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Optimization Research on Multi-layer Negative Poisson's Ratio
Collision and Heat Dissipation System for New Energy Vehicle

Battery Packs

ABSTRACT

With the vigorous development of the new energy vehicle (NEV)
industry, it has not only propelled the optimization and transformation of
the energy structure and led the profound changes in transportation modes,
but also given rise to the collaborative development of a series of related
industries, creating unlimited economic opportunities and social benefits.
However, in the process of new energy vehicles moving towards a
sustainable transportation future, the safety issues of battery pack
collision and heat dissipation in NEVs are like hidden reefs, constantly
threatening the stable development of this emerging industry. The loss of
control in the collision and heat dissipation process of NEV battery packs
will not only expand the scope of safety risks but also bring great
difficulties to rescue and subsequent handling.This paper takes the
collision and heat dissipation device for NEV battery packs as the
research object and designs a multi-layer negative Poisson's ratio
collision and heat dissipation device for NEV battery packs. The

structural parameters of the device are designed, and structural
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optimization is carried out in five dimensions: side lengths A and B, angle
C, and thicknesses D and E. The optimal parameter combination is
obtained through simulation and modeling, making the multi-layer
negative Poisson's ratio structure more in line with practical engineering
applications. The main research work of this thesis is as follows:

(1) Based on the traditional negative Poisson's ratio structure, a
multi-layer negative Poisson's ratio structure was designed using
Solidworks. The collision-resistant principle of the multi-layer negative
Poisson's ratio structure was elaborated, and its mechanical properties
were verified. Leveraging its excellent collision-resistant and energy
absorption characteristics, the structure was employed as a collision-
resistant structure for new energy vehicle battery packs. The unique
mechanical properties of the multi-layer negative Poisson's ratio structure,
such as the lateral expansion when subjected to tension, were
theoretically analyzed, and its potential advantages in enhancing the
collision resistance of battery packs were discussed.

(2) A multi-layer negative Poisson's ratio collision and heat
dissipation device for battery packs was designed. Finite element models
for battery pack collision and heat dissipation were established using LS-
DYNA and ANSYS-Fluent, respectively. The protective effect of the
multi-layer negative Poisson's ratio structure on the key components of
the battery pack was clarified. It can not only effectively reduce the
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deformation and damage risks of the battery pack under collision
conditions but also lower the risk of thermal runaway during the
operation of the battery pack.

(3) The collision and heat dissipation effects of the battery pack
multi-layer negative Poisson's ratio collision and heat dissipation system
model were verified. By establishing finite element models for battery
pack collision and heat dissipation, the collision resistance effects and
heat dissipation efficiencies of the conventional structure and the multi-
layer negative Poisson's ratio structure under the same working
conditions were compared. The orthogonal experimental design method
was employed to select samples, and based on the simulation results, an
influence analysis was conducted on the design parameters and target
parameters of the multi-layer negative Poisson's ratio structure. This
analysis laid the foundation for the subsequent multi-objective
optimization.

(4) The structural parameters of the collision and heat dissipation
device were optimized using the BP neural network and the Raccoon
Optimization Algorithm. A neural network model was established using
MATLAB to correlate the intrusion volume and heat dissipation of the
multi-layer negative Poisson's ratio structure with its structural
parameters. Sample points were obtained through orthogonal
experimental design and used to train the model, resulting in a highly
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accurate approximate model. The multi-layer negative Poisson's ratio
structure was optimized using the Raccoon Optimization Algorithm to
obtain the optimal set of structural parameters. The optimal design
parameters for the multi-layer negative Poisson's ratio collision and heat
dissipation device were determined from the solution set using the
standard boundary crossover method and were verified through
simulation experiments.

(5) Simulation experiments on the heat dissipation performance of
the multi-layer negative Poisson's ratio structure were conducted. The
experimental ideas, steps, and objectives were elaborated. Three control
groups were set up, and the corresponding experimental results were
obtained. The experimental results of the heat dissipation performance of
the multi-layer negative Poisson's ratio structure were analyzed, and the
correctness of the structural optimization design and its effectiveness in

practical applications were verified.

KEY WORDS: new energy vehicle collision and heat dissipation device,

auxetic structure, orthogonal experimental design, raccoon optimization

algorithm, multi-objective optimization
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'S, t(2H+4L)

5 F 2 2 GO LA MR, BT 3L R AR KA L4 5 583 B
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REFEMNA T 2R 0AR LSS R BT A R E 0 . 0 BINZ R
TERA LSS AE B AR 2 B L 5k W AT e B MR AU 1 55 0 T 0 i 1 22 2 S te
LRI AR

22



TR R A0 18 5

£ 3E BNESEARILERRRSRITSER

D4 ST REVRVT A FELIR L AT o BE 0 O B0 HOHGACR . ARt T —
P T2 2 AR LA M BT A R G K 2 )2 0ns L a4 & 78 5
LR, P3G KA BRI KV Bl B, i 25 e L i i 5 A T B H B
WAL E . IRYE GB/T44131-2024 % 37 i th 0 Alf 388 455 780 R /K 4 R G A At
R, B E AR AT A IR T ELIR IR T S

3.1 "‘FEHI:.I /‘\.E%/"ﬂ@.%gj—t -|'

LK, E NSRS R L, BRI AR I N
. (HSRHREIRV AL S R e . 52 T Y 2 PR
HARRIUAE 78 R RE A7 AL 22 4 RS 29 490 1 G il 4 5 T P Pl b AN 22 4 DL S v& A
ARG e la BRI, X R AR AT R B4 2 B R R ™ B 2 A ),
HE T (K 3-D BAEETER . WatER. BEAFRA, SOvE
I T A8 P 22 (R F v R R 2 — 05500 ST REVRY 2R (56 10 L P il = 273 D9 = T 3
. G R, = IuMORHE R AT B PR Bt . PRASIX LEA PR BRI
ZAME L R PR AN S AR IR T 52 1 S A M OGS T bR o TR B PR T AT AE
IRVERE . B VE REAN A7 1k BE AR IR . = o APRIAHE it £ o {3 N A
TEIATE 2t A0k LSS IR RE DT TR BB T, IF B A m AR 3
BB R A LA EAT 2 M BE SR T i (0 e B P00 IR PR R AR 2 A
AE R, (EAAERSRAG. AARELRERAR. APRRRAS & DL AR VE RE 2 1) 7] L
TR R BN AL T AR BT = ok R it R Btk e, A&
SCUEFEHAT Dy H i A 15 B AR

Kl 3-1 = IR Rt

23



TR R A0 18 5

HLB AL BT REVRIR B I RS A on, KB iR H R R R B
MR EEE ) IR H S 22 2Rt BbAh, FIBZE I Bt ad 2 0 s AL IR R
S AR R T A AR R, T ) BE RS B RS AR B o A . HL TR
BTG DU AN AR 0500 . e R R ALt R N, 4
BT R Ve BT BRI,

R R ST A HES 20 A BT B IR, Al 3-2 Fos. R R
BFBK +  IH B8 R o I P KB AL R, e 2 T T N < R A 2R R Ak 7 o 2 il
ST, OB R RS T A, 2RI RSN MRS, TR
JER T, PRI PEREDL TR I

.MWMRTH\L_JL—J
N

|
| |
LN e e
S
N N .

Kl 3-2 it I

3.2 iR ERMAMIERGER

2 J2 AR LE B 1 254 1 TE TR 2R R A S b o r i e B R, DL SR
FORT AT ) CROR} L R BVR ARl )5 22 4 255K ) GB/T44131-2024 A1 GB20071
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bbebi) 5 b L iE B RSl e &Rz, RIERERE ISR B K AE TR
*3-1 mEEMHERESH
g B A%

[ (g/em? 15 RV (°C A& (GP
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R A R, N A Q N TVE, M BCR AR TR Y IR fE, Rk nsk
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T (3-2)

Qr
A, n—HIBRASE,
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Q —IEMMR AL R BN AE R 2 A, K
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M —EE/RJfi &, kg/mol;
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F L T PR A o T AL S SO AR ZE AR AL P AR RE R AR, % ER B AR
REANTRERIRAL . A Q, IRIE I (3-3) Frasleel,
Q,=I’R, (3-3)
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HL AL 20 B A T T BR AR Y BHL R, = AR v RO EE B FEHL A Q, RIA
Rz (3-4) PR,
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LK BRIESEN SR SO . HeAh, R A R R LG ik &t PT fE T] 22 5 B A i
R o H A A 2 T L N B A S . I AR B ISR R S R R, 1K
SEA o S I R N R IR AR, T AT RE S| A IR A5 o ARk 2 DU e
SMEREIBLI T i . BB RISFE IR, SECRMAE A, BRI 51 A #
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SH O

B 3-11 R R o 3R
BEE R 2 B¢ (Ethylene Glycol) , HWBESH LK 3-2, H#R3s A
R E N 45°C, BN BLE  Fluent £ KL E F (48 & & ( Aluminum
Alloy) , HWBESHNER 3-1. fEaAGER d, 5O X ERHE DI, @
W IR BB I X — R AR . BAER N E A 7, dbATRR b BE,
R 32 LR EEZSH

B #h 2% SR H
B B (g/lem® ) PH
g % (g/em (Wikg"C) WimK) &
A 1.034-1.113 3.5-4.2 0.5-0.6 7.5-11

TR I £ S TR R, A G, R, & T WA A B A (R 5
Wi, AT EN ORI, & G-5) .

R =PL (3-5)
)7

A, p— AR, kg/m3;

VIR CRAERD » m/s;

IR B JIREE, Pa-s

L —AE R E, m.
EFEEE LN (3-6) B,

ng (3-6)

L, S—UdEER, m2;

1—E K, m.
SV HYIH BT I EEAE HOK IR I R ~348, fkF R, =2000~2300, X

IR v B O SR AR A,
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FE2 B A A,  REE R AERTT SC v EE . B aah i Fo — A
TR S S BATAE T s A R I BUE T % . X,
AL S RER B ENAE . FRE LN T HBUATH A S A i aESE 2 R 0
MRt . WimaeR b TEE TR s raa e m - A R AR R, e REa T
D A R HERATE P LR o 38 H 2R D IR BE 1 5 LEAF Dy — A B E R ok T
TR TR — B0 S, ARRLEREE TV IRAER & ELAR T 5%, T
LAY AR A5 K. AR & 3-14 M8 o, AHE T P R AR AL D g

HAR T S BEE Y 5%, IXAUESE [ 7 HA4 R AT §EPE.

—e— HifER g —e— PRk o HEAURE
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7. 5047

6. 25047
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e
B hetT
]
8 37507

2. 5047

1. 25047 /\
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0 1. 26e-3 2.5e-3 3. The-3 5.e-3 6. 25e¢-3 7. 5e-3 B.75e-3 9.999¢-3
BfE (S)

8] 3-14 07 2 At R
3.5 BURRGIEE IO

BUA R GO LIR30 = AN BT IO, 23 i N A% TG SRR IIE . KA
W22 T B E AN 22 J2 O R L5 R A R RE SR IE
(1) PR TE KRR IR

FES 332 T H, XTHOAS MMM T T %€, RPN Imm. AT
OIS AL X A T 1R B IS M, M T RS R ST, iR
0.85mm A1 1.15mm FIHEAGE, JRE— B ia o T AT T B ste . =M
AT A ROSHASE 2R T A 5 R L3R 3-3.

F 3-3 =PI RS B Y 0 A5 R

WA RS (mm) 0.85 1 1.15
IR HRE(C) 45.38 45.16 44.92
H C & (kg/s) 0.2585 0.2594 0.2564
IR 1135 s 22 0.84% 0.36% 0.17%
H O B 22 3.4% 3.7% 2.6%
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M2 3-3 WAL, =R PIRE RT BI7K RN EHREE 7393) 79 45.38°C L 45.16°C A
44.92°C, HHIRIREZ 45 CHILEL, W2 707008 0.84%. 0.36%A1 0.17%, i Z= 42
N o RS RS B KA B H 19 & 400 0.2585 kg/s+ 0.2594 kg/s F1 0.2564
kg/s, 5 HEARE 0.25 kg/s tHLL, WMZED 0N 3.4% 3.7%FH1 2.6%, ZE/N.
A RS 7K VA BN 1 B2 R IR B A 35 5, = RS I X A o B 48
RARZEARKR, Wk TR BT

(2) IKEMRZTIIT AR T

St K AR R FPAS [7] 22 J5O S kAT LR, R A Fluent #E4T 475 B0 4T, LLHR
/BB A e R B AV bR, X LU BRI S I MERE IR S5, T B
MR 77 ZEAE B T TR I . /K VA F it B A Tl 3 sk R ] 315

315 AR it R 4

K] 3-16(a), 3-16(b)73 il F b B A [m) B 28 2 UK ¥4 HRORH TR 358 22 JROK 13 AR
I EE 3 AT = B, 45 SRR B In) 5 28 e UK VA A R AR B il S 42.55°C, K
PR i 34.06°C 5 RG22 UK A AR FEL TR FRAR B i 54.09°C, KA IR B
g 34.45°C. AR, USRI B UK A IR A 7 S, FRh AR R AR
PR JE PSR, IX R I HCAICR A AT L, B R G 19 /KA B e FH 1 m) 51

FRIIT %
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27.91
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42 ZREGURMLLEBTIEMERE ST

AR 2 R AL LUR A5 H 5 £ D93 BEVRT 2 i it 0 48 3 52 Al
ISR RN BI 3 o WE I AL VRO FE e VPG 122 45 R i it 8 1) PR30 2K g
BREE, AP, 2200k LA 8 T R A 1R BRI SO
oy ik R, AR E N EATER E OV R KRN E . BKIRANEEN
—UUERE S, BE EDUL R O R EE S5 M A TR S AN RE SR I RE 00T 2
B RN TR, X AT RER WX A I BE BRI REAN 2, TR 33X
MR R AR EAR, i B BRI BT R Y M, HROKIRAERT
WUYIE, AT REREIRAE SE M 2o BE ST AN AL, TET2AT R0 AT B Pl 7R 2 R e
i /1. B, ASCERFHRBAZ R A R RIR AR (Def) 1FRVFINZ
JZ SARA BE AR it A0 DRI RCR bR

K 4-3 (a) A 4-3 (b) feor 1 =Rl 45 ¥ fE Rl 13 45 AR I i K IR A&
GRS TT. IWNE T REEIEMTE 3, 1EJ7 T 250 A DL S IR TR LU 55 45 1 18
Hzh)n, BEHRAERZERN, B ZIH 5 H RO, Xk
R IR AR BN AR o S22 J= A b B A, il 3 2R B AR AN [ F)
Ve, eI AW EY, 2 AR HEE %S, X5 T i bRy
B JTEDIE, 2 J2 SRS L a5 4 i M RE A LA 8 70t e

LA AL Y EAFINRE N G A

TS (ISR AT
= —am
st ] TREEES L

Kl 4-3(a) =MetaniisE i KRN E oK K 4-3(b) =PSRN )2 B

=Py 5 R E AR R Rl S AE T B RIR AR INER 4-1. 2 A0AM A5
Wi RARNEA 71.786mm, & Z (KT 1E 77 2SO 85 H 1K 85.265mm AlIE A LL
SEFIIN 78.694mm, XK B 2 2 SARA LU 45 M TE D/ e K AR N B THTRE A A

g LRk, 2R Onka eSS M e s B SO0 T AR IR S5, R
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FEAEIRD B KAR N T AR e e SO R T T, 3X A9 H B N 7 75 = B 1 e
(AT FH A B I M T
*4-1 R EHER

HirZ4 IEH A O EER 1EJARA B 454 Z |2 IAR EL &5
B K42\ & Def(mm) 85.265 78.694 71.786

TERAE 22 /2 1A P L 5 0 () 7 e PR R AR T IR 7 T 20 5 A R v A L S5 4
e, AT AN S S O B VR R RS IR AL, L 50 MREAS £ 0 3R AT
MR 5, 133007 545 R A S SRR

WG T S MBS EGEE IR 4-2. ET IR, 1BH 50 HikitS4L,
T 3 WK JTIE AL 50 AR I s Y

42 WIRBOHE S A

Bt A(mm) B(mm) C(°) D(mm) E(mm)
w/MAE 25 15 55 1 1
IZONEN 30 20 65 3 3
WILHE 28 18 60 2 2

% 4-3 4 50 HAb R IR R 05 b .
* 4-3 b E AR

Bt 28 Hir 24

n'T A(mm) B(mm) C(°) D(mm) E(mm) Def(mm)
01 25.000 15.000 55.00 1.000 1.000 69.548
02 25.125 15.420 55.69 1.251 1.685 69.682
03 25.278 15.956 55.35 1.254 1.125 69.687
04 24.395 15.698 55.98 1.302 1.365 69.947
05 24.478 15.362 55.48 1.024 1.287 69.874
06 25.569 16.325 56.00 1.402 1.896 70.584
07 25.689 16.598 56.39 1.047 1.765 71.258
08 24.799 15.996 56.78 1.350 1.325 70.358
09 24.898 16.320 56.30 1.560 1.652 71.298
10 25.930 16.257 56.98 1.874 1.204 72.841
11 26.789 15.987 59.34 1.587 1.402 74.626
12 26.321 15.458 57.89 1.985 1.504 68.325
13 26.548 16.254 58.36 1.364 1.023 69.874
14 27.203 15.963 57.63 1.478 1.305 69.354
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25

26

27

28

29
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31

32

33

34

35

36

37

38

39

40

41

42

43

44

26.985

27.389

27.653

27.587

26.985

26.485

27.935

27.369

27.989

27.548

28.000

28.369

28.365

28.548

28.694

28.987

29.365

29.659

29.958

29.368

26.358

27.958

27.652

26.359

25.265

28.365

29.365

29.547

29.658

28.365

16.365

15.247

15.985

16.358

17.258

17.895

17.654

17.985

17.358

16.992

18.000

18.956

18.325

19.365

19.658

19.203

19.308

18.658

17.896

17.365

18.693

17.258

15.968

15.365

16.985

17.257

17.263

18.936

17.895

16.358

58.23

57.64

57.62

58.41

58.32

59.41

59.62

59.30

61.20

62.38

60.00

62.30

61.25

58.36

57.20

59.47

59.74

59.36

60.38

61.25

61.35

62.20

62.78

62.87

62.35

64.85

63.47

63.57

64.74

64.38

1.652

1.745

1.542

1.745

1.365

1.250

1.682

1.325

1.968

1.957

2.000

1.369

2.687

2.674

2.985

2.417

2.698

2.354

2.102

2.032

2.475

2.639

2.785

2.872

2.514

2.361

2.015

2.965

2.856

2.547

1.369

1.354

1.457

1.247

1.352

1.052

1.986

1.875

1.635

1.475

2.000

1.988

1.365

2.354

2.158

2.362

2.412

2.102

2.301

2411

2.562

2.635

2.985

2.784

2.564

1.985

2.741

2.587

2.325

2.784

68.657

69.325

68.741

72.031

72.014

68.392

67.241

68.354

70.241

69.587

71.786

72.354

73.201

69.587

70.012

68.241

74.547

73.241

69.354

68.798

67.526

68.968

68.578

67.985

70.215

69.875

68.948

69.541

71.265

72.564
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45 27.685 19.326 64.98 2.148 2.478 70.358
46 27.698 19.357 63.69 2.354 2.847 69.587
47 28.365 19.418 63.37 2.368 2.087 68.584
48 29.658 19.367 63.98 2.874 2.982 69.683
49 29.985 19.699 63.36 2.654 2.876 70.584
50 30.000 20.000 65.00 3.000 3.000 70.258

SR FESREE CRI80/20 ¥ENMD Fa i, TERM ARG, 2 20% 1 X5 K il
2T 80%MAE AL, DB AR fE B AT B AR A RS, a2l s L
AL IR RS Rt H A 2 H00 R iR K I Berh S RO R T )2, 3nt
TR RS8R S TAE R EERE .

KPR 4-3 I 50 HREARFAT I, FELHIRTHSH0 2 2 70ka s F i
it aetads (R ANE Def) [WEEH I, WK 4-4 Bros. Bl 4-4 PR T
HAEIFSE (AL By C. Dy E) XBiEMEREIRARIUREIE ) o b Wi S48k
B Al E 4 8o MR IIREIE 77, 43 I 30%H1 20%, 2 B i A 400 e
TRbr B BB . B34 C M D Wm W ECNEE, BT 15%,
[FIFF A2 S M I R AR ) GBI 3R . Wit S48 A 2 AU, 4008 14%,
JUE R JTBUIN, ARG R R AR A — T I DTk

35

30 -

[N
3]
T

BN ) E Ar b

Bt BH
K 4-4 F KIRN& Def 52001 7 ]

4.3 ZERIUVAMELERMEEAIERE Dt

HUA RGBT REPI A P Rt M 0, HAMEREDL 99 B R EVRIN
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TR TR RS Em. NRIEZ R O LA B R R A
Rk, K2 RS0 ks e S kg Bt D RITR 2 Td AE YA ECR R SR RE R AR .
WRAEAR A BB S RO H 26, 0 AL T A% G2 D 5 R A SR AR I
TEJARA LGS R BCAERAERY (Anl&] 4-5) o X LAY (R 37 B 7E R G PPAN S ) 4
P B B E RERURE I, A 82 2 SR AL B RIGR R e AL g (2R 18 1 4t A

sy 73
SEIG e,

VAT gLt
WA AL e HIHGE L —
— I — i
E—

Yy I
—

TR Mt Tkt

K 4-5 B ES A Y
PRI 5N ANSYS Fluent AT 07 BF 5, TH5 45 G T 15 2B

R OERE M fisE (i 4-6)

cantour-1
Static Temperature

45.00
l 43.20
- 41.40

- 39.60
37.81
36.01

- 3421
32.41

3061

28.81

27.01
[C]

contour-1

Static Temperature
45.00
43.20
41.40
3959
3779
35.99
34.19
3239
3059
2878
26.98
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contour-

Static Temperature
45.00
43.17
41.33
39.50
37.66
35.83
33.99
32.16
30.32
28.49
26.66

[C]

Kl 4-6 BLAECR = K
K 4-6 NAEG S DM BRI . IEVARA LU ig 5 25 i E IS AR T A &2 2
B FA LSS MBS B AR B . AR G2 D aS MR R RN, IR,
TR EEVE ] 27.01°C & 45.00°C, 14 % X BUR EMEA THEr,  AH AR L 70 A AH 6 1)
5o SAEGAOAEIAEEL,  TEIRRA BO S AL R B 40 AT Sl HY SE I S A FE AR AL,
TR EEVE I 26.98°C 2 45.00°C, L5 44 N AR 70 R O &, IR R IR AE
it

IEVARR LU ES R AR A A, WTRE S BUR IS IR . 2 2 Funa L4 i1
T PP ) 7 T R IR £, R EE VO A 26.66°C 2 45.00°C, JREAFAE— € IR Z
BRI, B2 R 0Rta ba R E NG, B I A5 24 Hdz .

g LRIk, 2R 0AR A e RE B TR I A . IEAA e g i Ff%
gras Lo SR AE R LT T R R DL — S (R 3,  (H 2 )R JuA ke ELas W AR R T /A
(I8 S PR BRI 0T Al P 254

FERA E 2 J2 SR AL PS5 R B S A R g AP REAL TR e 8 Do S5 R AN IEVH
AECERJE, T b A5 S HOS B PERERI RO AR, %L 50 MAEA =
AT IR, BRI RS Rt LSS B RE R . A IE2S
Wt Jiik, BAX 50 Hikit 28, @ar 50 MANER VT Hilia g . % 4-4
50 AL I 4 FLAE 2R

R 4-4 BT EAR

witZ4 HirZH
' A(mm) B(mm) C(°) D(mm) E(mm) Td(C)
01 25.000 15.000 55.00 1.000 1.000 14.63
02 25.125 15.420 55.69 1.251 1.685 15.36
03 25.278 15.956 55.35 1.254 1.125 16.35
04 24.395 15.698 55.98 1.302 1.365 14.85
05 24.478 15.362 55.48 1.024 1.287 14.98
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06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

25.569

25.689

24.799

24.898

25.930

26.789

26.321

26.548

27.203

26.985

27.389

27.653

27.587

26.985

26.485

27.935

27.369

27.989

27.548

28.000

28.369

28.365

28.548

28.694

28.987

29.365

29.659

29.958

29.368

26.358

16.325

16.598

15.996

16.320

16.257

15.987

15.458

16.254

15.963

16.365

15.247

15.985

16.358

17.258

17.895

17.654

17.985

17.358

16.992

18.000

18.956

18.325

19.365

19.658

19.203

19.308

18.658

17.896

17.365

18.693

56.00

56.39

56.78

56.30

56.98

59.34

57.89

58.36

57.63

58.23

57.64

57.62

58.41

58.32

59.41

59.62

59.30

61.20

62.38

60.00

62.30

61.25

58.36

57.20

59.47

59.74

59.36

60.38

61.25

61.35

1.402

1.047

1.350

1.560

1.874

1.587

1.985

1.364

1.478

1.652

1.745

1.542

1.745

1.365

1.250

1.682

1.325

1.968

1.957

2.000

1.369

2.687

2.674

2.985

2.417

2.698

2.354

2.102

2.032

2.475

1.896

1.765

1.325

1.652

1.204

1.402

1.504

1.023

1.305

1.369

1.354

1.457

1.247

1.352

1.052

1.986

1.875

1.635

1.475

2.000

1.988

1.365

2.354

2.158

2.362

2412

2.102

2.301

2411

2.562

14.65

15.89

16.98

15.87

15.36

15.87

16.52

16.39

15.36

16.87

17.25

18.63

13.52

13.65

14.02

14.65

16.25

17.25

14.65

18.34

17.69

14.36

15.63

16.35

18.02

13.96

14.65

15.62

15.30

16.21
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36 27.958 17.258 62.20 2.639 2.635 17.62
37 27.652 15.968 62.78 2.785 2.985 17.21
38 26.359 15.365 62.87 2.872 2.784 14.32
39 25.265 16.985 62.35 2.514 2.564 15.36
40 28.365 17.257 64.85 2.361 1.985 16.32
41 29.365 17.263 63.47 2.015 2.741 14.32
42 29.547 18.936 63.57 2.965 2.587 17.96
43 29.658 17.895 64.74 2.856 2.325 18.92
44 28.365 16.358 64.38 2.547 2.784 14.32
45 27.685 19.326 64.98 2.148 2.478 13.58
46 27.698 19.357 63.69 2.354 2.847 17.36
47 28.365 19.418 63.37 2.368 2.087 14.25
48 29.658 19.367 63.98 2.874 2.982 14.87
49 29.985 19.699 63.36 2.654 2.876 15.36
50 30.000 20.000 65.00 3.000 3.000 16.12

RAEE 4-4 2451 FSHOHEZ Td X —ECE e R bR OS2 ], Hgh R
K 4-7 BT o

()
[==]
T

W1 ot

[yl
<
T

c D E
BB

Kl 4-7 % Td 1K
ME 4-7 FRI LR W, WiFS D s iR, #E 45%, HiRGEwRIT

ZH A, HFEWIILHN 35%. WitSE C W 21008 10%, mikitZ=5 B M

46



TR R A0 18 5

E BISZHA JJRXS BN, BIHE 5%« RERMAEZMERefabrh, WitZ % D M
A RBRARBIIFER, 1B C. E BB/, EHA 22 2 Fuafi
P54 (S e 2R — e AR

4.4 KENG

AN E R 2 SR AR B SE ) B i S A R G AT VERE 0 T . SRATIEAZ Bl
BT, ot TR B SEOT RGN RARRENT, IR RS AT N B
Mo BT RGBT REATHON TR RS, W U RGERE R OE TR
foRE S8, IRV XS HON AR R SR RE I BAR
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%55 BNaEIARLES BT

Z J2 AR LT N R G PERE 2 2 D it SRR, AEXEIE
H b Z B AT AL, l et Hodth B A 2 B vEge = A AR . O 7B
22 8] AR A AR A R RE A B A U T BT s 5. R 2 BRI
SRR, LRI — AL 2 H b pR B2 18] U B AU 1 i

5.1 IEUREIRYE L

EZHHL T, ZRE SN AR RBONE 2, RAERE XA SR
AT R AL AR U AEJSE o S ST AT AL R A% £ T3 (A IS 1) A 3R 11— 4 A
DU EE R, AR R 38 LU iR 46 1) B2 2 A7 BA B T R (1 5 A AT 2, ml A
E T O R e ) A SR AN OGBRE R R U, FERLRE O AR, A BREAEIUL
RS EIRNART i ML G, P EWRE KT . i e 2 i 4L
ARG BLGR B  BETH AR R EAT IR, WS W R SR, v ST
AR A R . IR AR 5-1 Fos.

—{  mAumxs
|

——{  rAmmxs
!

J
1
=
)

l

| nammexs

[ﬁ%ﬁﬁ&ﬁﬁmgﬁﬁ}

B 5-1 JT AU AN i ST R
5.1.1 I iR
W B 7% (Response Surface Methodology, RSM) & —Fh it iR, HTFHf
FEA HARRXS — B AN AR & (R E, RSO, SR 22 T e HonS
B sUR FRAR S BR B3 AT 8T, RN Z R SRR Z BFKR, MALE
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I RAE L 26 A (5-1)
y(x)=3(x)+a (5-1)
A,y (x) — WL SEBR A
§(x) — I REE A
o3 AOMEL 5 5 R 2 T i 2
SR 1 §(x) T LLR . W SR DU S I B R

MIFIA K 5-1 proRBl,
R 5-1 M J97 T B AR R A X

1eAe P s /DA A L AR
—Fr M+1 JN’(X) =By + Bx, + Byxy ++ - By Xy

37()‘) =y + Bix, + Brx,
2 2
+"',BMXM +ﬂM+1xl +ﬂM+2x2

2
oo B X + Zﬂijxixj

i#]

—Rr (M+1)(M+2)/2

)7()6) =By + Bx, + Byx,
2 2
oo BuXy + BuaXi + BuaXs
=B M+1)(M+2)/2+M 2 3 3
( X ) oo BoXou + Bosi i+ BorrnXa

2
oot By Xy Zﬁljxixj

i%)
(x) =B, + Bx, + Byx,
< BuXy + ﬂM-Hxlz + ﬁM+2x22
= BosiXor” + Bosi i’ F Borg 2%
et ﬂ3Mx3M2 + ﬁ3M+1xl4 + ﬂ3M+2x24

2
Bur¥us” + 2 By

R 2 rh 25 B 2 2P 7 0 B D AR AS ) B, A L A0t H 1 22 ) U v
WAHEUIREAS S0 50, HI =Pir 2 DU ST U R 2 dete 2 (1. TR

y
+
Uy By (M+1)(M+2)/2+2M +
+
+

ik 5-2 Fios.
)7()() = By + Bix, + Byxy + - By Xy (5-2)
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2 2 2
FByaX + BuaXy o BoXon

3 3 2
+ﬁ2M+1xl +ﬂ2M+2x2 +"'+133MX3M +Zﬂijxixj

i#j

XF T BRI A 7T, BT 50 MEA R LT AR, SR
TS It A i RIR A (Def) Al ZE (Td) B H b5 2 i i o i A Y

HEL B B K AR N & Def FM N TR 9 =By, 0 R

Def=-12924.887075+18.485538 A+119.301478B+543.128108C-4111.169636D+6266.87279
6E-11.209552A2+60.176399AB-5.398950AC-118.163476 AD-64.996321AE-55.738167B*+5.414
774BC+54.321504BD-150.767147BE-7.781214C%+161.509398CD-182.79061 6CE+248.106589
D2-78.039697DE+760.119445E2+0.450113A3-1.427725A*B+0.026073 A2C-0.384395A2D-0.3626
53A2E-1.193034AB?+0.698795ABC+5.520553 ABD+2.682592 ABE-0.068045 AC?+0.066424AC
D+1.640610ACE+4.861003AD*+12.603176 ADE-24.990238 AE2+1.531126B3*+0.609637B%C-4.26
2431B?D-7.401663B2E-0.488671BC2-1.152331BCD+5.929050BCE-8.037374BD?*+21.085513BD
E-16.321854BE?*+0.100285C3-0.852319C2D+0.485419C2E-4.304672CD?2-12.917965CDE+2.0604
81CE*+14.809980D3-44.557410D%E+86.959062DE2-16.039670E?

LV AL 22 Td e B TR R =By, iR

Td=8846.309075-405.657143A-2180.072792B+428.427184C-6729.192418D+4700.565254
E+6.259734A2+48.991456AB-13.711215AC+23.669930AD+288.747980AE+62.179187B%+35.5
92759BC+75.457322BD-675.817033BE-12.552672C2+254.917722CD-83.754813CE-909.51149
3D2+31.504562DE-261.563734E2-0.281831A3+0.091001 A2B+0.259644A2C+7.197126 A2D-7.69
2003 AZE-0.840978 AB2-0.605927ABC-18.707839ABD+22.437395ABE+0.183332AC2-2.790061
ACD-3.948146ACE+36.275441 AD?-46.935886ADE+26.411011AE2-0.568680B3-0.525798B2C+
5.525060B2D+4.345684B2E-0.068920BC2+4.454515BCD+0.069200BCE+21.598946BD?-47.851
008BDE+0.112697BE2+0.068994C3-2.719999C2D+1.184551C2E-1.257599CD?+39.903374CDE-
9.294393CE%-71.853155D3+36.245146D2E-121.113593DE?+53.962839E3

AT, FRIGUE R . $J7HR1%Z (Root Mean Square Error,
fAI AR RMSE) s 7 & TR A5 Y sl il v 7 VA e i e 0 TR bR 2 — o 23R 2L
BBk 1%, RBERI PR Z BN . BT RRZE TR 712 83 (5-3)182,

Sh(h=t) (5-3)
N-p-1

RMSE =

A, N—FEA R IEE;
p—2 WL 5
n—HFEAR SR
fo =28 n DA S0 FER 25 R
fo” 58 n AR s A A L I 45 SR
HMRRE R FBUETE AT 0 2 1 200, 1% R EU S AU R T RS
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FIEES AR, S 7R EEHE e /1. RE(EEET 1, R
MR Z=fE N, SR ARSI eEE ., ARG RES, RMEREM TS
PR — RS H, TR a] SEE R O ERGE BA e ., Mk
RB R 1A (G-4).

s =) 2 0)

o > (fh-7) o

A, £ — BT REA S AR 45 B P HME
TN N M R (R PERET 0.9 I, BT I s A H A 35 v
RIFTE . ASCR MR % (Root Mean Square Error, RMSE) FlIAHE 2%
Y20 VA ) S AR B TR R ZE HEAT 0 b, AR R 5-20 S IRFRW 2 T i
[ AL 7E R> Al RMSE PIAN R VE A 48 AR B30 2 1 T0UE B0AS BEARME, A

Re s DL s R B AL S B B
*® 52 REMTER
HirZ % RMSE R?
Def 0.10182 0.91254
Td 0.08524 0.90105

5.1.2 BP B Mg =R

BP 14 M %% (Backpropagation Neural Network ) & — 3t T 1% 2 Iz [0 4% 4%
HMZ ERma Mg, BidmANE . — A ARRE 2 M gk
S IR A N BB (10 A BRI 2% 2] 830 LR O JEVAREL R 3 5 I T A 9 U ) 4% 1
Vs, SNE I IR A IR R A R, DR/ MR ZE .

(1) BP 145 W25 (1) 48 2 1 )1 5

RIIRIEEE 4 AR E A =2 BP #Z W 2% H] DUHEIR 22 2 708k b 45
WS ERRKENEME R R ZEZRIFRR, BEAHANZENLK A B, f
J£C, BE D, EENNSH, Wb ENZ ZAaR MR ARENRZE, W
K 5-2 B
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Comm -

WA s R b i 2
K 5-2 BP 48 X 2% 45 4
B 4.2 A1 4.3 i 50 8405 EEE AT IH— 1L AL HE 5 N\ B MATLAB 1,

¥ 2 B VORI IE SRR E N X, B EANE Y (EhHRE, X AE v
NEEEMERL . K 50 HEIEIZ 70%. 15%. 15%%10 NIIZRE . KiEgEmM
MRS, YIGREE ] T S BCE AR 22, SiF4E TR IRz ARE T i b
A, M T VPG BRI B, 1 o e 2 1 S AR AR5,

FEARICH, BNEA S AT AL Wl EA 2 AT A N 7 H ORI 2 ) E i
FZAGRE ST, ISR TR B, MR A (5-5) THEERE E M5 R

m=~+n+l+a (5-5)

X, m—BEEET R
n—HINJZ 1T AL
L% 1 G
o—1-10 Z [A) ) H 2
H1 5-5 43, BP #iE MBI RS ZL0 14 )=, (HULI B BEA 2,
TCVEHER WU PR BOC R o PR R, A SCE I BN R B 2 SRR T 25 41
HheS. 2K, RAMHEREZEHCN 20 AR B, JFEILES T
B, ikl 5-3 Bioss

K 5-3 BP #4245 A58
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XF T BP A2 2%, B 2 et T A O R . AN SCIEFE RelU bR UM
NBGERAE (AN 5-4 FosD) o ReLU i S o O th AR, BEAARETH 5
I Ia),  XARTH RS L .

o)
o=y
fon=0
Relu(x) {; :;z Z 3
K 5-4 ReLU 30 s HOE

HHERR 7L (Scaled Conjugate Gradient) E A &5 WAZE/N . WS H Az
SEMEREIL R, B 2 H TR E R T R S AR M s B A R, AL
IR HIRS B STV EE RS, HIE AKX (5-6) B,

—g,.k
X, =X +ad d = 5-6
k+1 k k" k k {_gk +ﬂkdk71,k22 ( )
. of (x
Ropr, g =)
0X,

d, —ERBOEARHTIE 7 1A,
o, —F ALK,
B, —MRIEA R LY AT I B 24

BP 2 M 28 (U EE LA I ZRROR W] 5-5 Fros, WTRUEHIINZR T 21 IR
Ji X 25 1 2556 B o

53



LRUTR R L 2 A 3

Neural Network

Hidden Output
Input Output
5 2
20 z

Algorithms

Data Division: Random (dividerand)

Training: Scaled Conjugate Gradient (trainscg)
Performance: Mean Squared Error (mse)
Calculations:  MEX

Progress
Epoch: ol 21 fterations 1000
Time: 0:00:00

Performance: 276 0 2o 0.00
Gradient: 336 [ 248 1.00e-06

Validation Checks: 0 8 6
Plots
Performance (plotperform)

Training State (plottrainstate)

Error Histogram  (ploterrhist)

Regression (plotregression)
Fit (plotfit)
Plot Interval: ' 1 epochs

%’ Opening Performance Plot

@ Stop Training @ Cancel
Kl 5-5 BP #1228 I 25 Il 2R I
MK 5-6 HRTLUE HY, AR REREAT 228 20 TR, HPE 28 IS 1 3 7
RZEMFE R 3.5267, KHINGBR R EAHEATRE 21 RN 26 RIS, 1%k
R ERI TR Z R IRACF T IBAE Tk, X R BIM4% ) 55 > 1 A8 T s 24
BT TRE. XU BP &M% el Ziete, BAKE “HB#7
MCEHE T BLR.

Best Validation Performance is 3.5267 at epoch 20

103 F
Train
Validation
Test
Best

10?

10"

Mean Squared Error (mse)

] 5 10 15 20 25
26 Epochs

K 5-6 BP #1422 W 2% Il 25 ith 2%
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K] 5-7 5 BP LA B2k i, d P 5-7 arenillZr 4 19 R 18
S~ 091015, I&UFEER R EH N 0.41669, MIHREENK R {EH N 0.68388, Zia L& [H]
9 R BN 0.78506, L& RGBT o

Training: R=0.91015 Validation: R=0.41669

% : Q@  Dafa

o - 6 E |

: o n

z m O ‘5.;2‘,@,

m ] P 1
S

E ©

e : :

o © P

] ';I of O@@

- -
= .4

= | ‘.

| 52| Cor

| @]

(e}

-2 0 2 4 6 _2 | | 4 6
Target .
Test: R=0.68388 All: R=0.78506

0 O Data 3 %"

| S

+ +

E ko

m o

E |
©

!‘_ =
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N I AR .
5.2 ZEIUAMLEIEMRR SR S BiFIEIT

B 2 AR L E B 2805 B s S8 MM AU S, R
BOEATZ HAnA . T Hins B2 4, R4 R = A i 4 S A4
RN — s, maAep— mMmMm, A& iz MR H % (Raccoon
Optimization Algorithm, ROA) iz al @i, 1250 LLHAEAL B 2 2 H Rk
i) RIS (1 A B AR TR, BTESEIL T SN BN E, Tt
R ERE.

5.2.1 ZEGUARLLITERARGMIRE

TEXT 2 2 500 RS LB A R Gt AT AR, 5 LR A5 I8 R Mtk
REFNESCAPERE,  DLAA IR FLAE 52 2% (L0 T B8 [R] I i A2 22 42 7 7 R s 38 ) 75
Ko BATEZIGEH ML OMERVPNTaAR, RIPETERefads (Ded) FHGAIERE
fabr (Td) . PifEtERedats Def KWL T RGUIEZ BISMHR b 2200 B8 1 F R
BRI, BUEBRNER R RGP R LT, B RE TR AR Td N & R
GEIsAT IS R O R I R ATHOR A8 T, BUE RN AR 23

TEREE R RABE AT, & S 75 2 B AR AL ¥ H AR 7 1) LA B AH L 24 3R
St o AL B AR AE B B RE R AR Def ST RERIE T e ME, R (v
ReFEAR Td RFTRBEIT T Rl BT EMRABA b B R R Td BOAE 4%,
PR AT R F B4 1/Td AR AL B AR I — 80855, AN 4 il 4% £k o d /ML
Def fl 1/Td FIZ4

BT B4 bR vsE, JATEE— B T 2 B R P B R S
MR ECEREAL, s (5-7) Fs.

(" Min(Def,1/T,)
25mm<<A<30mm

15mm<B<20mm (5-7)

55°<<C<<65°

1mm<<D<Bmm

\ 1mm<<E<Bmm
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522 REEIMHEE
BEREM AL (Raccoon Optimization Algorithm, ROA) J&—Fi 32 fe & .
FEAFSEAT N R R B 57 B 0 e R A A SR T g RE AR A S el B AR P B
FIFFE R B AL . HIUEY B2 BEALA i — 4 e e AMA, AN MR AR ) i —
ANVETESR, IXEEAMATEMEZS 0 P BEAL AT, AR 0 B AR A, TH AN
REANA (V)0 B A, 38 B PR e T AR FTARR R B, BB 3R
Pl AR A
IR B FESE R AR, K S ioe REBIRE 1) B8 BT AL A1 5 - A £ SR i 1)
FARAT J AT GERE I o AT 5, PR v 030 2 A 400 T 28 T A A A i
R, SRl TG IR IR, SHkER, HARAMRNIER T RREE RS,
T SRV M5 TR R R B I 78 U AR X — AT N SR A K S T RE A AR
S LEA 225 [A) N SE I, B B A TR, NI A 25078 75 A R4 R XKk, 2 1m
e N PRI B i
{E ROA Wil YuiFp i i S AEAMA I AL E xR A RMTAE, #
WK SRR — L LR, 55— 02 5 55 SR i 20 10, Rk, A
(5-8) HUFRR K S REER EIIAIE
7 (1) = () (s (1)1 (7)) = 12005 -9)
FERIE B, ERREAEERTRIP KA E . T X LA
B, i B K SRR EEE R R ), R (5-9) EHAE.
Iguand,,,, (j)=1b,+r-(ub,~1b,) (5-9)
%) +re(Tguanay,,, (/)= 1-%((})), fitness(Iguanay,,,,; ) < fitness(x{)
W)= X ()4 (3 ()~ Tguand, g () else
A, N—FhRERAE,
t— S FEA L,
Ib, —5F j 4L R T 5
ub, — % j 4EAR R EJ,
fitness— 11 Hi& B

r—[0, 1] Hhr B I BEALEL
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i—BENLEL Sk A BHEES {1,2).
Iguana,,, ,— BRI 2T J= AR AL
X;(§) 3 i MRS § AR R
PR GEERAMAM S, 8 T 545 2 8% 7 B /e 48 5 50H b s HUE 1Y
Petl, WRZHAAL BRI, R, ¥ EARBELIH R BUE S, M
AR DR B T ISR T AL B9 AL BP0 IX— S & AR IR BRI R R T e

Frat ) H bR B s A g7 kg, RIS S N R et . BT — ks dk
wEE, = (5-100 AR

e :{ - ftness( )< ftness(x ) (5-10)

X', else

TERM B MR A, K B B8 1A B SR L] A ik T ok kel
FATNWBCE R T & B, K B e AR ok B U AT A
H R BN B — AN AES 22 A AT X 3o 3% — AT e 048 79 P B i 08 7E 48 2% 2 ]
TSI R AL BRI R, AT A RO SR AR R R PRI R . T
BAX FIAT 9, FIRERANK BRI AL B T IR — B &,
(5-11) Az (5-12) Fivws

et =01 gt 901y oy (5-11)
t t
xit (]) =X (j)— (1— 2r ) (lb]l.m’ +r- (ubjl."“'l —ijl.m’l )) (5-12)

Ao, e [0,1] AR BEHLE,
T— R KAV
o=, ub — 45 J AR B AR UM S B0 1
I LT S L T AR BB, T B AT B, R
(5-10) HEATHERL, EERIT— SRR, [ 510 oA AL B AR,
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3.5267 BEALE 0.6852, Zi&EIH R M 0.78506 $#2THZE 0.92997, LAk R R o &,

60



TR R A0 18 5

HAE b 5-12 fhos

Training: R=0.96163 Validation: R=0.75828
S 6l[ o Dpaa A 2870 D
o Fit o o - Fit
+ - + “Y=T
[ [ J/
o =)
s s
L = ot o
N~ n
b © o
o o
I n or
1 1
et =t
S 3 ,
o o |7
=] - D
=] =] F
o o |-

2 0 6
Target
All: R=0.92997
ﬁ_ S 6l O Data 5
o o
+ +
=t Ed
[} o
o o
© ©
- =
* *
o <
N~ 0
o o
I I
l 1
= ==
= =
[ o
=t =
S ) S
o [ o
2 0 2 4 6
Target Target

K 5-12 ROA-BP 128 28 40 A i fh 28

MR AT LA 2, 5 BP #H2 k 25 4 L ROA-BP FILG RCR1T 2] 1 B & 1

S, PALHT IR E B R BUE XS EE iR 5-3 Fos
* 5-3 PUALHTJE M2 4 R (B0 HE R

REQEE UEES I UESE AR e
BP 122 1% 4% 0.91015 0.41669 0.68388 0.78506
ROA-BP 14 [ 2% 0.96163 0.75828 0.86246 0.92997

4 5-13 79 ROA fltAk BP #1242 R 2% 1) Jo TN AR 55 LS AE i LA i 2, e 18]
5-13 WA, ROA-BP Tl fhi 75 5 FLSHE Z A W) & BER =, K ] ROA-BP £ Y
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MRS

& 5-13 ROA-BP #1285 [ 2% Tl ) LE B
53 ZERLHER

R FH 58 REATC A 502 B 3 5 SR g A o A0 MA KA 1) Pareto IS ARAE .
%5 Pareto BT RSE T MR MAIY J& T UM, A IR AN A7 LE AR B S I
KR, WM TS AR IR A8 SCHAR, M IZ MRS i it B e 3 AR A LM A
B AYIBIAAR, B HAE R AR R . SR G v S 5 45
REMEIE T I, SRS, Bk R A B T B R
53.1 FrEIL R E

E2 HARRAG I, 2 AN T S0 H AR e 3R A B AR 4L, T Pareto
AT AR I T 3 2 A 1) fF) B R AT 56 R o A v 48 7% (Normal Boundary
Intersection, NBD) WA B Pareto BT MA HE Tk —, HATLL RS R
BRI K AT 1

B 2 BARRAL F A m A B £, (x), £,(x),..., [, (x) » T x 2R
TEEE, xeQ, QNATHE,

G, BERE A HARR B EAR S 2%, RIS B AR R B A e A
PRINT REIE 2 0 S AR, I 2 S PR (T AL B YD A R AR T 2% o FRAR S 2+ A
A=\ 5-13.

Z*I(Zl*,Zz*, '“,Zm*) (5-13)
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A,z =min f(x) ;

i=1,2,, m.,
XN T W A H bR s AR AR BEIA B R e, X e R e

H IR AR . SRR — AN E AR S A G B T T, 120088 T R 2 iE

T LA ADA S B AR R OCE AT AT 30 T b (0 EAR B e I . R B AR A

2 =(2.2,)» TN (2),2) 1 (27,2,)» PI ERONELD J7FEAT A

NNZHOTERA, a3k 5-14 Bl

(5-14)

* + * — *
=5t (Zz _Zz)"'ﬂz (Zz _Zz)

Nt o M1 g RSH, Hilig EMAREN (o +p=La,+p,=1) , i@

RTECSEE 2 0 g iR TN el G
FEAE S 0 (V8 1 T _E 38 ST — R A s, X8 g0 N3 AN A AR A
My, W WA DR X S SOV E R R, BREREAR T
MRS H AR AR BB BUE TR w = (W, wy,e00s w,) > (RAEEET

i B RNz = (2,2, 2,) » BERIE w, THEAWR 5-15 P,
W,:—’ " (5-15)

TR LR E A R, *ﬁL*TE%?%Z, R 2 B b i U AL D9 B Bn AR 7]
A, AR A R BOE A IR R 8 5 . An Rk Uan s 5-16 s

w):iwifi (x) (5-16)
¥ 2 H b in) AN LA g (x, w) B AR BRE 5 H BRI A )
55 e R RAL SR SR min g (x, w) > 43 21 ) S5 DA 02 AEAR R [ 8t T

Pareto VS b AUTALAfR . 8 7EHE P Eak BOE 8 2 ), A2 1 2 B AL
HEw, JFEE FRKRMBEIRE, Meef 38— K51 Pareto HIFHIE LU, Xu
fRILRIA R T X Pareto BTN N, 34t T AE L H bp 2 [0 34T AU A 2L
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R, ARIEFESER R
RAER (5-13) ~ (5-16) , AIFRIZ 2 FUAM LD R gt m i1
ZHMNE . RIS EINE 5-4.
% 54 Wb SR
ZH A(mm) B(mm) C(®) D(mm) E(mm) Def(mm)  Td(°C)
(] 28.645 18.794 62.68 2.862 2.262 66.246 19.864

532 R
KIER 5-3 FRIRM IS EL WEZ )2 faia LB A R S s Al 1
T B, FEXZ A R AT 0 B M. AT ) £ J 25 Rk 5-5.
* 5-5 PR £ R

" s AR AR N
ZH WG BT ) HD o5 2=
A(mm) 28.000 28.645
B(mm) 18.000 18.794
Wit C(°) 60.00 62.68 / /
D(mm) 2.000 2.862
E(mm) 2.000 2.262
- ﬁDeﬂ?nn) 71.786 66.026 66.246 0.33%
Td(°C) 18.34 19.66 20.12 2.34%

B 5-4 ol LLEH, BARSEES RN RO EZEAKR, fAR
Def W% 79 0.33%, W7 Td WRZE A 2.34%. XK ROA-BP BRI fE
AER R B2 J2 FUA RS LU D A R G M R . MWAIRBETT S5 A BT AR 0 45
RXFLERE, MXFYILE B, AT B Al O MR R T . A
BrifE 4 Ky iR N B 71.786mm [ E] 66.026mm, &K T 8.02%, i jth A B Ah
PR ZE M 18.34°C T3 19.66°C, FhE T 7.2%.

L LR, BRI 2 2 FUAAS L SR TE PR T R T AL T A
BT AR Z IR 1 it (L7 52 2R B I BT AR SZ 1 vk 47, T HAT 080 T
Pl AR o B R IR B R AR . BeAh, SRALROE R IR 1 B e
IR BA R, X R WNZEE ) H &R A ERE,  Bef8 SN ROt Y
BRI TARRE
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LG e i A CAETE S

B 5-15(a) A1 5-15(b) 73 Bl AR N E ALK BE X L # 2R B . AP 5-15(a) ]
LVE H, BRI T ERE R A R R R N B N TR T, JC IR TE R
HAE] 1 FjE, LR E AN ERER NG T RE, miyaRi e
U4k B3 I HEAE 2 BRI R, ARk B m TR s, Bl 5-15(b)RI LA
B, TERERE R A BRI B, ST (Y R R M RE I TR T, IF
HARGHE A B AE . PIFRELTE I RE RS A BT R B, (H St 1 T2 5 4 i
FEHRFE THCR A LUIRBEME, 2o Hh S AR 1 i R A i

gi bRTIR, SRR E R 2 2 Uk L 4 R IR AR N B U TR R RO
T RIER, REW AT R0 > 45 #) 70 Alh 1 ok 72 v (AR, AR IR 2 P AN i 5
b A B R A RCIRAS 1T L E RIS S B ATY A 4 5 A v 1 e SR T
X R B HAE ST A AR SISO T T 0B vt AT B e 2 M e B b o
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£ 6 E ZREIUAMEMARERUSLE

NIIEZ 2 SUHAA LRSS M I S BHE AL 5 I JICR it 7 =F A
FZZE (AL By C. Dy B) M2 2 00AMR LA Ie e B i L in 5,
S X b =l 2 )2 A AR LU AR B O R

6.1 SKIL ARG [RIE

LI 4 AT N A o, 38 K IRAT 978 20V Sk B 2 E 3,
PP 2 Bty Bl 2 R SR UL RE IRV R AEAT B R R A sl iR A
JRER AL R RE R . B 6-1 PR ASkie RGNS

TR
== P NI e L]
l I | ’ SR T
nimas] Ak
(DE::C) ‘ 1

kA

el £ WK HR 00000000

o0oQ0OQO®OO®
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2:;;[

Kl 6-1 HitsEE R = A
AU B ARG KIE. HIR O KB EHAE . B R B,
m#kkE . MARE . 2RI E . ME TR AR . W EIE
fHR £ ZBEAKEAE (25°C) Hudd AR IR, i m#iEinis A
Z EFOnta b e B, B S 40 SRS T, A JR L [
WEMEIR 2 BRI AR

Figit||

6.2 LR BT
AR & R BT 3 EAY, AR BB RGEE . £ R
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BURAAS BRI e E
6.2.1 EINAHRRE

ST HAEIRVR I A AR R 2 . SO0 A O DAL S bR T, A
SCR A HIN AR B AR, B AR M BOE R HCRES .

AR RSB F IR 2 #h ol e o AR A A IR A W) A 77 I B R v A Cn
6-2) , ZW&RMT Y FZF-5, FE 5N 380V, ThFRA SKW, B85k 2
P65, Biilibrii N ExdIICT4, FHH & RIUFHIB R FB K PERE .

K 6-2 [k H s
B AR IR A — PR R AL PR AL AR L R S A YRR S, HAZ O TR

TR AT LR OV RS E I B . [ 6-3 N ELIUAR IR HL YA

Kl 6-3 EL e A
6.2.2 ZEFUAMLLEPRE
W2 2 TR IR BN, 8 BN ERBOVE 2%, XY
Z R AR O EASE B AT 4L, ARAIE S E 2 2 AL EE BN S 1 2 5 B
B, BENLBCE A IR BT 0, Wi 6-4. IR it 2 E0E S
22 2 U R LU RS B I ECRACR . IR A AR O A HIRE T
fEIRA T, 6-5.
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K 6-4 22 S b & Bl 6-5 fHR & B KA AE
PP 2 B B S B8 P R I — P AR v A5, e I I g R 14
75 IR E i AR R o B A A% 0, DAIK 21 PR B0 % B AR SR BE 10 H I,
PP 2 BV AR B O AL, 3 XU s AR Uk B A, R AR
FrA IR E . ARG AR 2 B U 6-6 s

B 6-6 WA E

LAZ 2 5rs LSS S HUR I AR &, B0 EAR SO 1 IR A8 SE 5 R A Ak
J5 1) 2 2 SOARS LU B RE B R A HA AP I E SR
6.23 RELFHIRE

S R R A o e R R DR S 0 IR AT S SR B A B ) B R A
PR 2 ) 2 BB P A% 00 Ty A A e S B AR P I FE P AR R R AT R M, R TS
PUX— Hbr, BEEEER T ZRCHAIE. B0 B 3 BRI LK
Ay PR TR R A

TR AL 2R — Pk iR B AR A B e o S S e B, IO BE AL R AR 1K B
(R 7 W VA ERGHE TR AN H TR IR 22 . B 6-7 AR SO F i A%
S
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Kl 6-7 IR
WETHE — AT ERAA IR e 8 8 1 Bl iR B R B
IER R, EBURE TR H R B IR LI T R KR E AR R AR E, SEIR O
PEORFE— 3. ASCEA R E T E 6-8 Fios.

Kl 6-8 it
AR SEIG b, R R HIN R B R E AW, B AL RIS PR SE IR AR
R RG], 3 BEil I 15 B & AT SS Bk SEBLN B R A KR A5 T A
BATEER] . A S FH BOFE R A ] 6-9 BT, i AR SRR R I PR Ui BE ph R AR
FHIAA] B

Bl 6-9 I AR
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6.3 LG

AL H B RAIE 2 2 AL LRSS PR 2 S AL 5 B 21 3L
Ko AU BTHIFREE T =R AR S EIN 2 2 F0Ais LSRR A,
FEHEAT T VR AR PR REXS LSS

2 JZ AR LU B S I AR D BR AN

(D) KM, 22 70A0 E R B LSOK R S TE 51EIR £ B K
MR, TR — e B RR ARG RS . 88— UG AR & T A IE B4
SR I BB, MR ER IR R A

(2) RHER £ — B /KPR AR B BEE N IR 25°C. S84 10 70 Bl N
BV AR IR R S T RRE £E 25°C

(3) RIS a2 B KA, JEBKE . 1d3 4 R KB K RE
25°CIR T2 45°CHr R I 18] A DR A% A% MU R AT 46- T 20RO 25°C,
2eid 10 P FAGE R, IR KA IR I 2 45°C,

(4) FIRJABIKIE, 585 10 708 DU DR A JNRIE A L 2IRs 2o IRES, Ra
THGIE S TR R e . 4RERIEAT 20 7P B JR 4R skts, QM. JFE
BHSCER 2 2

(5) HHAFAFASHNZ EIOAR G E, IRIFHAMSEIR KA,
EELIE 2 NP 4, DI A R S 800 BATE RE R RZ I o

6.4 SERLER 1R

S I RE T 2 SR AR LR SRR, I ERIIR R AR N 25°C,
INANGRBCE ST 45° , N 10 708l X LE = A FBeT 7 AT SE, Hh oy
1 NVIREHSH, TR 2 AEIEHSE, T7% 3 AR A S

BT HUE 6-1.
K 6-1 =M REM S

UE =i A(mm) B(mm) C(°) D(mm) E(mm)
ED! 28.000 18.000 60.00 2.000 2.000
E Y 29.486 19.236 63.24 2.986 2.652
E X 28.645 18.794 62.68 2.862 2.262

2 I 6.3 T R SER D BRAEAT ERAT, A% Bon SR A Bl in 3k 6-2.
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K 6-2 =FJ7 FEEAGEE R

LE =S IR E(CC) HITRIECC) I (C) &S
LER! 45°C 40.2°C 48T 10.67%
E Y 45°C 40.9°C 4.1C 9.11%
E X 45°C 39.7°C 53C 11.78%

NTHEIMEWE HR 62 HEHRIIZES, 2] 1 =Fh 5 REGACRRS LT

RE, b 6-10 Aras.
60

50

11.78%

10

%1 7 %2 77 %3
Kl 6-10 HFART AR B
BEXT =PRI TT R, X% B FEHCR AT R0 i . B 6-10 R
TAREATT R DR A R, PSRBT AR, T % 1 i R
HH MR EZ R ZE N 4.8°C, BUAMER 10.67%. 75 2 IEUHECRIE R
THEL N911%, #HOERESH REZMPERZEN41C. L3 W
H BGRB8 T 11.78%, 3 RE S H IR E 2 iR E R 5.3C.
WA Z TR, BUARGR A SO PR AN IR . St b peHIE
PARJE 1) 22 J2 SRS LE 2546 B B A3 B30 E

6.5 KRENEE

ABBPIHEE T =AM ARG HSHN 2 Z00aR O IR3 E , AT
TR BB EREXT LS s . A5 RRY, AR R I 2 Z S0k ek
BAAEBRSCE BAAEZER, HPIrR 3 BRI REIEEAECEE, 137 11.78%,
VAL 5 I 2540 2 e 6 BE AT O 5 e AR

73



TR R A0 18 5

FTE RESRE

71 E'\z:éu:

AICAR T M REIER E RIL A 2 R AR TR R RS, @A T =
Aot e Yt LA AR A BB BROTRE Y, SR IEAS IR BTHE i RGEERE,  JREXS
HHAT T 2 HARRA T ARSI TE . BAR TAE BRI T

(1) fRlR AR LA BT 22K, BE TR SR NI 0% S LL 454 it
Z A FOARA LA o ARV SR E A EESH, IR RN %,
ROESRMER R, T RERISCRIVE . R 2 2 SRS LU A A R 10 B S TR
REARETE, W FH AR BT R dRYA 2 A b BT HE 2544

(2) FIHTREVRZE B2 2 FOA A B A R G . 7 Hb A
AL, Kl 2 B SURm LSS I BV RS, K 2 2 SO L 45 A HES 7 o5 it
BRTVE NG L5, L b BRI ASAY  RERK VAR ) B3 57 22 8028 it )
Hh BT A I, AR KA BOICR o 45 M N VAN b 2 T e LB i S A T g

(3) SRR REVRIARZE Ha i L T 22 )2 A0 L g A i B S R v e . R
LS-DYNA #1 ANSYS-Fluent & 574 [RGB BEAT 05 o A, Gl 5 = AN [A) 45
PSSR FRT LUAR 3, UESE T 22 2 50 s LU 485 W 7E B 18RS R T R p et o 3k
— B R IE AR BRI BURE A o5, W 5 M S 50238 S Bl e B i S i g
PN EAREEAT T RG T, R T ARSEAEE T IMERRTR R, FF IR )
iR S5 S s Fabr 2 MK R .

(4) T IEZRI T, FIH BP L W 465 RF1t BE Ak FIE 0 R 4
BEATARAL . FE T IEASRIG Bevtg, 22 T B[RS 2R R BP 48 [0 45 45 70
S R AR LT RO R GO A, TN B A . R TR B B = Y BP
MM, BRI LTI R Z BAsiie, SRERNEHSHALS. &
Tl BT L IRIE, 45 AR B 22 )2 O L 7 8 O % G 0 52 Tl A I A R AR N
BN 5.76mm CHEF 8.02%) , /K R ZEH K 1.32°C (Fha& 7.2%)
ORI R R T

(5) I RIGRT 2 2 GRS L 25 I B REEAT T 300E. 58 H M7E T

74



TR R A0 18 5

PPAT A ZE M BRI AR RCR , JRIR UL S PR N R B R AT 1
B DRk Ie 45 R T SEVEANA ROk, AW TR B 7 =R, 70 )3 A ] 4
ZER BT AR ] 1) 0L 2 1 o SRR IR 4 R o0 i, ASCUESE 1 2 2 0Afa
PLEE R BT IR R T, I s 1 AR S e O BE 5 T 1 2 2 LS

AL EEBHr R

(1) BB el it 2 R AR LU P AR B, 1R 2 R T0AR
LSS S iR R R RIFIAIE. 10IR 1 2 = UK LM 1 /) 7
PERTRE EOICRAE, U LR RS 1B AR S, IR IR AR LN
HARI SR A T2 R SRR RS M AR, Bk 1 2 R 1A
FALLEEF ) F1 5k e

(2) HeF AT JF B, SRR UE OB BEIR it 2 2 SO e EeBs
R ARG . S BOHT REIRV - I A 2 )2 SRR LE B A R GE 00 95 VR
frdabs, A IESS RS 07 E BT A R I S AL S, R3S LS-DYNA A
ANSYS-Fluent [ 4R, WRUER HUB BEIRITAE e ith B 2 2 S yp i LE B o
ARGLHA RIFRPE 5 B ICR

(3) et ¥ ZRIAR LA it ZH e k. i it it R B,
L2 J2 A s B S B K AR N B AR A AR HE D im Z= o0 e db vt B AR i 2, BA
TR Ay RHELKE B THES S RHLERMA C. JREE R D FMRLEZ E N
it AR, HOL T SRR EMEZE R BP 2 MR, A e Re it
FLEN S MR N AR Z MU R AT SR8, 532 2 0p L m it 2
B .

72 RREE

AR SOR LR B S A R GEEAT T AR BT RS AT, (H AR
FACPEIR, VFE A e 2 A F Bt P 5%

(1) EBCF A2 EF0aka tEB SR, 255 8 2 2 R a5
HISNEE S %, BT WESEII R, thANEA X 2 B UL B S K BE 4T Al 4
SCIRHEATINE, 2SS FEU B2 R ORI BE P o, 2R
DA ELas ) A Rkt — D

75



TR R A0 18 5

(2) FEEE ST AT A AV I, (0 RS RIS AR B CRVECR . R 1 348G
IR ARE AT SR v JR A RE, DALt e it A R 0 S0k 6 0 45 SR AR
AR, SHEARGILE TAPRESHE —E 2% .

76



TR R A0 18 5

B2 3Rk

[1TFNE. P BT BE IRV 4E 70 28 R R e IR AT [J]. VR4 SEFH R, 2020(04): 13-
15.

(21 BB, BT AE UV AR BUR R LI [T A B 48 475,2025,(02):2.

[315 %5 °F. B RE IR 4 W WLt 55 4E B 48 i A0 AL IR T (0], 1AL AR HLAL, 2020,
243(6), 93.

[4]Balakrishnan P G, Ramesh R, Prem K T. Safety mechanisms in lithium-ion
batteries[J]. Journal of Power Sources, 2006, 155(2): 401-414.

[5]Shengxin E ,Yuxian L ,Yaxin C. Effects of composite cooling strategy including
phase change material and cooling air on the heat dissipation performance
improvement of lithium ion power batteries pack in hot climate and its
catastrophe evaluation[J].Energy,2023,283.

[61 8% . B REVR VR 4 3h 70 v T 2 B R AR A I B B 3 SRS R A (0. % R
7,2024,(12),22-24.

[7]Fadel Z A ,Mohaiman S ,Abass A B H. Crashworthiness Performance of Rear
Underrun Protection Device under Simulated Car Collision[J].SAE International
Journal of Passenger Vehicle Systems,2023,16(3).

[8]Renreng I ,I R ,F D. Energy Absorption Analysis of aluminum Filled Foam Tube
Under Axial Load using Finite Element Method with Cross Section Variations. [J].
Materials Science and Engineering, 2020, 875 (1).

[9]Vignesh K S ,Jaikumar M ,Koenig P. Enhancing the Crashworthiness of Passenger
Vehicle through Modification of Bumper Beam Design and Energy Absorption
Materials[J]. International Journal of Vehicle Structures &amp, 2023,15(7):892-
895.

[1OTRX Mg, Bk b, & o= . BB 2 o B2 IR 4 o BE 45 Wy L L AL 019 & T
F£,2018,40(05):508-514.

(117555 0, £ 0, B SCh 55 TR & B P A AL B 45 4 22 T 00 48 VR F 7T (0], 4R g 3
TR AR (H 28R RR),2022,50(07):85-97.

77



TR R A0 18 5

[12]Tao M ,Shijuan D ,Weiwei W , et al.Reliability optimization of a large-size
tubular negative Poisson's ratio battery protection structure[J].Proceedings of the
Institution of Mechanical Engineers Part C:Journal of Mechanical Engineering
Science, 2021,235(19):4214-4230.

[13]Wang W ,Dai S ,Zhao W , et al.Reliability-based optimization of a novel negative
Poisson's ratio door anti-collision beam under side impact[J].Thin-Walled
Structures,2020,154.

[14]Ruiyao L ,Guofeng Y ,Zezhou X , et al.Mechanical Characteristics Analysis of
3D-printing Novel Chiral Honeycomb Array Structures Based on Functional
Principle and Constitutive Relationship[J].Journal of Bionic
Engineering,2023,20(5):1917-1929.

[15]Congcheng M ,Jihong H ,Fengchong L , et al.Structural Analysis of Battery Pack
Box for New Energy Vehicles Based on the Application of Basic Foam
Aluminum Materials[J].Journal of Physics: Conference Series,2022,2355(1).

[16]5 HL AR, #h ] =, 2SS, et BNt 0] Rlk3g S
ZEER TR, 2023, 61 (10): 101-106.

(1716 R A A T REVRV 2 1 Dl s R 45 DA 1 1 5 I s RS T+t 5 0],
AV £ 1A ,2024,50(01):13-17.

[18]Yu S ,Shakeel A ,Huaqiang L , et al.Optimization of air-cooling technology for
LiFePO4 battery pack based on deep learning[J].Journal of Power
Sources,2021,497.

(11T 3] X AR BT, 2 Azt . B A P IRt 45 ) 1) R4 TR A v b 0, 20 B R G A A [0]. 4
PR 22 417,2025,46(01):90-97.

[2015 e ke, i K 1, 5K 5 35 45 . 07 TR 80 ) v it 41 22 JRGE #VE BT S [0]. 95 A6 Tk ok
2224 417,2024,42(02):260-268.

[21]Yu D ,Huang W ,Wan X, et al.Optimization of simultaneous utilization of air and
water flow in a hybrid cooling system for thermal management of a lithium-ion
battery pack[J].Renewable Energy,2024,225120248.

[22]72 {4 T3, =5 AR 73 55 Ak e A FE I A0 IR I8 SN R G HGAICTE J T Ay

78



TR R A0 18 5

P[] AERERL# 55K ,2024,13(10):3534-3544.

[23188 /N 4 B W, v 25 A 1) 22 30 T 235 A YV A RS AR P 07 520 BT [T AL
Wit 5 7T,2023,39(01).

2410500, EE & 52 R, RIS HHIEA AR G (1], 17714k,
2021, 42 (03): 135-144.

[25]Vishal B K ,Parmanand K D ,Manikant P D .Thermal Management Analysis of a
Lithium-lon Battery Cell using different coolant[J].Journal of Physics:
Conference Series,2022,2178(1).

[26]Hassan F M ,Khalifa N H A ,Hamad J A .Experimental investigation of lithium-
ion battery thermal management for electric vehicles using mini channels cold
plate and phase change material[J]. Applied Thermal
Engineering,2025,267125682-125682.

[27]Yang Y ,Yang L ,.Du X, et al. Pre-cooling of air by water spray evaporation to
improve thermal performance of lithium battery pack [J]. Applied Thermal
Engineering, 2019, 163 (C): 114401-114401.

(281K 8k, DM, 7. /K% AL v D2 5l /7 r it A0 v A S5 M ARAR [T WG T 55 )
i#,2024,(09):223-227.

291X g, K i e, P, T 52 R AR R B r b R 1k RE (]38 RE Rt
J%,2024,12(06):696-703.

[301KB B 38, B K, I M 5% . K 5 ShAH A8 MR I B 7 L b B B[] A
15,2024,54(02):217-221.

[31]Weng J ,Ouyang D ,Yang X , et al. Optimization of the internal fin in a phase-
change-material module for battery thermal management [J]. Applied Thermal
Engineering, 2020, 167 114698-114698.

[32]Miaari A A ,Mohaisen O K ,Ahmed A A , et al.Experimental investigation on
thermal management and performance enhancement of photovoltaic panel cooled
by a sustainable shape stabilized phase change material[J].Case Studies in
Thermal Engineering,2025,67105763-105763.

[N, 2 Je, XI5 2255, R Th A 78 M HE 2 a8 AT AR v R AR VERIE U [0].H8. )

79



TR R A0 18 5

Bl 53 AR Z4%,2024,39(01):201-207.

[34]22 85585, 25 vz, AHAS A BERIR A 25 & (80 25 1 st R B PR AR R4 D). i3
TR 541%,2024,46(01):36-43.

[3510 4L %7, R K, i o SR 4. P9 T B Gy s L 4 R R 2 5 B AR 2 BT 0] 16 75 5
PRBh%1,2025,45(01):287-293.

[36] 5% A 15 A 2R Ak AR S H i R BT s LU R0 s 7 445 A4 W e R P 7 [0 0
Yt 5114%,2024,32(11):24-27.

[37100 AL, B £ 5, Y0 i A5, 97 W R S 28 R B frOTm A L R 4 A v it %
AT R E AU T F£,2025,20(02):1-10.

[381X TLZR RV I #0054 i 2 -1tk e 83 25 A B vt 15 70 %4 0 A [J/OL]L. R 5 44 K
2241,2025,15(02):1-14.

[39]Longlong L ,Liang G .Research on the optimization and preparation of negative
Poisson’s ratio structure of quartz glass[J].Materials Letters,2025,384138105-
138105.

[40]Chen Y ,Yang K ,Wang Y , et al.Design and Mechanical Properties Analysis of
Structures with Shape Memory Negative Poisson’s Ratio[J].Mechanics of
Solids,2024,59(4):2509-2534.

[41]R Pz, JE S, AT AN A%, 8l ) A R4 RGBT S iE g5 Ak [3].F
PEFA,2025,49(02):374-382.

[42)25%6. O Re S a5 it 5 2 B UHE7E[D]. B i i R K%, 2019.

[431FR IS5 Ml JORE BLS )& O ke L2 SLAPRL R L 22 AT AT E (9], 10
WOR 22 AR (AR EF AR, 2023, 36 (04): 35-43.

[44] T3t JEl —— BRER . U173 T8 S s LU i 3 46 ) 2 L0 2 0 2 PR RE I 7
ZEiR [J]. ZIE4EH, 2024, 30 (02): 21-31.

[45 13N 0 % 55, L 2 45 1 AR SOl i BRI P 106 3 5 A i e A (0] 19 25 %
1#,2021,42(03):314-324.

[46]4 21 75, 58 4 0o X A5 Dy 4. B6 Tk BA6 22 1 mT AL B0 T 1 B S AR R i I AR
[ 462205 ,2025,46(02):112-116.

[47]FE B0, T GE 05 55 . R A T M B A RL B 5 Ay B R 1 W 9 [0 00 S A gk

80



TR R A0 18 5

J&#.,2024,15(05):179-190.

[48]Soman P ,Lee W J ,Phadke A , et al.Spatial tuning of negative and positive
Poisson’s ratio in a multi-layer scaffold[J].Acta Biomaterialia,2012,8(7):2587-
2594,

[A9TXIHZ %, iy il o, R R G, I\ — A5 A A 52 I Wk B2 — 4R WA I 3 A1 25 46 [ LA
Rl 55K, 2004,(01):28-30.

[SOTfe] 35, A, N B &8 ST A b 200 8 R 1) 70 S R B LA st R BT ¥R
HH ) A R[] 60 24 41,2014,39(02):214-221.

[S1JREE . Hi AL fumas b Vb R4 RGEIN 3 1 73 A 5 2 B b A 13 1H D] e
Fil 22 R K 5,2020.

[52] 548, FBNIR 430 7 f i A S T A LB B B R G Ak 15[ D). B w2 i
RKH,2021.

[53145 3k, 5K FE B, AR BRAA 5. WK A 20 X i 977 4 88 % 2R 40 PO Al 5 PR e e e AF 701,
HUMR R ,2024,46(06):1338-1345.

[SATIRIEFAG. SO L 2 )2 G0 45 MBIk 52 S AL 7 e U VR 4 vh 1 82 H [D]. i 7 K
£,2020.

[SSVT 8. 48 e b Y75 3 oy 48 e vt 20 I R 48 i 5 36 0E 0], R PL 5
£,2024,(16):26-28.

[SOY4R) 2R E W, BE R I, 37 AR b b 45 K L 7 5 M RE R 7 [ AT LA R
J5£.,2023,45(01):183-189.

[57]1FZ5 5%, 28 TLRH X 5. F0ris LA RHER 25 /50 TH S SR IS TE[)]. 30 /1% 5
75 2% 41,2023,21(05):53-59.

[S81J 5ek. B 28 A VA LG 285 W DB BRI 78 S HLAE 22 B e E R S [D]. 1 K
2, 2015.

[59]Farong K ,Dongming Z ,Tianxiang Y , et al.State of health estimation of lithium-
ion batteries based on maximal information coefficient feature optimization and
GJO-BP neural network[J].Ionics,2025,(prepublish):1-12.

[6OTRME. A ) JEUR T b T 1) 2% 37 AR A0 e b I AR PR Ak 22 R RE OS2 M (D).
I MIAE T, 2024, 52 (12): 60-62.

81



TR R A0 18 5

[61] 5T WU XA, RBhIR 2 A S PR AR 4 1 Sh I i SR AR (0], op R 2 (9
CXHR),2025,35(02):119-123.

[6217F &, AR BH . WA H 7R 28 it 42 Jim 5 R 2 3R K sk D7 iR 0t T (0], % FHR
%.2022,(11):75-79.

(631253 52 ARAIMI AR A S A0 AF B AL i [D]. IR K%, 2016.

[64T1% 5 e, I 2 188, 22 I 5. X4 IGBT BUHAAS IE 22 BT B ARAL B 78 7] 4L g LA
FiA,2024,53(02):270-274.

[65]JingHe S ,HengYun Z ,Hong Y , et al.Experimental determination of heat
generation rates of lithium-ion batteries by thermal protection method[J].Science
China(Technological Sciences),2024,67(12):3647-3658.

[661PEUKYE. kT Ha AR B 7Y (1) 3 70 8 it 78’ 7 VAR FE[D]. WAL Tk K.

[67IMRIE, T T Fa . JE T8 22 A4 O 8 T A R il PR B ) 7% (0],
1 AEFAR, 2023, 25 (11): 50-55.

[681HFE M, (A ff T, E e, 5 A7 FPSO W AR E S S AR [J]. K
TR, 2021, 47 (09): 15-16.

[69]Hebishima H ,Inage I S . Refining turbulence models: Time decay dynamics and
energy spectrum insights from the GOY shell model [J]. Chaos, Solitons and
Fractals: the interdisciplinary journal of Nonlinear Science, and Nonequilibrium
and Complex Phenomena, 2025, 193,116101-116101.

[TOVE T3 RS, L H & 5 T 0 S8 1 925 PR MR 804 Sk DR T 422 288 70l N RS0
Lt et [J]. # TAHLK, 2022, 40 (06): 38-43.

[71]Cilingir S ,Duran G ,Gokyildiz B , et al. Optimization of Pectin Extraction from
Lemon Peel Powder by Ohmic Heating Using Full Factorial Design [J]. Food and
Bioprocess Technology, 2023, 17 (8): 2339-2349.

(7218 GERR, ARG, TR S5, A Rl 5 AL T B SR B S L P O AT (0], 284k
TRE2AR, 2021, 28 (03): 103-109.

b [ AR EIHF 7, 2016, (04): 32-34.
[74] 7 31, i 5y, 50 81 Fe 4. JE T 1E AZ 3R 36 2 i b ot XUBS S s R MEIF 98 [ 0] LB

82



TR R A0 18 5

H%,2024,39(12):16-19.

[75]Vijai P ,P. S B .A hybrid multi-objective optimization approach with NSGA-II for
feature selection[J].Decision Analytics Journal,2025,14100550-100550.

[76]Abdul G ,Mohammad A ,Faisal T , et al.Identification, ranking and prioritisation
of vital environmental sustainability indicators in manufacturing sector using
pareto analysis cum best-worst method[J].International Journal of Sustainable
Engineering,2021,14(3):226-244.

(77187 W2k, F e A A SC 2 2. 2 2 e T v R RE R P PR R AN B BE 7T (0],
N F1 5 224R, 2021, 38 (02): 480-489.

(781 H: 5, 2=k 55, D W) BT 002 3570t (O AL A B A5 S AR 7T 0],
RHY% 51173, 2024, 32 (12): 102-105.

(7915 i, FEe A K VT 4%, BT 2 T2 B 1 MDOE AR XU 36 75 7250t
R A FFEEIAR,2024,35(06):114-120.

[BO1LAE I, J7 NI, X4k 2145 . JT- 5y BBt — B R OB FRIBAR IR 2 5 3 3R
BEREFE [J]. 754 LFE, 2024, 46 (02): 260-268.

[81]Tian W ,Zhang C ,Mao Z , et al.Optimization of a Dual-Channel Water-Cooling
Heat Dissipation System for PMSM in Underwater Unmanned Vehicles Using a
Multi-Objective  Genetic  Algorithm[J].Journal of Marine Science and
Engineering,2024,12(12):2133-2133.

[82]F5 HE, 3558, G /INHERE. 55T NSGA-IT A 7 T VA F) 58 5 3 M 0 1 #A i 1) %2
H AR [I]. TAEHIEE 2 4%,2025,46(02):627-637.

[83 1P b I, 175 X, D o 8. i~ i 92 A 388 A% o 42 1) 248 A R ) vy AR 8 Bk
HIEEZHA 7). FEEOE, 2021, 48 (06): 152-162.

[841BRIN, & W, 75 X 3855, & TR Z 1B 1E EOS-ELM BV SALRE T [7]. #erp
BHERZ 224 (H 8B/, 2017, 45 (09): 52-57.

(8511 7. Jim % B AR A B I S B Al L G e 7E[D]. LRI TR K27,
2023.

[86]Yue Z ,Wendi D ,A. L V , et al.Neural network approach to response surface
development  for  reaction model optimization and  uncertainty
minimization[J].Combustion and Flame,2023,251.

83



TR R A0 18 5

(8711, 7 8 1 A 5, 5 B T 22 H Al B DR AL 38 I XU e T A2 2 X %
TR0 HE AL & 5 4% 1],2025,33(01):36-44.

[88]Yinghui S ,JJunwu W Jiequn L , et al.Research on collaborative scheduling of
multiple projects of prefabricated building based on the niche genetic-raccoon
family optimization algorithm[J].Alexandria Engineering Journal,2023,641015-
1033.

[8O1M ST, J T clridh e R AL SV A & UK & e 0 R G Br R EEAE 7E[D). ™
K5, 2024

[90175 A%k, B8 P2, XIS 325, B T8 oo m e X BP #4145 (1 500k V 78 KA
FEL 2 B 7 2 S TR 95 (D). 82 FH 2Rk S T RE RS2 4], 2024, 32 (01): 100-
122.

[91]E 5 &, x50 R V5 4. BT i v s min 2 FR 37 L 0 3 e JR 45 4 22 H Al Ak
W53 /150K ,2014,(04):25-30.

[92] 5% T BRI w25, R SR LA 3 TR 0 g 5 g Wi i 4 7 43 128 i v 1)
8 [3]. P 0 B TR 22574k, 2016,40(05):599-606.

[931RARAR. S ATLYA AN I P34 A AR B AT 7T [ D). VLI5 K%, 2018.

84



TR R A0 18 5

BUzhn e & RAEYF AR AR

1 B ERIFMR

[1] Rao Zhi, Tang LF, Zhang Hui. Double-Tongue Worm Shell Structure on
Plastic Centrifugal Pump Performance Study [J]. Applied Sciences, 2023, 13 (14),
8507. (SCI, Accession number:001037981100001)

[2] Rao Zhi, Tang LF, Shi YF. Structural design and static stiffness optimization
of magnetorheological suspension for automotive engine[J]. Applied Sciences, 2024,

14 (16), 6975. (SCI, Accession number: 001305501000001)
2 EFEFIER

M REFERE. —ME KK —REHERKEFNHEE P H,
CN202310327182.2.2023.03.30 (& ER|sz8 5 —1EE)

85



TR R A0 18 5

EiH

OCER, R EREBE AR SRR 2R 2 br, [ E X B
FERMIAME S AIARAE, BOTgi GG . BTk S PR,
WA EG2 T2 NIRRT RESIDTH, a7 RAE, 1EERE
IG5 B b AT 18 3

B, BB A TR R AN £ 4 RS B L i 52 v U AT
O IRIIA DGR R ZEAR TSI, RN EER LRSI AR
I, ARATII O oy B SR AR, PGB PR XERS, VRT3 55 BT AT . R4
iR 2 S . IR AR IE B R, BRI 7 3. R4 T
PR FR 2, R B ey A IR A M BiE . EIR SRS
AR, RN 2R BRBARR T, 3R T F 2 E IR WA, (ERAEE A
Wroe s B OB . RITNE LIRS RIE, HRKZE#ILE D,

FEAARWE U F, FIE BRI A R TTRE R . 2= A A . 3K
121 7 BBA A, s, MR R, IRE4EEdE,
RS LA A =R, R R, BN, kRS
T R S AT T AR, ARIROUT R, BEAE KSR BB 7T S Bl
KEMEXUR . AT BITREAR R, 727005, XBOFRIFSNH 7
e — AR RE RN R IX BORRE S BAR A, iR 2
EilUNipaR—giIbin1

seAk, b BRI RN o RARAN LB AR T I 25 T JIE KA 5
FRANERAE, ALIRAENS 2 B DN RS2 SR T b o TR RATT— L DR IR A
AN, EIRAEIE KA AR E b A R

fJa, PEIRUA GRS T MZIRN], AR ERNENE 1 R 12213
SRR S5 AT

FEAKRIIH T, W E X BB LLFAT, Bt HA.
PR P F B RN, RARATLE I A £ A= AN e SE 4

g
JE T
5

H

t

C

2025 43 H

86






	摘 要
	ABSTRACT
	目录
	第1章 绪论
	1.1 研究背景和意义
	1.2 国内外研究现状
	1.3 本文研究内容

	第2章 多层负泊松比结构设计及其力学分析
	2.1负泊松比结构概念及其研究
	2.2 负泊松比结构的种类及应用
	2.3 多层负泊松比结构几何模型
	2.4 多层负泊松比结构力学特性验证
	2.4.1 多层负泊松比结构相对密度分析
	2.4.2 多层负泊松比结构弹性常数分析
	2.4.3 多层负泊松比结构能量吸收特性分析

	2.5 本章小结

	第3章 电池包多层负泊松比防撞散热系统设计与建模
	3.1 新能源汽车电池包系统设计
	3.2 新能源汽车电池包碰撞系统建模
	3.3 新能源汽车电池包散热系统建模
	3.3.1 三元锂电池生热机理
	3.3.2 散热器模型
	3.3.3 水冷板模型

	3.4 碰撞系统模型验证
	3.5 散热系统模型验证
	3.6 本章小结

	第4章 电池包负泊松比防撞散热系统性能研究
	4.1 试验设计
	4.1.1 全因子试验设计
	4.1.2 拉丁方试验设计
	4.1.3 正交试验设计

	4.2 多层负泊松比结构防撞性能分析
	4.3 多层负泊松比结构散热性能分析
	4.4 本章小结

	第5章 电池包防撞散热系统多目标优化研究
	5.1 近似模型的建立
	5.1.1 多项式响应面模型
	5.1.2 BP神经网络模型
	5.1.3 近似模型对比

	5.2 多层负泊松比防撞散热系统多目标优化设计
	5.2.1 多层负泊松比防撞散热系统优化模型
	5.2.2 浣熊优化算法
	5.2.3 ROA-BP神经网络的搭建

	5.3 多目标优化结果
	5.3.1 标准边界交叉法
	5.3.2 结果分析

	5.4 本章小结

	第6章 多层负泊松比散热装置模拟实验
	6.1 实验系统原理
	6.2 实验装置设计
	6.2.1 模拟发热装置
	6.2.2 多层负泊松比散热装置
	6.2.3 温度控制装置

	6.3 实验步骤
	6.4 实验结果分析
	6.5 本章小结

	第7章 总结与展望
	7.1 总结
	7.2 展望

	参考文献
	攻读硕士期间发表的学术成果
	致谢

