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Accelerometer health state assessment based on belief rule base and
ballistic simulation

LIAN Zheng, HU Lai-hong', ZHOU Zhi-jie, HU Chang-hua, CHEN Lei-yu, MING Zhi-chao
(College of Missile Engineering, Rocket Force University of Engineering, Xi’an 710025, China)

Abstract: Considering the complex operation mechanism of the accelerometer and the small number of test samples, this
paper proposes a health state assessment model based on belief rule base (BRB) and ballistic simulation. Firstly, an initial
health state assessment model is established based on BRB. Due to the subjectivity of qualitative knowledge, the initial
health state assessment model is difficult to provide accurate assessment results, so it needs to be optimized. However,
the real value of health state required for optimization is generally given by experts, which are fuzzy and imprecise.
Therefore, according to the physical model of the accelerometer in the navigation process, the real value of its health state
is accurately calculated based on the trajectory simulation method. Based on the covariance matrix adaption evolution
strategy (P-CMA-ES), the real value of health state is used to optimize the initial evaluation model, so as to accurately and
quickly evaluate the health state. Finally, the effectiveness of the proposed method is verified by the health assessment
of an accelerometer.

Keywords: accelerometer; health state assessment; belief rule base (BRB); ballistic simulation

0 5 &

1 MR 5 A g — o 20 0 S 0, P A
981 SRR S b R A /R O, HAR 2 R
BOR A ALK £ LB 20 TR B 0 1 . R e, e
IS T e R A5 B ST AP A BT, S I p L R
b R A5 DAt T 32 T+ R SR 0 S R
KB

AT, B Y 4027 S S A i IR A VR A
CURTE T 12 WF 50, BUAS 11 REIR A5 VP-4 7 3 7T 43

Ytis HEA: 2023-03-22; FFAHHEA: 2023-08-16.

VRESE U Ll PRy aNE o RS AN O RF B S ki
PEIRBN T3 VR, BT R T VE R AR AR R RS
BATRTTR T, 85 2 57 R G H s s B Y AT F
filh, IR IR B PRI S, B el T R IR 298 S
TR R B LA 2 R AT B0 i IR S VA X T
TAENUR S AR R 4, g S HA 3 A 4
A, PSR TR A TG H. BT RIR A TR fR TS 0 A
P SRR AT R PR AT RRR A DAl PR i 21
TR IRDHESE L T — T R GURE B VPG T 2R A

EE&WH: EXARRFIEETH (62227814, 62273113, 62203461, 62203365); B U 44 BH% 6137 H AT H (2022TD-

24).
TEIA/EH. E-mail: guyue2028@163.com.



3144 # % 5

xR ¥39%

154 T PR RE. 122807 v W o, HE LA AS 2 HE 1 V7
il 8 L. Ik T30 3K B 1 7 V0 R G R A ST IE AT AL
FEAR R —A “BBAE” DOF] S N RD AR s gk AT (g
FREIRZS VAl AR 45 VBN 5551 R H BP #4828 X6 i
THRE VAN BERR A ) B N\ AT R, SRS T AEZR)
VAL R IR T RO BE. BT R BRI
JR, R ER T R R 2, AR AN 2 i), 5 B
ANEUAE.

T BT — i TAENLI R 441 S cas 1+, A
e, X DL B F AR i AL ST A BRSSP AS ALY, [F] I,
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AP BN T S HE RN BE 010, A
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SEREE LI IE B A T FR L AT R 4. A5 R TR AT
EE )RV e bE VAR | 5% C X G b

Ve =O0(F,,F,,...,F,,....,Fp), i=1,2,...,P;
{X“:V%

(10)

o Ve Sy R SR I R R I R i, X0 N R AR
YR B R R, F,ON AT 8 T2 MBR E )2 4
(15871, O () N T RE L A5 R 5L
31 BEHEIE

25 iR RN SR B D) kS, 34T R
ZEAME T FE, 5 443 3 5 0k T2 A FH 1 A P 3
AW, (i=x,y,2),RAN
AW, =
AW,y — Spy AW,y — S AW, — Koy AWE,
AW, =
AWy1 — Sye AW, — Sy AW,y — Koy AW,
AW, =
AWt = So0AWay — Soy AW,y — Ko, AW,
AW,1 = (AN — Koo)/Kia,
AV~Vyl = (ANyl - KOy)/KMn
AW, = (AN.; — Ko.)/ K.

1)
FEAF 3 20 (11) F 10 T2 8 RS R A F A o
W, 7 B R R G R b, AT SR
NS, R B
AW = CLAW,. (12)
Forr: O sk A bR 2 B R B I 2R 10 AL b e 450
B, AW® = [AWE, AWS, AW AR GHBHE R T I
TR 2
SRIE TR AR B A N
Xy = X[+ VEAL + 0.5g, A2 + 0.5AWE AL,
Ve = V& + AW + 0.5g, AL
(13)
Horb: gy EE I Ok i, At BB AR 53 1) 1R B
(). 4 30 (13) S S IBARTH B, B 20 37K mUR A, AT
THECR I s 20 AR i S, 5T 07 R AR a1
JioR.

1 EEREIERE

32 BERSEIETE
BB 2 PR 2 R ORI B AR T AL, K N

FARAE A AT (D) R (1) ~ (13) H A SEE 1 5
THEL IS B bR #0E, £R N

L=FQ,0R). (14)
Forp: Q w1 25 JRBOM) LI 1) 5, L o i 3 1
(1SR AR, 02 D9 A bR i 2% A A4 P 1) B, () Sy o
17 ST SR . MR 7E RBUR A SUR S K AR
TR T E, A

L' =F(Q', ). (15)
XL Q) NS iR 2 REN &, 1X HL %4 s 3 ]
BB Ak, LY O H0 300 i 5 P2 DMLtk &6 4 20 (14) AN
(15), & pif % ALRIRN

AL=L-1L. (16)

R Y5 ST SRR B AT, 244R 2 R A AR
AR DR IST T 5E - 100 R0 T (%)l 2 2 R K, B
L& AYTAF T HU B AF T T A 7R S 1) e 25 K,
H SRR R — AN SRR, R 22 1 R 21575
et 22 S 00 BH k. X R B B R 25 R B HE K, I R
T BERAS S lR 22

T RS b BT T (0 f RERAS, ST R
i 22 5 i RS BB L ¢ R, 4 F Fros:

y = h(AL). (17)

Hor y JnIE R AR BERAS HOSHE, 2 y € [0, 1];
h(-) — Wit R A B RIS 5 e 22 S U
IR, AE S B A Y AT RGeS . ] SRS L, — AR B
LIRSV

ALy, — AL

- ALmax - ALmin, (18)
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TORH XS T SR T BE Dy R B LSRR DL, o 3RS
R 4R AT 58 T {7 U B3R RS T AR A5 (P L
HHRLE (2, y)(t = 1,2,...,T). 385, 5 T BRB 13
BAAAE Y FEAT AL I 25, A SR A BRB B VEAl
a5 s e 22 LA R Z2 138 22 (mean square
error, MSE) £ 4 H b e& 8, 14 i 40 R S A AL A5
Al

T
min MSE (0,5,5) - ! Z (yt - ﬂt(e,/375))2;

st0< 0, <1,0<6;

N
Zﬁn,k g 17
n=1

k=1,2,...,L,i=1,2,..., M,
n=12,...,N. (19)

K (19) N — M LRI R B, FEA ST,
75 2 H IE B LYK (the projection covariance matrix
adaption evolution strategy, P-CMA-ES) #% . F - Ik 3
Z A ALK I 25 BRB #5281 2 4. P-CMA-ES 5L
o — TR BE SR K A B A BE SV, DR SEX BRB
BRI 2 R %0 R B9 e 77 AR B 0 i Sk
JERN Z LR PRI RS 2 0L SR [21].
4 SEFIFTR

N T B UE BT 4R H 0 T g R A VAl A
(AT RO, DASE RS 3ol B2 v 49 3R AT SR AIE. T
2 R 72 N 2 IR TGS 7 5 00k A R 25 52 i 55
ANDSITL 0 PR TZR 50 Ko A1 T I 5 B K AR Dy fi e
RVl TR B B 2014 ~ 2021 4F12 038 B T (115
72 Z bR E B AR 9 A AR, 3% 70 ZHHdE, 4n 141 3
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4.1 THEERRAE
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RS R A EEENE BN ERE NG = 1,
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VL L M H VH
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No. 0 Ko \ K1 SE RN EAS A No. 60 Ko \ K1 RN EAS A

1 0.73 VL AVL {0.0144 0.0151 0.9705} 14 0.41 MAH {0.2503 0.3985 0.351 2}
2 0.81 VLAL {0.0019 0.0000 0.9981} 15 0.20 M A VH {0.1492 0.7373 0.1135}
3 0.41 VLAM {0.3060 0.2627 0.4313} 16 0.66 HAVL {0.0685 0.5632 0.3683}
4 0.27 VLAH {0.6122 0.2479 0.1399} 17 0.31 HAL {0.4345 0.1796 0.3858}
5 0.99 VL A VH {0.1471 0.6328 0.2201} 18 0.27 HAM {0.8442 0.1337 0.0222}
6 0.22 LAVL {0.1045 0.4817 0.4138} 19 0.33 HAH {0.5908 0.2274 0.1817}
7 0.15 LAL {0.0558 0.2001 0.7441} 20 0.31 HAVH {0.4708 0.4543 0.074 9}
8 0.92 LAM {0.0497 0.1284 0.8219} 21 0.74 VH A VL {0.3173 0.5402 0.1425}
9 0.64 LAH {0.1281 0.5142 0.3576} 22 0.60 VHAL {0.1661 0.8117 0.0222}
10 0.72 L/ VH {0.3279 0.0743 0.5978} 23 0.03 VHAM {0.5151 0.2935 0.1914}
11 0.30 M A VL {0.6120 0.1731 0.2150} 24 0.92 VHAH {0.9738 0.0119 0.014 3}
12 0.39 MAL {0.2692 0.3769 0.3539} 25 0.52 VH A VH {0.7279 0.2553 0.016 8}
13 0.59 MAM {0.3183 0.3677 0.3140}
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