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Abstract

The problem of inter harmonic pollution in the power system is endangering the normal operation of
the power system from multiple aspects. This paper proposes an adaptive dynamic mode decomposi-
tion method to address the problem of voltage signal decomposition and parameter identification in
the presence of interharmonics in the power system. Firstly, the error coefficient method and energy
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method proposed in this article are used to determine the coefficients of the signal input matrix;
then use the dynamic mode decomposition method to decompose the signal and obtain modal com-
ponents; finally, the instantaneous amplitude and frequency are calculated using the FFT algorithm
with double spectral line interpolation to determine the parameters of the interharmonic compo-
nents. After experimental verification in this article, this method can accurately identify the inter-
harmonic components in decomposed signals, with high accuracy in parameter identification and
good performance in dealing with fundamental frequency offset and dense components. It also over-
comes the mode mixing problem of traditional methods and has higher accuracy than traditional
identification algorithms. At the same time, it has good noise robustness. The practicality of building
an experimental platform for conducting experiments and detecting actual signals has also been
demonstrated.
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1. 5]

s, EERERMNASKANY K EEY, FERAGRERD T EERGAGRREL. B5
pefEmS, HARARRERNRBH RS2, HA SRS Rt oL@ ™ E[2]. (8RS GAE FF IR R RE
IR N BRI R, B2 B R IR R TRz AT, X RGN IR H I8 FeiE sl 1™ H
3] [4]. BRIBL, AT 3RTF AR, SCBLIEEE L WA, X HL I AR 5 AT RS HER I 2[5
(6]

Tk

=

HAr, EWshEE OO RN S AT TR, RS MK A, 32 T 2R
WS HRGI 7k, W B AR, Teager A &5 T4, Hilbert-Huang A8 3:25[7] [8]. {HLL LAF 50 ik
UM THRRE i, TEACER S Z U i, a0 TR . AR R I N P R AN R A A 9] [10].

SCHR[LL]H2 H — Al el s TLS-ESPRIT 53k, BEEIAMRAL T 440 FRT SIEAEAE 4 #2507 T 1)
Arg s ELAEMEFS TFHT B iR I R R )R, EX BT AR A5 5 R 1R DA B e A 2 o G 5 i) oK 4 4
Eo. SCHR[12)K AR 4 B 25 23 fif (Variational Mode Decomposition, VMD)iz I T v, HoAg 20w iR 17 4%
G2 I 7 i (Empirical Mode Decomposition, EMD) 1 47-7F i 5 3 B FIAS AR TR B 1 1) 8, JR52 30 T VMD
IS EH BIERL, R RN TS SR, BA— @M s S, (FETRE SR B 45
RBLFE o SCHR[13]3 HH —Fh e T2 50/ INB AR (4 L g 2R e [A) B 7V, B A8 s YR G 00 i, ) e ) s Ak
SHUE, AR A o R AT b v, RIS A B B PR i R R

A7 % (Dynamic Mode Decoposition, DMD) H Peter Schmid £ 2008 4 V4 Hi[14], & &R
4iff) Koopman B+ ERREMIK. %7155 TH M REFIZ M R0, @i Koopman FE Rk
RAMNBAT N, BEHEERMIRSIS RS BRI 2 RHE, W R e R A 8 17 R [15] .
DMD & e #ds S HEAT 75 7B 20 i (SVD), S8 SKfil Koopman i B A AR FIRRAIE ) & o 207 VEBEAT 2
YRAN T ARG iR T3 G AR S IR B IR bE, XCAR S st BE%E DMD BLRRI AR e, H
JO7 O FE T K BRI S 7184, DMD B4 B 14041 22 Je i () 3 50 8l , AT A AR RS
T, FEEUR T A IRBUR[16].
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DMD 5L 25 5 A B i — RS (IS A 7 ik, (B2 SRR ) DMD VAL NS 23 A U5 A4 =
BRAE[17]. HAiA Koopman FEFE AT £ m (I FE AR RFEE LR & ITH 5 A5 R, ok m ik FE AT,
= ISR B B I R IR Ol st A, AR I T M RALI) DMD 5k, REEAT LA
&NV Koopman FEFESE m, N G LRIEE FFT SRARIEE IR S48, il see R %7 ]
AR EIERT mAE,  EG (A1 S IR A ks U [18]

DMD & — M IR4E RGHEAT 2 AR T7 7% . X BEILEIE T Koopman &1, T8 A AN [ [ 7 &
UGS, BHABLAS /Al B AR R B AR AN [FPR G615 5 o i ko
HT—4E 5 A BN S DMD Hikzd, BULERT FMGE 53R 8 2 45 MR v A
P o A SCEFEE 3 5 1) Hankel HFEEAT sh &SI 73 [19] -
P51 M55 Hankel £5RF
x(1)  x(2) - x(n-m)
X x(‘2) X(S) x(n—:m+1) )

x(ﬁﬁ x(n{+1) '~: x(n)

Horbr, m RFEXHEWAZ 5 RAT 2 INIIRE, B2 Hankel JERESIEL, WAL EETREHE S, HZ3
WA S PSRN, TEEEREE UG DMD alxt b Hankel A FEZEAT 70
M SRIUE 5 A R A 3 0 B

FEI 8] t P28 KA 5 H A R R A5 SRR

X =[)?1,)?2,)?3,~--,)?n] (2)

A, X, %, Ky, Xy AR AERRERAERE X, S SCRFEITZY £ 21 g 2 [ TAERE
X{ :[Xfle+lixf+2""'xg] ©))

BEE MW MBS 5 TR BN
Xln—lz[)ﬂ(ll)a(z,x'y...,j{nil] (4)
X; :[XZ’X3'X4""'Xn] (5)
BEAEAR 5 AN RIS 1A) RCRAEAS U 5 e 2 A G PR SC AR, BT T2 AT 9% 28 AT LA R AR
FEFE A RSN

%iq = A%, (6)

VAN [ B 220 SR 15 280 PR OB R 203 2 LA B R R, MINE S 5 SRR R RO
X2 =[%y%as %y, %, |
=[ A%, A%y, AXy, -, AR, , | @)
= AX
7 DMD 5L, 5t R GG (S SRR X HEFERE A TR RE XA XS, AR5 SR AR AT S

(IR % AR R A RIS RS 5 (1) DMD 70 s .
AT BETFERE A SR, MR AR XD T R
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Xt =Usv’ (8)
BE— B IRE S 5 FHRE X AR N
X = AUSV' 9)
W5 SUHERE A
A= X)X E2UTXVS (10)
HAkHy
UTXQVS’1=UT(AUSVT)VS’1=UTAU ~A (11)

A, Ay A FBEAGERE, HAT K AMSHEREARE . AR ABESTERE A B RS R . R
THEAFAE ) &
AW =W A (12)
W g A FRERAE I RN, A AR A, AL F B, A 4, 5 2— DMD REAE(E .
133 DMD 7l IS, B LG FERE, @ g — DA & g 0 N —MRFIEE A

¢=XVS™W (13)
E T
A =4, (14
P AT S B HE SR A AT 58 K + LA RS U,
Uy = AU, = Zi:cikAqi, = Zi:cikﬂiqi, (15)

oty R ES KA RS 5 | AN]SR B
5E L DMD SRR & b o HAEEF X[ R R, A3l
b=¢'% (16)
HI X, = AX,, TSR kK AN
u =2 ATgD =3 A%gb = gA D (17)

{EAHERIRZ, BT DMD (SRR, ook — AN o B o AR RS, Tl
ELAAR R RS T AR IR T 1 2 AR
3. ET ¥ itk DMD K& RS Ham

L BRGNS S U AT R

m

u(n)=>_ A,cos(2nnf, +¢,) (18)

m=1
KA, g, BN 7 B R AE . SR AT AL
3.1. [ m {Ex DMD 4y R4 £ERY 22N

DMD BB AN B 5 B RUFHI M ERCR . (B R RUR % Hankel 2EFE SRR RECK . 4N
R Hankel 7[5 m {5 i Bid AN, W2 SEOMEEE R B ILECRIR 2 .
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Figure 1. DMD decomposition results at m = 10
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Figure 2. DMD decomposition results at m = 20
2. m =20 B}H) DMD s R
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H

#

Hi DMD #ig T o] 40, FESRAREME S WURHERE A IR, 750 R X[ AT 75 S AE 2 A
T o3t B 73 A R B NEEAT HEA , B 2 BT KA S AR I ) 3 2 [ B AT Je B B ey,
KA EARAHNE S &, MENIFFENESH TR, JiEd, K ERRASRER
T Hankel #EF% m {f, KULIERfLSE m EECHE,

NEEMMB, RS R PR

f (t)=0.486cos(30xt)+0.304sin (10xt) (19)

[ 455 RN SNR =80 HIMER . m BUANFMERS, XTi%(5 53T DMD 20f#, s fdas Ranld 1 A
Kl 2 Biise

B LRI, m=10 1, R E S AR IEEFFRES, S m il E5 AT asH: m=20
B, S5 Enh 4 M FRES, BTl mEARR, B2 RaEESEK.

32. ETREmEBEMRHSE m

1 DMD SR F WA, FEARERAE 5 1l PR 5 B A By Hankel FHEFERITE, (HZ SLPREOL
FROBR I, Hankel % 51 % m ol # o AERABOE . m i KE /N AT #E- 520 DMD ok IE W 705 5
FRERVERTH T RS SR R[20], € SORZE RM e fFTRES, HRIEXN

= (20)

Horb U kAN RS IR I EARE S, fRRIGE S . € ORZERE e IMNRIE N u, St LI
BRE W, ASCsss . UK p{E2Y 0.001.

At T DMD 73 figfJa KA [R5 5 M B2 SR 4G5 520 &, X DMD 73 i 4 RAR I it B EdE AT Hk
Fr, JifEIRski 5.

SRR, DURIEAR R R AL e SREAE I m AL A7AE m AEIEBUW RIS 0L, Ak, ARl R 2=
PORIFANZ — BRI HEIRIE IR R 2 e MBS R KA Hm,, , HITHESE S OGEEE E, B
L SREUEAS SR ECH K IR B NAE R B, (m=12,--,m_,. ), SRJ5¥ E R E, 152 HRELE0HE 15 2] g =
ZfH. KAERARAE AR P AME S B R, BIRME S el Rk, i pe s 2= i
() K ELAE RS A Ko R 22 AR, BRI kDN S RS A 2

3.3. ETHEME FFT MIESSE0R7

R R RS LG E FET X5 5 S E0 AT IR A, DU IAL St FET A7 70 M RS AR itk & )
i[21] [22]
T E SN, dAbERE Haning &, &AL W

27N
v(n):O.S[l—cos(M +1ﬂ,13nsM (21)
XHES u(n) INE 5 & B R R
y(n)=u(n)v(n) (22)

RHE By (n) HEAT B AT
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1 _i%%n
U(k)=X y(n)e " (23)
n=0
T AR o S AT WA A K, PR LR TR s B K, FIK o IX T AR T 2R T 1R 2 )
AU (Kyy ) FIU (K ) o TUE OB Fe B 0 AU

_ |U (km+1) B |U (kmfl )|
20U (K )0 (k)| U (Ko )]

NS S EREp TR S Y /A WAE

(24)

4

=k, +0) 25)

A € AR STRE B IEARXA:
AJuwWJﬂuwMﬂ+pwmﬁﬂuwmﬂw{iﬂi%m_nD 26)
2 2 f,
3.4. &F Hilbert T ESESEMEE
T DMD BAE /MR A S S AR 5%, TRAHRM T —H 8415 S I8 (28 2 1 e {5
RS ST HUCEE . ¥R Hilbert 254285155 BFI IR 2L a, (1) - Hilbert 25 # /A5t
/ans

yﬁ):%T§¥£dr @7)

Forpox(t) A—sSHERE, MRS MEHTRECH
z(t)=x(t)+ jy(t) (28)
I I AEL BR B a(t) TR
a(t)=yx(t) +y (1)’ (29)

HI T 7E S I BRI B AR 4G AT A, LRI MR (B A R R BRIR S, R TT X & () SREXZE 2y,
LA day/dt ot 5 225 AR A8 BV AT e AL IR AR LR R AR Z . H T a (t) ESR SIS LI 1A] LLAR AR IR 220 P A2 A T
NEE, FECdajdt H R R A SNEAETE S M UM, SRE B T =0.15max (|(da/dt]) , #2254 5
AR/ T T BIRE DY 0, DA IR AEWS MEMRSE U &5 5 A0 2L, B AR P sl R B AR I Z1

35. ANIEESHEMEERNRE

AR ) B & B Bh AR S 70 i (Adaptive Dynamic Mode Decomposition, ADMD)X} T #4725 il 1 A5
SHEASIUPTRM T, RAEEmE 3 R,

1) ¥igai m A 1.

2) #m=m+1, 4T DMD 4 f#.

3) IHHRZERM e.

4) EIPBRQMSERE)EEIRE R e /DT BB 1, FEIM,, -

5) 5 m=m_, I DMD 2 iR4h |, 153 s,

6) X 43 fifE H AR 23 2 4 AT RO 2R3 FRT A, 753810 MBS 24
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Figure 3. Flowchart of the ADMD algorithm
3. ADMD EERIZE

XS EERAS S, ERATE S WD, T SCAT N AR s A AL DRI X B A
1) {55247 Hilbert A2 Hfe BB I E 8 # 25

2) XERIEME R BAT 200 TH A

3) HRZE 73 Ja (K145 B AR AR R (58 A I A i 5

4) KRS IN (i mRE A S VIR, 20 HEAT ADMD 238 JAS: DA A< RE AE -

4, fHESH
4.1, BRISEEE S

AR 2 73 B RS 50 AR SCIHR FOEEAT IR, HZHE R nUrs « RS fs = 8192
Hz, t=0.5.
u, () =123.1cos (150 * 2nt ) + 78.2c0s (92 * 2t ) +13¢0s (126 * 2nt )

+10.8c0s(83.2* 21t ) + 6.5c05 (50 * 27t ) + 2.1cos (20 * 2nt )

X5 5T ADMD F3fi#, £33 12 MWK, HR4E DMD -kt K Re S i AH S8 LS A I,
BRI . FRSRIEEE m B, RERE e MALIE 4, W50 m =37 iR 2 R 50A 5 E DL
T, KE m=37 IEAE Hankel JEFFHEE I BRAE . NFESEITIER RS RWT, 12 VMD 7y, Kk
IH R A SCSHOE BT 30O 4 5 S ECR TR, S0t &R m=84 VMD (55045, Tl
YHE THEAT 0, s Rl 5~7 B

H & 5 7751, EMD Bk MRS 5 2B 10 MRS &, (HEH A IMF 7 & EEERS TR S
DG, TR RS AE S 78 i, GBS S S EUTHER T 5. RO VMD FIASCHR HE 1)
ADMD HETEATAS 5 /0 Al i AR W USRS 1 I 8, o] LUKRE 5 0 o0, JFRS %, R VMD
FI ADMD [ RS FEEAT X b . 45 R a035 1. 35 2 Fis

(30)
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Figure 4. Steady-state signal error coefficient variation
4. RISESRERBTNK
Table 1. Steady state harmonic frequency detection results
= 1. RSIERINERGNEER
BEE:N 7oy S ADMD FEARN R ZE/%  VMD K& U AR X5 2%
150 2.01E-02 1.25
92 1.97E-02 2.36
126 1.99E-02 2.45
83.2 2.05E-02 1.98
50 2.05E-02 3.01
20 2.01E-02 2.56
Table 2. Steady state harmonic assignment detection results
= 2. RS ERNLE
AR ADMD FEARN IR ZE%  VMD KU AR %R 2%
123.1 6.34E—08 2.56E-05
78.2 3.65E-08 3.79E-06
13 1.13E-11 4.88E-05
10.8 1.51E-08 2.66E-04
6.5 6.21E-08 5.36E-05
2.1 1.67E—11 2.33E-06
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Figure 6. VMD algorithm decomposition results
6. VMD B A SRR
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Figure 8. ADMD algorithm decomposition results when SNR = 30
8. SNR = 30 Bt ADMD B &5 fRLE R

DOI: 10.12677/0jcs.2026.151003 35 5 R4


https://doi.org/10.12677/ojcs.2026.151003

s
b
4
4

I3 BN UGS SIS L 9 0 dB. 30 dB. 40 dB KM, FE43 BN INAS S5 347 ADMD 23«
TE{5 ML 30 dB [13A5E T ADMD 70 s Fanlsl 8 Fivr, 3% 3+ 32 4 0 il ot JGAE 5 3 AN [RI R gt s f
I RIS S HUR I 45 3

HH I 8 T, MfS5Me LUK 30dB i, DMD {5880 ARG S i b s &, HoR I &
HAFAER S TR B AN P i RS ), MRS R R T . 1X 15 DMD J3 b 5 I SVD Ak Sk R T 4
fif 4t R I S B R

Table 3. Detection results of steady-state harmonic frequency with added noise

3. MRS RGN LER

AN 1R 251%
A%
oMk SNR =40 SNR =30
150 2.01E-02 6.02E—02 0.301
92 1.97E-02 6.11E-02 0.298
126 1.99E-02 6.05E—02 0.318
83.2 2.05E-02 6.03E-02 0.221
50 2.01E-02 6.02E-02 0.309
20 2.01E-02 6.02E-02 0.278

Table 4. Detection results of steady-state harmonic amplitude with added noise

4. MRRZSIERIBERNER

SR KT 21%
B IEE

oMk SNR =40 SNR =30

123.1 6.34E-08 3.42E-04 1.38E-03
78.2 3.65E-08 4.81E-04 2.14E-03
13 1.13E-11 6.56E—04 1.64E—02
10.8 1.51E-08 1.51E-03 9.94E-03
6.5 6.21E-08 1.92E-03 7.63E-03
2.1 1.67E-11 6.10E-03 1.38E-02

9 3 F1% 4 HORIRHESRIIAE L, A SCH 07 LR B R (3 2 2 s B L, LA ek
[P b 2 TR P NS R R T 0.08%, WA IRZIIET 6.5E-08%: 3| AW EIHAM B
K ORIIRERE . 30 B f5WRLL T HISAIA R 2 I97E 0.3% % 47, IRHIXHEZMIET 0.029. I {3kt
FEKIERI IR E I 9. 14 10 B
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Figure 9. Relative frequency detection error of each harmonic under different signal-to-noise ratios
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Figure 10. Relative error in amplitude detection of each harmonic under different signal-to-noise ratios
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4.3. BERENSRAEM

TR GEIIAGE 5 70 AT 58 O ME A I [ A5 5 Th I B R i, 52 RIS IR B A MR ANTE 055
e 35K, BATRI AN AR 5 R EEAT S S (0 W A N S, IMKAR S5 VA A 8 B (R TR 1 0 T A

WA e RE, 114 VMD, EMD J5iEiEAT R L.
u, (t)=0.146cos(50* 2t ) +0.284 cos(50.1* 2nt ) + 0.126 cos (60 * 2nt )

Table 5. Frequency detection results of dense interharmonics

5. BmEEIERAINRGVLER

i ADM‘D il VMIE) il EMp Lol
FART AR ZE (% FERTR 2% FHXTR 2%
50 3.22E-04 0.216 10.42
50.1 3.61E-04 0.377 12.86
60 3.10E-04 0.208 11.21

Table 6. Amplitude detection results of dense interharmonics

= 6. BEEIERBRERNER

Y ADM‘D il VMI? il EMI? Ao il
FART R ZE (% FERHR 2% FEXTER 2%
0.416 3.04E-12 0.587 15.83
0.284 8.88E-10 0.537 16.22
0.126 4.22E-10 0.601 14.29

(31)

HI7% 51 7 6 AT, ASSCAEALEE & 3 R (RS A Fe 05 S, OREF T BGs HEmPE . BACSOE S H

e S AT, R SRR, IR BB, UM R
4.4, WEERER AT
B A £ T

sin(50mt) 0<t<0.1

sin(50mt ) +0.25sin (100t ) +0.5sin (150nt) 0.1<t<0.2
w(0)= sin (50nt) +0.4sin (210xt) 0.2<t<0.35

sin (50nt) + 0.6in (300t 0.35<t<05

[ IR E AR A5 55 HP I B0 Hz F e

(33)

XHE ST BRI A2 i, B @) R IGE S, B YeRHE ST Hilbert 28, ZxHI {55 XN IR
HHZ, g5 RaE o). RSB 0) 2 R BT Z 0 tH 5, SREUNARR ZIE, () —EZr8R, K
() NVURrZ S5 R, AT RORE G, Tovk BRI A ZME,  DUR 22 70 45 R AT, TR
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Figure 11. The time-varying time positioning process of time-varying signals
11, NEESHRENZIEMETE

Table 7. Frequency and amplitude detection results of time-varying harmonic signals
=7 MTEERESHNE. BENER

TR PLiR7Ew TR B ABRT R 22 1% L IEE R AEAH XS 1% 221%
0~0.1s 157.08 1.73E-02 1 6.89E-13
157.08 1.98E-02 1 2.76E-13
0.1~0.2s 314.16 1.42E-02 0.2 1.92E-12
471.24 3.62E-02 0.4 3.12E-12
157.08 2.41E-02 1 6.22E-13
0.2~0.35s
628.32 3.65E—02 0.7 4.74E-13
157.08 5.68E-02 1 7.19E-13
0.35~0.5s
942.48 3.23E-02 0.5 8.41E-13
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Figure 12. ADMD decomposition results of time-varying signals
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Figure 13. Inter harmonic parameter detection experimental platform
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Table 8. Experimental platform frequency measurement results

8 LWTFAIMERSUMER

B4y IRV
1st 52.3
3rd 156.9
5th 2615
oth 470.7

ERER ] 220.9
IF i3 2 309.6
B 1%59% 3 396.7

BRAART IR 2%

VMD ADMD

0.212 1.05E-03
0.411 6.47E-02
0.185 7.75E-02
0.513 8.60E-02
0.915 9.15E-02
0.656 6.56 E-02
0.291 7.66E-02

SEEGIIRE R, H ARG S R AR IT6322A A RER 5T, HEME AN 52.3Hz FI2EH . 3. 5. 9
VRSB DA AR R 2209, 309.6. 396.7 Hz Y 3 a4k, S8 J5i% ] Tektronix TDS1072C 7-i 8 5k
PLIEIE S, B B T W R HE ST AR, JEHAI A STM32F103 1 16 £ 8 Wi [F P

KAES K AD7606-BSTZ KT, SLPRRFAIREE N 6 kHz, FH¥ KRS s BT T A3,
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Table 9. Experimental platform amplitude measurement results
9. BT ARETNLER

W (AR X% 221%
%y ALIETAYS
VMD ADMD

1st 220 0.088 4.92E-09
3rd 156 0.069 4.12E-09
5th 76 0.198 1.86E-06
9th 29 0.063 8.53E-09
)i 1 59 0.071 2.85E-07
VI 3 2 68 0.045 6.97E-08
E] 4% 3 97 0.021 3.36E-09

HI7% 8. & 9 AIAL, FEUEPANRNERAFAEMEOL T, VMD IS HUG A RORZE R A SCHE 1 Y
THEAEXT IS WP RS REEAT Z G TR 22/, XTI E A R ARYS R % < 1.86E-06%, IR
FARSIRZE < 9.15E-02%, SN2 RAR WA SCTT 120 A 28 S T 1) Vs Y fAE A A 0 o
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Figure 14. Electric arc furnace signal
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Figure 15. EMD decomposition results of electric arc furnace signals
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Figure 16. VMD decomposition results of electric arc furnace signals
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Figure 17. ADMD decomposition results of electric arc furnace signals
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Table 10. Electric arc furnace signal detection results

= 10. BIMPESHMER

WIRES kS PR AR R ZE % MR W AELAR X 1R 22/%
47.995 4.011 105.287 5.281

VMD 120.987 3.213 72.928 4.188
23.997 4.015 70.262 17.112
49.995 9.68e-03 99.991 9.46e-03

ADMD 124.987 1.04e-02 70.088 0.135
24.998 1.17e-03 60.093 0.178

B 10 °TH1, B S5 h&4a 25, 50 il 125 Hz (A8, BERNEZENH, NieEz
g1, ADMD Kl A X 1R 2 KT VMD, 1AL 7 ADMD, ZER I S2Fr{E 5 i A Bk o
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(2) ASCTTEAEAT B MR AE AR AG TG L, A AR B35 A 5 S [R) R PO 5 5 I A B 1) 2 e
AT P RE -
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