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Abstract; Aiming at the problem of outliers, noise and irregular disturbances prevailing in the monitoring
parameters of the thermal system, a noise reduction method for monitoring parameter of the thermal system based on
median regression empirical mode decomposition ( MREMD ) and variational mode decomposition ( VMD) is
proposed. The purpose is to enhance the accuracy of monitoring system regulation and the level of system operation
management, while minimizing noise and disturbances in the monitoring parameters, all while preserving as much
of the original data’ s effective information as possible. The method firstly performs MREMD of the monitoring
parameters to obtain a number of intrinsic mode functions (IMF). Secondly, chaotic time series analysis is applied
to filter out the IMF components containing noise using permutation entropy, reconstructing them as the noise
portion of the original data. Then the noise part is decomposed by VMD, and the optimal envelope entropy of the
IMF obtained by the decomposition is used as the fitness function. The northern goshawk optimization ( NGO )
algorithm is used to optimize the VMD decomposition parameters, yielding the IMF with the lowest envelope entropy
within the optimization range, which contains the effective information of the noise portion. Finally, this part was
reconstructed by summing with the low frequency IMF component and residual component obtained by MREMD
decomposition which both are contained trend information, to obtain the monitoring signal after noise reduction. The
results demonstrate that through case studies, the modal double-decomposition noise reduction method proposed in
this paper has highest signal-to-noise ratio and lower information entropy and power spectral entropy compared to
mainstream wavelet threshold denoising methods and moving average filtering techniques.
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Fig.1  Flow chart of thermal parameter noise reduction method

based on modal double decomposition

Stepl X[ T R 4tia 1T 24017 MREMD , 1%
T IMF - MR i

Step2 1A IMF 4328 C-C BHIE L ALiT a]
SIE SR AL AR A B HESIRAE, T 4% IMF 4352 1 HES ]
WEIEIETT k-means RIS, B IMF 4925 43 W 40 75 I
PRSI = A IMF 43 15 AL 75 8 3 8 1A
IMF 4335, % @000 IMF 433 R 1 EE 4 5 75 380 T Ui 4
it (R 75 i

Step3 i [l VMD $2HU Step2 Fif 15 J5 I Kl 4 Mg
ARG BBy, VMD S S 8uh b G s
1 (northern goshawk optimization, NGO) 153 ¥ J5

AR R R o o i A T IME i, o 5 AR S
MREMD Fif5 () IMF 43 % X 53, VMD 53 il i 15 1)
IMF 4381928 IMF*

Stepd iRy 5 B (NGO) R L3 1
RS IMF ™ 435 (1438 0 B, 35 BRI A5 17 J3E 19 IMF
IyHES Step2 T EYARAE IMF 435 1 Stepl HYFR 443
e R R 0 SRR B

RS AR K BARE T
1.1 MREMD % #

MREMD & 7F 28 30 858 245 73 il 1 L il B >R A

[ )5 ( autoregressive model, AR ) #5550 X {5 5 %ty 14 4E
i, 0T A A5 1 T 8% T EMD SRXHG
oy i AT B R AT R B Xy, 25 5 3 I i
2R, BAALBRANT .

Stepl M5 AIBT T H1H 5, (¢) , @ iL AR
BRALKE s (¢ ) W9 3 1 0B 28 577 9] 2 A i e 48 4 T 2
1 s 1) 370 A A SR T A AR A 2 T

s, = by + b5 +dys,, + o+ D+ u, (1)
AXes WM, by, by, 0, N p+1 DIHL,
p(p +1,p +2,+ ,N) IEHEI A,

Step2  BCIEHE B9 s, (1) FEAE z DA AL, X
FRABA A SOR I, 575 {5,010  Hii=1,2, -,
z = 1, FRE N BHEF 34T 3 IR R4 (E T 15

ho(8) = so(1) = my o(1) (2)
K om, o (1) ,50(8) =my o (2)H s, (1) (IESEEIT
B hy o (1) 0 5, (0) 19 1 BRS04

Step3 %I h, , (1) A Stepl Step2 #ETEACIT
BB UGERUG Ry (o) Tl R LA AR5 U
Calwr A2 S| S LS|

‘0'1-1 -

Sy

P(9, |9, <9, =0.950

Pils)|(Is) < syt =0.685
AKz=12, 241,00 o, W RE 1 -1 R&
UG by, () BT IIRIEE o, R 1 k%
UG by, (o) BE RUF IR IE R s, HIEH GRS
FEAIRES z DRAE R, P AR, 6, .0, 7000 h
WG E SRS L R NE S HE A S s) i
{E, BP

0’1‘
< 0. 200
(3)

m m m

9. = $1,0 S20 . Sko

0 Mo Mo s M
S

SO’ SU’ o

4

m m m ( )
9 = (Sur S Sk
! M> M> oM
S(T SU’ S{r

sty 5,88 o WARBATIRAR IR 55 5, (1) 1Y
WEA, s, s, s, N 1 -1 WEREFES &
hy oy (o) RPME A,

Stepd £, (1) B 1 By IMF 33, x, (1) - IMF,
H—BERRES R, ¥ R, TEREIRGE 5 EE Stepl ~
Step3 , HL BN 5 A 73 i LA B bR B B 40 B A HHOBT Y
IMF 43801k A AT .

R, = x, - IMF,
R.2 = R, - IMF, (5)

R, =R, - IMF,



55 4 ]

B A — AR T IS R AR U g A MR 5 - 165 -

A on ARERS 0 R B FR K IMF 238, R, 9
W5 5, (1) B9 n BB (5o PR 0GR

gt RIS AR ST s, (1) TR AP
IMF 735 FIgk Ay o35 2 Al ]I

so(1) = Z IMF, + R, (6)

i=

L1 HES R AR 25 () 5 4G S5 E B

JRURE 5 2 MREMD J5 15 2] IMF 235 1] 50K
£ MR P N B0 =48 IMF 20 A& B ivE B
ERAT IMF 328 DA % [) Bsf 0 5 M s 0 344 80 ) v
(AT o, EEXT IMIF 32 14 50) 40 o 8 B ) T
T4 IMF 43 BRI ENE AR, 556G
F T Z A AN ZE IR, T AN B O AR iR 25 45 DL R
R EARIEM AR AR REA BOTM IMF 43RS .
AR SCHEBCHES R 1 R PEA IMF 43115 5 I A b
e, X BY IMF 43064730145

HEGIEAE Ay 2 2 D e ) 3 BE AL B 8
EAG G 10 3 R R AR AH L, BA TR B e
MR T 5 AN B B A P A5, FH i et s ]
FealE AR BRI,

Stepl & — Bt F 51K y (k) , X5 J5 46 £ 4
HEATAHAS [ EE A

[y(1)  y(1 +7)
y(2) y(2+7)
Y =1y() y(G+1)

- y(L+ (m - 1)7)]
- y@2+(m-1D7)

y( + (m—-1)7)

(7)

~y(k) y(k+7) e y(k+ (m-1)7)-
P om ARALEEL, 7 NWAERA] & R ER s N
Step2 KR —ANH M 4 AR R T R NUT
FHES] 153 & TR AL E S, R4
55 S(1)H
S =1,y ass gl d =12,k HE<m (8)
Step3 TR —FPAF ST A H LA HES Ny
H, == X fin(f) (9)
Stepd  Xf H, FEATIA— AL AL BRI HAE SR
FH AT B B
N L (10)
* In(m!)
A, LRSI E0 IR 1 S HEF G
1.1.2 C-CE¥
AT 3T WIS HOR AR e b AR 1 i [
1), H: MREMD JJif5 IMF 432 [Rl B 5 AT TR D B ] )5

FIRRAE , PR AR T35 4% IMF 43 09 HEZ i Bsf, A% SC
KRR G M h il C-C Bk A 25 8] B
(R HESR 7, AR AZGERL m, C-C BRI T 28X
IR PREIOR B 1 T A R 5 i A i = [ ) S B AR
JE AR IR B ok PR S A 25 (R A S 4k,
AWOERATH L S5, C-C Bk DLz A e A 2
(B A Z5 5 s/ N e A M R MR BB IF
RN BE kbR B R AR HA s A R B R A 23 ] R 4K
o i s AE BE AR g B SRR IR,

Bt IMF S i8] 230 {s,, (0) ) =), 50, 000, Sh
RIS T AT AR

S,‘lw = {st(i,) ‘L = 1,T+1,"’,G—T+1}

= v [i= 12,06 -ra b

sy = Sy |i = 7,27,,G}

RIGHHE D75, R

S(m,Gorir) = L x 2 [ (m, e -
L T
C?<m,¥,r,7>] (12)

M N—oo B, H
S(m,r.r) = %521 [C(myrr) =Ci(mrr)] (13)
i IMF 435 853 00 R A7 7E — 5 B AH 1,
Ft S(m,r,7) #0, Hig Kin2EH
AS(m,7) = max{S(m,r;,7)} —min{S(m,r,,7)},
m=2345j=123 (14)
ISR K, 15 IMF 431 s [a] 2 90 R pr o
% o  FAH TR0 8 3 A8t S(r) .S, (1) .
AS(T) N

S(r) = 11—62 Y S(m,r,7)
AS(r) = L3 AS(m,7) (15)

r, = jo/2

BOERE R S, (1) WY dRc/IME Y A 25 (8] H 4
MR AR I RERAE , i S(7) .S, (1) 5 7 Z[E i AH
KRR AORIBU 2 A1 F A A B ZE RS m Ay

m=Q+1 (16)

Ty

A7, 0 S () 55 1A MBI X R F e TSR R



- 166 - VS (S DA N S %57 &

EEXS 25 B IMF 34 B HES0 (A, R k-means 3R

BT AE K45 IMF S04 35 IR A /N [F, [F(X) ]

PIZE , 53 N by SR K50 W 7 8 o3 R R Ry, I : :

HUCHEZIME AR ZE 1 IMF 431 5K 8 4 A i 4 i 1 F=|F = | F(X)) (18)

e AU P e, X IR A EAT VMD AR : :

1.2 THEEDR LF,dy,  LF(Xy) JM
XA R A S IME i (R TT IR b F ey ARG E AR R i, PR

HEHA BRI BB B2 W T8 IMF A ey e iy oz s 8l

B s N shAh 38 vT BEAL B T SR U 3h AR D R
Bolfs B, HEs AanRERBEL, FXhZRE,
AR SCR IO AR MREMD IS 25 4% IMF 43
HEAT VMD 5% i i IMF ™ 43 b 943 83045 4%
H5 MREMD JI7 A5 {54 43t 1 5% 4% 43 ik J 4G 1) O
2, 0T AR AT RELR B B LR i 15 BT 0 T, Bk
W7 RS HL e 3

VMD J&— F 58 42 3E 36 V3 19 78 43 25 43 it ,
Dragomiretskiy 57 F 2014 4E 4, BRI OR
AT AT B 15 S4Bl K B HA R E PR A
FRATY T BB AR S R AR AL AR, DA ML ZE 9y g it
SRR, LAR GBI L F R 1) BR A EES
Gyt PO AR 58 2 R /N 2) BT AT BOASEAS 4 i
ZHETIRIGE S o X485y [n] SHE TR A, 4R 545
H IR AE AT P I A S0y, A5 B AR TR AR S
PR, B TR LSk [17]

TE VMD Zrffrh AR5 F o FIo3 240 K 7
HATHRE , B 1 2 5 2 B I VMD 7 2k 19 4%
FRRRICRE . T XTIZ ), AR SCHE H R AL 1 1 ik
(NGO) fE— & ZEAGE RN, T4 K A o AL

b5 45 A4 1 J& Dehghani 251 5246 7 45 I 4
EATAME K, T 2021 A4 B 4 R B %
R ES R SH> et BRS RSN
YRS Yo (B R B B ) B kA (R R B
B . BMARSEBTRIT

5, X SRR TR AR 1, D

_Xl 7 _Xl,l vee Xl,j vee lem_
X=|X |= X, - Xl_’j e X (17)
LA Xy e Xy X

AP X A E R REAERE, X, 85 SIS

YEQLE, N NFRERCR, m SRR R A2 RE
15 JE FP R ) E bR eR BT AT LAY E b ek B A 1)

AET7 45 T LA IS0 A5 ) ) S P R B AL A, B
NGO FE MR AE T o XA~ By B X 48 28 25 1] ik
fra)atl R, H AR E R U XK, X —r BT
ik .

Pi = Xk’
(i =12, N;k =12, i-1,i+1,-N)
(19)
x; +r(py =1y ) F, <F,
R = { ST o)
x; +r(x _PX,»,) ko= F,
X{]e\v,l’l , Fr.lew,l’l < F
X, = { l L l (21)
Xi7 F;lew,Pl > FL-

KB POER L ARIRINLE, Fo B8R i AR
I EAR R ECE, B S [ 1, NN R BE DL %L
X PR AN R AL E xR E AE
i GG RS j AR, P TS 1 B
BRES ( ANIEITEERY H AR R BUE, r N[ 0,1 ]JEHI
I REHLEL T8 1 5% 2 BREHLAE 5L,

pirmlay ey AUG TR e 7 Ea T LBl e )
s JE T LUK S i UGB B A ), BI04 2R s [ 1Y
JRTHE R B ARG SR T — BN R
AR, BRI B TT & B B, B Bt

FEH T =k
x?&w’}’z =ux,; +R(2r - 1)« (22)
R =0.02(1 -¢/T) (23)
X et o p
Xo=q oo (24)
X, Ft = p,

A AT AR, T o i Rk AR, X"
N AT RO E 2 N AL
JE IS j AEREIALE xR AR TS 2 B BRI A
AN EIER S j e E F T 2 B
BRI R FAR AR,

H T AR SO 42 1 1 C-C B33 H Ak A 2 ] F2 A
ZHCHEI VRS R B 2% T NGO B 7E



55 4 ]

B A — AR T IS R AR U g A MR 5 - 167 -

Do A8 7 X 3 0L B eR AR B2 AR, R AR Ak A
235 A F A S HES R AR NGO 3 1 BE pR A 235 |
AT [ e 4 ), 3 AR YR 9% | AR T LA
R AR S AN RN SR bR RS A
T NGO itk VMD FI38 07 5 pR &R,

A 4% 0k 1o %ﬁfiﬁigiﬁﬁﬁﬁﬁ/\%ﬁ AJ
VU F 5 {55 2 2 PR A 22 1k =T
&S AT REE A R (5 B @%iﬁéﬂ@iﬁﬂ%ﬁ%,%@
AN EREAE NN i b e S O b R BN e €
JEREK ; S AL A (E BRI, 3R A5 5 1M e
SAAREE R G B AP R AR BT
Ty AR PR AR SCIE R4S IMF ™ 43 o 1) A 2%
FEAE R NGO LA Iy B pR AR, TH3 ik an

E, =- _Zl,p_,-lgpi (25)
“

= 1)/ 3 16) (26)

1) = VI«x(j) 1> + [H[x()T1*  (27)
X E S IMF ™ 43 1 1 f 454 x(1)<1—1,2, ,
m) K VMD S5 IMF * 434, 1(j) R () i@k
IRAARE i 8 )5 BT A B 2545 5 P 91, H%ﬂz%ﬂﬁ
Hilbert 25

2 E |

A ANZE IR BN )1 2R G AR AE R A I A% T
*ﬂ%ﬂﬂﬁ%ﬁ%ﬁﬁﬂ&ﬁﬁéﬁwiﬁ
BATARAAEAb ARAE XT S248 | 177 B I 1 b Bk Ay
e e A 5848 FL W SR AEAE M S Fd s, A
BRRESHT , AR ZR VR K L R R M = S 500
WIS 53 R R P R 2l , AR R 43 A A0 5 1B AT e Ry
TEFE A 3005 B, DRI AR S LR A AN 2% 7580
G R, 3 s IS W s B S M SE PR s AT

IR R R O LA S 01 R R Y O AR AR
22, LBRIB TS5 A5 B AT R, AR AN
FEBRAY A R, AR SC T4 A R T A T 2 A W T
HEAT B,

it FHAS 507 B W5 ECHL, ZE7R AR 47K 3R DL 2l
SN KEWTHAS LT, % ML TFBE N 50% i
A2 80% M8 T-OL R AT 05 ., 05 ELAS 2 1Y 5
TRELIK AL AR A I 264555 DL IR 2, % 4 v 5 5 15
RN EAR (RS 0. 1 R M IS, IR 3,

Xif 5 W R (9 0 BLAR 5 54T MREMD 43+ # , 15 31
6 /1> IMF 31 1 DR, WK 4,

1.2¢

— HEHR

1.0

0.8F

0.6F

B AP IR ALK AL

0.41

0.2F

0.

0 5I0 I(I)O 1%0 Z(I)O 2‘50 3(.)0 350 4(‘)0 4I50
i 1) /s
2 WPREKITEAHNEARES

Fig.2  Pure signal of boiler drum water level
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Tab.1 Optimal delay time, optimal embedding dimension and

permutation entropy for each IMF component

IMF 43 it i JA] E 3R /s AR HEZ i
IMF, 7 3 0.999 7
IMF, 7 2 0.988 0
IMF, 8 3 0.993 7
IMF, 11 7 0.606 5
IMF, 2 0.995 1
IMF, 7 2 0.928 5
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Tab.2  Envelope entropy of each IMF” component at optimal

fitness
IMF* 435 IMF) IMF, IMF; IMF; IMFy
YN 3.8264  5.0914 5.7012 5.0220 5.6498
IMF * 435 IMF{ IMF; IMF IMFy IMF
Y 5.8559  5.9191 5.9156 5.9295 5.8780
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Tab.3  Comparison of noise reduction method based on modal double decomposition with other noise reduction methods
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Tab.4  Comparison of the noise reduction method based on modal double decomposition with other noise reduction methods
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