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Abstract— Since their basic compensation principles were
proposed around 1970, active filters have been studied by
many researchers and engineers aiming to put them into
practical applications. Shunt active filters for harmonic
compensation with or without reactive power compensation,
flicker compensation or voltage regulation have been put on
a commercial base -in Japan, and their rating or capacity
has ranged from 50kVA to 60MVA at present. In near fu-
ture, the term of active filters will cover a much wider sense
than that of active filters in the 1870’s did. The function of
active filters will be expanded from voltage flicker compen-
sation or voltage regulation into power quality improvement
for power distribution systems as the capacity of active fil-
ters becomes larger. This paper describes present states of
the active filters based on state-of-the-art power electron-
ics technology, and their future prospects toward the 21st
century, including the personal view and expectation of the
author, ;

I. INTRODUCTION

A number of low-power electronic-based appliances such
as TV sets, personal computers, and adjustable speed heat
pumps generate a large amount of harmonic current in
power systems even though a single low-power electronic-
based appliance, in which a single-phase diode rectifier with
a dc link capacitor is used as utility interface, produces a
negligible amount of harmonic current. Three-phase diode
or thyristor rectifiers and cycloconverters for industry-ap-
plications' also generate a large amount of harmonic cur-
rent. Voltage distortion or harmonics resulting from cur-
rent harmonics produced by power electronic equipment
has become a serious problem to be solved in many coun-
tries.

The guidelines for harmonic mitigation, announced on
Oct. 3, 1994 in Japan, are currently applied on a voluntary
basis to keep harmonic levels in check and promote bet-
‘ter practices in both power systems and equipment design.
In general, individual low-power end-users and high-power
consumers are responsible for limiting the current harmon-
ics caused by power electronic equipment, while electric
power companies are responsible for limiting voltage har-
monics at the point of common coupling in power trans-
mission and distribution systems.

Since the basic principles of active filters were proposed
around 1970, attention has been paid to active filters [1]-
[6]. The advance of power electronics technology over the
last ten years, along with the theory of instantaneous ac-
tive and reactive power in three-phase circuits which was
presented in 1983 [8], has made it possible to put active
filters into practical applications, not only for harmonic
compensation with or without reactive power compensa-

TABLE 1
ANALOGY BETWEEN HARMONIC POLLUTION AND AIR POLLUTION
‘ sources harmonic pollution [ air pollution
¢ TV sets, and per- | o gagoline-fueled
sonal computers vehicles
unidentified .
o adjustable speed ¢ diesel-powered
beat pumps vehicles
o bulk rectifiers o chemical plants
identified ® cycloconverters e coal and oil steam
e arc furnaces power stations

tion [7]{11], but also for flicker compensation [12] and volt-
age regulation of impact drop at the end terminal of a
power system servicing the Shinkansen, i.e., the Japanese
“bullet” trains [33][34]. Nowadays, more than three hun-
dred shunt active filters consisting of voltage-fed PWM in-
verters using IGBTs or GTO thyristors are operating prop-
erly in Japan, the capacity or rating of which ranges from
50kVA to 60MVA. All of them have been installed by in-
dividual high-power consumers on their own premises near
harmonic-producing loads. The shunt active filters have
presented much more satisfactory filtering characteristics
than conventional shunt passive filters and/or static' var
compensators based on thyristor-controlled reactors.

This paper deals with present states and new trends
in active filters for improving power quality of industrial

- plants and distribution systems. First of all, the latest

measured results of voltage harmonics in a power system
in Japan are shown every voltage class. Then, classifica-
tion of active filters is made from their objectives, system
configurations, power circuits, and control strategy. Next,
a couple of interesting examples of practical applications of
active filters are presented with their capacity and objec-
tive. Finally, their future prospects toward the 21st century
are described with the focus on active filters for damping
of harmonic propagation or resonance rather than for har-
monic compensation, which will be dispersively installed on
power distribution systems by electric power companies.

II. VoLTAGE HARMONICS IN POWER SYSTEMS

A. Harmonic-Producing Loads

Nonlinear loads drawing non-sinusoidal currents from
electric utilities are classified into identified and uniden-
tified loads by whether electric utility companies can iden-
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TABLE II
VOLTAGE HARMONICS IN A POWER SYSTEM

%]

voltage (kV) THD | 3:d | 5th | 7th
max. 2.4 0.5 23 |00
500 2
min. | 10 02 | 09 | 00
R EEY 11 | 24 | 05
275 ~ 220 X
min. | 16 o7 | 08 | 01
max. | 2.3 04 | 24 | 08
187 ~ 154
min 0.9 o1 | 08 | 0.0
’ max.' | 32 1.1 24 | 05
77 ~ 66 : ,
.| min. | 19 0.7 | 0.7 0.1
-allowable - |30 | 20 2.5 2.0
TABLE IiI

VOLTAGE HARMONICS IN A DISTRIBUTION SYSTEM OF 6.6KV

1%)
area THD 3rd 5th | 7th
max. 4.9 0.5 47 1.4
residential
min, 238 0.2 26 0.8
commercial & | max. 3.7 0.6 34 1.6
industrial " min. 0.8 0.1 03 |05
allowable | - 5.0 3.0 | 40 3.0

tify the point and capacity of harmonic-producing loads on
distribution systems. Large capacity diode or thyristor rec-
tifiers, cycloconverters, and arc furnaces installed by high-
and medium-voltage consumers are typical identified har-
monic-producing loads.

On the other hand, single-phase diode rectifiers with dc
link capacitors are representative unidentified harmonic-
producing loads; which have been widely used as utility
interface in TV sets, personal computers, and so on. Al-

though a single-phase diode rectifier generates a negligible

amount of harmonic current, the total amount of harmonic
current produced by all the single-phase diode rectifiers has

become dominant rather than non-negligible in_power dis--
tribution' systems at present. No one has paid attention—

-to unidentified harmonic-producing loads except for some
of the researchers and engineers in power electronics and
power engineering, so that the guidelines or regulations for
harmonic mitigation would play an important role. Table 1
shows an interesting analogy in unidentified and identified
sources between harmonic contamination and air pollution.

B. Voltage Harmoviics in a Power System in Japan

Tables 2 and 3 show maximum and minimum values of
total harmonic distortion (THD) and voltage harmonics
in a typical power system in Japan, which were méeasured
from April 28 to May 9, 1994 [31]. The total harmonic
distortion and voltage harmonics,in the high-voltage power
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Fig. 2. Series active filter standing alone

system tend to be less than those in-the medium-voltage
distribution system of 6.6k V. The reasonis that an increase
of short circuit capacity, which results from the expansion
and interlinkage of high-voltage power systems, has made .
high-volatge systems more stiff. As.for the distribution
system, the maximum value of the 5th harmonic voltage in
a residential area exceeds its allowable level of 4%, and that
of the total harmonic distortion approaches its allowable
level of 5%. Table 3 suggests that dominant harmonic-pro-
ducing loads i in residential areas of distribution systeins are

“unidentifi electromc—based appliances such as TV sets.

111 CLASSIFICATION OF ACTIVE FILTERS

-Many technical papers and articles related: to active fil-
ters have been published-and various types of active filters
have been proposed. Classification of aetive filters is-made
from different points of view. Active filters are divided into

“active ac filters and active dec filters. The active dc-filters

have been ‘studied to compensate for- current and/or volt-
age harmonics on the dec side of thyristor: converters for
HVDC systems [13][19][25) and on the de link of a PWM
rectifier /inverter for traction systemis [35]. Emphasis, how-
ever, is put on the active ac filters in- this' paper because
the term of “active filters”- means the actlve ac ﬁIters in
many cases at present. -

A, Classzﬁcatwn from Objectwes Who are responszble for
installing active filters?.

Active filters for improving power quahty are class1ﬁed
into two types of active filters. Ope is active filters which
have already been installed by individual electric power
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consumers on their own premisis near one or more identified
harmonic-producing loads. Another is active filters which
will be installed by electric power utilities on their own
substations and/or distribution feeders.

The purpose of active filters installed by electric con-
sumers is to compensate for current harmonics, current un-
balance or negative-sequence currents, and voltage flickers.
On the other hand, the purpose of active filters installed by
electric ‘utilities would be to compensate for voltage har-
monics at the point of common coupling in distribution
systems, and to damp harmonic propagation caused by
resonace between line inductors including leakage induc-
tances of distribution transformers and shunt capacitors
for improving power factor-in power systems.

B. Classification from System Configurations
B.1 Shunt active filters and series active filters

Fig.1 shows a system configuration of a shunt active fil-
ter standing alone, which is one of the most basic system
configurations. The shunt active filter injects a compen-
sating current into the supply to cancel current harmonics
contained on the ac side of a general-purpose thyristor rec-
tifier with a dc link inductor [15][16] or a PWM rectifier
with a dc link capacitor for traction systems [30]. The
shunt active filter has the capability of damping harmonic
propagation between an already-existing passive filter and
the supply impedance [11][27]: Fig.2 shows a system con-
figuration of a series active filter standing alone. The series
active filter is connected in series with the supply through a
matching transformer, so that it is applicable to harmonic
compensation for a large capacity diode rectifier with a dc
link capacitor. Table 4 shows comparisons between the
shunt and series active filters. This concludes that the se-
ries active filter has a “dual” relationship in each item with
the shunt active filter [23].

B.2 Hybrid active and passive filters

Figs.3, 4 and 5 show three types of hybrid active and
passive filters, the major purpose of which is to reduce
initial costs and to improve efficiency. '

The shunt passive filter consists of one or more tuned LC
filters and/or a high-pass filter. Table 5 shows comparisons
among the three hybrid filters, in which the active filters
are different in function from the passive filters. The com-
bination of shunt active and passive filters has already been
applied to harmonic compensation for large capacity cyclo-
converters for steel mill drives [11]. The combined filters,
shown in Fig.4 [18][24](37] and in Fig.5 {20][29][36], will be
practically applied in near future, considered prospective
alternatives to shunt or series active filters standing alone.
Other combined systems of active filters and passive filters
or LC circuits have been proposed in [28][32].

B.3 Combination of shunt active filters and series active
filters

Fig.6 shows the combination of a shunt active filter and
a series active filter [14](38](39]. The major purpose of the
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Fig. 3. Combination of shunt active filter and shunt passive filter

Thyristor Rectifier

" LI

| { JG ;Il—lllnt Passive

i Filter
Series Active Filter

Fig. 4. Combination of series active filter and shunt passive filter
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Fig. 5. Active filter connected in series with shunt passive filter

series active filter is harmonic isolation between the sub-
transmission system and the distribution system, and volt-
age regulation as well as voltage flicker and/or imbalance
compensation at the point of common coupling (PCC). The
main purpose of the shunt active filter is harmonic sink, re-
active power compensation and dc link voltage regulation
between both active filters.

An example of a basic unified power quality conditioner
having the only function of harmonic compensation is taken
in the following. The series active filter, which keeps har-
monic currents from flowing in and out of the distribution
feeders, is controlled to present zero impedance for the fun-
damental frequency and to act as a resistor with high re-
sistance of G [(] for the harmonic frequencies [18]

var =G isn. (1)

The shunt active filter, which absorbs harmonic currents
generated from the feeders, is controlled to present high
impedance for the fundamental frequency and to act as a
resistor with low resistance of 1/K [QQ] for the harmonic
frequencies. ) .
iar = K - vsh. (2) .
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TABLE 1V
COMPARISON OF SHUNT AND SERIES ACTIVE FILTERS STANDING ALONE

- shunt active filter

“series active filter

system configuration

Figure 1

Fxg\xre 2

power circuit of active
filter

loop

voltage-fed PWM inverter with current. minor

minor loop

voltage—fed PWM mvezter w1thout current

active filter acts as

current source: i4z

voltage source: vAp

harmonic-producing
load suitable

loads, and cycloconverters

diode or thyristor rectifiers with inductive

large capacity diode rectifiers with capacitive

additional function

reactive power compensation

ac voltage regulation

‘present situation

_commercial stage

laboratory level

- TABLE V
COMPARISON OF HYBRID ACTIVE AND PASSIVE FILTERS
| shuiit active filter plus shunt | series active filter plus shunt | series active filter connected in
passive filter passive filter series with shunt passive | ﬂlter
system configuration - Figure 3 Figure 4 Figure 5 ‘
V ‘ . ‘ - £ M. inverter.
o .| e voltagefed PWM inverter | o voltagefed PWM inverter | ° ;’:’i‘th“g"of:dwg‘&u-t et
g;“::r circuit of active with current minor loop without current minor loop miior }oop. . ;
. . N . s ‘harmonic isolation or
Function of active filter | ® harmonic compensation ¢ barmonic isolation " harmonié compensation
e general shunt active filters * a.lr eady exxstin.g ghunj; pas- | ¢ slready emgng shunt  pas-
applicable sive filters applicable sive filters applicable
advantages reactive power controllable | ® 2O hammonic current flowing | e easy protection of actNe ﬁlv
o reactive powe through active filter ter
o share compensation in fre- | ® difficult to protect active fil-
- problems or issues quency domain between ac- ter against overcurrent e Do reactive power control -
tive filter and passive filter ® no reactive power control .
present situation s commercial stage o field testing + coming into market
TABLE VI

SHUNT ACTIVE FILTERS ON COMMERCIAL BASE IN JAPAN

applications

[ objective rating I switching devices
barmonic compensation . oy .
diode or thyristor rectifiers and
with or without reactive power | 50kVA ~ 1000kVA IGBTs i - -
compensation cycloconverters for industry
- - N
flicker compensation 5MVA ~ 50MVA GTO thyristors arc furnaces
voltage regulation 40MVA ~ 60MVA GTO thyristors tsr]:x]nsm) en (the Japanese “bullet™

In (1) and (2), ¢ss, and vsy, are the harmonic current and
voltage which are extracted from the detected supply cur-
rent 75 and bus voltage vs by calculation in the time-
domain, and G and K are the feedback gains of the series

and shunt active filters, respectively. Other feedback or

feedforward control loops would be added to (1) and {2) in

order to achieve reactive power control, -voltage flicker and
imbalance compensation, and so on.

The combination of the series and shunt active filters is
named the “unified power quality conditioner” in this pa-
per, associated with the unified power flow controller which
has been proposed by Gyugyi [22}. However, the unified
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Primary Distribution
Transformer

6.6kV

Sanlp

power quality conditioner for distribution systems is quite
different in operation, purpose, and control strategy from
the unified power flow controller for transmission systems.

C. Classification from Power Circuits

There are two types of power circuits in active filters;
a voltage-fed PWM inverter and a current-fed PWM in-
verter. These are the same in the power circuits as those
for ac motor drives. They are, however, different in their
behavior because active filters act as non-sinusoidal cur-
rent or voltage sources. The author prefers the voltage-fed
PWM inverter to the current-fed PWM inverter because
the voltage-fed PWM inverter is higher in efficiency and
lower in initial costs than the current-fed PWM inverter

O Feeders
! VAR i | ——
I Y N s |
— 00 R : X
TAF !
ML 0o
b ]
A i
i |
| } |
+ |
| _l_ i
| 1 ;
|
I Series Active Shunt Active |
! Filter Filter JI
‘Unified Power Quality Conditioner
Fig. 6. Combination of series active filter and sbunt active filer
6.6kV
1200kVA
6.6kV /440V
150kVA X2
b3 Sh i
< unt Active
Fiter | S00kVA

[26]. In fact, almost all active filters, which have been put
into practical applications, have adopted the voltage-fed
PWM inverter as the power circuit.

D. Classification from Conitrol Strategy

Control strategy of the active filters which decides the
command of compensating current or voltage produces a
great effect not only on the compensation objective and
required kVA rating of the active filters, but also on the fil-
tering characteristics in transient state as well as in steady
state [10].

D.1 Frequency-domain and time-domain

There are mainly two kinds of control strategies for ex-
tracting current or voltage harmonics from the correspond-
ing distorted current or voltage; one is based on the Fourier
analysis in the frequency-domain [17][21] and another is
based on the instantaneous active and reactive power the-
ory, or the so-called “p-q theory” in the time-domain [8][9].
The control strategy based on or branching from the p-q
theory has been applied to almost all the active filters in-
stalled by individual high-power consumers over the last
five years in Japan.

) o)

575
T T

PPPPP

stable Speed Drives
(75kW~150kW x 8)

Fig. 7. Application to harmonic compensation

D.2 Harmonic detection methods:

Three kinds of harmonic detection methods in the time-
domain have been proposed for shunt active filters: -

load current detection:
supply current detection:
voltage detection:

iap =iLh
iar = Kr - ish
iar = Kv - vp.

The load current detection and the supply current detec-
tion are suitable for the shunt active filters installed in the
vicinity of one or more harmonic-producing loads by the
individual high-power consumers. On the other hand, the
voltage detection is suitable for shunt active filters which
will be dispersively installed throughout distribution sys-
tems by electric utility companies and for those used in
unified power quality conditioners[39][40].
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Fig. 9. ;Application to voltage regulation

(a) before compensation

(b) after compensation

Fig. 8. Supply current drawn from 6.6kV bus

IV. PRESENT STATES OF ACTIVE FILTERS

Since 1981, more than'thfee hundred shunt active filters
have been put into practical applications mainly for har-
monic compensation with or without reactive power com-
pensation. - There is becoming a good market for shunt
active filters as the price is gradually decreasing. In fact,
the number of practically installed shunt active filters is in-
creasing year by yeay in.Japan. Table 6 shows ratings and
- application exampl shunt active filters with the first

~

category of compensation objectives. At present, -voltage-
fed PWM inverters using IGBTSs’ modules have been em-
ployed ‘as the power circuits, the rating of which ranges
from 50kVA to 1000kVA, although PWM inverters using
BJTs or GTO thyristors had been employed before.

A. Harmonic compensation

Fig.7 shows a one-line diagram of office building facilities
in which a shunt active filter of 300kVA, manufactured by
Meidensha Corporation, has been installed to compensate
for harmonic currents generated by eight adjustable speed
drives., Fig.8 shows two waveforms of the supply current
drawn from 6.6kV bus before and after compensation, and
their current distortion factor is 38.4% and 7.4% respec-
tively. The most dominant harmonic component contained
in Fig.8 is the 5th harmonic current, which is reduced from
33.4% to 5.3%. Voltage distortion factor at 6.6kV bus is
reduced from 2.5% to 1.1%, while that at 440V bus'is from
7.3% to 2.7%—hAs anether-example; a shunt active filter -
of 440V 200kVA and: a shunt active filter of 210V 75k VA,
designed and developed by Toyo- Electric-Manufacturing
Company, have been installed for harmonic compeénsation
at water supply facilities in Takatsuki-city, Japan. The
shunt active filters have exhibited excellent filteririg char-
acteristics which would not be achieved by conventional
shunt- passive filters, although the active filters are more
expensive than the passive filters still now.
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Fig. 10." Compensation for voltage drop and imbalance

B. Voltage regulation of impact drop and variation

Three shunt active filters using GTO thyristors-based
inverters, each of which is rated at 16M VA, have been in-
stalled at Shintakatsuki substation in the Tokaido Sinkan-
sen by Central Japan railway Company, as shown in Fig.9
{34]. The purpose of the large capacity shunt active filter
manufactured by Toshiba Corporation is to compensate for
impact drop and variation of voltage at the terminals of a
power system of 154kV. The impact drop and variation
of voltage, which may produce a bad effect on other con-
sumers connected to the same power system, is caused by a
large amount of negative-sequence current and a variation
of reactive power which result from unbalanced train loads
connected to the Scott-transformer. Fig.10 shows voltage
waveforms at 154kV bus and voltage imbalance factor be-
fore and after compensation. This was actually measured
at 14:20-14:30 on July 27, 1994. The shunt active filter has
the capability of compensating for the impact drop and
variation of voltage and reducing-the voltage imbalance
factor from 3.6% to 1%.

V. SHUNT ACTIVE FILTERS INSTALLED BY ELECTRIC
PoweER COMPANIES OoR UTILITIES

One of new trends in active filters is that the unified
power quality conditioner shown in Fig.6 will be concen-
tratedly installed on primary distribution substains. An-
other is that shunt active filters for damping of harmonic
propagation or resonance will be dispersively installed
throughout on feeders in distribution systems. These shunt
active filters will be installed by electric utility companies
in near future as voltage distortion and harmonics in distri-
bution systems tend to approach or exceed their allowable
levels, as shown in Tables 2 and 3.

Fig.11 shows a radial distribution system in a residen-
tial area. The rated bus voltage is 6.6kV(line-to-line), and
the rated frequency is 50Hz. The equivalent inductive re-
actance-upstream of bus 2, including the leakage reactance
of a primary distribution transformer of 15MVA, is to be
estimated from the short circuit capacity of 110MVA. The
transformer supplies four distribution feeders consisting of
feeders 1~4. For the sake of simplicity, only feeder 2 is con-
sidered under the assumption that feeders 1, 3 and 4 are
disconnected from the transformer. Overhead distribution
lines, which are classified into a primary line and branch
lines in feeder 2, are assumed to be LR circuits because it
is reasonable to neglect the effect of stray capacitors of the
distribution lines on the 5th and 7th harmonic voltage and
current. Feeder 2 services electric power to eleven medium-
voltage consumers of 200~240kW, which install shunt ca-
pacitors without any reactor, and to six low-voltage con-
sumers of 50~130kW, which have no shunt capacitor. The
total capacity of the loads is 2.99MW, and that of the shunt
capacitors for power factor improvement is 0.99Mvar. Har-
monic propagation occurs in feeder 2 around the 7th har-
monic frequency (350Hz); the 7th harmonic voltage is am-
plified by four times at the rated load of 2.99MW and by
eight times at no load. This results from series and/or par-
allel resonance between inductive reactances of the distri-
bution lines, along with the equivalent inductive reactance
upstream of bus 2, and capacitive reactances of the shunt
capacitors on feeder 2.

Each of the following items is the most basic concept
of the control strategy and site selection of a shunt active
filter which is intended to be installed on the primary line
of feeder 2 in Fig.11.

o Voltage detection in the time-domain is stable irrespec-
tive of installation point.

o The shunt active filter adopting the voltage detection,
which is installed in the vicinity of a harmonic-pro-
ducing load, is effective in the mitigation of voltage
harmonics at the point of installation.

o The shunt active filter adopting the voltage detec-
tion, which aims at damping harmonic propagation
throughout feeder 2, should be installed at the end
of the primary line of feeder 2, that is, bus 9. Har-
monic mitigation is a welcome “by-product” of the
shunt active filter, which comes from damping of har-
monic propagation {40].
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Fig. 11. Radial distribution system in residential area

V1. CoNCLUSIONS

The great endeavor of researchers and engineers in auto-
mobile industry, not only to solve “air pollution” but also
to clear the Clean Air Act Amendments of 1970, has led
to the success in suppressing CO, HC, and NOx contamed
in the automobile exhaust by 90% respectively, compar-
ing gasoline-fueled passenger cars in the 1990% with the
corresponding same class of cars in the beginning of the
1970’s. It is interesting that the development of automo-
bile industry, along with the proliferation of cars, has'made
a great contribution to “absorbing” the cost-up related to
reduction of the injurious components contained in the au-
tomobile exhaust emitted by gasoline-fueled vehicles:

The guidelines or regulations for harmonic mitigation
would be essential and effective in overcommg “harmonic
pollution.” Although one pays for the cost of high effi-
ciency, or energy-saving, high performance and reliability,
and compactness brought by power electronic technology,
no one would pay for the cost to suppress or eliminate
the current harmonics generated by power electronic equip-
ment unless the guidelines or regulations are enacted. It is
expected that remarkable progress of active filters will be
made by the continuous effort of researchers and engineers
in power electronics, so that the advanted active filters,
which have the function of improving power quality as well
as compensating for current and 'voltage harmonics, will
come into market in near future.
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