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A Method to Evaluate the Contribution of Harmonic Sources to Harmonic

Distortion in a Distribution System

Jong-11 Park

Department of Electrical Engineering, The Graduate School,

Pukyong National University

Abstract

This dissertation deals with a method for evaluating the harmonic
contributions of each harmonic source to system voltage distortion. To
mitigate and manage system harmonic levels, it is essential to assess the
contribution of individual harmonic source to the PCC(point of common
coupling) voltage distortion. The result of contribution assessment heavily
depends on the accuracy of equivalent model parameter. In general, the
parameters are estimated using the recursive least square (RLS) algorithm
and measured voltage and current at the PCC. However, the previous method
based on RLS algorithm has the drawback of deteriorating estimation
performance depending on the conditions of the measurement data. The
constant forgetting factor RLS algorithm have potential ‘wind-up’ problem.
The problem refers to an exponential increase in the covariance matrix,
which makes the parameter estimation extremely sensitive and causes large
errors. Also, previous methods may lead to significant errors due to the
measured data contains outliers. Outlier is a data point that differs

significantly from other measured data due to various causes such as

- vii -



measurement errors. To overcome the problems, this dissertation proposes a
method of equivalent parameter estimation based on the random sample
consensus (RANSAC) and RLS with a variable forgetting factor. The
variable forgetting factor RLS can estimate stable equivalent parameters by
limiting the increase of the covariance matrix. Also, the RANSAC algorithm
can enhance estimation accuracy by removing outliers from the measurement
data. The proposed estimation method ensure the accuracy of harmonic
contribution assessment result. The entire procedure for quantifying
contributions to harmonic sources based on the proposed estimation method
is also introduced. Additionally, a network diagram of harmonic contributions
is proposed to make it easy to wunderstand the harmonic distortion

contributions of all harmonic sources.
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i 24 AlE rEE axv A #yUE
SCR at Maximum Individual
Frequency Voltage Related Assumption

PCC Harmonic (%)

10 2.5-3.0 Dedicated system

20 2.0-25 1—2 large customer

50 1.0-15 A few relatively large customer
100 0.5-1.0 5—20 medium size customers
1000 0.05-0.10 Many small customers

 axv Ast #erlEs WERE, ofder 2

- 3% SAAR 42 4 99% FEFO] AR 159 w|wko]ofof

- 108 SAA R 22 FF 5% FEFLC] AHA w|wkoJojof Fht}

3 25 Ask dad Ak #EvE

Bus voltage V at Individual harmonic Total harmonic
PCC (%) h<50 distortion THD (%)
V<10 kV 5.0 8.0
1 kV<V<69 kV 3.0 5.0
69 kVv<V<161 kV 15 2.5
161 kV<V 1.0 1.5%

*High-voltage systems are allowed to have up to 2.0% THD where the cause is an
HVDC terminal whose effects are found to be attenuated at points in the network
where future users may be connected.
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AdurAel wAABANA Y AF K FAZS ¥ 26~28% Zow, 7}
A = 120~69,000V, 69,001 ~161,000V, 161,000V ©]e] AlEol tish
wel7) g vhehin
3 2.6 120~69,000V At AZAMY A7 7+
Maximum harmonic current distortion in percent of 7,
Individual harmonic order®
I/ 2<h<11? | 11<h<17 | 17<h<23 | 23<h<35 | 35<h<50 | TDD
L20¢ 4.0 2.0 15 0.6 0.3 5.0
20<50 7.0 35 2.5 1.0 0.5 8.0
50<100 10.0 45 4.0 1.5 0.7 12.0
100<1000 12.0 595 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 25 14 20.0

# For h < 6, even harmonics are limited to 50% of the harmonic limits shown in the table.

P Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

¢ Power generation facilities are limited to these values of current distortion, regardless of

actual Isc/IL unless covered by other standards with applicable scope.

where:

I = maximum short-circuit current at PCC

I; = maximum demand load current at PCC under normal load operating conditions

3 2.7 69,001 ~161,000V sk AlE ol A2

A5 B

Maximum harmonic current distortion in percent of 7,

Individual harmonic order

Tl 2<h<11 | 11<h<17 | 17<h<23 | 23<h<35 | 35<h<50 | TDD
<20 2.0 1.0 0.75 0.3 0.15 2.5
20<50 3.5 1.75 1.25 0.5 0.25 4.0
50<100 5.0 2.25 2.0 0.75 0.35 6.0
100<1000 6.0 2.75 2.5 1.0 0.5 75
>1000 7.5 35 3.0 1.25 0.7 10.0
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3 2.8 161,000V o] Hst AFolA el A7 A7

Maximum harmonic current distortion in percent of 7,

Individual harmonic order

Tl 2<h<11 | 11<h<17 | 17<h<23 | 23<h<35 | 35<h<50 | TDD
<25 1.0 0.5 0.38 0.15 0.1 15
25<50 2.0 1.0 0.75 0.3 0.15 2.5
>50 3.0 15 1.15 0.45 0.22 3.75
- 3% ZAAZ AL A 99% Bkl AFA L] 20] w]wEo]ofo}
@},
- 10% SAAE A2 FIF 9% &Egho] Algkx| o] 1.58 mRk
o]0}k g,
- 108 SAA=Z 2 F3F 5% FEFko] AFHA| mRto]ojof Fht},

d=te] Barg vk3)
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=1 i=1
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:—.:—5—5-3"3::——"_'!:::: ____ - ? i ’ . ? l T Estimated solution
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a9 31 LS duglss o83 A9 =d 24

LS dugFozRE v=40° A8 B d F4 3 0@1)=
2 329 #Zol Add 5 AvH27].
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aT(tiv+1) y(t]v+1)
é(tiv+ )= [A T<t1v+ DAy, 1)] ! T<tN+ D ¥ty y) (3.4)
X 348] el 7 Fe et 2ol FeH
Aty )A(Eyiy) (3.5)
= [A T(t]v)a(tjv+ 1 )] LTA(EZN) )} =4 T(tN)A (ty) +alty,, )aT(tA\# 1)
Aty )Y (e ) (3.6)
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o714 4 3.8¢ Matrix Inversion LemmaZ #-&3W Plty)S Plty,,)

2 vl2 AJHolES 4 3l
(A+BCD) '=A'— A 'B(C"'"+DA 'B) 'DA! (3.9)

2 392 4 37¢] A A 3109 2o W, A=P (), B=alty.,),

C=1,D=a"(ty, )l t}.
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&ty oA FAE Oy, )0l B error () 2] 3113} 2t}
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~ ~

Oty ) =0O0ty)+ Pty Jalty, ety ) (3.13)

21 3139 71242 RLS dagls AL A dolge ¥l HlF
o] Tdste] AW IEpu|E ol tigk FA 5ol "WojA| 7] wiFo] dnkA o
2 ZFel A} (forgetting factor) AES E3FstE= RLS7F 9e A& 5 Q)

WZIel A E3ehis RLS e FolAs 4 3100 4 3149 2ol 574

Plty, ) (3.14)
= P(ty) [N —altyy YO+ a0y )P altys ) e (b OX Pty |

ool HMEFH WAIAE zi= RLS g5 4 3156~317%

Gty ) = Plty) Aty YO+ Alty, JPE)A Tty ) (3.15)
Oty )= Oty. )+ Glty, )Yty ) —Alty.,)O(t,)) (3.16)
Plty, )= "(I— Gty )Aty, ) P(ty) (3.17)

o714 0% =4 doln, G= oS Y, p= TR P A= w7}

A%}, F= @ WL S Yehdr

_22_



32 2z% 57 Heuy F4¢ 9% A 24

zup9le] §7b A mdg FA487] fslAE PCC 54 HlolH

ok S7F st e A% s2 W o] desit £HE 3

= A4 s S7F BeEtvEE 9rsin, RLSE o]&dte] FA sk

doh F4o Agx FS A 2 WAL A e wSee

Ak 208 & 4 vk 17 328 PCCE 7Eo® fHeE

1zt #87hE EEhs S7FEEE YE o] S7s ReA PCC
Aok e BAAs FHsty 4 3183 i o] AF WA

sl RLS &argj=3 PCCAM SAH= A 2 AFE ol&sto] 1z

=

Rhs Xh,s PCC Ihcr + jlhc,i

MW PCC e
=
A
Ihsr E Rhc
+ jIh,s,i i
@ Vh,pce,r Xh,c
+ jVh,pce,i
Vh,s,r J " thpend Vi
) ) CF
+ jVh,s,i | Ve
L v

7Y 32 fEEs & $87bl hE 5ok A% 2

I/h,pcc,r +«7 I/h,pcc,i = (Rh,c+th,c><[}1,c,r h cz)+ I/h c,r _'_] I/;l (X (318)

_23_



A7 hi nzT A%, re AFE Wik H59E 247 e,
A
q

] 3.20~72] 3229 %

Y(t) = At)o (3.19)

Y(t) = [Vipeer ) Vi peei ) ] (3.20)

At) = [4,.,@) L .,@t) 1] (3.21)
R X

6=\ X R (3.22)
I/h,(:,r I/;l,(‘,,i

Lo
=
BN
i)
uics
i)
!
P

A71N R/ =R, =R, % X,=—X =X, © T&7
= YetdH, v, 0k V.5 223 ddde] AR saRE yErd
ok A7l A A A dis] PCCoAlAY A R HdF7 5442 dwivto
2] 315~4] 3179 RLS ¢agls<S A&ste] 57t dovg 05 43
ot o714 HEFAJA T dEvEHeE A 3239 A%k 20S vk g
o w4 3249 EAX e tist H4 s & Lagrange Multipliers

d

ol g43le] AT ozN 2 3299 e HE F 0= TEA B} [28].

L 6,9 6,9 6, 399 AW, v =[¥, K]o v

R — R, =0 (3.23)
X + X, =0
minJ(6) (3.24)
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PCC voltage & current [kV&KA]
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Z @A Al ~ 8-S DFIG(doubly—fed induction generator)d 8] 2] Wz 7|
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N
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o
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A 2t [42].
DFIG 82 xd7= dA4AE =48t 47 J&83 At A4

S Qe 4 ot gdel dout ARARWB] FAR Ao nx} R

N

A7F S = 9de dilel v ad 39+ FHTAVE A2

229kV AlFol A A" 24 vt A9t 27| E eI

)

Event waveform/detail
% of FND
125

0.00
Thd HO5 H10 HI5 H20 H25 H30 H35 H40

= CHAYolts Total Harmonic Distortion (H02-H50): 1.43 % of FND
Total RMS: 377.06 Volts Even contribution (H02-H50): 0.69 % of FND

Fundamental(H1) RMS: 377.00 Volts 0Odd contribution (H03-H49): 0.90 % of FND

a9 39 FHEAY] AAASANAM S A
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x5 A9

B LA 2gE HEH] B 2 ool AR A
™ PCS (power conditioning system)2] Q1B EolA nFHH oz W}
A dok W8 RGN nxa dge] APdE 5 gdow, AAAFTL
fFrdsol det el S = 5 Advk 27 3102 sFELHAT b

AR ABolAe A4l nzx3 AtS Yepdh
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Event waveform/detail
% of FND
125

100

075

050

025

000
Thd HOS Hi0 HiS H20 H25 H30 H¥%5 Hi0

— CHAVoks Total Harmonic Distortion (H02-H50):  1.13 % of FND
Total RMS: 377.06 Volts Even contribution (H02-H50): 0.69 % of FND
Fundamental(H1) RMS: 377.00 Volts 0Odd contribution (H03-H49): 0.90 % of FND

a9 310 BFgEdr] AAAENAM o A azak At

Asdol B 2t wa A4 mzs

AA A& A= o &t nx2y FAA oURE APAIE=E A

Fadd [43]dAM = oge vAdE Fete] 54 ®4 9 PSCAD/
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& 31 HAdE Fak A4

No Domestic load Ratings
1 Television set 50[W]
2 CPU & Monitor 100[W]
3 Battery Charger 12[V]; 3[A]
4 | Fan with electronic regulator S0[W]
5 CFL lamp 2X 55[W]

. . cooling/heating 5/5 [A]
6 Air conditioner P :gl,lOO /l,gIOO (W]
7 Refrigerator 190[L]; 1 door; 4.4 [A]
8 Washing machine 500 [W]; 2.8 [A]
9 Water lifting pump 1HP; 4[A]
10 Hot water system 1000 [W]; 5[A]
11 Adjustable speed drive 3-phase, 400 [V], 10HP

A dYnd & HHFH EYEH 24
A9l Aenjda HFE EUEH= "3 o] PSCAD/EMTDC
2 Rdgo] Zhgsith, 19 3113 ko] & AWAIY FE Y HEA A

TF712 s, dde MdlE S8 daws dEelth

o

V= T
0.5 [ohm] Ex
Source =
| =

‘ R
i
I
1000.0 [uF]
VW
20 [ohm]

a9 311 4Rkl TV Fstel gk PSCAD/EMTDC =4

_38_



Source Voltage
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g <ALV
s JUTTH RIBERNEVRRRRANRNR NN
= 10 O 0 L RO W L L
S VALY
- "“ ‘(‘J \J/ \‘b‘ ,.f ‘k} \\,}r \\y,: U \H \‘\\“ “‘u‘i ~U‘ \J“ ‘U “/“‘
Time [sec]
(a) v A%t 99
Source Current
0.010 | “‘ f W | R
A /‘\ H \ R‘ r‘”‘ ?\ f' '\ |
—_ f\ “\ it} ‘ J‘ “ ‘ J “
= In ] ] f‘ LU L
*g-: 0.000 ——\iﬁAﬂ«JﬁlT \ a\[J..\_,.; ,\ ‘\’7"\ | (‘ ‘IA,L.WTT
8 \‘HH‘\]”M\\“M\‘
AN,
-0.010 v ” U | \/ L‘ ‘b \J \\‘ I /
sec 0.00 0.10 0.20
Time [sec]
(b) A% 73
a% 312 TV F-3f REoAe A9 2 A7 38 F4
a9 31204 TV Fatz Qs T35 A7 o nxa d77t
FUE AL o 4+ Aok 24¥A Fe A ARl dY Age) 9=
ol A7 welahs DCUSHS A4enE nETI) s Agtel F 4
W DC dstol webd & itk 27 3138 dAZe] AsH @ AR FFT
BAS 33 Aol sY mde] A9 3¢ uxy AF AE 2ol #<
28 gAd 5 A
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Source Current

Current [KA]

1] 0.00652447

Harmonic Order

a9 313 TV 3o EdoA e dF FFT &4

B. wiE gl Sx7]

% 314+ 220V, 60 Hz =39 AC dgeo] A& zhetstk wig g
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e
-2
L
—_
®
<
-
O
=
)
A
Lo
)
oft
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£
=
o
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Lo
2

T7F £2= 2ot wiH Y= DCE S8 57 wZol 447 st
oln], 329 HFE tho]le=d s FRE 73

e
Py
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e
ol
32
£ N

82 |~ I_load2
] &1 — -
V.52 £
" § e Voltage Current v;\
=S Current[kA] Volage[kV]
S o
o (2]
N o pa Y Y
& l \ V4 ‘ \
Source Battery Charger § ik i
220V, 60 Hz 12V, 4A 0.00405271 0.012

1 1

1% 3.14 PSCAD/EMTDC®] 12V, 4A wig e Sd7] =g
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Source ASD modelling

_________________________ Ma... -|
Sider
1500 [ohm] v BA
s L,
1
2 s s
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(a) ASD =delg
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el Speed Controlling

(b) ASD 24| &% A o]AA]
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Source Current
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19 318 ASD F-of EHelAM o] Ak 2 dF 9 FA4

Source Current
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Harmonic Order
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PCC L F
BUS il
/ Is i Customer /
E— ! I L
w s .IH_- P —
Power Vs, Is Vpeel Ei L Customer 2
Suppl ' i
upply Substation PQ —“E
Monitoring T Monitoring 'll I In
System § System ‘m -
i \:v Customer n
((lJ)
[coc = b _—

Data Collection Data Analysis

% 41 PCCol 29 n-¥t]e] widAF
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T
2 287kl $b A¢ 2 Auds stehes das, fEeEe o

A7NA W, R L, A 0@ G S dg 9 d5E Hehd
o PCCHGS f2eE 2 7 +8719 F4€ 57t setvee F3
A e ol gdte] vebd Foglth 2”429 Ze] PCCHES V.. T
Viged WE oz vehbs fdelE e £87Hk=1,2,...,.M9 At
Ao Apel o A= A 42~ 24 460 2201

Zh,uti/iry

ANAA PCC PCC PCC

—/NWV

Vi, utility V hpee :
P
@ = I/h,‘pcc ‘!‘I//l pec

A2ULO ]S (l{Z

- ; Vh,zn‘ﬂir}\ﬂ i
@ ] Vhl,pcc A
i h,customer’

Vh,cusromer
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ZT

superposition __ h, customer k
V;z,customerk - 7 + 7 T S I/h.,customer k <42)
h, utility h, customer k
z T
superposition __ h, utility
I/;L,utility - 7 +7 T X I/h,utility (43)
h, utility h, utility
N
_ su perposition su perposition
I/;L,pcc - I/;L,utility + Z I/h,(mstomer k (44)
k=1
N -1
T _ -1 -1
Zh7 customer k [(Zh, utility) + Z (Zh, customer z) (45)
i=1,i#k
-1
T _ -1
Zh, utility — [ 2 (Zh, customer z) (46)
i=1

7)1  ypuramesitionse g elglE] Zo] PCC Al 7oj¥ mzst At

olm, ppmetini g7} ko] mzs Jlel® Ageld. 2

=1
,customerk Jutility =N

Zy customeri= W' LT FHRFA e FHEE VESAL FE7F ko
b AR, Vi Vi cwstomeriis B LZ TR A 9] fe @l E] 9}
&7k kel AGolth 2l 2 2 = 44 0t nzs Fakg
AN e UENS 2 $87 k2TE £ 54 AVUAE e

b PCC A4S T3 dg=2 FdT = AW FdgE vEYa 2 &
2 o

= PCC #Agtel disgt
o & HoFok PCC Agtel digt fE2ly 2 F87F ko] nzxzv} st
71l %= (HVC: harmonic voltage contribution)i= 2] 4.7% 4.8 #o] A =3}

& Ao
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""""""""" i R |
gh,customer /

Vh.uri]izj‘ h,customer /I
/ thcusfomét;
Vh,pcc ;
e . Vi, utility
Scalar projection to PCC Volta.gé“xl VhJPCC

I 1
Gpcc = Gutility = gcustomer

—

79 43 PCCAISel g FU Bl @ 587k Al el wo

Vsuperpostion e I

A h,utility h,poc
HVC;L7utility — | V. | (47)
h,pce
Vs uperpostion V,
_ h,customer k h,pce
HVC;L,customerk — | V. | (48)
h,pce

A71A, « = W WA S retd, | [ HAlgs on g
T3 PCC At wigh 7]of Hdste] vle2 A 492 #2942 5 vk
1%3 7199€ (HCR: harmonic contribution ratio)2 A<t ¢ 2o tjsh
Zh axu Ao A Vo E AdA o2 et
HCR, = Vs 100% (4.9)
SHVC, .

71N, HCR= K'azste] g Addixe 7o nl&& defa,

HVG, = W'nzste] o3 nzat9) So] At 7|l =S vepdt)
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M nxd zedd gigh 1x3 Vde F3H 9 27 59 dEE
o] g3to] H7FE 4 QAW BE nEyu A5E ndEd xLAA Hhy
WE dasd, Fuid [2019 [47]914 % THDS +AH Ade =3t
o] & 1%3 7]o9%(THC: total harmonic contribution)& 7 ¢sl5th
THCE At 718 Aol digt @Al nzxs Hdf 7lodx AFEe] ol

Hek vlgs gojuu, A 4103 2 4115 ol&3ste] A& F Qv
THCE= EE x3 Ao g 2t nxmgde] PCC ASst ol dwt
U weol #estEAE Uels A5 ft

hend
Y (HVG, o

h=2

| 7 < 100% (4.10)

THC, =

spec |

< 100% (4.11)

A7 h, = A ax3 2pgolal o) HA S 7z PCCol d249
FEEE «s 787 9 NE nxIds vepdn E=d, THCS
| Vipee| & 2E2TA Soll gk & nx3 7]ojmo} PCCO 723t Ay 2
712 YERAIT THCRG: mzukel Soll widh Adid THC v &2 e

=
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nzxd 5 Ak 4 1x2adE AY dF Vs AAFHow
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ol e azd g Ao oS vERd Aol

8712
487}H1 '%;
[T *7.81% |
ey (0.31%) !
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PCCio) A% #9E, sd 1 2 w9 29 THCE 247 001%,
3.25%, 2.31%%1 00, At 1o] frelelelsh o 2mck PCC, A ool
i8] 58.35%(THCR)E 7+ AA 7ldste= A& & + Atk =3 PCCy
o] A% PCC,, &7t 5 % &7} 69 THC= 7 0.21%, 0%% 5.13%
2 et #8755 PCC, A% s1Fel JlolakA 2 A% 2 & 9

o, #&7F 6& A f=e 7818%(THCR)E wi-$- & 7| E 3= A
& o Ak

azy 7|qE B A3 " gF A

i
Sy
Hy

=aoll M Albelh= Lz = Ak = B o kel A AH
A A= 27 459 Zrh WA PCCollA 4% A4 dFel dis)

FFT 24<& 38ty 4 ax29 25 2oz Zafsior o 34 A%
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fu)
__(I)\jv
o,
ox
X
o
2
M
ol
ol
=2

o
l=01
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oz ppE ATASA A 19 ge
Agk @ AR 53 dole Al hal 4 3369 dHolH ATHS F3
ste] RLS %4 e dlolEAle ghd@th tgom, 2 3349 PCC A

el WG AV T ANE F QA% V9 viske] RLS LuelFS
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HVC ¥ HCRE Asith =& 123 2509 s HVC H7E 533k
5 A 4107 A 4118 o]€3te] THC % THCRE AXst) A7) Az}

= AlEel EE PCCl Wl sddEv viATe® Hrkd THC
THCRE o]&3te nzx3 o3 AxE F53or)
Measure voltage and current at PCC, (x= J-,17)
v Initialization of
Perform the FFT analysis and the symmetrical estimation
component transformation for measured data at PCC,
¥

Perform parameter initialization for RANSAC & RLS

Continue v
estimation | Perform data matching after removing outliers using
variable T-hased RANSAC algorithm

{
Calculate AV, using Eq. 3.34

EDBH

1‘:{+DBT‘

x=x+l Estimation of harmonic equivalent model at PCC, using
the proposed RLS method
v

Calculate HVC and HCR based on the principle of
superposition & scalar projection

v

Y
ES{@
NO

Assess additiona
hth harmonic orders?

YES

‘ Calculate THC for PCC, ‘
v

NO

¥ES
Create a harmonic contribution diagram
using the calculated THCs for all PCCs

a9 45 12 94F AR L Jlelw Pohe AAAL A
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A o} (symmetrical
component transformation)= ©]-&3te] A4, 94, I Eo=z WH3ls)

oF G},

P 1 L - [ 14 A
I/h,pco,r +«7 I/h ,PCCy T 1 1la CL2 I/h,p(:c r Vl ,DCCy i
N -y N i, B B
I/h,pco,r +«7 I/h ,peesi | § 1 CL2 aj* I/;l ,pCe,T +«7 I/h ,pCeyi (412)
Z
I/h,pco,r +«7 I/h ,pcc,i | ’1 11 i I/;l ,pee,T +«7 I/;l ,DCCy T
P P = E [ 74 - 7A
By T30 ki 1 1lad By T3
IS 3! @ a|* | b Tili (4.13)
Z -7 C - 7C
b F 3 i) R 1 ke T3 1
Of' 7] A‘] a = ej120 O] ‘1] ’ Vvhflpcu,r +.7 Vhflpmt,i ’ V}fpcrt,r +.7 I/h,Bpttc,i ’ VY’Z?VI)(IC,T +

jI/hintc,i% Pccoﬂj\ig Aa B, C}\OL @?Q’O]Eﬂ’ []z{lk’m—kj]h/‘lk,i’ ]hﬁikhr+j]hbjk,ia

[fzpkz + ][fzpkz lE 5’1%7} ksq Z} }\01_ ﬁvﬁ‘o] 1:} EE{SJ_; Vh,],JpccAr +] Vhl,Dpcc,i )
N . N Z . 4 [ S 5 5.0 -
Vh,pcc,r +] thpccAia Vh,pcc,l'+J VhApccAit EHZC] ‘z”]—i’]-— %%E %ﬂ— Xé )\01_’ Qg'}é}’

B Ao, 1h 5, Bt iL, 1t it T kS A
Ao gk ARtk 7 AlE s B2 Ae nxd JdE F4S 9]
O WME A 2 AFE o] gdte] AFEA 57 BEnHE FAIC

PCCE 7|o2 3 7} Al gRolMo] A9 ¥4 A 414~4163%
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P P
Ry 1 Xiko

Vi or Vibi] = 250 15 1| X er B (4.14)

h,pce,r h,pce,i
P P
I/h, k,r I/;L, ki

o
}Bh,k',l Xh,k,2
Vi or Vi il = 2% 1% 1] | X r B (4.15)

h,pce,r h,pce,i
N N
L I/h,k,r I/;L,k’,i ]

R}fk,l Xffkﬂ
Vi er ViEeil =[50 15 1) | X BE e (4.16)

h,pce,r h,pce,i
Z Z
L I/;L,k‘ﬂ‘ I/h,k,i ]

P _ pP _ pP N _ pN _ pN z Aiplz _ pz o

o 714, Ry w1 = By o= Ry Bypn = By =By, By =By o= Ry ]
_vP _vP | _vBP  _wN _lgN _ N _vZ2  —vZ _ vZ o
al k1 = Xnko = Xik, KXie1 = Xpko = Xk Xk = Xi ko = Xi ]

’

o},

WA A 4172 24 4188 o] &3te] 7 Al PCC Aste He&S A
o},

}‘\—]_

rot

v V(E,A\',Z),stm‘t o V(IVD,AV\',Z), (n)
A V;}Z:,Z) — pee,r V<P’N,Z), sti);,fﬂ % 100 (%) (417)
pee,r

V(P,_NAZ)Astart _ V(PNZ)(n)
AV ? = | e X100 (%) (4.18)
pee,t
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AVEND = PCC Az Ao Wshg, VI eets 2p gigke) A

pcc

PCC A& Hdske] Alatgio=m setvld WaidA s 93 71+ gholth

E, VN BN sieto) g Al A Q) AL Agkgtolth. o] W
sh&o] JAES 29T A EE HA dHolHE zR7|gsa AZE =

/\7(1111;772) /\glp,jv,z) o PND) (1 _a(P,N,Z)) (4.19)

G = PN AL NN + AT PN D400 2) ) (4200

n

O = N 4 GUN AV — A T34 [P 421
B = (1= G A ) B AN a2
~(P,N,2) (P,N,2) B =8 Xt X oy
@ o :@'ﬂ":lv - (P,NZ) (P‘NZ) X1+X2 Rl_R2 (4.23)
P11 + Doy’ 0 0
A7 @V N F4 Foln, PN AP oS Y

pPN2) = AP~ ZEA A

0=

A2z 7HAE Ui

o ARs ey FHAR 4 424~428% ol &3te] AHx
sl Agte Ak,

T (P,N,2)
su perposition (P,N,Z2) __ h, customer k (P,N,2)
I/h,(mstomerk - 7 (P,N,2) + ZT (P,N,2) X I/;L,customer k (424)
h, utility h, customer k
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T (P,N,2)

superposition (P,N,2) — h, utility (P,N,2)
V;lautility 7 (P,N,2) + 77 (P,N,Z) X I/;L,utility (4.25)
h, utility h, utility
N
(PN,2) _ superposition (P, N, Z) su perposition (P,N,Z)
I/h,pcc - Vhautility + kz: I/h,cu‘s:torner k (426)
=1

-1
7 T(P.N.2) :[<th1;%%§)>1+ ivj (Z(P,N.,Z) >f1 (4.27)

h, customer k h, customer i
i=1,i#k

—1
ZhTu(tlelzi\;;Z) 5 ;(thfﬁi\gﬂm%);l (428)
ZE el g EHE 2d dig 74 Ao 1x3 7o =E AlAbstY]
daNE 7 Ads sazgtel de) R 4re uge sAsck @

174 uperpostion (4,B.C) V(A7B7 0)
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HVG, iy = | v AB0 | (4.29)
h,pce
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Al 5 At AT

AH A Tl e 28 513 #& PSCAD/EMTDC R A Eol tha] A
He ol & Z4 FE&te] 1z Tt BepuE F4H 2 Joe F
e FHE AT mAS S 34 60Hz, 229kV A5 oz FEEE e} 57)
Fe7F2 FAFAT 5871 1, 2, 32 PCColl AZHo 9l 87}
, 5E PCCsoll AZ o] siek FEEE 2 #8719 FAg 571 dan|
& & 519 89kx o] gt}

—+ —+ R=0

LR Ry T )

R21X21 287}

Ly PCC —+ —+ R=0

ng T e g ey,

RIL X1 V2 R22 X22 g7},
Feeder 1
PCC
. - 2 E R0
OB B — @
Vy Ru > R 23 X 23 28273
Utility ~ SURC=AlC
—+ —t PCC3 —+ R=0
12 o / B @/ @4“‘
R1_2 X1_2 VDj___C R3_1 X3_1 27} 4
Feeder 2
—+ j; R=0 4{
%QKL __<:) I
R3.2 X3.2
&7Fs

a9 51 x99 7|dx H7EE §% PSCAD/EMTDC X2 A5
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T8&7F 1, 2 B 65 uxd fdoer Hd4d dyvjds mdz 74
Rom, &7t 33 4= AY Fotr duds Rdvtow AT A
A AlEE ol AIZFE 5o, Ay dRe 29 10,000 sample® 54
HAT =74 dolg e ol AAE s pBel A7)+ 40 sample® A
st ATk

% 51 e eE ek 570 87k 57F ek H

A F3 2

1 st Srd 5th 7th

utility | 12.999+;2.292 | 0.001+;0.001 | 0.001+;0.001 | 0.001+;0.001

&7 1| 0.000+j0.000 | 1.201+j0.212 | 0.709+j0.125 | 0.807+j0.142

Aot | &7k 2| 0.000+j0.000 | 1.398+j0.247 | 0.935+j0.165 | 0.542+j0.095

[kV] | 4=€-7} 3| 0.000+j0.000 | 0.000+j0.000 | 0.000+j0.000 | 0.000+j0.000

&7} 4| 0.000+j0.000 | 0.000+j0.000 | 0.000+j0.000 | 0.000+j0.000

&7 5| 0.000+j0.000 | 1.753+j0.309 | 0.738+j0.130 | 0.345+j0.061

utility | 1.000+;0.377 | 1.000+;1.131 | 1.000+j1.885 | 1.000+;2.639

T&7F 1| 4.000+j3.770 {4.000+j11.310|4.000+j18.850{4.000+j26.389

jules
&

T&7F 2| 3.000+j1.131 | 3.000+j3.393 | 3.000+j5.655 | 3.000+j7.917

)
P>

&7 3| 2.000+j0.754 | 2.000+j2.262 | 2.000+j3.770 | 2.000+j5.278

(2]

871 4| 3.000+j0.754 | 3.000+j2.262 | 3.000+j3.770 | 3.000+j5.278
471 5

2.000+31.131 | 2.000+;3.393 | 2.000+35.655 | 2.000+;7.917
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TS E 529 o] FEUF 12 2% x| wel dte] Walsta
T87F 55 35%9 A7 Wt 7SR
3% 52 871 13 50l Wigk S7F sebveiy W =4
87t 1 475
0~2s 2~5s 0~3.5s 3.5~50s
3 | 1.201+j0.212 | 0.847+j0.149 1.753+j0.309
[/—i‘j;; 51 1 0.709+j0.125 | 1.104+j0.195 0.738+30.130
7" 1 0.807+j0.142 | 0.551+j0.097 0.345+j0.061
5 3rd 4.000+j11.310 2.000+33.393 6.000+6.786
Ao | 5l 4.000+18.850 2.000+j5.655 6.000+j11.310
L] 7" 4.000+)26.389 2.000+7.917 6.000+j15.834
19 52+ PCCy, PCCy PCColA 54" At 7 3FS ved
Aolth. @& wtdsty] el dole] wmol=9 oS A dolH
of EgAZIT
12
olyH
Y
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X 53 T1 730l ol@ 487} 19 S7b shebnle] #4243 v w

m}2}o] E &7 U 7% AR % QL RH(%)
CFRLS 9.074 126.85
R[Q] VFRLS 3.426 4.000 14.35
Proposed 4.002 0.05
CFRLS 9.616 14.98
X[Q] VFRLS 7.066 11.310 37.52
Proposed 11.282 0.25
CFRLS 1.276 6.24
V[kV] -
VFRLS 0.983 1.201 18.15
(real) | ey
Proposed 1.200 0.08
CFRLS -0.080 137.74
V[kV] N
) ) VFRLS 0.110 0.212 48.11
(imaginary) —
Proposed 0.211 0.47

¥ 54 T2 77+o] dg 4871 18] 57} sebole 23459 vw

o2t g 7 U 7% ALA]| 3k 2 RH%)
CFRLS 7.092 77.30
R[Q] VEFRLS 3.502 4.000 12.45
Proposed 3.996 0.10
CFRLS 8.194 27.55
X[RQ] VFRLS 7.576 11.310 33.01
Proposed 11.285 0.22
CFRLS 0.822 2.95
VIkV]
VFRLS 0.749 0.847 11.57
(real) |
Proposed 0.846 0.12
CFRLS 0.025 83.22
VIkV] —
) ] VFRLS 0.101 0.149 32.21
(imaginary) —
Proposed 0.148 0.67
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% 56 T1 3ol digk =871 59 57 sebvg =427 vl
o2t g &7 U 7% ALA]| 3k 2 RH%)
CFRLS 2.048 2.40
R[Q] VFRLS 1.418 2.000 29.10
Proposed 2.005 0.25
CFRLS 2.25 33.69
X[RQ] VFRLS 2.014 3.393 40.64
Proposed 3.390 0.09
CFRLS 1.516 13.52
V[kV]
VFRLS 1.328 1.753 24.24
(real)
Proposed 1.751 0.11
CFRLS 0.048 84.47
V[kV]
) ) VFRLS 0.133 0.309 56.96
(imaginary)
Proposed 0.307 0.65
57 T2 73] B +87} 59 S7k stehvie =45 v
o2t g &7 U 7% ALA]| 3k 2 RH%)
CFRLS -1.415 170.75
R[Q] VEFRLS 0.262 2.000 86.90
Proposed 2.001 0.05
CFRLS -0.089 102.62
X[RQ] VFRLS 1.662 3.393 51.02
Proposed 3.389 0.12
CFRLS 0.239 86.37
VIkV]
VFRLS 0.997 1.753 43.13
(real)
Proposed 1.749 0.23
CFRLS 0.286 7.44
VIkV]
) ) VFRLS 0.316 0.309 2.27
(imaginary)
Proposed 0.308 0.32
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¥ 58 T3 #7bol W@ 487t 59 57} gebule A% vw

u}2tol 7 U =733k AR Q RH%)
CFRLS 4.344 27.60
R[Q] VFRLS 5.441 6.000 9.32
Proposed 5.987 0.22
CFRLS 1.045 84.60
X[Q] VFRLS 4.472 6.786 34.10
Proposed 6.776 0.15
CFRLS 0.991 43.47
V[kV] VFRLS 1.431 1.753 18.37
Proposed 1.745 0.46
CFRLS -0.254 182.20
V[kV] VFRLS 0.069 0.309 77.67
Proposed 0.306 0.97
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53 nxv A 7IHEe 7H& HIb

FAE 2P 7 Rdy FHe g E o] &3to] HVC HCR
2 AEsu. 28 555 PCColA e 71wzt Ao gk HVC 2

HCR %4239 3752 Uehdl Aol

mm HVC: harmonic voltage contribution[kV]

B HCR: harmonic contribution ratio[%]
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E 460 g
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T AG ATl TelstE RS 4 & gleh vk A REiel 871 39
7" HVCx REE Tl A 0kVE Yelgow, PCCol A g3t 7]
A v s ¥ F rh

a9 562 PCCyoll wiat 7" HVCSF HCR Z¥E dehd Zojth +4&
7F 5% 7 T1 9 T2004 HVCZE 0.067kVE 7H4 Ekoy 3 T30
A 0.036kVE #ZFAskgith Whd PCCie T3 F-3kell Al HVC7E 0.044kV =
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mmm HVC: harmonic voltage contribution[kV]

® HCR: harmonic contribution ratio[%!]

0.2 80
2 =
O o1 A0 [
S @)
i 0% 0% 0% =
0.0kV 0.0kvV 0.0kv
0 ® Y L 0
Tl T2 T3
(a) T87 4
0.12 T ; 80
_ 56,87% SE30% B
Z | Lo &
O 0.06 0 ()
E 3
0 0
Tl T2
(b) =875
0.1 ' . ; 60
. 443% 41.68% 54.98% —
,?4 440 §
'G' 0.05 o
i L
E 20 T
0 0
Tl T2 T3
(C) PCC1

19 56 PCCsoll thgk 7" %3 HVC 2 HCR
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% 59 3¢ nxy A& g HVC 2 HCR #7t A7

PCCs Harmonic HVC [kV] HCR [%]
sources T1 T T3 T1 o o

Utility 0.00 0.00 0.00 0.33 0.38 0.51

PCCy Y 1 0.12 0.11 0.12 3943 | 3377 | 50.83

It 2 0.22 0.22 0.11 64.24 | 65.85 | 48.66

PCCy 0.12 0.11 0.08 2151 | 2231 | 16.68

TFE&7F1 0.10 0.07 0.07 18.82 | 14.10 | 1512

PCC
i TE&7F 2 0.32 0.32 0.32 599.67 | 6359 | 6820

&7 3 0.00 0.00 0.00 0.00 0.00 0.00

PCC, 0.19 0.19 0.15 33.22 | 32.62 | 4373

PCCs T&7F 4 0.00 0.00 0.00 0.00 0.00 0.00

TE7F5 0.39 0.39 0.19 66.78 | 67.38 | 96.27
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% 510 5" 1Z3} A&l et HVC ¥ HCR 37+ A%

PCCs Harmonic HVC [kV] HCR [%]

Sources T1 T2 T3 T1 T2 T3

Utility 0.00 0.00 0.00 0.69 0.67 0.77

PCCy vy 1 0.08 0.09 0.09 4748 | 50.12 | 65.57

Y 2 0.08 0.08 0.05 51.83 | 49.21 | 33.66

PCC, 0.06 0.06 0.05 17.09 | 16.36 | 13.43

TE7F 1 0.05 0.09 0.09 1643 | 2332 | 24.12

PCC
i TE&7F 2 0.22 0.22 0.22 66.48 | 60.32 | 62.45

T&7F 3 0.00 0.00 0.00 0.00 0.00 0.00

PCCy 0.09 0.10 0.09 3788 | 3911 | 52.11

PCCs &7 4 0.00 0.00 0.00 0.00 0.00 0.00

+&7F 5 0.15 0.15 015 | 6212 | 60.89 | 47.89

# 511 7" 1zxsk A&l dist HVC ¥ HCR 37+ A%

pccs | Harmonic HVC [kV] HCR [%]
sources T1 T2 T3 il - p—

Utility 0.00 0.00 0.00 1.23 1.43 1.53

PCCy Y 1 0.05 0.05 0.05 5752 | 54.82 | 69.04

g 2 0.04 0.04 0.02 41.25 | 4375 | 29.43

PCC, 0.03 0.03 0.03 1457 | 1481 | 14.55

TE7F 1 0.06 0.04 0.04 2731 | 2093 | 21.17

PCC
i TE&7F 2 0.13 0.13 0.13 5812 | 64.26 | 64.28

T&7F 3 0.00 0.00 0.00 0.00 0.00 0.00

PCCy 0.05 0.05 0.04 43.15 | 41.69 | 54.98

PCCs TE7F 4 0.00 0.00 0.00 0.00 0.00 0.00

F&7F 5 0.07 0.07 0.04 | 56.85 | 5831 | 45.02
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54 & 1z3 Vodxe nZxy gF Ax =

npxjuto w  RE PCColA e ¥ZHQ THC BH71S Fdsdrt. 2
PCCellAe] THC #H7b= 7129 3 =E 1
21410, 2 411 o]l &3kl AE & 9tk 29 572 PCCell A 2z A

o]

1.418 1.379
UL (A) 1 1.4164 =01 71(A) +
(M) L4164 LALLM
§ 1417 i '3 378
O Ewl, Ao T
I Q M
E - ‘ M T L}
| [_4 1.3
i 1
1.415 v 1.376
PCC,; Customer 1
1365 0
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& | S M
% | (:.:) ) e e
= 4363 i [
JAHA) 1 43642 AZHA) :
) B 23HM): 43642 | e 2 0.0001
Customer 2 Customer 3

~

(a) T1oll thgk THCO A+ % Sk
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THC [%]

THC [%]

THC [%]

THC [%]
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; g Awd
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|7 2= A FeA oF 4371% = 71 =2 THC 7|9d=E HS

]_
7F 32 THC 7]99%7F 0%7F ofd Ao =2 vEeytt BE PCCo

¢ THC % THCRE AF=3%F & 27 583 o] 1z = A=E

R

- =2
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