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Electromagnetic Characterization and Inversion of Carbon
Fiber Reinforced Polymers Using Eddy

Current Method

ABSTRACT

Carbon Fiber Reinforced Polymer (CFRP), with its exceptional specific strength,
specific modulus, and electromagnetic shielding properties, has been widely applied
in aerospace, automotive manufacturing, and electronic devices. However, the
anisotropic electromagnetic characteristics of CFRP pose significant challenges to
traditional detection methods, particularly in terms of efficient and accurate
conductivity inversion and defect detection. This study establishes a theoretical model
and designs a fitting equation to directly calculate the voltage of the receiving coil,
eliminating the cumbersome experimental measurements required by conventional
methods. Subsequently, the research integrates an optimization strategy combining
Genetic Algorithm (GA) and Conjugate Gradient Method (CGM) to successfully
invert the anisotropic conductivity of CFRP, ensuring high precision and reliability.
Furthermore, this study explores the impact mechanism of the skin effect on hidden
defect detection and, based on simulation results, designs a novel detection system.
Experimental results indicate that the detection accuracy of this system is significantly
improved compared to traditional methods, providing reliable technical support for
quality evaluation and damage detection of CFRP materials. The main contents of this
study include:

(1) To improve the efficiency of conductivity inversion, this section proposes a
forward model for detecting the voltage of the receiving coil based on a fitting
equation. Due to the significant anisotropy of the electrical conductivity in CFRP
materials, the voltage variation of the receiving coil is influenced not only by the

material properties but also closely related to the excitation coil's frequency and

11l
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voltage. Traditional damage detection methods primarily rely on experimental
measurements, which are cumbersome, time-consuming, and challenging to meet the
requirements of efficient detection. To address this issue, the proposed method is
based on known input parameters (such as excitation frequency, conductivity, etc.)
and utilizes a fitting function to directly compute the voltage of the receiving coil,
thereby avoiding complex experimental procedures. Experimental and simulation
results demonstrate that the equation fitted from simulation data can accurately
predict the voltage variations of the receiving coil, with minimal error compared to
actual measurements, verifying the accuracy and effectiveness of the proposed
method.

(2) To achieve high-precision detection, a novel inversion method for solving
conductivity based on optimization is proposed. The approach involves measuring the
voltage using an impedance analyzer and constructing a mathematical model of
conductivity and voltage in combination with COMSOL finite element simulations. A
voltage-conductivity equation is then established through three-dimensional surface
fitting. Genetic Algorithm (GA) and Conjugate Gradient Method (CGM) are
employed to optimize and solve for the optimal conductivity. After substituting the
inversion results into the fitting equation, the calculated voltage shows minimal error
compared to the actual measured values. This method successfully achieves the
inversion of the anisotropic conductivity of CFRP, providing an efficient and reliable
technical approach for nondestructive testing and performance evaluation of
composite materials.

(3) To enhance the accuracy and reliability of hidden defect detection, a
detection system was designed based on the skin effect theory and COMSOL
simulation analysis to optimize probe parameters, combined with MATLAB image
processing. The relationship between probe parameters and skin depth was
theoretically predicted using the skin effect formula, and the influence of different
parameters was systematically analyzed through COMSOL simulations. The results
indicate that higher frequencies lead to shallower skin depths, concentrating the

current closer to the surface of the plate. Larger probe sizes are more favorable for
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detecting skin depth under plane wave conditions, while a square probe structure
concentrates the current on the surface, making it less effective for deep defect
detection. Based on this analysis, a hidden defect detection system was designed and
implemented, with MATLAB image processing significantly improving detection
accuracy and reliability.

Keywords: Eddy Current Testing, CFRP, Finite Element Simulation, Conductivity

Inversion, Skin Effect Analysis
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2 KB T IRARCR I, I 8 B AT - IR J= - s A B 24T B2, Bl A
i AR IR E BT ASEBLAI SN s o [ A R AR S HOR L2 (-0.1MPa)

AR AR S TR O EE+1°C) BEATAS A2

K 3-9 A THRA
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LR AR, TR il 2 0 E L, O T B ER AU AR R B IR
A R AR A 2 SR, 6 e 5 el N AR R S IR o T [ R e o ) s g A B T
¥ — EMEREEERESEE, PRI ERR A RE. B fEd, ©
ZBU R A TR R R [ A M 2, AR ORI B . THIRIE R CRIET R R )
JN0 i ) 4 R
3.4.2 SLEGIEE

ARG BRI UE— A% 10 R I 2 P8 5 e Wic 2 Bl ] 1y v BE 43 1L
Smm A1 8mm B, 252 B S bRl 5 1) B R AE R 15 5 T BT EOBE RS ) R
H— 8 R4 3.3.1 WIAE, W] DLLERR & S A L 3 5 26 A R SR R A
IRy, 2T 332 WG, "iHEARSE TR o IR b, JIF
I 2 20(3-9) T HH i s AT T He S B R 4D A F R A

U=a-f+b (3-9)
HAAZHnEk 3-3 .
% 3-3 P RSHH

LG PR Smm e EE 8mm
M 1 2 3 4
HS% (S/m) (30000,5,10) (40000,8,1) (30000,5,1) (10000,2,1)
% (kHz) 1600 1400 1600 1800
{7 FHRAE V) 19.605 22.3081 7.6009 4.4922
P& A WV) 19.579 21.8542 7.6804 4.5659

B AT RS E B T RGN, A R TR I
i3 /NT 10 nT, WHERIAEME AR TS SIRER 1%. R H s, F5E
WAL M LR AR : 5 5 R A4S — R P8 —~ BT 4E 2 SRR — $5 Ui £k
[l — A TBOR A5 o HL S PR S e s i 3-10 o
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PG R YT G BIkE FSRAES BURBCKE

K 3-10 256w %
155 A 980 2 Tektronix Z= 75, AFG1022, % & =Z 5% : 52 1600 kHz,

HIE SVpp (M) , TE3ZETE (THD<0.1%) . B4t, BERFEA, 103 TCHR
AR OR A 0% e, DMEE TR IE . B2 7ok, i =467 &R & 5
FEARRIHIIEES 2 Imm.

S25G 2R A Signal Recovery 7280 BiAHMURAS, 1% & SCHF 1 MHz % 102.4
kHz [R Mo, 58 2 L/ oKk, SHEWNTN: B 20dB, HiAm
) B E N 20 ms, MHALEE N 00, REUZIHEE 20mV.

FESCIG I B RE T, SR 3x3 AR (1] BE 2 mm)fEAFE AR T 24 5T R L 9 4TI
B AR A E IR 3 R m B PSR . T S AR it o ) R
B, N OREBEE R, X IR EAE AT T SRR AL, A S Rl R
T3 3-4 .

34 RN EAE

/€ 1 2 3 4 5 6 7 8 9

B (uV) 19.46 19.50 19.58 19.54 19.51 1953 19.57 19.49 19.55

LACE SR
XL R AT AR, TS 9 NI T

Uvp =+ " U,=1953 uV(n=27) (3-10)
n=—:mv
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WRYE-TEIMER 5 A fE 2 1A bR e -

0'=\/n1 IZle(Ui—z})z = 0.0564 (3-11)
MR 55— 2L 27 VA4S Ho At DY 2H i i, 4k 3-5 P
# 3-5 SLER MASE
F1A F2A F3H $ad
SRR HIE (u) 19.53 22.21 7.66 4.52
PiE A WV) 19.605 22.3081 7.6009 4.4922
PR 22 0.056 0.07 0.055 0.047

HI3% 3-5 WK, 43U Bl SN L IR S EAE I 22 e 25/ T 0.1, B0k 15K

S A 5 BB AR A 10 P — Sl

3.5 RE/NE

ABEHDT T AR SRS I R R, b 7R R
L P L T 2 TR 5K AR o AR S DA T il s MO S B DN e, i A 4
T M E TR . @l A SRS, M AE TR R R R
LR Rl IR AE, AT IRE S 1 SE Bl B R A AR . I 07 T AT B R el 2k
HEL s 5 5 B N 1 F B 2 TR Z2 0 Bk 1SS R IHER I o 120
L 1SR PR, R A A I AR PR SR A T — R ERE A TR, o Gl X
J7ids BEMGEANBEAT SERRIE IGO0 T, AR f 3R 5 U (1 5% R HEWTARL X 42

RREARZS AT S B 00 v AT R DA 0
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F4E ETEEEENSRAFERSERE

41 5|18

R FASIN (Eddy Current Testing, ECT) VB 4EE S4B G R
Fe T USRS B, e B U 2k R AE AR TR e T, R R P P R B BEL BT
APPSR B S 647 FE TS =Rl LA T R, ARSI TSRS
PRS2 P v TS 1 S (14 7 R4, IR COMSOL B FR TG4 BT B4k L
FEARTE) T 1) EL 5 568 AT PR 155 100 o 3 3 5 D0 R AR 9 0 e ) PR 5 SR AR DA S S
AR Rk R EAT X LE, BUE T A PRIC O B A R TS %, aid
=4k T A1 BUPR Sk U 5 % e S R R TRV R BOC ROT AR, IR A A%
BOEASEHORE BVE AT IR, TSI T BREF4E 52 S Rk 3% 10 S B
4.2 AN AR R AR S
421 BEFRRENBSERE

e %4&7&
) (X

Mo, o

[— CFRPH A

4-1 CFRP [ B 5 g o Ji B
N 4-1 Pros, RIERSEER, AP R RsiHR B s R . £
D R S I, PR P RN B ) H B 3 v S REIRNI 5 B B R AR A AN R B
Br A4 B ZREIFENE . a0 R s

Vz_jvz_lf'dsz_ijA'dl (4-1)

B S A 193 RS LB AR AT P S R 2, ¢ Ml I TR AT F AR, 2 R AR
150 REMNL A RMRYEH R-PE U AT AR 1.

Hy J(r') '
A=2 —— gy -
42 |r —r'| (4-2)
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N, o BN HEWTH, Qo2 PR IR X, r-r T8 WL P X I 7
BRI XS A PR R E . RS (HDRIR ) P RRA:
. 0A

J:J :oA'E:—O'— 4'3
: - (4-3)

A 6K R CERP SR IR EH M, 75 /L
o, 0 0
=0 o 0

Horboy RoR T 4E T F) s o TEE T EPYETT ) 00 JEPETT IR L3 o U SRET4ETT
[, BIVHE R RTS8 R R AR R I x B 55, Mo=ox o=0y, 0p=0z1 0
oy~ 0= A=A AR T [ R R

R~ (4-2)R1(4-3)N@-1)F, FRAFHRE 1N L B 3 7

_jou, J() ol
V- cﬂ{jg |r_r'|dV} dl (4-5)

THE R T AN AT 5 PR o TINS5 55 FE 3 R A SR R - 5 18 2% HL UL
B EGIEE S IR, A a(4-5) A 5k

(4-4)

__jon J(x) ) (z’)j }
v i @L{L,[x_x, y—y'| 2= dv':-dl (4-6)
AR (4-5)H N (4-6)F] 13 A (4-7):
— a)zin O-XAX (x,)_,’_o-yA}’ (y')+o-zAz (Z,)] r}_
4 i ?L{I[ x| y—y|  z-7] av'-dl 4-7)

NIE-T)FEANARE 1 R Rk D & v S R (1 B 4 2 Pl e I il R
[T} P e s R A I (S o SN G R il s SR R A M N D E YRS R R DS
TPRELMIR, B SRBRRIARL, EARRE ST A A i s . AN
b, JEIE B Pl 10 RN R IS4 5 BRI B Y CFRP APRHI % 17 7t 1k L 3
422 ARTIE S

HLS R i IR S R, B/ BT ECT 1k [r) ) A 45 A gt 4T
WA SRR, FRAF P HAERA AR T 28 W, ME ECT IE MR B A W Fh 77
2 A AR 2 R0 FORMEANE F S I8 A5 5 IR Aridk . Xt T 05 FOR R
M5, T2 RRREAT A E], JFEE L FH IR S 717, BER
YEID T ARG 5 T I R o TN B 3 A U g B A TN 2 (145 5 AT A, JF
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AT A 228 [P 24 BSOASORY HE T A ST LR OC 2R, SRR 7 S B B SR ORI B

RFEPEH T — P ASRIG AR S & M SR R T 5. oG, KB In CFRP
JE AR AT4E T 1) x ABARFD 55 . R COMSOL 243356 BRc#AF i AC-DC
REPEIE BCT IE MR . MRS RI Ay — > el e, 0,25 ViUnh 22 B A e i &
/&l CFRP S4A Al A0 F2 8 MBRY 1) 23 AU X 3o I 2 B R Hz WA 2 B L 450351 140,
WS 58 10mA TE5ZHIR, N 2MHz,

* 4-1 AR TS5

A 2 BRAREEEMEL R
P28 (mm)  WAME 0.6/1.6 K:40 :80
JE:0.8 5t :40 i :80
a4 JERE:2 JE )52 :40
HL 5 %(S/m) 1 G 0
XS L2 1 1 1
FEXS A FL 2 1 1 1

RN 5, ERG M EHRVERE, SRJREAT /NI MR ) o), WS R o 4h
RN 4-2 Frose Bea, SRERIEAT BEEDT FE 5, DASK H 32U 2R Pl A JEe . i I
fH.

Wb £k el TR 2 el

CFRPH:%

K 4-2 47 FR T M 1) 73
NPl 4-3 Fio , RS P R S A 5 A (5] 7 T F, 3 28 2 T () O R BEAT 2304
AT EHEE, o) (284078 B 2 (5000~50000)S/m, {5450, Mo, J9 10S/m A
A5 oy Mo AT 2 (10~100)S/m,  f-¥Fo. A 50000S/m AAF ., 25 R,
ST 2 P FL I B P S R B N T B s, R AR R R
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x10°3
457

N
2

ES
\

2 35
2
: 5
E 2 B 7
P | o3
= g //
W o5 yd
15 //
2
1t J 15 : :
0 1 2 3 4 5 0 20 40 60 80 100
O‘x/(Slm) «10% o /(S/m)
y
(a) WSEF4ETT A 3R (b) EELLETT MR
x10°
5
>4
H
#
B
g 3
S
2
' 20 40 60 80 100

az/(S/m)

(c) BIETT TR
B 4-3 B[ CFRP BRI JE L I 5 L 2 R OC &

AR EX LA CFRP R AR x Ay J5 F T A BT R oy LR IER RS
WJEBETT [ R T o HEAT S8 o AEXT IEASRHEAT A7 FLAT B, SRR AT 4R A4
BRI VRS FFEL0ORT 90077 [ A B HESI . 52 ok, X B R AR L SRR AN 7] 5
[f] B R AT T S H . AR COMSOL HTHREZE R, BT T Bt b
Pl B IS5 SR x 7R GEZR4EDT1RD My Jila (GEEZF4ETT1AD TR
AACRE, 2ol S AE S =4 i B, e B AR SEERRTRE A, 0
4-4 Jis. HIRAR 5 B SEEE Ve AIREHE V) Z [R5k R 09

V=V.+iV, (4-8)
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LRUTAR R L 2 A

50 4 ,
2 x10 1
7 (S/m) 0 o o (S/m) ay(S/m) 0 o o (S/m)
(a) HEJEME{E (b) HESH
x1074
0
> -1
ox)
# -2
X
3
o,
100
6
50 4
2 x10*
o (Sm) 00 o (S/m)

(c) BRI
K] 4-4 B [a) A 2 P P 5 T R SR G R
HIFE] 4-4 AT, B AR 2P L R SE RO IEAE, B RIS K2 ETHE S,
RS, BT RS R R K S, & pla 1Y A M 5 0 B A 53 0 3
KE BT o 0 IEASHR S BT 17 ) R 4 5 e AR o I T 0 1K) 5 2Rt 252 1

THIZLKE, K 4-5 Fios.

38 X100 . . - - 3 X100
36/

2 34f -

& I

3.2 ;

XK XK

= &

® 4 &

[
)

N

o
N
]

1] 20 40 60 80 100 120 )] 2‘0 4:0 66 8‘0 1 1‘30 120
,(S/m) a4(Sim)
(a) HLIETRME (b) HLESH
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x107

BB BEEV
bk
o » W

R
)
.

&

e
N

o 20 40 60 80 100 120
a(Sm)

(c) FJEMEHR A
K 4-5 TEAC AR P H 6 55 5 P 7 1) R R 1) 50 3R

HiF 4-5 FTLAE H, IR AR Bl R S B A i 3 e 1 O &2 BT,
JE R B S e R 2 AU ROIRAS, A RS 1 H R IRAE B 5 5 23 K
SRS
4.3 PUEEIREME CFRP BSH
43.1 EEMRIHEITNE

A0 I DY F AR v H 3 R ) (R RSk H R S BE 5 A BR e S5 L R B R e
BUIEA PR IC07 B4 SRR PSR P o RATTEHE T BREF 4L S kL = AN AL bRl 77 1 14 H
FERPATIE, PLAETPHEIRE4E S AR B8 ) e . 8 TR =ANTJ719
Erd S, JATUE T HEHBET-SA R, F A BEGTTHE A R B A,
ET SR A SR A o SR FH TR JZ T2 B2 T AR 1) 4 L B AT R
7 W S S R TSI VI O S L - e VA E e e T @ b N =)L
RIS, BRI B OCEIE E S A COE AR AR, (RN O s a
MSZH Force CHLVLIBURND A Sense CHLHATMD J8iE, Skbr HAE A AURHE B3R
JER T PUANBhAZ Y 55 (Force+. Sense+. Force-. Sense-) o
432 BESERNERE

AR B S84 IR A H S 45T T300. T700 A1 T800 FRF4E iR Rl 4 i T =
. N ARG AR [ R PERRAE , = HER CFRP UM 43 B 45 4k 1)
(0° ) TEELYETMI(90° YALRJEET A (z 7)) #UAsuHERA, HFEAR
W BB . 7E T R ER &Y, RABZEANGRERS (BE+
0.01mm) W4l ) 7E RS 4 o AOR S dEAT Y9 SR T, A IR 2 B RETE (0.1
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+0.02) mm JEEN. FEE, REFAHER TZESE0R7E 90° M z [a)#k47 5 R IR
B, WK 4-6 Pron. wEZRE, BXFETRPEERTRE REL1°0) F,
FE(60 £ 5)°Co&AF T EIAL 120 708, AR AT & AT 5 38 T e B A 3t AT
€, PAR/NAR ) SBIARTE . BACGER )G, WiRZERIBHT =48 5104,
B ARSI LSRRI, JFPHEIR RIS, B ORI B 2 S
R

R (BRI

[ 90°
)
4

0°

30

t=3mm

120

A

() WYETHETy [ FHAT &l

R CERZ

0° i
£
)
A

90°

120

Y

(b) T ELEF4E Ty 1 FHpT I Sl

=Y

AR CHRID

(c) JEFET7 1) B pTm &l 4
Kl 4-6 H-TFHPTI & [ 5 CFRP R4
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FLBEL R PRI GG = AN T ) JRER4ETT ) TR BT AR I R T ). 7E
AR DT DN BRI, AR I AR IR A b, R AT i
$LT CFRP MO S5 HRFAE 73BT, 3 v R S 02 2 1) 4% ) e PR I o X F
TERAYEAR 5 BA R 710 o CGRSERLZ 10M S/m) , T IR IR LR 1 H
SRS GEHEIRT 100-12S/m) , WEMHZEENL 16 MUER . LTS5
ER, 2 E ey, BR FHA e G IRBEU A AL, B 24T
BT 4ERh (0° 71D 5. ME TLA4ET7 MR SR, 452 MR
JERR T, PR 3 B i £ ) R Fd B o RS 5 ) e LT 4 )
JEREESRAL . B 4-7 gt T =ANT7 S R R R BTN ECR A T e
HP4294A BAFL/HTAL, a1l 4-8 Fion, MR HIRBEE N 3mA, M6 HE
% 40Hz & 110MHz.

o W
O O
o ) \ - B
—~— G — -
Vs BT
(a) WE4ET71A) (b) T ELF4ET7 1)

LR AR

fE5E
TR

(c) BRI
K 4-7 DY HAR L& CFRP HL 5%

K] 4-8 FHPL AT A ik 22 e
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T8 3 FE BT A I B 75 2 H Bl 9 g R, ¥ F R BR DA BRI SR 743 CFRP =
AT ) T BE, AR R R A R L AR T AR T B H = AT Al Y L BE e
Py~ pzo BAT300 N1, THE SR04 (4-9)FiR:

p. = 0.06995 o =19049.0704 (4-9)
p,=152.66 ¢ =1/p< o, =8.7344
p.=1.155 o, =2.8600

AR VU FE AR B A, i A R TP BRI RS T 0 R0 B 25 A T L 4T 4 D7 17
AL JE T3 1] ) R BH 8 25 A 85 35 R
44 RRBEERER SR
4.4.1 BRTTMELZEREIE

AHE T & 1 R LT 4ER G R A AR (CFRP) bl =41l e x
Ay PIANTT IR B SRR 4-2 Bros. B B 4-9 B sl sei-F & %
S =tk R T S R B I AR 5, SRS PR 2R R SV I 5% B s 3l »
2l RO 5 TARIR S 5 IR oot J AR Fr— 2.

DIZE IR [e— F9 RAESR

o
‘]m%% ] B ? Mol Ak b POBL
FE 8
ARV
B 4-9 IR I S 58T 6 7 5K
F 4-2 17 EMISZLG ) 2 ] L R AB N e
A CERS S PiEHE S L
Frs a/(S/m)  a/(S/m) S VIV RS ViV SN RE YV

T300 19049.0704  8.7344 1.597x103  -3.70728x107 0.2283 6.7843x107
T700 17762.93 47621  1.3851x10°  -2.98937x10” 0.1966 5.4556x107

T800 16070.22 1.12044  1.1644x10°  -2.26043x107 0.1676 4.1456x1073

F COMSOL {jj HAEA 1 1) CFRP MR S His vk 2 sl & EH (JFET5
[A] LR 09 10S/m) 3l 0 FTHSRAS 2 ) DAAS H =20 3 A 0 N 7 1 L
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(B o SEXEX HE SIS 5 07 FEH, S0 FE e S0 47 5 R SRR I 143 £, S
36 PR R 0 A2 7 3 PR R S P 183 3% o IR AN 22 57 2 R S 361 6 R AR RO 2 1) 1
e M I A PR A 5 R A S 3 RS o R TSR SO 2% 110 18 2 R e v Fh T A S v
PRAFEIE e E, DR 2 F R 5 S Pl P P LA B AR RE AN, SR IRAIE T 0 B 5 52
a8 R — Bk o BT ORI SO S b A T AT P 07 v B A SR SE e A A
4.4.2 W BB E R BIUE

#£ COMSOL %5t F [a) A RN T A AR 22 A 2k Bl H, s B %A 7 [ H 5 28 A8
PRI o ) FH B 6 1R R0 25080 70 A B ) B 4 P P 5 4 448 7 1) R T4 7
A LR RN OC R o WO TR AT 4ET7 1) L 300 LR 4 x il 3 LT AT [ L 3 %R
y i, BRI 2 Bl — iR B 2 T DAHERR AU ] 4-4 FHIE] 4-5 1B
HOR R, i =M 2 i Ae s H Il &, B & 2 BG4 0 5 = Al
LGB B G R, ASCRH =0 2 #7005, BLRAS B 80

55X T o Mo, WIBREUOTRE . B A B 2 Pl H 1 S iDL 5 iR HON:
V.=4.449¢7 +(4.973¢")- o, +(5.3¢)- o,
+(=6.729¢ %) 5.7 +(9.069¢ ") 5, - 0,
+(—=6.34¢7")- 0> +(3.452¢ %) -5 (4-10)
+(8.894¢7%). 0, 0, +(-5.182¢ %) -0, 0’
+(3.13¢7")- 0
R e i 2k P H, s R DL B O -
V, =-0.00078+(4.975¢")- o, + (~1.501e*)- o,
+(=5.054e ) -0 2 +(-6.524¢ ") - o - o,
+(5.35¢7)- 07 +(6.131e )0’ (4-11)
+(—8.966¢7)- 0> 0, +(4.976¢ ") 0, -0}
+(=5.078¢ ") 0’
I FRAS A IE AW R EE (LI 4-7) , W SR T 1) L5 R ) N BRI A x
B, BRWCBIEE DY 2 Bl KA =Br 2 0GR, AT R4 RS K To. 1)
BT AR IR AR AP L s S BRI -
V. =(—4.428¢")-07-(2.309¢ " - o’

. (4-12)
+(1.671e™)- o, +0.006643
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AT AR £ P FL s S B AUL 45 bR SO -

-9 3 -6 2
V,=(-8.907¢”)- o7 +(1.926¢™°)- o7

(4-13)
+(~=0.000138)- &, —0.009813

4.5 BERFERER
R FHY 388 A B3k A SRR JEE v 0ot R A 2 el vl s 5l A B 45 3 (R U0 5 e KOs
FEREAT ISR, 4l 4-10 P

IR H R

TFERRAE GRAL)

LI 2
5 R R

X AIEALRAP,)

WIRRIE AR A

i
Eﬁ‘ﬁ%ﬁ(ﬁ*%zﬂﬁ BRI Hessiézanﬂ’—‘

A 4
YT ) l TR
:—| st |

4%%}»

(a) AL (b) FEHOHA I
4-10 SEHAE

7R H T300 1P EAT 8045 B0k SO Sy, T8I 8 ML IE AT B iE 45 A 1Y)
B, BRKR 32 i i gwS (HT 16 f7K 7R xE[5000, 500001, J&5 16 fif
FoRye[0.1, 20D , EEFEEHIR 100, 22 XHEZ 0.8 FIAE R 0.01, &% Kik
FRIREL 200 V. FHEERIGEALR IR A SHIE (90%BEHLAMA+10%3E T H AR f 4
) LUORAIE 2 FEVE RIS SA, (R B SR FH B 38 ORI S 0R BE 3l . S BB &
W BURME BTG 2 R 0.8 P TIRR HFF AL ST, B R 0.01 A8
BRI eI RAERW], ZEVERE L 200 XA BERR € ISt & H AR i 2 VG
(<1x107%) , SEPL T iHEACE SR I R4, 8 JUSAT#3 211 H iz S
LRI 4-3 FioR:
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% a3 JhATIB H 45 R

HirH 5% 1 2 3 4 5 6 7 8

19048. 19048. 19048. 19048. 19048. 19048. 19048. 19048.
7671 7661 7671 5700 8671 7671 7671 7671
oy: 8.7344 8.7335 8.7355 8.7355 87375 8.7355 8.7355 8.7355 8.7355

W Z MR, 5 N 19048.7671, o, HISF-3ME A 8.7355,
43 BN R SE B A AR 24 0.0017%F1 0.015%. iR SE 780 BAIE 1 S i Sk
(R e, [RIN B3R B SIRAE 2 ML I 17 R B R Mifase v 5 — k. JL4
BEEEVE S bRt SRR IR AN 45 IR B B R IRI, BEA A EGR .

AR R i) A5 10 2 BB R, s SIS M R S P 24 30(4-10) M (4-11), RS IEAZ AR AR R e
SRR B 9 S 2 3 (4-12) 1 (4-13), BIRISRAGIR AT 4E 2 S ADRHK T A % o 38
AR R TR R E S R EENZES, BIERS%R. sk
HEEBRERORINN, Hif) CFRP 24 IR A H 556 3 -

ox: 19049.0704

ok

(0;, 0';) =arg n]in{[KO -V (ngg}y)]z +[Vy0 —Vy(O'X,Gy ):|2} 414
1EAZ JE A WS E 7 1) B FEL 5 28 S
o =arg min{[V,,~V.(0.)] +[V,. -7, (0.)] | (4-15)

Ko"s oMo N B E A SR, Viow Vo NI B IR L2k 8 58
FRRIRE B L, Ve 1 MDA A0L 5 R 25073 2 P 000 FEL IS
LRI 2 B 2 R AR RS2, MRS g 1 i 3R R
SR LI A AR AT F R, BE T i R A S AR A IR FERLI RST52
HUR KA, AT RS RAOAE L s BRET 4E R S AT RHI HL 22 25 TR e PR A A H
FRAEAFTT ) ERIUANE, P 5 m A R R E S . X LRI
SEFEPRE T AR e e R A A R A e P, BAREIR LR 4-4 For .
R 4-4 BRGSO THELSS

L3R (S/m) UETNINS) B FEIEACE R (V) SEHEBE LIS R (V)

Oy S S - S
19049.0704 1.597x1073 0,=19048.7671 0,=19048.7673

Oy JE R« JE R« JE -

8.7344 37.0728x10° 0,8.7355 o ,~8.7336

B2, B SR E R AR E CEFRP ES5 B SE 27N 19049 S/m
(F4EJ717) A1 8.73S/m (FEEAZETTIH]) 3 RAILHORL VA THE I H S5 R M) 45
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A4 19049S/m 1 8.73S/m. #iEA0A BB L F RN A N(4-10)F(4-11), HEH
HH A7 T H s S A R o AL 5 4.2 719 07 U R 5 S L R 2 AR MRS UK &R
AR, Wk 4-5 MK 4-6 FiR.
R 4-5 WL SRR R AR R R S A R
HER (Sm)  WERE (1) NI HED)

a1’ S S
19048.7671 1.597x10° 0.2283

oy1': JicgEilE JicgEiE

8.7355 -3.70727x 107 -6.7843x 107
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