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Abstract

The technology of power electronics is used increasingly during recent
years, and the electronic power facilities are used more and more in the
power system. The non-linear electronic loads produce heavy harmonic
currents and could significantly degrade the power quality. Nonlinear |oads,
including the un-interruptible power supply, motor control and converter,
etc, are important equipment in a modern factory, however, these nonlinear
loads could lead to power facility malfunction and capacitor damage. The

harmonics would eventually cause severe unexpected capital |oss.

|dentification of harmonic sources location becomes an important
study for power quality. An effective tool is thus helpful for the harmonic
source locating. This paper proposes a method to deal with the harmonic
sources and location detection in the power system by using the artificial
neural network (ANN). The non-linear loading characteristics are studied
by the power flow analysis, and then the proposed methodology uses the
Probabilistic Neural Networks PNN and wavelet-probabilistic network

(WPN) for harmonic source locating.



An |IEEE 14-bus power system is used for study to show the
effectiveness of the proposed approach.
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R RRABCBET F - AR D LRI Y @
B2 fFM A Ak nw

N
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T

C

%
?@W%%%&ﬁiﬂﬁ°“¥?4? %;%@@¥M*43&,
TA R R 3 D RERTTRE N CRREREE RS
VA A i 4 iR R PR N EATE Y B ATIRE B
FAGRRY - BRELEG RV a4 0 F G ATIRERIRI T
ﬁﬁiﬁﬁﬁ#’?aiﬁﬂﬁé?%ﬁo

i

s # ,»blﬁt i F,ﬂ?},ln—:; ;;nl:ﬁ?;}i s Fx ﬁg #¢ ;q—_ Pf_ﬁx 4 ‘I‘}"—?‘Jl"gﬁ ’ ﬁpj{f’_
B3
m

TE R lizw/* JL P E o R R Peig 3 (FFT) & % epr 2

3 (STFT) > &3 AL 2 & 5 3 lﬁ»ﬂ." ST FFT X

¢ R A fRITR @ STRT wpF 8 2 0 508 1 R 18 U 4F enfads
©

Bood Fivdei s e B4 PR A RS enX PR o @ & 1910 £ o
Haar #74% 1 2 ] i (Wavelet) % 4 [31-34] » #2055 AJE i1 2 § L% e

v

3.4.1 Fourier Analysis #§ 4
gm;a%&gﬁﬁim,&#@wﬁlgg{ﬁiiﬁﬁ’H;

A*%{j&)%%’;ul}ﬁ*f:\'ﬁil@;] P\—:'ﬂ't?__}m é._h},,ﬁ';: (‘QV’T _\>’*/\I}{;ﬁ4j&"
Bé’:ié %%';u-ﬁ*‘éi‘}tﬁ_? Fl IF"LA’\%% o

S(w)= [ st dt (36)
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R E e E G - BREL AR AN ISP p P

£ 430 Jj“‘“ﬂ'»?"*&*tﬁi?"*ﬁ‘:’ A s‘érr@ﬂ#%“ﬂlifi%i
SAEERY o @ T 2 e S48 AL 2 5L (Stationary signal ) sA 45 i ok
fe B 4>t 248 B 3 5E(non- stationary signal)eha 47 % Edegt g oo A
LR AR o A PRE BN RN - LR (RS - AR
Fos RAR T~ L ) m it A AT F Y £ B IR fuid

2EAPEG G RT] o d BI38F g Rt LR

i E

E R RN S ) S
& 3.8 Fourier Transform -+ %, 8]
342 ‘Epr & &% —STFT f§ 1

- 3% 2k > Dennis Gabor (1946) #-4R %
AIECSURCAE- £ RN - A LA N B T s

k'
[,
-y
2
I
|4
C“? ai
8~/
—t
YN

Eli:l-}_:#/ﬂ.}*% o

STFT(r,0)= J-S(t (t—7z) “dt (37)

v S(t) @ PES AL
ot-7) : AR T # & S dk
T LR FRRF T Sk
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STFT % % ¢ & = F# 3 (Windows Fourier Transform) » 41 % 7 &4
B3 HEFFRRFEFH UBRENEORESE T o RTINS 5T W
BT B R - R P 2 LA ﬁfm’i{wﬁﬁ#wa ;=7 AT
(Windows Function) #aid = e » £ - ph b T 8 7 3% B Slic
S adde FARE 3Bk g (D) Apg LB WIS Dm0 S
erd 7 B ‘%ﬁ%ﬁmﬁ%

% STFT 7 % i fE 20 22T 483050 > SR3L o PFJE (7 PEIS 2 9 2 48 o
ME o e E T STFT @ * Ble 2 BFREFART » % STFTART E T2 {6 » pF
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1
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= #E

i o |

; [t

P
F139 STFT 7 4. F
LB E 2 E AT o AR Y kel £ A0 5 (frequency )

#2 % |- (amplitude) A T G BAE & o B 3.9 9T o T RAE N
AR R 0 kT fRPE ph ) e (R AT e i STFT o %00 s 4 )
SHEEF-oEFE{EMRTAR QAZEFAFE 3Rt s
WAL F LT /)a FenR AL e L B I T L ) 3 5
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3.5 /] (Wavelet) &

B S Hp R BLRIT

B B E
AP EEAE Y E R o RS i
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R (FI-—I') b AT R fg i

1 FRAR FER T Ao o

HEH RS L 83 By Fla g B 1 ek € = E @ (STFT) »
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s (REHEBRTR)RLE © 57
o)k g 4 (Wavelet  Transform) =it 4 o

g e By LR E - R

/ﬁtﬁ*‘é‘&\."@ 3.10 TR o

B b2
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IEE B & P BUE RN N &
B 3.10 -] A dEHe T £ B
FUMFFT 2 STFT» v B3 & BE & chfdce T d-° & Sk

(dilation parameter - d) 22T # % #c (trandate parameter > 7 ) » H ¢ d-
T RSB E B TR A ‘fﬁy_ ®E > 4rE 311

I:-——“u'ﬂ’g- : i =wi) d =1 ‘=)

* T o finy = w(2n) ; d !

.'”‘“e' B ] ' -

-i!. | | .f == 4 : d = ' .I-_l.!; h]

- fi) = widr) 3

B 3.11 = & %#icd hivH
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é/&ﬁﬁ;n\j—!—u}lﬁ;ﬁ@ T]/ L—EE:’F’&% i ﬁ; ’ ‘&FE} 312

3N
l\\

bk s W(t) x5z st Y(E—K)
Bl 312 T fdkcrahits

d-@ B Sdefodf 5o e A d E(2 R)A L RIS gL 0 B
WER® dE(TR) SRS mw@ﬁﬁ 5 4
R UE L RFECN RS <3 RURIE LS
® d (i i)~ Rl ((Compresswavelet) — i it ~ ko3t
#F i  (rapidly changing ~ detailsfeatures) — % #7 (High frequency )
® d= (% R)— ¥E |\ (Stretchedwavelet) — &M % v ~ fekEsd

#c  (dowly changing ~ coarse features) — < 3#f (Low frequency w)

G MWL RIS 5 gl (Zoomein) ehx s

(Zoom-out) =75 5y ©

EXL €’¢%£¢Tﬂ%ﬁ%ﬁ:

1. l//(a):O)é._ w= OB:—';" dtoﬂ%],ﬁtﬂ”iﬁ’fﬁu&j?ﬁ,? a_‘é’f’_*ﬁ%}a’z

2. v A% i g (bandpass signals) °
3. J/P‘»";f%%ﬁ%t%*'w > m 3Nz ~Lw}i?\‘ﬁ}? °

4. C, j-——4w< (T AT F ol )



6 AT

(1) @ %) 483 (Continuous Wavelet Transform » CWT)
BB st)e LP(R)- T = 7 4 - BIELS(t) chehud ) b 4
(CWT) ¥ &1 5 T3\

)= Jal (5o (38)

B oyt)f 5 &+ ) A (basic wavelet) & L = # 4 (mother

1 t—
wavelet) > @ ﬁW(TTj H 5 0] A K S fic(wavelet basic function)

éﬁééwiﬁmwwwda)ﬁ—% T H R i B 44D

A5
= o

RN S AULIEEE T2 ey S P T
Pl AT B LT P o R ARl R RS R )
TR R

(2) 347 % #c-| 4 & 3 (Discrete Parameter Wavelet Transform » DPWT)

DPWT(m,n)=d, 2 _Eo s(t)gu(dg "t —nz, )dt (3.9)

i NN F- - IR 8 'R I = R IENEL VA S ST A 5 o ;ﬁtﬁgﬁ.;gﬁ
FH T prore s c G AERE Y YA BT FR A
PEERIE Y BT g o BT AR Y o BT ;1»,; TR
$¥car T4 s FRRERF o B d=dl 2 r=nz,d) 0 d, 7,
LB (samplingintervals) » m~n % &k o st) 2 y(d;™) v % i@
ot RS s Fadon e o R LA ST PR
{FoF i@ ¥ £ dy=2 %2 o=l 2B ECkHESE R 112N Bk
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T g o

(3)ZpscpF 7 -] s 3% ( Discrete Time Wavelet Transform )

DPWT(m,n)=d ZZ k)w( MK — m'o) (3.10)

W s(k) 2 (k)5 Jic > R 2 o t=kT 2 B~ g T=1 -
BU O 2 AT ﬁ‘&ww’%@£@¥£é%ﬁ°%u$ﬁ%@
AR e T S A2 T R R RH(3.9)N P A R
Fee

(4) #4574 #& 4 (Discrete Wavelet Transform)
DWT(m, n) = 2_52 s(k)z//(Z‘mk - n) (311)
k
R é\ (310) ;7\: v dO =2% 7, =1 112" f%, ngg#%ég Z 111 27"n T%

kT H o
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4.1

(Backpropagation Neural Network)
[35]

(Local Error Minimum)

(Overfitting)
(Generalization)

Probabilistic Neural Network

(Harmonic Source)

Wavelet Network
PNN
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PNN

4.2
Probabilistic Neural Network D. F. Specht
1988
4.2.1 Bayes Classifier
Bayes
Methed
K
C..C,,...C, 4.1
M
X = (X, Xy X,) 4.2
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£,(X), F,(X)ses F (X) 43

he f,(X)>hc, f,(X) J#I 4.4
f X
C, X
h, X prior probability
(Bayesian Classifiers) N
M
(4.5)
m I X=X
f = L A (4.5)
() (27z)”’20'”mi§1exp( 202 )
f (X) A X
[
n
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n A
X
X; A i
X=x] x X, G
(Smoothing Parameter) 4.1

41
P F, Cratput  Probability
& &
Crutpat Layer

~—  ureight=]
~-===  yreight=[
Crtput Weights W HO

4.1
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4.2.2

(4. 6)

w=x® el .20

WH=[Wig o X(K=Dxa(K), -y X(K), -0 XK' %(K)EN

(4.7)
o |1, k e Categoryl
Yo T0 ), ke Category 2 (4.7)
W= [wi"em(=1, 2, ..., m)
WIH WHO
X:[ Xl oy Xiy ooy Xn]
X (4.8)
(4.9)
net, = Z(Xu _WkiIH )? (4.8
i=1
net,
H, = exp(—?) (4.9)
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O 1=0 =0 3=...=0 =0

O (4.10)
K HO
O;,=>w, H, (keCategory 1) (4.10)
k=1
Prob P,
(4.11)
Oi
Prob P, =— (4.12)
> H,
k=1
4.3
4.3.1
Fourier
Mul ti Amall g si s
Fourier Wavel et

Fouri er transform Fouri er
transform

Wi ndowed Fouri er Transform
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Fournireamsf or m Wi ndowe

0.1 0.1 pul se
0.1 pul se 2.000—2.001
0001 upse Wid owed
Fourier transform pul se, pl se
4. 4 PNN
Burier tansform Dyi t al
filter
PNN Wavel et Network

Fouri er transform

PNN

P NN

53



_______________

________________

4.3.2
[ 36]
mot her wavel et (412
d
Vg, (X) =22 y(27x- 1) P,e L R) (4.12)
Gaussain
4. 12 4. 13



W09 = —XeXp(—%I XF) (4.13)

X=- t n 4. 14
d 1 d 2
— , —-(2% x-t;)
p(x;)=-22 (Zd' X —t)e? (4.14)
d dil ati on functi on
w(t)
ti transl|l ation functi on
w(t)
X X
4 . 14
4.3.3

W™ (4.15) (4.16)

d

20=-2 2% % ) op(- (@ X ~1)) (4.15)

w, = 7(K) =L, .2,,n 4.16

W= [wig "o X=L1a(K), -, 1K), ..., (K]' 1a(KeN

55



x=x(nT) 4
ti=x (nT) X
d d b ds d O

WwWe 4. 17

o |1, ke Categoryl
W, = 4.17
) 0 , ke Category 2
\NHO:[ijHo]kxm, j:]_, 2, ...,m
WIH WHO
X:[ Xl, saay Xi’ LR | Xn]
X 4.18
d 1
@, =27 (Zd‘ X _ti)exp(_é(zd‘ % _ti)z) 4.18
4.19
(4.20)
n WH
net, :Z((Pi — W )? 4.19
i=1

H, = exp(— 22 4.20
2° |

56



o (421

K
0,=>w,"H, (ke Category 1) (4.21)
k=1
Prob P,
(4.22)
Oi
Prob P, =— (4.22)
> H,
k=1
4.4
[1]
| (Spectrum Analyzers)
| (Distortion Analyzer)
| (Harmonic Analyzers or Wave
Analyzers)
| (Digital Harmonics Measuring Equi pment)

(Digital Filters) (Fast Fourier
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Transformer)

[7-9]
(Tot al Har moni c Distortion of Vol
IEEE 14-bus 4 . 3
[ 9] 4.1 4.2 4.3 4.4

58



Genl

Busl

Bus6 |

Busl13 Busl2
Busl4
|
|

S

T5

[~ Busb

Gen2 Gen3
Bus2 — Bus3
Bus4 |

T1

ﬁ«) Gens

Busll

T
Bus8

T3
Bus7 -
L ®
Gen

Bus9

CHS

T2

4

Busl0 -

Har monic Sour ce

4.3 |EEE 14-Bus

4.1 |EEE 14-Bus
Bus Voltage Generation Load
Bus NO.
PU degree PU PU PU PU

Busl1l swingbus | 1.060 0 0 0

Bus2 PV 1.045 0.4 0.217 0.127

Bus3 PV 1.010 0 0.942 0.19

Bus4 PQ 1 0 0 0 0.478 0.039

Bus5 PQ 1 0 0 0 0.076 0.016

Bus6 PV 1.07 0 0.112 0.075

Bus7 PQ 1 0 0 0 0 0

Bus8 PV 1.090 0 0 0

Bus9 PQ 1 0 0 0 0.295 0.166
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Bus10 PQ 1 0 0 0 0.09 0.058
Bus1l PQ 1 0 0 0 0.035 0.018
Bus12 PQ 1 0 0 0 0.061 0.016
Bus13 PQ 1 0 0 0 0.135 0.058
Bus14 PQ 1 0 0 0 0.149 0.05
4.2 |EEE 14-Bus
| Betwean Line impedance v/
Line NO. PU
Buses Susceptance PU
R PU X PU
1 1-2 0.01938 0.05917 0.02640

2 2-3 0.04669 0.19797 0.02190

3 2-4 0.05811 0.17632 0.01870

4 1-5 0.05403 0.22304 0.02460

5 2-5 0.05695 0.17388 0.01700

6 34 0.06701 0.17103 0.01730

7 4-5 0.01335 0.04211 0.00640

8 5-6 0 0.25202 0

9 4-7 0 0.20912 0

10 7-8 0 0.17615 0

11 4-9 0 0.55618 0

12 7-9 0 0.11001 0

13 9-10 0.3181 0.08450 0

14 6-11 0.09498 0.19890 0

15 6-12 0.12291 0.25581 0

16 6-13 0.06615 0.13027 0

17 9-14 0.12711 0.27038 0

18 10-11 0.08205 0.19027 0

19 12-13 0.22092 0.19988 0

20 13-14 0.17093 0.34802 0
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4.3 |EEE 14-Bus

Transformer Between Tap setting
Buses
1 4-7 0.978
2 4-9 0.969
3 5-6 0.932

4.4 |EEE 14-Bus P-V BUS

Between Tap setting
Transformer
Buses
Min. Max.
2 1.045 -04 0.5
3 1.010 0 0.4
6 1.070 -0.06 0.24
8 1.090 -0.06 0.24
4.5
Bus4 12-pulse h=11,13, 23, 25, 35, 37, ...
Bus/ UPS h=3,5, 7,9, 11, 13,19, ...
Bus9 (SFC) | h=5,7,11, 13, 17,19, 23, 25, ...
Bus10 h=3,5,7,9, 11, 13,16, ...
Bus6 6-Pulse h=5, 7,11,13, 17, 19, ...
Busll 12-Pulse h=11,13, 23, 25, 35, 37, ...
Busl2 24-Pulse h=3, 5,7, 11, 13,17,19 ...
Busl3 (ASD) h=5,7,11,13,17,19,25,29 ...
4. 4 [ 37-38]6-
pul se (Characteristic Har moni cs)

5, 7, 11,13, 17,
19.. 12- pul se 11, 13,
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23, 2.5,

Harmonic Voltage%

2 3 5 7 9 10 11 13 14 15 17 19 20 21 23 25 29 31 35 37

Harmonic Order

——12-pul s e®m— —A—SFC

—*%—6-pul se —24-pul se+—ASD

4.4

4.5

(Total Harmonic Distortion of Voltage)
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(4.23)

h=2
Vb’THD%:Té-lxj-OO)/O (423)
Vi 1HD Vy' V'
b h (H=50)
Vb,THD
Vb,THDZZ.S%

(Interested Nodal Bus)

(Interested Place)

(Graph)

D
(2)

4.3 14-bus

THD
Vi 110>2.5%
4.3 14-bus
(M1~M3)
4.6
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Bus No. 1/12/3(4|5/6|7(8/9|10/11(12/13|14
Vip%225% VIV [V IV VIV VIV V[V
Interested Node SV S Y RV S RV N VN [—

Meter No. M —M3M1—M1 M2M3M3—

Busl2
Busl2

( ) 45

TAEEAGE M LR

4.5

(4.24)



Exemplar 1

Exemplar 2 :

Exemplar 14

” 1" ” 0”
PNN

4.6

4.6

Detection Processor, HDP) HDP PNN

HDP
HDP

¢=0.5
” 011

65

(4.24)
/
(Harmonic
4.4

” l”



HDP

IV

SCADA Interface

U U

4.6
4.7
4.7
N=24 1.44 KHz
| N=48 2.88 KHz
N=96 5.76KHz

4.8
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24 48

bus10

QasF r

LR |

0.0%

-0.0%

015 -

015

(.1

4.6

96
48 bus4 bus7 bus9
49 4.10 411 412
_+_+/ \. ff:ll‘u] e, J"I H:, FA| :/\_ Ef\ll . 2 A f/\;
SN VY VAL
3 5 - e
i i H 11 1& i} 24 IR iz F6 il a4 ll-.it
49 bus4

4.10

1z

16

68

24

bus7

Ak

44



0 Wi i ® o

ks ) Xix " ‘.:,;_ d = w
|_'..'rh_,_r iy "';.;:';":'ﬂi!x_:" X "-""‘:?—'x'-"ll:q-"':' o

-
ik

',.t:'!‘:n_\,___!

28 3z 3 40

bus9

015

0.1

44 43

0.05

= -rj—-.-'.r..r..l"lh _____ - r.idu-r..‘.._l.-!l:hrrlnm:..llrludm-w L

i---l'i:li'q.ﬂ.j

36 40

bus10

(4.25)

Exemplar 1
Exemplar 2

Exemplar 14
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” 1”

PNN
¢=0.5
” 0"
PNN
P NN
MATLAB/C

” OH

” 1”

PNN

MATLAB

EXCEL

(Intermittence Load)
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4.8

Lab Vi ew(rLyabd¥r at oal |l nstru
Engineering Workbench)
( Nati onal l nstrument lab \ewWLabor at or vy
Virtual |l nst nementhgEWgQr kbench)
Lab VI EW

s e p——] :
oo oa L] [T | ih b W W e W W M M B W W k| Em e e d SRS e
RE LM LA LT SRS RE] RS R LS S R TR L L ST BT AT
TEEEA =y
ST
}I L ¥ r LI | n ™w - ™ 1L} - aF Ir m L] L] m L]

-

-
EEEE LI EFT BN BN RS RN S.F BE KT EIF BE EE EST SET RSN SET LS
N NS R [ =21 R T

b
PR AR IER | Duiin freperey e S0

in g
e N TS SR R RO TN B oW N W
T R T T R N R i A e e
ekl
TAERE

4. 13 Lab Vi ew
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MTLAB(PNN
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4. 14 Lab View
Terl Faer T Fapl
B e a -
-...Il II BT ' I
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5.1
|IEEE-14BUS

[9] 41 42 43 44 45

Genl Gen2 Gen3
Busl Bus2 — Bus3

- Busb Bus4 |
T3

L ®

T
Bus8

Busl13 Busl12

Gen4d
Busll Busl0 -~
Busl4

@ Har monic Sour ce

5.1 | EEE_14Bus



5.1

Bus4 12- pul se
Bus6 6- Pul se
Bus7 UPS
Bus9 ( SFCQ)
Bus10
Bus1l 12-Rul se
Bus12 24- Pul se
Bus13 (AD
51
6- pulse
(Characteristic Harmonics)
5 7,11,13, 17, 19, ... 12-

pulse 11,13, 23, 25, ...

(Total Harmonic Distortion of Voltage, THD)

5.2 PNN

Matl ab
CPU- BI5IORAM- 2BPBPD- 200G

| EEE- 14BUS A B 5. 2
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52

A Bus6 6- Pul se
Busill 12-Pul s 2
Bus12 24- Rul se
Bus13 ( ASD)

5 Bus4 12- pul se
Bus7 UPS
Bus9 (SFO
Bus1l1l0

Genl Gen2 Gen3
Busl Bus2 13— Bus3

T1 /
T3 @ '
} Bus9 [
)
T2

l

\ Bus7 — — l

\. T4 GD |
|

o ;'

N O o ‘i ,'
Busll N Busl0 -
~. .
@ Harmonic Source Area A — — -- AreaB
52 IEEE 14Bus
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A
BUS1BJS13 PNN
 Bus 12 <0.9034>Pul se
13 <0.8945> (ASD)
Ti ne= 0. 15sec
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5. 3 A Lab View

B
BUSBUSBUS10

4B s 0. 951223- psul s e
7 <0.9139> UPS
9 <0.9315> (SFC)

Ti me= 0. 17sec
a

7



!“"'ﬂ-'::.’ﬁ rvw Bpdow (el :
Er—*' ] ] | o e AR = e

W A

12 PULSEM &N

= T L LIS

: A% IP5)
ity

CFYTILIE
% ¥ W B (5FD)

5. 4 B Lab Vi ew

A B
BUS4 BUS6 BUS10 BUS13

4ABws 0. 791022- psul se
6 <0.828@4s5pul se
10 <0.8175>

13 <0.8045> (ASD)

— 1l
3
o
I
o

.15sec

Lab View 5.5
A B
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5.1 B A

busll busl2

1Bws 0. 701223 psul se
12 <0.67234>Pul se
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5.3

# : T
12-Pulzse S &

Aawa A = H

s-riseens | TR

5.6 Lab Vi ew
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5-1 14-bus

THD
Vb,THDZZ-S%
14-bus
(M1~M3)
THD
5-3
5-3
Bus No. 1/2/3|/4|5/6|7(8/9|10/11|12|13|14
Vip%22.5% — N (V| N — N [N N[NV NV —
Interested Node VE N[V ANV V |V |—
Meter No. M1—M3M1—M1M2M2M3 M3 —
Matlab
|IEEE 14-BUS
X Meter M1 Y Meter M2 Z Meter
M3 54
57
54
X Meter M Bus4 Bus7 Bus9
Y Met er NP Bus10 Busll
Z Meter NB Bus6 Busl?2 Busl3
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Genl Gen2 Gen3

Busl Bus2 — Bus3

\ T3 [ Buso
BUS7& oy —\ @ -—// \ @
g ®

Bus8

_

|
|
|
1
y
2
Fo

AreaX —=--— AreaZ
@ Harmonic Source —_ - AreaY
5.7
1
14-Dbus BusBus®6
Bus 7 s B0OBu & 2 Busl3
55
Bus9 Busll Bus13
5.5 _PNN
M1- Bus?9 PNN1 20-42-3
M- Bus1l PNN\2 20-28-2
M3 - Bus1l PNN3 20-42-3
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Harmonic Voltage%

2 3 5 7

—4—12-pul se

PNN?2

Harmonic Order
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