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CHAPTER I

INTRODUCTION
1.1 Motivation

Power system harmonic is one of major power quality disturbances in a power
system. The severity of harmonic level is inci€asing due to an increased utilization of
nonlinear loads such as adjustable-speed drives, power converters, computers and
other power electronic-based devices in “industrial, commercial and residential
consumers. Harmonics“arc yeltages and currents whose frequencies are integral
multiples of the fundaméntal‘frequency. On a 50-Hz system, this could include o
harmonic (100 Hz), 3“hammonic (150 Hz), 4" harmonic (200 Hz), and so on.
Harmonic can pollute a_power system and result in negative effects on electrical
equipments. Major efiects of harmenies are losses in transformers, machines and
electrical devices, mal-opeération of clectrical devices, power system resonances and
severe overheating ofneutral lineS in 'i(‘;(d)lmamercial buildings. In order to better
understand the nature of harmoﬁicé in-a poyver system, there is a need to develop a
program that can analyze their ch‘a‘racteriéﬁ@s [1]. The developed program must be
user-friendly and accurate enough to reprgéiift‘ harmonic characteristics. MATLAB
software contains many build- - in ﬁmctipias_'; widely used in engineering fields.
Therefore, developing a program under MATLAB software is simple to program and
suitable for this task, ‘the program can be divided into 3 parts: 1) Harmonic waveform
synthesis, 2) Harmonie response analysis and 3) Harmonic filter design.

1.2 Research objectives

Objectives of this tosearch are

1) To develop harmonic analysis program for power quality teaching and
studying

2) To understand harmonic characteristics in a power system through
computer simulations



1.3  Scope of study

1) To perform waveform synthesis with various harmonic components and
calculate important harmonic indices. The reconstructed waveform will
show the effect of harmonic components in a signal. Harmonic indices that
will be considered are RMS and THD values.

2) To analyze harmonic flow in a power system. Harmonic voltages at a bus
and harmonic currents in branches will be calculated. Results can reveal
how harmonics flow in the system.

3) To design passive harmonic filter to minimize harmonic level in a power
system. Frequency response in the form of frequency scan plot will be
evaluated in order to verify filtevperformance.

4) This research will focus only paralleleesonance.

1.4 Research methodelogy

In order to achieve the @bjectives, the following research methodology will be carried

out. L &

1) Studying effectsof Rarmonics. |

2) Studying harmenic models of system equipments in power system

3) Studying and/analyzing the computation of harmonic in power system as
well as writing @ program to analyze when capacitor, detuned filter and
tuned filters are instafled.

4) Testing the progran performanee.

5) Evaluating test results and concluding resuits from the testing.

6) Writing thesis.

1.5 Expected outcomes

Power system harmonic analysis programs for power quality teaching and studying
with graphicuser interface(GUL)yof MATLAB,software will-be developed. Users can
adjust parameters ‘and perform sensitivity studiestin various issues'of power system
analysis 'such as waveform synthesis, harmonic flow and harmonic filter design.
Developed programs can help users to understand harmonic characteristics for power
quality teaching and studying.



1.6 Overview of thesis

Chapter 2 summarizes the fundamental background and related theoretical knowledge
in analyzing and estimating the harmonic current in a power system and harmonic
filter design method.

Chapter 3 deals with harmonic modeling of system components. Modeling of
equipment for harmonic analysis and method of simulation

X
]
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CHAPTER 11

LITERATURE REVIEW

2.1 Fourier series and waveform reconstruction

One method of describing the non-sinuspidal waveform is Fourier series. Jean Fourier

th
was a French mathematician of the early/19 century who discovered a special
characteristic of periodic waveforms. Periodic.waveforms are those waveforms
comprised of identical values that repeat in the same time interval, like those shown
below.

Fandamental (50 Hz) 5™ harmonic ( 250 Hz )

s th harmonic ( 350 Hz )
o @ ——— )

Figure 2. 1 (a) Distorted current waveform  (b) Equivalent harmonic components

Fourier [discavered that periodic ‘waveforms| can be represented by a
series of'sinusoids summed together. The frequency of these sinusoids is an
mteger smultiple, of, the frequency; represented; by jthe fandamental periodic
waveform.

The distorted (non-linear) waveform, however, deserves further
consideration. This waveform meets the continuous, periodic requirement
established by Fourier. It can be described, therefore, by a series of sinusoids.
This example waveform is represented by only three harmonic components,
but some real-world waveforms (square wave, for example) require hundreds
of sinusoidal components to fully describe them. The magnitude of these

sinusoids decreases with increasing frequency, often allowing the power
th
engineer to ignore the effect of components above the 50 harmonic [2], [3].
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can be computed from the
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The reverse proce
distorted wavefo

2.2 Power system guantities under non sinusoidal conditions

)

2.2.1 Root-mean-sqﬁare (rms) Values m

ﬂﬂﬂ’él“flﬂ‘ﬂ'ﬁ“ﬂﬂ’]f‘i

The rms valuesof the waveforms are computed as the square root of the sum of

squares of all individual com onent§ 4]. A s
4RI AINY .,

N
rms voltage: V, . =,[> V] = \Nf +V,) +V7 +V] (2.3)
h=1

ﬁ
EL

where: |,  The single frequency rms current at harmonic h
V, The single frequency rms voltage at harmonic h

N Maximum harmonic order to be considered



2.2.2 Total harmonic distortion (THD)

Total harmonic distortion (THD) is an important index widely used to describe power
quality issues in transmission and distribution systems. It considers the contribution of
every individual harmonic component on the signal. THD is defined for voltage and
current signals, respectively. Total harmonic distortion is calculated as the sum of all
the harmonic components (except the fundamental), divided by the magnitude of the
fundamental. This value is represented as THD [3], [4].

THD, = (2.4)

(2.5)

Vv, The single ﬁequené};;rms voltage at harmonic h
\ The fundamental liﬁg_-;o-neutral rms voltage
The single-ﬁéquency;%rﬁs current at harmonic h
I The fundaimental rm@ent

THD ean be cdrrrﬁ];-)ruted n terr'h'é)_f rms valugras follows:

THB, =4[22 — =
Y V! vz

N N
DAY DI VAR VA %
h=1 — [ ims J | (26)

or

Vrms :VIrms V1+THD\? (2-7)

and

Irms = Ilrms V1+THD|2 (2'8)

Note that the components are summed vectorially, not algebraically,

because they have different phase angles. For a waveform represented by a
th th

fundamental current of 100 A, a 5 component of 20 A, and a 7 component



2 2
of 12 A, for example, Ih would equal the square root of (20 + 12 ), or 23 A,
not (20 + 12) = 32 A. The THD is, therefore, 23/100 = 0.23 or 23%.

2.2.3 Total demand distortion (TDD)

For current harmonics, using the THD value might mislead the harmonic current level
when it is under a light-load condition, |, is small so THD, is large. For this reason,

TDD is proposed for the measure of harmounic current level. Instead of using I, the

rated or maximum load current is applied [4]

Harmonic distortion is mest-meaningful when-menitored at the point of common
coupling (PCC) - usually:the customer’s metering point - over a period that can reflect
maximum customer demandtypically 15 to 30 minutes as suggested in Standard
IEEE-519. Weak sourcesswith a'large demand current relative to their rated current
will tend to show greater waveform distortion. Conversely, stiff sources characterized
for operating at low demand currents will show decreased waveform distortion. The
total demand distortion isbased on the deina‘hd current, I, over the monitoring period

[3]: \ 4
S
TDD = =2 —

Li

(2.9)

where:-
I} The single frequency rms current at harmonic h

I, Rated or maximum load current magnitude

2.2.4 rPowerdistortion-power, displacement andpower factors

e Active (Real or True) Power is measured in watts (W) and is the power drawn
by the electrical resistance of a system doing useful work.

e Apparent Power is measured in volt-amperes (VA) and is the voltage on an
AC system multiplied by all the current that flows in it. It is the vector sum of
the active and the reactive power.

e Reactive power is measured in volt-amperes reactive (VAR). Reactive power
is power stored in and discharged by inductive motors, transformers and
solenoids



» Active and reactive powers

N

P= th l,, cos(6, — ) (2.10)
h=1

Q=2 V,l,sin(g, -4, 2.11)
h=1

The apparent power (S) is the product of Vs and |, or:

S=V, | ; (2.12)
(2.13)
(2.14)
damental frequency
» When the only comprised of P and Q,
but di
(2.15)

DI Tt .

wer factor ¢

AR ASAI A DIARY oo

phase angle between voltage and current or the "cosg".

Q

Figure 2.4 Relationship between P, Q, and S in sinusoidal condition



The power factor defined by IEEE and IEC is the ratio between the
applied active (true) power - and the apparent power, and can in general be
expressed as:

PF=P/S (2.16)
where: PF = power factor
P = active (true or real) power (Watts)

S = apparent power (VA, volts amps)

With an increasit istortion environment, the conventional
definition of power the angle between fundamental
frequency voltag @ to consider the signal’s rms
values, which _the| i f components of different
frequencies. Thu PF) continues to characterize
the power freque stortion power factor (HPF) emerges as
the index th y 1 e power factor (PF) thus
becomes the pro ion power factors [4]:

(2.17)

(2.18)

' Bié" -7 ﬂ (2.19)

PFaisg== Displacementipower factor ( DPF )

AUTINININYINT
RN IRHRERENY e

Vv, | S
PF,  —|—ims “ims | _ 21
dist LV | J S (221)

rms rms

PFgist= Distortion power factor (HPF)
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2.3 Harmonic analysis in power system
2.3.1 Harmonic resonances

The current drawn by non-linear loads passes through all of the impedance between
the system source and load. This current produces harmonic voltages for each
harmonic as it flows through the system impedance. These harmonic voltages sum
and produce a distorted voltage when combined with the fundamental. The voltage
distortion magnitude is dependent on the source impedance and the harmonic voltages
produced. Figure 2.5 illustrates how the distotted voltage is created. As illustrated,
non-linear loads are typically modeled as a souree of harmonic current [2].

Voltage.Distortion Distorted Voltage

Impedance

Sinusoidals T _
Voltage /f\\) Pitofed gNon —Linear
Source 7 C__u.rr_.gnt Load

Figure 2.5 Creatl;j)_n" of distorted current

With low sourceimpedance-the voitage distortion-will be low for a given level
of harmonic current. If harmonic current increases, however, system impedance
changes due to harmonic resonance (discussed below), voltage distortion can increase
significantly.

2.3.1.1 Parallel resonance

e Resonance can happen when certain harmonic frequency produced by
nonlinear loads is near the natural frequency of system [4].

e The potential parallel resonance occurs when the shunt capacitor appears in
parallel with the equivalent system inductance (source and transformer) at
harmonic frequencies as show in Figure 2.6. (a).
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Magnified
Substation voltag_e.at
sustation.bus
Transformer /
Source X5,
N
@_Wﬂ |
T L &
X h
Magnified ) T ¢
harmonic ! Harmonic
current source
(a) Simplified distribution circuit
-
Reqg
-I jXTr
¥ 1 \% .
(A/‘ T _JXC jXLeq
L& X

‘ : ill 5
Zp i,
(b) The equivalent ¢ircuit of parallel resonance circuit

S

Figure 26 Parrai_izl.—lﬂ.}'esonance

Parallel resonance occurs when the reactance of X, and the distribution
system cancekout-each other as show in figure2.6 (b).

The frequeney-at which this phenomenon occurs is ¢alled the parallel resonant
frequency ( f). ,

The apparent impedance as seen from the harmonic current source becomes
very large. Reactance is computed at the resonant frequency Z,, .

Therefore, during parallel resonance; .a small harmonic current can cause a
large voltage drop across the apparent impedance; V. The voltage near the

capacitot lbank will be magnified and heavily distorted. The current will also
be magnified resulting capacitor failuie, fuse blowing or transformer
pverheating:

Power systéms analysis typically does not have L"and Creadily available and
prefer to use other forms of this relationship. They commonly compute the
resonant harmonic hy based on fundamental frequency impedances and ratings
using one of the followingh, .

The current behavior during the parallel resonance. Let the current flowing in
the capacitor bank or into the power system be lresonance

_ _jXC(jXLeq +Req) _ _jxc(jXLeq +Req) — Xieq _ xé (2 22)
P iX¢ + iX g + Ry R R R :

eq eq eq

Leq
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X

(@]

C
L,
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1

f
P 2;r LeqC 4|_Eq Leq (2.23)
_ [ Xe _ [[MVA. [ kVA, x100

hy _\/ X _\/ MVAR,,, _\/ KVAR,,, x Zy, (%) (2.24)

X

h = c
o X X, (2.25)
(2.26)
(2.27)
(2.28)

Impedance at ha fgjpxg
p ‘_’; 14.:' -

Freqrn_gncy at parallel r

Capacﬁr:;ea
Capac1ta£;ce of capacitor bank

@mﬁg ﬂﬂﬂ;ﬁ:ﬁ‘ﬂﬁﬁﬁmsform@r

System short-circuitMVA

@“WW@*%@ S ) V1276

kVAr,
ZTr

Q

kvar rating of capacitor bank
kVA rating of step-down transformer
Impedance of transformer

Quality factors of transformer and system at resonance frequency

e For example, for an industrial load bus where the transformer impedance is
dominant, the resonant harmonic for a 1500-kVA, 6 percent transformer and
a 500-kvar capacitor bank is approximately.



13

KVA, x100 1500100
h, ~ - =17.07
P TAKVAr, x Z, (%) 500x6

cap

2.3.1.2 Series resonance

Shunt capacitors of customer and the inductance of a transformer or distribution line
may appear as a series LC circuit to ce of harmonic currents as show in Figure
2.7 (a). If the resonance frequency cortes s to a characteristic harmonic frequency
of the nonlinear loads, the it will aftzact a large portion of the harmonic

High

|
!
L
O Voltage
& / Distortion
Customer

Power Factor
Correction

¢e problems

ﬂ‘LIEJ’J‘VIEJﬂ WeTN3

(b) The equlvalent‘cncult ofa serles resonance c1rcu1t

’QW']MT]@W%J%‘ITB%EJ']QEJ

o The voltage at PF capacitor bank is:
X¢ X¢

X +X.+R" R (2.29)
where: V, is harmonic voltage corresponding to Ij
X
h =, [-% (2.30)
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where: hs = Series resonant order.

In many systems with potential series resonance problems, parallel
resonance also arises due to the circuit topology. One of these is shown in
figure 2.8. Where the parallel resonance is formed by the parallel combination
between Xsource and a series between Xt and Xc. The resulting parallel resonant
frequency is always smaller than its series resonant frequency due to the
source inductance contribution. The parallel resonant frequency can be
represented by the following equation:

h 7 (2.31)

Farallel h Xe
resonance: r Xr + X,
|

X1
a00 OO0

' i
NN

X-s =

ries resonances

» Comparisoi between parallel and series resonances

———————— " .
el reconanc 1"-.“ €r1Cs resonance

| Uz =% 0z-0
SmalF‘J] ﬂﬁ ﬂeﬂ ﬂ@%}dw Ejltrfeﬂaﬁonic current follow
RN INUNINYIAY
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2.3.2 Harmonic current flow

2.3.2.1 Inductive system

Supply

o
fuctive system

an
J

el

QRN T
q L
_ RxiX) 233
“ TR KO R X)) 239
=1 +1g, (2.34)
Load Impedance > Source Impedance
(R + X)) > (R, + X))

(R + jX,) N (R, + JX,)
R+ X+ R+ JX,) R+ X+ R+ JX,)
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= /s, > /.,
R, Load resistance
X.  Load reactance
Ry System resistance
Xs  Reactance of system at fundamental frequency

l Harmonic current from non-linear load

I,  Harmonic current through System
I.,  Harmonic current through Load

X c Capacitor

]

quzi"inw%’ﬁ 116

RN ANENYIS

(b) Equivalent circuit of system with capacitor

Figure 2.10 Simple system with a capacitor

_ R+ X)(=1X,)
total Rs + JXS _ JXC

(2.35)

> Atparallel resonance | X,|=|X,]|
I, =1, +1, (2.36)
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= e e 237
cn_Rs_I_sz_ch " ( )
—jX
2 | (2.38)

| =
TR+ X, - X, "

At resonance

R, + X,
cn: ' >> In
RS
~jX
I, =%-|n > l,

| ALY CUIT acitor

2.3.2.3 System with a

Capacitor

| o Tuning
F Reactor

Harmonic Supply Passive
Source System Filter

(b) Equivalent circuit of system with a passive filter

Figure 2.11 Simple system with a passive filter
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Harmonic currents in a system with a passive filter can be calculated from
I, =l + 1 (2.39)

RS L . R (2.40)
Rs + st + RF + JXLF - JXCF

RF + jXLF — jXCF

I, = - - - 1, 241
RS+JXS+RF+JXLF_JXCF ( )
Tuned Filter: set |X .|=|X.| and R. are small

(2.42)
(2.43)
2.4 Mitigation of hs
The most common iméthiod for control of harmoni distortion in industry is the use of
passive filtering teck ?‘f S ; f-‘ band-pass filters. Passive
harmonic filters canme desig med ments that provide a low
impedance path to harmonic currents at a punctual frequency or as band-pass devices

that can filter hacmonics ©ver a certain ﬁe%ehc bandwidth ;631

‘LIEJ’J‘VIEJV] W7
’QW']c’;NﬂiELJ UA1AINYAY

(a) Band Pass filter (b) High Pass filter

Figure 2.12 Impedance daigram of filters
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2.5 Harmonic filter design and specification

Passive filters are inductance, capacitance, and resistance elements configured and
tuned to control harmonics. They are commonly used and are relatively inexpensive
compared with other means for eliminating harmonic distortion. However, they have
the disadvantage of potentially interacting adversely with the power system, and it is
important to check all possible system interactions when they are designed. They are
employed either to shunt the harmonic currents off the line or to block their flow
between parts of the system by tuning the elements to create a resonance at a selected
frequency [6].

Passive filters are the:most commonlyused filters in industry. As illustrated in
figure 2.13, the following can be foundunder this.category:

1s'order 2" order C type

L 1

T

Singletunedfilters = Highpass filters

Figure 2.13 Electric diagrams of passive filters

2.5.1 Detuned filter design

Designrequation fortheidetuned filter [71:

) - 100
n, = = (2.44)
Xt ST
100
%X = 3 (2.45)

h

where:  n, =Tuning point of filter

fs = f,*n, = frequency of series resonance (Hz)
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Table 2.1 Frequency of tuning point at %X,y ( f;=50 Hz)

%X n, f_(Hz)

5.67 4.20 210
6 4.08 204
7 3.78 189

» The neces uned filter design:
) such as 50Hz

@ detuned filter be connected

ltage suchas v,, V,, V,,

.,:j_li__.-,n' L ‘__‘," =

Table 2.2 Harmonlﬁfoltage limit in l’ovf volta D V)
_ Level (PL)
= '
[IE@-GIOOO 2-2] #ER G 5/4]
Qs
ﬂuﬂ”ﬂ‘ﬂﬂﬂ‘ﬁ N
V,=6.0% ¢ V, =4.0%
= o
Wﬁlﬂlﬂ MAASAANDIA S DI
J s bld e V| | d 1 IMF 4o
V,, =3.5% vV, =3.0%
vV, =3.0% V, =2.5%
THD = 8.0% THD = 5.0%

» Specify rated of components:
1) Capacitor
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1.1)  Reactive power rating of capacitor (Q, : kVAr)
1.2)  Voltage rating of capacitor (V, : V)
1.3)  Current rating of capacitor (I, : A)

2) Reactor
2.1)  Inductance (L : mH)

2.2)  Thermal current rating (1, : A)

2.3)  Maximum current that still causes the value of

decrease less than 5% inductance (1 ;, : A)

t rating (1, : A) condition:
110%

=0.5% of v,
""li 7)=.6% of v,

’iu ~L % of V,
\ ' %ofV

OfV

(2.46)
(2.47)
”””” 7 (2.48)
m Y, 100 . %1000 m
Ir‘q_’iloo %x v V2 (2.49)
ﬂ‘lJEJ s e W#’]ﬂ‘i
comp ! Q, (2.50)
00 v
amaﬂﬁ% iﬁp“i UINY
Q, = L Quomp (2.51)
100
Qeomp = Pl:tan(cos‘l PF,,)—tan(cos ' PF,,,) | (2.52)
% - [%} [\\//—Cjz [tan(cos"1 PF,,)—tan(cos™' P new)] (2.53)
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V.
Vor 2o—S
%X, (2.54)
100
- % mH 2.55
Ly = 1212412412412 413 (A) (2.56)
1, =191, (A) (2.57)
%X
X, = ot Xe (2.58)

o Rated current of capacitor (A)
V, Voltage of system (V)
X .y Reactance of capacitor (e)
Qeomp*ReaCiive power compensation (kVAr)
P Real poweti of'load (W)
Q.. Raied reactive power of eapacitor (KVAr)
V., 4 Rated Valtagp of capacitor (V)
PEs £ 0Id power f;e_tor
PE4 N A ﬁower fag,tor (‘target )

= l]'.,l
a

2.5.2 Tuned harmonic filter design To

If harmonic filter is fieeded, on top of resonance prévention, tuned reactors are
applied. The capacitor/teactor filter is tuned to absorb particular harmonic and reduce
the Total Harmonic Distortion (THD).

Tuned filter design steps [7]
1)~ Calculate the value-of reactive pewer (Qgr), whichneeds to increase the
power factoriof-power system.

2) Determine the number of set for harmonic filters. For example,

e 2 sets of 5™ harmonic filter and 1 set of 7™ harmonic filter.

e 2 sets of 5™ harmonic filter, 1 set of 7™ harmonic filter and 1 set of
11™ harmonic filter.

3) Divide Qgr in step 1 for each filter (Qgni).

4) Specify the tuning point of each filter. For example, set a tuning point
at 4.7 to 4.9 for 5™ harmonic and 6.7 to 6.85 for 7™ harmonic.
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5) Select voltage rating of a capacitor, e.g. 480 V, 500 V or 525 V.
6) Calculate reactive power of a capacitor to be used.
2
V. n: -1
Qorni = Qeni [VLJJ (—hl’llﬁi ] (2.59)
7) Calculate C value ( »F ) and Xc at S0Hz from steps 5 and 6:
— Qo ¥1000 2 2.60
c P 3.183Qq, Ve (uF) (2.60)
2
(2.61)
8) Calculate r
(2.62)
9) Consider.& calculate R lly Q-Factor of a harmonic
filter in a ' 6
(2.63)
10) Analyze h
11) Check wor
12) Specify current tating rg) re
yf_—‘_ W (2.64)

Qri eactlve power of each filter unla

ﬁuﬁﬁ%ﬁﬁwmm

s Voltage of system (V) =,

ARTAINIUURIINYAY

Iilote that :

Certain voltage rating of a capacitor is available. And designed filter
parameters might not be available in practice. This thesis does not consider
this limitation.
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2.5.3 Tuning frequency range for detuned and tuned filter

P Detuned for 7" Order P N
h “Tuned for
< < > 7th Order
Detuned §{ Tuned
for 5 for
th
Order 5
Order frs SHZ)
225 315 350
(7™
. Detuned ! \ ; 1ng frequency more than 10%

uency with considerable current /

equency with differs by no
% \: is to be filtered.

ﬂUEJ’J‘VIEJVIﬁWEJ’]ﬂi
Qﬁﬂﬂﬁﬂ‘imﬂﬂﬂﬂﬂmaﬂ



CHAPTER 111
HARMONIC MODELING OF SYSTEM COMPONENTS

In this research all parameters are calculated per phase and all models of system
components are simplified models, the skin effect is not involved in calculation so the
resistance does not change at harmonic frequency but capacitive reactance and
inductive reactance will change depending on the harmonic frequency. The models of
system components in power system used in this thesis consist of supply system,
transformer, linear load, non-linear load, ¢apaeitors, detuned filters and tuned filters
[15], [17].

3.1  Supply system

This model is determineds from point of common coupling (PCC) into system, the
model is represented by resistance seties with reactance. The resistance has
relationship with reactancein form ratio of X/R.

R, “jhX
== .

Figure 3.1 Model of supply system

V 2
Zs = (3.1)
MVA,.
YA
R ===
( X jz (3.2)
- | st
R
X
XS = LEJ X RS (33)
Zy, =R + JhXq (3.4)
Zg The supply impedance (£2)
Zg, Impedance of system at harmonic frequency (£2)
Ry Resistance of system (€2)
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Xs Reactance of system at fundamental frequency ()
Vs Voltage of system (kV)
MVA. Short circuit of system (MVA)

% X to R ratio

h Harmonic order
3.2 Transformer §’l //
Transformer model is i, se. that has resistance series with
reactance, whose change aic order. So at various harmonic the value of
impedance can be calcula ] \

N

Loy ¥

e

T \
@ -Model transt
¥ i\

(3.5)
.V2

p (3.6)

B Z: =R, + X, = X, =+JZ -R}, (3.7)

ﬂummﬁwﬁm

pedance‘of transforméirat fundamentalfrequency (L)
AR éN Ha b T e TR ©
Resistance of transformer (€2)
XTr Reactance of transformer at fundamental frequency (£2)
B.  Transformer load loss (W)

%Z  Percent impedance of transformer (%)

Rated power of transformer (VA)
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3.3 Linear load

Linear load data is generally in the form of active power (P) and reactive power (Q)
which are used for calculating the impedance. The impedance consists of resistance
series/parallel with reactance depends on that linear load.

This thesis use the parallel model for linear load. The resistance and the reactance are

obtained from active power (P) and reactive power (Q) according to equation (3.9)
and (3.10)

(3.9)
PRy ’ (3.10)
el
VS S /Stem ﬂ‘&;
R Resistant = '
X, Reac
Active-power-of Kot frequency (W)
Q: Rea damental frequency (VAR)

o comfi 1NN NGNS
cre A BAASAT ORIV AL

equation (3.11)

XC
—E

Figure 3.4 Model of capacitor
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V2
X = jo
c J hQ. (3.11)
X,  Capacitor reactance at harmonic order (€2)
v, Rated voltage of capacitor (V)
Q, Reactive power of capacitor (VAR)
h Harmonic order

3.5 Non-linear load

The source of harmonic is non-linear load. The non-linear loads are devices in system
that make distorted current waveforms such as power electronic devices, arc furnace,
rectifier etc. The model'of nen-linear load in figure 3.5 is harmonic current source.

The distorted harmonic custent data can be obtained from measurement or equipment
producer. —~

Figure 3.5 Model of harmonic current source

3.6 Harmeonic filter

The harmonic Tilter is\device used to filter harmonic'current out-of the system. When
there are-harmonics in power System, it may cause the problem o0f resonance between
systems with capacitor at harmonic order which is the same as harmonic in system.
Normally it is among the harmonic order Sth, 7th, llth, 130,

One of methods that can solve the problem is to change the capacitor in the system to
be harmonic filter by adding the reactor series with capacitor.

- Harmonic filter will play two roles as follows:

1. Reactive power compensation at fundamental frequency to improve
power factor.



2. Reduce or filter harmonic current out of the system.
- Harmonic filter is divided into two types

1. Detuned filter

2. Tuned filter

- The steps of calculation are provided chapter 2.

This research uses model of single tuned filter as show in fig. 3.6.

armonic filter

X —27z

f uzmgﬂm HgN
RN FURBA NN
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(3.12)

(3.13)

(3.14)

(3.15)

(3.16)



CHAPTER 1V
DETAILS OF DEVELOPED PROGRAM

This chapter presents a graphic user interface (GUI)-based power system harmonic
analysis program developed under MATLAB environment. The program can be
divided into three parts. The first part performs harmonic waveform synthesis. The
second part analyzes the power system harmonic response with combination of linear
and nonlinear load, capacitor banks, a detuned filter and tuned filters. The last part
deals with harmonic filter design and simulation. The developed program can also be
used for power quality teaching and studymg..Various cases can be simulated for
better understanding of harmonie characteristics. The developed program is user-
friendly for non-experiencedrand experienced users in order to understand harmonic
analysis.

4.1 Harmonic waveform synthé§is,-

The first part of program petforms, harmonic waveform synthesis. A user can input
various harmonic magnitudes and phase angles,and then view the resultant distorted
waveforms. The shape of the distorted waveform depends on harmonic magnitudes
and phase angles. Distorted waveform with certain harmonics will show typical wave
shapes. This can give a clue of the major harmonic component when an actual
waveform is recordéd-fromra-field-measurement: [

The general equation of the reconstructed waveform is

I :Zhjlhsin(ha)t+9h) 4.1)

where: aib=1, 2,3,4,5,6,7...

The reverse, process where the harfaonic™ spectra’dan be, coinputed from the
distorted waveform is called waveform analysis which'can be achieved through Fast
Fourier Transform (FFT).

| e = +/(100sin(@t))’ + (A sin(Bat +6,))* + (A sin(5at +6,))... (4.2)

where: o=2%7*f and f =50Hz
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Figure 4.2 Main display of program



e Case studies

Twelve case studies are simulated in this work. Possible scenarios at an
industrial plant fall into these these twelve cases. Details of case studies are
summarized in table 4.1. For case studies 3-6 and 7-12, harmonic filters have to be

designed as previously explained before the harmonic flows can be simulated.

Table 4.1 Case studies

Case 0 | Supply System with Linear and Nonlinear Loads

Case 1 | Case 0 with Capacitor

Case 2 | Case 0 with Detuned filfcs

Case 3 | Case.0 with 5" Filter

Case 4 | Case 0 with 7" Filter

Case 5 | Case Qwwish L1™ Filter

Case 6 |Case 0" with Capacitor & Detuncd filter

Case 7 | @dSe 0 with 5" Filter & 7" Filter

Case 8 | Cast Ofwith 7" Filter & 11" Filter

Case 9 [Casg0 with 5" Filter & 11" Rilter

Casel0 | Cabe 0 with 5" Filer, 7" Filter & 117 Filter
Casell | Casg0 gvith-Detuned filter, 7™ Filter & 11™ Filter
Casel2 | Case O with Detuned filter, 5" Filter & 7" Filter

-.-._.:‘lj;
o

4.2.1 Input parameters

On the main displqy, following mnput paramcters are_fequired from a user.

4.2.1.1 Supply.system

In high voltageé.want to input parameters such as:
1) ( MVA) short circuit
2) (kV) high voltage
3) X/R ratio

System
VHV( kv = 22
My a=c= 500

KR= 10
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Figure 4.3 Supply system

4.2.1.2 Transformer

Need input parameters such as:

1) Rated (kVA)

2) Primary Voltage (kV )
3) Secondary Voltag

4)
5)

4.2.1.3 Linear load

Need input pa iE eter
1) Acti}/e Power (kW)

AUBSRENININT
RN IWEEN LAY

Figure 4.5 Linear load
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4.2.1.4 Non-linear load

Need input parameters such as:
1) Active Power (kW)
2) Power Factor

Mon linear load

2

| ——

o

— —

e s iﬁ;a}x{ - =) O S
— Cdd SR .

Ihi = he= | o0 |

Ih3= |I| III

Ih7= II'

I 3= % III

7= | 4843 | ) 0 __ L0

hz1= |I| oo

Ih23= III

Y

9 7 Figure 4.7 Diépléy for input harmonic datai

4.2.1.5 Capacitor

Figure 4.8 shows a page which a user can select the number of steps for capacitors to
be applied.
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Needed input parameters are:

1) Target power factor

2) Voltage rated of capacitor
3) Reactive power of capacitor
4) Step of capacitor

VS(VJ PF (%) 95 | Vcr(V)mm Qc(kv.&rjl:l
Gcr(kVArjl:I ch[kVAr]l:I (o]

lll'll!llll

= l_‘_'lfr/i}!’.rl

Amplification Factor RN
e ST | (Tl [ ]

lh
] o ¢
(] o ¢
[ ]Even
] &

From

multiple of 3
itiple of 3

Figure 4.8 ers and select steps

4.2.1.6 Detuned filter

Figure 4.9 shows a d: vhich-a-user-can-seleet-the fitmber of steps for detuned
filter to be applied ar pter 2.

Required inputs are

RGN TNENS

3) Reactive power of detuned filter.

QR SRR AT 13 N8R

6) Step of detuned filter
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VS(V) 400 11(HZ) S0 pre%95 | (o @eckvar) | Ver(v) 40 (o
ch(wﬁ-\r)l:| ch(k‘v‘.ﬂ.r)l:l KrE%J QF@
s + @ 010 OO

¢ OO0O0OoO0OooOoo
|

Amplification Factor [ ] [

lh U Vh

[] 2dd ( non muttiple of 3 [] Cwtd ¢ non muttiple of 3 3
[ Soled ¢ muttiple of 33 [Jodd ¢ muttiple of 3
[]Even [ Even

] & | EL

1)
2) ed filter connected such as (400V)
3) Qcomp) such as (50 kVAr, 90 kVAr)

4) 7 anacitor
5) A 2___ —s’.*_’f#%’!”’ o %’ 7%.

6) Voitag 52

7) Maximum harmonic voltage in order @3 Vs, V7, V11,Vi3)

Percenﬁof maximum curr t

ﬂ‘lJEJ’J“fIEJﬂ‘ﬁWEJ’]ﬂ‘i
QW’]&Nﬂ‘iﬂJ UA1AINYAY



rll Detuned_Unit_Design
Detuned Filter Unit Design

it 50 Hz o Comp 50 kA lor & Performan 1
Vol @00 v ok 7 ma I A || come kvar g

Leal () e Ohm| | "

L select mH bl Ohm i Hz 0B
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ﬂ ﬂ E Close fAﬁ u u E - = u

A AT

4.2.2.2 Tuned filter design” & . ... .4

Figure 4.10 Display for inp'ﬁt pzir;i'hleters of detuned filter unit design

i

Proper design is requlred for har mome ﬁlters in order to lower harmonic levels
in a power system. Various types of hatmonic filters are available. Tuned
filters and detuned filters will be considered in the ~developed program. Proper
selection and. engmeermg experience plays an 1mportant role in a decision.
Simulations of system response after installation of harmonic filters are also
crucial in order to verify the effectiveness of the harmonic filter design. The
developed programi-will.be useful for power.system.harmonic analysis for
various aspects: The.program can also be used for power quality teaching and
studying. Various cases can be simulated for better understanding of harmonic
characteristics. The, developed. program is. user-friendly f0r.non-experienced
and experienced users in order to understand harmonic analysis!

After parameters of filter are determined, harmonic flows of harmonic
currents between system component and harmonic filter are required. Figure
4.11 shows the design page of harmonic filter in the developed program.

e In harmonic filter design page following input parameters are required:
1) Target power factor
2) Tuning point
3) Reactive rated of capacitor
4) Voltage rated of capacitor
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5) Q-factor
Target PF (%) 95 |:| Ok — Tuning point — — Select (kW Ar) of fiter

Gt ( Ky ) ns=| 48 ||| ver(v)| szs | [Jo
Qf5 (%) 100 | (kWA Qers [ k)
-
108

@7 ()| 0 | (kWA 0 QerT (kv )III III

Gftdgy 0 | (KWAR 0

[Jor Qerli( W.ﬂ-.rJIII |I|

Fitter Gor(kWAr lorid)  CluF) }(C(Ohmj LimH)  XI{Shm) G-Factor  R{Chm)

th | | |[ 80 |||
| o | Lo |l o |[o |
= |
[Jok  Mext

[}

Figure 4. Display fo anp t par: ined filter design

4.3 Outputs

4.3.1 Outputs of 14 case stdm—'g:

The output display of case-study-caii-be- U 4.14. Box 1 illustrates the
diagram of the case s _ ccessary results from the
simulation. Harmomcﬂ:rrents 10T ' source (I), harmonic currents flow in

the system (Isp), harmonic currents flow in gjhnear load (ILh) harmonic currents flow
in capacitor (]?‘i ‘ﬂmw‘ﬁk}lﬁﬁfh) harmonic currents
flow in tuned ﬂﬂng w nBo ¢ impedance (Zy) and
voltage (Vp) values at the main bus, Iims value , I J/ler value, T}H} values of voltage
and ¢ ﬁsm ﬂmﬁ?ﬂg hﬂnﬁjc currents and
harm lﬁ:ﬂﬁgsﬁﬁ) an impedance

scan of a case study and amplification factor.
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distortion are also important
vide the information of how

Harmonic curren
parameters for
harmonic current
voltage distortions
level under the limit.
Figure 4.13 illustrates ha;:momg
voltage in G _54 standard (Harmomc

~compared with the planning level of

VMﬁ@
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Figure 4.13 Spectrum of harmonic voltage comparison with planning level (G 5/4

standard)



40

e Amplification factor of harmonic current is the ratio between harmonic current
which flows in each eqiupment divided by harmonic current from source.
Figure 4.14 shows amplification factors of harmonic currents from
system, load and detuned filter.

Amplification factor

4 T T T T
: : ' System
BB [oofene s Load
o7 T | : _____________i _____________ :____ Detuned filter |

eal resonance conditions of a
avoid damages from harmonic

e The system harmon
power system. This
resonances.

Figure 4.15 comparcs %ys

-
.

02 T
018 - oo
0.16 i
0.14
W
1.308
006
0.04
002
1}
Harmonic arder

Figure 4.15 Impedance scans of case studies
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4.3.2 Outputs of detuned filter unit design

Detuned filter unit design is necessary for reactive power compensation in order to
improve power factor and solve the harmonic problem.

Detuned Filter Unit Design
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CHAPTER V
OUTPUTS AND CASE STUDIES

This chapter presents the results from three parts of the developed program. The first
part performs harmonic waveform synthesis. A user can input various harmonic
magnitudes and phase angles and then view the resultant distorted waveform. The
harmonic response with a combination of

Wmed filters and tuned filters. The last
7z,

—_—
—
; |

second part analyzes the power syst
linear and nonlinear loads, capacic
part deals with detuned filter uni

-
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Figure 5.1 Main display of distorted waveform program

Non-linear equipment or components in the power system cause distortion of the
current and to a lesser extent of the voltage. These sources of distortion can be divided
in three groups:

- Loads

- The power system itself (HVDC, SVC, transformers, etc)

- The generation stage (synchronous generators)
The characteristic of the distorted current waveform, most devices are only producing
odd harmonics but some devices have a fluctuating power consumption, from half
cycle to half cycle or shorter, which then generates odd, even and interharmonic
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currents. The current distortion, for each device, changes due to the consumption of
active power, background voltage distortion and changes in the source impedance.

5.1.1 Odd harmonic order

h
| =>"1, sin(hat+6,) (5.1)
1
s = \/(100 sin(at))” + (A sin(Sawt + 6,))* + (A, sin(7at + 6,))’ (5.2)
Where: h=1, 2, 3, 4,5,6, 7...

wo=2%7*f aad f =50Hz

Harm Angle Polluted current waveform
9 | T T T T T T T
(Order) Amp (/0) (degreE) 1 \ Y ; : Fundamental
1 100 O ; :_ :100 : : Harmolnic H
3 = R M ------- -
M=V /TR, NN EEN
T are? Jf Juadi g NN A
" A : SR, S S R b de) - - -
RMS (%) 107.350 i N N A
THD (%) 39.05 Aia 1520‘_{.‘ 0 1@ 270 Deaéruee P R T
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Figure 5.2 Distorted waveform of odd harmonics (Symmetrical waveform)



5.1.2 Even harmonic order
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I = \/(1 00sin(et))’ + (A, sinat +6,))* + (A, sin(4awt +6,))’

(5.3)
Where:
w=2%r*f
f =50Hz
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5.1.3 0Odd and even harmonic order

Polluted current waveform
(ordery | AT 09 (dﬁr;?'ee@ A T N
1 | w0 [ o
4 A=25 0 s ' ASE
RMS (%) 107.35 AN """"
THD (%) 39.05 AU/ R A
|

" ] 180 270 360 450 540 630 720
4 Degree

(2)

T EE—

(ordery | ATP O) (cﬁe%?leee) NN, || L—r
1 100 0 B
4 A=25 0 TN '
5 As=30 45 .

RMS (%) 19738 F Sl VNN Y TN Y |

THD (%) 39.05 A BV [

W -
, T (®)
Folluted current waveform

ordery | AP ey J e
1 100 0 e
4 A=25" 45 P AR\ AR B\ T
5 As=30 0 5

RMS (%) w0738 VIOV @V VD NI T TN ‘

THD (%) 39.05 N

160 i
0 90 180 27 360 450 540 630 720
Degrea

(©)

Figure 5.4 Distorted waveform of odd and even harmonic
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5.2

Harmonic response analysis

o iwe 3 Jorioiye X

Fa Mikses 50 Ei,th'-ll- 0

e w | ?‘Fm}l'fp 1]

o - N D

[H‘l?h | e )

fa‘*

'-__.__I_J-___.J_._._*_J-__hll___l I I L

N I Hag| it I}, Iy, i (im0 | R (e w0
B G | ([

& i ]
! =
e s B i ' |‘E§3WEZ~:] |
or | compare,_sirp_o1_cap_snd, et |

AFRE ey |

| ) (o) (2|
e |

e Systemand equipment data;
CE IO
a) System: 22 kV X/R

Transforme E 2 ; _ ; 9.8kW

c) Low voltage sim: 400 V

Lo 1 01 BOURIPE W 2] )5

e) Non linéar load: 400 V, 500 kW, 0.80 PF, harmonic current show in table 5.1

mAWARIAIH UM INY AL

h 5 7 11 13 17 19 23 25 29 31
Ih(%I1) | 18.74 [ 11.89 | 8.95 | 7.36 | 5.37 | 442 | 3.47 | 284 | 221 | 1.58
Ih(A) | 169.0 | 107.3 | 80.72 | 66.47 | 48.43 | 39.88 | 31.34 | 25.64 | 19.94 | 14.24
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5.2.1 Case study 0 (supply system with linear and nonlinear load)

Rs

Xs

Ish f

'lf%§u /’ 53

Harmonlcs Linear Load

ase study 0

——

E S
1"] o
i FAF
n =
75 A
Fid E3
na B
pralo] 0y
shad 47 0

gl

Figure 5.7 The result of case study 0

The case study 0 is the reference case; it consists of a supply system, linear and non
linear loads. Power factor from the analysis is 0.789, it is lower than the limited (it
should improve) and the total harmonic voltage distortion value (THDy) at low

voltage bus is 7.94%, it is over the planning level of standard (for the planning level
of standard THDvy < 5%)
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5.2.2 Case study 1 (case study 0 with capacitors)

|h?
o+

Source of

Capacitol
se study 1
Table 5.2 The input paramete
Linear
System Transformer Capacitor
; Load
(AL, £ 80 kVAr /440 V
500 MVA,. 100 A~ 1400V | S 650 kW
- or
22 kV 22 kV)m)OV PF =80 % ﬂ:75% 115 kVAr / 525V
L7
- ﬂ'ﬁET’J EJ NN |
=19.8 kW

’QW’]ENT]‘EEU UANINENa Y

Case study 1 is case study 0 with capacitors. This case considers two conditions as (80
kVAr/ 440V, 8 steps) and (115 kVAr /525 V, 8 steps).
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5.2.2.1 Results of case study 1 for 640 kVAr / 440 V capacitor

Wi (V] 400 | PF(%) 95 | vor(v) 440 Qe ( kyar 1515496

Qer ( KWAr ) B27.380)  Gor ( kvar) 540

Step | 3
£
O

oooooood

Amplification Factar

Ih Vh

Cdel { non multiple of 33 [] ©dd  nean muttiple of & ) f
[] ©dd ¢ muttiple af 33 [] ©dd ( muttiple af )

[ Even [ Even

& e

From 5 To 13 - -

(a) Capacitor step'selection

4 -
Spectrum of harmonic currenhﬁulpple of 3 1!'[
T

o I B B B B

400

L

o

(=]
T

[N

=

=]
T

Magnitude (Ampere)

=
=
T

o R -

=7 A S N N S

5 g8 9 10 1APFEENs
Harmonic order — —
[ 1 I - T G Beck L
(¢) Spectra of harmonic currents for case

study1
Amphﬁ;ﬂ%gn factor

10 20 30 40 50
Harmaonic order

(e) Harmonic current amplification in each
step of capacitor

Impedance scan

-
- 10 20 30 40 50
- Harmaonic order

(b) Impedance scan for case study 1

Spectrum of harmonic voltage non multiple of 3

-
Magnitude (% of%oltage)

i

\'I.%‘i'l';:".

- _(d) Speetna of harmonic voltages for
case study 1

St Amplification factor
. ] : 1 '
i ! ! System
Load
Capacitor ||
n ; |
0 10 20 30 40 50

Harmmonic arder

(f) Harmonic current amplification in
system, load and capacitor 8" step

Figure 5.9 Results of case study 1



Table 5.3 Harmonic current flow in capacitors 80x8 kVAr / 440 \&\\\ ' ,///
e

Order Ih
(h) (A) 1 6 7 8
1 902.11 9543 572.58 668.01 763.44
5 169.03 16.99 191.14 264.72 363.95
7 107.3 22.76 365.59 327.05 279.27
11 80.72 52.66 123.42 115.32 109.76
13 66.47 67.79 88.65 84.81 82.1
17 48.43 80.5 56.81 55.49 54.53
19 39.88 67.34 45.23 44.41 43.81
23 31.34 47.44 34.1 33.69 33.38
25 25.64 36.65 27.53 27.25 27.04
29 19.94 26.07 2 21.01 20.86 20.74
31 14.24 18 11612%?’ % 11!%53I A éﬁi%ﬁ[ If"l5£‘fg* 14.9 14.81 14.74
o 239.15 154.23 ﬁz d 2800z | 30492 [ 30072 d| 44840 452.89 486.44
|ins 933.27 N . 0727.31 807.06 905.24
-~ L
o 0 629.84 734.81 839.78
A 0 173 1.53 1.27 1.16 1.17 1.15 1.1 1.08

0s



51

In table 5.3, as 1™ step is on, harmonic currents from 13" 31 are amplified and Iy / Icr value is more than 130%. as gth step is on, 5th
and 7™ harmonic currents are amplifies (for 5™ harmonic current is amplified fr0m'169.03 to 363.59 A and 7™ harmonic current is amplified
from 107.3 to 279.27 A. For this condition could make capagitors to fail.

Table 5.4 The results of harmonic current calculation (640 kV.Ar /440 V capacitors)

_ Low Voltage Side
Cap =
Q (KVAD) PF < I I,
Step W
lhrms (A) | Irms (A) | lams/er o THD (%) | Thrms (A) | Irms (A) | THD (%) | Ihrms (A) | Irms (A) | THD (%)

0 0 0.789 0 0 0 0 1 21785 | 2115.89 10.35 74.83 1205.14 6.22
1 80 0.811 154.23 181.37 1.48 161.62 J_-V.-'217J6.63 2066.0 13.51 105.66 1207.4 8.78
2 160 0.833 257.62 320.62 1.5377 oA 98 _—32374 2019.1 16.24 111.51 1208.0 9.27
3 240 0.855 280.07 400.50 1.27 97.83 327.48 1969.2 16.86 94.96 1206.6 7.89
4 320 0.876 304.12 488.06 1.16 79.67 368.62 1929.6 19.64 94.18 1206.5 7.83
5 400 0.897 390.72 616.71 1.17 81.89 438.33 1901.2 23.69 108.17 1207.7 8.99
6 480 0.917 448.49 7273 145 7833 461 28 18617 25.49 109.39 1207.8 9.09
7 560 0.936 452.89 807%.06 1.10 67.80 462.16 1833.2 26.50 101.86 1207.1 8.47
8 640 0.953 486.44 90524 1-08 63u/2 50421 18141 28.93 104.33 1207.3 8.67

1S
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Table 5.5 The results of harmonic voltage calculation (640 kVAr/440 V capacitors)

Low Voltage Side THDv (%)
Cap
PF PL (%) of
Step Results
(ERG5/4) PL
0 0.789 7.94 5 158.8
1 0.811 11.23 5 224.6
2 0.833 N 84, 5 236.8
3 0.855 10.06 5 201.2
- |
4 0.87¢6 9.97 5 199.4
5 Qe897 11.44 5 228.8
6 0917/ | 11.56 5 231.2
7 00936 7 1‘@.75_) 5 215.0
¥
8 0.953 . 14400 3 220.0

p o1
add v ol i

The analysis results 0f case study 1 ar

The calculation results of case stud}llfl"'!fd)r’the first condition (80kV Ar / 440V,
8 step), from table 54 we can see that when using capacitors for improved power
factor in the system that has a high harmonic current séurce, the capacitors cannot
work from the 1% to 2™ step because rms current are more than rated current of the
capacitor (Ims / I > 1.3), as shown in figure 5.8.e. and the total harmonic voltage
distortion value .(THDy) dt“low voltage bus 400V is more_than planning level of
standard as shown in table 5.5.




5.2.2.2 Results of case study 1 for 920 kVAr /525 V capacitor

Table 5.6 The results of harmonic current calculation (920 kVAr /525 V capacitors)

53

Low Voltage Side
Cap |
Q (kVAr) PF lg I
Step s
lhrms (A) | Irms (A) [ lems/er 7| THD (%) | Ihrms (A) | Irms (A) | THD (%) [ Ihrms (A) | Irms (A) [ THD (%)

0 0 0.789 0 0 0 Q " 247.85 2115.9 10.35 74.83 1205.14 6.22
1 115 0.811 155.35 182.81 185 16122444 27714 2065.5 13.54 105.73 1207.5 8.79
2 230 0.833 259.08 322.4 1.28 13444 1'_7_3_24.‘18 2018.2 16.27 111.40 1208.0 9.26
3 345 0.855 279.94 402.40 1.06 96.84 _?357.85 1967.9 16.90 94.54 1206.5 7.86
4 460 0.877 306.52 492.45 0.97 | 79.53 - 371.18 1928.3 19.26 94.60 1206.5 7.87
5 575 0.898 395.25 623.17 0.99 82.04 441.08 1899.8 23.87 108.73 1207.7 9.04
6 690 0.918 449.32 732.21 + 0.96 7772 460.93 1865.5 25.50 108.91 1207.7 9.05
7 805 0.937 453.67 812:86 0.92 6/7.26 463.56 1831.4 26.16 101.65 1207.1 8.45
8 920 0.954 491.23 914.07 0.90 63.73 509.20 18133 29.26 104.97 1207.4 8.73

€S



Table 5.7 The result of calculation

Low Voltage Side THDv (%)
Cap
PF PL
Step Results (%) of PL
(ERG5/4)
0 0.789 7.94 5 158.8
1 0.811 11.23 5 224.6
2 0.833 1188 5 236.6
3 0:855. | 410.02 5 200.4
4 Q877 10.01 5 200.2
5 0.898 11.50 5 230.0
6 glofal )= 14%1 5 230.2
7 9.087+ 1'@.73 5 214.6
8 QU054 11206+ 5 221.2

54

i Lo ‘_.J‘_.l
The resulted of calculation case study | for the second condition (115kVAr /

525V, 8 steps). As shown in table 5.6, the capaeltor 1* step cannot operate because of

over load from harmonic current amplification (I / Icr.—> 1.30). THDy at a low
voltage bus from table’5.7 is more than planning level of standard.

Table 5.8 Comparisorf -step of capacitor when used V,, =440V and V., = 525V

Irms/lar ( for X" step )
vCr(v)
1 2 3 4 5 6 7 8
440 1073 183 1.27 116 1.7 1.15 1.1 1.08
525 1.45 1.28 1.06 0.97 0.99 0.96 0.92 0.90
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5.2.3 Case study 2 (Case study 0 with Detuned filter)

|hf * XF
—H
Source of
Harmonics DT
study 2

on’ |nea

Linear
System Transformer Detuned filter

Load

_ 640 KVAr / 440 V
500 MVA, | 1000}

or
22 kV 22 kV/ 0 Pﬁ 75 % | 920 kVAr/ 525V

X/R10 %Z = 6‘ . 8 Steps

P k) TNUNAS sxssamr
LRI ﬁa%ﬂd BN &Haﬁlyﬁig 4 conditions

such as: (640kVAr / 440V, X;=5.6%), (640kVAr / 440V, X1 =7%), (920kVAr / 525V,
X1=5.6%) and (920kVAr / 525V, X1=7%).
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5.2.3.1 Result of case study 2 for 640kVAr /440 V, 5.6%XL

V(v 400 | f1 (HZ) 50 | pF (%) 95 | [0 Qe (kvar)518.48] ver (v 450 | [ 015 . . "mPEd?”CE sean . . .
Qor ( KYAF)1592.24)  Qor (kvar) 640 Kri{%) 56 oF | 50| [e) i
siop| 5 | (2
It

Amplification Factor D —_

lh O Vh £

Qcldd ( non muttiple of 3 ) [[] ©dd ( non muttiple of 3 3 E

[[] ©dd ( muttiple of 3 ) [] ©dd ( muttiple of 33

[JEven []Even

o [ : !

From 5 To 13 2 4 B g 10 12 14 16 18 20
Harmaonic order
(a) Detuned filter step selection (b) Impedance scan for case study 2
Spectrum of harmonic current non multiple of 3 !:/:: Spectrum of harmanic voltage non multiple of 3

2 T T T .

get- M-

150 | o = -l
ey =
= K=l
£ S el
2 .
= 100 Ty A SCCTR
£
= =
= S 150
50 f--- gl

Harmonic order

. [ ) W T .
m s \_Lg v, @1 \ Har _ oltage_Limigdl| Har _v 25|

(c) Spectra of harmonig'cunrents for-ease Ed) Si)e;:t_ra of harmonic voltages for case
study 2 ' i study 2

Amplification factor

System
Load
Datuned filter {|

= 10 15 20 25
Harrmoniciorden Harrmonic order
(e) Harmonic current amplification in (f) Harmonic/current amplification in
each step of detuned filter system, load and detuned filter gt step

Figure 5.11 “Results of case study?2



Order Ih
(h) (A) 6 7 8
1 902.11 572.58 668.01 763.44
5 169.03 98.18 104.46 109.72
7 107.3 40.92 44.93 48.48
11 80.72 24.84 27.61 30.14
13 66.47 19.49 21.73 23.78
17 48.43 13.25 14.84 16.3
19 39.88 10.59 11.88 13.08
23 31.34 7.87 8.86 9.78
25 25.64 6.26 7.07 7.81
29 19.94 4.61 5.22 5.79
31 14.24 3.2 3.63 4.03
o 239.15 112.83 121.22 128.48
|ins 933.27 ﬁ83l.59 678.92 77417
o 0 629.84 734.81 839.78
A 0 0.97 0.95 0.94 0.93 0.93 0.93 0.92 0.92

LS



When turn on detuned filters from 1% — 8th, all harmonic current is not amplified and L / Icr value is less than 1, so detuned filter can
operat safety as shown in table 5.10.

Table 5.11 The results of harmonic current calculation (640 kVAx/ 440V:5.6%XL)

Low Voltage Side
Cap
Q (KVAr) PF - I I,
Step -
lhrms (A) | Irms (A) plrmes/ice | THD (%) | Ihrms (A) [“lrms (A) | THD (%) | Ihrms (A) | Irms (A) | THD (%)

0 0 0.789 0 0 0 0 / 217.85 | 2115.89 10.35 74.83 1205.14 6.22
1 80 0.812 34.02 101.31 #107 35165 .189.68 2052.8 9.28 69.14 1204.8 5.75
2 160 0.835 58.29 199.58 0.95 30.54°§169.41 1994.0 8.53 64.60 1204.5 5.37
3 240 0.859 76.65 296.37 0.94 20 ',"'_'-'1.:53.89 1939.2 7.96 60.80 1204.4 5.05
4 320 0.881 91.15 392.45 0.93 23.88 141.49 1888.6 7.51 57.52 1204.2 4.78
5 400 0.903 102.97 488.13 0.93 21.58 JISHINY'0 1842.3 7.14 54.63 1204.1 4.54
6 480 0.924 112.83 583.59 0.93 19.71 122.61 1800.8 6.82 52.05 1203.9 4.33
7 560 0.943 121.22 678.92 0.92 18.15 11549 17642 6.54 49.72 1203.8 4.13
8 640 0.960 128.48 7747 0.92 16.83 108.71 1732.8 6.29 47.6 1203.8 3.96

89

58



Table 5.12

The results of harmonic voltage calculation (640 kVAr / 440V, 5.6%X;)
Low Voltage Side THDv (%)
Detuned
PF PL (%) of
Step Results
(ERG5/4) PL

0 0.789 7.94 5 158.8
1 0.812 7.34 146.8
2 \L’ 137.2

\“x\ p
3 \"- — 129.2
4 122.2
51/&\ 1162

F
o A FE{ ﬁf\\\\\ 1106
N\

W /727 W NN
: iﬁﬁﬁ?ﬁ\ 02

Iﬂ
ﬂuEJ’J'VIEW]‘iWEJ’m‘i

QW’]ﬁNﬂiﬂJ UA1AINYAY

4'.’;.

!af
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5.2.3.2 Result of case study 2 for 640 kVAr / 440V, 7%X.

Table 5.13 The results of harmonic current calculation (640 kVAY / 440V ;7% X1)

60

Low Voltage Side
Cap |
Q (kVA) PF o Iy I
Step s
lhrms (A) | Irms (A) [ lems/er £ THD (%) | Ihrms (A) | Irms (A) | THD (%) [ Ihrms (A) | Irms (A) | THD (%)

0 0 0.789 0 0 0 0 " 217.85 | 2115.89 10.35 74.83 1205.14 6.22
1 80 0.812 20.82 97.68 083 21,8244 200.07 2052.9 9.79 70.81 1204.9 5.89
2 160 0.836 38.00 194.61 0.93 +0-0-1 -J'__"'_185.30 19933.7 9.33 67.29 1204.7 5.59
3 240 0.860 52.46 291.06 0.92 eSS '__——;1-672.81 1938.4 8.95 64.16 1204.5 5.33
4 320 0.883 64.83 387.19 0.92 | 16.98 - 162.07 1887.3 8.62 61.35 1204.4 5.10
5 400 0.905 75.56 483.10 0.92 15.84 152,71 1840.7 8.32 58.81 1204.3 4.89
6 480 0.926 84.97 578.85 [+ 0.92 14.84 144.46 1768.9 8.06 56.48 1204.1 4.70
7 560 0.945 93.28 67449 0.92 13.96 137.13 1.762.2 7.81 54.34 1204.0 4.52
8 640 0.962 100.71 770.05 0.92 13.19 130.56 17039 7.56 52.37 1204.0 4.35

09



Table 5.14 The results of harmonic voltage calculation (640 kVAr / 440V, 7%X,)

Low Voltage Side THDv (%)
Detuned oF oL o o
ep Rosults (ERG5/4) PL
0 0.789 7.94 5 158.8
1 0.812 7.52 150.4
2 ; l‘:\:‘ii:\t\;\ul}j 143.0
3 6 ~'=~-. g 136.4
4 130.4
5757/ PENNNEE
ST LET \\\\\\
7 Ila@f Q\\ 115.4
/2 C TNNIEE

ﬂUEJ’J’VIEJV]’iWEJ’]ﬂ‘i

QWWﬁNﬂ‘iﬂJ UA1AINYAY
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5.2.3.3 Result of case study 2 for 920kVAr /525 V, 5.6%X.

Table 5.15 The results of harmonic current calculation (920 kVAY / 525V,i5.6% X1)

62

Low Voltage Side
Cap |
Q (kVA) PF f Iy I
Step s
lhrms (A) | Irms (A) [ lems/ier 7| THD (%) | Ihrms (A) | Irms (A) | THD (%) | Ihrms (A) | Irms (A) [ THD (%)

0 0 0.789 0 0 0 0 " 217.85 | 2115.89 10.35 74.83 1205.14 6.22
1 115 0.812 34.29 102.28 0481 35594 487.45 2052.2 9.27 69.09 1204.8 5.74
2 230 0.836 58.69 201.45 0.80 30.46 -J'__"'_169.O7 1992.9 8.51 64.52 1204.5 5.36
3 345 0.859 7712 299.18 0.79 26.68 ___——;1 ;53.49 1937.6 7.95 60.70 1204.3 5.05
4 460 0.882 91.65 396.17 0.78 | 23.78 - 141.05 1886.7 7.50 57.40 1204.2 4.77
5 575 0.904 103.49 492.77 0.78 21.48 130.80 1840.2 713 54.50 1204.0 4.53
6 690 0.925 113.36 589.15 |-+ 0.78 19.61 122.15 1798.5 6.81 51.91 1203.9 4.32
7 805 0.944 121.74 685:39 0.77 18.05 114.72 1761.9 6.52 49.57 1203.8 4.12
8 920 0.961 128.99 781.57 0.77 16.73 108.23 17306 6.27 47.45 1203.8 3.94

9



Table 5.16 The results of harmonic voltage calculation (920 kVAr / 525V, 5.6%X;)

y

Low Voltage Side THDv (%)
Detuned
PF PL (%) of
Step Results
(ERG5/4) PL
0 0.789 7.94 5 158.8
1 0.81 5 146.8
2 5 137.0
3 6.45 129.0
4 122.0
5 Az 115.8
6 2 110.4
7 4 sl 7 105.4
8 T e 101.0
e
LI }i{.ia"
=Ty

iy

AULINENTNEINS
RINNIUUNIININY
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5.2.3.4 Result of case study 2 for 920kVAr /525 V, 7%XL

Table 5.17 The results of harmonic current calculation (920 kVAY / 525V,17% X1)

64

Low Voltage Side
Cap |
Q (kVA) PF f Iy I
Step s
lhrms (A) | Irms (A) [ lems/ier 7| THD (%) | Ihrms (A) | Irms (A) | THD (%) | Ihrms (A) | Irms (A) [ THD (%)

0 0 0.789 0 0 0 0 " 217.85 | 2115.89 10.35 74.83 1205.14 6.22
1 125 0.813 21.00 98.62 0478 21,804 499.91 2052.3 9.79 70.77 1204.9 5.88
2 250 0.837 38.31 196.48 0.78 19.88 -J'__"'_185.O5 1992.6 9.33 67.22 1204.7 5.59
3 375 0.860 52.86 293.86 0.77 18.28 ___——;1 -672.48 1936.9 8.94 64.08 1204.5 5.33
4 500 0.884 65.29 390.91 0.77 | 16.94 - 161.68 1885.5 8.61 61.25 1204.4 5.09
5 625 0.906 76.05 487.75 0.77 15.79 152.28 1838.6 8.31 58.68 1204.2 4.88
6 750 0.927 85.48 584.42 |-+ 0.77 14.78 144.01 1796.7 8.04 56.35 1204.1 4.68
7 875 0.946 93.81 680:98 0.77 13.91 136.66 1.759.9 7.79 54.20 1204.0 4.51
8 1000 0.963 101.25 77047 0.77 13.13 130.07 17287 7.55 52.22 1203.9 4.34

9
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Table 5.18 The results of harmonic voltage calculation (920 kVAr / 525V, 7%Xy)

Low Voltage Side THDv (%)
Detuned
PF PL
Step Results (%) of PL
(ERG5/4)
0 0.789 7.94 5 158.8
1 0.813 7.52 5 150.4
2 0.837 1y 5 142.8
3 0:860° | 126.81 5 136.2
4 91854 6.51 5 130.2
5 06006 16.24 5 124.8
6 doo7 |- 5.99 5 119.8
7 0.946" 5"@.76 5 1152
8 01963} 585 5 111.0
: il

From the results of calculation of case study 2 for all four conditions, when use
detuned filters are used to incréése:power factor and partially filter harmonic current
from the system, detuned-filter-can-operate-safety-because the ratio of rms current to
rated current of detuned filters is less than 1 (Irms / Icc < 1) as shown in table 5.11,
5.13, 5.15 and 5.17. The power factor can be improved to the target value (PF > 0.95).
But total harmonic voltage distortion (THDy),at low voltage bus 400V still is over the
planning levelValue as'shown fin'table512::514] 5:16"and"5.18.

Table 5.19 Comparison of detuned filter lading

| /1, (for’X" step)

Ve, (V) | %XL
1 2 3 4 5 6 7 8

440 5.6 0.97 095 | 094 | 093 | 0.93 | 0.93 0.92 0.92

440 7.0 0.93 0.93 0.92 |0.92 0.92 | 092 | 0.92 0.92

525 5.6 0.81 0.80 0.79 | 078 | 0.78 | 0.78 0.77 0.77

525 7.0 0.78 0.78 0.77 0.77 | 0.77 | 0.77 0.77 0.77
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5.2.4 Impedance scan comparison between capacitor and detuned filter

e Impedance scan
—— .

Capacks  Detured e

= M- | 02 55 (7. AU W SUNIPI OSSR oSN PO
2 -

[5] m= -

o — e - |

NN

o

EE .

Figure 5.12 Compa 0 apacitor and detuned filter

After change capacitors to detuned filters. ynnecting the reactor in series with the
capacitor, it can avoid thg

and detuned filter can improwve ot

ds amplification of harmonic current

han using the capacitor.

9
U

AULINENTNEINS
RINNIUUNIININY
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5.2.5 Case study 3 (case study 0 with 5™ order tuned filter)

Table 5.20 The input para

1}

Source of
Harmonics

Figuress.

Tuned filter

640 KVAr /440 V

System Transformer
500
MVA,
22 kV 22 kV/4Q \
o | G 3
U

N

PF =80 %

TNE

or

Ig 75 % | 920 kVAr/ 525V

Tuning point (n)
M3 |

s ﬂ_yq_é" Ef}—Faotor 50
oY D

Case study 3 is case study 0 with 5™ order tuned filters, which analyzing 2
conditions such as: (640kVAr / 440V, n=4.8) and (920kVAr / 525V, n=4.8).



5.2.5.1 Results of case study 3

(a) Passive filter design ( 5t order_)

Spectrum of harmanic current non maltiple of 3
2 ™~ T

Magnitude (Ampere)

Harmnnlc
|]ﬂ| AN | pr | o980

(¢) Spectra of harmonic cufreqts for case
study 3

| Target PF (%) as Ok | Tuning point — — Select (k' Ar) of fiter
Qft [ kvar )| 5185 ns= | 43 Weor (W) 525 [] o=
Qf5 (36)| 100 | (kvar) 5185 Qors ¢ Kvar ) 854.42 || 820
ni=| 63
e 0 (tvan| 0 Qo7 Ckvae)) O o
@13y O (kA 0
o nii=| 10.8 Gerl1( ks 0 il
Filter GorikyAr) Ior(&)  C(uF)  Xe(Chm)  LiwH)  KI0COhm) G-Factor RiChm)
Sth | 920 | 1011.74 1062476 03 | D044 | 0013 §0 | [0.00104
Tth o o o o o o o o
1Mth | 0 0 0 0 0 0 0 0
Ok Mext

‘| Back f‘
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Impedance scan

Zh (Ohrr)

mom 12 14 16 18 20
Harmaonic arder

(]
=
o oo A SN S S
w

Magnitude (% of Voltage)

Harmonic arder
PF 0954

(d) Spectra of harmonic voltages for
c,ase study 3

—_Ampln" T:actur
S System
B .. |
=i : : : ~— Load
Fh----- bl A I —— R — Filter |
T aas oo B U -
) I S Hemd - L. _____ |

T

1.5

s8]
i
[ny]

—
=
—
o]
—
=

Harmanic order
(e) Harmonic current amplification in system, load and 5" " order tuned filter

Figure 5.14 Results of case study 3



Table 5.21 The results of calculation for case study 3

o4 Low-Voltage Side
Ve V)| Q] o o ter s THD, (%)
(KVAD) Ihrms ! THD PL (%) of
Irms (A) | Irms/lcr f /14 Irmsi(A) | THD.(%) | Irms (A) Results

(A) - (%) (ERG5/4) PL

440 640 0.953 171.82 816.36 0.97 il . g7 17(-3.4.3' 4.74 1203.5 3.47 4.44 5 88.8

525 920 0.964 | 17215 824.00 0.81 0.89 « 173‘2:—-1 2R 1203.5 3.46 4.42 5 88.4

Table 5.22 The design parameters of 5™ order tuned filters 7, o
Capacitor 5 ~ Reactor

Q,, (kVA) V., (V) (A) L(mH) I, CA) l;, (A
640 440 839.78 0.0418 894,54 1516.3
920 525 1011.74 0.0414 902.97 1531.1
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Table 5.21 shows the results of calculation for case study

First condition (640kV Ar / 440V, n =4.8), the power factor is 0.953, the ratio
of rms current to rated current of tuned filter (Iims / I =0.97) and total harmonic
voltage distortion THDvy =4.44%

Second condition (920kVAr / 525V, n=4.8), when increase rated voltage of
capacitor from 440V to 525V, the power factor is 0.964, value of Lys / I =0.81, I /
I =0.89 and THDy =4.42% which 5™ order tuned filter can operate safely and the
design parameters shown in table 5.22.

5.2.6 Case study 4 (case study 0 with 7" ordertuned filter)

Rs

Xg

Isn ? (YIY‘\

I

P A N2E
Source of ety
Harmonics  Linear oad — il F2

Ifh*_l_ Xe

Xt

|hf

Figure 5.15 __Single-line diagram of ease study 4

Table 5.23 The input-parameter of case study 4

Non-Linear
System Transformer | LV/Bus Linear Lload Tuned filter
Load
640 kVAr /440
500 MVA.. 1000 kKVA 400V 500 kKW 650 kW
V or
22 kV 22 kV/400 V PF =80 % PF=75% | 920 kVAr /525V
Tuning point
X/R 10 %Z =6
(n) 6.8
P, =19.8 KW Q-Factor 50
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Case study 4 is case study 0 with 7™ order tuned filters, which analyzing 2
conditions such as: (640kVAr / 440V, n= 6.8) and (920kVAr / 525V, n =6.8).

5.2.6.1 Result of case study 4

Impedance scan

| Target FF (%) | 95 Ok | Tuning poirt— — Select (K Ar) of fiter
ns= =
Qft [ kvar )y 3183 +8 Wers | 525 | W
Qf5ckvary 0 (%) 0
nf=| 68 Qors i kvary 0 0
Qff (kvar) 100 (%) 518.5
0 e o Gt [ kWar) 87387 920
QrTCkYAN nll=| 108 Qert 10 ki) 0 1]

[i#] o

Zh (Chm)

Fitter Qor(kAr) lora)  CuF)  Xo(Ohm)  LimH)  XI(Ohm) ©-Factor  R{Ohm) |

st o 0 0 0 0 0 0 wall | R S e
#th | s | o1 7effio62a7s [ 03 | noons | ooes | | sn Hanonds | i [ """"" g """"""""
fith 0 o o o o G '__d,ili___”___hr /D 5 10 15 20
ok Mext || 4 e Harmonic order
= — | 7 e IR
. ; h !
(a) Passive filter design( 7" ) (b)-dmpedance scan for case study 4
400 , S;?ectruml of harrntlrnc ﬁurrerWuTltl}Mfa II < S;?ectrumI of harr:nnnic vlnltage :mn mulhiple D1"3 ,
R AR 7.7 // B SRR iEE
2 2 ST W N
= 5 E
=
4. R
Harmonic order — . Harmonic order
s | L P | 0954 S Backe e = P
(¢) Spectra of harmonic currents for case (@) Spectra of harmonic voltages for
study 4 = "/ case study 4
| =% Armplification Factar i
- j T : T T % JI T
System
L ) a3 - - oS So— - - y H
- ' . ' Load
=1 I— ] ) R io..]— Filter ||
A : : :
£l 9.1 8.1, MY &N IWNE) NS I
) ' , '
AL A S S -
16} 2 Q)& 61 10108 A A 6101 Q01
) e R e -
1Y I b b me e R —— e ]
. L ' 1 j
5 10 15 20

Harmonic order
(e) Harmonic current amplification in system, load and 7" order tuned filter

Figure 5.16 Results of case study 4



Table 5.24 Harmonic current flow in 7™ order tuned filter

Order Ih Filter current (A)
(h) (A) 640 KVAr / 440 V 920 kVAr / 525 V
1 902.11 780.31 787.88
5 169.03 390.44 386.27
7 107.3 102.71 102.75
11 80.72 55.31 55.48
13 66.47 42 97 4312
17 48.43 ,29.3 29.42
19 39.88 236 23.69
23 31734 17:88 17.96
25 25.64 14,4 14.47
29 19.94 10.86 10.92
31 1404 %54 7.68
o 239,15 41;};33' 408.46
| e 933.27 882.5‘5&.{; 887.47
l, 0 839:.7?_5. . 1011.7
e/ 1oy 0 105 0.88

Note: 5™ order-current is amplified.
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Table 5.25 The result of calculation for case study 4

Table 5.25 shows the results of calculation for case study 4

First condition (640kVAr / 440V, n = 6.8), the power factor is 0.953. the ratio of rrus current to rated current of tuned filter (Ims / Ler =

1.05) and the total harmonic voltage distortion value atdow voltage bus 400V THDy = 5.51%, which higher than the planning level.

Second condition (920kVAr / 525V, n= 6.8), when increase rated voltage of capacitor from 440V to 525V, the power factor is 0.954,
value of Iiys / I = 0.88, Iy / I; = 0.95, which 7™ orderduned filter can operate safely but the total harmonic voltage distortion value at low

voltage bus 400V THDy = 5.42% is still higher(than the plahning level.

LowVeltage Side
VCR
Q PF I7th filter 1 IS THD\/ ( % )
Irms (A) | Irms/lcr [ /lg; #| drms (A) | THD (%) | Irms (A) | THD (%) | Results
(A) 4 (ERG5/4) PF
440 640 0.953 | 412.33 882.55 1.05 103 1763.47:_ 18.52 1203.9 4.34 5.51 5 110.2
525 920 0.954 | 408.46 | 887.47 0.88 0.95 W50 54 | 1397 1203.9 4.27 5.42 5 108.4

€L
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Table 5.26 The design parameters of 7" order tuned filters

Capacitor Reactor
Q,, (kVA) V., (V) I, (A) L (mH) L, (A) I, (A)
640 440 839.78 0.0208 952.25 1482.6
920 525 1011.73 0.0206 958.11 1497.0
5.2.7 Case study 5 (case study 0 with 11" .0rder tuned filter)
Rs
Ish *
} | |fh{J_ X
In
@ Ri Xu r dia
=71, Xirt
Source of =
Harmonics Linear Load F3
Figure 5.17  Single-line diagram of case study 5
Table 5.27 The input parameters for case study 5
LV Non<Linear Linear
System Transformer Tuned filter
Bus Load Load
640 KVAr /440 V or
500 MVA,. 1000 kVA 400 V 500 kW 650 kW
920 kVAr / 525V
22 kV 22 kV/400 V PF=80% | PF=75% | Tuning point (n)10.8
X/R 10 %Z =6 Q-Factor 50
Ploss= 19.8kW

Case study 5 is case study 0 with 11™ order tuned filters, which analyzing 2
conditions such as: (640kVAr / 440V, n=10.8) and (920kVAr / 525V, n = 10.8).



5.2.7.1 Results of case study 5

| Target PF (%1 95 Ok | Tuning point— — Select (k% Ar) of fiter
ns=
Qft ( kyar ) 5185 48 wor(w) | 525 [ o
0 (%) 0
fS (kA o= &e Qers(kvar) O o
0 (%) 0 :
ly QLA ) - Gor? (kvary| 0 0
100 5185
@rCkvan mii=| 108 Gerl 1 kvar 88553 Q20
O
Fiter Gor(kVar) lorid)  CuF)  Xo{Ohm) LimH)  XI(Chm) G@-Factor R{Chm)
ath 1] 1] 1] 1] o 1] ] 1]
Tth o] o] o] o] o] o] 1] o]

11th 920 1011.74 1062477 | 03 00082 | 0.0026 =0 0.0008

el
(a) Passive filter design ( 1 1" order ) '
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Impedance scan
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study 5 case study 5
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Harmaonic order
(e) Harmonic current amplification in system, load and 1 1™ order tuned filter

Figure 5.18 Results of case study 5



Table 5.28 Harmonic current flow in 11™ order tuned filter

Order Ih Filter current (A)
(h) (A) 640 KVAr / 440 V 920 kVAr / 525 V
1 902.11 770.04 777.51
5 169.03 611.08 619.51
7 107.3 172.01 171.07
11 80.72 79.71 79.72
13 66.47 60.91 60.96
17 48.43 A1.15 41.21
19 39.88 33.16 33.21
23 31734 2530 25.35
25 25.64 2047 20.51
29 19.94 15.63 15.67
31 1404 1714_08 11.10
o 239,15 645;98' 653.73
| e 933.27 1 005‘.:;1 1015.8
l, 0 839:.7?_5. . 1011.7
e/ 1oy 20 12 1

Note: the 5™ and 7™ order current are amplified
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Table 5.29 The result of calculation for case study 5

a4

- Low-\oltage Side
Q . | THD, (%)
VCR(V) PE 11th filt | S v\ 70
(KVA) lhrms 4 THD THD PL (%) of
Irms (A) | Irms/lgr AL iems(A) Irms (A) Results
(A) ~ (%) (%) (ERG5/4) PL
440 640 0.953 | 645.98 | 1005.1 1.20 1.27 18,"48.72 o8 7l 1208.9 10.08 12.77 5 255.4
525 920 0.954 | 653.73 | 1015.8 1.00 1.06 182@9 35180 1209.0 10.12 12.81 5 256.2

e Ay

Table 5.29 shows the results of calculation for case study 5 : f: .

First condition (640kVAr / 440V, n =10.8), the power fz;ctor 1S 0.953-, _tqhe ratio. of rms current to rated current of tuned filter (Lyys / Ier
=1.20) and the total harmonic voltage distortion valu¢ at low voltage bus 400V THDy =12.77%, which higher than the planning level.

Second condition (920kVAr / 525V, n=10.8), when increase rated voltage of capacitor from 440V to 525V, the power factor is 0.954,
value of Ins / I =1.00, I / I, =1.06, which 11™ order tuned filter can operate safely but the total harmonic voltage distortion value at low

voltage bus 400V THDy =12.81% is still higher .than the planning level.

LL



Table 5.30 The design parameter of 11" order tuned filters

Capacitor Reactor
Q. (kVA) V., (V) I, (A) L (mH) l,, (A) I (A)
640 440 839.78 0.0083 1065.4 1463.1
920 525 1011.73 0.0082 1076.5 1477.3

5.2.8 Case study 6 (case stu filter and capacitor)

M%

Source of > )
Harmonics ?. = apacitor DT

ig o o ase study 6

Table 5.31 The inputﬂ:rameters

o g

78

ﬁf“i’ X/R 10

L L] L
Transformefi! 1000 kVA 22 kV/400V | %Z= 6& P, = 19.8 KW

 ARIGINTARIINYA Y

Non-Linear Load 500 kW PF = 80 %

Linear Load 650 kKW PF=75%
Detuned filter 300,460, 620 kVAr V., 525V, Q-Factor 50, 5.6%X_

Capacitor 300,460, 620 kVAr V. 525V
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Case study 6 is case study 0 with capacitor and detuned filter. Which it’s
analyzing 3 conditions: first, for the capacitor (300kVAr / 525V), and detuned filter
(620kVAr / 525V, %X1=5.6). Second, for the capacitor (460kVAr / 525V), and
detuned filter (460kVAr / 525V, %X;=5.6) and third the capacitor (620kVAr / 525V),
and detuned filter (300kVAr / 525V, %X =5.6).

5.2.8.1 Results of case study 6

Ws (W) 400 fl(Hz) &0 Impedance scan
Capacitor Detuned fiter ] A ”‘ ——éystem
’7\&(\0 Qe (kA ’7\@(\0 Qdt (KvArY Xr(%) @ factor ‘ 3 \ 3 Reference
525 450 525 450 55 50 ' ' Capacitar
! ~ —J@ 015 _L ______ J{\.\A Detuned filter
- | \ | | |
Ih Vh I /g .
[#] ©dd ¢ non muttiple of 33 [ Odd ¢ non muttiple af 33 | : :} ,,,,,,,,, ||| L
& i :
[] ©ad ¢ muttiple of 3 ) [ ©dd { multipleafa), J\‘ - ;JI ; ' ; |
[ 2 D‘ifg/’ ‘ . L »’L } i : :
From s To | 13 - r | . 10 15 20 25
A o J . Harmanic order
(a) Capacitor and detuned filtepselection (b) Impedance scan for case study 6
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study 6 study 6

Armplifigationfacton

— ——System
Load
Capacitor
7 rhatumed filter H

Harmanic arder

(e) Harmonic current amplification in system, load, capacitor and tuned filter

Figure 5.20 Results of case study 6
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Table 5.32 The result of calculation for case study 6
2 ﬂbltage Side
Q (kVAr)
Vor /A* or
(V) PF Ihrms THD
Cap Detuned Ihrms (A) | Irms (A) | Irms/lcr [ /er
(A) (%)

525 300 620 0.959 304.69 146.16 569.37 0.84 0.91 26.56

525 460 460 0.957 293.52 124.64 426.88 0.84 0.92 30.53

525 620 300 0.956 337.56 117.63 291.10 0.88 0.96 4418

Low Voltage Side
_.,‘_',-'.l“ YA SN 7E
| | -ﬁltj"“‘“ﬂ—;’
S : Y — R )
lhrms | Irms THD | Ihrms | Irms THD ‘ED rﬂ
Results (%) o
(A) (A) (A) (A) (%) ¢
F-N

231.24 | 1726.2 | 13.52 | 9451 | 1206.5 ﬁ %E "j
213.56 | 1716.1 12.4 69.55 | 1204.8
206.91 | 17213 | 17.51 | 7876 1‘a5wqa\3 ﬂM%"’}%ﬂq a EJ

08
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The results of case study 6 are summarized in table 5.32.

The first condition: the power factor value is 0.959, for the capacitor (Iyms /
14=1.20), capacitor may fail due to high current flow in the capacitor. For
detuned filter (Iims/ Ier =0.84, I / I =0.91) so it can operate safely and the
total harmonic voltage distortion THDy=10.05% which higher than
planning level.

The second condition: the power factor value is 0.957, for capacitor (I /
[=0.96). For detuned filter (Iims / I =0.84, Iy / I =0.92) so both
capacitor and detuned filte operate safely but total harmonic voltage
distortion at low voltage bus =7.38% is still higher than planning

level. \ \' 7 é
—

The third condition: the po mis 0.956, for capacitor (Ims /
I,=0.91). Por dctutied et (Tyms / s =0.88, Iy / I =0.96) so both
capacitor an (e safely and total harmonic voltage

distortion a 8.34% s still higher than planning
level.

AULINENTNEINS

AN TUNN NG Y



5.2.9 Case study 7 (case study 0 with 5™ and 7™ tuned filter)

1t

9

Im U— Xe I”‘u— Xe
F2

. \‘\ se study 7

Table 5.33 The input

82

System X/R10
Transformer 0 k\2 99:V/400 %Z=6 | P =19.8kW
LV Bus

Non-Linear Load /[ ~ 500 kW

Linear Load G : F =75%

5" tuned filter

V., 525V, Q-Factor 60

o
d

40 % 370 kVAr o Qs

V,, 525V, Q-Factor 50

™ ™~ 01

PIVERERL

3 ,

Case study 7 is case study 0 with 5™ tuned filter and 7" tuned filter. Which it’s
analyzing 2 conditions: first condition 5™ tuned filter (460kVAr / 525V, n=4.8), 7"
tuned filter (460kVAr / 525V, n=6.8). Second condition 5" tuned filter (550kVAr /

525V, n=4.8), 7" tuned filter (370kVAr / 525V, n=6.8).



5.2.9.1 Results of case study 7
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Figure 5.22 Result of case study 7



Table 5.34 The result of calculation for case study 7

84

AN TUNNINGA Y

9  CoWlage Side
Q (kVAr)
VCR I7thﬁlter
(V) . . PF Ihrms Ihrms Irms
5 7 Irms/lcr | 1 /l.g | THD (%)
(A) \ (A)
525 460 460 0.954 | 162.18 \‘k\ 111.48 | 409.41 0.81 0.88 28.30
525 550 370 0.955 | 159.97 | 507 h&\ | 102.16 | 332.93 0.82 0.89 32.24
Low Voltage Side \
|S IL
lhrms Irms THD lhrms Irms
(A) (A) (%) (A) (A)
63.36 | 1733.9 3.66 32.76 | 1203.3
62.23 | 1733.3 3.59 33.79 | 120 Aj
T Wi 0
4

8
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From the results of both conditions, the filters can work safely as showa in table 5.34.

The first condition, the power factor value is 0.954; for 5% tuned filief (s / Ier =0.86, I / 1 =0.93), for 7" tuned filter (Lims/ Ter =0.81,
I / I; =0.88) and the total harmonic voltage distortion at low.voltage bus 400V THDv=3.49% which lower than the planning level.

The second condition, the power factor value 1s 09555 for 5% tuned filter (Irms / Ier =0.84, I / I+ =0.92), for 7™ tuned filter (Itm¢/ Ter
=0.82, I / I; =0.89) and the total harmonicvoltage distortion’at low voltage bus 400V THDv=3.60% which lower than the planning
level.

Note: When operate both 5™ and 7" tuned fil¢er, if should turne;on 5™ tuned filter first, because if turn on 7™ tuned filter first, it will
amplify 5™ harmonic current as shown in figure 5.21.b. and when turned off the filters, it must turn off 7™ tuned filter first and
following by 5™ tuned filter. '

Table 5.35 The design parameters of 5™ and 7" tuned filters =

5" tuned | 7" tuned " _ o
5" tunedfilter 7 tuned filter
filter filter
(%) (%) Capacitor Reactor Capacitor Reactor
ch(kVA) \ (V) I, (A) L (mH) |y, (A) i (A) Qor(kVA) V., (V) I, (A) L (mH) L, (A) I (A)
50% 50% 460 525 50587 0:0828 471.94 1765.53 460 525 505.87 0.0412 447.45 | 748.49
60% 40% 550 525 604.84 0.0692 55363 915.30 370 525 406.98 0.0513 363.22 | 602.05

S8



5.2.10 Case study 8 (case study 0 with 7™ and 11™ tuned filter)

Ih*

Source of
Harmonics

Table 5.36 The input p

86

Linear Load

System X/R 10
Transformer %Z =6 P, =19.8 KW
LV Bus ;,E T
Non-Linear Load I' ‘PF =80 %

LT] PF = 75 %

50 %, 460 KVA

7" tuned fiﬁ u &d OZJ %EW]

%J QN ﬂ/g]’ifi \ﬁQ—Factor 50

50 % 460 kVAr

NP T

i

WIANE WY

Case study 8 is case study 0 with 7™ tuned filter and 11" tuned filter. Which it’s
analyzing 2 conditions: first condition 7" tuned filter (460kVAr / 525V, n=6.8), 11"
tuned filter (460kVAr / 525V, n=10.8). Second condition 7™ tuned filter (550kVAr /
525V, n=6.8), 11" tuned filter (370kVAr / 525V, n=10.8).
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5.2.10.1 Results of case study 8
| Target PF( %0 | 95 Ok | Tuning point — — Select (kW Ar) of fiter Impedance scan
0.25 T T T T
aft( kvar)| 5185 ns=| 48 vercv) | 55 [ ox : | D[ — — system
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o [%®) 0 ;
Q15 { KVAr ) e cors (kvan)| o 3 ; ——— 7th tuned filter
BO (%) 3114 = |
S (R Qer? (kvar (52432 | ss0 : T1th funed filter
G kYA 40 (%)) 2074 — 015
= ni1= 108 Qerl g kvar(3s4.21 | am 5E
= 0.1
Fitter @or(k¥ar) lorid)  COuF)  XciOhm)  LimH)  XI(Ohm) G-Factor RiOhm) ™
Sth 1} 1] 1} 1} 0 1] o u]
0.05
Tth 550 B04.54 ||6351.76 05011 | |0.0345 | 00103 50 0.00Ms
11th 370 406.69 4273 0.7443 | 0.0203 | |0.0054 a0 0.0014 0 ’
Rk __I:Je:_d_| ereril] Harmonic order

(a) Passive filter design ( 7™, 11™) (b) Impedance scan for case study 8

Spectrurm of harmonic current norsaultiple of 3
<y e

350
ao |- Mt
aga |- M
200}

1580 - --

Magnitude (Ampere)

100 - --

sof---

-

o
I’ 10
mE | Harmanic o, ru.g A : L T Harmonic n;seru.gs“
(¢) Spectra of harmonic currents for case!.:'____i . (d) Spectra of harmonic voltages for
study 8 : j, case study 8
J*’l':_'ﬁﬁhpliﬂciiﬁ:?nﬁ:{écmr
5 - S o C e e e :
“ i L — — System
i H =17 p— Load
AR .00 R g | — Filter 2 |
[ Filter 3

5 10 15 20
Harmonic order
(e) Harmonic current amplification in system, load and tuned filters

Figure 5.24 Results of case study 8



Table 5.37 The result of calculation for case study 8
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AN TUNNINGA Y

9  CoWlage Side
Q (kVAr) -
VCR I1 1th filter
(V) . . PF lhrms \ \ lhrms Irms
7 1 Irms/lcr | 1/lz | THD (%)
(A) (A) (A)
525 460 460 0.954 | 348.43 18.97 | 446.18 0.88 0.95 56.33
525 550 370 0.954 | 366.79 . fi n‘ 168.47 | 355.19 0.87 0.94 53.88
Low Voltage Side '
|S IL
lhrms Irms THD lhrms Irms
(A) (A) (%) (A) (A)
387.90 | 1779.6 | 22.33 76.40 | 1205.2
343.90 | 1770.3 | 19.80 | 68.31 120ﬂ ‘j

88



From the results of both conditions, the filters can work safely as shown in table 5.37.

The first condition, the power factor value is 0.954, for 7™ tuned filtét (Irms / I =1.04 < 1.30, I / I, =1.10), for 11" tuned filter (Trms/
I =0.88, Iy / Ix =0.95) and the total harmonic voltage distertion at low voltage bus 400V THDy=8.04% which higher than the
planning level.

The second condition, the power factor value'is 0:954; for 0 tuned filfer (Lms / I =0.99, I / I =1.05), for 11" tuned filter (Iem¢/ Ler
=0.87, I / Ler =0.94) and the total harmonic veltaggatdow volt bus 400V THDy=7.17% which higher than the planning level.

amplify 5™ harmonic current and cause to failuté ofia ¢apacitor 1n 7" tuned filter.

Table 5.38 The design parameters of 7" and 11" tuned filters

89

Note: It should not be operated this case to_solve the problemfrom harmonic current because when turn on 7™ tuned filter, it will

7" tuned | 11" tuned . £y .
7 tuned filter 11" tuned filter
filter filter -~
(%) (%) Capacitor Reactor Capacitor Reactor
Q. (VA [ Vo (V) | 1A L mH) LAY T A | QukVA) | VL () | 1A | LmH) | L A |1 A
50% 50% 460 525 505,87 | 0.04124 | 556.04 748.49 460 525 505.87 | 0.01635 | 480.44 | 738.64
60% 40% 550 525 604.84 170.03449 | "634.81 894.93 370 525 406.89 | 0.02032 | 383.01 | 594.12
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5.2.11 Case study 9 (case study 0 with 5™ and 11™ tuned filter)

I}

Source of
Harmonics

Table 5.39 The input

90

System X/R 10
Transformer %Z =6 P, =19.8 KW
LV Bus {
Non-Linear Load .4 d F=80%
i — °
Linear Load -J 6 m PF=75%

5" tuned ﬂﬂﬂll w ijﬁ ﬁgm ‘%Jw BQEﬂ@-Factor 60

e A SN T vesnds

Case study 9 is case study 0 with 5™ tuned filter and 11" tuned filter. Which it’s
analyzing 2 conditions: first condition 5™ tuned filter (460kVAr / 525V, n=4.8), 11"
tuned filter (460kVAr / 525V, n=10.8). Second condition 5™ tuned filter (550kVAr /

525V, n=6.8), 11" tuned filter (370kVAr / 525V, n=10.8).
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5.2.11.1 Results of case study 9
| Target PF (%) | 95 Ok | Tuning poirt — — Choose (kYAr) of fiter Impedance scan
& T T T T T T —
aft (lvar )| 5185 e 48 vercvy | 525 |[@ae 018 f--- — — System
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GfF [ kWA Qo7 (kvar) O 0 o 11thlluned ﬂItr:,-r
40 |(%) 207.4 —
QRCkyAn ni1=| 108 ||| @eri1¢kvan|3s421 || amo E : ;
[] o= oAU SERRR EE TR ISP
M 0.08
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ath 1) 60454 635176 | 0501 | 00692 |0.0218 B0 0.007 H |
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Tth o o ] o o o o 1] 0m

11th | 370 40669 4273 0745 | 00203 | 00064 a0 0.0014

10 15 20 25 30 358

[] Dk _NeiJ Harmonic order
(a) Passive filter design ( 5", 11"") (b) Impedance scan for case study 9
Spectrum of harmonic current non multiple of 3
200 ™
. 160
£
= 100
g 50
L 11
" ) Harmonic arder
ME L7 = o | Biose
= ii 3 .
(¢) Spectra of harmonic currents for case 1, o (d) Spectra of harmonic voltages for
study 9 {, case study 9
F

*,’ﬂmpliﬁiﬁai__légiactnr
' — — System
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| — Filter 1

Filter 2

B R R T
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Harrmonic order
(e) Harmonic current amplification in system, load and tuned filters

m

Figure 5.26 Results of case study 9



Table 5.40 The result of calculation for case study 9
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AN TUNNINGA Y

Q (kVAr)
VCR |1 1th filter
(V) . . PF | Ihrms | Irms r/ R\\% lhrms | Irms
5 1 3 A 4 1D Irms/lcr | 1/l | THD (%)
w | AL L \\ Sl | w
525 460 460 0.954 | 204.21 | 45170 Tl‘@ l\\\\ 1289.73 | 484.85 0.96 1.02 74.53
525 550 550 0.954 | 183.08 | 515.00 i 5\ ) 168.50 | 355.21 0.87 0.94 53.89
Low Voltage Side
lg I
Ihrms Irms THD lhrms Irms e
(A) (A) (%) (A) (A)
206.77 | 1746.5 | 11.92 | 57.31 | 1204.2
130.41 | 1738.3 | 7.52 | 38.61 120ﬂ mm_ﬂﬁ
q

6
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From the results of both conditions, the filters can work safely as shown in'table 5.40.

- The first condition, the power factor value is 0.954, for 5% tunéd filter (Irms / Ier =0.89, I / I =0.96), for 11" tuned filter (Iem¢/ Ler
=0.96, I / I+ =1.02) and the total harmonic voltage distortionsat low voltage bus 400V THDy=6.07% which higher than the planning
level.

- The second condition, the power factor value'is 0:954. for 5 tuned filfer (Lms / I =0.85, I / I; =0.93), for 11" tuned filter (Iem¢/ Ler
=0.87, I / I; =0.94) and the total harmonic yeltage distortion at low voltage bus 400V THDv=4.09% which lower than the planning
level \

- Note: When operate both 5" and 11" tuned filtgf, i'should fumion'5™ tuned filter first, because if turn on 11" tuned filter first, it will
be amplify 5™ harmonic current as shown in'figare 5. 25 b. and when turn off the filters, it must turn off 11" tuned filter first and
following by 5™ tuned filter.

Table 5.41 The design parameters of 5™ and 11" tuned filters =y

Tuned Tuned 0 "
5" tunediitier 11" tuned filter
filter 5th | filter 11th
(%) (%) Capacitor Reactor Capacitor Reactor
Q. (kVA) |V (V) | /A l(mH) | £(A) b (A1 (b QulkVAY) f=V (V) I, (A) L (mH) l,, (A) I (A)
50% 50% 460 525 50587 0.0828 | 487.99 765.53 460 525 505.87 0.0164 516.54 | 738.64
60% 40% 550 525 604.84 0.0692 560.32 | "915.30 370 525 406.89 0.0203 383.02 | 594.12

€6
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5.2.12 Case study 10 (case study 0 with 5™, 7" and 11" tuned filter)

|h*
{E XirtRe X e+
Source of
Harmonics F3
se study 10
Table 5.42 The input pai
System X/R 10

Transformer Z=6 P, =19.8 KW

LV Bus =
Non-Linear Load ‘U 500 kW ﬂ‘l PF =80 %
Linear Loﬁ - Y fﬁr 75 %
L] A 0
| L q L Ea! "1' | l§

5" tuned filiof . V., 525V, Q-Factor 60

7" tuled filter V. 525V, Q-Factor 50
30 % (280 kVA)

33 % (310 kVAr)
11th tuned filter V. 525V, Q-Factor 50
30 % (280 kVAr)

Case studylO is case study 0 with 5% 7th and 11" tuned filters. Which it’s
analyzing 2 conditions: first condition 5™ tuned filter (310kVAr / 525V, n=4.8), 7"
tuned filter (310kVAr / 525V, n=6.8) and 11th tuned filter (310kV Ar / 525V, n=10.8).
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Second condition 5™ tuned filter (370kVAr / 525V, n=6.8), 7" tuned filter (280kV Ar /
525V, n=6.8) and 11" tuned filter (280kVAr / 525V, n=10.8).

5.2.12.1 Results of case study 10

|TargetPF(%) 95 Dk | Tuning paint— — Select [ kYA ) of fiter

Impedance scan
T

Qft { kit )| $18.5

ns= | 4§

onic order 4y : ‘ i f el
ME - iR pry 0855 = = -Eaghaf ~4 ™

vor(v) | 525 | [Fles L __gl’fstem
a0 |1 2074 FIErEnce
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30 |(%)155.55 — M. - =l n14k----- -
i (Y s GerT (kvaAr) 26248 || 280 ni :;hﬂ:ﬂﬁz;:;;r
QA kYA ! B Ty % £ 0121 - 47 { !
B ni1=] 106 || Qori(kvan 28586, | 280 | -
_:_ E
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g | 370 | [sce0s || 4273 |[07as | 01020 | fewgz Mien Bionos |1 8
— B0 - -
7th | 280 | [s0792 |[323362 | [ 0984 | [0.0678] |0021 -] D'DE_SJ — S ;
11in | 260 | (30752 |[a23362 | 0984 | [o0269 noos g0 0.002 i i i i i
— 5 10 15 0 25 N 3
7 Next I . Harmonic order
S
th lh th
(a) Passive filter design ( 5, 7" 11 ) (b) Impedance scan for case study 10
Spectrum of harmonis ‘Eﬁam Mﬂul}iﬁﬂa ?'rS :‘f 4y . a5 Spectrum of harmonic voltage non multiple of 3
21 — 1 1 dF =" ¢
: ‘ : : : ‘ ; : = 35
_ 1) b + 3
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2 ¥ = 25
z il =
% 100 = d
E A4 2l
Z A
3 A b2
= st YAE
= |
7
0 —=

10 1"

b

- g g 10

- Harronic order
3 pF | 08955 Back

(¢) Spectra of harmomc currents for case (d) Spectra of harmonic voltages for case

study: 10 J study 10
—'u’l Amplification factor Ll
; ' L N .- _____ 1 ______ r — — System ||
. ] d Load
. B LD P Filter 1 _
SN R O S S Filter2

14

12
Harmonic arder
(e) Harmonic current amplification in system, load and tuned filters

Figure 5.28 Results of case study 10



Table 5.43 The result of calculation for case study 10
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Low Voltage Side
Q (kVAr)
VCR I5th filter |71h filter
 J
(V) " " PF lhrms lrms THD lhrms Irms
5 7 Irms/Aer sl /g Irms/lcr | 1 /lz | THD(%)
41.63 (A) A) (%) (A) (A)
525 310 310 310 | 0.955 | 159 48" | 315106 9.92 0.99 | £8.85 | 104.53 | 285.32 0.84 0.91 39.37
525 370 280 280 | 0.955 | 157.96 | 860.52 OBQ 0.96 | 48.74 | 99.83 | 2569.74 0.84 0.92 | 41.63
}‘ -
Low Voliage Side
L i1tn iter lge ¥ I, THD, (%)
Ihrms Irms THD lhrms Irms'+!  THD| Ihrms | Irms THD PL (%)of
Irms/ler | 1 /14 (i e Results
(A) (A) (%) (A) (A) G t™ (A) (A) (%) (ERG5/4) | PL
97.38 | 27950 | 0.82 | 0.89 | 37.17 | 58.88('1733.1 | 640 | 21108, 1203.0 | 1.75 | 2.23 5 44.6
04.84 | 25493 | 0.83 | 0.90 | 40.08 | BUB3 {17325 | 299 [ 210812080 | 175 | 224 5 44.8

The summarized of the results of case study 10 in two conditions is illustrated in table 5. 43. It is noticed that the 5", 7" and 11"
tuned filters can operate safely and the THDy valuesof two ¢ondifions afe within planning level.

If compare two conditions, thésecond condition 5™ (40%), 7™ (30%) and 11™ detuned filter (30%) can operate better than the

first condition.

Note: In case of using all Sth, 7%and 11" tuned filter, work in the same time. There should be divided kVAr which followed

harmonic current data in the system, in order to get high capacity.

96
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When there will utilize all of tuned filters, it suggests that should be switched on the 5™ tuned filter first and follows by 7™
and 11™ tuned filter respectively. In case, if 11" is firstly turned on it will trigger the amplification of the 5™, 7™ respectively
or if 7™ tuned filter is switched on first, it will cause the amplification of the 5™ harmonic current as a show in figure 5.27.b.

In case the Sth, 7% and 11" tuned filters are operated in the same time, when turn off, it is recommended to switch off the
11™ first, 7" and 5™ tuned filter must be there afier turned off respectively. In order to prevented the amplification of harmonic

current.

Table 5.44 The design parameters of 5, 7" and 11"funed filters |

o tingd filter 7" tuned filter

Tuned Tuned Tuned

filter 5" filter 7" filter 11" Capacitar _ :edeéactor Capacitor Reactor

< % ) ( % ) ( % ) ch Vcr Icr =L rth lL\n ch Vcr |cr L Ith Lin

(WA | V) | @ Flr A @ | A V| @ [ mH @ @

> id

33% 310 525 | 3409 0.123 357873 515.9 310 | 525 | 3409 | 0.0612 [ 310.2 | 504.4
615.8 280 | 525 | 307.9 | 0.0678 | 282.0 | 455.6

33% 33%
40% 30% 30% 370 | 525 | 406.9 | 0.103 | 389.92

L6



98

Table 5.44 The design parameters of 5™, 7" and 11™ tuned filters ( cont. )

11" tuned filter
Capacitor Reactor
Q. (kVA) | V. (V) I, (A) L (mH) L, (A) I, (A)
310 525 340.91 0.0243 304.19 497.78
280 525 307.92 0.0269 277.04 449.60

5.2.13 Case study 11 (case study 0 with defuned filter, 7™ and 11" tuned filter

Rs
Xs'ld
Ish f rT“ - 4
Ihf I v IDhL—L Xe 'fh*J_ Xe Ifh*J_ X
e Ry 8% dua
— XietRe Xir+Re Xt

Source of 4 2]
Harmonics ~ Linear Load DT F2 F3

Figure 5.29-Single-line diagram-of casc study 11

Table 5.45 The input parameters for case study 11

System 500 MVAL. 22 kY X/R10
Transformer 1000 kVA 22 kV/400V | %Z =6 P.=19.8 kW
LV Bus 400V
Non-Linear Load 500 kW PF =80 %
Linear Load 650 kW PF=75%
Detuned filter 400 kVAr/ 525V Q-Factor 50, %X, (5.6 &7)
7" tuned filter 260 kVAr / 525V Q-Factor 50, Tuning point 6.8

11th tuned filter 260 kVAr / 525V Q-Factor 50, Tuning point 10.8
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Case study 11 is case study 0 with detuned filters, 7th and 11" tuned filters.

Which it’s analyzing 2 conditions: first condition detuned filter (50kVAr / 525V,
%X1=5.6, 8 step), 7" tuned filter (260kVAr / 525V, n=6.8), 11th tuned filter
(260kVAr / 525V, n=10.8). Second condition detuned filter (50kVAr / 525V, %X =
7, 8 step), 7™ tuned filter (260kVAr / 525V, n=6.8), 11th tuned filter (260kVAr /
525V, n=10.8).

5.2.13.1 Results of case study 11 for detuned filter 5.6% XL
13;?5;"”%] 95 | FreaHz) 30 [[V]ok gftgkvary 5185 Impedance scan
weor (vl | 525 Vi
ni’=| g3

Qer7 [ kviar) | 260
1= 10& Gerl i kvar | 260

Fiter GorikWar) lor(d) C(UF)  XofOhm) L{mH) XI(Ohm) @-Factor RiQhm) I
Tth 260 28593 | 300265 1.0601 U.U?ﬁi PU229| B0 IiU.UUZE

11th 260 25503 || 3002 65 | [1 0601 | [nnzea oonar O sn —] ooz |

Lo
—
— Detuned fiter — i Ay . .
Wer (W) 525 Qe CkYAr ) 400 KL% 5@ FﬂQ—F S_DjJ EB |
It tellF £ -
; - 4 EEF —= Harmonic arder
(a) Passive ﬁlterthdem%ln (detuned filter, & & (b) Impedance scan for case study 11
7" 1109 E

s A Jl
00 Spactrum of harmanic nﬁulh!ﬂfﬂf i / Spectrum of harmonic voltage non multiple of 3
H j j H H H H H I . T T T T T T

Magnitude (Armpere)

P

5 B 7 [l — i — — 12 — 8 3 10

Hatrr 8ffe arder Harmaonic order
-

[E 0 oT -| W JFr_vottage_Limitec m
(c) Spectra of harmonic currents for case  (d) Spectra of harmonic voltages for case
study 11 © study 11

Amplifieation factor
: : : : : : System
Load
Detunedsdfilter []
Filter 1
= [Filter 2

Harmonic order

(e) Harmonic current amplification in system, load, detuned filters and tuned filters

Figure 5.30 Results of case study 11



Table 5.46 The results of calculation for case study 11(detuned filter 5.6% Xy )

Low Voltage Side

v Q (kVAr)
Step B 1 v
(V) 7" 11" | PF | thrmsel” Lifhs ' THD | Ihrms THD
DT Irmsélar | Ak Irms (A) | Irms/lcr | /14
filter filter (A) (A) - (%) (A) (%)

1 525 50 260 260 0.899 | 39.07 4 59.12 1.05}. = B 88.03 204.22 302.14 1.06 1.12 | 91.72
2 525 100 260 260 0.909 | 65.48 [#110.30 4100 4{# 1.07 73.78 179.65 | 286.10 1.00 1.06 | 80.68
3 525 150 260 260 0.918 | 83.85 | 167.34 0.95--{:7-':_1_1’7.02 62.98 161.83 | 275.26 0.96 1.03 | 72.68
4 525 200 260 260 0.927 | 97.11 20234 D92 __— 099 54.70 148.77 | 267.79 0.94 1.00 | 66.82
5 525 250 260 260 0.935 | 10702 | 246.36 0.90 V 0.97 48:23 139.01 262.49 0.92 0.98 | 62.43
6 525 300 260 260 0.943 | 11467 | 289.92 0.88 0.95 43.07 131.54 | 258.61 0.90 0.97 | 59.07
7 525 350 260 260 0.951 120.74 333.29 0.87 0.94 38.87 125.68 | 255.68 0.89 0.96 | 56.44
8 525 400 260 260 0.9%58 | 125.65 | 376.61 0.86 0.93 35.39 120.99 | 253.41 0.89 0.96 | 5b4.34

100

00T



Table 5.46
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Lt fter | THD,, ( % )
Step 11th filte L \
Ihrms Irms THD Irms THD PL
Irms/lcr | 1 /14 Results (%) of PL
(A) (A) (%) (A) (%) (ERG5/4)
1 140.97 | 261.06 0.91 0.98 64.15 1205.1 6.16 7.81 5 156.2
2 128.92 | 254.76 0.89 0.96 58.65 1204.5 5.25 6.66 5 133.2
3 120.49 | 250.60 0.88 0.94 54.83 12041 4.57 5.80 5 116.0
4 114.49 | 247.77 0.87 0.94 52.10 1203.8 4.06 5.15 5 103.0
5 110.11 | 245.78 0.86 0.93 50.11 - .1203.6 3.67 4.66 5 93.2
6 106.82 | 244.32 0.85 0.92 48.611 j1 203.5 3.36 4.27 5 85.4
7 104.28 | 243.22 0.85 0.92 47.46 11}5 37.4@ 1203.4 3.1 3.96 5 79.2
8 102.26 | 242.36 0.85 0.92 46,54 | 15005 | 1739.0 8166 35.04 | 1203.3 2.91 3.70 5 74.0
WE TN IWEITS

10T



5.2.13.2

Results of case study 11 for detuned filter 7% Xy,

Table 5.47 The result of calculation for case study 11(detuned filter 7% Xy)

102

Low Voltage Side
Q (kVAr) .
Step VCR D.T l?th filter
(V) 7" 11" PF Ihrms” | Arms A THD | thrms | Irms THD
DT Itmsklcr| W As Irms/ler |1 /1.5
filter filter (A) (A) ' (%) (A) (A) (%)
1 525 50 260 260 0.899 22.76 off 47 == 092 1% 089 50.53 218.54 | 311.99 1.09 1.15 98.15
2 525 100 260 260 0.909 41.18 99.06 0.90 ;:!,'__O.98 45.71 202.21 | 300.78 1.05 1.11 90.82
3 525 150 260 260 0.918 56.13 146:33 0.89 .'__20.,96 41.53 188.35 | 291.64 1.02 1.08 84.59
4 525 200 260 260 0.927 68-386 19242 0-88 8:95 3794 176.66 | 284.23 0.99 1.06 79.34
5 525 250 260 260 0.936 78.41 238.51 0.87 0.95 34.84 166.80 | 278.21 0.97 1.04 74.91
6 525 300 260 260 0.944 86.92 283.91 0.86 0.94 32.16 158.46 | 273.29 0.96 1.02 71.16
7 525 350 260 260 0.952 94.05 329.06 0.85 0.93 29.83 151.36 | 269.24 0.94 1.01 67.98
8 525 400 260 260 0.959 100.14 | 374.03 0.85 093 27.79 145.28 | 265.87 0.93 1.00 65.25

0T
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Table 5.47 The result of calculation for case study 11(detuned filter 7%X,) g_cqntinues)
Low \_/Joltage Sid(;
Step i fiter - I I THD, ( %)
lhrms Irms THD ﬁ/rmf lrms i THD lhrms Irms THD PL
Irms/lcr | 1 /14 : Results (%) of PL
(A) (A) (%) (A (&) <12 4%) (A) (A) (%) (ERG5/4)
1 148.14 | 265.0 0.93 0.99 67.42 4’&@ 18_§8T6 ?1;‘_75 80.41 | 1205.5 | 6.68 8.47 5 169.4
2 139.90 | 260.49 | 0.91 0.98 63.67 36@2_{3“. 1862-0 T"1'989 73.28 | 1205.0 | 6.09 7.72 5 154.4
3 133.04 | 256.87 | 0.90 0.96 60.55 33(154 183?8 4’§5§7 6714 | 1204.7 | 5.58 7.07 5 141.4
4 127.36 | 253.97 | 0.89 0.96 57.96 | 301 .872 '1=8i58 16;6?5’:‘ 61.88 | 1204.4 | 5.14 6.52 5 130.4
5 122.65 | 251.64 | 0.88 0.95 55.82 | 277.38" (47957 15’_;6‘3*“ 6739 [ 12042 | 477 6.05 5 121.0
6 118.72 | 249.75 | 0.87 0.94 54.03 :;bb.zd T [ ot '-3;1 204.0 | 4.45 5.64 5 112.8
7 115.42 | 248.20 | 0.87 0.94 52.53 jé_i%?.84 1760.5 | 13.64 50.19;_ 1203.9 | 4417 5.29 5 105.8
8 112.63 | 246.92 | 0.86 0.93 51.26 | 22148 | 1745.2 | 1281 | 47.30 | 1203.7 | 3.93 4.99 5 99.8

The results of calculation case study 11, when using detunedfilters together with 7" and 4 1™ tuned filters, are concluded in table 5.46

and 5.47. All filters can be operated satisfactorybecalse-the ratio Of Iins/ I < 1.30.

€01



Table 5.48 The design parameters of detuned filters, 7" and 11" tu
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Detuned filter

11" tuned filter

Capacitor Reactor Capacitor Reactor
ch Vcr |cr L ILin Lin ch L ILin
%X, l,, (A) V., (V) | 1, (A) I, (A)
(kvA) | (V) | (A (mH) (A | ( (A) | (kvA) (mH) (A)
8x50 [ 525 55 | 5.6 [0.981 | 58.9 |84.47 \E 423.1 | 260 525 285.9 1 0.029 | 288.4 | 417.5
8x50 [ 525 55 | 7.0 | 1.24 | 52.07 | 84.47 423.1 | 260 525 285.9 1 0.029 | 288.4 | 417.5

AUEINENINYINT
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5.2.14 Case study 12 (case study 0 with detuned filter, 5" and 7™ tuned filters)

Rs

Xs

Ish f r,rﬂ
Iih IDhLI_ X |fhu_ Xe |fhu_ Xe

Ihf
Sl
- XietRe Xir+Re Xe+HRe
Source of
Harmonics  Linearkoad DT Fl F2

\

Figure 5.31 Sing__le—lii;e}diagram of case study 12

— il

Table 5.49 The input parameters fbr,case:‘!stil;dy 12

System 500 MVAS_;E Lzz KV XIR 10
Transformer 1000 KVA: 22KWA0V | %Z=6 | P, =19.8kW
LV Bus _ = Y
Non-Linear Load | _ SRR AF = 80 %
Linear Load ' 650 kW PF=75%
Detuned filter 400 kVAr / 525V Q-Factor 50, %X (5.6 &7)
5" tuned filter 260 KVAr /1525 V. Q-Factor50, Tuning point 4.8
7thtuned-filter 260-K\VAF [625 M Q-Factornb50,Tupingrpoint 6.8

Case study 12 is case study 0 with detuned filters, 5™ and 7™ tuned filter. Which
it’s analyzing 2 conditions: first condition detuned filter (S0kVAr / 525V, %X;=5.6, 8
step), 5™ tuned filter (260kVAr / 525V, n=4.8), 7™ tuned filter (260kVAr / 525V,
n=6.8). Second condition detuned filter (50kVAr / 525V, %X.= 7, 8 step), 5" tuned
filter (260kVAr / 525V, n=4.8), 7™ tuned filter (260kVAr / 525V, n=6.8).



5.2.14.1
Target PF (%) | 95 FreqiHz)| 50 Ok @t ( kAr ) 515.49€
— Fitter:
Vor (W) | 525 oy
ns= | 48

QoS (kvar )| 300

nf= | 68 QcrT (kwar) | 300

Filter Qorikyar) lcr(s)  CLuF) XelOhm)  LimH)  XICOhm) Q-Factor RIChm)
Sth 300 32091 | 34646 | 0919 0127 | 00399 B0 0.0032

Tth 300 329.91 || 34646 | 0918 0063 | 00193 50 0.0027
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Results of case study 12 for detuned filter 5.6% X,

Impedance scan
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(b) Impedance scan for case study 12
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Figure 5.32 Results of case study 12




Table 5.50 The results of calculation for case study 12 (detuned filter 5.6% X)
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Low Voltage Side
Q (kVAr)
Step VCR or |5th filter
(V) 5" | 7" | PF | ihrmsd s ' THD | Ihrms | Irms THD
DT Irmsiler | /s Irms/ler |1 /1.5
filter | filter (A) (A) ™ (%) (A) (A) (%)
1 525 50 260 | 260 | 0.901 6.01 44778 0.81-;. ¥ 0.89 13.55 | 133.78 | 264.12 0.92 0.99 58.75
2 525 100 260 | 260 0.91 11.68 YOS 2 0:8%+4+0.89 13.16 | 129.68 | 262.07 0.92 0.99 56.95
3 525 150 260 | 260 | 0.919 17.04 184.22 0-81 J 0.69 12.80 | 125.83 | 260.18 0.91 0.98 55.25
4 525 200 260 | 260 | 0.928 22.11 1 78.89 0.81 _ Q_.89 12.45 | 12218 | 258.44 0.90 0.97 53.65
5 525 250 260 | 260 | 0.936 26:91 e 0.81 0.89 12:143 | 118.75 | 256.83 0.90 0.97 52.14
6 525 300 260 | 260 | 0.945 31.4% | 268.13 0.81 0.89 11.82 | 11549 | 255.34 0.89 0.96 50.71
7 525 350 260 | 260 | 0.952 35.8i 312.71 0.81 0.89 11.53 | 112.41 | 253.96 0.89 0.96 49.36
8 525 400 260 | 260 | 0.959 39.94 || 3b7.27 0.81 0.89 11.25 | 109.48 | 252.68 0.88 0.96 48.08

L0T



Table 5.50

The results of calculation for case study 12 (detuned
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-

3
BIINYIQY

L iter | THD,, ( % )
Step 7th filt L \
Ihrms Irms THD Irms THD PL
Irms/lcr | 1 /14 Results (%) of PL
(A) (A) (%) (A) (%) (ERG5/4)
1 99.17 | 243.75 0.85 0.92 44 54 \(.&4 1203.5 3.45 4.42 5 88.4
2 08.32 | 243.40 0.85 0.92 4416 1203.5 3.40 4.35 5 87.0
3 97.49 | 243.07 0.85 0.92 43.78 1203.5 3.34 4,28 5 85.6
4 96.69 | 242.75 0.85 0.92 43.43 1203.5 3.29 4.21 5 84.2
5 95.92 | 242.44 0.85 0.92 43.08 W r'~1203'4 3.24 415 5 83.0
6 95.16 | 242.15 0.85 0.92 42.74 O7 17591 | 439 | 38.39 1203.4 3.19 4,08 5 81.6
7 94.43 | 241.86 0.85 0.92 42.41 3555"" 37.82 | 1203.4 3.14 4,02 5 80.4
8 93.71 241.58 0.84 0.92 42.09 7425, | 1731.9 4329 37.26 | 1203.4 4.29 3.96 5 79.2
AU INTENINETNT
>'1| | - | - [ - |

801



5.2.14.2

Results of case study 12 for detuned filter 7% Xy,

Table 5.51 The results of calculation for case study 12 (detuned filter 7%X,)
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Low Voltage Side
Q (kVAr) :
Step VCR DT |5th filter
(V) 5" 7" PF | Ihgds | ifms o THD | Ihrms | Irms THD
DT Irmis/ler | /1as Irms/ler | 1 /14
filter | filter (A) (A) (%) (A) (A) (%)
1 525 50 260 260 0.901 3.51 45118 0.82 1 0.90 7.79 135.77 | 265.13 | 0.93 1.0 59.62
2 525 100 260 260 0.911 6.91 90-36 082 , 080 7.67 133.49 | 263.97 | 0.92 0.99 | 58.62
3 525 150 260 260 0.92 10.20 | 135.58 0.827-':__-.' 0.90 7.55 131.27 | 262.86 | 0.92 099 | 57.64
4 525 200 260 260 0.929 | +13.40-4180.69-{ -0.82 0.90 1.43 129.13 | 261.79 | 0.92 0.99 | 56.70
5 525 250 260 260 0.937 | 16.50 | 225.84 | 0.82 0.90 7.32 127.05 | 260.77 | 0.91 0.98 | 55.79
6 525 300 260 260 0.945 | 19.50 .| 270.99 | 0.82 0.90 7.22 125.04 | 259.80 | 0.91 0.98 | 54.91
7 525 350 260 260 0.953] | 2242 316113 0.82 0.90 711 123.09 | 258.87 | 0.91 0.98 | 54.05
8 525 400 260 260 0.96 25.26 | 361.26°| 0.82 90 7.01 121.19 [ 257.97 | 0.90 0.97 | 53.22

60T
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Table 5.51 The results of calculation for case study 12 (detuned _ continues)
- —
Step | ser r \ . N THD, (%)
lhrms Irms THD I S 1D m Irms THD PL (%) of
Irms/ler | 1/lq - ‘\E\N Results

(A) (A) (%) CVEEITAY \ (A) (%) (ERG5/4) PL
1 99.44 | 24386 | 0.85 |0.92 44.66 4" 86101 !53 *.;I- j],& & 1203.5 | 3.47 4.43 5 88.6
2 98.84 | 243.61 0.85 0.92 44.39 4 ¢ 182{41 4.6 -\&7 12.03 3.42 4.38 5 87.6
3 98.25 | 24338 | 0.85 |0.92 4413 f ‘1“_%{ 63 3.67 1203.5 | 3.38 4.33 5 86.6
4 97.68 | 243.14 | 0.85 0.92 43.87 | 82.49 ﬂ,’g@i&g_g:" 7 40.18 | 1203.5 | 3.34 4.27 5 85.4
5 97.11 | 24292 | 0.85 0.92 43'6.1‘1 81 .38':i:?f'm 3!‘.%{5 .7(}_‘ 1203.5 | 3.30 4.22 5 84.4
6 96.55 | 242.70 | 0.85 0.92 5= : 3.26 4.17 5 83.4
7 96.01 | 24248 | 0.85 0.92 3.22 4.13 5 82.6
8 95.47 | 24227 | 0.85 0.92 3.19 4.08 5 81.6

071



The results of calculation case study 12, when usin

i

table 5.50 and 5.51. It is noticed that detuned filters, 5'

two conditions are within planning level and can improve power factor to target valie,

-

Table 5.52 The design parameters of detuned filters, 5™ and 7™ tuncd filters

111

detuned filters together with 5™ and 7™ tuned filters in two conditions are illustrated in
, 7™ tuned filters can bé operated safely; the THDy values at low voltage bus 400 V of

Detuned filter

|
5! tuned filter

7" tuned filter

Capacitor Reactor Capacitog' ‘ Reactor Capacitor Reactor
N I R T O R Y ' BT 5 T A R T IRV T B L]
war | o @ | o] @ | @ s o A | W @ (e | W @ [T e e
: il
8x50 [ 525 | 55 [ 5.6 | 0.981 | 58.9 [84.47 | 260 | 525 ,-‘-285'9 O.1f§__5;__286.1 4327 | 260 | 525 | 285.9 | 0.073 | 264.6 | 432.1
8x50 | 625 | 55 | 7.0 | 1.24 | 52.07 | 84.47 | 260 1 525 1 285.9 | 01465 1 2861 _432.7 260 | 525 [ 2859 | 0.073 | 264.6 | 432.1

11
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5.2.15 Comparison of impedance scan

4 Comepere_Grapl !E bas

Comparison Impedance Scan

Impedance Scan

Zh

Figure5. for impe e scan comparison

s
4

A )
Results from case study 0-can be used as a refe ase-where there are linear and
nonlinear loads in the system. When a capacitor is mstalléd in the system as in case
study 1, a parallel résonance carn C .‘*“. 12, filter(s) are added to
the system in order ta lower harmo vels. The user can vary parameters of
harmonic filters in ordelr‘to check the effe%t‘iiveness of harmonic filters based on the
design steps. Fi . t i f.ease studies 0, 1 and 10.
By compariny;;lﬁ aﬁmzﬂtﬁﬁwg i:TI]pj filter design can be

achieved. ¢

RIAINTUNRINIAY




5.2.16 Capacitor deterioration for case study 10 (case study 0 with 5%, 7" and 11" tuned filters)

113

Table 5.53 The input parameters for case study 10 3
System Transformer LV Bus | Non-Lineardt6ad+| Linear Load 5" tuned filter 7" tuned filter 11" tuned filter
500 MVA,. 1000 kVA 500kW 650 KWW: 40 % (870 kVAr) | 30 % (280 kVAr) | 30 % (280 kVAr)
22 KV/400V | 400V 1
22 kV . V., 5256V V. 525V V. 525V
%Z =6 PF = 80% PR 758
X/R 10 gt Q-Factor 60 Q-Factor 50 Q-Factor 50
P, =19.8 KW { )
Table 5.54 The design parameters of 5, 7" and 11% tuned filters i
th . y th . th .
5" tuned filter 7" tuned filter 11" tuned filter
Capacitor Reactor Capacitor Reactor Capacitor Reactor
ch Vcr L I\_in ch Vcr L ILin ch Vcr L ILm
Icr (A) |th (A) |cr (A> |1h (A) |cr (A) Ith (A)
(kVA) | (V) (mH) (A) FkVA) | (V) (mH) (A) | (kVA) (V) (mH) (A)
370 | 525 | 406.9 | 0.103 | 389.9.| 615.8 || 280, 525"14307.9 [10.068 ‘| 1282 %|/455.6"|| 230 525 | 307.9 | 0.027 | 277 |449.6

€11



5.2.16.1

The results for 5 tuned filter only

Table 5.55 The results for deterioration of the capacitor in 5™ tuned filter

114

5" Filter

Det [ 1 | 5 |7 | rms | cr | rms/lcr L C
(%) | (A (A) (A) (A) (A) (%) (mH) I (uF) "
0 3241 | 1576 | 7.1 | 360.5 | 406.9 88.6 0.103 | 1424.3 | 4.8
2 3173 | 159.7 | 7.3 | 3654 | 898.8 89.1 0.103 | 1395.8 | 4.9
4 310.6 | 161.9 | 7.4-{ 850.4 | 39C.6 89.7 0.103 | 1367.4 | 4.9
6 303.8 | 164.2 | 1.5 345.5-1 382:6 90.3 0.103 | 13389 | 5
8 297.1 | 166.7 7. L] 45408 | \374.3 91 0.103 | 13104 | 5
10 || 290.4 | 169.241" 79 4 B836.2 | 366.2 o N 0.103 | 1281.9 | 5.1
12 || 283.6 | 171.8 3 8318 :Jé58.1 92.7 0.103 | 12534 | 5.1
14 | 276.9 | 1746 § 82 | 3276 -:-'321-9.9 93.6 0.103 | 12249 | 5.2
16 | 270.3 | 177.4 | #8.5" [#323.5 ‘;(-341‘;'8 94.7 0.103 | 1196.4 | 5.2
18 | 263.6 | 180.4 | 87 | 3196 ?3317 95.8 0.103 | 1168.0 | 5.3
20 | 256.9 | 183.4 9 315.9 3755 97 0.103 | 1139.5 | 54

Figure 5.34 5™ harmonic currents in 5™ order tuned filter

When the capacitor deteriorates from 0-20% for 5™ tuned filter, it make 5™ harmonic
current flow through 5™ tuned filter increasingly as shown in table 5.55 and illustrated
in figure 5.33. These results indicate that the 5™ harmonic current has change in the
range of 157.6 — 183.4A and for the tuning point also change from 4.8 — 5.37 and 5"
tuned filter is still operated safely because Iims / Ir value is less than 100%.



5.2.16.2

The results for deterioration 7™ tuned filter only

Table 5.56 The results for deterioration of the capacitor in 7" tuned filter

115

7" Filter
Det [ 1 5 |7 [ rms | cr | rms/lcr L ©
hr
(%) | A (A) (A) (A) (A) (%) (mH) (uF)
0 239.8 | 225 96.3 259.7 | 307.9 84.4 0.0678 | 10779 6.8
2 3126 | 215 99.3 328.9 f?O) .8 109 0.0678 | 1056.3 | 6.9
4 306 204 1 Q2= T S ZEN @,109.5 0.0678 | 1034.8 1 6.9
6 [ 2995 | 19.5 (w065 |-3187| 2804-id0.1 |0.0678 [ 10132 7.0
8 292.9 RSN 116.8 0.0678 | 991.6 71
10 286.4 A 111.6 0.0678 | 970.1 7.2
12 | 279.8 1 %71 112.7 |0.0678 | 9485 | 7.3
14 273.3 32@748 113.9 0.0678 927 7.3
16 266.8 7 J?§8,7 1154 0.0678 | 905.4 7.4
18 260.3 14.6 alir1}) 256.2 121525 117.3 0.0678 | 883.9 7.5
, P e g ?
20 253.8 14 148.‘5’1;_2947 %ﬁ?g 119.6 0.0678 | 862.3 7.6
‘.a‘-‘;.-_‘_;-_ < i
N 7 tuneéﬁter i, = 7th
16010 =
14001
1200 -
100.0
<800
60,0
40.0
20,0
00
o 2% ¥ e g T1g 12 "14'16 "18 7 20
Capacitor deterioration (%)
Figure 5.35 7™ harmonic currents in 7" order tuned filter

When the capacitor deteriorates from 0-20% for 7™ tuned filter, it make 7" harmonic
current flow through 7™ tuned filter increasingly as shown in table 5.56 and illustrated
in figure 5.34. These results indicate that the 7" harmonic current has change in the
range of 96.3 — 148.5A and for the tuning point also change from 6.8 — 7.6 and 7"
tuned filter is still operated safely because Iims / Icr values is less than 130%.



5.2.16.3

The results for 11" tuned filter only

Table 5.57 The results for deterioration of the capacitor in 11™ tuned filter

116

11" Filter

Det [ 1 15 |7 11 [ rms | cr | rms/lcr L C

(%) | (A | A (A | A A (A) (%) (mH) | (uF) "
0 [ 2366|766 | 84 | 124 | 2496|3079 | 811 |0.0269]|1077.9 | 10.8
2 [ 2319|661 | 87 | 124 242 | 301.8 | 802 |0.0269|1056.3 | 10.9
4 | 2271|577 | 9 |25 | 2353129561 796 |0.0269|1034.8 | 11
6 [2223| 51 | 94 1126|2291 | 2894 792 |0.0269]|1013.2 | 11.1
8 [2176 | 455 | 9@l 1272233 | 2833 | 788 [0.0269| 9916 |11.3
10 | 212.8 | 40.8 | 102 |A28/lo178 | 2771 | 786 |0.0269| 9701 |11.4
12 | 208 | 36.9 | 106 Y2of| 2104 | 271 784 00269 | 9485 | 11.5
14 2033|335 | 112 [£18 7| 207.8)( 2648 | 783 |0.0269| 927 |[11.7
16 | 1985 30.6 | 11.9°| 18442022 2587 | 782 |0.0269| 905.4 |11.8
18 | 1037 | 28 | 127 f13.249070 2525 [ 781 | 0.0269 | 8839 | 11.9
20 | 189 | 257 | 13.6 | 13.3 11923 jézfés 78 | 0.0269 | 862.3 | 12.1

Figure 5.36 7™ and 11™ harmonic currents in 11" order tuned filter
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When the capacitor deteriorates from 0-20% for 11" tuned filter, it make 7%, 11"
harmonic current flow through 11" tuned filter increasingly as shown in table 5.57
and illustrated in figure 5.35. These results indicate that the 7™ harmonic current has
change in the range of 8.4 — 13.6A, 11" harmonic current 12.4 — 13.3A and for the
tuning point also change from 10.8 — 12.1 and 11™ tuned filter is still operated safely

because Irms / Icr value are less than 130%.

5.2.16.4 The results for deterioration of the capacitor in 5™ and 7™ tuned

filters.

Table 5.58 The results for deterioration of the-¢apacitor in 5™ and 7™ tuned filter
7

5" Filter

Det | 11 15 yrflﬂ I rn&s lor flems/lcr | L C
' hr

A0 f12 AL (A (%) (mH) | (uF)

0 |324.1 | 157.6 |#7.44'| 10,3606 [406.9 | 886 | 0.103 | 1424.3 | 4.8

"
2 |317.3|159.0 | 6.3 1.0 [#85544 39818 89.0 0.103 | 1395.8 | 4.9

4 3106|1610 | 34 1{02349.9_;-;,__35'90.6 89.6 | 0103 | 1367.4 | 4.9

6 |303.8|163.6| 2.8 410=41-345.2 }-382.5 90.2 0.103 | 1338.9 | 5.0

8 |297.1]|166.8 | 48 | 10" 340.81;:{_3-'7473 91.0 0.103 | 1310.4 | 5.0

10 | 290.4 | 170.6:1- 8.3 1.0 [ 337.0 1 366.2 92.0. | 0.103 [ 1281.9 | 51

12 | 283.6 | 175.3|-12.9 | 1.0 |333.8 | 358.1 93? 0.103 | 1253.4 | 5.1

14 | 276.9 | 180.8 | 18.6 | 1.0 |331.4 | 349.9 94.7 0.103 | 12249 | 5.2

16 | 270.3 (1878 | (25.77 ©1.01| 132919534118 96:6 0.103 | 1196.4 | 5.2

18 | 263.6 | 195.0 | 34.8 | 1.0 | 329.8 | 333.7 98.9 0.103 | 1168.0 | 5.3

20 |#266)9% 204y | 466, (=10 | 381.9 (1325.5% 010128 0103 | 1139.5 | 5.4

7" Filter

Det [1 [ 5 |7 [ 11 [ rms | cr | rms/lcr L ©
(%) | (A (A) A | (A | A (A) (%) (mH) | (uF)
0 | 2398 225 | 96.3 2.0 | 259.7 | 307.9 84.4 0.0687 | 1077.9 | 6.8

hr

2349 | 16.8 | 99.3 | 2.0 | 255.9 | 301.8 84.8 0.0678 | 1056.3 | 6.9

2
4 12300 | 114 | 1026 | 2.0 | 252.4 | 295.6 85.4 0.0687 | 1034.8 | 6.9
6 | 2251 | 6.5 |106.4 | 21 |249.4 | 2894 86.2 0.0678 | 1013.2 | 7.0
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8 2202 40 | 110.7 | 21 |246.9 | 283.3 87.1 0.0687 | 991.6 | 7.1

10 | 2153 | 71 | 1158 | 2.1 | 245.0 | 277.1 88.4 0.0678 | 9701 | 7.2

12 12105 | 121 | 121.7 | 2.2 | 243.8|271.0 90.0 0.0687 | 9485 | 7.3

14 | 205.6 | 17.5 | 128.8 | 2.2 | 243.6 | 264.8 92.0 0.0678 | 927.0 | 7.3

16 | 200.7 | 23.3 | 137.5| 2.2 | 244.8 | 258.7 94.6 0.0687 | 9054 | 7.4

18 | 195.8 | 295 | 148.1 | 2.3 | 247.7 | 252.5 98.1 0.0687 | 883.9 | 7.5

20 | 191.0| 36.1 | 1616 | 2.3 |253.1|246.3 | 1028 |0.0678 | 862.3 | 7.6

2500 7

200.0

150.0 +

In (A)

100.0 +

50.0 -

0.0 -

(b) 7™ tuned filter

e

& e il

Figure 5.37 Spectra of harmi;hi'g_currents_fm‘d(capacitor deteriorate in 5th and 7th

) -2 tuned filters)-
4 {J
Y N

When capacitors deteriorates from 0 — 20% for 5™and 7" tuned filter at the same rate,
results can be summarized as follows. -

In the 5™ tunéd filter; 5" and 17" Harmonié) Cufrent flow “through 5 tuned filter
increasingly as,shown=in table '5.58 'and “illustrated in “figure 5.36.a. these results
indicate that 5™ harmonic current €hange in the,range of 1576, 204.1A and 7"
harmonic¢ ctirrént 7.l +'46:6 A~and for'the tuning point'4.8 - 5.4.

In the 7™ tuned filter; 7™ harmonic current flow through 7" tuned filter increasingly,
as shown in table 5.58 and illustrated in figure 5.35.b. these results indicate that 7
harmonic current change in the range 0f 96.3 — 161.6 A and for the tuning point 6.8 —
7.6.

From the result of calculation in table 5.58, both 5", 7™ tuned filter still operating
safely.



5.2.16.5
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Results for deterioration of capacitor in 5™ and 11™ tuned filters.

Table 5.59 The results for deterioration of the capacitor in 5™ and 11™ tuned filter

5" Filter

Det [ 1 15 |7 [ 11 [ rms | cr Irms/lcr L ©
(%) | (A) (A) (A) | (A) (A) (A) (%) (mH) | (uF) "
0 [324.1|1576| 7.1 | 1.0 | 360.5 | 406.9 | 886 | 0.103 |1424.3 | 4.8
2 31731595 | 7.2 | 06| 8558/ 898.8 | 89.1 | 0.103 |1395.8 | 4.9
4 [3106|167.7 | 7.4 {-05 | 353.1°4°390.6°| 90.4 | 0.103 | 1367.4 | 4.9
6 |303.8|163.6| 827108 | 3452 38251903 | 0.103 |1338.9 | 5.0
8 |297.1|166.7 | 7.6#4 151 340.8 | 3743 {.91.0 | 0.103 | 13104 | 5.0
10 | 290.4 | 169.7 | 78" |82 4 /33655 | 3662 | 91,9 | 0.103 | 1281.9 | 5.1
12 | 283.6 [ 1753 | 9.8 /2.9 "333.%;" 358.1.| 932 | 0.103 | 1253.4 | 5.1
14 | 276.9 [ 1769 | 8.4f | M2} 3288 (18499 [ 940 | 0.103 |1224.9 | 5.2
16 | 270.3 | 181.1 | 6.3/ 85 13256 L3418 [, 953 | 0.103 |1196.4 | 5.2
18 | 263.6 [ 1859 | 85 |[7.1.0.322.8 8337| 967 | 0.103 |1168.0 | 5.3
20 | 2569 | 1911 | 88 | 94| 3205 _:'32355 98.5 | 0.103 | 1139.5| 5.4

_ S B
Det] 11 | 15 e 21| L C

W Irms/icr hr
e | @ | @ [T eSS EAT | eH | )
0 [236.6| 132 | 105 | 75.0 | 259.7 | 307.9 | 84.4 |0.0269 | 1077.9 | 10.8
2 2319 |120.0 | 0.1 | 776+ 259.2] 301.8+| ‘869 | 10.0269 | 1056.3 | 10.9
4 | 2271 72 | 97 | 79.8 |.258.9 | 2956 | 87.6 |0.0269 | 1034.8 | 11.0
6 2226 “4.0~\102) 807 | 261.9 ) 280%4)| /dois | ‘| 00268 [ 1013.2 | 11.1
8 [2976| 25 | 90 | 87.8 | 2582|2833 | 91.1 |0.0269 | 991.6 |11.3
10 | 2128 | 45 | 86 | 922 [258.1 | 2771 | 93.2 |0.0269 | 970.1 | 11.4
12 |2080| 7.8 | 99 | 88.3 | 2657 |271.0 | 98.1 |0.0269 | 9485 | 11.5
14 12033 | 112 | 7.9 |103.1 |258.8 | 264.8 | 97.7 |0.0269 | 927.0 | 11.7
16 | 1985 | 15.0 | 7.6 |110.0 | 259.6 | 258.7 | 100.4 | 0.0269 | 905.4 | 11.8
18 |193.7 | 19.0 | 7.3 |118.3 | 261.0 | 2525 | 103.4 |0.0269 | 883.9 | 11.9
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Figure 5.38 Spectri:gf harmonic ilﬁié(?eriorate in 5™ and 7" tuned
l. ! 9

When capacitors deteriorate
rate, results can be sunimarized as follows.

“ a Q
In the 5™ tun 1% Ej %%fﬁ]%ﬁnﬁm‘ﬂﬁ 5.59 and illustrated in
figure 5.37.a. sults indicate that 5 tuned filter can be operated safely.
¢
MK IINE I F B MR 1T - S
increasingly, at]i ﬂa mwmtr e ‘)Eflgu e 5.31.b. these results

indicate that 11™ harmonic current change in the range of 75.0 — 128.3 A and for the
tuning point 10.8 — 12.1. The ratio I;ms / I begin higher than 100%, when capacitors
are deteriorated more than 16% but 11" tuned filter still operates safely because the

ratio of L / Icris less than 130%.

anﬂl 1™ tuned filter at the same



5.2.16.6

tuned filters.

The results for deterioration of the capacitor in 5, 7™ and 11™
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Table 5.60 The results of calculation for deterioration of the capacitor in 5, 7" and

11" tuned filter

5" Filter
Det| |1 |5 |7 111 | I'rms | cr Irms/Icr L C
(%) | (A | A | A | A A y (A) (%) (mH) | (uF) "
0 [ 3241 (1576 | 71 OSSO0 SN 260 88.6 0.103 | 1424.3 | 4.8
2 | 3173|1588 | 52 Q6= | 358.0 | =398.8 89.0 0.103 | 1395.8 | 4.9
4 13106 | 160.7 | 34 @7 3498 M396:6 89.5 0.103 | 1367.4 | 4.9
6 |303.8|1634 | 2.8 09 345;0 382.5 90.2 0.103 | 1338.9 | 5.0
8 |297.1|166.8 | 438 15 -3407;8*. 374.3 91.0 0.103 | 13104 | 5.0
10 | 2904 [ 171.2 | #8.5 2.3, 337? ,,366.2 92.1 0.103 | 1281.9 | 5.1
12 | 283.6 | 176.6 | 18.3 3.2 3347:; 358.1 93.4 0.103 | 1253.4 | 5.1
14 | 276.9 | 183.3 | 194 43 L 332.8_:‘_;_549.9 95.1 0.103 | 12249 | 5.2
16 | 270.3 | 191.4 | 27.6 /| 51648325 ,}-'_3!_4:4.8 97.3 0.103 | 1196.4 | 5.2
18 | 263.6 | 201.4 | 38.6 | 7.3 13341 —33,37 100.1 | 0.103 | 1168.0 | 5.3
20 | 256.9 | 213.7~ _541 S e e 10é.1—* 0.103 | 1139.5 | 54
7" Filter
Det | |1 |5 | 7 [11 _|,lrms | cr [rms/Icr L C
(%) | (A) | 1A M) § (A @) (A) (%)1 ¥ (mH) | (uF) "
0 |239.8]| 225 | 96.3 | 2.0 ['259.7 | 3079 84.4 |0.0678 | 1077.9 | 6.8
2 2349 16.83] 99.1 1.8 W) 255.87|1 301.8 84.8 | 0.0678. 1056.3 | 6.9
4 2300 11.3 [1024 | 1.1 |252.3| 295.6 854 | 0.0678 | 1034.8 | 6.9
6 |225.1| 65 |106.4| 1.8 |249.4 | 289.4 86.2 | 0.0678 | 1013.2 | 7.0
8 |2202| 40 | 1114 | 3.1 |247.2| 2833 87.3 |0.0678 | 9916 | 7.1
10 [ 2153 | 7.1 [ 1175 | 4.7 |2458 | 2771 88.7 |0.0678 | 970.1 | 7.2
12 2105 | 121 [ 1252 | 6.7 |2456 | 271.0 90.6 | 0.0678 | 9485 | 7.3
14 | 2056 | 17.7 [ 1350 | 9.1 |247.0| 264.8 93.3 |0.0678 | 927.0 | 7.3
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16 | 200.7 | 23.8 | 147.7 | 121 | 250.9 | 258.7 97.0 |0.0678 | 9054 | 7.4
18 | 1958 | 304 | 1645 | 159 | 258.3 | 2525 | 102.3 | 0.0678 | 883.9 | 7.5
20 | 191.0| 37.8 | 187.7 | 20.8 | 2715 | 246.3 | 110.2 | 0.0678 | 862.3 | 7.6
11" Filter
Det | |1 |5 | 7 11 | I'rms lcr | Irms/lcr L C
)| A | A | A | A A (A) (%) | (mH) | (uF) "
0 |236.6| 132 | 105 | 75.0 | 254.3 | 307.9 82.6 | 0.0269 | 1077.9 | 10.8
2 12319100 | 73 | 77 83.2 |0.0269 | 1056.3 | 10.9
4 | 2271 | 6.9 0.0269 | 1034.8 | 11.0
6 [ 2223 | 4.0 0.0269 | 1013.2 | 11.1
8 |2176 | 25 0.0269 | 991.6 | 11.3
10 | 212.8 | 4.5 0.0269 | 970.1 | 11.4
12 12080 | 7.8 0.0269 | 948.5 | 11.5
14 | 203.3 | 11.6 0.0269 | 927.0 | 11.7
16 | 198.5 | 15.9 0.0269 | 905.4 | 11.8
18 | 193.7 | 20.6 0.0269 | 883.9 | 11.9
20 | 189.0 | 25.9 0.0269 | 862.3 | 12.1

AMIANTUNNIINY1AY

AuEINENINYINg

(a) 5" tuned filter
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7 tuned filter m5th =7th =1iith 11" tuned filter

m5th m7th wiith

200.0 4
180.0 -
160.0 -
140.0 -
120.0 A
100.0
80.0 -
60.0 -
40.0 -
20.0 A

0.0 -

In (A)
In (A)

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Capacitor deterioration (%) Capacitor deterioration (%)
th
(b) 7" tuned filter (c) 11" tuned filter

g tuned filter increasingly,
as shown in table 5.6 : .a-these results indicate that 5t
harmonic current chau‘ﬁé in the range of 157.6 — 213.7A and for the tuning point 4.8 —
5.4. The ratio L / Lo begigligher than 100%, when capacitors are deteriorated more

than 18% but ﬂ %ﬁlq % EFW?W ﬁ:ﬁ%ﬂﬁatm of L / ey is less
than 130%.

In the ﬁ Wd—iﬁﬁ ﬁ ﬁ \ﬁl r increasingly,
as sho ab ﬁ)mﬁ L:], m se 1ts_indicate that 7%

harmonic current change in the range of 96.3 — 187.7A and for the tuning point 6.8 —
7.6. The ratio Iims / Ir begin higher than 100%, when capacitors are deteriorated more

than 18% and 7™ tuned filter still operates safely because the ratio of Iy / Iy is less
than 130%.

In the 11" tuned filter, 11™ harmonic current flow through 11" tuned filter
increasingly, as shown in table 5.60 and illustrated in figure 5.38.c. these results
indicate that 11"™ harmonic current change in the range of 75.0 — 133.1A and for the
tuning point 10.8 — 12.1. The ratios Iims / I are less than 100% so it can operate
safely.



5.3

Detuned harmonic filter unit design

Table 5.61 The input parameters for detuned filter unit design
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Rated
Frequency | Q.

voltage

MPENSATE

Percent X,

Max 15(%)

400 V 50 Hz

50 kVAr

5.6, 7 (%)

525V

130 (%)

+V1 (%)

5 (%)

V11

(%)

V13 (%)

Design limits 10

3.

5

3

Operation

- Detuned_Unit_Design

S

2.5

max Ic (%)
max Ic [%)
max I [%)

VIT(%) | 3

VI3(%) 25

fi Bt kVA' W A i Pertorm
Vs i maxic a4 37 a5 h
Lea ’”” 3358 | o S \
LSe\ect (o 3? ;i L- 305
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: W V-
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th r | Dt
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N AN
1 (%] '1—| +1 (&) 7938 - :
V3 (%) 13 (AJ w5 o i i
vim | 5 | mem sta | = =
V7 (%) s L D - 4'93-%%”[5 -
Ve il +5t | F o) ) ﬂ b LR
W13 (%) ’3—| \13(A)\ 314 \ B 06040 28949 6977 177
maxic () 130 | ht(A)
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4 0E040 &
9 B DEDQHW
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103.01 67.23
] 10680 68.48
3 111.98 a0.63
901G, 7566 11919 9435
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4311 21522
4707 M7 a5
4604 2975
45.01 22242
43.95 22458
4295 20742
41892 22974
4080 25246
39.88 23528
30.86 23520

faW. T, W]

an

Close

Mo
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Table 5.62

The component rating of detuned filter unit

Detuned filter unit

Capacitor

Reactor

Q. (KVA) |V, (V) |

L (mH)

80 525 87.98

0.604




5.3.1.1 Detuned filter unit design for capacitor deteriorate from 0 — 20 %

Table 5.63 The results of calculation
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Detuned Filter_ Unit Design
|

Det L C 11 13 15 r// 14~ 1L 413 AN lcr /TR T Q.. fr
(o) | (mr) | wF) | | | @ A @A@Y e | o | o | wva | )
0 0.604 | 307.96 | 74.48 | 1.99 | 35.57 |#11.05 /| 3.91 262 83.43 | 87.98 94.84 87.29 49.15 213.05
2 0.604 301.8 | 7291 | 192 | 3761 | 11.18 | 3:92 2;6_3 82.95 | 86.22 96.21 86.79 48.11 215.22
4 0.604 | 29565 | 71.34 | 1.84 | 39.99 | 1133 4393 2@?‘ 82.72 | 84.46 97.94 86.55 47.07 217.45
6 0.604 | 289.49 | 69.77 | 1.77 | 4282 | 11.48 - 3.95 264~ [+82.82 82.7 100.15 86.65 46.04 219.75
8 0.604 | 283.33 | 68.21 1.7 46 I Pt 2:66——83:38- 180.94 103.01 87.23 45.01 22212
10 0.604 | 27717 | 66.65 | 1.63 | 50.44 1111.82 | 3.98 266 |'84.577| 79.18 106.8 88.48 43.98 224.58
12 0.604 | 271.01 | 65.09 | 157 | 55.74 | 12.01 4 267 | 86.68 | 77.42 111.96 90.69 42.95 22712
14 0.604 | 264.85 | 63.54 | 1.51 |62.62 | .12.22"] 4.02 21671179018 't | 75:66 119.19 94.35 41.92 229.74
16 0.604 | 25869 | 61.99 | 145 | 71.92 | 1244 | 4.04 2.68 | 95.89 73.9 129.76 | 100.33 40.9 232.46
18 0.604 | 252.53 | 60.44 | ‘1139 "854 [« 12.69+,|+4.06 269 1108344 | 72.14 146.02 | 110.21 39.88 235.28
20 0.604 | 246.37 | 58.9 1983 | 105.65 | 12.96 | 4.09 2.7 | 121.76 | 70.38 173 127.39 38.86 238.2

T4
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5.3.2 Detuned filter unit design for 7%Xy,

Table 5.64 The rating component of detuned filter unitm

20 %)

Figure 5.41 Graph of detuned

-

e
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—4—Irms/lcr /
@ rms/Ith /
_a

T T T
2 3 4 5 6 7 8 9 10 11

o [ Irms/Ier and Iie/Iin for (capacitor deteriorate from 0 —
20 %)

acitor deteriorate from 0 — 20 %

Detuned filter u

. in

Capacitor
Q. (kVA) Vv, (V) ., (A)
80 525 87.98

9¢c1



5.3.2.1 Detuned filter unit design for capacitor deteriorate from 0 — 20 %

Table 5.65 The results of calculation

-
Detuned tiiter. Unit Design
\
Det L C 11 13 15 7 Y i 7 113 [ lcr (F] O I P Q.. fr
(%) | (mH) | (F) | & | & | & . @/ A _gA¥ TR AL TR® | o) | ) | kvA) | (H)
0 0.767 | 307.96 | 75.67 | 2.71 17.91 V.7§ 2.96 i_m 78.28 | 87.98 | 88.98 | 92.63 | 49.93 189.07
2 0.767 301.8 | 74.05 | 257 | 18.41 78 7'-'2.:-97 2q2 76.83 | 86.22 | 89.11 | 90.91 | 48.86 190.98
4 0.767 | 29565 | 7243 | 2.44 | 1897 | 7.87 5298 2:.55_5,:,75.41 84.46 | 89.29 | 89.23 | 47.79 192.96
6 0.767 | 289.49 | 70.81 | 2.31 19.58 | 7.94 | 299 25347402 82.7 | 89.51 | 87.59 | 46.73 195.01
8 0.767 | 283.33 | 69.2 2.2 20.2,_7::_ 8.02 3 2.03 | 72.68 8b_.,94 89.79 86 45.66 197.11
10 0.767 | 27717 | 676 | 2.09 21.03': 8.1 3.01 | 2.035 NS 17x§.'18 90.15 | 84.46 | 44.6 199.29
12 0.767 | 271.01 66 1.98 21.9 ¥ 8.19 3.02 | 204 | 7014 [*77.42 | 90.6 83 43.55 | 201.54
14 0.767 | 26485 | 64.4 1.89 | 2289 |y 8.29 3403 1y 2:04 1 168:97 o, 7566~ 91.16 | 81.61 | 42.49 | 203.87
16 0.767 | 258.69 | 62.81 | 1.79 |'24.03 [8.39 304" |'2057 6789 | 73.9"| 91.87 | 80.34 | 41.44 | 206.29
18 0.767 | 252.53 | 61.22 W/ 25.34 8.5 3.05, | 2.06,4,66.93 | 72:14, |.92.77 | 79.2 40.4 208.79
20 0.767 | 246.37 | 59.64 | 162 | 26.89 |"8.62 307771206 |'6611 | 70.38" |¥93.94 | 78.23 | 39.35 | 211.38

127
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(b) Graph of Iy/Ir and e/l for capacitor deteriorate from 0

-20%

Figure 5.42 Graph of detuned ltqr umt deSIgir',ﬁ,rp;apaCItor deteriorate from 0 — 20 %

The objective of detuned filter unit design is to determine co,mponent_ {atlgg of detuned filter units that will be used with the system that
has a high harmonic current. The components of detuned filter units consist of Capac1tor greactlve power rating Q.: kVAr, voltage rating V:V,

current ratmg I:A ), Reactor(inductance L:mH, the?’xyl—cmem—raﬁng—l—m%nmm&agrem that still causes the value of the L change less

With 5.6%X, the result of calculation has the components rating of detuned ﬁlter units as shown in table 5.64. To test decreased of the
capacitor from 0-20%, the results shown in table;5.64. From.the results, the Ly / Ion=103%-.with 8% decreased of capacitor and I;ys / I =173%
when decreasing with 20%. The ratio of rms current and thermal curtent rating (L.ms / Iin) issmore than 100% and Iins / Iy =127.39% when

decreased capacitor 20%. And from the results was illustrated in figure 5. 40.

With 7%X, the result of calculation has the“components rating of detuned filter units as shown in table 5.65. When to test the operating
of detuned filter unit by decreasing of the capacitor from 0-20%, detuned filter unit can operate safety as shown in table 5.63 and illustrated in

figure 5.41.

8¢T
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5.4 Tuned harmonic filter design

Target PF (%% 95 Ok — Tuning poirt — — Select [ kYAr ) of fiter

5= 4.5
Qft [ kA =183 Wor (W) 525 | [v]oe

@5 [ ka0 (%) 2074
QfF [ Kyar ) 300 (%) 15585

Gf A KAy 300 (%) 15555
(=
L N

[ &8 Qors kvar 3341 77 || 370

Qeor? [ kvard|262.48 | | 280

'i|'”!‘ 108 ||| @er11¢kvan 26568 || 280

fztf_

Fiter Ger(kyAr) ler(a) “C(uF) Kc(C(h;‘MLﬂﬁHj KIOhm) G-Factor REOhm)
F 1__‘

Sth | 370 | |4068G8wed2is || 0745 aAEaY | 0032 B0 | 0003

7th | 280 ), .954_ | 00e7s L0021 50 | 0003
11th | 280 g2 Lolosd | 0. IIEEEII oos || 50 | ooz
T e —
Al [V] ok Mest |
_f_—d_—
| D 3 i '

e
o

i)
c
(g2}
o
%)

/ g/"f Maiﬁ dispiay for tuned filter design

b des1gned us‘iRg followmg 12 steps as shown in chapter

2, page 23 (Tuned filter deslgn) ,.-:4 17

After parameters of ﬁlter are determ}n@c‘lz harmonic flows of harmonic currents
between system coriponent and harmonic filter are required. Figure 5.42 shown the

onic-filter-in the-developed program: - 1
design page of harmf)j X

For case stud_iz___is 3-6 and 7-12; harmonic ﬁl_tErs have to be designed as
previously explained before the harmonic flows can be simulated.

o For example in-case study-10 consist of case study 0} with 5", 7th and 11"
tuned filters. Which it’s analyzing 2 conditions: first condition 5™ tuned filter
(310kVAr / 525V, n=4.8), 7™ tuned filter (310kVAr / 525V, n=6.8) and 11th
tuned filter \(310KVAT! /. 525V, n=10.8). Second \condition” 5™ tuned filter
(370kVAr / 525V, n=6.8), 7" tuned filter (280kVAr / 525V, n=6.8) and 11"
tuned filter (280kVAr / 525V, n=10.8).

The results of calculation for case study 10 is show in table 5.66 and
the design parameters of tuned filters as show in table 5.67.
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Table 5.66 The results of calculation for tuned filter design
h I, (A) | Z,ohm) | V, (%) | Is(A) | 1A | I, (A | 1A | I, (A)
1 902.11 | 0.0098 | 100 |1731.7 | 1202.8 | 324.08 | 239.79 | 236.63
5 169.03 | 0.0121 | 0.8827 | 43.36 | 8.39 | 157.59 | 22.53 | 13.18
7 107.3 | 0.008 | 0.3704 | 13.01 | 350 | 7.13 | 96.34 | 10.49
11 80.72 | 0.0035 | 0.1237 | 277 | 116 | 099 | 1.97 | 74.97
13 66.47 | 00218 | 0.6271,[,11.87 | 589 | 399 | 7.20 | 4255
17 48.43 | 0.042 8799 | 8.26 | 4.01 | 6.68 | 23.74
19 39.88 | 0.0 16 09 | 346 | 564 | 1834
23 31.34 93] | 282 | 449 | 13.27
e | 239.15 83 |21 157.96 | 99.83 | 94.84
l.. |93327 0 0 . \ % 360.52 | 259.74 | 254.93
Lo 1o, 0 0 o c\\\h\ 0.89 | 0.84 | 0.83
THD (%) | 26.51 22849299 |\ 1 48.74 | 41.63 | 40.08
l, 0 389.92 | 282.03 | 277.04
/1., 0 096 | 092 | 09
i, 0 615.75 | 455.6 | 449.6

AuEINENINYINg
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Table 5.67 The design parameters of tuned filters
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RIAINTNARIINIAY

th .
Tuned Tuned Tuned 7" tuned filter
filter 5" | filter 7" | filter 11" Capacitor Capacitor Reactor
( % ) ( % ) ( % ) ch Vcr Vcr Icr L Ith ILin

(kvA) | (V) (V) (A) (mH) (A) (A)
33% 33% 33% 310 | 525 525 340.91 | 0.0612 | 310.18 | 504.42
40% 30% 30% 370 | 525 525 307.92 | 0.0678 | 282.03 | 455.60

Capacitor

QCI’ VCI’

(KVA) | (V) T i

310 | 525 | 340.91 ‘Q.0243 304.19 | 497.78

rF—N
280

TET



CHAPTER VI

CONCLUSION

6.1 Conclusion

The harmonic analysis program .can be used as a tool for power quality
teaching and studying. The developed program consists of waveform synthesis,
harmonic responses and harmonic filter designas"With a help of graphic user interface
(GUI) of MATLAB program, non-experienced.and experienced users can utilize user-
friendly feature and perform.various sensitivity studies in order to understand
harmonic analysis.

In analyzing casesstudies in parf- 2, the reference case consists of non-linear
load connected and the pewer factor (PE) of the system is low. The solution was
analysed by using capaCitofs fo fincieasesthe power factor and using only detuned
filters, tuned filter or a €ombination of them. For solving the problem, harmonic
current flow through each component is* analyzed and the total harmonic distortion
voltage at low voltage busi(400 V) is compared with the planning level.

The results from analyzmg case studlés;can be summarized as follows: when
using only capacitors or combiné with detuned. filter, the harmonic current amplifier
occurs and may cause the capacitor failure; this is'because Iims 1s greater than 1.31¢,
and total harmonic distortion voltage at low voltage bus (400 V) is higher than the
planning level. Using only detuned filters, it can solve the problem from harmonic
current and operating safely but total harmonic distortion voltage value at low voltage
bus is still higher than the planning level. Using only tuned filter (only 5™, 7" or 11®
order tuned filter)y it can.solve, the, preblems if choosing. tuned filter with suitable
harmonic current. If the system has high harmonic curtentsy combination of tuned
filters is suggested but with suitable tuning frequencies and proper rating kVAR of
each orders of funed, filter:

6.2 Future work

Recommendations for the future researcher who is interested to further
develop this program are:

1. The objective of developing this program is for power quality teaching and
studying. Therefore, this program uses the simple system models, but in
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practice harmonic models could be very complicated. More advanced
harmonic models can be used to improve the output accuracy.

2. In this program, phase angles of harmonic currents are not considered
because there is only one harmonic source. Multiple harmonic sources can
be included in the future with the help of phaser calculation.

AULINENINYINS
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