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Parameter identification of harmonics and inter-harmonics based on
CEEMD-WPT and Prony algorithm
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(School of Electronics and Information, Jiangsu University of Science and Technology, Zhenjiang 212003, China)

Abstract: Since traditional Prony algorithm is extremely sensitive to noise, the Complementary Ensemble Empirical
Mode Decomposition (CEEMD) and wavelet packet transform combined denoising method is used to improve the signal
and enhance the Prony parameter identification accuracy. Firstly, the Intrinsic Mode Functions (IMF) are obtained through
decomposing the signal with CEEMD method and their Permutation Entropy (PE) is calculated. Secondly, the high noise
level IMFs which are extracted according to the values of the PE are processed with wavelet packet denoising. Thirdly,
original signal is reconstructed by the IMFs which are processed and the rest IMFs. Finally, the parameters of
reconstructed signal are identified with Prony algorithm. The algorithm proposed is simulated and compared with the

literature results, the simulation and comparison results show that the algorithm is effective and has better identification
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results.
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1.1 Prony 3%

Prony 1% K — 241 53 45 250 ok Hiok g 55 1A] 58
RFFEA AT LN 1%2*&%1‘%*—%&%}@) , Ay
HR @IS x(0), x(1),--x(N 1) WA x(n) , Hr:
p ARG N SRR AN G b, H 2,
#AEH, FIEA W)X (3).

A P
x(n)=Y bz, n=0,1,--,N-1 (1)
i=1
bi ZAiC(jH’) )
7z = e(a1+j27;/;)At 3)

Kb 4 R 6, WAL f RS o
SR T Ar SRR

Iy TAREBLA 55 %(n) AT AL 9C B 55 5
x(n), XHCRHRZ T ¢ f/ME Dy HFReR 2L,
YUENC I

min g = f x(n) - x(n)

TE SR R A =0 (5) TR

2

(4)

Wﬁ=ZWPDHM4WJﬂ$wA)6)

WA GV IE T FEBFEATLRE R, » W15((6)
PR

r(1,0) r(1,1) r(l,p,)
_ F(Z:, 0) V(2:,1) V(2,: p.) ©)
I"(pe,O) r(pe’l) r(pe’pe)

A T3 S0 2 Al A /s — SRVE A 2 AR R, 1)
[RH p » R RFATIFE R E 0y, a0, [
JSELS & 2N (7 o

u, r(0,0) »(0,1) -+ rO,p)| 1
? _ F(l::o) F(l:,l) F(lzp) Czl 7
o] |[r(p,0) r(p,) - r(p,p)]la,

R JE A A B AR B e Rl 2 IS
l+az" ++a,z" =0 IR z,, IRAEAFHN 2, 7T LA
B S Ny @) TR R T e -

Vb=x ®)
1 1 1 b,
. z,  z, z, b,
A v : b=
2z 2571 b,
x(0)
; _ x(.l)
(N -1)

EKH VE—A Nx p ERTEBRAE I, hT 2
FAAE, BV S A Es, BIERR, Tt
()Y de /N 3fefif

b=(r'v)'v" x )

SRR I TSR AT SR ASIRAE 4, « AHAL 6, « AR

£ RN F o, WER(10)FT7R.
4 :|bz|
0, =arctan[ Im(b,)/Re(b,) |

f, =arctan I:Im(z,. )/Re(zl.)]/ZnAt
a, :1n|zl.|/At
itq:'y i=1,2,---,n °

(10)



SRAEHK, A5

JT- CEEMD-WPT 1 Prony 5092 118 5k 6] 1598 2 KR - 117 -

1.2 CEEMD 7%

EMD /2 1998 4 Huang “5! M H1 (1) —Fft 138
TR, BARTHIRZT, (I EAAAERAR
BN, FEHEAA RS (Intrinsic Mode Function,
IMF) 43 A 5 AN R R A 5 B AR A
FAET AT IMF 43 A T e o Fiig, Wu
IR T HREA LRSS i1 (Ensemble  Empirical
Mode Decomposition, EEMD)!"™, i% Jy kit i [i] J5if5
TN B A A S AN R RS R AT IS, IR
HAREMRE T EMD Mifr= A RS BN, HIAf
FE MR ZER RIS o /2 Yeh 255 EEMD Jik
g 7D ak, $2T CEEMD!®, CEEMD J&:ifl
i 5 5 I IE SRRSO )4l B R 7S T 4T EMD
SR, XRERT A E A R, SRR

T CEEMD Z3i#1 EMD 73 fift—HE HAy — 3k
PEPFIE, AEMUCHES I IMF 23 Bovh, JiTR LA 2
A, AR S I
1.3 H\DkE

HF 4 (Permutation Entropy, PE)& — R il 25
HOBAREBEN LR 735, Rl i ) Fe 2 B R L RN 42 2%
B 1SR ATRN, BT R, MUER. &
PRy U,

B TR 50 {s(n),n = 1,2, N}, 44iZI 11
FeHAAS R E, 3R EA R A DFTR.

X, =[s(j).s(j+7)s(i+(m=1)7)] (1)
X m WIS, ¢ NIEIRIE;  j=1,2,--,
N-(m—-1)z; XX KATIE, KHAT X, EH T
FeHEs), i3I ((12).

s(j+(i-Dr)<-<s[j+(j, -)7]  (12)
K i Jor fy RETCEIUMRE | o 25 ke, o
s[k +(J, - 1)4 o WA G NEATHE .

T {s(n),n=1,2,---, N} EHE BN X

PfE—47, #r S EI—4 )P 5 RI3) 7R .
S(g)=jisJos s d) (13)

X, g=12,0 o FI—3LA [ <m! BT HI

575 . HEFAIMgR, BB, B, i

Y P, =1 WU SRS {s (), n=1,2,-, N}
IHES 5 80 2 (14) T
H,(m) =—ZI‘,Pg InP, (14)

P =1/m'l, H,(m)EREXMEN(m!). /£

B P, F H, (m) A— AT A5) TR
H,=H,/in(m) (15)

b H, BUEFEE 0< H, <1, H{ERNRR
T IR SR R ABEHLIEREE, BT LA H K,
RIS P I BREENL,  H B, RS ] 518
.

MRPEHEPIRI RS 55, BT R R0 TR
BAe ', HARPURE H ORI 2 A5 5 A 5 g
A AT R PR R . O T 3R, ILEHUL
AN RGOED . [EERAI S S, alit I
H, Ao 3XH x, (1) ~ xg (1) EEU T -

x,(¢) =220cos (100mz) ;

x, () =10cos (500mz) ;

x, (1) =2cos (750m) ;

x, (1) =x(2)+x,(t) +x, (1) :

xg A~ 10 db [P0 RS

xs (1) A8 x, A x, (2) e

A S x O ~x O K H, » BAEAKIN
0.200 2, 0.319 5, 0.3750, 0.199 5, 0.986 5, 0.660 4,
ML AT DURIR: W [HEBAE 5 X, (¢) ~ x,(7)
(W H BN, BN e R A5 5 1 H R
R, UEHIHACRENL: SRS x () 0 H, Dl
0.660 4, HAAWEN, FREHTIRE TR 15
Wa), AH LG AT B Al R AR AR 5 O B L. Al &5
REFE LRI OL. ILHEZIR H, (EREWS S
55 P e A5 () R 99 FEFE
1.4 NEBEHREEAR

AN R N AR N EEAR T RS,
(1) S AR5 /N A v () A — 3, (HU /N
AR 1) A AT T B A RS SO O R, AN AR
5T L R S S o MRS 73[R IS AT T
B0, AT SRR R 23 dr e

AN B 22 e I A . IR E T4
N RS, AE S /N AL R R BRI R
TR I REIR A, XAE AR ] DA A1 ) A,
M BUE R 7 E445 5 RER B, T R 7 e s
REEA 0, FREACPE S 1) R BT /N TR,
(CEIPS Y ERiE R

2 ANXEEHER
2.1 BAEERR
BTN S 5 BT CEEMD 2} B4 2Bk i



- 118 -

@ ERIEF B R

B IMF 23t [ 5 A L bR T e, R0 T
— I ERAE R, MWTAE Prony 73 #7145 AN
HEffi. Rk, ASCRH CEEMD G55 #4740
fift, 13212/ IMF 7>, R IMF 70 &
IHEF V5T, AR HEZ R (8 VPSS 25K
AL, PRI LN A TN
5, I Ja AR ER S A5 5 3E(T Prony 0 #T. %57k
REfS A R HIRET Prony 23 HT/5 T M Ao g, 15
BRI BT 45 R
2.2 EEHKUT B

NS AR S NINEERUNIZE 3/

PR 1 X REG(E 5 3T CEEMD 43 fift, 7381 %
IMF 73,

() X5 n N n 41 IE SOk (1 w8 7 1 e s
o(t), "ERfES

X, () = x(t) + (1) (16)
X, (1) =x(1) — (1) (17)

R RIE 5Nk 2n

(2) WHF—AME 54 EMD 20 i#, AN 5153
—4 IMF Zrim, HAEi M55 j A IMF 705

#EN e,
(3) MHabxf 2 A 7 E AL 5 A B i A R
1 2n
cj=Ei:1 ¢y (18)

XA ¢, NI AT RN j A IMF 734,

IR 2 UFEODER 1 PGB0 IMF )
IHEFIRSE, AR HE SR (0 e e ZEEAT /N 2
2 AL FE (K] IMF 43 3 o

EHCH, KB o, A H, KT o, WiZ5&E
Bl A2 PR , T EEAT /N
AbPR . IS 2 IR R R SR S 2 SCER(18], A
K o HECH 0.5,

PR3 My, EAPERE ST .

Hof AR 2 3k 52 ) IMF 43 5 33E4 7 /N 4 4 %
i, HACHE DRy

(1) I 1 197N PEDE B 28 RN AT (1) /N o0 il
(2R N, X 52 160 IMF 20 3T N2 /N i

(2) AT =N B bR AL, TH RS

(3) WP ARF—ANINBEAL iR R AR R —AMA T
B (B I R BT R A .

(4) IR G I REOHE E IMF 4y 21T/
WAL E A,

G) B @) EHERN IMF 782 H AT
IMF 43547 CEEMD J7 V=5 T o

SUIR 4 K5 3 00 REERAS 2 R B IS (5 5 AT

Prony 73 #7, 428 MNS4.
2.3 HEEmEER
AR RAEREE W 1R

R b B 5

X5 45 4T CEEMD%y
fif £33 %5 IMF 43 1

X5 IMF 43 AT
HeF s vE55

<>

Y
X3 E IMF ) 3EA T
/N A, ) 2 e

N v
JEEIMES L
AN AL TR

AN LR

| IMFZ A A IMF

534 (f)CEEMD /5 1)
(CeEx

|

o FAG Ja 45 5 AT
Prony 3 #t

B R

1 Bz E
Fig. 1 Algorithm flow diagram
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Table 1 Parameters of signal

m W $i% Hz & /p.u. A4/ ()
1 TR 225 0.040 5
2 L 49.9 1.000 45
3 I 1 U 523 0.030 60
4 W 100.2 0.050 10
5 W 149.7 0.120 40
6 EIRFER 185.7 0.015 20
7 TR 245.6 0.020 90
8 B 250.7 0.150 30
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Table 2 Relative error of the frequency
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Fig. 2 Comparison of curve of method 1 and the original signal
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Fig. 3 Comparison of curve of method 2 and the original signal
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Table 3 Relative error of the amplitude
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Jrik— g7
1 0.040 -1.8375 0.098 9
2 1.000 2.8924 -0.144 3
3 0.030 AT 0.5409
4 0.050 -1.859 1 0.120 0
5 0.120 -0.866 7 -0.369 7
6 0.015 1.1818 0.5879
7 0.020 45818 27727
8 0.150 0.661 8 02721
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Table 4 Relative error of the phase
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6 20 10423 5 -2.1530
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Table 5 Time-consuming comparison of the two methods

ms

Jrik— Tk
2029.61 212347

3.2 EiLLbE
KH TR 191 I RGBS 4, EfE 5+
BN 40 db W75 GO, A SO S 50RAS
IR EE R SCER[ 19 A B 25 R Wik 6 Fis .
Fz 6 AMIMAESEIHRER

Table 6 Parameter identification results of the two methods
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SCER D A5k
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50/220/20 49.95/220.81/20.16 50.00/220.01/20.00
89.2/5.4/0 89.12/4.95/0.81 89.20/5.40/-0.41
150/3.6/45 149.77/3.31/46.11 150.00/3.60/44.95
250.1/4/0 250.08/4.03/2.38 250.10/4.00/0.01
333.6/2.6/60 333.66/2.64/62.21 333.60/2.60/59.99
451/1.1/0 452.32/1.26/5.04 451.00/1.10/0.09
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