IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 15, NO. 1, FEBRUARY 2000

433

Optimal Planning of Large Passive-Harmonic-Filters
Set at High Voltage Level

Chih-Ju Chou, Chih-Wen Liu, Member, IEEE, June-Yown Lee, and Kune-Da Lee

Abstract—This paper proposes the optimal planning of
large passive-harmonic-filters set at high voltage level based on
multi-type and multi-set of filters, from which, the types, set
numbers, capacities and the important parameters of filters are
well determined to satisfy the requirements of harmonic filtering
and power factor. Four types of filters, namely single-tuned
filter, second-order, third-erder and C-type damped filters are
selected for the planning, Firstly, the characteristics of filters are
analyzed. The cost function and the constraints of filters and
system are constructed for formulating the optimization problem
of the planning of filters. Secondly, the simulated-annealing (SA)
algorithm for searching optimal solution of planning of filters is
developed. Finally, three cases of filter planning arc presented to
show that the superiority and availability of the SA algorithm and
proposed planning results of filters.

Index Terms—High Voltage, Large Capacity, Optimal Planning,
Passive-Harmeonic-Filter,

I. INTRODUCTION

HE HARMONIC components of current and voltage

waves in the power system are increasing continuously
due to the growing use of nonlinear loads by consumers.
Many studies have shown that harmonics may produce adverse
effects on power systems, communication systems, and various
apparatus [1]-[3]. Now, it is an important issue that consumers
should reduce thetr harmonic currents to satisfy some criteria of
utility and prevent the system and apparatus from the damage
by harmonics. Various methods can be applied to reducing the
harmonic currents in consumers, in which the shunt passive
harmonic filters are most often used as low cost devices and
can provide the reactive power compensation to systcms
simultaneously.

Before applying the passive harmonic filters, the planning of
filters should be drawn out first, which determines the types,
sel numbers, capacities and the important parameters of filters
to satisfy the requirements of harmonic filtering and reactive
power compensation {improvement of power factor). The filter
can be set at high voltage level or low vollage level. In gen-
eral, because most of nonlinear loads are set at low voltage
level, and the low voltage system has a high and stable source
impedance, thus the performance of harmonic filter set at low
voltage level is better than that of high voltage level. When the
harmonic filter with large capacity (up to 1 MVA) is required,
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however, the filter set at low voltage level needs tremendous in-
vestment cost and space occupation, so that the filter set at high
voltage level is the preferable choice in large consumers. On
the other hand, the source impedance of high voltage system is
usually very low and varies complicately. The planning of fil-
ters is critical to the performances of filters, and usually single
type of filter is difficult to meet the requirement of harmonic
filtering at high voltage system with complex harmenic situa- .
tions. This paper proposes the optimal planning of large-pas-
sive-harmonic-filters based on multi-type and multi-set of fil-
ters and considers the source impedance variation, harmonic
filtering requirements and the improvement of power factor, si-
mulianeously.

Many studies related to the planning of passive harmonic fil-
ters have been found in the literatures (e.g. [4]-{12]}). The re-
sults of these studies have contributed to improvement of power
factor and harmonic reduction. The compensators and filters
used in these studies are LC tuned type. This paper extends
the planning to other types of filters, i.e. four types of filters
namely single-tuned filtet, second-order, third-order, and C-type
damped filters. In this paper, the planning of filters is formulated
as an optimization problem with an object (cost) and some con-
straint functions. The object and constraint functions are con-
structed from the viewpoint of practical aspects and filter char-
acteristics which wiil be detailed described in Sections I1 and I1L.
To approach the optimal solution of the planning of filters, the:
solution searching algorithm based on the simulated annealing
(SA) method is developed. The numerical results of case studies
give comparisons between the results obtained from SA method
and conventional try-and-error method. From which, the supe-
riority and availability of SA method and proposed planning re-
sults of filters are certified.

ITI. CHARACTERISTICS ANALYSIS OF HARMONIC FILTERS

A, Descriptions of Filter Structures and Performances

The passive harmonics filters are composed of passive
elements: resistor (&), inductor (L) and capacitor (C). The
common types of passive harmonic filter include single-tuned
and double-tuned filters, second-order, third-order and C-type
damped filters. The double-tuned filter is equivalent to two
single-tuned filters connected in parallel with each other, so that
only single-tuned filter and other three types of damped filters
are presented here. The ideal circuits of the presented four
types of filters are shown in Fig, 1 in which both third-order
and C-type damped filters have twao capacitors with one in
series with resistor and inductor, respectively. Two capacitors
of third-order damped filter have typical same capacitance
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Fig. 1. Typical passive harmonic filters.

(in #F) for simplifying design and unifying stock. The capacitor
" and inductor L of C-type damped filter are designed to
yield series resonance at fundamental frequency for reducing
the fundamental power loss. Because single-tuned resonant
filter only comprises LC components, its investment cost and
power loss are lower than that of damped filters with same
capacity, and easily to design. However, its performance of
harmonic filtering is where general aimed to the harmonics
with frequency slightly higher than the resonant frequency of
filter. At high frequency, the single-tuned filter is inefficient in
harmonic filtering because of the impedance of filter increasing
with frequency monotonously. The low frequency harmonics
will be magnified by single-tuned filter due to the impedance
of filter becoming capacitive. So the single-tuned filter is only
suitable to the system with simple harmonic situations, (i.e. not
many large harmonics distributed on wide frequency range).
On the other hand, the damped filters impedance approaches
to the value of resistance at high frequency, so that they have a
better performance of harmonic filtering at high frequency. The
phenomenon of enlargement of low frequency harmonics will
be mitigated even eliminated by the damped filters with proper
parameters, Hence, the damped filters are suitable for reducing
complex harmonics, i.e. many large harmonics distributed on
wide frequency range. Although the above descriptions show
that the damped filters are better than single-tuned filter from
the viewpoint of harmonic filtering, the damped filters are
usually used in cooperation with tuned filters for reducing
investment and power loss, in which the tuned filters are used
for filtering primary harmonics and the damped filters are used
for filtering secondary harmonics.

B. Modeling and Characteristic Parameters of Harmonic
Filters

The previous descriptions imply that the passive harmonic fil-
ters can be characterized by their impedance variation with fre-
quency. The harmonic currents and voltages of a system with a
nonlinear load and a harmonic filter can be analyzed approxi-
mately by using the model shown in Fig. 2(a). Where the non-
linear load is modeled as a current source of harmonic, and the
system source and harmonic filter are modeled as impedance
elements. The other loads will be neglected due to very large
impedance compared with the impedance of source system and
harmonic filter, Thus, the harmenic currents to system source
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Pig. 2. Harmonic circuit model of a systern with a nonlinear load and a
harmonic filter: (a) system single diagram and (b) harmonic circuit model.

and harmonic filter, and harmonic voltage at system bus can be
found as

. . Zf (h)
ls(h) = OEYAD) lo(h) (1
. Zs(h)
fr(h) = 7700 + (R In(h) )
7 ‘f (f‘)zs( )
where
Iy(h)  current source (in Arms) of £2th order harmonic pro-
duced by the nonlinear load,
I,(h)  hth order harmonic current (in Aymg) to system
source,
I;(h)  hth order harmonic current (in Ay, ) to harmonic
' filter,
V()  Ath order harmonic voltage (in Vims) at bus,
Zs(h}  equivalent hih order harmonic impedance (in Q) of
source system,
Z¢(h)  equivalent hth order harmonic impedance (in £2) of

harmonic filter,
h harmonic order number (multiple of harmonic fre-
quency, [, to fundamental frequency, f)

fh
i

Equations (1) and (3) show that the harmonic voltage and cur-
rent to system source can be reduced by the harmonic filter
with proper impedance at harmonic frequency. Thus, to plan
a harmonic filter, we must characterize its frequency response
of impedance. To this work, two parameters namely character-
istic-harmonic-order, fip and damped-time-constant-ratio 1 are
defined as follows for single-tuned and damped filters, respec-
tively:
¢ For single-tuned filter,

)

Xo 11
Xi 5 2nVIC

&)

fl{) =
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Xe¢: capacitive teactance (in £2) of capacitor €' at funda-
mental frequency,
1
Xo= —— 6
“ T o pC ©)
Xr+ reactance (in £2) of inductor L al fundamental fre-
quency,
Xy, =2nfiL. (N
* For damped filters,
_Xa i
o= = 3RO ®
]1 }((“X] X
=== = hy — 9
"EwmoT T T ©

" where It is resistance (in £2) of damped filter.
Refer to Fig. 1, the impedance Z (/) of four harmonic filters
with respect to harmonic order  can be derived.

* For single-tuned resonant filter,

zf(n):j(/axb— hc) (10)
« For sccond-order damped filter,
R(hXp)? , R*h Xy X
Zelh) = : — —. (11
1) = 3 Xy RN R
+ For third-order damped filter,
R(hXp)?
Jf(h) = \r - 7
R+ (hXL S °)
h
X 3
RERX,—hXEXe + X X
4 b 22V
f
5 . !
2 4+ (hk;, ——)
h
* For C-type damped filter,
2
R (I:.X,, - \;’)
2
Zf(h) = )\’ D
R2+ (h.XL - —’)
h
R (hx;, - }‘—L)
. h Ne 13
+J TN Th (13)
RE -+ (’LXL — i)
/]
where ] = +/—1.

To normalize #¢(k) with the base X¢/hy the normalized
impedance /7 ; (1) of filter is defined as

ho/f(h,) (i4)

Z(h) = = Ry(h) + j Xz (h)
where 12, (1) and X f (h.) are, respectively, the normalized resis-
tance and reactance of filter with respect to harmonic order h.
Substituting (10)-(£4) and wsing parameters (i and m) to relate
the 72, X7, and X, we can oblain the normalized-impedance

expressions of each filter in Fig. 1, which are listed in Table L.

TABLE I
EXPRESSIONS OF NORMALIZED-IMPEDANCE OF HARMONIC FILTERS
th = hfhod
A
Zrhmip) | A A
Filters Ry(hmhg) Xr(hmhy)
. =1
Single-tuned filter 0 h- h
—2 - —
mih wih —mh - 1fh
Second-order damped filter I~y =z
L+ (mh] T+ (mh)
wih m;—mzl}-m'mlh 1
Third-order damped filter — 1 A 7
]+(mh~1/k) l+(mh~1/h)
? -~ m
L mh——=
[mh h’ﬁ] k1
C-type damped filter - 3 7Ty
- = m
14| mh - -Tex 1+['""“,;rg]
h: h o
3
H
g
g
&1
s 1 18 i 28em 1
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Fig, 3. Normalized harmonic impedance of single-tuned resonant filter.
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Fig. 4. Normalized harmonic impedance of sccond-order damped filter.

According to the expressions in Table I, the frequency
response curves of filter impedances with various parameter
values are drawn in Figs. 3-6 for the four filters in Fig. 1, re-
spectively, where the impedances and harmonic orders are all in
normalized values. The curves are independent of the parameter
ho except that of C-type damped filter. Just as the descriptions
above, these figures indicate that the impedance of single-tuned
filter increase with harmonic order monotonously, and the
damped filters approach to a resistance (I¢) at high harmonic
order (2 > ho). In general, the system source impedance is
inductive at high frequency, the damped filters with small pa-
rameter, m possess better performances of harmonic filtering at
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Fig. 7. (a) Normalized fundamental power losses and (b} reactive power
compensations.

high frequency because of inductive impedance (see Figs. 4-6).
Significant amount of fundamental power losses are found in
second-order and third-order damped filter with low parameter,
hg, [see Fig. 7(a)]. This means that small m and large hy are
preferred for a filter but this is in conflicts with (9) where m. and
ho increase with each other. Consequently, trade-off between
the performance of harmonic filtering and the reduction of
fundamental power losses are required by proper determining
parameters m and hg, of second-order and third-order damped
fitters. In addition, Fig. 7(b) indicates that both second-order
and third-order damped filters have similar properties on
reactive power compensations. To prevent the phenomenon of
derating reactive power compensation from filtets with very
low fig, we must assign the filters to high harmonics. For those
low harmonics to be reduced, C-type damped filters are suitable
to use due to no fundamental power loss (in ideal case) and var
derating. Although C-type filters are also suitable for filtering
high harmonics, second-erder and third-order damped filters
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are still preferred for high harmonics because of some factors
such as transient behavior, investment cost and protection
measures of filters.

ITI. PROBLEM FORMULATION

The problem of the planning of filters is to determine the
types, set number, elements (R, L, C') and parameters (m, hg)
of filters to satisfy the requirements of harmonic filtering, power
factor improvement and other conditions. Additionally, the costs
of filters are taken into consideration in the planning for con-
structing the filters with lowest total cost. These are formulated
in an optimization model with a cost function and some con-
straints which include harmonic fittering power factor improve-
ment and other conditions. The constructions of cost function
and constraints are described in the following subsections.

A. Construction of the Cost Function

In practice, the cost of a filter comprises four parts: mate-

rials, installation, maintenance, and fundamental power loss.

The sum of former three patts costs is called investment cost in
engineering aspect which is usuvally evaluated from the element
values and the capacity of filter, by a linear combination with
a weighting coefficient for each element and capacity of filter.
The cost of fundamental power loss is also expressed as in pro-
portion to the loss (in kW) of filter with respect to fundamental
source voltage, The cost of a type of filter with multi-set is larger
than that of with single set due to increases of space occupation,
unit packing and installation. To this point, a set-number-multi-
plier larger than 1 is assigned to cach type of filter to multiply
the cost of filter with only one set. This set-number-multiplier is
not only dependent on the set number but also the type of filter,
and should be determined according to engineering judgments.
In summary, the cost function, 7 of a planning considering four
types of filters is constructed as

4 T
E=%" 5 Y [k R+ kaLij + ks Ciy + kaQij + ks Ross ]

i=1 i=1

(13)
where £;;, Li;, Cij, Qij, and H,; are the resistance (in (),
inductance (in mH), capacilancé (in uF), reactive power ca-
pacity (in kVar) and power loss (in kW) of jth filter of type
i, respectively, k1, k2, k3, k1 and ks are cost weighting coeffi-
cients with respective to R, L, ', 7, and o, respectively, v;
represents the set-number-multiplier of ith type of filter, and n;
is set number of #th type of filter.

B. Construction of Constraints

Constraints for planning filters include the requirements of
harmonic filtering, power factor improvement and other condi-
tions which are derived as follows:

1) Reguirements of Harmonic Filtering: The harmonic volt-
ages and cinrents to system are, in general, restricted within the
tolerable values {e.g., [131). For individual harmonic component
and the total harmonics, the constraints are proposed here with
the following inequality formula,

MS&"V(.’L), h=2--.

Vi

oy () = (16)
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an(h) = 1’3,;(11) < a@r(h), h=2... (n
1
THDy = }Z af (h) < TIIDy (I8)
h
THD; = (3 of,, (k) < THD; (19)
where "
Ve (k) the maximum magnitude of Ath order harmonic
voltage at system bus (Vims ), [see (20)]
Lim(h) the maximum magnitude of Ath order harmonic
current to system source (Apng ), [see (21)]
Wi the magnitude of fundamental voltage at system
bus (V;'ms), Vi = Vs(l)s
I the magnitude of fundamental current in system
(Al'ms)a I = Is(l)a
oy, (h)  the maximum distortion factor of Aith order har-
monic voltage at system bus,
arm(h) the maximum distortion factor of ith order har-
monic current to system source,
ey (h) the upper limits (tolerable values) of ey (A),
@r(h) the upper limits (tolerable values) of cvy,, (R),
THDy,,  the maximum total harmonic distortion factor of
voltage at system bus,
TIHDr, the maximum total harmonic distortion factor of
current in system,
THDy the upper limits (tolerable values) of TH Dy,
THD; the upper limits (tolerable values) of T'HDp,,.
Vim(R) and I, (h) are calculated from the following equa-
tions:
Zi(hYy- Z.(h
Vo) = 1) (Mnof| 2L ) oy
Lom (B) = | To(R)] (Max of Y AOESAC] fgffgg 0 D @
Z5(h) = ! 22)
;::{ Zyis( h

where Z;; (1) is the hth order harmonic impedance of jth filter
of type 7. The notation “Max of” means taking the maximum
value of its behind formula where Z;(h) and %, (h) may vary
due to the deviations of filter elements and system variation.

2) Power Factor Improvement: The power factor of system
should be improved in accordance with utility regulations.
Moreover, high power factor with lagging characteristic is
preferred for preventing over compensation. Thus, the total
reactive power from all filters to system must be restricted
within the range as the following equation,

4 1y
R<>)05;2Q

i=l j=1

(23)

where

G the lower limit of total reactive power specified by the
tolerable lowest power factor (kVar),
the upper limit of total reactive power specified by the
highest lagging power factor for preventing over com-
pensation (kVvar).

<)

3) Other Conditions:

a) Inductive Constraints: We restrict each filter being
inductive to its corresponding harmonics to be filtered, and
the resultant impedance of all filters must be also inductive to
those critical harmonics which may induce harmonic resonant
on system. Thus, we have the following constraint equations:

Xpig (hx) =0, for all k& 24)
Xy(hy) =>4, for all m (25)
where
Xyii(hy)  the reactance of jth filter of type ¢ with respect
to its kth corresponding harmonic current with
order hy, to be filtered,
X;(h%,)  the resultant reactance [i.e., reactive part of

¢ (h*)), of all filters with respect to mth crit-
ical harmonic current with order A, .

b) Element Constraints: BEvery element value of filter
must be larger than its lower limit for keeping the deviation
from manutacture within the tolerance. Thus, we have the
following constraint equations

E< Ry, L<ly, CLCy (26)

where £¢, L, and C are the lower limits with respect to the filter
elements of resistor, inductor, and capacitor, respectively.

IV. THE PROPOSED PLANNING METHOD

To approach the optimal solution of the planning of filters, the
solution searching algorithm based on the simulated annealing
(SA) optimization technique and a perturbation mechanism for
generating a new solution are developed in the following sub-
sections.

A. Simulated Annealing Optimization Technique and Solution
Algorithm

The SA optimization technique is developed from the con-
cept of annealing process of crystallization in physical system
[14], {15]. Procedure of SA is shown in following steps (pseudo
code).

1) Obtain an initial solution §

2) Attain an initial temperature " > 0

3) While not yet frozen do the following

3.1} Perform the following until balance
3.1.1) Generate a random neighbor 5’ from 5
3.1.2) If feasible
3.1.21) Calculate the increment cost
AC
AC = cos 1(5") —cos #(5)
3122y HAC < 0, Let S5 = %
(downhill move)
If AC > 0 then {uphill
move)
Let .S = 5" with probability
exp(—ACYT)
3.1.22) LetV' = o - 1I' (cooling down), v < 1

4) Return 5.

SA is a powerful general purpose optimization technique,
ie., it can be used for any optimization problem to get global
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Fig. 8.

optimal selution rather than local optimal solution by other
greedy searching techniques [14], [15]. The solution algorithm
based on SA for the planning of filters is shown in Fig, 8, The
perturbation mechanism for generating a new feasible solution
is illustrated in the following subsoc ...

B, Perturbation Mechanism in SA for Generating a New
So-ution

According to the results of characteristics analysis of har-
monic filters "1 Section II, the filters to be selected in the plan-
ning should 1ullow the follor = rules:

1) The single-tured fit .rs shou! | be first selected, and if
not feasible, the - zmped filters are involved in harmonic
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maximum lsc= 19695 A

?Unluy systert source (11.4kV, 66Hz)
minitmum [se= 8268 A -

Breaker

Harmonic
Soutce

L
—~
| I—
Filters

Fig. 9. System for case studies.

TABLE Il
HARMONIC CURRENT AND VOLTAGE DISTRIBUTION WITHOUT FILTERS
AND UTILITY TOLERANCES

Harmenic current | Harmonie voltages Utility tolerances
Phr;twic (A} {V) to neutral Curvents(A) Voltages(v)
OTAETS | usel | Casez | Cased | Casot | Cased | Cases [ caset [ Casezana's | Allcases
2 702 | 192 | 945 | 11.18 | 3057 | 1505 | a.28 15,58 1975
3 8.64 | 36.8 | 15.6 | 20.63 | 87.88 | 3726 | 331 6233 197.5
4 so2 | 541 | 377 [ 1885 [1723] 120 | 828 15,58 197.§
3 45.8 | 98.0 | 62.7 | 1823 [ 300.1 | 2406 ] 331 62,33 197.5
7 19.0 | 180 [ 21.6 {1059 | 1003 | 1170 [ 330 62,33 197.5
11 15.4 | 142 | 194 [ 1349|1243 [ 1669 [ 166 [ 3117 197.5
13 94 | 126 | 17.0 | 97.28 | 1304 | 1759 | 166 3117 197.5
17 0 o J160] o 0 |2165}1243| 2338 197.5
19 0 0 [1s5| o | o |2044]1243] 2338 197.5
THD | 6.55 | 704 [ 492 [ 411 | 686 | 742 | 5 5 s

{iltering with single-tuned filters under following regula-
tions:

* For high order harmonic band, second-order and/or
third-order damped filters are involved.

* For low-order harmonic band, the C-type damped
filters are involved.

« For the harmonic band covering low and high or-
ders, C-type, second-order and third-order damped
filters are all possible involved.

2 The type and set number of above filters are selected ran-
domly and with capacity varying discretely.

3 All parameters (hg, m) of filters are varied discretely
with step size 0.001.

V. CASE STUDIES
A. System Descriptions and Associated Data

A 114 %V, 60 Hz system with harmonic source shown in
Fig. 9 is to be studied with threc cases of the planning of har-
monic filters, where the harmonic current and voltage distri-
butions without filters with respeet to three cases are listed in
Table IL The utility harmonic tolerances of each case are also
Tisted in Table II, in which the tolerances of each harmonic com-
ponent and total harmonic distortions (THD’s) are based on
ANSI/IEEE Std. 519-1992 [13]. The table shows that the cur-
rent THD’s of cases 1 and 2 and voltage THD’s of both cases 2
and 3 exceed the tolerances. In addition, the second-order har-
monic current and fifth-order harmonic voltage in case 2, and
the fifth, 17th, and 19th order harmonic vollages in case 3 also
exceed the tolerances. The load demands (fandamental power)
of case 1 is 14 390 kW with lagging power factor 0.892, and both
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TABLE 1II
COST WEIGHTING CORFFICIENTS AND SET-NUMBER-MULTIPLIERS
A, | Single-tune Second-order { Third-order C-type
set o> A, damped &, | damped i, | dampedA,
set— 1 i 1 12 12
number- 2 12 14 15 1.6
multipliers =3 1.6 1.8 2.0 2.0
4 2.0 22 24 24
5 2.4 25 28 28
Cost-weighting &, =S{pu Q), k, =3(pu/ mH ), by =20pw/ pi7),
coefficients ko =0.Upu! kVAR ), k,=0.1 (pu/ kW ).

TABLE 1V
PLANNING RESULTS OF FILTERS BY SA METHOD

Total

clement]| Resi Inductor Capacitor Caoacili
Cases g cost
Altets R(Q) | Lot [c B¢ | QRVAR) | £
single-tuned 15.37 | 20.27 1039
Casel filter 1 Parameter: h, =4.75 s
ase
single-tuned | 1645 | 296! | 1559
filter 2 Parameter: h, =3.8
single-tuned | 432 [72.24 | 113
filter Parameter: h, =4.75
Cose |"Ciype | 5184 | 321 | 3024 | 8570 s 3429
filter Parameters: 4, =0.338 m =0.010
single-tuned [ 367 |1os.42L
filter 5364
Parameter: h, =430 .
o 15.37 4.30 35.68
Casey |14 Jamped ! | i 1788 | 4466
T Parameters: b, =168 m =0.510
Ctype | 40,44 § 1525 21895146139
damped 10727
filter Parameters: A, =0.60 m =0,043

cases 2 and 3 20000 kW with lagging power factor 0.65. The
utility system short circuit current may vary from 8268 to 19 693
A with assumptions of pure reactive and frequency independent
inductance. The cost weighting-coefficients (&, ~ k5) and the
set-number-multipliers (A1 ~ Ag) in the cost function (15) are
listed in Table IIL, in which the type numbers 1, 2, 3 and 4 are,
respectively, the type numbers of single-tuned, second-order,
third-order, and C-type damped filters. All elements (R, L, C)
of filters are assumed having 3% deviation, and the minimum
element values are: & = 0.01 &, L, = 0.01 mH, C = 0.01 uF.
The planning of the filters of each case must satisfy the require-
ments of utility criterion of harmonic tolerances and the power
factor improvement between lagging 0.95 and (.99. The funda-
mental frequency variation is assumed from 59-61 Hz.

B. Numerical Results and Comparisons

The planning results of filters of the three cases by SA method
are shown in Table TV, Table V shows the harmonic distributions
with filters, in which all harmonic components and THD’s of
voltage and current are within the utility tolerances. The power
factors of the three cases are all improved to 0.95 (lagging).
The comparisons between SA method and cenventional try-and-
error method on the planning results of single-tuned filters of
case 1 are shown in Table V1. The total cost by SA method is
less than by conventional try-and-error method mainly due to
different capacities allocations to two filter sets.

TABLE V
HARMONIC CURRENT AND VOLTAGE DISTRIBUTIONS WITH FILTIRS AND
COMPARISCNS WITH UTILITY TOLERANCES

: utility criterion
haemon: Harmonic currents(A) harmonic voltages( V) !tolﬁrances)
Monic to neutral
ordets cutrents(A) [valtages(V)
Casel |case2 |case3| casel |case? |cased |casel :;?; All cases
2 7.26 933 18521 11,56 {14.85]13.56] 7.78 | 10.7 { 1975
3 990 [35.1 ]| 1941 2364 [83.82]4633[31.1 [426] 1975
4 419 |845]6.22 ] 13.34 [2691]1981[ 778 [ 107 | 1975
5 267 |303]1352] 1063 [1206]140.1] 31.1 [ 426 | 1975
7 16,1 [12.0]14.0] 89.72 [66.87]78.01{31.1 [ 426 | 1973
11 13.6 [1027134 [ 1191 |8932]1173}156]213 | 1975
13 835 193711217 8641 [96.97]125.2] 156 [ 213 [ 197.5
17 Q 0 113 0 0 [1529]11.67] 16.0 [ 1975
19 [1 0 [ 108 0 0 [1634]11.67] 16.0 [ 197.5
THD(%) [ 480 [482 4681 311 {320(499] 35 H 5
Power factors: 0.95 lagging for all cases

TABLE VI
COMPARISONS BETWREN SA METHOD AND CONVENTIONAIL TRY-AND-ERROR
METHOD ON THE PLANNING RESULTS OF SINGLE-TUNED FILTERS OF CASE i

Methods

s SA-method Conventional {tey-nud-error methiod)
N‘::mber L{mH) | C{uFy | Q(kVAR) | Costpus} | LimH) | CuF) | Q(kVAR) | Cost(pu)
153812027 1039 | 1906 | 8B.86 | 352 1805 | 2775

1 Parameter: b, =4.75 Parameter: ki, =4.75
1645|29.61] 1558 | 2644 | 323 |15.0| 793 | 2065

2 Parameter; h, =3.8 Parameter; /=38

Total cost 4%55%1.2=546 pu 482%1,2=380.8 pu

It is noted that the case 1 has simple harmonic spectrum with
fifth-order harmonic current to be filtered. Two single-tuned
filters are capable to filter harmonic and compensate reactive
power. Although we aim to fifth-order harmonic current,
the enlargement of fourth-order harmonic current should be
suppressed by a fourth-order filter to satisfy utility criterion.
In case 2, a low (second)-order harmonic current should be
filtered, In this case the single-tuned filter is used for filtering
fifth-order harmonic current but enlarge the second-order
harmonic current. If another single-tuned filter is used for
filtering second-order harmonic current, the system will be
over compensated. Thus, the program approach to a C-type
damped filter. Case 3 also has only a fifth-order harmonic
current to be filtered but its high order (17th and 19th orders)
harmonic voltages should be suppressed. A single-tuned
filter and a third-order damped-filter are selected for filtering
fifth-order harmonic current and high-order harmonic voltages
larger than order 17, respectively, but the low order harmonic
enlargements are inevitable, so that a C-type damped filter
is necessary to suppress second-, third-, and fourth-orders of
harmonics currents within utility tolerances. The third-order
damped filter may be substituted by the second-order daraped
filter if the cost-weighting coefficient k5 is defined smaller
than 0.1 (pu/kw), The spectrums of the normalized resultant
impedance magnitude seen from harmonic source based on
system impedance magnitude for three cases are shown in
Fig. 10, from which no resonant point (frequency with infinite
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Fig, 10. Spectrums of normalized resultant impedance magnitudes seen from
harmonic source.

impedance) can be found over all harmonic distributions. More-
over, there are no harmonic currents on critical point (frequency
with largest normalized resultant impedance) and the harmonic
currents near the critical point are under controlled. Hence, the
system in alt three cases is impossible to have resonance when
filters are on line.

V1. CONCLUSIONS

This paper has analyzed the characteristics of four types of
filters: single-tuned filter, second-order, third-order and C-type
damped filters, where we defined the parameters characteristic-
harmonic-order /iy and damped-time-constant-ratio i to char-
acterize the filters” impedances, power losses and reactive power
compensation and to describe the performances of harmonic fil-
tering and power factor improvements. The optimization model
of the planning of filters and its solution algorithm based on
simulated annealing method have been developed, from which
we can obtain the types, set number, capacities, parameters, and
element values of filters with minimum cost to satisfy the re-
quirements of harmonic filtering, power factor improvements,
and other constraints. The presented three case studies with dif-
ferent harmonic distributions and power factors have shown that
the promising planning results of filters can be obtained by using
the proposed method. In summery, the single-tuned filters are
enough to filter the simple harmonic distribution with harmonic
order about greater than 4 and to improve the power factor. But
it is also necessary to use C-type damped filters to suppress low
order (about small than 4) harmonic distributions over tolerance,
and to use second-order or third-order damped filters for fil-
tering complex high order harmonic distributions.

VII. FURTHER STUDIES

The works of the planning of filters are the foundation for the
following further studies:
1) To determine the commercial specifications of the units of

filter elements (K, 1., C). A filter element may be com-
posed of many units with small rating in series and/or

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 15, NO. |, FEBRUARY 2000

paraltlel manner to fit high voltage and high current re-
quirements, Where the performances of protection de-
vices of each unit should be considered, e.g., the protec-
-tion performances of the internal fuses of capacitor units
are very concerned to determine the series and parallel
number, and voltage and current rating of capacitor units,

i) To determine the protection scheme and coordination set-
ting list for the protection of whole filters, the system load
variation, operation schedule and procedure of filters, in-
tertock relationships and relay characteristics should be
taken into consideration.
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