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Research on temperature of electromagnetic rail launcher

based on gray model

LI Songcheng, LU Junyong, CHENG Long, WU Yiting
(National Key Laboratory of Science and Technology on Vessel Integrated Power System, Naval University of Engineering, Wuhan 430033, China)

Abstract: During the electromagnetic launch process, the temperature of the rail is affected by many factors and it is difficult to analyze some

factors accurately. Based on this, the gray system was used to study the temperature of the electromagnetic launcher. In order to obtain the

experimental data needed for the gray model, the electromagnetic launcher data collection system was built, and such data as the current, the rail

temperature, the launch speed and other factors concerned were collected. Due to the limitations of measuring instruments, the ANSYS finite-

element simulation was adopted to correct the measured rail temperature data to obtain the inner surface temperature of the rail. Based on the

classical GM(1,N) and Simpson formula, an improved gray model was proposed, and the rail temperature was studied by this method. The same

energy level test was conducted to discuss the contribution of temperature rise of various factors at different locations. The conclusion provides a

reference and basis for further research on the temperature of the rail.
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Fig.1 Schematic diagram of armature and counter weight
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Fig.2  Schematic diagram of the current acquisition system
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Fig.3  Structure schematic diagram of FBG

TESEBR L oA 1AM T AR AR A SR i
T AR (%) % 2y, 5 R IR BE Y I i AT N AR
B

H T H 3t DA Bk B ) R8O, R 32 A
HAE R N R T DL R X R T b, PRI TSR TR
TSR AT FBG AT, MUEEA S
M) A 285 ) i 32 T R L T B A3 Tt
T.1.6 mm x 1 mm {7 M4 F &A% FBG, FBG fi
BOR WA 4 iR,

T

K4 FBG Al

Fig.4 FBG temperature sensor layout

SPRRASFRE, AT H R R
O A —E, R AT S IR0 TS 0 1 )
% 6 41 FBG fL%AR (pl ~ p6) K 25 B B
TR 1 AR AL AR 1 R .

&1 FBCHEXMME
Tab.1 Relative positions of FBG

Gt pl p2 p3 p4 p5 po
MXE S 0.1 0.3

0.45 0.55 0.7 0.9

FBG i3 B A 8t A Ui 1 A v — S84 B
TG A HAHE A TR , R B 1k A 72 %o L
T REER , T HAMNR B EAL)Z . BRI e Home
iHE] 24 100 ~ 150 ms, KSR R £0.3 °C,

1.2 B-dot ¥R $HFES

REARET M55 5 vk A S T e A s T



192 e AN o 4

542

WERET RS , Y W AR 83l A AT B B K AE
PRET B v A N5 5 L A I - B-dot 45
Skt A5 5 A B 20 AT R A5 H KB B 60 B — B[]
BIHIOC AR 2R /N U5 5 0 AR A 1 —
I [R] B HIOC ZR R HE T4, AR T AR B RE | o 3t 32
B FRAE
WSy F=(12) L' P BB L' AR
PEBH T R BN FH ) S X TE B EK S g, W B 5
P OIE e, BEIE B Ay
L
2m —pu
oo 1 A m S e AR R e Sk B AL K
BB R B v W RN T @ Xf i [E]
t R

I’ =KI* (2)

v = jKIZdt + 1, (3)
Hor v SHRIIRHEIE o 78 1] 7R 0 v X [E] ¢ (1)
B
l:ﬂMHE+LO=Kﬂw+LO (4)
Horp, Ly WAIIGREEES (1) Sy P OAFBEIE] ¢ B K
BUro BRI i 15 f(0) RAIIGRER S L, A
Ko HHUILIRISIFS | Y pREIDL G R

) 1

2 2 1
f(t:> t: | (5)
fle) 61

Hor e, ALK AR AL s S A @ > B RSk R
D3R, ) Sy o, BE 20 P ki) ¢ o AR
PRASRUEL . SR 5/ D IR U S PR AT PR L
WG AFEIEAS [ GFE] ¢ gk, XX AL 2k
PEAT o AT AT ARG 2 26

2 SHREHHEELE

JELF et g 1 e T AR S B LN R
T BE (9 LR A o aRAS SN R I 7 8
Hi, AL A BROGEE Y, J X HaE A Tl BE 0
Hoo 5 FBG i mi (936 2 07 A5 R -5 i 45
W5, AT IR S 90 P 3 1T Y 552 B it BE 5 0 it
FEWAHY) & o
2.1 SYRETE

ST A AR AT L 53y e BEL AR R R
PRI o S fal A AT BROCAR AL, 3o Ho A i R
B O T AR B2 i, 78 i v ]
DA R8-S LN AR A A R S LA B 5 ] L PR 1
P AL 5 5 Q) S B v 25 LK ) R A

Ml A P 2R O 2 65 BYUA W 20 S
A R G L
HLARE S e 5 2
z:%ﬂﬁw (6)
UL MR AT AR
04 = ﬂl(yJ)ﬂ%<1-+5T)duw (7)
St po S PHBHRHAET T A9 HUBLER B L L
ELIE R, MU U ol BELE S S, 9 3
BATAZER N R, =20, Joift p, b TP
OB R UL L, St 3ot L2 0L EE A,
SRR, ot L O T
R Qe = R[1(0)*d,
SRS R 0 13 T LR F (1) =
SLP (1), C G AR LI IE TR S T L2
R
F (1) =%aL’]2(t)COSO+Fp (8)
FEP o s R R 8 B ) 90 TE ) 1
RECF, iR FHGL B P TS

0 S UK 2 H BT 32 HL R g 5 S B i e A U
Buem 7B iy B AR R AT LR R

O, =_ﬁLFL(t)v(t>dto

2.2 BHEEHEELE

DARED R S5 o H AR AT 05 L, FL S
TLIEAE N 460 kA, FFHIFA] A 4.5 ms, R i3
A4 0.8 ms, T FEEFE] A 3.7 ms, 33 HE U0 i
TEAELS iR o

500 .

400

AL kA

200

100 -

0 2 s 6 s 10
il /ms
K5 ot
Fig.5 Excitation current waveform
RATRES R 0.75 I, F) FH WG B 1450 00 75
TR O 19918 m/s Ji AR B L LA



5 1

AT , 45 LT IR M 0 BB S B T .93 .

B 6 2 FBG Al LIS 2 & S 1 it rb (1 IR K
KHIG 40 s N IELTHECHE QAL 6 BT o

75 —
=9
p3
4
p3
50 ! ! — pb
o \L_
i \
= ‘ ‘
25} I !
00 1‘0 2.0 30 40
/s
(a) oL e Al th 2k
(a) Curve of the rail side temperature
45—
—p2
—p4
—p5
30f——ps
o g
= o
15/, /
/
/
00 12) 20 30 40
/s

(b) BT ALl Hh 2k

(b) Curve of the rail back temperature

FI6 LI L
Fig.6  Curves of the rail temperature

TE A5 S U0 T 3t TR 38 B0 ) i
AR R, TS U R B T E
BVBRRIZ . AR SN R i IR R X
S LA FROCEEEY, I FI T ANSYS X HAE T
W — BB G AT o KO By R HEA T
SR P LR 5 PR AP 1 A

H T3 BRI, Tok o8 H iz s AR i

DL p2 B R, 5 AT e et | = 2L*m [Par

ATLATES i A A Sk p2 U 200 4.2 ms, T
p2 AL T A 4. 2 ms 5 A9BUR R R . bt
S5 p2 BRI AN B AT N T B
WA 6 AT AT Y, i AR RSO 5 JEE 4 A
AV, R T o AR 67 T B P 2 T TOLA,, 5 oK
PR B MR Y 71,091 °C, ik B iR 2N
3.817% o TR A B¢ FBG {7 B -5 T 9 i
R BON G . BE— AR AR H R S ik 3]
SR TN I PUR L, KR 10 s 320 A

K8 FioR

P77 p2 fr BB A I i 53 A
Fig.7 Temperature distribution of

rail section at p2 position

MIN

B8 10 s BFZ p2 for B E B IR B 431 o
Fig.8 Rail temperature distribution of p2 position at 10 s

RHTIE 10 s SR SR AR B 15 f s T AL
ECR R AEUE 5 BT S U TS 0 T
43514 44. 104 °C 56.267 C, 550 5% 2 4
MR 1.261% 3.915% o 353V #i il B J5 1 2AT
SR 35. 129 °C, HikE AR BIE R 2N
2. 419% . A PRI J7 12 5K Ak JH Al 7 5 1 8 T ik
JE43 A, ¥ datal (data2 4351 5 I 5 0 M0 T 7
FLR B 5 A B FBG SRR EE , data3 | datad 43
SR 10 s I 20 5 0000 TR 47 LR EE 5 8 A6
FBG RARIE , dataS | data6 73 1] 2 S 8L I ) 1L
LS 55 00 WAL B FBG SR AR IR, HX e an 1 9

FR
90 -
— datal
80 © | datad
o - | ==-data2
~+- data$
O 60 —+data3
“
EN I ~& - data6
= 50 <
40_ » . o
20 i i 1 i
0 0.2 0.4 0.6 0.8
H— G

K9 frES 5t

Fig.9 Comparison between simulation and experiment

HIE 9 AU S B0 p7 F e 5 52



94 e AN o 4

542

BRI AT BoKaR 22 M BLE R ST ES UG pl
L IR A 4. 19% , n] A R 4 EL ] DL B S R
e HE S A I B A AT I O o AR B SR AR
KA pl ~ p6 AR Ak P B T S e R, s —
A IR BRI BEA T 43T o

3 SHIEFA GM(1,N) &R

3.1 EF Simpson fj GM(1,N) &84

M DRGSR = Z B E 520, AR
3 REMA PR 28 R R B0 AN BB HEA T A ) BT, 1t
RGWFR N IR G, LRGN E 5 KA
i, Ja R GBI AT DU N R A TR 4
R PRI ZR BNV AR IR R, W] LA Ay Y Affy b 0 A
T AT ) 224l GM(1, V) # R e
BEH N MTRHE T BRI N A7 T8 R G
A, e ok x” = (5 (1), 5" (2),
5 (n)) HHT i =1,2, 0 Ny IR RS AT LA 5t
X e e 40 ) SR i a2 A5 fi i £ 5 (AR, BIYE BR
HAHEdE, «" ﬁxm [ —Br By s, Ho

(1)(k) _ zxo)(]) L =1 2,
INA:bIER 40 ez \ﬁﬁﬂﬂ B

(1)
ij¥l+mwww==2b%”0><w>

Kt w 5 b, BAHESH Fra” (k) +uz" (k) =

be‘”(k) 3 GM(1,N) A1, 5 F Aoy Jr

%ﬂai—%f/\

TEL R SRR B Y (R 2, (k) =
0.5x" (k) +0.5x" (k= 1),2% 2" JpHlEL 1
B, H S R A 1R 28 8 23 R, i/ Vi 22 fif
Simpson JEJF R EFHTE 21" (k) o

KX B [k k + 1] 35532 n S0y, WP K
h =1/n, X [H] LB — AT s, =k +
pho FERE—F0 43 10 ) /N DX ] Y 4 A Simpson
A, AT LAAE )

(k) = ff(x)dx - :2 ff(x)dx

N (9)

= E Z() [f('xz) +4f(xi+0.5) +f<xi+1)]

= L) +4 3 ) +2 T () +

Sk +1)] (11)

T R 0 S O ELFLAT B
S A AE I [k ke + 1) B f(x) 20

FalV (b + 1) 3 ? N -1 kZzZumW4, B
flx) =px v +Dpox " “Hpyax +py, TR H
21" (k) WFasak,

it —24%
5" (2)
yo |53 (12)
1 (n)
u = [w,b, by, ,b,]" (13)
-57(2) 5V(2) 2y (2)
B - —#%w = (3) W)
—zl”(n) 3" (n) xy’ (n)
(14)
WA GM(1,N) BRI ITRE Y = Bu , WERAFAE
(B'B) ",
i = [w,b,,by,---,b,]" = (B'"B)'B"Y (15)
F Ak R B ik
xfl)(t) = e_“"[xi')(O) t be(] (0) +
ﬁ [ba (el (16)

=2

%@”@%@gﬁmwfmm%Z%@W%>ﬁ

Rt IOHCEA P T 1 Tu%ﬁﬁ
f%k+w—e‘[”w> bﬁ%@»h
Ly “Wh& (17)
FE Ry
g7 +1) =" +1) -2V (i) (18)

3.2 SHEERHERKEER

BT A R ICA BLAG TE i 1 S0 P 3 T B
B, 1T R R B K AR TS
SR THEC R B, AR F MR B, L pl AbiR
AT AT . TR P R A e
TEAERL L BOHE T B Rk 0 e 24 K 1 1 2
PEHEATAT o SRR AR vk i B P S 1Y
RS — B, X & 5T 52 B B ATV I . R
BRI SR A TR B R R
WAL R L % R TR . A Simpson i3k
GM(1,N) A5 H AT R4

Ho G pl Ak B IR B R R AE R I 9
o\, Al R R 2 S 8 A R AL e R
2 (k),i=1,2,-,5,k=1,2,,6, ALK N



5 1

AN , 55 < HE TR CURER 14 VR G I 2 TR S 95

oy BRALTE F A R v 5 AR Sl R A T A
[ei) L A% 23 Bt o) 145 L0 (B A0ty 0 5 & 5
T3 2L o A E AR 100 YR 30 K
AT 0 27 5 O S R AR, e
IR T I R AU T, ISR 2 TR

®2 TERLIKXKHIE

Tab.2 Dimensionless test data

R N TN
1 1.000 1.000 1.000  1.000 1.000
2 1.511  0.995 1.671 1.180 0.986
3 1.808  0.995 1.174  1.342 1.273
4 1.802 0.999 1.156 1.337 1.275
5 1.489  0.999 1.162 1.134 1.083
100 1.745  0.999 1.154 1.282 1.218

S AT o) (k) -7 99 IR 2Tk
A EHIF R R, M 5 kA4
I, HORGFE TR 3] 99. 82% , 3K HALLG s B
f(x) =0.073 33x° —0. 110 2x* +0. 571 5x° —

1.204x" +2.528x - 0. 795 (19)

XHE— DX E [k, b+ 1] 50 73 85 n K el A2 25
AR, Ay 3%t n =23, -+, 20 B A48 SR ik
e, ikl 10 .

PR 2

é fO 1‘5 20
A
EL10 P T E A XA
Fig. 10 Average relative accuracy of the fitting results

HI & 10 A] DU HY SR F- K A R RS B IR E
P DRI 23 YR 0 3G 22 T i B TR, 2 X
(B30 53U ECH 8 I, AL 1 Yo RS B e , N
4.85% . T pl An BRI I ek R 4,
BRIA] FoRH
x\" =3.473 5x{" —4.949 9x{" - 11. 453x" +
14.238x" + 0. 492 63e > (110. 048x)" -
7.050 9x." +23.248x)" -28.902x" +2.029 9)

(20)

HARJE TSy {1.0,1.487 2, 2.070 4, 1.961 3,
1.5339, ---, L.724 5| FL5JFGGFH A RTHRZE 7
W2k 0, 0.015 8, 0.145, 0.088 4, 0.030 1, ---,
0.011 7, P A X iR 22y 3.04% , iz 1 &
GM(1,N) 5115 2 (138 5 51 5 J 46 77 51 A 6
24354 0,0. 688 ,0. 168 ,0. 1245,0. 068 7, -+,
0.048 1, 5F ¥ 4 X 1% 22 0 14.21% . i 3k 7
GM(1,N) A5 RUKE B b 25 1o T LAY

i T TRIRE 0 i 0T AR p2 ~ p6 {57 B AL A
T BE IR AT | p2 ~ p6 Kb JK RS RSP 2400 B2 4331
H74.36% ,3.67% ,3.95% ,2. 64% ,2.19%
3.3 ERFRESHEESHT

1E 100 YRE AT AR BR 3L R i L
5 R TR = A O B K ) B SO I A
PR TAR O FEAS[R) R 256 3 IR T STk B 1Y)
IyMre BB 0.5 MJ BESGRI 4740 #r , [F] AE
A I Rl L AR R, AR R R A e, H o
B pl b KU AR B 51 2, H R T
Oy s L T T A R s, 2 R
o R IR T R R 3 PR

®3 FRZKBLTERULIE

Tab.3 Dimensionless test data in the same launching energy
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