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Abstract. Unlike traditional passive filters, modern active filters have the following multiple functions; harmonic filtering, damping, isolation
and termination, reactive-power control for power factor correction and voltage regulation, load balancing, voltage-flicker reduction, and/or
their combinations. Significant cost reductions in both power semiconductor devices and signal-processing devices have inspired manufactur
to put active filters on the market. This paper deals with general pure active filters for power conditioning, and specific hybrid active filters for
harmonic filtering of three-phase diode rectifiers, as well as traditional passive filters.
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1. Introduction filters has been carried out, and the resultant papers have ap-
Since their basic operating principles were firmly establishdgfared in technical literature. However, single-phase active fil-
in the 1970s [1-5], active harmonic filters — active filtefsy t_ers would attrac_t much less atte_nt|0n thar_\ three-phase active
short — have attracted the attention of power electronics rilers because single-phase versions are limited to low-power
searchers/engineers who have had a concern about harmgtilications except for electric traction or rolling stock.
pollution in power systems [6-14]. Moreover, deeper interest Moreover, the active filters can be classified into pure ac-
in active filters has been spurred by tive filters and hybrid active filters in terms of their circuit
) o ) configuration. Most pure active filters can use as their power

— the emergence of semiconductor switching devices such gt either a voltage-source pulsewidth-modulated (PWM)

IGBTSs (insulated-gate bipolar transistors) and power MOSsonyerter equipped with a dc capacitor or a current-source

FETs (metaI—OX|de—s_em|conductor flgld—gﬁect tran_glstors);WM converter equipped with a dc inductor. At present, the

which are characterized by fast switching capability angtage-source converter is more favourable than the current-

insulated-gate structure, _source converter in terms of cost, physical size and efficiency.
— the availability of digital signal processors (DSPs), fieldyyprig active filters consist of single or multiple voltage-

programmable gate arrays (FPGAs), analog-to-digital (A/Ddgrce PWM converters and passive components such as ca-
converters, Hall-effect voltage/current sensors, and opergaitors, inductors and/or resistors. The hybrid filters are more
tional and isolation amplifiers at reasonable cost [15-22]. 5yractive in harmonic filtering than the pure filters from both
Modern active filters are superior in filtering performanceyiability and economical points of view, particularly for high-
smaller in physical size, and more flexible in application, compower applications [23-33].
pared to traditional passive filters using capacitors, inductors This paper describes both pure and hybrid active filters,
and/or resistors. However, the active filters are slightly infealong with traditional passive filters. These pure and hybrid fil-
rior in cost and operating loss, compared to the passive filers have a wide range of spectrum, ranging from those avail-
ters, even at present. Active filters intended for power corable in the market to those under research and development.
ditioning are also referred to as “active power filters,” “ac-They are based on leading-edge power electronics technology
tive power line conditioners,” “active power quality condition-that includes power conversion circuits, power semiconductor
ers,” “self-commutated SVCs (static var compensators),” etdevices, analog/digital signal processing, voltage/current sen-
The term “power conditioning” used in this paper has muckors, and control theory. In addition, active filters act as a pow-
broader meanings than the term “harmonic filtering.” In otheerful bridge between power electronics and power engineering
words, the power conditioning is not confined to harmonic filin electrical engineering. Attention, therefore, is paid to basic
tering, but it contains harmonic damping, harmonic isolatiorgircuit configurations and operating principles of pure active
harmonic termination, reactive-power control for power facfilters intended for power conditioning. Then, emphasis is put
tor correction and voltage regulation, load balancing, voltagen the principle, design and filtering performance of low-cost
flicker reduction, and/or their combinations. transformerless hybrid filters for harmonic filtering of low- and
Active filters can be divided into single-phase active filtersnedium-voltage diode rectifiers. Finally, this paper gives some
and three-phase active filters. Research on single-phase acxamples of practical pure and hybrid active filters, including

*e-mail: akagi@ee.titech.ac.jp
1The term “active filters” are also used in the field of analog signal processing. These active filters usually consist of operational amplifiers, capacitors anc
resistors. The active filters for power conditioning in this paper are quite different in circuit and principle from the active filters for analog signal processing.
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the 300-kVA pure active filter installed in a water-processingomenon. The 5th-harmonic voltage increases on the 6.6-kV
plant, and the 21-MVA active filter using the 4.5-kV 1.5-kAbus at the secondary of the power transformer installed in
IEGTS (injection-enhanced gate transistors) for voltage-flickexr substation, whereas it decreases on the 77-kV bus at the

reduction of electric ac arc furnaces. primary, under light-load conditions at night. These observa-
tions based on the actual measurement suggest that the in-

due to “harmonic amplification” as a result of series and/or
2.1. Harmonic-producing loads. Nonlinear loads drawing parallel harmonic resonance between line inductors and shunt
nonsinusoidal currents from three-phase sinusoidal voltaggegpacitors for power-factor correction installed on the distri-
are classified into identified and unidentified loads. nghbu“on System_ This |mp||es that not On|y harmonic compen-
power diode or thyristor rectifiers, cycloconverters, and argation, but also harmonic damping is a viable and effective
furnaces are typically characterized as identified harmonigay to solve harmonic pollution in power distribution systems.
producing loads, because electric power utilities identify theience, electric power utilities should have responsibility for
individual nonlinear loads installed by high-power consumengarmonic damping throughout power distribution systems. In-
on power distribution systems in many cases. Each of thegfidual consumers and end-users are responsible for keeping

loads produces a large amount of harmonic current. The utthe harmonic currents produced by their own equipment within
ities can determine the point of common coupling (PCCgpecified limits.
of high-power consumers who install their own harmonic- Table 1
producing loads on power distribution systems. Moreover, theyVOltage THD and 5th-Harmonic Voltage in a High-Voltage Power
can determine the amount of harmonic current drawn by an in- Transmission System

dividual consumer.

A “single” low-power diode rectifier produces a negligible Over 154 kV 154-22 kV
amount of harmonic current if it is compared with the system THD 5th-harm. THD  5th-harm.
total current. However, multiple low-power diode rectifiers can Max 2.8% 2.8% 3.3% 3.2%
produce a significant amount of harmonics into the power dis- Min  1.1% 1.0% 1.4% 1.3%
tribution system. A low-power diode rectifier used as a util- Table 2
ity interfgce ip_ an electric_ applianc_e is typically considered Voltage THD and 5th-Harmonic Voltage in a 6.6-kV Power
as an unidentified harmonic-producing load. So far, less atten- Distribution System
tion has been paid to unidentified loads than identified loads.

Harmonic regulations or guidelines such as IEEE 519-1992, 6.6 kv

IEC61000, etc. are currently applied to keep current and volt- Residential Commercial
age harmonic levels in check. The final goal of the regulations THD 5th-harm.  THD  5th-harm.
or guidelines is to promote better practices in both power sys- Max 3.5% 3.4% 4.6% 4.3%
tems and equipment design at the minimum social cost. Min  3.0% 2.9% 2.1% 1.2%

2.2. Voltage THD and 5th-harmonic voltages.Tables 13- Traditional passive filters
and 2 show the maximum and minimum values of total had.1. Circuit configurations. Passive filters consisting of ca-
monic distortion (THD) in voltage and the most dominant 5thpacitors, inductors and/or resistors can be classified into tuned
harmonic voltage in a typical power system in Japan, whicfilters and high-pass filters. They are connected in parallel with
were measured in October 2001 [34]. Note that Japanese elacnlinear loads such as diode/thyristor rectifiers, ac electric arc
tric utilities have being traditionally introducing three-phaséurnaces, and so in. Figures 1 and 2 show circuit configurations
three-wire ungrounded systems without neutral line to thewf the passive filters on a per-phase base. Among them, the
6.6-kV distribution networks. The individual harmonic volt-combination of four single-tuned filters to the 5th-, 7th-, 11th-
ages and the resulting voltage THD in high-voltage powesind 13th-harmonic frequencies and a second-order high-pass
transmission systems tend to be less than those in the 6.6-KNer tuned around the 17th-harmonic frequency has been used
power distribution system. The primary reason is that the eia a high-power three-phase thyristor rectifier.
pansion and interconnection of high-voltage power transmis- Installation of such a passive filter in the vicinity of a non-
sion systems has made the systems stiffer with an increaselinar load is to provide low-impedance paths for specific har-
short-circuit capacity. For the distribution system, the maxmonic frequencies, thus resulting in absorbing the dominant
imum value of 5th-harmonic voltage in a commercial aredarmonic currents flowing out of the load. The actual value of
has exceeded its allowable level of 3%, considering Japanese low-impedance path for each single-tuned filter is affected
guidelines, while the maximum voltage THD was marginallyby the quality factor of the filter inductdp, which determines
lower than its allowable level of 5%. the sharpness of tuning. Usually, a valugibfanges between
According to [35], the maximum value of 5th-harmonic20 and 100 [36]. Although a second-order high-pass filter pro-
voltage in the downtown area of a 6.6-kV power distribuvides good filtering performance in a wide frequency range,
tion system in Japan exceeds 7% under light-load conditioitsproduces higher fundamental-frequency loss than its corre-
at night. They also have pointed out another significant pheponding single-tuned filter.
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Passive filters have a value-added function of achiev- In addition, the final design of a passive filter should allow
ing power-factor correction of inductive loads. This functiorfor component tolerance and variations. For example, initial
brings an advantage to passive filters in many cases, but notimauctor/capacitor tolerance typically ranges within 5%, and
all cases. their variations occur due to temperature and other operating

conditions [37].

Ci 4. Pure active filters for power conditioning
L Pure active filters can be classified into shunt (parallel) active
filters and series active filters from their circuit configurations.
c At present, shunt active filters are more preferable than series
R, active filters in terms of form and function, and therefore series
L active filters are suitable exclusively for harmonic filtering.
R C3 Ly 4.1. Circuit configurations of shunt and series active fil-
ters. Figure 3 shows a system configuration of a single-phase
R3 R>

or three-phase shunt active filter for harmonic-current filtering

of a single-phase or three-phase diode rectifier with a capaci-
tive dc load. This active filter is one of the most fundamental

(2) (b) system configurations among various types of pure and hybrid

active filters. The dc load may be considered as an ac motor

Fig. 1. Passive tuned filters: (a) single tuned, and (b) double tunediriven by a voltage-source PWM inverter in many cases. This
active filter with or without a transformer is connected in par-
allel with the harmonic-producing load. The active filter can be
controlled on the basis of the following “feedforward” manner:

c c — The controller detects the instantaneous load cugrent
c — It extracts the harmonic current;, from the detected load
current by means of digital signal processing.
¢ — The active filter draws the compensating currént (=
R R I L —irp) from the utility supply voltagevs, so as to cancel
R
(©)

out the harmonic current,;,.

Note that the ac inductat,.., that is installed at the ac side
of the diode rectifier, plays an important role in operating the

(a) (b) active filter stably and properly.
Fig. 2. Passive high-pass filters: (a) first-order, (b) second-order and

) Nonlinear load
(c) third-order

is ii Ly

O

= 8 [T

3.2. Consideration to installation. The background power Vs
system impedance seen upstream of the point of installation of
a passive filter can be represented by a simple inductive reac-
tance in a range of low-order harmonic frequencies. Harmonic J @ _AL
series and/or parallel resonances between the passive filter and LT

the power system impedance may occur at a lower frequency
than each tuned frequentivoreover, a passive filter may sink
specific harmonic currents from other nonlinear loads on the Fig. 3. Single-phase or three-phase shunt active filter

same feeder and/or from the power system upstream of the

passive filteB This may make the passive filter overloaded and Figure 4 shows a system configuration of a single-phase
ineffective. Before installing a passive filter, engineers shouldr three-phase series active filter for harmonic-voltage filtering
make elaborate investigations into the possibility of harmoniof a single-phase or three-phase diode rectifier with a capaci-
resonance and overloading on a case-by-case basis. Howetiee dc load. The series active filter is connected in series with
these investigations may be accompanied by relatively high etie utility supply voltage through a three-phase transformer or
gineering cost. three single-phase transformers. Unlike the shunt active filter,

Shunt active filter

2See the waveforms a@f; andix in Fig. 10 where a severe parallel resonance occurred at the 4th-harmonic frequency before starting the active filter.
3See the waveforms af; andsr in Fig. 11 where some harmonic currents flow from the supply to the passive filter before starting the active filter.
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the series active filter is controlled on the basis of the followinthe voltage-source PWM converter equipped with the dc ca-
“feedback” manner: pacitor as the power circuit.
) ) The authors of [22] describe shunt active filters using a
— The controller detectg the ms;antaneous supply cufkent voltage-source PWM converter and a current-source PWM
— Itextracts the harmonl_c _curre_nih from the d_etected supply converter with focus on their comparisons from various points
current by means of digital signal processing, of view
— The active filter applies the compensating voltage- (= '

Kigy,) across the primary of the transformer. This results in

significantly reducing the supply harmonic currégt when
the feedback gairk is set to be enough high.

The above considerations suggest that “dual” relationships A
exist in some items between the shunt active filter and the se- NN

ries active filter. J J J
Nonlinear load @

N @
S #[5 I

By ™

Series active filter T_T_T
Fig. 4. Single-phase or three-phase series active filter J'; J '; J

(b)

4.2. Three-phase voltage-source and current-source PWM Fig. 5. Power circuits applicable to three-phase active filters: (a)
converters. There are two types of power circuits applicablevoltage-source PWM converter and (b) current-source PWM con-
to three-phase active filters; a voltage-source PWM converter verter

equipped with a dc capacitor, which is shown in Fig. 5 (a), and

a current-source PWM converter equipped with a dc inductor,

which is shown in Fig. 5 (b). These are similar to the powercir4'3' Three-phase pure active filters.Figure 6 shows a de-

cuits used for ac motor drives. They are, however, different iﬁlil_ed Cir_cuit_configurgtion of a three-phase shunt active filter.
their behaviour because active filters act as nonsinusoidal ciliS active filter consists of the following three parts; a three-
rent or voltage sources. The author prefers the voltage-souffs@Se voltage-source PWM converter equipped with a dc ca-
to the current-source PWM converter because the voltagB@citor, & control circuit, and a switching-ripple filter. The con-
source PWM converter is higher in efficiency, lower in CosttroI circuit is based on a leading-edge dIgI'Fal cqntroller using
and smaller in physical size than the current-source PWM coP—SPS’ FPGAs, and A/D converters for digital signal process-

verter, particularly in terms of comparison between the dc c4?9: together with operational and isolation amplifiers for ana-
pacitor and the dc inductor. log signal processing, and Hall-effect voltage/current sensors.

Moreover. the IGBT module that is now available from theThe desirable device characteristics for the active filter can be
' Iummarized as follows:

market is more suitable for the voltage-source PWM converté
because a free-wheeling diode is connected in anti-parallelThe voltage-source PWM converter with a current minor
with each IGBT. This means that the IGBT does not need loop should provide the capability of controlling the com-
to provide the capability of reverse blocking in itself, thus pensating current,r with a frequency bandwidth up to
bringing more flexibility to device design in a compromise 1 kHz. This leads to harmonic filtering in a range of the
among conducting and switching losses and short-circuit ca-most dominant 5th-harmonic current to the 25th-harmonic
pability than the reverse-blocking IGBT. On the other hand, current. The carrier frequency of the PWM converter is de-
the current-source PWM converter requires either series con-sirable to be as high as 10 kHz.

nection of a traditional IGBT and a reverse-blocking diode as The control circuit should extract the harmonic currént
shown in Fig. 5 (b), or the reverse-blocking IGBT that leads to from the detected load current with as small errors as
more complicated device design and fabrication, and slightly possible in amplitude and phase, not only in steady states
worse device characteristics than the traditional IGBT without but also in transient states. As for three-phase active filters,
reverse-blocking capability. In fact, almost all active filters that the instantaneous active and reactive power theory or the so-
have been put into practical applications in Japan have adoptectalled “p-q theory,” [9,10], and the d-q transformation [6,30]
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are usually applied to their control circuits for harmonic exitrol circuits. However, the actual price of active filters on the
traction. The p-q theory is required to take the three-phasearket depends strongly on purchase conditions.
voltagew in the control circuit, as shown in Fig. 6. The d-q  For example, Fuji Electric in Japan has already put pure
transformation needs a phase-locked-loop (PLL) circuit tactive filters in a capacity range of 10 to 400 kVA on the mar-
synchronize the transformation with the line frequency ankiet. An active filter can be directly installed on a low-voltage
phase. Note that the p-q theory comprehends wider concepiglustrial power system in a voltage range from 200 to 440 V.
than the d-q transformation. On the other hand, another active filter requires a step-down
— The small-rated switching-ripple filter designed appropritransformer when it is installed on a medium-voltage power
ately should be connected in parallel as close as possildgstem. Practical applications of active filters are expanding
to the voltage-source PWM converter. The task of the smalilato and electric power utilities, industry, office-buildings, hos-
rated filter is to eliminate switching ripples caused by PWNpitals, water supply utilities and transportation.
operation from the compensating curreat References [38—-43] deal with a shunt active filter intended
L e ... forinstallation on a power distribution system suffering from
_The_actl\,{e filter shown in Fig. 6 is still ref_erre_d to asa pPurg, s rmonic amplification due to series and/or parallel resonances
active filter, beca_u S€ the_sma_ll-rated swfcchlng-rlpple fIItebetween line inductances and capacitors for power-factor cor-
prowde; no capability of mitigating th? dommqtg Sth- anq 7thr'ection. The active filter based on detection of voltage at the
harmon!c currents produced by the diode rectifier. qum|ng int of installation is controlled in such a way as to present
appropriate dc-voltage fee_dback loop enables to build up Ailffinite impedance to the external circuit for the fundamental
rggulate the dc voltage without any power supply [13] (Seﬁequency, and as to exhibit low resistance for harmonic fre-
Fig. 13.) ) , uencies. When the active filter is installed on the end of a
Generally, the dc capacitor can be considered as an eneiiyjia| hower distribution feeder, it successfully performs har-
storage element from a theoretical point of view. However, thﬁmnic damping throughout the distribution feeder. This im-
active filter is usually not referred to as an energy storage SySgag that the active filter acts as a “harmonic terminator,” just
tem from a practical point of view, because the amount of en.q 5 50 terminator installed on the end terminal of a signal

ergy stored in the dc capacitor is much smaller than that Pansmission line

a bat_tery ora §upercpnduct|ve magnetic CO'I'. In gther words, Reference [44] describes a three-phase series active filter
the difference in terminology between the active flltgr aqd thgonsisting of three single-phase H-bridge converters operated
energy storage system dqes hot come from _thelr cireutt €Ot a PWM carrier frequency of 10 kHz, and a small-rated high-
flgurat_lon_ but depends mainly on whether their energy Storasi’IPEquency dc capacitor. The dc terminals of the active filter is
capacity is small or large. connected to the dc terminals of a three-phase diode rectifier
equipped with a dc capacitor, thus forming a common dc ca-
pacitor between the active filter and the diode rectifier. Satis-
factory filtering performance has been verified by a three-phase

e Shunt active filter experimental system rated at 200 V, 20 kW and 50 Hz.
) | Switching- E
is | H, rfl\pf]\)}f\: ﬁlfr U J@ _LT vp | 5. I_—|ybrid active filters for harmonic-current
iaF ! LT filtering
E a ﬁ i 5.1. Circuit configurations. Two types of hybrid active fil-
! Control ! ters for harmonic-current filtering of nonlinear loads were pro-
Vs (D - | i i i i
. circuit ! posed in 1988 [24] and in 1990 [26], respectively. Figure 7
i l G | [24,25] and Fig. 8 [26] show the simplified circuit configura-
tions of the hybrid active filters. The proposal of the two hybrid
La T filters has encouraged power electronics researchers/engineers
—V— j& | @ ‘@ to do further research on various hybrid active filters, concen-
1 trating on their practical use [27-33].
Harmonic-producing load The two hybrid filters are based on combinations of an

) ) ) ) ) ~_active filter, a three-phase transformer (or three single-phase
Fig. 6. Single-line system configuration of a three-phase active f'ltefransformers), and a passive filter consisting of two single-
tuned filters to the 5th- and 7th-harmonic frequencies and a
second-order high-pass filter tuned around the 11th-harmonic
4.4. Trends in pure active filters. As a result of keen compe- frequency. Although these hybrid filters are slightly different
tition in cost and performance among Japanese manufactunesgircuit configuration, they are almost the same in operating
a good market has developed for pure active filters for powgrinciple and filtering performance. Such a combination with
conditioning. At present, the pure active filters are becomintiie passive filter makes it possible to significantly reduce the
affordable due to cost reductions in power semiconductor deating of the active filter. The task of the active filter is not
vices (IGBTSs), their auxiliary parts, and integrated digital conto compensate for harmonic currents produced by the thyris-
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tor rectifier, but to achieve “harmonic isolation” between th&% on a three-phase 200-V, 20-kVA and 50-Hz base. Before
supply and the load [24]. As a result, no harmonic resonantlee active filter was started, a large amount of harmonic cur-
occurs, and no harmonic current flows in the supply. rent still remained inig. This means that the “pure” passive fil-
. _ ter provides unsatisfactory performance in terms of harmonic-
Ls s 2Ar ve 'L Lac current filtering. After the active filter was started, became
@_/W\ /v\>N\r\ ” \L ‘l almost sinusoidal, showing that the active filter improves the
T o e filtering performance of the passive filter.

Figure 10 shows experimental waveforms in the case of
Ls = 5.6%. Before the active filter was started, a severe par-

producing load

L] J@ allel resonance at the 4th-harmonic frequency occurred in the
T whole system. This resonance significantly amplified a small
Series active filter 5t 7t HPF amount of the 4th-harmonic current in. However, no har-
Shunt passive filter monic resonance appeared after the active filter was started.

Fig. 7. Combination of a series active filter and a shunt passive filter

- 250 V
Ls Lge
@4\/\/\ j§ ‘I is 100 A
, m i 'Ah M A A A A A A A A A
Passive filter Harmonic. U ' U '” ’” " ' '
’ /

. . producing load
5t 7t

_JI:: J@ HPF

Active filter

Fig. 8. Series connection of an active filter and a passive filter

5.2. Experimental waveforms. Figures 9 to 11 show exper- Fig. 10. Experimental waveforms withs = 5.6% in Fig. 7
imental waveforms obtained from the hybrid filter shown in
Fig. 7. A three-phase six-pulse thyristor rectifier with an in-
ductive dc load was used as a harmonic-producing load. The 250 v
thyristor rectifier is rated at 200 V, 20 kVA and 50 Hz. From VFO JANAY % A AN AN AW AW AW AW AYA
the top of the five waveforms;r is the voltage at the termi- /JVVVVVVVVVVV\
nals of the shunt passive filtels is the supply currentiz is is 100 A
the current flowing into the passive filtey, is the load current, 0 DM A A A A VANIWAN

: ; g . RV ARVARVARV AV ¥
andv 4  is the voltage across the series active filter, which was

; ; P ; 100 A
observed in the primary of the transformer, as shown in F|g.7FOA ~ NN A
. . AV ARV VARV AV AV \VAR v/
"ANNANANNNNNNNNT plos

VVVVVVVVVVVV 0

100 A

o LB N S A A A A AN
VARV ELVELVELVELVELVELVELVAAVAAVEY

i

i H)OA Tstart
M, M My M M M M e M M
O W W R R R R R R Fig. 11. Experimental waveforms withs = 2% under no-load con-
i 100 A dition (i = 0) in Fig. 7
00 A0 AN AAANNN
vuvuuguuudduih Figure 11 shows experimental waveforms with no load

VAF (ir = 0)inthe case of.s = 2%. Although an amount of back-

T ground harmonic voltage existing upstream of the passive fil-
Start ter was only 1%, the harmonic current containedsimeached
Fig. 9. Experimental waveforms withs = 2% in Fig. 7 about 10% before the active filter was started. This means that

the passive filter may absorb an unexpected amount of har-
Figure 9 shows experimental waveforms on the transiemonic current from the power system upstream of the passive
state at the start of the series active filter in the casbf= filter and other nonlinear loads on the same feeder. After the
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active filter was started, no harmonic current flowed in the pasive filter, and prevents the passive filter from being overloaded
sive filter. Moreover, no harmonic voltage appeared at the teand ineffective. Moreover, the feedback control makes the ac-
minals of the passive filter because the background harmoriee filter act as a damping resistor for low-order harmonic fre-
voltage was blocked by the active filter [24]. guencies, so that no harmonic resonance occurs between the
These hybrid filters provide viable and effective solutiongassive filter and the power system inductahge As a result,
to harmonic-current filtering of high-power thyristor rectifiersthis hybrid filter gets free from elaborate investigations into
However, they have difficulty in finding a good market becauste possibility of harmonic resonance and overloading before
of the necessity of the transformer and the complexity of th@stalling it.

passive filter. The feedforward control forces the 5th-harmonic current
contained ini;, to flow actively into the hybrid filter. The dc-
6. Low-voltage transformerless hybrid active voltage control makes the active filter build up and regulate its

filters dc capacitor voltage by itself without any external power sup-
ply. A proportional plus integral (PI) controller is used to do it.

Adjustable-speed drive systems based on leading-edgeference [46] describes in detail the control system.

voltage-source PWM converters using IGBTs have been used This paper defines the volt-ampere rating required for the

in industrial drives, home appliances, and transportation. Hctive filter in the 480-V hybrid filter as follows:
many applications, however, an inverter-driven motor requires

neither fast speed response nor regenerative braking. As a re- Prr = V3 x Vic | Irmaz
sult, a three-phase diode rectifier can be used as the front-end V2 V2

converter of the inverter, instead of a three-phase PWM recti- = V3 x 74V x 13.0*
fier. The diode rectifier is much more efficient and reliable as = 1.6 kVA,

well as much less expensive than the PWM rectifier in low- herel . . | f the fil )
and medium-voltage drive systems. However, the diode rectN€"e/Fmaq 1S @ Maximum value of the filter curren.

fier produces a large amount of harmonic currents, and there- N .
P 9 (?.2. The 480-V pure active filter. Figure 13 (a) shows a pure

fore it does not comply with the harmonic guidelines. tve filter int ted into th diod fif that i
This section deals with a low-cost transformerless hybriﬁ? Ve Titer integrated into the same diode rectiier as that in

R S - ig. 12 (a). The pure active filter consists of an indudigr
active filter [45,47], comparing it with a pure active filter. and a PWM converter that are directly connected in series.

Strictly speaking, this inductor is not a filter inductor but an

6.'1‘ The 4.80_\/ hyb”d actwg f||ter: F|gure 12 (a) Sho‘.NS the ac inductor. However, it has the same inductance value as the
circuit configuration of a hybrid active filter connected in paral;

. . o ijter inductor L in Fig. 12 (a).
oL with athree-phase diode fectfier rateciat 4804 and 20 e hybrid filter in Fig. 12 (a) can be divided into the fol-
[ . ] ' ne hybrid Tter1s directly connected 1o Ine 464-V Indusy wing two parts connected with each other: One is the capac-
trial distribution feeder without any transformer. It is designe

oredsce h oal armonic disrion (THD)aibelow. 1 (11 &1 1 01 . pre actveferconsatng of e

The hybrid filter consists of an actlve. filter bas_ed onal orid filter in Fig. 12 (a) can be considered as a series connection
kVA voltage-source PWM converter with a carrier frequenc f the capacitor and the pure active filter

of 10 kHz, anq a 5-kVA bassive filter. The passive filter is a The pure filter is designed to reduce the total harmonic dis-
three-phase single-tuned filter to the 7th-harmonic frequen%n

. . B A o ion of ig below 5%, like the hybrid filter. Unfortunately,
with a quality factor of¢) = 22. The passive filter exhibits .this “pure” configuration results in a dc voltage as high as

boor filtering performance in a range of Iqw-order harmon|c750 V across the dc bus of the active filter, and so the active
frequencies (_axce_pt around the 7_th-r_1armon|c _frequency. filter requires the 1.2-kV, or higher-voltage, IGBT as a power
The passive filter and the active filter are directly connecte evice. The carrier frequency of the pure filter is 10 kHz, which

in series with each other. This “hybrid” configuration result:}S the same as that of the hybrid filter. The other parameters of

i:ct?:/ed?iI;/(;)rltal‘\gllsr:;(ﬁwnissav?tih\i/n:c;irSSISe tfrill(taerd(i:s t;zzu?:ez}ﬂe pure filter are the same as those of the hybrid filter. The

for the hybrid filter because the passive filter presents higrr(1aqUIred rating of the 480-V pure filteF- - is given by

impedance around 10 kHz. The diode rectifier has an ac induc-

tor of L,. = 5% at its ac side. This ac inductor is indispensable Ppr = V3 x 530V x 13.74

to achieve proper operation of the hybrid filter because no in- = 12.6 kVA.

ductor is installed on the dc side of the diode rectifier. , i
Figure 12 (b) shows the control system of the hybrid filter. Figure 13 (b) shows the control system of the pure filter.

The control system has the following three control functionsThe control system is almost the same as that of the hybrid fil-

feedback control, feedforward control and dc-voltage controlt.er' The pure f”.ter has the same proportlp nal gnd integral gans
s the hybrid filter. However, the following differences exist,

The feedback control forces all the harmonic currents cofy e
tained iniy, to flow into the hybrid filter, whereas it forces no compared to the control system of the hybrid filter:
harmonic current to flow from the power system into the hy— The supply voltage s is detected and added to the voltage
brid filter. This improves the filtering performance of the pas- reference of the pure filter}, ., in order to compensate for
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an effect ofug on current controllability. It is a well-known fact that the passive filter presents good

— The electrical quantity controlled in the dc voltage controfiltering characteristics around the resonant frequency. This
is notAi,; but Aig, because precise adjustment of a smalbaper selects not the 5th-harmonic frequency but the 7th-
amount of active power enables to regulate the dc voltage barmonic frequency as the resonant frequency for the follow-
the pure filter. ing lucid reasons:

as that in the hybrid filter. It calculates the voltage appear- xpensive and less bulky than that tuned to the Sth-harmonic
ing across the ac inductdiz, assuming that all of the 5th-  frequency as long as both filters have the same filter inductor

harmonic current included in the load current flows into the Lr- o )
pure filter. — The passive filter tuned to the 7th-harmonic frequency offers

less impedance to the 11th- and 13th-harmonic components,
compared to that tuned to the 5th-harmonic frequency.

— The feedforward control combined with the feedback con-
trol makes a significant contribution to improving the fil-

6.3. Design of the 480-V hybrid active filter. The resonant
frequency of the passive filter in the hybrid filter is given by

F 1 ) tering performance at the most dominant 5th-harmonic fre-
" 2r/LpCr' quency.
. ws (==5wi)
sin & €cOs [
¥s = PLL generators | *
Ls li vy L Lae Diode Rectifier (20 kW) I 1 T lwl
v ¥ P H v Kig;
S S Vde iSu —> le) tdy d1-611 . + VAF
=1 . di-q : Vv ’
E X & Cue ?Sv I transform. i, HPF |~ inverse —>| >—>H—> APy
1 iy —>| A transform. D ViFw
b A e Cye = 1,500 uF Feedback Control .
. . ¢ 2LF Cp = 1,500 uF Y Alql
Passive Filter ! : b
(5 kVA) Jk JI— J DC Voltage Control
i
ry " L1 p (=105 V) Feedforward Control i )
VAF H H C . [ [ Vd
D s
Ls =0.15 mH (0.5%) J J J Z'L” 2 ds-qs calcu{ | d5-9s I~
Ly = 1.5 mH (5%) . . ILy > R lation| « | inverse [T—
Cr = 57.6 4F (25%) Active Filter (16 kVA) i o O sgircuit “transform|
Lr = 2.5 mH (8.2%) T T ws
(480-V, 60-Hz, 20-kVA base) *
(a) (b)
Fig. 12. The 480-V hybrid active filter: (a) circuit configuration and (b) control system
sin & €oS > (==5w1)
) ) Vs = PLL generators |— *
Lg li vs 0L Lo Diode Rectifier (20 kW) : B 011
YV gy i 2 K v, .
7 N | vae 0§y —> di-q; — 2D di-qi @-D> vy ?\b VAFu
T sy = . |HPF|~ ~ inverse OF-=>D—@ Vary
A~ LN Cac isw—>trdmf0rm'l—5 Y91 | Jtransform., ? i > ! & Vi Fw
SLFu
= 480 V Cye = 1,500 uF Feedback Control _ . Lipy
60 Hy Lr C([[)L Z 1500 ::F VD@ Aig, [Fw
V! DC Voltage Control
iy Feedforward Control y
— = . ird ird Va
=1 vp (=750 V) i, 5 5 93 dsas
o il 8 | lippl- |jeLe| .|
Lye = 1.5 mH (5%) Active Filter (12.6 kVA) Lw :
Lr = 2.5 mH (8.2%) 1 T o5
(480-V, 60-Hz, 20-kVA base)
(a) (b)

Fig. 13. The 480-V pure active filter: (a) circuit configuration and (b) control system
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Fig. 14. Simulated waveforms of the 480-V hybrid and pure filters: (a) hybrid filter and (b) pure filter

[V] [ /Fundamental = 277 V (line-neutral voltage) [V] n Fundamemal =277V (line-neutral voltage)
08 4.0 40V
0.6 3.0
04 s 038 V 2.0
0.2 | \ \ 1.0 |
Il L I
0 bt bbbl ot 0 i ol M,
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Frequency [kHz] Frequency [kHz]
(a) (b)

Fig. 15. Spectra (rms) afs in the 480-V hybrid and pure filters: (a) hybrid filter and (b) pure filter
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Fig. 16. Spectra (rms) af in the 480-V hybrid and pure filters: (a) hybrid filter and (b) pure filter

The characteristic impedance of the passive filieris  This allows the hybrid filter to use low-voltage MOSFETS that

given by are less expensive and more efficient than high-voltage ones.
7 Lr 5 On the other hand, a low characteristic impedance has the fol-
“Vore @ lowing disadvantages:

This impedance determines filtering performance at har-
monic frequencies except for the resonant frequency. Gener-A large capacitance value 6fr makes it bulky and expen-
ally speaking, the characteristic impedance should be as lowsive.
as possible to obtain better filtering performance. This implies A large amount of leading reactive current flows into the hy-
that the capacitance value ©f- should be as large as possible, brid filter.
and the inductance value éf- should be as small as possible— A smaller inductance value df increases switching rip-
A lower characteristic impedance reflects a lower dc capacitor ples. The ratio of the switching-ripple voltage contained in
voltage as well as lower EMI emissions by the hybrid filter. the supply voltageyss.,, with respect to that at the ac side of
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the active filterp 4 rs., can be calculated under an assumpnected in series without transformer. A proportional plus in-
tion of Ls < L. as follows: tegral (PI) controller can regulate the dc voltage of the active
filter to its reference voltage of 80 V.

The capacitoilCr and the inductol.r were assigned to
100 uF and 2 mH, respectively. As a result, their resonant fre-
Hence, a trade-off or a compromise exists in the design of thfiency was 356 Hz, that was not equal, but close, to the 7th-
characteristic impedance. In other words, the above-mentiongérmonic frequency of 350 Hz. The characteristic impedance
criteria should also be considered when selecting the value @hs 4.50, and the quality factor was 25.

LF. The diode rectifier acting as a nonlinear load produces a
large amount of harmonic current, mainly including the 5th-

6.4. Comparisons between the 480-V hybrid and pure fil- and 7th-harmonic components. The ac inductabge (5%),

ters. Figure 14 (a) shows simulated wavefofha$ the 480-V  that is connected at the ac side of the diode rectifier, should be

hybrid filter in a steady state. The feedback gain of the activéesigned to be larger than the supply inductahge(1.8%),

filter, K is set to 392 (340%) so that the hybrid filter provides that is an equivalent inductance seen upstream of the point of

good stability [46]. The supply current becomes nearly si- installation of the hybrid filter. The dc inductdr,. (1%)° is

nusoidal. The dc capacitor voltage of the active filter is set toonnected to the dc side of the diode rectifier.

105 V. The low-voltage MOSFETSs used here are easily avail-

able from the market at low cost. w0V Ls Lo 400V Lee
50 Hz 'S

Figure 14 (b) shows simula}tgd Waveforms of the 480-V o = W"‘ — /\(‘vﬁwg A & La SW(
pure filter under the same conditions as Fig. 14 (a). The Wave}®§®\< A Cook T ¢

VSsw ~ LS
VAFsw LS + LF

Diode Rectifier (15 kW)
AN

- : ) . = [
form of ig is also nearly sinusoidal. Note that the dc capacitor 1 1 Ve
voltage for the 480-V pure filter is observed to be 750 V from -1 R EE:

computer simulation. This means that the 1.2-kV, or higher- s MCL L 036 mH (1%)
voltage, IGBTSs are required as the power devices in the pure- Cye = 1,950 uF
Cp = 9,400 uF

filter configuration.

The following significant difference exists in the wave- Active Filter (0.73 kVA)

MC2 |
forms of v4r between Fig. 14 (a) and (b): No fundamental Lr )
voltage appears across the ac terminals of the active filter irﬁzlﬁsgj)%“;ih(flz\j%) ::ﬁg”
the hybrid filter because the supply voltageis applied across 7., = 1.7 mH (5%) @ Jg Jé ?
the filter capacitolC'rz. On the other hand, the supply line-to-
neutral voltage as high as 277 - (480/+/3) appears in the Fig. 17. The 400-V, 15-kW experimental system

waveform ofv 4 = in the case of the pure filter. This is an essen-
tial difference in operating principle and performance between

the hybrid filter and the pure filter. 7.2, Start-up procedure. Magnetic contactors MC1 and
When attention is paid to switching ripples contained inyc2, and a resistaR per phase are used for starting the hybrid

vg andig of Fig. 14, it is clear that the switching-ripples infjlter in Fig. 17. The start-up procedure is as follows:
the hybrid filter are much smaller than those in the pure fil-

ter. Note that no additional switching-ripple filter is installed 1. Before starting, the three upper IGBTSs of the active fil-
in both cases. Figure 15 (a) and (b) shows frequency spectra  t€r remained turned on, while the three lower IGBTS re-

of vg in the hybrid and pure filters. The 10-kHz ripple voltage maine_d turned off. The active fiI_ter formed a short circuit
contained invg is 0.38 V (0.14%) in the hybrid filter, whereas when it was seen from the ac side. Moreover, both MC1
it reaches 4.0 VV (1.4%) in the pure filter. Figure 16 (a) and (b) _ @nd MC2 remained turned off. .

shows frequency spectra &f in the hybrid and pure filters. - When MC1 was switched on, the hybrid filter was con-
The 10-kHz current ripple presentig is small enough to be nected to the ac mains through the resigtorkeeping
neglected in the hybrid filter, whereas it reaches 0.4 A (1.8%) @ large amount of in-rush current from flowing into the
in the pure filter [47]. hybrid filter.

3. After the passage of 12 cycles (= 240 ms), MC2 was
switched on. At this moment, the filter currei was

7. The 400-V hybrid active filter transferred fromR to MC2. Hence, the hybrid filter was

7.1. System configuration.Figure 17 shows the experimental directly connected to the ac mains.

system integrating the 400-V hybrid active filter into the 400- 4. After the above-mentioned procedure was completed,
V, 15-kW diode rectifier. This hybrid filter consists of the 0.73- the active filter controller started providing PWM gate
kVA active filter with a PWM carrier frequency of 10 kHz, and signals to the six IGBTSs, thus building up the dc-
the 5-kVA single-tuned passive filter. Both are directly con- capacitor voltage to 80 V by itself.

4A first-order low-pass filter with a cut-off frequency of 2 kHz is used to eliminate the switching ripplesufigm thus making the waveform clear. Note
that the low-pass filter for signal processing is integrated into the software package.
5Although the dc inductor is connected to the dc side of the rectifier, this per-unit value is on a three-phase, 400-V, 15-kW base, like the other per-unit values
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Table 3
Harmonic currents and THD values with a DC load rated at 15 kW, expressed as the harmonic-to-fundamental current ratio (%)

Passive filter 3rd 5th  7th 11th 13th 17th 19th 23rd 25th 29th 31st 35th 37th THD

is 07 321 14 28 2.7 0.9 11 0.6 0.5 05 04 03 03 324
ir 09 257 68 45 3.3 13 15 0.8 0.7 06 05 0.3 04 273
Hybrid filter 3rd  5th  7th 11th 13th 17th 19th 23rd 25th 29th 31st 35th 37th THD
is 09 10 10 12 14 1.0 0.9 0.8 0.7 05 05 0.5 0.3 3.6
ir 15 308 7.7 49 3.2 1.9 1.7 0.9 0.9 06 05 0.5 04 325

Figure 18 shows the transient waveforms of the u-phadead rated at 15 kW when the single-tuned passive filter was
line-to-neutral supply voltages.,, and the three-phase passiveused alone. Table 3 summarizes harmonic currents and THD
filter currentsig,,, ir, andig,, during the start-up procedure. values ofig andiy, which were obtained from their exper-
When MC1 was switched on, the peak in-rush current reach@dental waveforms. Here, each THD value was calculated

40 A. When MC2 was switched on, it was 15 A. up to the 37th-harmonic currents. The THD valuei pfwas
27.3%, whereas that of was 32.5%. The most dominant 5th-
400V r harmonic current included i}, was 25.7%, whereas thatig
Vsu 0 was 32.1%. The reason is that installation of the single-tuned

passive filter was accompanied by increased supply harmonic
currents in a frequency range of 200 to 340 Hz.

50 A
ivy O 7.4. Steady-state performance of the hybrid filter. Figure
v VVVVVVVVVVVVVYVY 20 shows experimental waveforms with a dc load rated at 15
L kW when the hybrid filter was used. The feedback gain of the
50AT active filter, K was set to 212 (200%). The voltage waveform
. at the ac side of the active filtev, was observed through
iry 0 ——W%%%‘%ﬂqﬂvﬁv% a first-order low-pass filter with a cut-off frequency of 4 kHz,
| MCl on MC2 on thus making the waveform clear. The peak voltage of was
50 AT ¢ ¢ as low as 50 V because no fundamental voltage was included

in v4r, unlike a pure active filter. The dc capacitor voltage was
iFw 0 _&V%%AV%AM%%W well regulated to its reference voltage of 80 V.

Table 3 indicates that the THD value of was as low as

240 ms 3.6%, whereas that of, was as high as 32.5%. Moreover,
Fig. 18. Experimental waveforms when MC1 and MC2 were turne§aCh harmonic current containediinwas reduced below 2%.
on with a time difference of 240 ms These experimental results conclude that the hybrid filter pro-

vides satisfactory filtering performance in steady states.

/\ /\ /\ 7.5. Transient-state performance of the hybrid filter. Fig-
vs 0 \/ \/ \/ \/ ure 21 shows transient waveforms of the hybrid filter when a
SOA L step change occurred in the dc load from 15 kW to 10 kW. The
J\,\ {\/\,\ /\/\,\ /\/\,\ supply currentig was slightly distorted for about 10 ms af-
is 0 f ter the load chan d
ge occurred. However, such a supply current
| \/\/\/ \,\/\/ \,\/‘/ \/\/\/ would not produce any bad effect on other loads connected on

[ the same feeder. The dc voltage of the active filter was well
ir 0 m—w—m—w—m—w—m—w regulated, even during the transient state. The overvoltage ap-
I pearing in the transient state was as low as 5.2 V, that is 6.5%
of 80 V.
ir 0 Pa A A —
L ~— 8. Medium-voltage transformerless hybrid

20 ms . .
active filters

Fig. 19. Experimental waveforms with a dc load rated at 15 kW when . o . .
the single-tuned passive filter was used alone Figure 22 shows a possible circuit configuration of a trans-

formerless hybrid active filter applicable to the 6.6-kV 1,000-
kW diode rectifier. The 50-kVA active filter uses a three-level
7.3. Steady-state performance of the passive filter used diode-clamped PWM converter with a dc voltage of 1.2 kV and
alone. Figure 19 shows experimental waveforms with a da PWM carrier frequency of 10 kHz. The 250-kVA passive fil-
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ter is tuned to the 7th-harmonic frequency. The active filter and Ls is vs QL L,  Diode Rectifier (1.000 kW)
the passive filter are directly connected in series without trans = = NV\—IJS £ %

former. The ac inductor of,,. = 10% is usually preferred for A L
better current protection than a value of. = 5%, particu- 5 & &

larly in such a medium-voltage diode rectifier. B P

m T13
Vs 0 /.\ /\ /\ Passive Filter | [ (__.(.) J il d
] \/ \\/ \/ \/ (250 kVA) ir) Kaz Lan | =
SOA [ 1
4

vp (1.2 kV)

N AN NN TH e
A WA W A

; J%s J%* 1
50 A - La(? =10% J J T

(6.6-kV, 50-Hz, 1.000-kW base) Active Filter (50 kVA)

Fig. 22. System configuration of the 6.6-kV transformerless hybrid

600 V r filter

Vdc
500 V
50 A

The 6.6-kV hybrid filter has less flexibility in assigning
the dc voltage of the active filter than the 400-V hybrid filter
presented in the previous section. In other words, the 6.6-kV
hybrid filter imposes the following constraint on its active fil-
ter: The dc voltage should be assigned to range from 1,200
to 1,500 V when the three-level converter uses 1.2-kV or 1.4-
kV IGBTs. These IGBTs are easily available from the mar-

100 V ket at reasonable cost. The three-level converter produces less
VD 80 V | switching ripple and loss, and less EMI emission than the two-
€0V I(_avel converter when both converters has the same PWM car-
20 ms rier frequency as 10 kHz [48-50].

ir 0

100 V 1
VAF 0

Fig. 20. Experimental waveforms with a dc load rated at 15 kW whe@ P ical i . f ive fil
the hybrid filter was used . Practical applications of active filters

9.1. Application to harmonic-current filtering. Water sup-

/\ /\ /\ /\ /\ /\ /\ /*\ ply utilities in Japan have been actively introducing adjustable-

Vs 0 speed inverter-driven pumps to their water-processing plants
. \/ \/ \/ \/ \/ \/ \/ \/ \/ for energy conservation.

) . N NN A A A NN Figur'e 23 shows an examplg pfgpractical app?lication Qfa
\VAAVARY/ \VARVARVAAY ARV AR/ pure active filter for power condltlomng to a water-processing
plant. The use of the four inverter-driven pumps brings optimal
i o jV\ M M MMM MM systgm operat_ion and energy savings to the plant. Howevgr,
W W W W W W W W W the inverter-driven pumps draw a large amount of harmonic
- current, and other inductive and imbalanced loads connected
to the same feeder deteriorate power quality. The 300-kVA
shunt active filter has been installed at the secondary of the
6.6-kV/440-V transformer rated at 750 kVA. The functions of
this active filter are mainly harmonic-current filtering, as well
as power-factor correction, and load balancing [51].

9.2. Application to voltage-flicker reduction. Toshiba
Mitsubishi-Electric Industrial Systems Corporation (TMEIC)
in Japan has developed a 21-MVA active fittersing 4.5-
kv 1.5-kA IEGTs (injection-enhanced gate transistors) for
voltage-flicker reduction of two ac arc furnaces [52]. Each
IEGT has a press package with a diameter of 125 mm, and
it is based on leading-edge semiconductor technology. It may
Fig. 21. Experimental waveforms by the hybrid filter when a step loalie considered as an advanced IGBT in terms of device struc-
change occurred from 15 kW to 10 kW ture and characteristics. The IEGT leg in each phase is one

Load change 20 ms

6This active filter is referred to as a self-commutated SVC (static var compensator) in [52].
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third the physical size of its corresponding GTO (gate-turn-  Transformer IEGT Converter _ _  _  _  _  _  _ _ _  _
off thyristors) leg. Moreover, the IEGT-based active filter has

| | I [tttk ttalee =S ik
lower power loss by 50% than the GTO-based active filter | R |
The IEGTs used here are planar-gate devices. Toshiba wi P EJ J
soon release a trench-gate version of the IEGT that has lowt uh i -
conducting and switching losses [45]. | j % ] :
| R |

|

I

|

|

I

! I
___________________________ |

: :; | Single-phase bridge IEGT module | :
2] e6kveon: I !
I

I

|

I

I

I

I

|
!
¢, LT T Eemczmomzomzomozmoocna o2
~— /) 750 kVA | . i
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) |
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|
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NN
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T 77 7 71 SRS | i LTI 42
[ — e — i — Y R—
Shunt I_H_l ‘_H_l ‘ s | I_H_l E IEGT converter rated at 10.5 MVA 1!
aﬁcl[tlgf HH HH HH HH 3 [#.  Six single-phase bridge IEGT modules | I
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ig. 25. Circuit configuration of the 21-MVA shunt active filter

No.1 No.2 No.3 No.4

speo[ aseyd-saay,
speo] eseyd-e[3urg
T
Q

Adjustable-speed pumps Clamp Snubber

Fig. 23. Single-line diagram of water-processing plant in water supply

| —
. ' -— - = — 1 /) \ .
utility | \I || [ \ |
| I | A V/4 \
i L_F— 1 L_F1 l/ |
66 kV AC | L |i DC
° \ |
| r— 1 —1 i | \ /[
X 1 I N /.
22 kV _ _ | L _r— 1 L_I—| =~ l
| - e

% % é Fig. 26. Circuit configuration of each IEGT converter
'I{-;} Figure 25 shows the detailed circuit configuration of the

T T 21-MVA active filter consisting of 12 single-phase H-bridge
L”J converters and a transformer with multi-windings.

Figure 26 shows the detailed circuit configuration of each
single-phase H-bridge converter. Neither turn-on nor turn-off
snubber is required for each IEGT. However, each IEGT leg

needs a simple and efficient clamp snubber that is connected
between the positive and negative buses. The carrier frequency
of PWM is 390 Hz.

Figure 24 shows the simplified single-line diagram of the Table 4 summarizes the ratings of the active filter. The
whole system including two ac arc furnaces, the active fikymbol “1S-1P-2L" means the one-series, one-parallel, two-
ter, and two single-tuned filters to the 3rd- and 4th-harmonieg configuration. In other words, the single-phase H-bridge
frequencies. The two arc furnaces draw a reactive currempnverter consists of four IEGTs with neither series nor par-
a negative-sequence current and low-order harmonic curremttel connection. The total number of the IEGTs used here
from the 22-kV bus. All the currents fluctuate with time. Inis 48, so that the MVA rating per power switching device is
collaboration with the two single-tuned filters, the active filtel0.44 MVA/device [53].
compensates for the randomly-fluctuating reactive, negative- Japan has been using the so-call&d/10” as an index for
sequence, and harmonic currents. evaluating voltage flicker. This index considers the sensitivity

32 MVA 8.6 MVA 21-MVA 4 MVA 15 MVA
ac arc furnaces active filter 3rd 4th

Fig. 24. Single-line diagram of the whole system including ac arc fur;
naces, along with active and passive filters

Bull. Pol. Ac.: Tech. 54(3) 2006 267



H. Akagi

of human eyes to flicker frequencies with the largest weiglREFERENCES

assigned to flicker at 10 Hz. When the active filter was discon-

nected, the maximum value of tlev10 was 1.3 V. When the [1] B.M. Bird, J.F. Marsh, and P.R. McLellan, “Harmonic reduc-

active filter was operated, it was reduced to 0.5 V [52]. Note  tion in multiple converters by triple-frequency current injec-

that these values of th&V10 are referred to 100 V. The active tion”, IEEE Proc 116 (10), 1730-1734 (1969).

filter made a significant contribution to mitigating the voltage [21 H- Sasaki and T. Machida, “A new method to eliminate ac har-

flicker caused by the arc furnaces to acceptable levels. monic currents by magnetic compensation - consideration on
basic design”|EEE Trans. Power Appl. Sy€0 (5), 2009-2019

(1971).
Table 4 [3] A. Ametani, “Harmonic reduction in thyristor converters by
Ratings and specifications of the 21-MVA shunt active filter harmonic current injectionlEEE Trans. Power Appl. Sy€5
- (2), 441-449 (1976).

Power.dewce IEGT 4.5 kV-1.5 kA [4] L. Gyugi, and E.C. Strycula, “Active ac power filterdEEE-

Capactty  ~  21MVA IAS Ann. Meeting529-535 (1976).

Conwerter configuration  (15-1P-2kpx4 [5] N. Mohan, H.A. Peterson, W.F. Long, G.R. Dreifuerst, and

Rated dc voltage 2.500V J.J. Vithaythil, “Active filters for ac harmonic suppression”,

Rated ac voltage 1350V IEEE/PES Winter MeetingA77026-8, (1977).

Rate_d ac current 1.296 A [6] I. Takahashi and A. Nabae, “Universal power distortion com-

Carrier frequency 390 Hz

pensator of line-commutated thyristor convertei2EE-IAS
Ann. Meeting858-864 (1980).
[7] J. Uceda, F. Aldana, and P. Martinez, “Active filters for static
10. Conclusions power converters"|EEE Proc.B 130 (5), 347—354 (1983).

) ] ) ) [8] H.Kawahira, T. Nakamura, S. Nakazawa, and M. Nomura, “Ac-
Active filters based on leading-edge power electronics tech-  tive power filter”, Conf. Rec. IEEJ-IPEC981-992 (1983).

nology can be classified into pure active filters and hybrid ac-[9] H. Akagi, Y. Kanazawa, and A. Nabae, “Generalized theory of
tive filters. The reader may ask the following simple question  the instantaneous reactive power in three-phase circ@tsif.

in his/her mind, “Which is preferred, a pure active filter or a Rec. IEEJ-IPEC1375-1386 (1983).

hybrid active filter?” Fortunately or unfortunately, engineeringl10] H. Akagi, Y. Kanazawa, and A. Nabae, “Instantaneous reactive
has no versatile techniques in terms of cost and performance, POWer compensators comprising switching devices without en-
and it is based on a compromise or a trade-off between cost €9y storage componentsEEE Trans. Ind. Appl20 (3), 625~
and performance. Therefore, a comprehensive answer of Tfl] 630 (1984).

. - H. Akagi, A. Nabae, and S. Atoh, “Control strategy of ac-
author to the question depends strongly on the function(s) tive power filters using voltage-source PWM convertelSEE

active filters intended for installation. Trans. Ind. Appl22 (3), 460—465 (1986).
A pure active filter provides multiple functions such as harq15; H. akagi, v. Tsukamo’to, and A. Nabae, “Analysis and design
monic filtering, damping, isolation and termination, load bal-  of an active power filter using quad-series voltage-source PWM

ancing, reactive-power control for power-factor correction and  converters”JEEE Trans. Ind. Appl26 (1), 93-98 (1990).
voltage regulation, voltage-flicker reduction, and/or their com{13] F.Z. Peng, H. Akagi, and A. Nabae, “A study of active power fil-
binations. A cluster of the above functions can be represented ters using quad-series voltage-source PWM converters for har-
by “power conditioning.” Hence, the pure active filter is well monic compensationfEEE Trans. Power Electrord (1), 9-15
suited to “power conditioning” of nonlinear loads such as elec-  (1990). _ N _
tric ac arc furnaces, and utility/industrial distribution feeders/14 S- Moran, A line voltage regulator/conditioner for harmonic-
On the other hand, a hybrid active filter consists of an active fil- ;igs'g;i gzg 9I)SO|atI0n Conf. Rec. IEEE-IAS Ann. Meeting
ter and a single-tuned filter that are directly connected in seri ' . « .

. . o ) . (TJS.S] W.M. Grady, M.J. Samotyj, and A.H. Noyola, “Survey of active
without trapsfprm_er. This hybrid filter is exclus!\{ely devoted power line conditioning methodologieslEEE Trans. Power
to *harmonic filtering” of three-phase diode rectifiers, because  pejiy, 5 (3), 1536-1542 (1990).
it has no capability of reactive-power control from a practicat1] H. Akagi, “Trends in active power line conditionerSEEE
point of view although it has from a theoretical point of view. Trans. Power Electrord (3), 263—268 (1994).

Some manufactures have already put active filters fou7] H. Akagi, “New trends in active filters'Conf. Rec. EPB, 17—
power conditioning on the market. However, they should strive 26 (1995).
for cost reductions, as well as better filtering performance anid8] H. Akagi, “New trends in active filters for power conditioning”,
higher efficiency, to compete well with traditional passive fil-  |EEE Trans. Ind. Appl32 (6), 1312-1322 (1996). .
ters. In addition to the harmonic guidelines or recommenda+®! E'te?sn?ohr'p}zw 'Aé';';ﬁ‘;ﬁ;di’ma;r‘g \/A;'mihnat‘,?sg‘é ﬁ;ﬁ;"?‘é"dog‘]ﬁ“’e
tions, sincere efforts by the manufactures would accelerate in- tron. 46 (6), 960971 (1999).

sta_lla_tlon of active fll_ters in the vicinity of r_10n|mear Ioad;.ézo] F.Z. Peng, “Harmonic sources and filtering approachkeEE
This in turn would bring greater cost reductions to the activ Ind. Appl. Mag.7, 18-25 (2001).

filters due to the economy of large-scale production. Consti»y] . akagi, “Active harmonic filters”Proc. IEEE93 (12), 2128—
tuting such a positive feedback loop would encourage wide 2141 (2005).

acceptance of the active filters, resulting in solving harmonif22] M. Routimo, M. Salo, and H. Tuusa, “Comparison of voltage
pollution and improving power quality. source and current-source shunt active power filt&@ehf. Rec.

268 Bull. Pol. Ac.: Tech. 54(3) 2006



Modern active filters and traditional passive filters

IEEE-PESC2571-2577 (2005).
[23] A.Nakagima, J. Nishidai, and T. Shiraishi, “Development of ac-
tive filter with series resonant circuitGonf. Rec. IEEE-PESC
1168-1173 (1988). [39]
F.Z. Peng, H. Akagi, and A. Nabae, “A new approach to har-
monic compensation in power systems, a combined system of
shunt passive and series active filter€pnf. Rec. IEEE-IAS
Ann. Meeting874-880 (1988),IEEE Trans. Ind. Appl26 (6),
983-990 (1990)).
F.Z. Peng, H. Akagi, and A. Nabae, “Compensation character-
istics of the combined system of shunt passive and series active
filters”, IEEE Trans. Ind. Appl29 (1), 144-152 (1993). [41]
H. Fujita and H. Akagi, “A practical approach to harmonic com-
pensation in power systems: series connection of passive and
active filters”,Conf. Rec. IEEE-IAS Ann. Meeting107-1112
(1990), (EEE Trans. Ind. Appl27 (6), 1020-1025 (1991)).
I. Takahashi, and Y. Omura, “High power active filter using LC [42]
tuned filter”,JIEE Trans. Ind. AppID 112 (9), 823-828 (1992),
(in Japanese).
N. Tokuda, Y. Ogihara, M. Oshima, and T. Miyata, “Active filter
with series L-C circuit”Conf. Rec. IEEE-PES ICHP342-249
(1994).
M. Rastogi, N. Mohan, and A.A. Edris, “Filtering of harmonic
currents and damping of resonances in power systems with a
hybrid-active filter”,Conf. Rec. IEEE-APE®G07-612 (1995).  [44]
S. Bhattacharya, P.T. Cheng, and D.M. Divan, “Hybrid solu-
tions for improving passive filter performance in high power
applications” IEEE Trans. Ind. Appl33 (3), 732-747 (1997).
D. Basic, V.S. Ramsden, and P.K. Muttik, “Harmonic filtering
of high-power 12-pulse rectifier loads with a selective hybrid
filter system”,IEEE Trans. Ind. Electron48 (6), 1118-1127
(2001).
D. Detjen, J. Jacobs, R.W. De Doncker, and H.G. Mall, “A new
hybrid filter to dampen resonances and compensate harmonic
currents in industrial power systems with power factor correc{47]
tion equipment”|EEE Trans. Power Electrorl6 (6), 821-827
(2001).
B.N. Singh, B. Singh, A. Chanda, and K. Al-Haddad, “Digital
implementation of a new type of hybrid filter with simplified [48]
control strategy”Conf. Rec. IEEE-APE®42-648 (1999).
K. Oku, O. Nakamura, and K. Uemura, “Investigation into exe-[49]
cution of harmonic guidelines for household and office electric
applications”, IEE of Japan SC77A Domestic Committee Re-
port, 7-9 (2002), (in Japanese). [50]
K. Oku, O. Nakamura, and K. Uemura, “Measurement and
analysis of harmonics in power distribution systems, and de-
velopment of a harmonic suppression methd&E of Japan  [51]
Trans.B 114 (3), 234—-241 (1994), (in Japanese).
E.B. Makram, E.V. Subramaniam, A.A. Girgis, and R. Catoe,
“Harmonic filter design using actual recored dat&EE Trans.
Ind. Appl.29 (6), 1176-1183 (1993).
D.A. Paice Power Electronic Converter Harmonics: Multipulse
Methods for Clean PowelViley-IEEE Press, 1995. [53]
[38] H. Akagi, “Control strategy and site selection of a shunt ac-

(24]

[40]

[25]

[26]

[27]

(28]
(43]

[29]

(30]

[45]
(31]

[46]

(32]

(33]

(34]

(35]

(36]
[52]

(37]

Bull. Pol. Ac.: Tech. 54(3) 2006

tive filter for damping of harmonic propagation in power dis-
tribution systems”]EEE Trans. Power Delivi2 (1), 354-363
(1997).

H. Akagi, H. Fuijita, and K. Wada, “A shunt active filter based
on voltage detection for harmonic termination of a radial power
distribution line”, IEEE Trans. Ind. Appl.35 (3), 638-645
(1999).

P. Jintakosonwit, H. Fujita, and H. Akagi, “Control and per-
formance of a fully-digital-controlled shunt active filter for in-
stallation on a power distribution systemlEEE Trans. Power
Electron.17 (1), 132—-140 (2002).

P. Jintakosonwit, H. Akagi, H. Fujita, and S. Ogasawara, “Im-
plementation and performance of automatic gain adjustment in
a shunt active filter for harmonic damping throughout a power
distribution system,IEEE Trans. Power Electrorl? (3), 438—
447 (2002).

K. Wada, H. Fujita, and H. Akagi, “Considerations of a shunt
active filter based on voltage detection for installation on a long
distribution feeder”]EEE Trans. Ind. Appl38 (4), 1123-1130
(2002).

P. Jintakosonwit, H. Fujita, H. Akagi, and S. Ogasawara, “Im-
plementation and performance of cooperative control of shunt
active filters for harmonic damping throughout a power distri-
bution system”]EEE Trans. Ind. Appl39 (2), 556-564 (2003).

S. Srianthumrong, H. Fujita, and H. Akagi, “Stability analysis
of a series active filter integrated with a double-series diode rec-
tifier”, IEEE Trans. Power Electrorl7 (1), 117-124 (2002).

N. Tsukamoto, H. Matsumura, S. Terama, N. Kawakami, and
G. Tchouangue, “World-first 3.3kV/1.2kA IEGT in trench-gate
technology”,Conf. Rec. PCIM270-274 (2004).

S. Srianthumrong and H. Akagi, “A medium-voltage trans-
formerless ac/dc power conversion system consisting of a diode
rectifier and a shunt hybrid filterlEEE Trans. Ind. Appl39

(3), 874-882 (2003).

H. Akagi, S. Srianthumrong, and Y. Tamai, “Comparisons in
circuit configuration and filtering performance between hybrid
and pure shunt active filtersGonf. Rec. IEEE-IAS Ann. Meet-
ing, 1195-1202 (2003).

R.H. Baker, Bridge Converter Circuit, U.S. Patent 4270163,
May 26, 1981.

A. Nabae, I. Takahashi, and H. Akagi, “A new neutral-point-
clamped PWM inverter”’|EEE Trans. Ind. Appll17 (5), 518—
523 (1981).

R. Teichmann and S. Bernet, “Three-level topologies for low-
voltage power converters in drives, traction and utility applica-
tions”, Conf. Rec. IEEE-IAS Ann. Meetin0-167 (2003).

T. Yoshida, M. Nishitoba, T. Ishikawa, and K. Tanaka, “Multi-
functioned active filters complying with harmonic guidelines”,
Meiden Reviewg48 (3), 28—-32 (1996).

S. Ota, M. Tobita, and T. Yoshino, “New self-commutated
SVC and SFC using IEGTConf. Rec. IEEJ-IPE(2177-2181
(2005).

H. Akagi, “Large static converters for industry and utility appli-
cations”,Proc. IEEE89 (6), 976-983 (2001).

269



