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" The Roles of Fi
_iﬁ > Of Filters in Power Systems

R entati l,,m n o { harmonic filters has become conditioners (APLCs

+ n” 1"”
~The j__ﬂ_ IlltlLQanaf. of electric power networks, Chapter 11 s). The UPQCs are discussed in

'-.!-': o '-j-t-l_‘_{l[; : .'

Can R ceme ts  technology and significant Thi
Wit the advance '”!f P % | | is chapter begins with a discussi
pith I8= 2 e T e R gins with a discussion of t :
A\ ts of pow electrﬂmc devices, utilities  ent types of nonlinear loads. Section 9.2 Phr:siﬁra

 mprovements B X
e il .1-“-&;;..~ red to provide high-quality

e ) bl’()ad Cl ﬁ
qre €0 a]nlﬁ“L—.‘-.- assification of filters
' Ilnr h W , energy- Power electronic devices such as as they are employed in

il Crgy supply syste

u_l e m“i}ﬁ, s, fa tﬁachmes fluorescent light-  of lgtzrsyacc:::nrlztgl?ot?;:ra::;a:ge s?{?;:-.mlﬁca;;m
st ?_c-sj"iﬁﬁ'l}'-;l_v; .:' equipment generate  sections focus on different types Eg filter Itl: I;l:.‘: .
ﬂ;" es of devices are commonly  including passive, active, and hybrid cnnﬁgll:ratlf::
"ﬂid ﬁ?}ﬁﬂx Lrl*'"”’lr_‘l umf?'ds ‘These loads (e.g.,recti-  Block diagrams of active filters are reviewed in
ﬁﬁv _inverters .;,u»«w’*_i. te harmonics by drawing current  Section 9.6. Detailed discussion and classification of
i ;gmm- u,':”* 5 rather 1ﬁmn in a sinusoidal manner. conirnl'me.tholds for active and hybrid filters are pre-
N “m],a}m currents and the associated harmonic  sented in Section 9.7. The chapter ends with general
.I. ____ < must be mgw . |.ﬁrnm the utility system. The ~ comments and conclusions.

t:-'“""f']-;;ﬁ-:{a;]‘.t s ASSOC i‘*n__n,'%f ith the supply of harmonics
Hﬁ”;,,{l;l {.1 \ds ...-wf vere overheating: increased

m {ing temperatures . of generators and trans- 9.1 TYPES OF NONLINEAR LOADS

;-;;;.;’,,. orade m:, insulation material of their  There are three main types of nonlinear loads in
m m: hez a w were continued to the point power systems: current-source loads, voltage-source

mdin
} m. the ins .m wnw-m Is, a flashover would occur.  loads, and their combinations,
i | . i
The first category of nonlinear loads includes the

current-source (current-fed or current-stiff) loads.
Traditionally, most nonlinear loads have been rep-
resented as current sources because their current

?fu‘ir ".m-l ally or apmmanently damage the

aﬂ'“?u, and re w"-“ w*w @fgeneratmn Or transmis-
'''' ould cause . blackouts. Impacts of harmon-

1C8 iu‘lil 'glis }5 1“1 d lDIII -.%p.'fl HBfﬂImerS aﬂd EiECtrl{:fﬂ
‘machines f;'._?.'-'- His --n~r-¢-ni in ﬂhapte,r 6. waveforms on the AC side are distorted. Examples

t”m solution to in"‘__ D qiblem is to install a har- of this category include the phase-contmlled thyris-
monic filter tor ea ";  nonlinear load connected to the tor rectifier with a filter inductance on the DC side
power system. T 1; di u ﬂrent types of harmonic of the rectifier resulting in DC currents (Fig. 9.1);

1”” sincluding passive, active, and hybrid configura- thyristor rectifiers convert an AC voltage source
| to a DC current source supplying current-source

i um ' 1 {"' - 1nste -lh !‘i 0 n @f afrtl"r'ﬁ filters proves
11 A v HVDC
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_ . : 0
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w '!_ ”f F‘mg"' gRAcHYE: PO e loads are served by silicon- _controlled recti-
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Sequeénce curren: Ijq timse 1 this would ensure a fiers (SCRS) converting Pl PANE an inverter

- ITents. ately, course, the inverse operation — where

source — results

¢ distortions (€.&.. harmonics) on the

system with increased rel ’hmty and better power

aualin

supplies AC powel from a DC power

il nem s rote ol | ents  insimilar curren eriafics
Filters can only f,.q hannomc currd : AC side of the mveﬂer The transfer characteris
Eh& and rf.aultmg harm the i uit

1 -1--": number 1' nonhnear loads he AC side than those on 1ne
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s) a “ active power line
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:'pimﬂﬂlw iralle series filters discussed in Chapier) form 1O @ cW Wr t-source converter and its ripple Ve A rough the use of capaGIon,
_L | sively [1]. b PP coils, and resistors. Due to the lower impedance of
e m epends ﬂn t.he firing angle @ and the a filter ele | - : )
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: erefore,  seres resom s defined i
m ds. F s resonance as defined in Chapter 1, A filter may
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e types of nonlinear loads; vanads to compensate a particular harmonic frequency Of
an array of frequencies. Filters are often the most
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:_ WSI-fed AC motors perform as vollas _. :
stiff -v.,z.;. whereas CSI-fed AC motor drives st& § .-:_;F_’-'h 'OF FILTERS EMPLOYED common solution approaches that are used 10 miti-
rent-s uu [ﬂﬂds For these loads a hy brid topolegt s P ' tEWio gale harmonics 1n pOWeT Systets, Unlike other solu-
sting of active series with passive shun! filter During the past "'LE;;_# dies the: mimber and types Gions. filters offer a simple andinexpensive alternative
s apprﬂpﬂatf:. provided thal the power < s iy et T > tre: , with high benehts.
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e __'l n|- ality of the AC supply. for ies-connected,
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2 points of distortion, for
lhnﬂs to ensure that har-
ract with the power system.
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o topology (€& .sh
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y 'f'ﬂ,,[ the lowest order of har-

i L at must be l'm?ed. for example, installing |
ti\*i_- | ‘r--!_tﬁ:u‘_”f““‘ ﬂlm QUL Tequues thay 2 ies, th installed at the PCC., Atharmonic
= : — | ' i nic filter also be included. equwalem; © System can be approximated by the
- : ‘three .._Ii*-:_;:,._f__:.&—.sl.%].,i types of passive filters for single- transfer fu;::‘-ﬂt of Fig. 9.4b. Three main types of
i ey | ._"'L_aj’ -wire ,,,,.'.mﬂn--r-.*"] guwar systems in shunt and curreﬂl‘diﬁdefmns can be defined: impedance,
e e ‘l_:E s ,,,’:‘:._,.n Ehunt passive filters are the  functions and  voltage-divider  transfer
T | Py Pt s e an type of filters in use. They provide
| Fig 9240 ] [F e =2 ‘_H a8 {"j,t.‘.,:...L_.___ﬁ;@il‘-',}‘ paths for the flow of harmonic cur- I
bri | nl- -~'-f-'*};m'm onne ;u? passwe ﬁlter carnes only a f“‘ﬂedallce Transfer Funeﬂnns. Impedance mmfe,.
simgle-phase | i . -;sgn'_re‘-:ﬁij_lé%.{?!E_E.!.ﬁ : ms-ccnnacted paﬁswe filter - power systems. Two types of filter
— J | b e e  must tié%fr,:ﬁ' 11 load current. Consequently, (Fip 9&;!{:& transfer functions have been defined
)| Cacine-acive | [passive-pasive | [Cacive-active | [passive-pasive | [ ,.;;a-'ilé.w e desir a’f’l“’ QB e low costand %7
=" T , capa iﬁ“l*'l}” B;j__p _reactive power at funda- Filter impedin
| ctive | [ Bactive | j passive-active | tal frec .n ncy iﬂpﬂﬁﬂble to use more than one eatod pecance transfer function is the imped-
iers || filters | TR - l. o ,nahu - shur quency response of the filter expressed in
1L 1 A } X 88 e filte S L the s domain as
. ,' . quu 1. These ;.wiifu:. are classified as passive—
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- 3 . ,f; n cy - | Transfer functions are > extensively used for filter to the network. It is the impedance frequency
¥ o .t 1_—:I — — R n and system ‘modeling. Figure 9.4a shows the response of the system (with the filter installed)
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ning a filter the impﬁdan
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unctions (Eqs. 9-1) can b
: i € used i ‘ranﬁfm-
._;,'- B gifﬂi = mdj}mmm performance, Aft{::'} ::h e e
'ff-.if-;"ﬁ-f‘l;'l,.’!'}:_;}}_, . Wm@n@qumgfgted and measureq rre flter .
SR R (RS 9-2) can be plotted 10 ¢y, 40 §
- ¢

= Jﬁahs can be developed for systems |
?E sensitive to harmonic Voltages. :.I:Ih <
provide frequency detuning or vy W
: 5_. __ﬁ;ﬁm control. These transfer fl_mctuumsD o
(. ;
nt ﬁ@ ﬁ],tage division between an at;luwal:n::J ﬁf
ﬁ"ﬁ’hage source — representing nonlinear loads
_ﬁ armonic sensitive loads. Applications of thess
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i b ol o T - t-order d
.;_.; c) pndmrder damped hlgh—~pass filter, (d) f?-_,T

(e)

ped high-
s Ordge r zsz?lt;r (b) second-order series resonant
€ band-pass filter, () composite filter

tran ‘ r functions are concerned with the volta
o 0 nﬁu amphﬁcanon of shunt power factor Capag:
fors éuE to parallel and series resonances

2 @nmmon Types of Passive Filters for
/ _.._; ‘Quality Improvement

: 'l';_'._'.-'a,t‘lcm of a filter depr—:nds on the fre-
Ph.r f fransie w'r:ﬂ'ET__'g]_-‘IT&'}t i

.gﬂmmmn types of passive ﬁlters

first-order damped and undamped high-pas =
ﬂéa with and without the resistor, respee
\is used to attenuate high-frequency curreit

-nant [In -1--;" ¢
'”"”'T !_il :J |. 10}

- b 713?='ITJ'# 'h mhat cause telephone interference, reduce I an : '
TN =T appr ';-.-:'-i%la"h s 1o > use a first-order high-pass
of a res :l‘l or connected in series with

ve notching caused by commutation of SCRS filter (cons
rc *‘ﬂ“ ‘ Partlal displacement power factor cor- i capacitor) X

s e Or - 'rf .-'L.;n_rlg -ﬁrﬂer h.l h_ =
of the fundamental load current. The singl® sisting of a series capaci gh-pass filter (CD“

W-pass Ialso called band-pass or second -order

.'r-.t. - {-) '}b IS Iﬂ(ﬁi TE ";;_-‘ ..; : I:I“' - ]
__f” L (Fig. 935 P8 s Al ’:"‘_3 Wt lawest ﬂrder dominant

PP]JBd for mitigation of 2 single dome e tm i
-‘*""‘““ ~ harmonic. Fig. 9.5¢ reprﬁﬂtﬂﬁa . H J 1__IV____.J_‘ 5 Ve er, the Z— w plot of a
r damped high-pass filter. Most ol ‘ :‘-f--“ ler shows that the minimum
- iy e P ter (e.g., inthe ass-band region)
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' '.‘-'=";5 .'_"f;‘-'; |3i t&l‘ aqus a percentage Of

B or reduce & -
ely com ensalte, mitigale, e ared above its a‘tﬂh frequency O pass
within l;he power systen | ony wil t in ﬂlhrge fundamental filter
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- 3 S Apasl ive losses. This filter is com-

tune
i igher 'Et—'aquenmes and notch

vach is to use (WO sing
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- sing s-tuncd filters ﬁf: gppsl e
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figuration is suitable for most residential, domestic,
and industrial nonlinear loads such as arc furnaces.
[n addition, there are other configurations of higher
order filters (e.g.. third-order damped filter) for

transmission systems.
This section derives the equations and general

relations of basic filter types.

9.3.2.1 First-Order, High-Pass Filter

rder, high-pass filter consists of a shunt
6a) and can be used to attenuate

harmonic current components
ne interference, 10 reduce voltage
notching (€.8-; caused by rectifier commutation), and
to improve the displacement (fundamantal) load
power factor. Such filters are amply described 1n cur-
rently available circuit textbooks [12; 13].

[f the system impedance is purely inductive
5) = SLyys)s flter impedance and filter system

A first-0
capacitor (Fig. 9.
high-frequency
causing telepho

Z.IH’(
gmpedame Lransfcr functions can be derived using
Egs. 9-1:
V(S) 1
== 9-4a
HJ,.(':) Zf(s) (S) i, (9-4a)
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1
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in the .p_revious section, H_,(s) canbs

: * e nalytically (Fig. 9.7c):

or oy ?ﬁ-ﬁqusncms
IE, C, = |lljoC,|>>|joL,,|)

moderate high frequencies

" h | 'J&"w‘: 1/R,C, = |UjoC; <<kl

:n ff is 1/w” or —40dB pef decadés
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ne interference reduction applica-
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9.3.2.3 Second-Order Band-Pass Filter

The second-order band-pass filter (also called
single-tuned or series-resonant filter) is a series
combination of capacitor (C;), inductor (L,), and a
small damping resistor (R)), as depicted in Fig. 9.8a.
The damping resistance is usually due to the
internal resistance of either the inductor and/or
capacitor. This filter is tuned to attenuate one single
low-order harmonic. Typically, combinations of
band-pass filters are used because the power system
contains a number of dominant low-order
harmonics.

Assuming a pure inductive system (Z,,,(s) =5L...).
filter transfer functions can be derived using Eqgs.
9-1a and 9-2a:

(9-8)

The filter quality factor (Q) and

the series-resonant frequency (@) are

where A is the gain.

(9-9a)
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‘entirely resistive, that is, H/(s) = R, More attenuz

- tion is pided with lower filter resistances
however, there are practical limits to the valvzof

Similar procedures are applied to plot Hy(ju) &
wljw) as illus rated in Fig. 9.8c.d, respectively:
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Note that the minima of the transfer functions (=)
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' 1 N . :

cha ‘Ejgkﬂlstﬂmens are of orders 6k and  nent if only the real (in-phase) component of the
. — 2), respectively. signals are set to zero. In the indirect method, all
harmonic terms are set to zero; the fundamental is
subtracted from the instantaneous signal to generate
the reference signal. The filter may also cancel the
reactive component if the imaginary (quadrature)
fundamental component is set to zero. The final
step 1s the application of the inverse FFT to gen-

erate r(r).
A problem with frequency-domain filtering 1s that
during transient conditions, the periodicity of the

nental, positive, and negative sequences,
s the filtering task simpler. In the

g a low-pass filter that cuts off between orders

y|
1and 5 (or 1 and 3 if there is zero-sequence/

- 1=

jour-wire harmonic distortion). In the dq0 domain.

i
- . - -

Tt i : = [on 18 u
the filter cutoff should be between 0 and 6 for  distortion is lost and the cancellation is not accurate.
alanced conditions, For unbalanced conditions, ~ There is also time delay in filtering that can affect

a cutoff between 0 and 2 will allow the negative-
sequence (unbalanced) fundamental to be cor-
rected and a cutoff between 2 and 4 will not

~ cancel the unbalanced fundamental but wil

cancel harmonic distortion. Zero-sequence distor-
~ tion is '_-'_~.'_i~'ia,_f:_iﬂ_-_-_ﬁis'_’nff_z-fs"fi.‘ - placed in a separate com-

:;E;"'-"'ﬂ’ set J«-ilu:r. be cancelled or retained as

.

- required.

the distortion identification performance. For most
applications, one complete cycle of data is stored in
a buffer, processed during the next cycle, and de-
buffered for use as a cancellation reference in the
following cycle, that is, the cancellation reference 1s
two cycles out of date. For applications requirilng fast
compensation, shorter update rates are possible by
performing a FFT every half-cycle using one half-
cvele of fresh data plus data from the previous

E half-cvcle. This will reduce the filtering delay to one

I
wl |

=

*£.1.2 Waveform Compensation Using cycle.
““4uency-Domain Filtering
,u,: 19 in w —M’u ey domain requires discrete 9.7.1,3 Other Methads for

-~ WSEROUrier transform (DFT or FFT) on asection oo, compensation

mal that contain: _ s cyele of the —a ansation schemes
o “ con I_;.ms at least one Cy . There are other waveform i"ﬂ_mP”’“"at £ time-
HHENCY ol interest and that has becn that attempt 10 OVETCOME the disadvantages of tim

mpled at 1'_1;;;?_'3;,5 the .highest harmonic fre- s e hniques (e.., compr omises or imperfec-
! O ¢ -

* SNEY a8 prescribed by the Nyquist theorem. The s in filter design) and the inherent ime dalag o
advar s e TSR e S ' NS - ~
! iltering in the frequency domain 1s that tion g appmacheﬂ_, such as heterodyne

frequency
methods and neural 0

The heterodyne met
multiplying the

etworks.
hods of waveform cOmpensa-
distorted signal by a

18) upt 1}{”’ (wilh no transitinll bﬂnd.
and phase distortion) can be
nain disadvantage is that the filtering

2Ty ,‘_1';_'_-.}',-;1 hle for'raal-time filters and
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nd ripple, ;
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9.7.3.1 Impedance-Based Blocking

Impedance-based blocking contro| Presents re
characteristics at all frequencies. A filter .
ment with a number of shunt ang S€ries l:mmg
and/or active) branches is used o block or L:dlw
signal path. An inverter acting as ap mmut_l;IL
__rﬂauﬂg,@ltage to current by a simple tr; ansfer [‘m
tion can form one branch of the filter. This nnrn?;:
takes the form of a hybrid filter COnsIsting of gy
and passive elements, although combinatiy l:f
active units — without passive elements - 4
possible.

‘There are many forms of hybrid filters (Section
9 5) that can be used for impedance-based blocking
For example, a hybrid combination consisting ot
series active filter and a shunt passive filter can b
used to perform impedance synthesis. The role of

h]‘.[' g

alsa

the senies branch is to block harmonic currents by

epresenting a high impedance. The instantaneous
WBI theory can be utilized to separate the distor-
tion terms of the current. The active filter then injects
H&WIHgE pmportmnal to this current to synthesized
erately high impedance. In practice, the filte
@ﬁw to separate the oscillatory terms n he
aneous power may not be perfect and might

mw the impedance presented by the overdl

ﬁgémmw (6]

.w.—r

F' I

& 51 | .ﬂ Impedance-Based Compensation

ﬁjf faced in des;gmng the control of active
o ’#nml purposes (€.2., correcting
loads) is that the system dynami
VI 'Fin‘thermnre, the con'lpermumn current=
0 iﬂ the detected distortion - might ndh:
" . of the system resonances Of perturb |
: and cause instability [6].
E-':""" olution is to use a shunt devic
] ﬂJ* 0 Ii@ﬂ,ﬂl to the voltage. T =
iz - Eﬁﬂe active filter that dhmrh 5 ¢
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@fh& distortion identifier or because
responding to a ftransient

o1 ,-z eﬁ‘tﬁe identified correction current
-::'f.iqr*l utput current of the inverter that

> deficiencies, converter power
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s ontain components a harmonie fre-
al will add distortion to the system: if
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em
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3.:'.5 Generation of Compensation Signal
ng Reference-Folluwlng Techniques

The identified reference signal (with one of the tech-
niques discussed in Sections 9.7.1 to 9.7. 3) must be
generated or reproduced by the inverter (Fig. 9.26)
and injected into the system to eliminate the power
quality problem. Generation of the compensation
signal that accurately follows the identified reference
may be difficult because of the following:

the high rate of change and the wide bandwidth of

the reference signal,

the errors in the generated reference caused by the

dildt limit of a voltage-source inverter,

* the voltage imposed on the inverter (e.g., differ-
ence between the available DC-bus voltage and
the instantaneous voltage of the AC system),

* the impact of increasing the DC-bus voltage - to
improve the reference following — on the ratings
of the inverter, and

» the effect of the processing delay on the formation

of the reference waveform.

Three approaches to force the inverter oulput
current to follow a reference signal are widely imple-
mented: PWM current regulation, hysteresis regula-
tion. and deadbeat or predictive control.

PWM Current Regulation. The current €rror, for
example, the difference between identified (refer-

ence) and generated signals, is acted on by a Pl

controller and its output s passed through a PWM
or space-voltage vector modulation to define the

voltage to be produced by the inverter. The con-
troller may be of the open- or closed-loop type and

can be implemented in any convenient (abe, apl.

or dg0) domain. e [t
Hysteresis Regulation. The main idea 18 to force

the Lun‘ian\d[lun \Wﬂﬂl {o follow the reference

signal within 2 given hysteresis band error (e.g
— + Al cauressl 2)- ThE lmplementd-
— drgleremas yElErosss

is controller is edasy 4S it requires an op-
hysteresis mode. Hysteresis
ally stable, does not

and can achieve high
lled variable. Unfor-

"u wnpensalion
tion of thi
amp operating in the
regulation is uncondition

detailed plant data,

re uire

rates of change 1n
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