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Dynamic operation and maintenance evaluation and predictive

maintenance of mechanical and electrical equipment on highways
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Abstract: Aiming at the problems of high operation and maintenance costs and the lack of scientific basis
for strategies during the whole life cycle of freeway electromechanical equipment, an economic operation
and maintenance measure selection method based on quality evaluation results is proposed. Firstly, the
fuzzy comprehensive evaluation method is used to evaluate the quality status of the equipment in real-time.
Secondly, based on this, the total cost of equipment usage is dynamically calculated, and then the most
economical maintenance time point to implement different degrees of operation and maintenance measures
is selected through cost comparison. Finally, the data from the Cihuling Tunnel in Wenzhou, Zhejiang
Province was selected as an example to verify the feasibility and validity of this method.
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Fig.1 Dynamic economic evaluation process of equip-

ment based on whole life cycle quality assessment
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Table 1 Criteria of indicator scoring
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Fig.2 Flow chart of analytic hierarchy process
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Table 3 Estimated maintenance cost of equipment

. TR oy

) 90~100 80~90 60~80 30~60 0~30
Yefts

e s Kot e
L
it T
o R WERDC REREC
il §5

8 (2%~5%) (8%~15%) (30%~40%)
W e

X 78 B ) 8 o RO B ] Y A B i
JEAS B R AP AR A AN TR) D k23 B0 4 G
R R) SE G HEAE R, T LB A5 B R s 4
FeAP ME RAE N IRAE 4 B AN R B B SRR 2,
MT7% . B & BUEME & A 5 4E B A 2
I, 2538 B/ T3z 8 AR 5 448 A 2 A, )
e AR I 2 H AT XN A . B A BEAT E B
Jei A i (L PR R 2 A 4 A8 I 0] i AR 8l A i
i 2% ST i, EE A S 4ROB ) e 00 248 O 5 A R
K 3 TR

X GRE

PP FRARIEH

R ERE BRI

—>| & BB A TR

& DRvig ik
&

mE S HRD R
RERERE?

@%mm&@%mm%

BRI

¥ S S B RS 3

LCCHERY

!

RIEBI BB EE R

B3 #HEIXEEATEE

Fig. 3 Schematic diagram of model interaction
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fim

F4 1BIRTESIRAE

Table 4 Criteria of indicator scoring

B 5 Vi NI 7
DS A 1 w4
W g e
HY 1 2 3 4 5

PPAME X E (90,1001 [80,90) [60,80) [30,60) [0,30)
R5 MHBEITEMHIRE

Table 5 Evaluation criteria of output voltage

BRI iy 1 F R S B/ V W43 X [0) /43
1 [217.8,222.2] [90,100]
2 [213.4,217.8) or (222.2,226.6] [80,90)
3 [209,213.4) or (226.6,231] [60,80)
4 [198,209) or (231,242] [30,60)
5 <2198 or =242 [0,30)

R 6 Wi RRITMIRAE

Table 6 Evaluation criteria of output current

WY i L LI S A/ A PRGN X[ /43
1 [10.89,11.11] [90,100]
2 [10.67,10.89)or(11.11,11.33] [80,90)
3 [10.45,10.67)or(11.33,11.55] [60,80)
4 [9.9,10.45)0r(11.55,12.1] [30,60)
5 <9.90r >12.1 [0,30)

(3) % 4, MRPESCHk[11], UPS & &% F2
BB AT 0 i A RN D 22 I AE R (B 120 DA
PN, A5 E I A A 3R A PEAN bR E A0 2 7 R

(4)F F it 75 45 B 7o B F BT ) 3 F Tt 5
ANTR], 7050 HL 1) B 14 25 A 25 55 . 3 4 fili s

(A R, Gl e BT (] ) 25 R, 5 B ABAI
I, M UPS {9 HL IR RCHL I 75 B9 IE G, 45 2138
M FEHCH A B s 9 0 3 8 TS o
(5)iBfTif . MG SCHRI 11 ], B e 17t
(9 H P 2R N B T 30 °C L AR F RO B
25 °C, A B 17 A PR PR ME N2 9 B ¢
RT BRI N AR

Table 7 Evaluation criteria of output frequency

PR SR i A% S A/ Hz PEAN X 8]/ 4%
1 [49.8,50.2] [90,100]
2 (50.2,50.5] or [49.5,49.8) [80,90)
3 (50.5,50.8] or [49.2,49.5) [60,80)
4 (50.8,51] or [49,49.2) [30,60)
5 =51 or <C49 [0,30)

*8 ERMAER TR A EIEMNIRE
Table 8 Evaluation criteria of battery capacity and

charging and discharging time

WSS E A A S R AL I RSO/ TS DX/ Gy

1 [2.5,3) [90,100]
2 [2,2.5) [80,90)
3 [15,2) [60,80)
4 [1,1.5) [30,60)
5 <15 [0,30)

x99 BITREFEMNIRE

Table 9 Evaluation criteria of operating temperature

R E R IEAT IR EE LA/ C P4y IX [A] /43
1 <26 [90,100]
2 (26,30] [80,90)
3 (30,35] [60,80)
4 (35,40] [30,60)
5 >40 [0,30)

(6) B 28 ik B 230 02 48 18 45 & AR i e B4
NI - R il 1N D = e il |1 I Pl E R A
i 2 v UPS 5 & 0 5B 1% 0, A5 310 5 B 232 1 PFAN
B AfE AN 2% 10 iR .

(T FB 4B mE ] . S 4w ] & 48 Rt
BAYR AEAE B8] B LR 8 U8, MK F T A B T
HUPS 13 4 19 24 18 I K0 sk |, 15 3157 35 4E A& 15 1)
BIPE AR E QN R 11 PR o
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Table 10 Evaluation criteria of failure rate

R B e 3 S0 18 MK I /43
1 [0,0.01) [90,100]
2 [0.01,0.03) [80,90)
3 [0.03,0.05) [60,80)
4 [0.05,0.08) [30,60)
5 >0.1 [0,30)

R 11 T4 AE R E T MR AR

Table 11 Evaluation criteria of average repair time

& - 2 2 A B i S/ d PEANIX 1]/ 43
1 [0,2) [90,100]
2 [2,5) [80,90)
3 [5,10) [60,80)
4 [10,20) [30,60)
5 =20 [0,30)

3.1.2 JRW M ik e AL
AW HIE T UPS AL RAT R T
XA DNGEE Wl T — BRI E—)2 4%
6 b ) B 2 RE JE AT T 00 LA DE AR E 48 AR AL, B
LA L Z TSGR T 53 17 B (BAE S 1% 48
A, 19 3 45 16 b IO AL AN T
A=|[B,B,,B,]=[0.78,0.11,0.11] (29)
B,=[Cy,Cpy Cyy, Cyyy Ci5 ] =
[0.17,0.17,0.18,0.34, 0.13]

(30)
BZZI:CZl:IZI:l:I (31)
B:s:[c:n]:[l:l (32)

3.1.3  BEM LR VM ik B E i O KL
H HL A 5000 i RTAT, UPS 154 119 4% T Tl
B R 12975
R 12 UPSE FEMRKAQ RE
Table 12 Actual measured values of UPS equipment

indicators during inspection

BN LAl
20224F2H 16 B 20224F7H 1 H

it LR/ V 220 220

i LR /A 11 11

i A2 /He 50 50

5 LI e S L )/ 3.20 1.85
BATIRE/C 15 25

L 4 0.007 0.007

T Yt iE /d 1.5 1.5

(D)5 UPS ¥ 45 75 2022 4E 2 A 16 H 4 it
O

WA UPS 148 24 K 1 5 0 85 4, A8 40 SR I
BRI FICTT SR A% b S i 2 1) S b AR AR A
LSRR B A5 BB A R

Cu 1 00 00
c,| 101 000
R=|c,|=|1 0 0 0 0 (33)
Cu 1 0 0 0 O
Csl 11 00 0 0
R,=[C,]=[1 0 0 0 0] (34)
R.,=[Cs;]=[05 05 0 0 0] (35)
CEIRE/ T S R SR
U=B,"R,=
[0.15 0.15 0.15 0.3 0.25]X
100 00
01 0 0 0
1 0 0 0 0/=[0.85,0.15,0,0,0]
100 00
100 00
(36)
U,=B.,-R,=[1][1 0 0 0 0]=[1,0,0,0,0]
(37)
U,=B,-R,=[1][05 05 0 0 0]=
[0.5,0.5,0,0,0]
(38)

(CEIRI TN T E
U=A-R=
0.85 0.15 0 0 0
[0.8,0.1,0.1]| 1 0 0 0 0[=(39)
05 05 0 0 0
[0.83,0.17,0,0,0]
4 UPS #4176 2022 4E 2 A 16 H By i 7t 4
Bk
[100]
90
G=U-V"'=[0.83,0.17,0,0,0]| 80 =98.3 (40)
60

30
K, UPS % 45 7€ 2022 4F- 2 H 16 H 1 i & 43
R 98. 357 TN R 1 9, U 45 b T
RES T AT WA, M FR B TAERI AT,
(2)TE UPS 4 7E 202247 H 1 H 9 Ji &
I3 EL
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WA UPS B 45 24 K 1 52 I s |, 45 2RO 3
B -

05 05 0 0
05 05 0 0
R,=|Cus|=|05 05 0 0
c.| 1o 0 07 03
1 0 0 0

(41)

S O O O O

LCs ]
R,=[C,]=[03 07 0 0 0] (42)
R,=[C,]=[025 075 0 0 0] (43)
3 B — AR 45 51 h

U =B8R =
[0.192 0.180 0.184 0.315 0.129]X

0.5 0.5 O 0
0.5 0.5 O 0
0.5 0.5 O 0
0 0.5 0.7 0.3
1 0 0 0

[0.407,0.278,0.220 5, 0.094 5, 0]

O O O O O
I

(44)
U,=B,-R,=[1][1 0 0 0 0]=
[0.3,0.7,0,0,0]
(45)
U,=B,-R,=[1][05 05 0 0 0]=
[0.25,0.75,0,0,0]
46)
133 R RN
U=A-R=
[0.669,0.225,0.106] X
0.407 0.278 0.2205 0.0945 0
03 07 0 0 0=
0.25 075 0 0 0
[0.366,0.423, 0.148, 0.063, 0]
(47)
51 UPS # % 78 2022 4E 7 A 1 H 1Y i & 4>
BOh -
G=U-V'=
[100]
90

[0.366,0.423,0.148,0.063,0]| 80 |=90.29
60

L 30

(48)

B, UPS #4475 20224E 7 A 1 H 09 i & 4
R 90.29 5y WEMMEHR R 19, & TAEH
filt BRSO E AT I OR M R P T
Rpr,

3.2 ZFEH

R 4 S s B FR O 50, % LCC A 80 3 17 9
B RSB A A A A R T AR 4R A
FEAFE ARGy — R A I A TR R
BB E A AR T LCC REmb R R b (435 17 i
ARG A, BARFR Hy iz B A, ¥ A5G 1) g
FE2R PR S N B s = R & s 28 1,
H B T 5 LCC SEfli 52 8 rpr 2 5l A — 340X —
BUAS TG AL, 4 1 Ak T i 5 SR B B B i) S
B2 10 2 HIAE Jy 12 B BE 16 A 4648 2 5 0
WA T BAR , R 5 T T AR 1L, IR 4 IROAS AN B ik
B R ER 28 .

R b3R8 B, A 52 1) 28 5% OF f 455 A L (K
mr.

LCC=CI+COM+CF—CR  (49)
K CI B I I A s COM S I 1 iz 5
BUAS AL 12 4 57 47 A OGN B T RN & B FE 7%
FH s CF % & 0 Tk 4EA0& 2% T, 76456 D 50 8 il
() Bilt I A A £ 1 A 0 TIOTH A A8 9% L LA SAG
YA 9% FH 5 A A JRE 1 L R OR 5 CR i 4%
BAE , BP 5 T i i 45 W 1 2 5 5 sk 4 1H 03 77 =X
1580 A5 HR1H .
3.2.1  Hdm4b

(DREFEL ] . WAMREFES ] F2 ok A X
2510 FH PRI R A B BT A AR AL 1 A DG A
% B R A FH e 28 1T R B T OGS H R A 1Y
FE FELAR % 2 2% b ) 4 R B S, AR A LAY L
], 5 Y H B o T 2 A R A

(2)iz 4 N 5L T o i i Br 4 i 1 )2 08 4
N OB K HOF- 34 T G a8 2 N B TR ORI AR
15 2% S A B [ ol L o0 ol 2 A
3.2.2 i Eh

5BV A S A PN O T o S, B Ak
B Ry BF ), 10 SRR A I A A RS 45 6 T SR AR 4K
0t T 2 A 0 53 X A T TE AN R U] B E R A 1
ot A B 26 WL 5 TR o
3.2.3 WA IME Mz B AT

I B b B 25 5 AR A 0 B B
H b i i 25 5% 2 i e B h 2k, an 18 6
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Fig.5 Quality score curve of UPS
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Fig. 6 Equipment present value curve of UPS
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Table 13 Estimated maintenance cost proportion of UPS

T 5y 8/ 4y
mH
90~100 80~90  60~80  30~60 0~30
@il KRR ME g N i3y
A4 HAh WA AR AR 12 000
/ot fHX3% fHX10% fHX35%

ST AR A A= i R 2% ek RO B S o BB
S RN DD T s 2 DO S VA TN DR )
{E 38 A B IR AP A P 5 AN [ 248 5 vk

A TR I A BUAS 20 e BB A 22
MOBE KT OB, W15 4% 1 % {H bL 32 4 5 7 b ik
I A, R, 7 I 2 R — KR R 4 B 4
& &

T AL A R AT A AR T 1 864 d B
PEAT HE R e 2 T B 4B A

WAL AAE G, B A T o B B4R e,
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Fig.7 Total cost curve of UPS
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Fig. 8 Comparison between operation and maintenance

costs and present value of equipment of UPS
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Fig. 9 Updated equipment present value curve of UPS
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maintenance costs and present value of

equipment of UPS
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