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Remaining useful life prediction method for relay protection devices based on
IRIME-BP-LSTM model
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(Hebei Key Laboratory of Distributed Energy Storage and Microgrid (North China Electric
Power University), Baoding 071003, China)

Abstract: Current methods for predicting the remaining useful life of relay protection device suffer from issues such as
the lack of accurate assessment and prediction for individual device states, and the inability to timely correct prediction
data according to actual operating conditions, resulting in unreliable prediction results. To address this, a method for
predicting the remaining useful life of relay protection devices based on the IRIME-BP-LSTM model is proposed. First,
operational experience and procedural requirements are summarized to establish a set of state assessment indicators for
protection devices, forming the initial input vector. Then, the Cauchy mutation strategy is introduced to improve the rime
optimization algorithm, which is used to optimize the initial parameters of the backpropagation (BP) neural network. Next,
the initial input vector is assigned to the optimized neural network to assess the condition of the protection device,
forming a representation vector of the device’s operating state and constructing a time series. Finally, the constructed time
series is fed to the long short-term memory (LSTM) network for predicting the remaining useful life of the protection
device. Case study results show that the proposed method has higher accuracy in predicting the remaining useful life of
protection devices and can provide theoretical guidance for relay maintenance and operation decision-making.
This work is supported by the National Natural Science Foundation of China (No. 51877084).
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Fig. 1 Set of protective device condition assessment indicators

RIS, MRS ERRTEK, 4565 S SRt i
XoF 4k HL ORI BDIRS AT VP4, Al 4k i fRIP 2 B
WREDR CRIFT. CIER”. “HR7. “B57 4 Fhsk
FIFHATAS, R 1 Prs. K ¥ =[Y,7,.Y,.Y,]
NP ML R R, FSRSER R B T AL
REFEH, XN RRWME PR,

TARHE, R B TR,
Wk as N RH S




ik g, 55

FEF IRIME-BP-LSTM A5 28 [ 4k L -3 25 B 0 4% 75y U 7 7% - 127 -

x1RSFRRELERE

Table 1 Status level and output vector

REEY &R it 1) B2V
R 47 G [1000] 1
EH N [0100] 2
s W [0010] 3
I F [0001] 4

1.2 HEFRPEERSIFEHER

TIOR8 B S AT RS 1) R M I 5 R T
i, AICATE RIS AT RS RAE M Z R R 751, AT
DA I BE SC% . B TR IR 3% B Gy
TR PR PEAS IR, AFAESR PR RE . PR T
ERZNAEMERETI. B REES BN s
FRSE I, SO VPl A5 R HERA T, T RS S 4k
DS I B e e ey - o Y L1 P N
TE AR 25 BRSPS TR AR SR D RIS, 5] Nl g AR
SRR UKL B, PR AR R A
fRRE S5 IS SO R UK AL SRR BP s 2%
PIWIEE AT, F%E IRIME-BP #4148 [ 25 45
B, R FHARAREE B0 76 IR 2% B 2 WV (IR AS
A
1.2.1 Sk FE ORI AL SR

FEUKAC AL B2 2023 SEHE H A — PP B RS,
SRR KRRt . ORI R ALE] . B R
2 FIALHI AR D AR B AT, RARGH®
4 SRR EE 1T TR VKA iR 2

FRUKFPEERI 4610

Xy X, e X
Xy Xy e Xy,
21 22 2

R=| . . V! €]
Xy Xy e X,

e x, AR UKRIEE R o R VR
L/ N

R™ =R, +rcos@-plh-(U, -L,)+L,;l,rn<E
2)
/\q:‘:
I
0= 3
10-T )

T

Aol RIS A RIS AR
FHIBRLE: R, SHUHRE R R RS )
AKCTIIRCEL 91,78 B A OBEHLAG 5 cos 0
SERBHIFR TR BT, L0 2RISR

FEEITAR L BB R, A B Np iR
B h ONMEERE, ZODAMBIYG U, L, 7%
BIARL PR AR B R NTEO,1)TERIN
I~ NEENLEG ENMEREL rn 5 EILREEHIE
VRL TR BRSBTS A RcE: TR
KIEAOE |- A N BCEREG w oA THEIbr
BeR B 7y BB, BRIMEDN 5.

E SREESARIERIE IR, ansG)s .

E=\T|T %)
fifi 7 2 L an=K(6) s
Rz;ew = RbestAj’ 7"3 < F“Omll' (Sz) (6)

K ACLDJERE N — B F™(S) A
S HTRR OKAACE N A — U E, SRORER | SRR VKR
B3 A R IR

FVREE A 2 B

y FEUKFIRE

(a) FOREALZ L]

Yy  FRUKFMEE

(b) A A5 27 fl AL

[E 2 RIME B REE
Fig. 2 RIME algorithm principle diagram

 UKDEA E208 1 B R R LA A A 2 L
SR UK AL B R ST RN, B I SRVEAE R
AR R B 2 HARE, BN R AL O, A
LGN PG AR AL Bt R UKL S, KL
AT 220 B IEARES RAE 9 B S RS % R oK
WL SR N R B R LA L, LR AT Y
SR SRR KR AL B, DU TR, e



-128 - B 2GRy 524

ISR SR . BT A A R (7T«
F@ixg.t) = !

———f -, —o<x<+w (7)
n[(x—x,)" +1,7]

Kot fvx.0) TR TR ARG x, 5
X AAEAL BN ESHG 1 NERE ALK
—YREMRNESE, Y4t =1, x, =0 B ARHE
FTP A

TE S ARG VKA (R B 5 NIRRT P8 53 A1 () BE AL
&, W),

Rl;est.j = Rbest.j + 77Cauchy (1’ O) (8)
b Ry NIRAER KK R, A E

C oty (1,0) A RABRIEERT TG 73 A7 FIBERL I B 7 9%
A1l o] 76 2 S L 1) 5 11
1.2.2 BP £ M 4%

BP 145 W9 25 2 — o I 158 22 I Rl SR AL i g
IFUIRIN 2 2 HiT iR s 2 o 2120, 22 ) 2% et %A
FHE TCT R AR H =R B s

Fy= QO wux, +6,) ©)

X FOAEE b MME T £ BOE R
KA Sigmoid K% w, NE b MHETH a
BWANBUE: x, NEE b DMHAETTINEE a MEN; 6,4
b AN T BME .

TEHEN) BP #HE MR ALE R AN JE .
R Z 3 R A, ok SRR I AL R B
K e A IR B I 45 AT LU
¥ HBO TR S 1R BIR 2 I n AL = 4%, s M
Pl IS i S5 0 A 3R SRR R 2 38 T Y R T R B
BE, DURBNE/NEZE . IZIFILM e i H 1.
J/INRZER B bR g, BRI R AL E, THE0(10)
Jr7i o

B =3 YR =F) =3 X0F ~ 0w +0)] (10)

X F FoRTE L n RoREE T
1.2.3 IRIME-BP ##1£5 [} 4 fi 74

LEBMUE ] BP AR, EAR ] LU 24
KINReEER, (HHT BP #h& M % KIWIIESH0E
HWONBENURAE, SEIL S 2 BRI X 25 1)
SR R IRSIGER RIS . —REHR S BN
. SO FE VKOS B T MR L, R
i Sl v A M AT 4 SR 4 2R Rk R S S A (A
e DR, ASCRA SRR UKL SRS BP &
AT, B RSB RIS, ¥
ZHRT BP #4248 J5 AT IR AR R AL I 25

1) PHEE [ 28 25 10 150

AICEH 3 EMAEMGEFATIFE, WMANZ.
B EH S . BN B A TR e br g
TR, I N B AR e MO 125 Fath =
P TTNER 4, BT IR R E A
IR EFER MR, B A2 R R E
KRS BEREEE QD) E & EE
LI, ASCERE S EME TN 14, BP
PR I 28 ARG W] 3 Pl .

My, =AMy +my, +a (11)

X my, NESEMETANE: m NN
KT my, N EMZE TG o N[1,10]
(R EEEL

N ey Hith 2
[l 3 BP #&EMLELEH

Fig. 3 BP neural network architecture

2) IRIME 535414k BP #4441 46 5%k

e T BP #HE MK INE 2 5, K
25 ) 24 b AL A RS A T s AS AL R 1] B N\ 500 ok A
B, @Ik SV T SRR UK AN AR 3 B
AT ZUOER, SRIRERKAALE, BHEALERE
SARRDAS B 1) B EAE N AR WA BUE w,, A
RIRME 6, T, AT 5 SRR VRS .
PR AR FE an i 4 FTos o
1.3 RS S EFES a2

¥ 12 MR — SR & X =X,
X, X, WE N N B R R, 3 TR
BB PPIRESTEAS, KA — =X 12)FR.

YN o212 (12)
X, — X,

X x, HE—HTFEFREEE: X NE— S
BINEHE: x, X ONECR S B/MEFREE

AR AR AR YNGR 5 A B OR A e B IR S R AE 1)
#P=[B,P,P,P], H, PRREIFEELTIR

X, =




HT IRIME-BP-LSTM HR2 [¥) 4k By O 25 55 el < 75 i 00N 7 v - 129 -

Tkt FE, %

i IRIME
el
| |

ThSEBPKIZ: || st kAR }
I 25 1 7 BN ‘

I ¢ :

v | WERENE |
BebLERBPARZ [N | wEAE [ |
I (T R i ) ‘

A [ !

i B RUBLB ‘

YA I

RIS | it | ﬁ;gg@f ‘

Ry [ ;i |
|

! | [ i |

VST — WUBEAF AT
EATEEN I
R ! 59k ‘

- |

I | e |
i T 2 7 e ‘

155 5 B w Bhit 7 AR
FeA T4 | ‘
|
} i
ik ! |
| |

4 B FEKRACE AR AL BP HERE RS HIRIE
Fig. 4 Flowchart of IRIME algorithm for optimizing initial

parameters of BP neural network

BEH R, 2=1,23,4. { P NP—P, FHK
RORMERS, ZREFI MR Y, =1 B0,
Y, =0 BOEAMRI 5 B AEAF I 240 T RS 1
FOMER, M RAZ IR e BOR A FRAE ) & I 17 PR 471
T, =[P, Py, Py, Hl, P FORRIPIREAE

Tsn

n W ZIAE TR 1 IR
2 HERIPREFKRESTON

PR 2% B 75 iy IO A2 2 T HRAS R AIE 1) £ P s (1]
FFHAT IO, SRIRECR — B ZI R4 25 B nT ge R
o HHTIRY 5% B T R 77 i PO BE 2 2 R L85 2
VB, IR R AR AR A AN BE AR 4T Hh R A T T £
PERERER B IE . Rk, ASCRAK R L2 4%
HEATIRAS AL (m) &) (8] 2 &1 B T, [R B % 8 BLAR
K, 4N —I 2R RS R B, N T E
{ERERY, A DL AR 2% B Rt s = B,
T ATEHAT T IR B EOR sy, N A
HIREZR o
2.1 KIFHRICIZ ML

KA I N 288 7 — PR R A5 A IR I p 22 Y
2%, T AT AR R S IR, 544
HI TG PR 44 28 Y 4% (recurrent neural network, RNN)AH
L, LSTM SIA T HIeiREs 3 Mg MERATT.
BT T DR A HIE B, X EEhLH 15

LSTM A% B i s ACEE P 41 b KR &R, il
T AL G020 A 2% 3 DA AL BRI 7] 5 270 1y ke 126271,
LSTM s i 5 s o

5 KIGHRICIZ NS A R EE 1 E
Fig. 5 Internal structure diagram of LSTM network

1) ]

BRI 10 5T U 2 T T — B Z PRSI 2
YEPRE T, BARE W3R,

f,=cWs,_,x ]1+b;) (13)

A fRNFRARTI 25 o() F78 Sigmoid
BEREG W, BRI TAUERERE; s, N E—
B2 x AR ZIN: [s,,,x, ] NP A=
IR FEBARAE: b NEIANTIRE .

2) A

BINTTYOE T 4 HT 25 x, B 2 /07 2R
FEIYAT R IUIRES ¢, , BfaFiE 14— (16)
Fim o

it =O—(n/i[st—1’xt]+bi) (14)
¢, =tanh(W_[s, ,,x,]+b,) (15)
ct:f;oct71+it05t (16)

A § RTINS Z5 s ¢ o
TORS MR 2 s o, RN 24 mT i Z 84
s W RRE N T TR BB RS s b, 27 i B 105
W, RN IOIRES BIBUEFEFE s b, 7R S0 RAS 1
B, 559 “o” XL RERIIE. i He 1
BB FE B A B ) i AN 1), TR R R
BRI SR
3) o]
iy T E A ST A 2/ TR ¢, W RME
HE] LSTM 2 arf g s+, HAaRIEw=(17)
A8~
o =cW][s,_.,x]1+b,) (17)



- 130 - B 2GRy 524

s, =0, o tanh(c,) (18)
Ao W RORETH TTIOBUEREFE; b, RorFH ]
)k B ) o
2.2 IRIME-BP-LSTM M= 5!

A A IRIME-BP-LSTM TR A%: 7Y S 3
PRIPIE E R A, BERRFRWE 6 frx.
T FREN AT SC IRIME-BP #1285 [ 25 A5 70 %o} R 2% B
HATRE VS JF I RS RER & P =[R, P, P,
P, M 6 ANHIRI — Iz R 3 B FPRESRIE
M, AEPRASRAE R R T T, K F
HlE ] LSTM A8 e, B a] sl (R38N —

B ZIPRAS BT s 4 3RECE] T — B ZI PR AS RAE 1]
B, AEARIN x FINE] LSTM Y, B A
FEBIEE R, 16 RG0S IE T SRICE s 1 il
i, ASCK LSTM MR H Kk E N 5, B
T ERIAT 2.5 AF AR SR IEAT S5 SR T . [
W, WEEERN L, W EAEEKEHE
[0.6,0.8], HUEEE/KF 0.75.
{A<p.P=[R,B,P,Pl} (19)
WRA KA, B ERY % B Ab T B 1T (%
BNTLET 75%F, DN E AT RIS, 400
IBATINIA] T B R 325s B A & 75 i 1)

JBATIN I FEHEE

|

|

|

|

|

|

|

|

| N

| [

i 4

! BENIIUH 25 #

/

: \_ / /}

|

|

|

|

|

|

|

|

|

|

o

|

! N

| RV FR AR S

|

|

| BREP B AR S ¥ //A %

I VAl b ! N~ [N

| \\o,’//“ NS RS | . o

| X A\'l’l‘ S N\X Y, P
GACTi-LiN B g XXX N

I XX LIS S ”

I KRR b TIe e 7 O

! sy iR X 7/ Yy

V| | e fE. TARRUR, R TR

i BB e E S U7 B UL

|

|

|

|

|

|

[ 6 £TF IRIME-BP-LSTM HIRIF 3 EFI R FHTNRIE
Fig. 6 Process of remaining useful life prediction for protective devices based on IRIME-BP-LSTM

3 RHISEIE

X2 EE R A VA PO A B P52 P42 DR i 482 ()
F UL KT A T i T RO HERA B2, R A SCAE 2 491 56
RS R, EJe%t IRIME-BP #1420 W 28 A A AT
WIZRAHERRRE MU RAIE s SRJE,  FERRIAVPAl &5 R HEH
JBETE BRI EAN |, A5 DR 2 EARESRAE [ B
(IR P81, e 18] S5 LSTM HEAT il 25
e, A CIRMEBITIRIIRE, KBS
NS5, ATHMERRIE, JEESH
Ly IR ] R S BT ELR

MIEBEH 2 T ORI B D RS B, B

HLAHMEL 1108 ZREN “RAF”. “IEH 7. “HER”.
CERET FEAR, DRNCREEARR TAERIE. HE
TARUREE . Wik 28 A BIPE IR B EAR, TE RT3
BRSSP TR

DI — SRS E NG, ZR R EIRES
W “CREF” I ZE TR G
0. RIERVESLREN 0. A MRERIFCN 0). ANIE
EIMER 0.08%. W& MBRIKEL 0. 25 BB T E
6.8 £, I E-15.613 dBm. eI RIETNZE
-18.276 dBm. L{EHE 45V. ¥ HE TIEEE
46.7 C. Wik s AsEREL 0. S 5% 0. HLL
AR I AR ) & x =020 AT R



ik g, 55

HT IRIME-BP-LSTM HR2 [¥) 4k By O 25 55 el < 75 i 00N 7 v - 131 -

x =[0,0,0,0.08,0,6.8,—15.613,-18.276,4.5,46.7,0,0]
(20)
R —R12) 143, \A—E %A A =
X QDR
X =[0,0,0,0.19,0,0.523,0.667,0.803,0.92,0.150,0,0]
21
IRIME-BP #1252 i £ A5 B4 3R B U — 46 J= i 4\
i, WEIEEATNT SV, RS TR R
AR E MR QFTRFPRERIE M E . %2R E A
T REPIRASHIBEE N 97.3%, AT IEHRESHIMEE Sy
1.9%, AT HEERESHIMAERN 0.5%, T 7ERE
FIRER A 0.3%, NNZORY 25 BRSPS RV R
it
P =[0.973,0.019,0.005,0.003] (22)
MBI BT R B A T, Bl s
PRIPIE A IS TER H 0.06% 222 0.075%,
BT 24 H AR AT IS T AR s s 48 b 5
IS il — e s 3, B 0.06% K3k 47 O
BB IPRASVES, A &2 = 23) s .
X' =[0,0,0,0.186,0,0.347,0.685,0.714,0.95,0.12,0,0]
J
X" =[0,0,0,0.17,0,0.347,0.685,0.714,0.95,0.12,0,0]
(23)
ENA BN X' B, IRIME-BP 125 /0 2% R 70 gy
HIPRERMERE P W) FTn; FANFREAN
X" i, IRIME-BP 125 [ 2% 5 78 4t FRIR A5 R AE 7]
= P" =25 FR.
P'=[0.979,0.011,0.007,0.003] (24)
P"=[0.981,0.01,0.007,0.002] (25)
MR 2 BRSRAE M E T LA, B
T AR B AT I Ul A B HH 4 SRR AS K FUIRES
SEIN “ RUF”, BRI R bR BER A S BN
SEEET,  mE Ik BT — e SR A DR bR e
HATIRAS A
A ORGP 2% B AR S b 3 543 B N 1)
A F] IRIME-BP 128 [ 25 o i 47870 (1)1 5 %
MR W FEAR SR AT REMLFT AL, IEHL 1000 £ 504
TERUIZREE, 108 LB AR MR
SRS MRETAL 45 R E 7 Fow, il
SREEVEA 45 RVERI RN 99.1%, MRS VPG &5 SRk
WA 97.222%. KRR (1 HE e A\ 2 i £ A4k
%% (whale optimization algorithm, WOA). i T £
L% (particle swarm optimization, PSO). i#t4% 5%
(genetic algorithm, GA)LALH] BP #1458 ¥ 2% 5 41
HEATRTEE, 6P Egs Bk 2 iR

INZREE VAl 45 SR X L
HEIZE999.1%

4 | OFiEHE o oam»
[ERINS

3 O aEEE» 00
E%S
&
%
ES

26 - o

1P o

0 100 200 300 400 500 600 700 800 900 10001100
PALREA
(a)
DR EE PP 45 5% E
W2 N97.222%
O TR

4t e i )

3 —
« o
g
¥
S

2 L) )

IF
010 20 30 40 50 60 70 80 90 100 110
VEAGREA
(®)
B 7 RIPREBRSTEENGE SN ELE R E

Fig. 7 Comparison chart of training and test results for

protective device condition assessment

® 2 BREEMIL BP M MEIEEDETHR XL
Table 2 Comparison of accuracy in BP neural network models

optimized by intelligent algorithms

! IR UL 26/% WA HETF 26/%
IRIME-BP 99.1 97.22
WOA-BP 95.34 93.01

PSO-BP 95.91 92.98
GA-BP 93.44 89.88

K 2 PTBAUE H: AT ESLH IRIME-BP #f
22 R 28 AT SO o RO P 28 EDIRZS PRAG B 7EE A 2 40 L
By, A DA Ja S 18] 77 51 (R Aa adt DA B 285 5 e ok
F3 i T o

DUFE & R 3 B oA, HARESRAEMRE 3
B, KR4 A 18] P B ) g i R A9 B A TR AS (I
(750, KR A s a3 SR I 2R B A\ 2
LSTM A rpr, #E7Y (g Bt 2 3] AR B 8 BT o



-132- B 2GRy 524

3 RERIPEERIEEERMEFS
Table 3 Characterization vector and time series of

a certain protection device

I [ /4 RARAE ) 2 P,
1 [0.9941,0.005,0.0006,0.0003] 0.9941
15 [0.9836,0.008,0.0062,0.0022] 0.9836
2 [0.9699,0.014,0.0091,0.007] 0.9699
2.5 [0.9612,0.028,0.009,0.0018] 0.9612
3 [0.9564,0.03,0.01,0.0036] 0.9564
3.5 [0.9481,0.033,0.012,0.0069] 0.9481

i 8] 7 371 [0.9941 0.9836 0.9699 0.9612 0.9564 0.9481]
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