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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ACTIVE FILTERS IN HVDC APPLICATIONS

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising all
national electrotechnical committees (IEC National Committees). The object of IEC is to promote international co-
operation on all questions concerning standardization in the electrical and electronic fields. To this end and in
addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,
Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC __Publication(s)”). Their
preparation is entrusted to technical committees; any IEC National Committee interested in the_subject dealt with

2) The formal decisions or agreements of IEC on technical matters express, as ne rly
consensus of opinion on the relevant subjects since each technical cp
interested IEC National Committees.

3) IEC Publications have the form of recommendations for internatiopal use\and
Committees in that sense. While all reasonable efforts are made to
Publications is accurate, IEC cannot be held responsible fg
misinterpretation by any end user.

4) In order to promote international uniformity, IEC Nation &
transparently to the maximum extent possible |n their na |on| amd yegiohal publications. Any divergence between
any IEC Publication and the corresponding na4 shall Be clearly indicated in the latter.

5) IEC provides no marking procedure to indicate_its approyval and cannot be rendered responsible for any equipment
declared to be in conformity with an IEC Publication

6) All users should ensure that they have the la

7) No liability shall attach to IEC.or its directo grits or agents including individual experts and
members of its technical copfmittees &nd i iitees for any personal injury, property damage or
other damage of any nature \ indirect, or for costs (including legal fees) and
expenses arising out off sublicati iance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawp/to_ the\Normatiye xeferences C|te in this publication. Use of the referenced publications is
indispensable for g i ation.

9) Attention is drawn to th e of’the elements of this IEC Publication may be the subject of patent
rights. IEC shall notbeeld dentifying any or all such patent rights

A PAS is a t ation—not fulfilling the requirements for a standard, but made

available to the pub hed in an organization operating under given procedures

IEC-PAS 6 wbmitted by the CIGRE (International Council on Large Electric Systems)

and has been subcommittee 22F: Power electronics for electrical transmission and

distribution system

, ODIEC technical committee 22: Power electronic systems and equipment.

The text of this PAS is based on the This PAS was approved for
following document: publication by the P-members of the
committee concerned as indicated in
the following document

Draft PAS Report on voting
22F/130/NP 22F/147/RVN

Following publication of this PAS, which is a pre-standard publication, the technical committee
or subcommittee concerned will transform it into an International Standard.

An [EC-PAS licence of copyright and assignment of copyright has been signed by the IEC and
CIGRE and is recorded at the Central Office.

This PAS shall remain valid for an initial maximum period of three years starting from the
publication date. The validity may be extended for a single three-year period, following which it
shall be revised to become another type of normative document or shall be withdrawn.
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ACTIVE FILTERS IN HVDC APPLICATIONS

By Cigré Working Group 14.28

0.1 INTRODUCTION

Fourteen active DC filters and one active AC filter exist already conyerter stations. The
interest in active filters for HVDC systems is mainly due the fact that A single~aefive filter is able to

ise | require several passive
¢ size of the smoothing

0.2 SCOPE

existing installatio
treating the DC applic

This report prepare%by ing 28 presents both DC and AC active filters, including the
many concepts, the reade arested i a subject is encouraged to search for it in both parts.
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1 ACTIVE DC FILTERS IN HVDC APPLICATIONS
1.1 INTRODUCING ACTIVE DC FILTERS

The conversion process in an HVDC transmission system introduces harmonic currents into the DC
transmission lines and the AC grid connected to the HVDC converters. These harmonic currents may
cause interference in the adjacent systems, such as telecommunication equipment. The conventional
solution to reduce the harmonics has been to install passive filters in HVDC converter stations [1]".
When the power line consists of cables, this filtering is normally not necessary. The development of
power electronics devices and digital computers has made it possible to achieve a powerful new way for

further reduction of harmonic levels, namely, active filters.

The active filters can be divided into two groups,

active AC and DC filters. Active DC filterg, A
installations are in operation in several HVDC linkscost
and have been economically competitive due to
increased demand on telephone interference levels on
the DC overhead lines (Figure 1.1.1). An active AC
filter is already in operation as well. In addition to
the active DC filter function of mitigating the
harmonic currents on the DC overhead lines, the
active AC filters may be part of several sghutions i
the HVDC scheme to improve reactive § \J Active DC fiter

e

Passive

dynamic stability.

Already in the 1960s there were attempts to P
develop and install an active filter in a Allowable
converter station in Sweden, but theproject {gﬁlifere“':e

out unsucgessfully. In the Figure 1.1.1 Conceptual diagram of allowable
technological developmg .
. ) N interference level and DC filter cost
installed active fil

reasons make the projeets's

The reasons todevelop\{irst the )¢ DC Filter and subsequently the active AC filter, were
o ActivekAC Iters opnsist of two parts, a passive part and a corresponding active part, which are
loaded wi ts. Due to the fact that the passive AC filter is used to supply the HVDC

converter deman d of t¢active power and thereby loaded with the fundamental current, the required
rating of the DC filtef active part is lower than that of the AC filter active part.

* The control philosophy for the active DC filter is less complex than for the AC one.

* The present HVDC applications where active AC filters are feasible will be limited, due to the fact
that AC filters are also required to supply the HVDC converter demand of reactive power. The filter
size is therefore often well above the filtering demand.

In future HVDC projects a new converter technology may be applied, implying that the reactive power

can be separated from the AC filters and thereby make the active AC filter more feasible. The most

promising technologies are the Capacitor Commutated Converters (CCC) and the Controlled Series

Capacitor Converter (CSCC), but GTO controlled converters are also able to keep the reactive power

balance from the converter within a minimum.

1Y) Figures in square brackets refer to the Bibliography.
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1.2 TECHNICAL DEMANDS TO DISTURBANCES ON THE DC SIDE

The main reason for specifying demands on the DC circuit is to keep disturbances in nearby telephone
lines within an acceptable limit, which will vary depending on whether the telephone system consists of
overhead lines or underground cables, which are generally shielded and therefore have a better immunity
[2]. A summary is given below to illustrate the demands which made it feasible to install the active
filters. As described, the demand on disturbances can appear as an harmonic current on the DC line or as
an induced voltage “U;,s” in a fictive telephone line. The reader should keep in mind that the harmonic
demand, the specific HVDC system and surroundings (earth resistivity, telephone system etc.) all
together define the DC filter solution.

The specified demand:

* The induced voltage “U;,4” in a theoretically 1 km telephone line sittia
line shall be below 10 mV for monopolar operation.

* A one-minute mean value of the equivalent psophometric ¢
line shall be below 400 mA.

The mentioned induced voltage and the equivalent psg

St
Uind = \/Z(Z*ﬁ*fn*M*In*pn)z

n=i

where f, is the fr@
the power line, k= 4

conductors (Com

/1 The psophometric weighting factor at selected frequencies.

Frequency/Hz | 50" 100 {300 | 600 | 800 [1000 [1200 (1800 |2400 |3000
n ol e 12 | 16 20 |24 [36 |48 |60
pa Factor 0-0007" 10,009 {0.295 | 0.794 | 1.000 {1.122 {1.000 {0.760 [0.634 |0.525
~" 500004 10-001 [0.111 {0.595 [1.000 |1.403 |1.500 |1.710 |1.902 |1.969
n n ‘

1.3  DESCRIPTION OF ACTIVE DC FILTER

Active DC filters use a controllable converter to introduce currents in the network, presenting a
waveform which counteracts the harmonics. This clause describes types of power stages, converters to be
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used in active filters and the possible connections in HVDC schemes.

1.3.1 Semiconductors available for a power stage

Three types of semiconductors, suitable for use in an active filter, are available at present:
* The MosFET

*  The IGBT

* The GTO

The MosFET is an excellent switching device capable of switching at very high frequencies with
relatively low losses, but with limited power handling capability.

The IGBT has a switching frequency capability which, although very good and sufficient to handle the
frequencies within the active DC filter range, is inferior to the MosFET.

handling is significantly higher than the MosFET.

the required frequency range for active DC filter. The use of GTO
frequencies below a few hundred of Hertz.

power stages.

1.3.2 Types of converters available

)

v -I :

r s

, 'l
v

VAANS

1.3.2.2 Voltages source’converters (VSC)

In the VSC the DC element is a voltage source. This may be a

DC power supply or, in the case of an active DC filter _I
application, an energy storage unit. In practice, the voltage
source for an active DC filter power stage is usually a capacitor — Vv “1C
with a small power supply to offset the power stage losses. A

VSC also has the property that its AC output appears as a _| _|
voltage source.

A circuit of simple VSC is shown in Figure 1.3.2.
Figure 1.3.2 Simple voltage source converter
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1.3.2.3 Comparison between current and voltage source converters

The CSC has a high internal impedance for currents through the converter, while the VSC has a low
impedance. The VSC has no constraints on the switching pattern that can be employed, while the CSC is
restricted as described above. The necessity for continuous current in the CSC, combined with the fact
that (neglecting superconductivity) an inductor has higher losses than a capacitor, ensures that the losses
in the CSC are higher than those in the VSC. Another parameter influencing losses is that a CSC needs
switching devices which can block reverse voltage. Most of the operating semiconductors do not fulfil
this requirement. In this case an extra diode in series with each device is necessary and this again
increases the losses. Some GTOs are able to support reverse voltage, but these are less common than the
GTOs which do not support reverse voltage. The former have higher losses than the more common
devices.

uited for power stage
HVDC projects

Conclusion: Considering the above properties of CSC and VSC, the type mos
applications, particularly high power, is the VSC. The VSC has been preferre
applicable today.

1.3.3 Connections of the active DC filter

filters or as series active filters.

Smoothing
Reactor
Y S Pole
Pcissi
DEFilt

HVDC
Conve

~five
itter

Active Actlve
Filter Rlter
s s}

Active
Fiter

) Electrode

Active
Filtar

i

Figure 1.3.3 Possible connections of active DC filters

1.3.3.1 The "active filter 1" connection

The active DC filter realised in HVDC schemes today is connected as the shunt “active filter 1” in Figure
1.3.3. By connecting the active filter in series with the passive DC filter, usually a 12/24th double tuned
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filter, the active filter rating can be reduced. A VSC is chosen in order to make the smallest influence on
the original function of the passive filter, especially on frequencies where the control algorithm is not
active.

1.3.3.2 The "active filter 2" connection

The “active filter 2” in Figure 1.3.3 is similar to the shunt “active filter 1” solution. The power
consumption of the tuning circuit in the passive filter will probably reduce the efficiency for injecting
harmonic currents to counteract the disturbance current and thereby increase the rating of the converter.
There may be an additional inductance inserted in series with the active part.

1.3.3.3 The "active filter 3" connection

coupling transformer “T.”. To prevent saturation of the coupling transfo
of the HVDC converter “Ij..n~, the core must have an air gap.

converter.

The AC load current “I,”” of the main windi
the converter transformer inductance and ‘the §mootliing rea indGictance. The rating of “T.” is
determined by “(Ijcony + Ir)z*Lr. The rating of theNactive filter (cdnverte
the economical optimisation between the active ahd passive part of the active filter can be adjusted by
increasing “L,”. The rating of “T.” will be od and the rating of the active filter part will be

auxiliary windingﬁ;
The advantages of this «

¢ there are no harmo

of the HVDC converter and the transformer “T.”.

1.3.3.4 The "active filter 4" connection

The “active filter 4” in Figure 1.3.3 is a series active filter fundamentally with the same configuration and
problems as the “active filter 3”. The filter is connected at the pole bus on the line side of the DC filter
capacitor. The major advantage of this arrangement is that the active filter rating (due to the fact that the
HVDC converter output ripple voltage is attenuated already by the passive filter) will be considerably less
than the “active filter 3” connection. The disadvantage of this arrangement is that the filter is situated at
line potential and that the filter must conduct the whole DC current.
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1.3.3.5 The "active filter 5" connection

There has not been any article describing “active filter 5a and 5b” in Figure 1.3.3. The application of such
a filter is expected to be limited to either higher frequencies or lower frequencies and not the whole
frequency range as the “active filter 1 and 2”.

1.3.3.6 Conclusion on active filter connections

The advantages and disadvantages of the most possible connections of the active part of the DC filter
have been described above. The main conclusion is that series connections of active filters on the DC side
are possible, but in light of the facts available today are not recommendable.

The injected power for active filtering can be reduced by choosing the optimum line injection point on the
passive circuit or the DC line. All active DC filter applications implemented today and in the near future
will use the “active filter 1” solution in Figure 1.3.3. The remaining part of] document therefore
discusses the “active filter 1” solution.

1.3.4 Characteristics of installed active DC filters

measured by a current transducer. The current signal is passed ¢
computer calculates a signal to feed a VSC, so that the curperting
the measured line current.

Characteristics of the active DC filters:

* frequency range 300 Hz -3000 Hz;

times more attenuation than that

¢ the achieved harmonic current attenua igh, &
' osenmrequencies in the whole frequency range

achievements with the pas
(Figure 1.7.1);

jon 1

* compensate d@
* comparatively siigh sizg™Mk i art of the active DC filter can be fully assembled and tested at the
factory and thepfrah e i

The active DC filter is a hybrid filter consisting of a passive and an active part. The passive part can
usually be defined as a double tuned passive filter which connects the active part with the DC line. The
active part in the DC filter is defined as the components within the box shown in Figure 1.4.1. All the
components in the active part shall ensure proper function of the active filter in steady state conditions
and during faults.

Figure 1.4.1 shows the active filter components in the filters today.
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reasons for choosg
double tuned circuit.4

The choice of the gharacteristics ¥ ssive part, together with the size of the smoothing reactor, will
influence the rating . he following example illustrates the rating requirements of the

¢ adouble tuned 4 harmonic filter is used.

Table 1.4.1 shows a scheme calculated from some typical measured current values from a 600 MW, 400
kV HVDC converter connected to a 400 kV 50 Hz AC grid. The smoothing reactor has 200 mH, the main
capacitor has 1 PF. The root sum of squares of a typical measured current spectrum through the
smoothing reactor gives 15.7 A;ns. The current spectrum is used to calculate the assumed voltage which is
required for the active part to compensate the harmonics for the three mentioned filter configurations
shown in Figure 1.4.2.

The reader should pay attention to the fact that the calculated case in Table 1.4.1 is a simplified case, with
a short overhead line connected to a long HVDC cable. The HVDC cable mitigates the influence from the
other HVDC converter. The calculated example will only illustrate the impact of rating on the active part
with selection of different passive parts. In the “real” rating of the DC filter design, the designer has to
include various other parameters.
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