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Abstract: To address the difficulty in evaluating and quantifying the value of personalized customized fuel cell
test bench (FCTB), a method is proposed to establish a comprehensive evaluation index system of FCTB, based on
the principle of FCTB technology and the actual production process. The fuzzy hierarchical analysis method is used
to assign weights to the indexes, taking into account the user’ s personalized customization needs. This creates a
quantitative value evaluation model, which converts the weighting problem into a constrained optimization problem.
An improved harmonic search algorithm is then proposed to solve this problem. By designing a solution vector
generation mechanism and a parameter adaptive adjustment strategy, the algorithm improves the solution efficiency
and search capability of the traditional harmonic search algorithm. Simulation results show that the proposed method
has obvious advantages in terms of computational efficiency and accuracy. It is able to achieve quantitative value

assessment of different FCTB scenarios according to the user’s personalized needs.
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Fig.1 Value evaluation index system for fuel cell test bench
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Tab.2 Quantity scale and its meaning

bR X

0.5 FIRA G AR
0.6 IR A LA R R
0.7 FORA A, — R
0.8 FRA AW
0.9 FR A, A MR T

SR, B A, A A, WTE R

0.1,0.2,0.3,04 .
A5 AR r=1-r,

>R F 2 2 B /s 199 B0 b B2 AHOE B A 34 by e AT
DAAAEE PR A BRI BT G M.

'y T r
Typ Tyttt Ty,

M, = . (3)
rnl rnZ e rml

— BAF BT, AT A A B AT A
BIL ] 25 0 2 ASR 0 W R B M, P A4S JC B E . 4R
B v BT A AR RS OC R I T B (B S I, X ROk
FINWH B AT —BOEAG 560, UA 8 ad — BOMEAG 5
ORI 6 A 1T A SR A IR KRR AR (BT 1 A R A1E 1]
i, HE— 2D PP TR AR AL TR, 75 D) T L R AR
TR A v 11 50 3% 8 3 o — B A 50 AR I AR A
TR B 1) 5 S, AR T R M A e 4 — B
PR, ASH H TR 4 M, v A G 2R (LG A

ri=05+a(w, -w) i,j=1,2,--,n (4)
K MR, 0, 0,, -, 0, HIFAETE bR
FUE, a Fm NATTRFPEASG X 5 22 1) 00 FE i 1 25 5
PE | BUE KNS TEAS 38 bR 0 85 FPEAS 5 B 22 8] 11
Z SR, — L0 < o < 0.5, PG FR A £
18 22 S A 2 ] 22 SR o I IUE R R, L2
M/ 5 FPA P b ad 22 HAS AR 2 (8] B 2% ,
aGi—WUE ] 0.5.

Wil 5 SRS ) AT R O 4 ) 386, 1 RO )
TP G 28 (B 2 o M DA 30 A e i — B, I R
WA TC R T RES | 2 R PP HE bR B S R
B, TR B4 2B SO el — SRR 5
W 3 PR B A B () A RGR g A BE R TR I
BREAL AL g A FAHP JFUAL AL SR 13174k 15
FRAEE .
22 R BIREE

3 (4) AT, HLA 58 4 — S0P A0 BOR ) 07 4 4
R N L

CIF = 22\0.5 +a(w, - ) -r,]=0
i

Lhj=1,2,n (5)
s CIF AR RABOR ) Wi P 1) — 35tk 2 CIF = 0
R, 150 R RR F1 DBir 2E P 2L 58 42— 3k, 4 CIF < 0.1
N, 150 I ASRN 1 D i o R A 205 Ry Tl A P — B, AU
SRAE AR R B B LAY 2 BT LA (5) S i
Fay A R, FERE RO ) 0 4 o 1) — BOME S R
FAA BARI—3R 5 R H bR pRER 80

LS (-5 +crF
n =
= (6)

n
T i H @, @y ooy @,y gy ooty Fagy 2 Ty oo ,-(nf])(n))
ﬂilﬁl:ﬂ:fﬂ%,ﬁiOS(n -D(n-2)+ né&‘yzj ARSIt
N RS T B M, 5 — AT 00 3R R L A
AT SR AT B VR H s s B0 h R E IS4
ry fE 1E 5 B RSER I JE B O 26 (AT 2R B JE R 7, =

LSy AT M, 55— 5 AT
> T,

fx)= min —

3 ETFIHS IR EKRE T %

31 BEAERRERIHS) MU TS IERNE

P 8 R AL 2 0] DLGE 2o 4 SR BEATL A8 2kt A
B A Jm P i DAL, 3 A5 B T AT s 4 25 () v 4 R
SRS , TR CRAESE 2R 5 2R 1 42 Jmy e ik . AP 48 R
SR PO ik A s o T LA 225 Mg B 2 ) v ) T A i )
b, AN /IR A o) B, X {4 AR 48 R B
A LA T 2% B A 5 ) rp 45 3 A — i 22 A
JIT 52 MR, DA i g ASCHE 31030 B A A R RS E 1 L
S AHEST HARS B, IR R A SHUD 4
FITRT B Gy 47 R SR i T R SR T A M RE L X
Sl T LA 2080 e RSN J22 T 53 s v A A
TR

AP RAE AT

S 1 #1UR AL A 2 (harmony memory , HM). 1%
B HM A —~50 x m i " 4EAE B IF 45 20434
U6 A6 HM 1 50 21 fiff ) i, B0 46 A 1] ) K 3k
B2

x,;=L,+(L, - L,) X rand() (7)
O e, SRS AR ) A 2R S R, S LA
W PR ILER,L =01 HERKN TR, L, =
0.9 N HH FFA, rand () K742 0~1 Z [B] B HLELAY

0 53H HM AR 50 1 fig 1 AR A2 20 (6) 15



5 8 3

PR « T 1) PR R SR AR L W I S A0 (B A D5k 95

F) 504> H A5 R EEL, F H b e/ i B AR R EUE I/,
BT IR S, T L P it 1) 150 Ay B AR A 1) B, =
(% 1 X209 xu‘m)

H IR 2 BCE SR o B E AL PR U AR
(harmony memory considering rate, HMCR) . fE i %
(pitch adjusting rate, PAR) . ¥ I S+ 9 AR IREL .
TEA A0 ST R I HMCR R PAR O™
AT A 1) = (%o 19 Fmens 209 %> C o) )3 HE T

(ot e e EAAR SN Ry

a) 4 % — rand () PR, & rand() < HMCR, |
5 HM A 51— 21 A 1 5, 35 DU A R SO A
— 2 i )

b ) 5 il ) SR A PR AR B Y A A T RO
A 8 — > rand () BREX , 25 rand () < PAR, 0] DA Sk i 47
& BW X fife ) g A T IR A5 38— 2B ) i 1)

o ) K 8 A 1) S A I BT RS 12 A2 HML

TR 3 KB 00 i 1) TS 0 H AR R AUE S, 5
Soin AT LEEL 2 S F s WIS RN FEE £, = s =
w6, F T )i i) T A HMLJE b, 5008 HML 22 vh H
P bR B B R g 1) o DA B B HML P2, A ik
PR 2, HBEUEGR B FAE

AT A3 TR R R A IR G SR A A 4
FAAR QT ek
3.1 BiE SRS

S ARG AT, ZERARETI A e A2
i 1) S BB R BE AL, A S 1) SO AN 1y, P2 v ) i
o) i T R R, TR R HGE HMCR IR PAR /Y
AR TR WG, s B AR AR ) i 119 25 St DT (o 22 v A
AT AT S DL P e ) i AR R AR B P R ) Y
SEIT AR AN TR ) 2 )R 22 350/ DN R 0 R R
ik HMCR . /5 PAR 9 5 B, AR A= 1008 A 1] 2t 79 48R
8 JFXF P v gt 1) e A R AT GO DA ok B R
fift . HMCR F1 PAR () BUH 5 3% AC R B 8] 1) ¢ &
AR

t . HMCR,, )

HMCR = HMCR,,, -exp(T Ig S HMOR..

PAR,,
e pAR )} - PAR,,

PAR = PAR,, + [1 - exp( !

(8)
#111: HMCR,,,, .HMCR,,, .PAR,,, Fl PAR,, 53 B4 3
HMCR 1 PARBUE Y bR 5o R iR
3.1.2 e E A AL
3 3 A= BT % 1) s R TR, rand () < HMCR
I B i o ek DA IS 2R PP B IR, E— 25 Wi R 5

B .Y rand () > PAR I, f# i) 2 A 75 B0
WA YR IE AR HS e v i ) 2 I F B A A5 B IR 9% T
—YCEARYEL, T | AR 1 A 1 AL

#7 rand() < HMCR, M\ HS J%E b [ AL 1% B n 2 fi#

Al S % n i ] R RS X, n AR ) D 24K

HBURE [ XX £ 2 149 0 2 A8 BRI 1) il o it S 220 BR
O, et A 1) i R A R

2" = diag(X) (9)
P diag O /R B AN LR B o0 2 . i L 1)
S A UML) A I 1 i T LA n A DR P
[ 5 (18 PR REAIE , L 7E 2% AT I A 13 1 e 1) o 53 A
BOMMEALRE BT, AT AR A it ) S5 PR E
AR EAER  fem 7 RUGER B . Sk
HWREERE MR 2 R .
3.2 tEFCTB M EiTfE &

iz FH O R 48 2R SR SR 22 R 3 B 43 )
SRAFBITHIAT (A) BCAAE R 2R (B) R EL PRI Y

iR |

{

¥ HMCRANPAR

| fomi | !
7 AV
FEML=AE
| A ummmﬁm |

ARSI T
Ve B 2 A

fm

T AN

pul

i RS P R /N F bR
BRHUIELS, S R L R 1]

!

K B oA e B AR D FE b B (L o

(4%
A2 s#tpEH e EzAER

Fig.2 Improved harmony search algorithm flowchart
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Tab.3 Fuel cell test bench evaluation indexes original data set
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Tab.4 Unified data set of positive and negative indicators

X Jig SRS PR VE S VE Y HE3 EL E S J%6
B INA T I8 1.048 0 0.942 2 1.304 2 0.8390 0.9106 1.078 2

WY Bt T/ 1.020 8 1.020 8 0.680 6 1.633 3 1.361 1 0.8167
WHE eI 1.000 0 1.090 9 1.454 5 0.5455 0.727 3 1.1818

BeAF AT 0 1.030 2 0.903 8 1.0859 0.923 8 0.8956 12455

T Hdﬁ:’é&%/# 0.918 4 0.972 1 0.851 4 1.327 4 0.8313 1.099 4
BCAE 555 5%% 1.023 1 0.991 1 0.959 1 0.969 8 1.0124 1.044 4

L[] /d 1.500 0 1.615 4 0.954 5 0.6563 1.166 7 0.777 8

WA T T 1.101 8 1.147 5 12146 0.808 4 0.876 8 0.980 3

PR HE /% 1.016 0 1.026 7 0.962 6 0.973 3 0.962 6 1.058 8

S A &{E?ﬁ[ﬁ/c 0.967 7 1.064 5 0.919 4 1.016 1 0.967 7 1.064 5
P il RS % 0.974 5 1.040 1 0.985 4 1.0182 0.985 4 0.996 4

W st () 0.8222 0.795 7 1.644 4 0.905 2 1.188 8 1.027 8

BT EI% 0.947 9 0.980 3 1.0557 1.0126 1.0233 0.980 3

BYEINA T I8 1.448 2 0.956 2 1.130 1 0.8380 0.789 2 1.088 8

S Bﬁl‘tﬂ%y&aﬂ‘mm 1.000 0 0.583 3 0.875 0 1.166 7 1.400 0 1.750 0
SF-4g e i st i) /d 1.3556 1.694 4 1.016 7 1.1296 0.782 1 0.6559

JHFW Ry 1.0213 0.893 6 0.766 0 1.276 6 0.893 6 1.148 9

RS ORVTIAT (A) R B 26 P R AV E B

Tab.5 Design process (A) fuzzy judgment matrix and

weight values

=8 IEHRZINT (D)EMFIHT B RINER
Tab.8 Operation and maintenance process (D) fuzzy

judgment matrix and weight values

A A, A, A, o, CIF D D, b, D, D, w, CIF
A, 0.5 0.7 0.8 0.4333 D, 0.5 0.6 0.7 0.8 0.3499
A, 0.3 0.5 0.6 0.3333 8.177 1x10°° D, 0.4 0.5 0.6 0.7 0.283 4
- 2.917 1x107*
A, 0.2 0.4 0.5 0.233 4 D, 0.3 0.4 0.5 0.6 0.216 7
D 0.2 0.3 0.4 0.5 0.150 0
F6 BELIFERIIAT (B) A 56 fF R A EE -
Tab.6 Parts supply process (B) fuzzy judgment matrix B R4 120 SR A ], 1 3R
and weight values o N o L STl o e
55 1 ECTH 12 A0BORI A W M an 2 9 it zs B

B B, B, B, B, w, CIF
B, 0.5 0.8 0.7 0.7 03499
B, 0.2 0.5 0.6 04 02165
3.178 4x10™
B, 0.3 0.4 0.5 03  0.1504
B 0.3 0.6 0.7 0.5 0.2832

F7 FKEFEIKIRT (C)RMFIHTERERNER

Tab.7 Assembly and commissioning process (C) fuzzy

judgment matrix and weight values

c ¢ ¢ ¢ ¢ ¢ ¢ o CIF
¢, 05 07 08 08 06 08 02467
C, 03 05 06 06 04 06 01667
€, 02 04 05 05 03 05 01267
’ 0.0029
C, 02 04 05 05 03 05 01267
C, 04 06 07 07 05 07 02064
C, 02 04 05 05 03 05 01268

o

T ARSI B P 750K 1 B R T A%
WA HA — AR TR B b, T8 SOZ R

R9 EIRIEAEMF A R ANEE

Tab.9 Overall process fuzzy judgment matrix and weight
values
S A B C D g CIF
A 0.5 0.5 0.5 0.5 0.250 0
B 0.5 0.5 0.5 0.5 0.250 0
c 0.5 0.5 0.5 0.5 0.250 0 0
D 0.5 0.5 0.5 0.5 0.250 0

4.2 LWHERG5HH

WK 5~ 915 B IR T8 bR AR 5 )7 — 1L £L

P2 (D) Q) MAGTE, ok b L 5 A
EPPAS R - 7 2 VO ELPEAG (B8 1.104 2, 07 58 2

1

WA PEAG 1 1.039 8, J7 58 3 B M (ELIT A

1.083 4, 77 & 4 (M E PEAN (M 0.9620, 77 % 5 94
EVEAEE N 1.0125, 7 & 6 BUME PEAS 1 1.0581.
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Fig.3 Scatter plot of overall and each link evaluation value
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Fig.4 Scatter plot of evaluation values for overall and

various attribute indicators
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Tab.10 Indicators weights when quality > time > cost

fibr BUEE fhr EX(E] EiEtan A
o, 00467 o, 0.0667 o, 0.086 7
o, 0.0400 . 0.093 3 W 0.075 6
w, 00578 o, 0.0332 o 0.073 3
ws  0.0600 wg 0.060 0 o 0.060 0
o, 0.0600 o, 0.030 0 ® 0.057 3
w,;  0.0427 © 4 0.070 0

R11 HE>HE>RERSERNESR

Tab.11 Indicators weights when time > cost > qualityt

fBbr BUEE EaN A Bz EH

®, 00889 o, 0.1155 o 0.062 2
oy, 00755 ©p 0.057 8 © 0.0400
oy 0.0933 o 0.055 1 ®e 0.044 5
e 00338 © 0.0338 o 0.065 8
o 00337 . 0.046 7 @) 0.060 1
@, 0.060 1 @), 0.033 4

x12 FREAFRFRTITHEER

Tab.12 Evaluation results under different user needs

e JHP K
Jo > [R] > i AR I ) > B A > o
1 1.0612 1.0356
2 1.083 8 1.0572
3 1.0518 1.067 9
4 0.974 1 0.996 8
5 1.0147 1.092 4
6 1.0427 1.0392

SR T PR T R T
ARA, 24 PR RS ]S AR B Fe R T R
2225 M P BRI RS AR>S BT R, e RN
28 5. 53 W 2 BB T A 31 1 PEAL 45 SR B A B
P B Y 7 R BE S A AR 5 P i PR SR
XA R Tt I3 5 A (AN R A
43 EEMBEDW

fif 4R A THS B30k 5t A% 0k kLT A
PRI B () HS S AT T b, A5 A% Bk A
T 74 4 — B CTF (B SGE R UnIA 5 BT s

LRGSR F M LT A = A5k THS Bk
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Fig.5 The iterative process of CIF values in each process
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