc scheme.

This thesis also includes an investigation into the feasibility and per-
formance of an ac-side active filter installation within the Capacitor Commutated

Converter (CCC) HVdc scheme.
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CHAPTER 1

Introduction

High Voltage Direct Current (HVdc) converters have long been
identified as the source of harmonic voltages on the dc transmission lines
and harmonic currents on the ac systems connected to them and the;se are
mostly due to the switching actions of the thyristor valves. To prevent
these harmonics from leaving the converter station, “passive” filters have
traditionally been employed. These filters work on the principle of supply-
ing a low-impedance path at the chosen harmonic frequencies and thus

appearing as a short-circuit to ground for the respective harmonic currents.

In the past couple of years, there have been some interesting
developments in the area of filter design with the introduction of the so-
called “active” filters by major power engineering equipment manufactur-

ers such as Siemens and ABB in their newer HVdc schemes. Instead of

g et o——— A 5



Chapter 1

using passive components tuned to give the required harmonic filtering, these
active filters employ power electronic switching devices to produce compensating
current signals to cancel out the harmonics. Several papers have been published

pertaining to this concept of active harmonic filtering [1,2,3,4,5].

1.1 What are Harmonics?

Harmonics are defined as “the sinusoidal components of a repetitive
waveform which consist exclusively of frequencies that are exact multiples. (or
harmonic orders) of the fundamental frequency” {6, p.35]. A complete set of har-
monics then makes up a Fourier series which altogether represents the original
waveform. Literature discussing the nature of HVdc converter harmonics usually
classify them as either of the characteristic or the non-characteristic type. Both

will be discussed in more detail in the following sections.
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1.2 Characteristic Harmonics

Characteristic harmonics have orders that are related to the pulse
number of the HVdc converter. A converter of pulse number p produces (under

ideal system conditions) only characteristic harmonic voltages of orders
h = pk (1.1)
on the dc side, and harmonic currents of orders
h=pktl (12
on the ac side of the system; k being any integer.

Most HVdc converters are either of the 6- or 12-pulse configuration,

thus generating harmonics of the orders given in Table 1.1 below.

Pulse no. de side acside

P pk pkt1l

6 0,6,12,18,... | 1,5,7,11,13,17,19,...
12 0,12,24,... L11,13,17,19,...

Table 1.1 Orders of characteristic harmonics




The derivations of these characteristic harmonics can be found in liter-
ature [6,7,8]. Figures 1.1 and 1.2 on the next page present the variation of the 11th
and the 13th harmonic currents, respectively, as a percentage of the fundamental

current and in relation to the HVdc converter angle of delay, a and the overlap, n

[6, pp. 45-46].

In general, the higher the order of harmonics, the lower the harmonic
current magnitudes are. The resuits presented in Figures 1.1 and 1.2 will be used
in the next chapter to calculate the steady state harmonic voltage magnitudes
across the ac-side active filter terminals and then on, the active filter transformer

rating.
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1.3 Non-characteristic Harmonics

The characteristic harmonics presented earlier arise from ideal system
conditions. However, ideal conditions are rarely observed in practice and as a
result, small amounts of non-characteristic harmonics will be present in the sys-
tem. The term non-characteristic harmonics is used to indicate harmonic currents

or voltages which frequencies are other than those given by equations (1.1) and

(1.2) previously.

In HVdc systems, these non-ideal conditions are most often the result

of such events as:-

(1) Unbalanced 3-phase ac voltages due to a single-phase (i.e. a
non-symmetrical) fault.

(2) Imbalance in the converter components (e.g. due to compo-
nent failure).

(3) Misfiring of the converter valves.

(4) Changes in the direct current magnitude initiated by the
remote HVdc station.




Under either one of these conditions, the converter will start to produce
large amounts of non-characteristic harmonics. For example, converter trans-
former saturation (due to a non-symmetrical fault on the ac-side of the HVdc con-
verter) will produce a 2nd order harmonic current on the ac-side, which will then
give rise to a fundamental frequency current on the dc-side of the system. This
phenomenon called ‘complementary resonance’ is, in most cases, very unstable
and lightly damped due to the fact that the dc transmission lines are often resonant

at the fundamental frequency [6, p.113].

1.4 Harmonic Elimination

Excessive harmonics must be prevented from entering either the dc
transmission line or the ac system due to their tendency to cause voltage distor-
tion, extra losses on the transmission lines, overheating in capacitors and genera-
tors, instability in the converter controls and more seriously, interference with
external services such as telephone and railway signals {6, p.51]. Harmonic con-
tainment measures must be given top priority because if left unchecked, harmonic

currents or voltages will no longer be confined to the vicinity of the converter




station, but may well be propagated over long distances (through transmission
lines) and affecting equipment and facilities far away from the source of the prob-

lem. The principle means of harmonic elimination are:-

(1) Increasing the pulse number of the HVdc converter, and

(2) Installing harmonic filters.

Increasing the converter pulse number, as indicated by equations (1.1)
and (1.2) given previously, will increase the frequency at which the lowest order
of harmonics is produced and hence, the magnitude of the harmonics. Although
this method has been used in some converter schemes, it is of general opinion that
especially for HVdc applications, beyond the pulse number 12 the use of har-
monic filters are more economical [7, p.296]. This is because the design of higher

pulse-number converters presents the following disadvantages:

(1) Increased levels of lower order harmonics if and when the
converter transformers are taken out of service.

(2) Increased number of converter transformers used, both in
service and as spares.




(3) Complexity in transformer connections and insulation coor-
dination.

HVdc schemes in particular, have to utilise as simple transformer con-
nections as possible in order to minimise the problem of insulating the converter
transformers to withstand the combination of alternating and high direct voltages.
Moreover, HVdc passive harmonic filters have the ability to serve a dual purpose

of eliminating harmonics and providing reactive power supply to the converter.

The recent years have seen the development of a new type of har;nonic
filters generically referred to as “active filters’. In contrast to traditional ‘passive’
filters, so called because of their design which is solely based on passive compo-
nents, active filters utilise cutting edge technology in power electronics and signal
processing to pro-actively inject a carefully modulated current or voltage signal
into the system to counteract the problematic harmonics. It is this interesting
development in power engineering which will be pursued in greater detail in this

thesis.




1.4.1 Passive Filters

Passive filters work on the principle of supplying a low impedance path
at the designated harmonic frequencies, thus appearing as a short-circuit path for
the corresponding harmonic currents to flow to ground. In their favour, the filters
are electrically simple and very effective especially if the harmonics are located
within a narrow frequency range while the impedance of the harmonic source (in
this case, the HVdc converter) is high [1]. Nevertheless, they possess a few limita-
tions:-

(1) Passive filters are ineffective in covering a wide range of
frequencies, thus prompting the need to install several dif-

ferent filters to cater for different harmonic frequencies or
range of frequencies.

(2) Changes in the passive component characteristics e.g. due to
capacitor ageing, will cause detuning of the filter and the
subsequent degradation of filter performance.

(3) Passive filters operation depend on the ac network imped-
ance and the fundamental frequency.

(4) Problem of resonance of the filters with the ac network [6,
p.186].

10
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These technical limitations may lead to increasing design constraints
and complexity which ultimately bring about an increase in the cost of such filter

installations.

1.4.2 Active Filters

Active filters, on the other hand, measure the harmonic voltages or cur-
rents on the ac or dc line and through the use of a controllable voltage source,
introduce the appropriate ‘compensating’ voltages or currents into the network.
The active filter voltage or current waveforms are modulated in such a wa).' that
they are in phase opposition to the harmonic voltage or current, thus cancelling
out these harmonic quantities. Some of the advantages of using active filters are as

follows:-

(1) Flexibility of the filters to adapt to changes in the ac network
frequency or topology.

(2) In a ‘hybrid’ configuration where an active filter is used in
conjunction with a passive one, the former will be able to
compensate for the de-tuning of the latter.

11



Chapter 1

(3) The harmonic attenuation achievable by the filter is very
high on the whole frequency range.

(4) In addition to harmonic elimination, the active filter can also
be used to dampen resonance in the ac network [9].

(5) The comparatively small size of the filter installation makes
it easy for the filter to be transported and/or relocated.

(6) Modifications to filter characteristics only require changes
to be made to the control software. As no hardware changes
are necessary, updates can be made quickly and with mini-
mal additional costs incurred.

(7) In the ‘hybrid’ configuration, the number and size of the
passive filter banks can be reduced significantly. As well as
saving costs, this also reduces the energy associated with
voltage transients at the filter location.

However, with reference to the last point, it needs to be said here that

for the ac-side active filter installation, the total amount of available reactive

power compensation from the passive filter and shunt capacitor banks obviously

needs to be maintained. Therefore, if the number of passive filters are reduced, the

reduction in the reactive power supply has to be compensated by the shunt capaci-

tors and remaining passive filters.

12
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1.5 Previous Work on Active Filters

As mentioned in the beginning of this chapter, there are a few papers
published on the subject of active filtering, albeit with different emphasis on the
areas covered and the amount of details presented. With PWM-based FACTS
(Flexible AC Transmission Systems) applications becoming more important in the
pursuit of increased power transmission efficiency and cost reduction, we should
expect to see more publications dealing with the application of active filtering in

power engineering in the very near future.
During the time in which this thesis is written, the majority of pub-
lished papers on the aforementioned topic have covered such areas as:-

(1) Steady state analysis of the filter; mostly emphasizing the
effectiveness of the filter in removing harmonics (2, 4].

(2) Simple transient analysis covering the filter response to
system start-up and voltage increment/reduction [4].

(3) Costing exercises to gauge the feasibility and cost advantage
to be gained from such implementation of active filters on
new or existing HVdc schemes [4].

13
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(4) Appropriate controls strategies for application on different
ac network topology [1].

(5) Operational aspects of active filter installations [3].

There are also a few papers that deal specifically with the application
of PWM-based power electronic circuits to dampen resonance in a power system
network (1, 9]. Although this is somewhat loosely related to harmonic filtering,
the main concept of using PWM-based power electronic circuits to inject carefully
modulated current or voltage signals into a network and the control strategl:es
employed are very similar to those used in active filtering applications and thus

can be inferred to in various areas covered in this thesis.

14



1.6 Aims of This Thesis

Foremost, this thesis focuses on developing detailed PSCAD/EMTDC
models of ‘hybrid’ active filters for use on both the ac- and dc-side of an HVdc
scheme. This completed, the models are then integrated within the CIGRE HVdc
Benchmark Model [11] to evaluate their effectiveness in reducing the harmonic
levels in the system and also to test their responses to simulated transient condi-

tions typical to such a system.

On the ac-side of the system in particular, it will be shown that the dou-
ble-tuned 11/13th passive harmonic filter banks normally installed on the lines can
be removed altogether; their functions taken over completely by the active filters.
In this case, not only has the harmonic attenuation on the lines been improved, the
active filters have also provided some form of immunity against changes in the ac
system characteristics. Nevertheless, the loss in available reactive power supply
has to be made up by increasing the size of the shunt capacitor banks and this has

been duly taken into consideration.

15
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1.7 Structure of The Thesis

The following chapter will begin with the equivalent circuit representa-
tion of the active filter model which will then be used to formulate the steady state
equations for the system. These equations will later be applied in calculating the
kVA rating of the active filter transformer. The transformer represents a major cost

in the active filter scheme and therefore requires some degree of optimisation.

Next, Chapter 3 will describe the hybrid active filter models developed
using the PSCAD/EMTDC™ transient simulation software. Here, only the dc-side
active filter model will be explained as both the ac- and the dc-side installations
are almost identical. This will be followed by descriptions of the control blocks
used to measure the harmonic currents in the system and to produce the appropri-

ate PWM signals for the active filter voltage source.

The different simulation runs performed on the filter models and the
analysis of results obtained from EMTDC will then be explained in Chapter 4.
These analysis will hopefully help to verify the credibility of the models and to
indicate the degree of effectiveness of the filter installations. The tests also include

transient simulations which are performed to determine the filter controller

16
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stability under various fault conditions. In addition, some study cases will be pre-
sented to illustrate the impacts of ac system topology changes on the performance

of the active filters.

Next in Chapter 5, an investigation into the feasibility of an active filter
installation in a Capacitor Commutated Converter (CCC) scheme will be con-
ducted. For this exercise, the CCC scheme as proposed by ABB and for which an
equivalent circuit model has been developed by one of the author’s colleagues will
be used to test the active filter performance. Results from steady state simulations

will be presented before the readers for analysis.

Finally, Chapter 6 will conclude the thesis by summarising the work
done thus far and the main conclusions that may be derived from the whole exer-
cise. On the final note, some recommendations for further work in this area will be

presented.

17



CHAPTER 2

Active Filter Equivalent Circuit
and
Steady State Analysis

In Chapter 1, the principle behind active harmonic filtering has
already been explained in brief. This involves (1) detecting the phase and
amplitude of the line harmonic current and (2) injecting the appropriate
‘compensating’ current (which is equal in amplitude but completely out of
phase to the harmonic current) into the line at the measuring point and

therefore cancelling out the harmonics.

Depending on how the active filters are connected to the net-
work, they can be classified as either series or shunt filters. Figure 2.1 on
the next page illustrates the series active filter configuration [1]. Here, the
series filter prevents harmonics generated by Network #1 from entering the

other network by introducing a complementary voltage signal V,¢, which is

18



Chapter 2

equal in magnitude but opposite in phase to the harmonic voltage Vy, from Net-

work #1. The net result is zero harmonic voltage at the filter terminals.

Network #1 Network #2

series active filter

Figure 2.1 Series active filter

For HVdc applications, this configuration is obviously not feasible due
to the fact that the fundamental current (which is usually quite large) flows
through the active filter. This means that the rating of the active filter isolating
transformer has to be very large to accommodate the current. Secondly, due to the
large switching and lightning surge levels typical to HVdc schemes, the basic
insulation level (BIL) of this transformer has to be designed to match these surge
levels. Both factors above will undoubtedly increase the cost of the filter. A more
feasible solution will be to use the shunt active filter configuration, as depicted in

Figure 2.2 on the next page.

19



Network #2

Network # 1

Ve

[
63

+

Figure 2.2 Shunt active filter

Here, the filter unit measures the harmonic current I}, flowing in the
line and produces a ‘complementary’ current signal I¢to cancel out the bam;onics.
A de-coupling element is placed in between the active filter unit and the line to
prevent the network fundamental frequency voltage from appearing across the
filter terminals. In the case presented above, a passive filter network with imped-
ance Zyyris used for such a purpose. This combination of active and passive filters,

otherwise known as the ‘hybrid active’ filter, offers a lot of advantages such as:-

(1) The active filter is able to compensate for the de-tuning of

the passive filter, and

20



(2) The passive filter can be designed to provide a low imped-
ance path for the active filter current injection into the sys-
tem and for higher order harmonics from the system to flow
to ground. This arrangement reduces the workload of the
active filter as the filter can now be used to cancel out the
more dominant harmonics (e.g. the 11th and 13th) while the
passive filter takes care of the higher order harmonics. The

active filter transformer rating can then be reduced accord-~

ingly.

2.1 The ‘Hybrid Active’ Filter on the Ac-Side of an HVdc System

A singie-line diagram of the proposed “hybrid active’ filter designed
for the ac-side of an HVdc scheme is illustrated in Figure 2.3. The active filter is
connected to the ac busbar through a passive filter network which, in this case, is a
high-pass filter. The complementary harmonic current injection of the active filter

unit is provided through a controllable voltage source which uses a pulse-width

modulation (PWM) technique to produce the required current profile.

21



Next, an isolation transformer is used to provide potential isolation,
voltage matching between the PWM voltage source and the voltage across the

filter unit, V,¢and some filtering of the high PWM switching frequencies [1].

system impedance DC line
—= e[
£ | oc
©+ passive filter
\'/
AC System - + *
isolation transf. )
M PWM-based
vaf controllable J-
voltage src.
- = =

Figure 2.3 Single line diagram of the ac-side
hybrid active filter

22



2.1.1 Equivalent Circuit

In order to develop the equivalent circuit for the hybrid active filter, the
single-line diagram in Figure 2.3 on the previous page is re-drawn with the pas-
sive filter network represented by a single impedance Zy,¢ and the active filter unit
replaced by a voltage source. The simplified diagram is shown in Figure 2.4
below. In this diagram, I}o4 denotes the HVdc converter current, Ig is the current
injection from the active filter unit, V,¢is the voltage across the active filter source

and L is the ac system current.

E_? Vs 2L
. o ||

Figure 2.4 Simplified diagram of the active filter

23
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At the fundamental frequency, the fundamental bus voltage Vy,, will
be dropped predominantly across the passive filter network; the passive filter
effectively blocking out the fundamental components from the active filter unit.
The active filter is no longer subjected to the full rated ac busbar voltage and cur-
rent and hence can be designed with smaller transformer kVA rating and lower

basic insulation level (BIL).

At the harmonic frequency f;, (f, = h*f, , where f| is the fundamental
frequency and h is the harmonic number), the equivalent circuit of the hybrid

active filter will be reduced to the one depicted in Figure 2.5 below.

Figure 2.5 Equivalent circuit of the active filter at
harmonic frequency.
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In Figure 2.5, I}, represents the current generated by the harmonic
source (i.e. the HVdc converter). As mentioned earlier, the active filter must pro-

duce the appropriate current signal I¢), to cancel out the harmonic current and thus

prevents it from entering the ac system.
Therefore,

If;h = .Ih (2.1)

Under the condition above, it is obvious that Vi, y, will be zero. This

can only be true if

vV =P 2.2)
af, h pr h

Where Vzpf j, is the voltage at harmonic frequency A, across the pas-

sive filter network. From equation (2.2) above, we can therefore deduce that

o = 2o Th) @3)
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Equation (2.3) re-affirms the benefits of using a passive filter network
as the de-coupling element. As the passive filter offers a low impedance path to
ground at the tuned frequencies, only the tuned harmonic voitages will appear
across the active filter terminals. Henceforth, the total voltage across the active fil-
ter terminals will be small compared to the fundamental ac voltage and this
reduces the kVA requirement of the active filter isolation transformer (see Figure

2.3).
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2.1.2 Steady State Calculations

Equation (2.3) developed earlier will now be used in this section to
determine the kVA rating of the isolation transformer for the hybrid active filter.
The transformer represents the bulk of the cost associated with the active filter
installation as well as the losses [2,4] so a smaller transformer rating is desirable.
To begin with, the impedance of the passive (de-coupling) filter, Z,¢ will be calcu-

lated and its magnitude plotted against the harmonic number to verify that the

filter tuning is correct.
Ce Filter parameters: ~ C, = 6.685 uF
@ C, =7427uF
Rp2 - L, =1364 mH
> R, =29.76 ohms
L Ry, =261.87 ohms
Figure 2.6 De-coupling filter
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Given,

2 (h) =2, (W) +2Z, (h) +Z, (h) and
arml Cp Lp Rp

ZarmZ (h) = Rp2

Thence, the passive filter impedance Z¢ is given by,

Z 1 M) 20 (B
Z (k) = Z. (h) +( arml arm J 2.4)
2f CS Zarml () + Zarm2 (h) ;

Figure 2.7 on the next page shows the magnitude of Z,¢ plotted against
the harmonic number. In this thesis, the CIGRE HVdc Benchmark Model [11] has
been used to test the active filter scheme. The filter unit is connected to the ac-side
of the HVdc rectifier being fed from an ac voltage source of 345kV (rms) (see
Appendix I). Now, based on the fundamental ac line current of 1.673kA (rms) and
using the curves in Figures 1.1 and 1.2 shown previously in Chapter 1, the peak

magnitudes of the 11th and 13th harmonic currents can be calculated. Note that

the HVdc model operates at a delay angle, a= 15° and overlap angle, p= 25°.
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Freq. response of the de-coupling filter
m,
260
I
‘E 180
F
2 140 -
100 4
w L] L] L e L

1 3 5 7 9 1 13 15 17 19 21
Harmonic Number

Figure 2.7 Frequency response curve for the de-coupling fiiter

Here, only the magnitudes of the 11th and 13th harmonic currents
have been considered; the two being the dominant harmonics on the ac-side.
Using equation (2.3) developed earlier and the calculated value of Z¢at the cho-
sen harmonics, the voltage across the active filter terminals can then be deter-

mined. The results are given in Table 2.1.

mﬁ
" Pﬂ hI Amps, rms li’aj: kl kV, rms
11 50.19 4.47
13 25.10 2.28

Table 2.1 Magnitude of ac harmonic currents and voltages at the filter location
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The kVA rating of the active filter transformer is calculated conserva-
tively by first determining the rms values of the harmonic currents and voltages

and then taking the product of both quantities.

Lrms) = J2 2, = J5019°+25.10 = 5612 A (mms)

V(rms) = [P +V, = Jaarkr? 4228007 = 5.02kV (pms)

Thus,
kVA; s = 56.12A x 5.02kV = 0.28 MVA (rms)

Hence, an isolating transformer rated to at least 280 kVA will be
required for the active filter on the ac-side of the HVdc system. The turns ratio of
this transformer, on the other hand, will have to take into account the fact that a
voltage of at least 5.02kV (rms) needs to be available on the winding side con-
nected to the ac line. In the final design, as will be seen later, a turns ratio of 25:1

has been chosen to satisfy the above requirement.

30



Chapter 2

2.2 The Dc-side Hybrid Active Filter

In this section, the hybrid active filter for the dc side of the HVdc sys-
tem will be described. Most of the steps involved in the development of the equiv-
alent circuit for the filter and the steady state equations used are similar to those
already developed in the previous section and hence will only be inferred to at this
stage. Figure 2.8 below shows the single-line diagram of the active filter unit con-
nected to the dc line via a double-tuned 12/24th passive harmonic filter. The pas-
sive filter network is used primarily to provide a low impedance path for the
harmonic current injection into the dc line. Nevertheless, as will be seen later in

Chapter 4, the chosen passive filter is also able to provide a reasonable amount of

harmonic filtering by itself.
Smoothing reactor Vv, DC line
ol bus —_-
i
—T% o
2 ffiiomes
l  isolation transf.

aof controllsbie
. voltage src.

Figure 2.8 Single line diagram of the dc-side
hybrid active filter
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2.2.1 Egquivalent Circuit

Figure 2.9 below shows the equivalent circuit of the dc-side hybrid
active filter at the harmonic frequency, fy,. This circuit is derived from the single
line diagram in the same way as has been done in section 2.1./ earlier. Zy y, repre-

sents the impedance of the dc smoothing reactor at the harmonic frequency, fj,.

Vm
Zyn Ly Ige
+ Ign T z’“
Va
) +
Vata

Figure 2.9 Equivalent circuit of active filter at
harmonic frequency.

In the circuit above it is easy to see that at the harmonic frequency,

Vius,» = 0 for an ideal condition where we have perfect cancellation of the har-
monic current emanating from the HVdc converter, J;,. Therefore, as given in the

previous section, the current injection from the active filter unit, Iﬂ, will be,
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Iy = -l 2.5)

Hence, Vaj; h= —(pr; h -Ih) which in actual fact is equation (2.3)

from section 2.1.1 earlier.

2.2.2 Steady State Calculations

Again here, equation (2.3) is used to calculate the kVA rating of the
active filter isolation transformer. In this case, only the 12th and 24th harmonic
quantities are taken into consideration; both being the dominant harmonics on the
dc-side of the HVdc scheme. The 12th and 24th harmonic currents are measured
directly near the input terminals to the active filter unit rather than obtaining them
by calculation as this seems to be more convenient. The harmonic voltages across
the active filter terminals are then calculated and the results are as tabulated on the

next page.
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h [tz Amps, rms [Vapsl Ko rms
12 961 091
2 122 o1

Table 2.2 Magnitude of dc harmonic currents and voitages at the filter location

From the results above, the kVA rating of the active filter transformer is
calculated conservatively by determining the rms values of the harmonic currents

and voltages and taking the product of both.

I,= |0+, = d9.61°+122% = 969 A (oms)

V= [P+, = Jostr? +0116” = 092KV (ms)

Thus, kVA,;¢ = 9.69A x 0.92kV =891 kVA (rms). Hence, an isolat-
ing transformer rated to only 8.91 kVA will be required for the active filter on the
dc-side of the HVdc system. This is quite small compared to the 280 kVA trans-
former required for the ac-side active filter. In the final design, a transformer rat-
ing of 9 kVA has been used. Also, a turns ratio of 10:1 has been chosen as only

0.92 kV is needed on the transformer winding connected to the de-coupling filter.
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CHAPTER 3

Active Filter Modelling
in PSCAD/EMTDC™

In the previous chapter, the equivalent circuit for the hybrid
active filter has been developed and from the steady state equations that
followed, a rough guide to the ratings and turns ratios of the active tilter
isolation transformers have been specified. Now in this chapter, the other
component of the filter, namely the PWM controllable voltage source (or
more commonly referred to as the voltage source inverter - VSI), will be
developed and explained. Following this, the control blocks for the active

filter as well as the control strategy employed will be studied in detail.

Before proceeding further, it should be noted here that the
active filter components developed in this thesis apply equally well to both
the ac- and the dc-side harmonic elimination, therefore only the dc-side

filters will be examined in this chapter
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In this thesis, the hybrid active filter models and their associated con-
trols have been developed using the standard library components available in the
PSCAD/EMTDC simulation software. This simulation tool provides a very flexi-
ble platform to create and simulate the transient responses of power engineering

circuits such as the ones used in the active filter design.

3.1 PWM Voitage Source Inverter (VSI)

At the heart of the active filter unit is the VSI which utilizes pulse-
width modulation (PWM) techniques to produce appropriate current signals to
cancel out the harmonic currents from the HVdc converter. The PWM-based VSI
is illustrated in Figure 3.1. Although the dc input to the VSI bridge is usually
obtained by rectifying the utility ac voltage, the inverter circuit model in this the-
sis is provided with its own dc source to simplify the circuit. IGBTs have been
proposed as the switching devices for the VSI in a number of papers describing
active filters and FACTS devices [1,2,4,17,18]. However, in EMTDC, the model-
ling of IGBTs and GTOs are almost identical since both types of devices are sim-

ply represented by a switch with gate turn-on and turn-off controls [15]. Taking
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this into consideration, GTO models (which are readily available from the
PSCAD library) have been used for the switching devices in this thesis. Neverthe-
less, the switching characteristics of these devices have been designed to closely

simulate those of IGBTs [15].

Tmmd:enc—ordc-linevinthepasiveﬁlwtnctwotk.

= ;it 'yl

Figure 3.1 PWM voltage source inverter (VSI)

ﬁ"l

In the VSI design, a tolerance-band switching control strategy has
been employed to turn the appropriate VSI GTO pairs on or off in order to connect
the bridge outputs (A-B) to either the positive or negative pole of the direct volt-
age source, Vg [10, 19].This effectively modulates the magnitude of the PWM
inverter current output, I, to follow a current order from the filter controls. This
concept of tolerance-band switching control is best illustrated by Figure 3.2 on the

next page.
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V,
+V, coat
s
Ve |
T! & T20N
T3 & T4ON Time

Figure 3.2 PWM inverter tolerance-band switching

As can be seen above, depending on the present level of I, in rela-
tion to I,.4., (i.e. the current order from the filter controls), GTO thyristor pairs
T1,T2 or T3,T4 are switched on to modulate the VSI bridge output voltage V .,
to be between +V 4, and -V .. The polarity changes in Vg, thus increases or

decreases I, to within the pre-specified tolerance band limits.
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3.2 Active Filter Controls

The strategy employed in the active filter controls can roughly be cate-

gorised into two distinct approaches:-

(1) Where the filter control is designed to cancel out all measur-
able harmonics on the line, and

(2) Where the active filter is only used to cancel out selective
harmonics (usually the more troublesome ones).

In references [2,17], the PWM controller has been designed in such a
way that it measures the full complement of harmonics on the line (by subtracting
the fundamental from the measured line current) and then forces the VSI to track
the measured harmonic currents by issuing the appropriate current orders. This
approach eliminates gll existing harmonics on the line; the down-side is that har-
monic attenuation is only mediocre as the PWM has to work across a broad spec-

trum of frequencies.

In this thesis, a selective harmonics elimination approach has been
taken whereby the active filter is designed to remove only the more dominant (i.e.

more troublesome) harmonics from the line. All higher order harmonics are left
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for the passive filters to take care of. This control strategy has been found to give a

much better harmonic attenuation at the chosen frequencies with only a small

voltage source required.

The dc filter controls have been divided into two groups of control
blocks: (1) Harmonic current signal processing blocks and (2) PWM modulator
and pulse logic control blocks. Both will be explained in greater detail in the fol-

lowing sections.

3.2.1 Harmonic Current Signal Processing Blocks

The harmonic current signal processing blocks are given in Figure 3.3.
In order to eliminate the harmonics, the magnitudes and phases of the harmonic
currents need to be determined. Here, the dc line current is measured and imported
into an FFT block (available from the PSCAD components library). The FFT
block then performs a Fourier analysis on the current signal and obtains its har-
monic components in terms of their peak magnitudes (I) and phases (Py,). From
this information, cosine functions are used to re-construct the 12th and 24th har-
monic current waveforms. The two harmonic currents are summed up and the

resultant signal inverted to form the preliminary reference current order.
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—> I
Igo— FFT P
|—® fundamental component
Py(12)
Ih( 12 cosine
G0OHZ ref. freq. inverter store & hold
C D___ x (-1) S & H ——Iorger
Pyp(24)
Th(24 cosine |
1200Hz ref. freq. Figure 3.3 Harmonic current signal
processing block.

Next, the reference current signal is passed through a ‘store and hold’
function block. The ‘S&H’ block is the PSCAD equivalent of a ‘ring buffer’ and
introduces a 1.67ms delay into the control loop (which corresponds to one com-
plete cycle of the 12th harmonic current). This delay is purposely put into place to
approximate the response of a real-time controller whereby the processing of an
input signal will inherently incur some time delay as the signal traverses through

the various control blocks in the system [15]. The resultant reference current
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order, referred to here as I 4., is then sent to the next control group for further

processing.

3.2.2 PWM Modulator and Pulse Logic Control Blocks

Figure 3.4 on page 44 shows the PWM modulator and pulse control
logic blocks. As the name suggested, this second control group consists of two
different control functions, (1) the PWM modulator, the function of which is per-
formed by a small component called the hysteresis buffer (or also called a hyster-

ectic comparator [17]), and (2) the pulse logic controller.

3.2.2.1 The Hysteresis Buffer

In Figure 3.4, the PWM inverter current I, is initially compared to
the reference current order I 4., to determine the deviation of the former from the
latter. The error signal is then fed into the hysteresis buffer component which con-
trols the width of the switching tolerance band (refer to Figure 3.2). The buffer
measures the level of etror signal fed into it and if the signal exceeds a user-speci-
fied threshold limit, the component then toggles its present logic level between 1

and 0 (depending on whether the error signal breached the upper or the lower
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threshold limit). In other words, the buffer converts a real signal into a logic
signal. While the error signal is within the hysteresis zone (i.e. within the thresh-
old limit), the present logic level is maintained until the next state transition takes

place.

The hysteresis function of the buffer also provides some form of noise
immunity to the controls in the sense that a state transition between logic levels
cannot occur until the input signal to the block (i.e. the current error signal) has
moved decidedly across the input threshold limit set by the user [16]. By changing
the input threshold limit within this control block, the user can define the width of
the tolerance band used in the switching scheme and subsequently the PWM

inverter switching frequency.

Figure 3.5 (a) on page 47 shows the actual waveform of I, in relation
t0 Iy rger and also the width of the tolerance band specified in the hysteresis buffer.
The output from the hysteresis buffer is a pulse-width modulated (PWM) signal
which is used later to control the firing sequence of the GTO thyristor pairs in the

active filter VSI (Figure 3.5 (b), page 47).
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Figure 3.4 PWM modulator and pulse logic control




3.2.2.2 The Pulse Logic Controls

The pulse logic controls are not involved in controlling the firing
sequence of the thyristors but rather play an important role in preventing erratic
switching of the GTO devices. The controls, made up of two “monostable” buffers
and their associated logic gates, are used to detect the leading and trailing edges of
the PWM signal output from the hysteresis buffer and then, if necessary, to condi-

tion the signal before it is sent to trigger the GTOs.

In Figure 3.4, the first monostable unit receives a PWM signal from the
hysteresis buffer and upon sensing a leading edge in the signal, changes its state
from O to 1. The ‘high’ state is then maintained for a pre-defined time length of
30us (a time step of 10y s has been used consistently throughout the simulation
exercises in this thesis). This 30u s time delay is used to ensure that the maximum
switching frequency in each of the GTOs is no more than 1/30u s or 33kHz. This
limit has been intentionally designed into the controls to approximate the switch-
ing frequency characteristic of an IGBT [15]. Please refer to the switching wave-
forms in Figure 3.5 (c) on page 48. The first monostable output is then compared
to the original PWM signal using an OR-gate.
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In the second stage, the output signal from the previous stage is firstly
inverted before being fed into the second monostable block. Thus, the leading
edge detected by this monostable block is actually the trailing edge of the original
PWM signal. As soon as the ‘leading edge’ is detected, the monostable output
goes ‘high’ and as before, this logic state is maintained for at least 3 time steps
long. The second monostable output is then inverted so that the indicated ‘leading
edge’ will now become, once again, the trailing edge of the signal. This signal is
finally re-combined with the output from the first monostable stage in an AND-
gate to give a resultant output PWM signal which will produce a GTO firing

sequence with a maximum switching frequency limited to 33kHz.

The actual PSCAD waveform showing the second monostable state
transitions is given in Figure 3.5 (d) on page 48. An important thing to note here is
that during the simulations done to produce the waveforms given in Figure 3.5 (a)-
(d), none of the outputs from the hysteresis buffer component have state transi-
tions that are less than three time steps in length so the PWM signal output from
the second monostable stage is in every way identical to the original PWM signal
from the hysteresis buffer. As no state transitions have violated the user-defined

length of three time steps, no signal conditioning is necessary in this case.

46



Chapter 3

Finally, the delayed and conditioned PWM signal is sent to initiate the
proper firing sequence of the GTO thyristors in the VSL

o lcont
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Hysterisis buffer output (PWM signal)
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Figure 3.5 (a-b) Control blocks signal waveforms (part I)
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Figure 3.5 (b - d) Control blocks signal waveforms (part II)

Chapter 3
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CHAPTER 4

Steady State and Transient
Simulations

IThe active filter models developed in Chapter 3 have been
tested in EMTDC by connecting them to the CIGRE HVdc Benchmark
Model [11]. Two types of simulations have been performed and the r?sults
are presented in this chapter: (1) steady state simulations, and (2) transient

state simulations.

Steady state simulations are conducted to verify the feasibility
of active filtering when applied to the ac- and dc-side of an HVdc scheme.
From these exercises, it is hoped to be able to predict the performance of
the filter in terms of the magnitudes of harmonic currents or voltages that
have been prevented from entering the ac system (for ac-side active filter)
or the dc line (dc-side filter). On the other hand, transient simulations are

performed to test the active filter controller stability when subjected to
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transient conditions such as a single- or a 3-phase fault on the ac line. Simulation
of these conditions will help in identifying potential problems (if any) which may
affect the performance of the active filter controller and harmonics filtering in gen-

eral.

In addition, some study cases have been done to show the readers what
bappens when the system topology changes e.g. due to a shunt capacitor bank fail-
ure on the ac system or when a change is made in the dc smoothing reactor size.
Furthermore, on the ac-side a new circuit model using a 3-phase PWM VSI feed-
ing into a 3-phase transformer has been developed and tested to determine ts fea-

sibility and transient responses.

All these simulation runs and test cases will, hopefully, help us to
better understand the workings of the active filter on both the ac- and dc-side of an
HVdc system and to gauge the effectiveness of the filter installation in preventing
harmonics generated from the convertor station from entering either the ac system

or the dc transmission line.




Chapter 4

4.1 Ac-side Active Filter Simulstions

The ac-side active filter configuration has been detailed in Chapter 3.
In that configuration, each of the three phases on the ac line is connected to a shunt
filter unit through a high-pass filter network which acts as the de-coupling ele-
ment. PSCAD drafts of the HVdc system with the active filter units and the filter

control blocks are given in Appendix I and II.

With respect to the original CIGRE benchmark model, the 11/13th
double-tuned passive filter banks which are normally provided on such a system
have been removed; the slack in the reactive power availability from these filter
banks is compensated by increasing the shunt capacitor sizes accordingly. With
such arrangements, the active filter units are now tasked with the elimination of
the 11th and 13th barmonic currents on the line; all higher order harmonics are

taken care of by the high-pass filters.
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4.1.1 Steady State Simulations

In the steady state simulations, the HVdc is started in the PSCAD

Runtime”™ module and allowed to reach a steady state condition before the active

filter circuits are switched in at time t=0.6s.

Plots of the (peak) magnitudes of the 11th and 13th harmonic currents
plus other important quantities are acquired within the Runtime module and
imported into the PSCAD Multiplot™ module for processing and obtaining hard-
copy printouts. Most of the figures provided in this chapter are obtained from the

Multiplot module.

Figures 4.1 (a) and (b) on the next page show the level of reduction in
the magnitudes of the 11th and 13th harmonic currents respectively, on phase ‘a’
of the ac line before and after the active filter units are switched in at t=0.6s; simi-
lar results are obtained from the other phases. As can be seen, the 11th and 13th
harmonic currents before active filtering are already quite low; the 11th harmonic
current, for example, is measured at only 4.0A despite the fact that the 11/13th
harmonic filters have been removed from the system. This is, however, not

surprising since the large shunt capacitor (10.027uF) on the ac line has provided
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much of the filtering for the 11th and higher order harmonics. In addition, the de-

coupling filter has also provided some harmonic filtering in the system. In Figure

4.1 (a), the active filter has reduced the 11th harmonic current magnitude on phase

‘a’ down to around 0.45A.
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Figure 4.1 (a) Magnitude of 11th harmonic current
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Figure 4.1 (b) Magnitude of 13th harmonic current
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The influence of the shunt capacitors on the harmonic level in the ac
system is reflected in total harmonic distortion (THD) measured on the current
waveform (see Table 4.1 below). The active filter is able to slightly better the THD

value by 0.05%.

Active fler = ot

THD = 1.070% THD = 1.020%

Table 4.1 Measured total harmonic distortion (THD)

in the current waveform from Figure 4.1 (f)

However, as the HVdc converter reactive power requirement increases
or decreases, the shunt capacitor banks have to be switched in and out to cater for
these changes and thus we expect the harmonic levels to change accordingly. The
application active filtering in this case will then ensure that whatever changes take
place in the system topology, the amount of harmonics entering the ac system
remains the same. This shall be illustrated in Case Study # 1 later in this chapter.
In addition, the active filter also provides some immunity against changes in the ac
network frequency. Figures 4.1 (c) and (d) show the active filter current output

I ont in relation to the current reference order I 4., sent to the filter control circuit.




As shown, the measured switching frequency of the PWM inverter is close to 17
kHz and the specified tolerance band (Figure 4.1 (d)) is around 30A near the peak

of the controller current waveform. These results are consistent with those

reported by Rastogi, Mohan et.al [2].
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Figure 4.1 (c), (d) PWM controller current in relation
to the reference current order
Next in Figures 4.1 (e) and (f), the phase ‘a’ current waveforms are
shown to illustrate two important points: (1) the combination of the high-pass
filter and the active filter is proven to be effective in removing most of the

harmonics on the ac line, as indicated by the smooth current waveform measured
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just beyond the harmonic filtering point (Figure 4.1 (f)), and (2) the switching-in
of the active filter at time t=0.6s has negligible impact on the system as no current

transients are noticeable in both waveforms.
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Figure 4.1 (¢), (f) AC current waveforms on phase ‘a’

Figures 4.1 (g) and (h) on the next page show the results of a Fourier
analysis performed on the ac current waveforms from Figures 4.1 (e) and (f),
respectively. In the topmost plot, the system is shown to have a predominant 11th
and 13th harmonics and also a significant amount of 23rd and 25th harmonic cur-
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rents. The combination of high-pass and active filters is then shown (in the bottom

plot) to have successfully remove most of the harmonics from the line.
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Figure 4.1 (g), (h) Current harmonics on phase ‘a’ before and
after application of passive and active filtering
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4.1.2 Case Study # 1: Shunt Capacitor Bank Failure

In the previous section, the shunt capacitor banks have been shown to
impart a significant influence on the level of harmonic currents on the ac line. This
case study will show the effect of a reduction in the shunt capacitor size dueto a
capacitor failure and how the active filter can then lend support in preventing the
increased current harmonics from entering the system. In this case study, the shunt
capacitor values have been reduced by 25% to 7.52uF and the steady state simula-

tion repeated in the same manner as described in section 4.1.1.

Figure 4.2 on the next page shows the reduction in the 11th harmonic
current magnitude upon switching-in of the active filter. The current magnitude
prior to the application of active filtering is nearly 9.2A and the filter is able to
reduce this current to 0.73A. As have been done previously, the THD is measured

on the ac current waveforms and the resuits are presented in Table 4.2 below.

THD =1.301% THD = 1.025%

Table 4.2 Measured total harmonic distortion (THD)
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Figure 4.2 Magnitude of 11th harmonic current

With a 25% reduction in the shunt capacitor value, the THD as
measured on the ac current waveform has increased by approximately 21.5%
compared to the 1.070% THD obtained in the previous section (see Table 4.1).
The use of an active filter in this case has the effect of reducing the THD to around
1.025%; almost back to the same level as it has been with the full shunt capacitor
banks in place. This simple exercise thus shows the flexibility of the active filter to
adapt to changes in the ac network - as quoted earlier in the introduction to this

thesis.
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4.1.3 Transient Simulations

Transient simulations are conducted to evaluate the active filter con-
troller action in response to system disturbances at start-up and also due to single-
and 3-phase faults. This will give some indication as to how stable the controller is

and whether such disturbances have any effect on the filter performance.

4.1.3.1 System Start-up

In this part of the simulation, the HVdc system is started with anfi with-
out the active filter switched in. This exercise is done in order to ascertain whether
any unnecessary disturbances is caused by the active filter operation which will
then necessitate the use of a viable start-up procedure as suggested by Rastogi,

Mohan, et. al. [2].

Figures 4.3 (a) and (b) on the next page show a comparison between
the phase “a’ system current waveforms at system start-up under both conditions
described above. The current waveforms indicate that there are no obvious prob-
lems associated with system start-up with the active filter on and therefore it can
be concluded that, at least in this particular system, no special start-up procedure
needs to be employed.
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Figure 4.3 (a) System start-up with active filter off
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Figure 4.3 (b) System start-up with active filter on

4.1.3.2 System Response to a Single-phase Fault

Throughout all the single- and 3-phase tests which will be detailed in
the following sections, the active filter is switched on at the starting point in the
simulation run and remains connected to the system until the end of the test. In
this section of the thesis, a single line-to-ground (L-G) fault is applied to the phase

‘a’ of the system at time t=0.6s and for a duration of 50ms.
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Figure 4.4 (3) 11th harmonic current magnitude
following a single L-G fault on phase ‘a’

Figure 4.4 (a) above shows the transients in the 11th harmonic current

magnitude following the applied L-G fault on phase ‘a’ and also the recovery

period thereafter. As illustrated above, the active filter controller is able to recover

from the transient condition and continue with its task after about 0.2s with no

observable degradation in the harmonic filtering performance. (Note: harm. curr.

filtd = system harmonic current, harm. curr. src. = converter harmonic current)

Next, in Figure 4.4 (b), the filtered ac current waveforms (i.e. the sys-

tem currents) indicate that during the first half-cycle following the fault, a huge

overcurrent nearly 10.5kA in magnitude has occurred on phase ‘a’. The overcur-

rent condition persisted during the next two cycles before the phase current

returned to normal as the fault is cleared at time t=0.65s.
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Figure 4.4 (b) Phase currents during L-G fault

4.1.3.3 System Response to a 3-phase Fault

This section details the 3-phase L-G fault simulations on the HVdc sys-
tem described in the previous section. Here, a L-G fault is applied on all three
phases on the ac line at time t=0.6s for a duration of 50ms while the active filter is
connected to the system. As mentioned earlier, each of the ac line is connected to a

single-phase PWM inverter through a high-pass filter network acting as the




de-coupling element. Figure 4.5 (a) below shows the transients in the 11th har-

monic current magnitudes due to the applied 3-phase fault.
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Figure 4.5 (a) 11th harmonic current magnitudes
following a 3-phase fault

Again here, the active filter controllers are able to recover from the
severe 3-phase fault approximately 0.15s after the faults are cleared. No controller
instability is detected even after application of such a severe fault thus indicating

the robust nature of the designed controls for the filter.
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4.1.3.4 Case Study # 2: 3-Phase PWM Inverter

For this section, a 3-phase PWM voltage source inverter (VSI) feeding
into the ac line through a 3-phase 25:1 isolation transformer rated at (3 x 280) kVA
has been developed (Note: in the single-phase design, a 280 kVA transformer has
been used). As usual, a high-pass filter network has been used as the de-coupling
element while the 11/13th filters have been removed from the ac line. The PSCAD
draft illustrating this new VSI configuration is shown in Appendix III. A simpli-

fied diagram of the circuit is shown in Figure 4.6 on the next page.

Comparing this circuit to the original ac-side active filter (Appendix I),
we can see that the new circuit uses half the number of GTOs and diodes and a
single 3-phase transformer instead of 3 separate single-phase ones. This new con-
figuration obviously makes for a more compact filter design than the original sin-

gle-phase circuit.

The VSI works on the assumption that the three phase harmonic cur-
rent inputs to the active filter controller add up to zero. In other words, it is
assumed here that there is no zero-sequence harmonic current flowing on the ac
line - a valid deduction for a system with a balanced 3-phase supply from the ac
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source. As such, it is interesting to find out how such a filter configuration per-
forms under imbalance condition on the system; a condition which may occur, for

example, due to an asymmetrical fault on the line (i.e. a single-phase L-G fault).
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Figure 4.6 3-phase PWM voltage source inverter
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Figure 4.6 (a) 11th harmonic current magnitudes

Figure 4.6 (a) above illustrates the magnitudes of the 11th harmonic
currents being reduced to around 0.35A after the active filters are switched in at
time t=0.6s. The achieved reduction in the 11th harmonic current magnitude con-
firms that under balanced system condition, the 3-phase PWM VSI performance is

at least on par with those obtained earlier using the single-phase PWM circuit.

Now, the same circuit is subjected to a single-phase L-G fault similar

to the one discussed earlier in section 4.1.3.2. Figure 4.6 (b) then shows the
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magnitude of the 11th harmonic current on the line before the applied fault and

during the recovery period.
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Figure 4.6 (b) 11th harmonic current magnitudes
during single-phase fault

The plots above prove that the transient harmonic currents on the two
unfaulted phases are not as bad as expected under such imbalance condition.
Although the single-phase fault has caused some degradation in the filtering
performance on the other two phases, the active filter is still capable of correcting
itself as soon as the fault is cleared from the line. In addition, no adverse transient

overcurrents are present on the two unfaulted lines.
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4.2 Dc-side Active Filter Simulations

The dc-side active filter configuration has also been explained in detail
in the previous chapter. In the configuration dictated in Chapter 3, the active filter
unit is connected to the dc line through a double-tuned 12/24 passive filter net-
work which acts as the de-coupling element. However, as shown through the
steady state calculations performed in Chapter 2, the dc-side active filtering only
requires an isolation transformer rated to 8.9kVA. A turns ratio of 10:1 has been
chosen for this transformer to provide enough current output from the PWM

inverter to match the dc harmonic currents to be eliminated.

With reference to the original CIGRE HVdc benchmark model used as
the test system in this thesis, a few parametric adjustments have to be made to this
model to facilitate the dc-side simulations. The CIGRE model design is actually
based on a real HVdc scheme which connections are via long dc cables and as
such, the huge cable capacitance have made redundant the need for filters to be
installed on the dc side. Therefore, the dc line parameters have been modified to
approximate a long overhead dc transmission line while two 400mH smoothing
reactor have been installed at both ends of the line. The PSCAD drafts showing

the dc-side active filter installations and the filter controls can be found in
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Appendix IV and V. Please note that active filtering is only provided on the recti-
fier side of the system; no harmonic filtering is applied on the inverter side of the
dc line.

In this part of the thesis, only steady state simulation runs have been
conducted. Faults on the ac side of the system is normally dealt with by the HVdc
converter controls which limits the converter operation and prevents much of the
transient energy associated with such occurrences from propagating into the dc
side of the system. For dc line faults, the converter controls will normally revert to
a special mode of operation called “force-retarding” [6, pg.174] which is designed
to dissipate the energy from the fault transients. Thus, it is assumed that any
occurrences of fault on either the ac- or the dc-side will not badly affect the active

filter controls.

The dc-side active filter controls have been designed to eliminate only
the 12th and 24th harmonic currents - the two being the more prominent harmon-
ics on the dc side. In the case study for this section of the thesis, the rectifier-side
dc smoothing reactor size is reduced by as much as 50%, thus increasing the dc
harmonic currents and consequently the work load imposed on the active filter cir-

cuit. The active filter performance under such condition is then investigated.

70



Chapter 4

4.2.1 Steady State Simulations

Figures 4.7 (2) and (b) show the reduction in the magnitudes of the
12th and 24th harmonic currents due to active filtering applied at time t=0.6s.
(Note: harm. curr. filtd = dc line harmonic current, harm. current (REC) = rectifier

harmonic current)
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Fi 4.7 (a) and (b) Magnitudes of the 12th and 24th
gure 4.7 ) harmonic currents.

The magnitudes of the 12th and 24th harmonic currents on the dc line

before the application of active filtering are 13.6A and 1.75A, respectively. The
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use of a 12/24 double-tuned passive filter as a de-coupling element has given an
added benefit of partially removing some of the 12th and 24th harmonic currents
from the line. The switching in of the active filter then reduces the harmonics to
around 0.6A (12th) and 0.16A (24th). Table 4.3 below gives the 12th and 24th har-

monic current magnitudes as a percentage of the rated dc line current of 2kA.

Harmeonic currents as a percentage of the

Harmonic rated dc line current
order

Active filter = off | Active filter=0on

12 0.68% 0.03%

24 0.09% 0.008%

Table 4.3 12th and 24th barmonic current magnitudes as

a percentage of the rated dc current

The findings above can be confirmed through a Fourier analysis on the
dc current waveform, the result of which is shown in Figure 4.7 (c) on the next
page. Note that the dc current contains a small amount of first and second order
harmonics. These harmonics are, however, not significant enough to be of any

problem on the dc line and are thus left untreated in the present case.
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Figure 4.7 (¢) Fourier analysis on the dc line current

4.2.2 Case Study # 3: Reduction in the DC Smoothing Reactor

Smoothing reactors are installed on the dc line to remove some of the

dc ripples produced by the HVdc converter thyristor firing. The same function can

be performed by an active filter and thus, in HVdc schemes where a dc-side active

filter has been proposed, the size of the smoothing reactor is usually reduced by

50% for economic reasons.
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The aim of this case study is therefore to investigate the active filter
performance under such a proposal. As the starting point, the smoothing reactor
on the rectifier side of the HVdc converter has been reduced to 200mH. Figures
4.8 (a) and (b) below show the increased magnitudes of the 12th and 24th har-

monic currents on the dc line and the reductions achieved by active filtering.
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Figure 4.8 (a) and (b) Magnitudes of the 12th and 24th
harmonic currents

The plots above show that the application of active filtering has been

successful in reducing the 12th and 24th harmonic currents to 0.62A and 0.147A
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respectively. The harmonics have effectively been reduced to the same level as
achieved previously in section 4.2.7 with the original smoothing reactor size of
400mH, despite the fact that the unfiltered level of harmonics on the dc line have
increased by almost 40%. Therefore, the installation of an active filter unit on the
dc line has enabled us to reduce the dc smoothing reactor size considerably with-

out increasing the level of harmonic currents entering the dc transmission line.

43 Summary

In view of the amount of information presented in this chapter, it is
only prudent that the chapter be concluded with a brief summary of the results

obtained thus far:

¢ On the ac-side, the active filter has been proven to be effective even when the
system is subjected to a 25% reduction in the shunt capacitor values which

effectively increases the ac harmonic currents by more than 20%.

o Operation of the filter controls remains stable under single and 3-phase L-G
faults on the ac line. The filter controls have been able to resume normat filter-

ing operation in under 0.2s following the clearing of the fault.
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+ The 3-phase PWM circuit developed in section 4./.3.4 has been shown to per-
form well under an asymmetrical fault on the ac line. Although the filtering
performance on the unfaulted lines is affected by the single-phase fault, this has
not lead to unstable filter operation on the whole. The 3-phase configuration
has the advantages of being more conipact in design and also requiring less

number of components compared to single-phase active filters.

« On the dc-side, the use of an active filter has made it possible to reduce the size
of the dc smoothing reactor by as much as 50% without compromising on the
harmonic filtering performance on the dc line. The active filter has performed
well despite the fact that the dc harmonics in the system has increased by

almost 40%.
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Active Filter Installation
in a Capacitor
Commutated Converter (CCC)
Scheme

In the previous chapter, it has been shown in the ac-side active
filter application that the passive filter banks which are normally installed
on the line can be removed altogether; their functions are then taken over
by active filters. Nevertheless, the amount of reactive power that these fil-
ter banks provide obviously has to be compensated and this entails the
need to increase the size of the shunt capacitors. Hence, the economic
savings gained from the reduction in the passive filter banks are then lost to

the increased size of the shunt capacitors.

In recent years, a new type of HVdc converter scheme called
the Capacitor Commutated Converter (CCC) has been introduced by ABB
and this new concept in ac-dc conversion seems poised to take advantage

of the benefits provided by the active filter technology [5]. The principles
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behind the CCC will not be discussed here as they are beyond the scope of the the-
sis. Nevertheless, readers will find excellent background and theoretical analysis
of the CCC concept provided in published papers by Reeves, et. al. {12] and Gole,
et. al. [13]. Suffice to say here that, unlike the conventional HVdc converter which
reactive power consumption amounts to about 0.5 pu (per unit) of the active
power, the CCC concept (as proposed by ABB) makes use of the commutation
capacitors (Figure 5.1) to provide reactive power compensation proportional to
the load of the HVdc converter. As such, minimal reactive power is required from
the ac system and therefore the shunt capacitor banks can be eliminated. The small
reactive power consumption by the converter can be compensated merely tl;rough

the reactive power generation of the passive ac filter banks.

TN+ + +
— @~ load
acsymc v W

Figure 5.1 Capacitor Commutated Converter (CCC)
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Under such circumstances, the use of an active filter on the ac-side of
the system has its economic advantages in the sense that the passive filter network
used as the de-coupling element for the active filter unit can then be designed to
produce the required reactive power compensation for the system while the active
filter unit bears the burden of eliminating the ac-side harmonic currents. Cost
savings are then realised in the form of reduced converter station area requirement
and the equally reduced complexity of the filter installation. The smaller shunt
filters will also decrease significantly the load rejection overvoltage on the ac-side

of the HVdc converter in the event of a thyristor commutation failure [5, 6, p.186].

In this chapter, a simplified circuit of the CCC developed by my col-
league, Mr. A.H. Hashim for the preliminary work on his Masters thesis has been
used to gauge the feasibility and performance of an ac-side active filter installation
within the CCC scheme [14]. The PSCAD draft of this circuit is presented in
Appendix V1. Note that detailed active filter configuration has been shown only on
phase ‘c’; the filters on the other phases are simply represented using block dia-
grams. The active filter unit in this particular exercise is connected to the ac sys-
tem via a high-pass filter network which acts as the de-coupling element and also
provides the small amount of reactive power compensation required by the HVdc
converter. It should be noted here that the CCC equivalent circuit has been mod-
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elled only as a 6-pulse converter and therefore, the dominant ac-side harmonics,

according to equation (1.2) in Chapter 1, are the 5th and 7th.

Taking this into consideration, the filter controls have been modified to
eliminate the 5th and 7th harmonic currents as well as the 11th and 13th, as have
been done previously. Persson et. al. [5] have mentioned in their paper that the
CCC produces up to 20% more harmonics compared to the conventional HVdc
converter and therefore, the rating of the active filter isolation transformer has
been increased proportionally to match the increased harmonics and workload

imposed by the 5th and 7th harmonic currents elimination.

5.1 Steady State Simulation

Steady state simulations not too dissimilar to the ones detailed in the
previous chapter have been repeated in this section to determine the active filter
performance in eliminating the Sth, 7th, 11th and 13th harmonic currents on the ac
line. Figures 5.1 (a) - (d) on the next page illustrate the harmonic current reduc-
tions on the line when the active filter circuit is switched in at time t=0.6s. The

steady state harmonic currents have been measured to be between 360A (5th) and




88A (13th) and the active filter has then been able to reduce them to between 8.5A

and 5.18A, respectively.
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The huge reduction in the harmonic current contents on the ac line is
clearly reflected in the phase “a’ current waveform shown in Figure 5.2 below. The
waveform after the active filter has been switched on appears to be more sinusoi-

dal, albeit having slight transients due to the PWM switching.

The current transients are more apparent now as the PWM inverter cur-

rent injection has been increased to compensate for the increased harmonic cur-

rents on the ac line.
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Figures 5.2 Phase ‘a’ current waveform
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Figures 5.3 (a) and (b) below show the results of a Fourier analysis on
the current waveform from the previous page. At a glance, it is evident that the
four dominant harmonics on the ac line have been successfully removed by the
active filter. The other higher order harmonics, for example the 17th and the 19th
which are somewhat significant in the present system, can easily be included in
the active filter controls, if such actions are deemed necessary. As mentioned
earlier in the introductory chapter to this thesis, such modifications to the filter
controls are mostly software-based and therefore will not incur significant finan-

cial constraints on the part of the power utility.
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CHAPTER 6

Conclusions

First and foremost, detailed PSCAD/EMTDC™ models of the
‘hybrid-active’ filters for both the ac- and dc-side of an HVdc scheme have
been developed. Although the PWM-based VSI has been modelled using
GTO thyristors, IGBT switching characteristics have been designed into
the filter controls to give a more practical feel to the models. Signal
processing delays have also been incorporated into the filter controller
design to simulate the delays in real time controllers. The active filter isola-
tion transformer has also been given special attention since it is felt that the
cost of the transformer unit itself will, in the end, dictate the overall cost of
such filter installations. The transformer has been designed to be as small
as possible yet capable of providing the VSI with enough current injection

to satisfactorily cancel out harmonic currents on the ac or dc line.
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The models have then been integrated within the CIGRE HVdc Bench-
mark Model using properly designed de-coupling elements, to evaluate their
effectiveness in reducing harmonic currents in the system and also to test the
active filter controller responses to transient conditions typical to such an HVdc

scheme.

Next, steady state and transient simulations have been performed on
the CIGRE HVdc Benchmark Model with active filters installed on the ac- and
then the dc-side of the system. The simulation results can be summarised as

follows:

. The ac-side active filter has been proven to perform satisfactorily even
when the ac shunt capacitors are reduced by as much as 25%. Although
under such circumstances the ac harmonics have been found to have
increased by as much as 20%, no degradation in active filtering perform-

ance has been noticed.

. Operations of the active filter controls have been observed to be stable
under severe single- and 3-phase faults on the ac line. Under those condi-
tions, the filter controls have been able to resume normal filtering operation

after 0.2s following the clearing of the fault.
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. Installation of the dc-side active filter has made it possible to reduce the
size of the dc smoothing reactor by as much as 50% without increasing the
level of harmonic current entering the dc line. The active filter has been
shown to perform quite well despite the fact that the dc harmonics have
then increased by almost 40%.

In Chapter S, an investigation into the feasibility and performance of
an ac-side active filter installation within the Capacitor Commutated Converter
(CCC) HVdc scheme has been carried out. For this exercise, a simple equivalent
circuit of the CCC based on the design proposed by ABB has been used. Again,
the active filters has been shown to be effective in eliminating a significant amount
of ac harmonic current from the line. This has been achieved despite the fact that
the CCC design is widely known to generate as much as 20% more harmonics
compared to a conventional HVdc converter. In addition, the de-coupling filter
used in the active filter configuration can be re-designed to also provide the mini-
mum required reactive power compensation for the CCC, therefore eliminating
the need to install additional passive filters on the system. Using this approach,
cost savings can be realised in the form of reduced converter station area require-

ment and the equally reduced complexity of the filter installation.
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6.1 Recommendations for Further Work on Active Filters

Firstly, the active filter controls can be improved further to include, for
example, supervisory and protective functions such as those proposed by Sadek,
et. al. [1]. This will, for example, monitor the state of the PWM switching devices
and initiate an automatic filter shutdown should an IGBT device failure be

detected which, invariably, will lead to incorrect switching sequences in the VSI.

Another control strategy which has not been looked at in this thesis but
is nevertheless very practical, involves the measurement of the line voltage. and
processing it in such a way as to make the active filter appears like a substantially
resistive impedance at the chosen frequencies, thus providing positive damping to

the system [1,10].

With regards to the 3-phase PWM inverter developed in Chapter 4,
Raju, Venkata et. al. [18] have proposed the use of a capacitor to replace the dc
source used in the VSI. This may be possible provided the VSI is properly
designed to allow a small active power flow into the circuit to maintain enough
voltage across the inverter capacitor. This constant voltage is necessary for the

capacitor to produce and sustain the required current injection into the ac line.
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APPENDIX lli : 3-phase PWM Inverter
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APPENDIX IV : DC-Side Active Filter
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