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_Abstract—This paper presents the performance analysis of ahy- Hz (fifth harmonic) modifies the required resonant frequency in
brid filter composed of passive and active filters connected in se- 794 with respect to the selected design value, affecting the filter
ries. The analysis is done by evaluating the influence of passive o\ rrent harmonic compensation performance. Also, the passive

filter parameters variations and the effects that different active filt t t fund tal f " that
power filter's gain have in the compensation performance of the '€l generates at lundamental frequency reactive power tha

hybrid scheme. The compensation performance is quantified by changes the system voltage regulation, and if the filter is not
evaluating the attenuation factor in a power distribution systemen- designed properly or disconnected during low load operating

ergizing high-power nonlinear loads compensated with passive fil- conditions, overvoltages can be generated at its terminals.

ters an_d then improved V\_/lth the connection of aseries active power Hybrid topologies composed of passik€ filters connected

filter. Finally, compensation characteristics of the hybrid topology . - . .

are tested on a 10-kVA experimental setup. in series to an .actlve power filter have already_ been prop(_)sed
and discussed in technical papers [1]-[6]. Hybrid topology im-

proves the compensation characteristics of passive filters, and

allows the use of active power filters in high-power applications

at a relatively low cost. Moreover, compensation characteristics

I. INTRODUCTION of already installed passive filters can be significantly improved

ASSIVE filters have always been considered a go&yconnecting a series active power filter at its terminals, giving
alternative for current harmonics compensation anfgore flexibility to the compensation scheme. Most of the tech-

displacement power-factor correction. In general, passive tu 8""! d|sadyantage_s of passive f||t_ers descrlbeq befc_)re can be
fiters have been used to minimize low-frequency curre Iminated if an active power filter is connected in series to the

harmonics while high-pass units have been connected p(%ssive approach as shown in Fig. 1.

attenuate the amplitude of high frequency current components!Dapers dealing with hybrid topologies have focussed their

However, high-pass filters present disadvantages due to a@lysi_s on the coptrol sche_me, principles of operation, and de-
resistance connected in parallel to the inductor, which increa§é%nlcr'te”a utshed in the acﬂ;/.e p0\r/1ver f||tter' [%H?]]' In g” tecth- ted
the filter losses and reduces the filtering effectiveness at @ Papers, the compensation characleristics have been teste
tuned frequency. In simple systems consisting of an ideal voltage source and a
Technical disadvantages of passive filters have been ext@ﬂ-n“nefa;] load. 'T‘ thf|_|s paper, a complet((aj ar? aIyS|.s of the m;llu-
sively discussed in previous literature. The most critical aspe@tgce of the passive filter parameters, and the active power filter

of passive filters are related to the fact that they cannot mod in in the compe_nsatlon performqnce of the hybrid scheme is
their compensation characteristics following the dynam esented. Also, simulated results illustrate how the compensa-

changes of the nonlinear load, the performance depende%gg cha_racﬁeristics of a pass_ive filter us_ed FO e_Iiminate current
they present with the power system parameters, and the pro grmonics in a large |nd.ustr|al power dlstrlbult|0n system can
bility of series resonances with the power system’s equivalepﬁ |mproveq by connecting an active power f||ter._F|naIIy, the
reactance. Another technical disadvantage of passive filterSRMPENSation performance of the hYb”d scheme is testeq ona
related to the small design tolerances acceptable in the vaIue%QﬂkVA Iaboratp ry pTOtO‘.Vpe for npnlmear load compensation,
L andC. Small changes in the value bfor C' modify the filter and the operation with distorted line voltages.

resonant frequency. For example, a 5% difference in the se-

lected value of_ or C in a second-ordeEC filter tuned at 250 [I. PRINCIPLES OFOPERATION

Index Terms—Active power filter, current harmonics, power
factor, power filter, reactive power.

The hybrid active power filter topology presented in this
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Fig. 1. Hybrid active power filter configuration.
circulate through the hybrid scheme. In other words, because
the active power filter is connected in series to the passive
filter through coupling transformers, it imposes a voltage
signal at the primary terminals that forces the circulation of
current harmonics through the passive filter, improving its
compensation characteristic, independently of the variations in
the selected resonant frequency or filter parameters.

The principles of operation for current harmonic and power
factor compensation are explained with the help of two single-
phase equivalent circuits shown in Fig. 2.

A. Current Harmonic Compensation

In the current harmonic compensation mode, the active filter
improves the filtering characteristic by imposing a voltage har-
monic waveform at its terminals with an amplitude equal to

1)

wherelgy, is the harmonic content of the line current to be com-
pensated, an& is the active power filter gain. The coupling

Ven =K - Isp,

transformer changes the secondary current waveform generated

by the PWM voltage-source inverter, in a voltage signal in-
duced between the primary terminals.
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If the ac mains voltage is purely sinusoidal, the ratio betwegBwer-factor compensation.

the harmonic component of the nonlinear load current and the

Non Linear
Load

Fig. 2. Single-phase equivalent circuit of the hybrid active power filter
scheme. (a) For current harmonic compensation. (b) For displacement

harmonic component of the ac line current (attenuation factgfs. To improve the attenuation factor (i.e., better compensation
«) is obtained from Fig. 2(a) and is equal to performance) K must be increased becaugg and Zp are

constant.
Y= Isp _ VA @)
Inn K+ Zrp+7s

B. Displacement Power-Factor Compensation

Equation (2) shows that the attenuation factadefines the  Hybrid power filters can also be used to control the load dis-
filtering characteristic of the hybrid topolo@¥s. /1), which  placement power factor. In fact, displacement power-factor cor-
depends on the value of the passive filter equivalent impedameetion can be achieved by controlling the fundamental voltage
7, the active power filter gaitk(, and the system impedancecomponent drop across the passive filter capaditor[2]. In
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order to do that, a voltage component at fundamental frequency,
) ) o ) =201\
Var, and in phase with the capacitor filter voltalje is gener- G \
ated at the coupling transformer primary terminals featuring an § 15
amplitude equal to 3
210}
VAF:/}'VHF- (3) -E 5 I/Q=3i?/
o w \‘%‘;ﬁw’a:g;
On the other hand, at fundamental frequency the passive filter 0 e
equivalent impedance is capacitive, as shown in Fig. 2(b), and 100 Frzecuagency 30 400

the voltage across the hybrid filter is equal to

Fig. 3. Frequency response of the passive filter equivalent impedance for
Vur = Vo + Var (4) different quality factor values.

which shows that the voltage across the capaditprcan be or design tolerances. The tuned factazan also be defined in
changed by adjusting the active power filter output voltage anerms of frequency and parameter variation, such as
plitude V4 ¢ in phase withV. The hybrid filter fundamental

current is defined by the following expression: § = ﬂ + 1 ﬁ + & (8)
d d d
ip = CF% = CF% (vgr — Pvgr) = (1 - B)CF U;F whereA f is a frequency variation around the nominal vafye

"(5) AL is an inductance variation around the nominal valyg
Considering thal/z» andip are the voltage and current,and AC is a capacitance variation around the nominal value

respectively, at the hybrid filter terminals, (5) suggests that, i6y... The influence of each of these parameters in the hybrid
defining filter compensation performance is analyzed in this section. The

results are used to determine the parameters values that optimize
C,=(01-p)Cp (6) the hybrid filter compensation performance.

the hybrid filter can be considered as an equivalent capacifdr Effects of the Passive Filter Quality Factor

C~. Moreover, (6) shows that i is positive the hybrid filter  An important parameter that must be considered in the pas-
reduces the reactive power that flows to the load, and converselye filter design and that has a strong influence in the hybrid
if /B is negative the hybrld filter increases the reactive power tl%heme Compensation performance is the qua“ty f@tdf‘he

flows to the load. According to (3), modifying means that the quality factorQ of a passive filter is defined by
voltage across the active filter is changed and hence the voltage

across the pasive filter is inversely changed as indicated by (4), 1 [Ly
. o Q=75+ 9)
assuming that’, ¢ is mainly constant. R\ Cf
[1l. HYBRID FILTER COMPENSATION PERFORMANCE whereR;, Ly, andC; are the resistance, inductor, and capac-

itor values of the passive filter. The passive filter quality factor

. Current harmonic cqmpensation s achieyed by reducing (g jefines the passive filter bandwidth, as shown in Fig. 3. A
impedance of the hybrid filter and, thus, forcing the current h assive filter with a small bandwidttQ < 5) presents a high

m(I)ntl_c totrl:ollowht?rt]e Iow-lmpeda;nce tFra]e(;tory |_r|1_stead of ﬁ!r' pedance for current harmonics with a frequency that is not
culating through the power system [Fig. 2(a)]. To accomplis, ual to the resonant value. This characteristic affects the com-

this task, the hybrid filter must present a wide bandwidth a nsation performance of nonlinear loads. The filter resistance

a very.small impedance at the fre_qugncy of the, harmanics t d capacitor must be increased to make the filter bandwidth
are being compensated. The hybrid filter bandwidth depends Rer. However by increasing and C, the passive filter
the passive filter parameters and on the active power filter galp.< and loss e,s become greater '

K. The passive filterimpedance value at the resonant frequenC)lgigl 3 shows that a high value of the quality fac@pdefines

depends on the tune_d factr o a large bandwidth of the passive filter and low impedance at
The tuned.facto-lﬁ in per unit with respect to the resonantye resonant frequency, which improves the attenuation of cur-
frequencyw; is defined by rent harmonics. On the other hand, a low value in the quality
W — w, factor and/or a large value in the tuned factor reduces the passive
— (7) filter bandwidth and increases the impedance at the resonant
frequency, forcing an increase in the amplitude of the voltage
wherew is the passive filter real resonant frequency, and generated by the active power filter required to keep the same
the designed value. The tuned factodefines the magnitude compensation effectiveness, and therefore increasing the active
in which the passive filter resonant frequency changes dueptower filter rated power. Moreover, since the tuned faétand
the variations in the power system frequency and modificatiotise quality factor) modify the filter bandwidth and the passive
in the passive filter parametefsandC. The values of. and filter harmonic equivalent impedance at the resonant frequency,
C can change due to aging conditions, temperature variatiotigir values must be carefully selected in order to maintain the

6=

W
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Fig. 6. Relation between the THD of the line current versus the active power
06 filter gain K for different values of the system equivalent impedance.
“ {\ K=20
3 \ active power filter gairK. Similarly, Fig. 4 indicates that large
LLU.M Q=20 oy o -
< \ s values ofK (K > 15) improve hybrid filter compensation per-
g \ },1 - formance.
£0.2 AN ;'.:j/g_s - The total harmonic distortion (THD) of the line current de-
< \%//—\*\/f' pends on the value &, as shown in (10)
100 200 300 400 500 600
Frequency

2
Z (ILh : Zr —)
Zs+Zp+K
\/h:2 s+Zr+

Isy

Equation (10) indicates that the total harmonic distortion
of the line current decreaseshf increases. In other words, a
) ) ] better hybrid filter compensation is obtained for larger values
compensation effectiveness of the hybrid topology. A better hyz \oitage harmonic components generated by the active power
brid filter bandwidth can be achieved by modifying the activfie; However, Fig. 5 shows that no significant improvement
power filter gain as discussed below. is obtained forK greater than 15,

Figs. 4 and 5 illustrate that the tuned frequency and quality

B. Effects of the Active Power Filter Gaing factor of the passive filter directly modify the compensation

Fig. 4 shows how the active power filter gai changes characteristics of the hybrid topology. If these two factors are
the harmonic attenuation factor of the line curreptsThe at- not properly selected, the active power filter gain must be in-
tenuation factor of the line current harmonics expressed agrgased to maintain the same compensation performance.
percentage is obtained from (2), and is shown in Fig. 4 for a )
power distribution system with two passive filters tuned at fiftfe- Eff€cts of the Power System Equivalent Impedance
and seventh harmonics. The filter parameters used in this analfThe influence of the power system equivalent impedance
ysis are:C; = 100 uF, Ly = 5 mH, C7; = 50 uF, and on the hybrid filter compensation performance is related to its
L; = 4.79 mH. The tuned factoé selected for the filters are effects on the passive filter. In fact, if the system equivalent
0.1 for the fifth and 0.07 for the seventh. impedance is lower compared to the passive filter equivalent

Fig. 4 shows that the hybrid filter bandwidth can be modifieiinpedance at the resonant frequency, most of the load current
by changing the active power filter gain. Large valuegoim- harmonics will mainly flow to the power distribution system.
prove the hybrid filter compensation performance by reducing order to compensate this negative effect on the hybrid filter
the equivalent impedance for different values of frequency, thedmpensation performanck, must be increased, as shown in
is, by increasing the hybrid filter bandwidth. Fig. 4 also illus¢2), increasing the active power filter rated power.
trates that the effect of low values in passive filter quality fac- Fig. 6 shows how the system equivalentimpedance affects the
tors Q can be compensated with the adequate selection of tietation between the system current THD with the active filter

(©

Fig. 4. Hybrid filter frequency response for different values of active power
filter gain K and passive filter quality factdp. (a) Frequency response of the
passive filter. (b) Frequency response of the hybrid topology Witk 5.

(c) Frequency response of the hybrid topology with= 20.

THD; = (10)
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Fig. 7. THD of the system line current versus efactor for different values Fig. 8. THD of the system line current versus fiiefactor for different values
of filter capacitor. of filter resistor.

gainK in a power distribution system with passive filters tuned 15

at the fifth and seventh harmonics. Fig. 6 also shows thag if N E,65=°~1 y 67=0.07
decreases, the current system THD increases, so in order to keep 10 \‘
the same THD in the line currents, the active power filter d&in N\ 95=004 ¥y 57=0.03

must be increased. K< is high, it is not necessary to increase ~

~..

N

% THD
(8]

K to ensure a low THD value in the system current. This is due . ~ \‘“wénw
- . . S520 y F9AB~—
to fact that it is always easier to compensate current harmonics /’ R ]
in weak power distribution systems (large value/gf) than in 0
0 5 10 15 20 25
bulky systems (small value dfs). K

Finally, Fig. 6 also illustrates that hybrid filters with IargeF_ o THDofth emli X didactor for differentval
values of K are not sensitive to power system inductanclly, cq taciors. e Raactorion Aeremvaies
variations, therefore, compensation performance of the hybrid

scheme is guaranteedAf is larger than 15.
g g filtering performance of the hybrid filter, but it can be overcome

if K is chosen larger than 15.

The analysis presented in this section shows that by using an

Although by decreasingr or Cr the passive filter quality active power filter with a low gaifK < 10), the compensation
factor is improved, and the bandwidth increases, each coperformance of the hybrid scheme depends on the passive filter
ponent produces a different effect in the hybrid filteringlesign characteristics. By usidg > 15, most of the disadvan-
behavior. For example, by increasiity-, the filter equivalent tages of passive compensation disappear, and the hybrid scheme
impedance at the resonant frequency becomes larger, affectiepaves like an ideal filter. In this case, the hybrid compensa-
the current harmonic compensation characteristics at thisn performance does not depend on the passive filter parameter
specific frequency. On the other hand, by increasihg the values neither on the power system equivalent impedance. Ac-
reactive power generated at rated frequency becomes largerding to this analysis, a practical value #ris equal to 20.
overloading the hybrid filter and generating large amount of
reactive power, creating voltage regulation problems. IV. ANALYSIS OF THE HYBRID FILTER PERFORMANCE

Fig. 7 illustrates how the system current THD changes with COMPENSATING A DISTRIBUTION SYSTEM
different values ofCr, while keeping the filter tuned factdr

D. Effects of the Passive Filter Components

constant. Itis important to note that the larger valueS pfpro- This section will ;how how passive f!lter compe_nsatlon
erformance can be improved by connecting and active power

vide better compensation characteristic of the hybrid schemi . os. Th distributi ¢ . ¢
Figs. 7 and 8 prove that large values of the active power filt ller N Series. TNe POWEr dIStribution System €energizes tour
IX-pulse controlled rectifiers, each of 18 MW rated power.

gain, improve the hybrid filter compensation performance, ir- X
dependently on the values 6% andRp. This is an important ach converteris connecteq to the_ secondary ofa delt_a_/wye and
characteristic since it gives more flexibility in the design of th@ delta/delta trgnsformer simulating a 1-2-pylse rectifier. The
passive filter, and allows a significant reduction in the respecti @gle—phase dlagra}m of the power distribution system shown
cost (small values of'» and Ry are required). In Fig. 10 only considers the nonllnearlloads_ and_ passive filters
used to compensate current harmonics distortion. The other
part of the power distribution system is connected to different
bus voltages and is not considered in this analysis.

The tuned factob affects the hybrid scheme performance, Each 12-pulse rectifier is connected to passive filters tuned
especially at the passive filter resonant frequency. This is dagthe fifth, seventh, 11th, and 13th frequency harmonic, plus a
to the fact that defines the changes in the system frequendyigh-pass filter. Although for the power distribution system the
changing the value of the passive filter resonant frequencgctifiers behave as an equivalent 12-pulse converter, the two
Fig. 9 shows how the system line currents THD changes witlassive filters tuned at the fifth and seventh harmonics are con-
respect to the active power filter gak for different values of nected in case one of the rectifiers does not operate, leaving only
passive filter tuned factors. Large valuesdftieteriorate the one six-pulse unit connected to the bus.

E. Effects of the Passive Filter Tuned Factor
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Fig. 10. Single-phase line diagram of the power distribution system under study.

TABLE | 220 kV Transmission Line
POWER SYSTEM AND PASSIVE FILTER PARAMETERS 1

L (mH) C (WF) R (mQ) kVAR Mﬁf
S‘}]lstem . 2.8 it 37.5/50/62.5 MVA
5" harm. Filter 9.85+2% |42.8+3 % 760 13800 V- z=86%
7" harm. Filter | 5.85+2% | 3643 % | 630 10200 X
11" harm. Filter [ 3.07+2% | 27.8+3 % 520 7800 @ 2000A
13" harm. Filter | 219+2% |27.843% | 440 7800 | 23KV
17" harm. Filter | 1.28+2 % | 27.8+3 % | 25000 7800

The analysis presented in this section will consider the worst
operating condition which is defined when only one 18-MW
converter is connected to the power system. The power system
and passive filter parameters are shown in Table |. The active
power filter used in this example is rated at 750 kVA, since
it will compensate for current harmonics only, with coupling
transformers turns ratio equal to 20, semiconductors rated cur-
rent equal to 250 A, and 1200 V rated voltage and connected to
the passive filters as shown in Fig. 11.

The first analysis is done for cases where the two converters

11th 13th m@

Mw\t—«m—
3 |
%
,

operate in each bus voltage. The active power filter starts to com- Cell Bank #1
pensate at= 300 ms. The active power filter gain selected in this 18w
case is equal to 20. Before the active power filter starts to com- Hybrld Power Filter

pensate the current system THD is equal to 4.42%, proving the

adequate design of the passive filters. However, with the actﬁ‘@ 11. Single-phase equivalent system with hybrid compensation and for the
worst operating condition: only one six-pulse converter is connected to the bus.

power filter in operation, the compensating performance of the

hybrid topology is improved, as shownin Fig. 12. After the active

power filter startsto operate, the THD of the systemline currentis the system. For these reasons it is convenient to consider a

reducedto 1.2%. Moreover, the hybrid scheme operation redutessser number and rated power of passive filters connected to

the fundamental component of the filter current, due to the powtbe system. If the passive filters tuned at the 11th and 13th har-

factor compensation done with the active scheme. monics are eliminated, as shown in Fig. 13, the current wave-

The previous approach to compensate requires several gasns obtained for this case are shown in Fig. 14.
sive filters that increases the cost, and produces over voltagéig. 14 shows that the THD of the line current before active
regulation due to the large amount of reactive power suppliedmpensation starts is equal to 7.51%. Once the hybrid topology
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Fig. 12.  Simulated current waveforms for hybrid filter compensation (actiig. 14. Simulated current waveforms for hybrid filter compensation (active
power filter compensation starts at 300 ms). Top: simulated load current; middbeiver filter compensation starts at 300 ms). Top: simulated load current; middle:
simulated hybrid filter current; bottom: simulated system line current. simulated hybrid filter current; bottom: simulated system line current.
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Fig. 15. Simulated waveforms for steady-state operating conditions and

system voltage waveform distorted. Top: voltage source waveform with 3% of

JKBS _B ! I fifth harmonic; bottom: system line current (active power filter compensation
Cell Bank # 1 Cell Bank # 2 starts at = 300 ms)
18 MW 18 MW T '

Hybrid Power Filter . . .
from an overload condition, in case a resonance is generated at

Fig. 13. Single-phase equivalent system with hybrid compensation and P80 Hz.
worst operating condition: only one six-pulse converter is connected to the bus—l—he simulated results shown in this section test the compen-
and passive filters tuned at fifth and seventh harmonic connected. . . . . .

sation effectiveness of hybrid active power filters, and the pos-

operatest = 300 ms), the system line current THD is reduceos'b'l'ty of improving passive filter compensation performance.

to 4.7%.

Voltage distortion in the power distribution system affects
the compensation characteristics of passive filters, as shown irA laboratory prototype using insulated gate bipolar transistor
Fig. 15. If a small harmonic distortion exists in the voltage wavg€lGBT) switches was implemented and tested in the compensa-
form, for example a 3% of fifth harmonic, the passive filter comtion of a six-pulse controlled rectifier. The inverter was operated
pensation performance is significantly reduced. In this case tie4-kHz switching frequency and was connected in series to
THD of the line currents increases to 15.2%. In order to avoapassive filter through a coupling transformer with turns ratio
these types of problems, the active power filter is connecteztjual to 15. The passive filter was tuned at the fifth harmonic
and the THD of the line current is reduced to 4.8%. Moreovg50 Hz). The passive filter used in the experimental setup was
the operation of the active power filter protects the passive filtenplemented withCs; = 110 uF, Ls; = 3.6 mH, and quality

V. EXPERIMENTAL RESULTS
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Fig. 18.

factor equal to 7. Steady-state experimental results are illdke line current THD is equal to 24%. With active compensa-
trated in Figs. 16—19. In particular, Fig. 16(a) shows the systdian, the system ac line current is reduced to 6.3% as shown in
line current when only the passive filter is connected; the asd€ig. 17. In Fig. 18, the nonlinear load resonates with the passive
ciated frequency spectrum is shown in Fig. 16(b). In this cadéter generating an ac line current with 60% THD. Once the ac-
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Fig. 19. Experimental ac line current waveform with hybrid topology compensation. (a) Line current waydidin= 4.9%). (b) Associated frequency
spectrum.

tive filter starts to compensate (hybrid topology) the resonances] F. Libano, J. Cobos, and J. Uceda, “Simplified control strategy for hybrid

is effectively attenuated and the associated THD is reduced tg _ active filters,” inProc. IEEE PESC'971997, pp. 1102-1108.
?6] D. Rivas, L. Moréan, J. Dixon, and J. Espinoza, “A simple control scheme

4.9% as shown in Fig. 19. for hybrid active power filter,” inProc. IEEE PESCGalway, Ireland,
June 2000, pp. 991-996.

VI. CONCLUSION

The compensation performance of a hybrid filter was pre-

sented and analyzed. The hybrid active power filter combin~< Darwin Rivas received the electrical engineering de-
the compensation characteristics of resonant passive and ac gree from the University of Concepcién, Concepcién,
power filters. It was proved that the proposed hybrid scher Chgﬁ'cgﬁgegmber 2000, he has been with the Escon-
is able to compensate displacement power factor and curr & =W dida Copper Mine, Antofagasta, Chile, where he is
harmonics simultaneously. The combination of passive and i (3 & the Electrical Supervisor of the Electrowining Plant.
tive power filters allows for better performance compensation “""’H

high voltage nonlinear loads. The compensation performance )
the hybrid scheme was analyzed for different parameter var

tion and active power filter's gain. It was concluded that large
values of active power filter's gain improves compensation ef-
fectiveness, independently of the passive filter performance. Itis
recommended that, for this type of application, the active power
filter's gain must be greater than 15. The technical viability of
the proposed scheme was verified by simulation using Psp’
and with an experimental setup of 10 kVA.
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