-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by VBN

Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Hybrid Active Filter with Variable Conductance for Harmonic Resonance Suppression
in Industrial Power Systems

Lee, Tzung-Lin; Wang, Yen-Ching; Li, Jian-Cheng; Guerrero, Josep M.

Published in:
| E E E Transactions on Industrial Electronics

DOl (link to publication from Publisher):
10.1109/TIE.2014.2347008

Publication date:
2015

Document Version
Early version, also known as pre-print

Link to publication from Aalborg University

Citation for published version (APA):

Lee, T-L., Wang, Y-C., Li, J-C., & Guerrero, J. M. (2015). Hybrid Active Filter with Variable Conductance for
Harmonic Resonance Suppression in Industrial Power Systems. | E E E Transactions on Industrial Electronics,
62(2), 746 - 756 . DOI: 10.1109/TIE.2014.2347008

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

? Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
? You may not further distribute the material or use it for any profit-making activity or commercial gain
? You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us at vbon@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 25, 2017


https://core.ac.uk/display/60568143?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1109/TIE.2014.2347008
http://vbn.aau.dk/en/publications/hybrid-active-filter-with-variable-conductance-for-harmonic-resonance-suppression-in-industrial-power-systems(a2b91bfe-e107-4648-9ffa-0c1c14e52537).html

Hybrid Active Filter with
Harmonic Resonance

Variable Conductance for
Suppression in Industrial

Power Systems

Abstract—Unintentional series and/or parallel resonances, due
to the tuned passive filter and the line inductance, may restl
in severe harmonic distortion in the industrial power systen.
This paper presents a hybrid active filter to suppress harmoit
resonance and reduce harmonic distortion as well. The promsed
hybrid filter is operated as variable harmonic conductance
according to the voltage total harmonic distortion, so harnonic
distortion can be reduced to an acceptable level in response
load change or parameter variation of power system. Since #
hybrid filter is composed of a seventh-tuned passive filter ah
an active filter in series connection, both dc voltage and kVA
rating of the active filter are dramatically decreased compaed
with the pure shunt active filter. In real application, this feature
is very attractive since the active power filter with fully power
electronics is very expensive. A reasonable trade-off beten
filtering performances and cost is to use the hybrid active fter.
Design consideration are presented and experimental ressl
are provided to validate effectiveness of the proposed metial.
Furthermore, this paper discusses filtering performances o line
impedance, line resistance, voltage unbalance and capde#é
filters.

KEYWORDS

Hybrid active filter, harmonic resonance, industrial pow
system

NOMENCLATURE
Vg source voltage
is source current
g, load current
i filter current
L, source inductor
R, source resistor
Ly filter inductor
Cy filter capacitor
Ry filter resistor
Cye dc capacitor of the hybrid filter
Vde dc voltage of the hybrid filter
vl dc voltage command
e terminal voltage
€qd terminal voltage in the SRF
€ad.h terminal harmonic voltage in the SRF
en terminal harmonic voltage
wh, harmonic frequency in radian
i harmonic current command
iy fundamental current command
i* current command
G* conductance command
kp proportional gain of the tuning control
ki integral gain of the tuning control

K, proportional gain of the current controller
THD* voltage THD command

I, filter harmonic current amplitude

E(s) terminal voltage in s-domain

I(s) filter harmonic in s-domain

I*(s) filter harmonic command in s-domain

I. INTRODUCTION

Harmonic pollution is becoming increasingly serious due
to extensive use of nonlinear loads, such as adjustablalspee
drives, uninterruptible power supply systems, batteryging
system, etc. These equipment usually uses diode or thyris-
tor rectifiers to realize power conversion because of lower
component cost and less control complexity. However, the
rectifiers will contribute a large amount of harmonic cutren
flowing into the power system and the resulting harmonic
distortion may give rise to malfunction of sensitive equgnmh
or interfering with communication systems in the vicinity
of the harmonic sources. Normally, tuned passive filters are
eq,eployed at the secondary side of the distribution transéor
to provide low impedance for dominant harmonic current and
correct power factor for inductive loads [1], [2]. Howevdue
to parameter variations of passive filters, unintentioraies
and/or parallel resonances may occur between the passgare fil
and line inductance. The functionality of the passive filter
may deteriorate and excessive harmonic amplification may
result [3], [4]. Thus, extra calibrating work must be congam
to maintain the filtering capability.

Various active filtering approaches have been presented to
address the harmonic issues in the power system [5], [6], [7]
The active filter intended for compensating harmonic curren
of nonlinear loads is the most popular one, but it may not be ef
fective for suppressing harmonic resonances [8]. Bhadtigyeh
et al. proposed a hybrid series active filter to isolate haioso
between the power system and the harmonic source [9]. A
so-called "active-inductance” hybrid filter was presented
improve the performance of the passive filter [10]. Fujita et
al. proposed a hybrid shunt active filter with filter-current
detecting method to suppress the fifth harmonic resonance
between the power system and a capacitor bank [11]. A hybrid
filter in series with a capacitor bank by a coupling transferm
was proposed to suppress the harmonic resonance as well as to
compensate harmonic current [12], [13]. However, this roéth
needs extra matching transformers or tuned passive filters t
guarantee filtering functionality.

Recently, a transformerless hybrid active filter was presgbn
to compensate harmonic current and/or fundamental reactiv



current [14], [15], [16], [17], [18]. Design consideratiofithe — On“nem
hybrid filter for current compensation has been extensively i E Load
studied. Hybrid active filter with damping conductance was
proposed to suppress harmonic voltage propagation in dis7 vea
tribution power system [19]. Nevertheless, this method di veh
not consider the resonance between the passive filter a i
the line inductance. The fixed conductance may deteriorate W_A';Z“
the damping performances. An anti-resonance hybrid filter HAFU
for delta-connected capacitor bank of power-factor-aziioa 4
applications was presented [20]. This circuit was limited P\‘F__]_%
to three single-phase inverters and the filtering perfogean L/ S
was not considered. In addition, the hybrid active filter was
proposed for the unified power quality conditioner to adslres (a) Circuit diagram of the HAFU.
PQ issues in the power distribution system [21]. Severacas """ P
studies of the hybrid active filter considering optimal egée | Harmonic loop f
or current distortion were conducted in [22].

In previous work, the authors have presented a transform}eggc t
less hybrid active filter to suppress harmonic resonances; in | q:

the industrial power system in [23], [24]. The hybrid filter i R
constructed by a seventh-tuned passive filter and an adtie fi 3 ier, = ¢
in series connection. It operates as a variable conductaince d “o ]t
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harmonic frequencies according to the voltage total haimon
distortion (THD), so that harmonic distortion can be reduce — «______ """ " 77 !
to an acceptable level in response to load change and power (b) Control block diagram of the HAFU.
system variation. Since the series capacitor is respan§iiol
sustaining the fundamental component of the grid volta
the active filter is able to operate with a very low dc bus
voltage, compared with the pure shunt active filter [14],]{19
Hence, both the rated kVA capacity and the switching ripplégakage inductance of the transformer. The hybrid actiter fil
are reduced accordingly. Moreover, the proposed harmonigit (HAFU) is constructed by a seventh-tuned passive filter
conductance is able to avoid overcurrent of the passive fil@gnd a three-phase voltage source inverter in series caanect
in case of mistuning parameters. These features will bendfhe passive filterL; — C; is intended for compensating
practical applications. harmonic current and reactive power. The inverter is design

In this work, we further present designing consideratiold suppress harmonic resonances and improve the filtering
of the hybrid filter. A prototype circuit of the hybrid filter performances of the passive filter. Fig. 1(b) shows the divera
based on 220V/10kVA system has been established to vergfyntrol block diagram of the HAFU, including harmonic loop,
theoretic analysis, including steady-state behavionsient fundamental loop, current regulator, and conductancerabnt
response and stability analysis. The filtering performan&etailed principle will be presented as follows.
of the hybrid filter is discussed considering X/R ratio and
magnified variations of line impedance. We also focus dh Harmonic loop
filtering deterioration due to line resistance, voltagealahce In order to suppress harmonic resonances, the HAFU is
and capacitive filters in the power system. In many casgfoposed to operate as variable conductance at harmonic
active power filter is designed to compensate harmonic ourrérequencies as given,
produced by a specific nonlinear load, in such a way that it . .
needs to measure the load current to be compensated [14], ih=G"-en @)
[25]. In this paper, the active filter is designed as a harmorwherei; represents the harmonic current command. The con-
conductance to suppress harmonic resonance and harmaloictance comman@™* is a variable gain to provide damping
distortion as well by using local voltage measurement. &éoti for all harmonic frequencies. Harmonic voltage componrgnt
that it does not require current information of the nonlineds obtained by using the so-called synchronous refereacedr
loads. Thus this approach can be suitable as well in powW&RF) transformation [9], where a phase-locked loop (PlsL) i
distribution networks in which the loads can be distributedalized to determine the fundamental frequency of the powe
along a feeder [19]. In addition, compensating fundamentlstem [27]. In the SRF, the fundamental component becomes
reactive power due to unbalanced load is possible, but itdsdc value and other harmonic components are still ac values.

ig. 1. The proposed hybrid active filter unit (HAFU) in thelustrial power
tem and its associated control.

out of scope of this research [25], [26]. Therefore, harmonic voltage componefy , can be extracted
from eg, by using high-pass filters (HPFs). After transferring
Il. OPERATION PRINCIPLE back to three-phase system, the harmonic current commjand

Fig. 1(a) shows a simplified circuit diagram considered iis obtained by multiplyinge;, and the conductance command
this paper, wherd., represented the line inductance plus th&* as shown in (1).
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B. Fundamental loop

Since the passive filter shows capacitive at the fundamenrtal XW

frequency, the passive filter draws fundamental leadingeodir o

from the grid, which is located on the d axis. The proposed ©——=0—~ PI 9%9

inverter produces slight fundamental voltage on the d axS:J:W@_\L J
]

which is in phase with the fundamental leading current,

In this paper, the q axis is aligned to a-phase voltaﬁéﬂﬁéﬁg% LPE | SORT
—[ THD

Therefore, the control of dc bus voltage is able to be
complished by exchanging real power with the grid. Thus

current command$*, is obtained by a proportional-integral

(PI) controller. The fundamental current commaiidin the

€a, b ®l/

+T7

THD*

@—=@P=| LPF —= SQRT

f‘h%:. L

Fig. 3. Conductance control block diagram.

three-phase system is generated after applying the ingétEe

transformation.

(2) shows harmonic voltage drop on the passive filter due to
compensating current of the HAFU [19], whekg represents
the maximum harmonic current of the active filter and volta
drop on filter resistanc& is neglected. As can be seen, lar
filter capacitor results in reduction of required dc volta
On the other hand, the filter capacitor determines reacti
power compensation of the passive filter at the fundamen
frequency. Thus the dc voltagg. can be determined based o

D. Conductance control

Fig. 3 shows the proposed conductance control. The har-
monic conductance commarid* is determined according to
YRe voltage THD at the HAFU installation point. The voltage
9HD is approximately calculated by the control shown in

g?:iég.S. Here, two low-pass filters (LPFs) with cut-off freaug

p=20Hz are realized to filter out ripple components [28],
]. The error between the allowable THRnd the measured
HD is then fed into a PI controller to obtain the harmonic

this compromise. Note that the compensating current should

be limited to ensure that the hybrid filter operates without

undergoing saturation.

Vde > 2\/§Z|
h

1
jwpLr| - In. 2
TonCy + jwn Lyl - In (2)

E(s)

I*(s) + — ¢/+ 1 1(s)

— T T E———
KC = e sT = e 572 9C>>5Lf+scl‘f +Ry

I(s)
Current Computational Passive
Controller  Delay PWM Filter

Fig. 2. Closed-loop model of the current control.

C. Current regulator

The current command" is consisted ofi}, and:}. Based
on the current commandgt and the measured currentthe

conductance comman@*. The allowable distortion could be
referred to the harmonic limit in IEEE std. 519-1992 [30].
Note that PI parameters need to be tuned for required regpons
and stability. For example, the proportional gain can bedun
for transient behavior and the integral gain is responditrie
suppressing the steady-state error. The bandwidth shauld b
lower than one-tenth of the cut-off frequency of the current
loop to assure stable operation. This way the HAFU is able to
dynamically adjustz* to maintain harmonic distortion at an
allowable level.

IIl. ANALYSIS OF FILTERING PERFORMANCE

The filtering performance of the HAFU has been addressed
in [24] by developing equivalent circuit models, in which
both harmonic impedance and harmonic amplification are
considered. The frequency characteristic of the passiier fil
is changed by the proposed harmonic conductance in order
to avoid unintentional resonances. In this section, we will
concentrate on the damping performance with variation of
line impedanceLy, line resistanceR, and THD". \oltage
unbalance and filter capacitors in the power system are also
considered.

voltage command™* can be derived by using a proportional

controller as follows,

v =Ko (i — i) 3)

A. L, on damping performances

Fig. 4 shows voltage THD for various values bf. Fifth
harmonic voltage is severely amplified aj=0.3mH(2.3%) as

where K. is a proportional gain. According to the voltageshown in Fig. 4(a). This resonance is alleviated.if is not
commana*, the space vector PWM is employed to synthesizzjual to 2.3%. However, voltage distortion is still sigrafit

the required output voltage of the inverter. Fig. 2 shows

tiieie to harmonic voltage drop ohg. After the HAFU is

model of the current control. Computational delay of digitestarted, Fig. 4(b) shows voltage distortion is maintainéd a

signal processing is equal to one sampling dédlagnd PWM

2% by increasingG* as shown in Fig. 4(c). It is worth

delay approximates to half sampling del%/. Hence, the noting that the HAFU is operated at anti-resonance mode, i.e
proportional gainK,. can be simply evaluated from bothG*=0, if L, is less than 2.3% for NL This means that the
open-loop and closed-loop gains for suitable stability gitar voltage distortion is less than 2%. At that time, a lower THD

and current tracking capability. Frequency-domain arglgs
current control will be given in the experimental section.

command is needed to further reduce the current distortion o
1.



14

——NL,
=0 NL,

12} ! y

10

THD

0 0.02 004 006 008 01 012 014 0.16

LS

(a) Voltage THD ate when the HAFU is off.

35

_NLl
3t : . . . -—o—‘NL2

2.5¢ 1

2 W
THD

15 1

05f : : : : 1

0 0.02 004 006 008 01 012 014 0.16

s

(b) Voltage THD ate when the HAFU is on.

3.5
_NL1
3t . : . . -—o—‘NL2
I ~0-0-0-60 09
25 o.o'°'°‘°'°'° ¢

0 0.02 004 006 008 01 012 014 0.16

s

(c) G* when the HAFU is on.
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Fig. 5. \oltage THD(%) and the requires* (pu) with varying line resistance
Rs(pu).

B. R on damping performances

In the low-voltage systemX/R ratio becomes lower and
line resistance on damping performances must be taken into
consideration. Fig. 5(a) shows voltage distortion withyuag
R for NLs. Since increasind?; could help in reducing volt-
age distortion, the required conductance to maintain gelta
distortion at 2% is accordingly reduced as shown in Fig..5(b)
From this observation, the HAFU could provide effective
damping capability even thougR, is as large as 10%.

C. Determination of THD

According to IEEE std. 519-1992 [30], voltage THD is
limited to 5% and individual distortion should be below 4%.
Thus THD' is set in the range of 3% and 5%. 4f , and
R, are neglected, voltage THD &t, due to harmonic current
load I, can be expressed as follows,

THD = Xpu, | (7 Inpu)? @)
h



X represents the series impedance of bbthand leakage

inductance of transformer. In this section, we will conside
three cases in TABLE | to illustrate how to determine voltag
THD*, where only fifth and seventh harmonics are consic
ered. In the first one, fifth harmonic is dominant, so THD
lower than 0.%,, is a sufficient condition to confirm with

the harmonic limit. If fifth and seventh harmonics have th
same distortion, THD=0.22X,,, is acceptable. When seventh
harmonic becomes critical, TH®0.32X,,, works in the third

case. Therefore, the first case is the critical one to determi
the required THD. Note that THD should be reduced to
enhance filtering capability in case of low system impedanc

Magritude (3B}

E,| ! I" Compare P.U.

T oos

TABLE | 10 I ‘ IIH”10° I I IIHHW“
CALCULATION OF THD*.

Frequency Hz)

Is pu | I7.pu THD
Case 1| 0.04 | 0.03 | 0.2X,,
Case 2| 0.035 | 0.035 | 0.22X,,,,
Case 3| 0.03 0.04 | 0.32X,. (a) Harmonic impedance.

Is" ! I" Cornpare P.U.

D. Capacitive filters

In power electronic equipment, low-pass filters or EM
filters are usually installed at the grid side of the invetter
alleviate switching ripples into the power system. Sinasth
filters present capacitive characteristics, harmonicnasoes
may unintentionally occur [31], [32], [33], [34], [35]. Thisce-
nario becomes much more significant in the so-called micr
grid system because a large number of output filters install
by the inverter-based distributed generators may pastieimn
resonances [36]. Fig.6 shows harmonic impedance and sou
current amplification for different capacitors, installed at : : R :
PCC. As can be seel. shifts the resonant frequency anc 0 3 e S
induce another high-frequency resonance, which may res Frequency Hz)
in serious harmonics. Simulation results in Fig. 7 show am-
plification of E; andi,; can be effectively suppressed by
the proposed hybrid filter. Note that filtering capability is
dependent on the bandwidth of the HAFU.

Magritude (3B}

(b) Source current amplification.

Fig. 6. Harmonic amplification considering different passiilter capacitors
E. Voltage unbalance C-(0.05,0.1,0.15,0.2 pu).

Voltage unbalance in low-voltage system is usually signif-
icant due to high line impedance and uneven distribution of
single-phase loads [37]. Large unbalance may cause secamgit system in TABLE Ill. VD, and VD; represent fifth and
order harmonics in executing SRF control of the HAFU. In thiseventh voltage distortion in the laboratory. The filteraxifor
sense we need to add a band-rejected filter tuned at the secopdis designed to compensate inductive load and the filter
order harmonic frequency in Fig. 1 to reduce this unwanteqductor L is chosen so that the LC filter is resonant at
component. We also can use second-order generalized iRfgventh order harmonic frequency. The dc link capacitor is
grator (SOGI)-based methods to separate negative-segueigsed on the allowed voltage ripple (5%) . The control of
component [38] in the proposed control. It is worth nothinghe hybrid filter was implemented by the evaluation platform
that unbalanced voltage or unbalanced current is possilile t of TMS320F28335 chip [39] to perform the phase-locked
compensated by the proposed HAFU. In this case, the HARbp, the synchronous reference frame transformation; low
has to generate fundamental negative-sequence voltag®. Pass filters, Pl controllers, current regulator, A/D cosi@n
issue is open for further research. and PWM units. Note that the OFF state of the HAFU
corresponds to turning on three upper switches and turning
IV. EXPERIMENTAL VERIFICATION off three lower switches, which means the three phases of the
A power stage setup was built and tested as shown in Figi®verter are short-circuited. At this moment the HAFU works
TABLE Il gives experimental parameters based on the pas a pure passive filter.



TABLE Il

EXPERIMENTAL PARAMETERS

Power system

220V(L-L), 60 Hz, VDs=0.7%, VD;=0.5%

Transformer

220/127V, 10kVA, impedance 5%

Resistive load

2KW(20 %)

Nonlinear load

NL;=1.8kKW(8 %), NL>=2.8kW@8 %)

Passive filter

L; = 1.0mH(7.8%), Cf = 150 uF(27 %)

Q=20
Switching frequency 10kHz
Sampling frequency 20 kHz
Current control k.=5V/A

DC voltage control

k=1 A/V , k;=100A/(V -5), v"_=50V

Tuning control

kp=1A/V , k;=500A/(V - 5), THD*=2.0%
fHPZIO Hz, pr:20 Hz

TABLE Il
BASE VALUE

\oltage 220V

kVA 10kVA

Impedance 4.84Q

Conductance| 0.207Q~T

TABLE IV

HARMONIC DISTORTION FORNL 1=1.8<W.

(a) Woltage distortion ok.

THD | HD5 | HD7 | HDy1 | HDjs
HAFUOFF | 29% | 2.7% | 0.1% | 0.5% | 0.4%
HAFUON | 2.0% | 1.6% | 0.9% | 0.5% | 0.4%
(b) Current distortion ofis.
THD | HDs | HD7 | HDy1 | HDi3
HAFU OFF | 85% | 82% | 1.7% | 0.3% | 0.2%
HAFUON | 48% | 3.7% | 28% | 0.4% | 0.4%
(c) Current distortion of ..
THD | HD5 | HD7 | HDy1 | HDjs
HAFU OFF | 9.1% | 7.3% | 4.3% | 2.8% | 1.6%
HAFUON | 91% | 7.7% | 3.4% | 25% | 1.5%
(d) Current distortion of.
THD | HD5 | HD7 | HD11 | HDi3
HAFU OFF | 27% | 25% | 9.2% | 3.7% | 2.3%
HAFU ON 12% | 8.9% | 6.7% | 3.7% | 2.0%
TABLE V
HARMONIC DISTORTION FORNL2=2.8<W.
(a) Woltage distortion ok.
THD | HD5s | HD7 | HDy1 | HDis
HAFU OFF | 46% | 45% | 0.1% | 0.6% | 0.4%
HAFUON | 2.0% | 1.6% | 0.8% | 0.5% | 0.3%
(b) Current distortion ofs.
THD | HDs | HD7 | HDy1 | HDi3
HAFUOFF | 17% | 16% | 2.1% | 0.6% | 0.3%
HAFUON | 43% | 3.3% | 21% | 0.4% | 0.4%
(c) Current distortion of ..
THD | HDs3 HD~ HD11 HD13
HAFU OFF | 13% | 10% | 6.5% | 3.6% | 2.2%
HAFU ON 14% | 13% | 55% | 3.7% | 2.1%
(d) Current distortion of.
THD | HDs | HD7 | HD11 | HD13
HAFU OFF | 43% | 41% | 13% | 45% | 2.7%
HAFUON | 21% | 17% | 9.2% | 5.6% | 3.0%

Magnitude (dB)

Magnitude (dB)

Fig. 7.
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Damping performances for different passive filteppamitors
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Experimental setup.

A. Three-phase load

|

I A f\ Vde |

| |
- e

3 150 uF  1.0mH L/ QOmF:

Fig. 9 and Fig. 10 show the grid voltage the source
currents,, the filter current:, and the load current; for
NL;=1.8kW and Nl,=2.8kW, respectively. When the HAFU

is in the OFF state, the HAFU becomes a passive filter. Since

the resonant frequency between the passive filier C'y and
line inductanceL is close to fifth harmonic frequency, fifth
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harmonic distortion or, i, iy are significantly amplified as
shown in Fig. 9(a) and Fig. 10(a). As can be seen, the passive
filter loses its filtering functionality and even causes asie
harmonic current in; or harmonic voltage om. It is worth
noting that the resonant frequency could be shifted towzed t
lower frequency due to existing of the leakage inductance of
the transformer.

After the start of the HAFU, the harmonic distortion is
clearly improved as shown in Fig.9(b) and Fig. 10(b). THD of
e is reduced to 2.0% witli7*=0.97 pu for N and G*=3.05
pu for NL,, respectively. THD ofi; is also improved below
5% in both cases. TABLE IV and TABLE V summarize THD
data ofe, i, i, i measured by a power quality analyzer
(HIOKI 3196). High-order harmonicsx{ 13) are not included
here due to insignificance. Seventh harmonic voltage distor
is increased after the HAFU is started. This is because the
HAFU emulates conductance for all harmonic frequencies.
This feature can be used to avoid the overloading of the
passive filter at the tuned (seventh) frequency. We alsorebse
that fifth harmonic component of load curreit is slightly
increased. This may result from improvement of fifth voltage
distortion one.

The detailed results indicate that the proposed HAFU is
able to suppress harmonic resonances as well as reduce har-
monic distortion. More importantly, the HAFU only consumes
470 VA, which is approximately 4.7% of the system rating or
16.7% of NLy. Obviously, the required kVA rating of the filter
is significantly reduced, in comparison with the use of a pure
shunt active power filter.

Fig. 11 shows the transient waveforms @Gf, THD of e,
vq. as the nonlinear load is changed by a stepped increase
from NL; to NLy at 7. Large nonlinear current will result in
large voltage distortion om. Thanks to the proposed tuning
control, the conductance comma@d is increased to 3.05 pu
to draw more harmonic current shown in Fig. 11(b) in order
to maintain voltage THD at 2%. Fig. 11(a) also demonstrates
vq. 1S Well controlled to 50V to ensure proper operation of the
active filter.

B. Comparison with current-compensating method

Additionally, time-domain simulations have been carried
out to compare filtering performances between current-
compensating and voltage-damping hybrid active filters. In
the current-compensating case, the load current is mehsure
and harmonic components are extracted by using synchronous
reference frame transformations. In Fig. 12, source ctirren
THDs and individual harmonic distortions are given for both
light and heavy nonlinear load conditions. As shown, both
methods are able to reduce source current distortion and
their filtering performances are similar. Further, by usihg
proposed approach, a small voltage THiZalue can provide
even better filtering results, e.g. THR1.8%. In [25], current-
compensating hybrid active filter has been presented. Exper
imental results from[25] show that source current distorti
can be reduced from 14.2% to 4.3%, which is similar to the
results of the proposed voltage-damping hybrid filter agmgiv
in TABLE V.
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. _ Fig. 12. Filtering comparison between current-compengatind voltage-
C. Smgle phase load damping hybrid active filters.

In addition, filtering experiment considering single-phas
nonlinear load is conducted. The setup of three-phase diode
rectifier is changed to single-phase one by adding a smooth
dc capacitor560 uF. Since the nonlinear load is connected
between a- and b-phase, large third-order harmonic current

TABLE VI
HARMONIC DISTORTION FOR SINGLEPHASE NONLINEAR LOAD.

(a) Woltage distortion ot.

(& e e
is generated between them. As shown in Fig. 13, harmonic HAFU OFF 6.%3/0 4.li%/o 2.4%
current is amplified between the source currigrgnd the filter HAFU ON | 4.1% | 2.6% | 1.8%
currenti. After the HAFU is started, harmonic resonance is (b) Current distortion of;s.
suppressed and current distortion is reduced as indicated i isa | isb isc

HAFU OFF | 19% | 28% | 3.8%
HAFU ON | 12% | 16% | 2.5%

(c) Current distortion of ..

Fig. 14. Test results are summarized in TABLE VI. \oltage
distortion ofe is reduced from 4.6% to 3.0% with conductance
commandG*=0.5 pu. Since the passive filter is tuned at the

. _ iLa | tLb iLc
seventh-order harmonic frequency, the proposed hybréd fit HAEU OFF T 13% | 139% | 1.3%
not able to suppress third-order harmonic distortion éffety HAFU ON | 13% | 13% | 1.2%
for single-phase nonlinear load. In this case, the pasdiee fi (d) Current distortion of.
might be tuned at fifth-order harmonic frequency to improve i T i
filtering performance for third-order harmonic. HAFU OFF | 22% | 25% | 6.4%
HAFU ON | 11% | 12% | 4.7%

D. Stability analysis

The open-loop gain of the current control can be obtained . .
according to Fig. 2. As shown in Fig. 15(a), the resonant pem@' current control can be further improved by using the so-
is due to the passive filter. In this paper, the proportion&f!!€d resonant controller [40], [41].
gain K. is chosen so that the bandwidth is approximately
970Hz with phase margin 83 degree. Closed-loop gain in V. CONCLUSION
Fig. 15(b) also demonstrates that current tracking perfmee  This paper presents a hybrid active filter to suppress har-
is acceptable for low-order harmonic frequencies. Howevenonic resonances in industrial power systems. The proposed
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hybrid filter is composed of a seventh harmonic-tuned pass{\}s]
filter and an active filter in series connection at the seconda
side of the distribution transformer. With the active filtehs]
part operating as variable harmonic conductance, theiffigter
performances of the passive filter can be significantly im-
proved. Accordingly, the harmonic resonances can be astoide,
and the harmonic distortion can be maintained inside an
acceptable level in case of load changes and variations of
line impedance of the power system. Experimental resulté
verify the effectiveness of the proposed method. Extended
discussions are summarized as follows:

. . (19
« Large line inductance and large nonlinear load may result
in severe voltage distortion. The conductance is increased]
N . [20

to maintain distortion to an acceptable level.
« Line resistance may help reduce voltage distortion. The
conductance is decreased accordingly. ”
« For low line impedance, THDshould be reduced to en-[ ]
hance filtering performances. In this situation, measuring

10

voltage distortion becomes a challenging issue.
High-frequency resonances resulting from capacitive fil-
ters is possible to be suppressed by the proposed method.
In case of unbalanced voltage, a band-rejected filter is
needed to filter out second-order harmonics if the SRF is
realized to extract voltage harmonics.
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