[ DA N e 3

Journal of Northwestern Polytechnical University

2022 4F 6 A
5540 B 3 M

June 2022
Vol.40 No.3

https://doi.org/10.1051/ jnwpu/20224030679

PR R 2 T8 ¥ 0 25 XU i B35 2 B 45 28 L4
5 e T R 53 T

MAOH, FETF, AP, @, ik, TR, HREHE

(1.%9111%17(% MLE TR22BE, HR 22 M 7300505 )
2. DU Tk A RS A FIBEE e, Il HE% 625100

i E.SREDFREAEREDTRA TR AR —, MBS E Ha Rtk £
FRWF,H @A AT (TCA) BER 09 2 S5 AT 548 8] 4 Ak i A A 45 F4E A, it K 7 &R R
2133 TR NG & A ALK et @ 42, A T HBESFAHEL T ZERO SRR FER,
H R ARE AT E AR v ST SR RRIR A TCA BA 547 T RE L RR £
A HTE I B JUAT A R ARG vl 22 R A, PU FEIR £ AT T M B IR & B AR
WAl EAE S A AT R Z A AR iR R MK AR R T 48] 4 ik R R e Ko

Fods B 5 3T A SO A ik R SRR B B AL A R VAL L 8 R,

x &
HE 2SS TH132 SCERARERD A

70 O [BR] IR AT £ (50 A 1A A SR P e e 0 8k
T, HH U 5 T 1) A SO TR IR, TAE VR TR Ry 34 5)
AR BRIt L . 465 1, AR A L Gt it sh
SR, T H A R P R | B AR R 2R
PLR SRR Y {1 ] 5 2 e 20K, B T R Y
Aise

[ N AN 22238 0 2% T ik 58 A% sl i 1
FEPEM T T P R AR S g o o i T
W IEAT ease-off (&I , 19 3] T i% 14 ¢ 14 T H2 A B
B HAL S22 2R . Livvin %0 7815 56 JLA0T 2% 5
FHEE—A5 g 1 X 52 2 147 T 147 e 1 ok 20 Ar 1) 7
LB Tseng AR B Rk ST T O B R i
AR T T R ARt . 2R AR
BT 2 150 A B A5 AR 147 6 % 2l I 147 TR 4 fik [7)
e SR CiliEe s v I G R LI = SvA Eami -l
B VA7 T ik I S % B I ik R TER A e AR
Chen %5V 3T 1 A8 WBUE £ 4007 21 [0 RE R 143 4 DA 022
IRy o 0 R 2 A 0 o R S S A

1 Fs A #A:2021-08-16

T T R B IR 4 AR 4L B MR ROR IR £ AR AR
M EHRS :1000-2758(2022)03-0679-11

TEAHASZPR I T, HES T R RS O T 5 i 2%
B A, XS O v EA T T A TR A M, A T A T
ENIE AL 3R 2% JEIGAE 7 HOE e, s e
30 T TR B F MBI G 1, O X G A 15 B it
1T HRSE 45980 7 HAL B 22 K fik EVIR 14978 Ak 6L
o IG5 e S T U5 BEABTE (4 4T 1 T 26 05
F RN BABTE (4 1T 0 %0 147 1 A 8 0 A 0 1 Mk 3
Br(TCA) FIRE 343 Mr , 45 31 7 Ho 2 foh B[ 38 A% Bl
Zhgk, BTSN LT MR B ) T 1A 4 e
7 0] VT B, TR A AT TS ) A Ak 32
RN F T AR, A T WA 2 b 15 A4 25 1k
FUAE, B SE X T 2 LU R A O 8 R O e
B MG AR T T AFSE 38 A o B A A Y B
A5 H MR I R A58 T A5 A 1A T il
DX 38, B J AW 1 28 25 5 2 42 i [X ek A1) 5% 0, 2
WU 3 aE Matlab 2R SEBE T — X 9015 4 U5 58 1Y
R VTR A AT, 3 0 e 2 AN T 67 ) 92 e 8 2 114
TR, ot 25 3 i ) O 4 Al R A Gy

BESTH . FEXARPEHER4S (52105058) HRE A ARBI#54 (21JRTRA235) | FZK T 45

& 351 (2019YFB2006402 ) 5 22 M3 TR £IHIMEE I H (07-062005 ) %t i
YEE B B IE (1988—) , =M B TR RI#8, FENFEP BRI FAL ) B SIEEEEWIF, e-mail : scuwyq@ 163.com



- 680 - Wodb T ok ok

¥

5 40 35

BT T 2R FH A o T 10 ) I A 4 T 45 8 P 4%
PRI, ST TN T 2 0 A % 2 o R 1Y
SO, Lin S0 HE G A EAT T TCA, 138 1
HAEMIE X 5% 358 22 68 T 1 R RIS ) 147 T80 A= B
TR R WG A ERE I TR %€, ER%
ST TR R AR O ot T 1A A 047 T R, R 1A A I
1T TR B, DRI UE T 2 A i IE AR P, AL
IS 7 T SE AR DL ME ) Cyclo-palloid $3£8 14 i
XU T4 56 Y 4 0 T AL 4 ) T — RS TCA
BRSNS HeH i B A% 3 22 Uk 1 U Bk
AT A5 TP 257 3 A ST SICHN A 1 1A T
SRR AT TR AT TR AL SR 2E i 2
HEATORA 45 3 1 — T 42 o oI AT A7 0 422 finh BTV YR 5
FER T, ok ER A S ) XS AR 14 4 14 48 AT
T AR AT, A B ISR O R R 22 AR
P 147 T 42 i X SR A Bl it 2 I 2, AT T 56507 % 45
R [5E UA7 HE A7  0%) 147 T 4 A R R R AT T 40T 1hie T
VRN AT JERAB TR 2 ) B X e A7 8 1A T i [X 3
ARACASENR AR S0 Sk 5 I 47 G IR £k 14 1 o7 6
SRR EAT TIRAI T 153 T =4 nT LAk
fil a2k, L3R SCHR 3B XN R AL FE AT T
VA7 T Al A3 BT, T X687 288 L it [0 S0 145 4 [0 A 4 6 1)
AT T A B 6 A 5 B

AR S A T A 2 e 2 AR W IR IR
(R A7 A8 42 ok o AT B0 A 3 BT TE AN () 22 206 1 2
TR TS EO AR R 2 RIAT 145 56 k5 P RE Y
SEMARRAE SRy o3BT RN 5 32 14 %6 1 WG A P e B A B
LA

120 B 25 A T A
E2 ]

1.1 ZEX i B & B A A 4 T R 22

55— BG4 e AN [, A 00 [0 9 447 £ [ A 1
FE RN T 7 545 v XU Bk 8 i TR 26 L, R
(7] 70 0 T A8 U 2 A 26 1 A T 4 T,
TSR PR 0 43812, 748 XS B30 oI 1 £ 630 A 145 4 22
R IIEETEREIN T, Fon T I EAn R 1 fR e
XTI TI R T) 32 EAEHUR T8 (M-M) EIF5E A
SRSl , TR NS T AR A SRR 2 AR
T R A AT A T 7 TR ) B T, S B DRI T 5
BMNIE 3 TIFRIZER A Bk (A-4) 5630, [

K7 AR RS 2, — o Tad # TR A
AP U] H 728 X B0 TR 150 A D7 8 4 10T i

BT ARG [ 90k 2k [ A 04 58 e i B

12 BT EHFER

SR FHIRE 5 77 485 in 178 0L (530 B 145 2% 13 A 1 %2
ik, %o 72 XS it (B8] S 145 4% (B8] A 14 % R AT ] — T
I B, A5 8 AR T AR AR | SE e gy 5 58 T
P TIEFIHLR AL TR 2 |, I A A b 2 ] 1) AR 4k
IR TI B TR py iz 3l , #E e o ) By RS
SRASFVT T A RR A0 WU (5 I 14 4& [RI AT U 56 P Ak b
ZAnE 2 Fros,

P2 AU [ 90 2k [P A 04 58 U A b 2

B AR A SCUNTR ALR AL bR &R (T B A A
) S(xy,y,,2), W TIFE LR S(x,y,
z) (ICEFER @ = p, T ABhFH @ = ¢) , 42
I{t,:ijjélé*/—ﬁ?\\ Sd(xd’yd’zd) o Rﬂ?ﬁ?ﬁ*?ﬁ(ﬂﬁ*@
ebAe) R, (i =p,g) NE SN TR 3 B2
. mZE IR 21] FTHIBIE T] R AEDLIR AL bR 5
Sy T AL O i K B 1k ) B350y



BRI, 55 T Rt 22 S 0728 XSt 158 9 147 44 80 A D47 % L fof i e B e 23

- 681 -

r;i<ui’0isgpi) =M,(¢,) - M, - r;(uisaL')
n;l(0i5¢i) =L,(¢,) L, * nil(gi)
:T:tl:,:[: Md,j ,M“ ﬁf%”ﬂ?ﬂﬂﬂéﬁﬁ?% Si @J S,[ *Déléﬁ?/% Sl
2| S, AR AR SR R R T proR

(6)

- (R + %m iuisinaj cosb,
—_— . .
ril<ui’0i) = - (R F Zm iuismaj sind; | (1)
u;cosc
L 1 i
cosacost,
n!(0.) = | cosasind, (2)
+ sina

A m RS R u, R T) B R T e 21 T 2
AR AR o, AU 25 5 0 IR R 141150, R TTH
INIESA ;=" R JJENAMIEII), BT
54553 R s T BN T RIS I
1.3 MSEHBEE

H A7 3 s 45 R A o B AT 0, R AR sl R v
WO ZAE VR B, T VA7 8 ) 1 B 220 £ 455 AR £ 422 fik
(IEAE MW B ) o Fr DL O B 22 e 3% 2 M A DI A%
gl BEA R0 SORFHEIT, B AT TR DD A
AN 32 Bl B — 5 7] 70 [l i ity T b 970 fipk et 992
LK B, BT

n! - v, =0 (3)

2ok, v, Sk S 7 Y 0 R Tl
(1) ZORFARRN, n] NLETI RS R T U fil 5 i 72
A B0 (2) 2o BORT RS AR 0 B 14 2 [ A1
RS 5 T B

fi(u;,0,,0,) =u;cosf;, *sinacosh, *
(R izmj T sine(Rg, +R)=0  (4)
B (4) AL T w, T R
i [ a(R T )—(R+R }
sina| cos, + 4m i®:)

u, =+
cos0,

(5)

(5) AP B (1) 2, B FRR(1D) . (5)
AR S E u, A B G S500,, 0, MGG 2 5
Rk i = p,g WIFRE NI,
1.4 HHEHAEHFEE

FRA 2 (] w75 DB AN B3 43 JLAAT %) KNk 4
A5 UTHI I B N A T WG 2 A X g 145 5 1 Bl Ak
b 22 B80T B2 RN A8 1 TAE UG 1T, i T 2
25 AR BRIE] B DG R ANEL 2 BT i o AR AR AR f6
AT A3 = Sl S U T A O e M ) K i

cosp, sing, 0 R,p,cosp,
- sing;, cose; 0 — R.p;sing,
M, = (7)
0 0 1 0
0 0 0 1
(1 0 0 R,
0 0 1 -R
M, = (8)
0 -1 0 O
1o 0 0 1

T R AR BR AR AR B L, L, 5 Z % N
M, M, A E R X iR e — A7 5 a — S
=B, R(6) o b IR & B D BRI 1E
MEBRAR S, (o yy52,) T NSRS T A 37 B O o S G
EUIES RGN g R R
B

2 A X e (B 5 ik 2k (B A 1 e 1A T e o
S FEE

WA TCA R
A5 XS i (BRI A 442 IR A 14 s 1 54 T g T 14
A1, A2 B B 2, AR SO R B TCA J7 5%
LA L AR PR R AT 53 AT, LA WG 5 300 22 1422 it v [52]
R AR ER 3BT e R 22 ] R AR S RO AR
U it 160 S 1A 2 IR A 17 A 22 A R P ) 52
(6) T 4 i T4 S8 1A T R TR AT 14 T 4
fit o3BT kR R i SR AT T AR 2 A 28 0ok AR R
Al N SR SEBE ARG G AR B 14 2k [
A 1 6 AT AT 5 0 O R IR A 1 A A ), 32 Sk
TRV, B e 5550l &1 3 s Ry 14 46 @I 14
MG AAEPR R, S, (0, -x,,,y, ,2,) NEEALPRR (W
GHIRR) S (0,5,,y,,2,) NETRBNLIRR,
S.(0,x,,y,,z,) HENRTIATEEIRE Av AR
£.5,(0,x,,y,,2,) HTEAARE S, Al E5IAKF
B R 2E Ah BERAEFR R . S)(0)xp,v),2,) )
BINAFRR,S(Opx,,ye,20) NNBFETCIRZEL
NS EBIRR S, (0,x,,y,,2,) WA TEAR
PR S, Hhl EGIAHOIEIRZE o BUEARIR R, Ah
KA I R 22 Av SR JE B IR R 2% e, L BE

2.1



- 682 - Wodb T ok ok

¥ 5 40 &

W2 g, PRI AR SRR RE A
R, R, SMI407R F A A0 A

3 R Rl oA AL AR AR

TEMG At A v, 2 A ity T % 22 a5 2 i, 2 A4
i 22 R AEAE 1A YIS A LA SR gk
HRAE ] 3 /s 25 Ak b 28 [B] A AH X 56 2R 5 AAH N
F4) A AR AR S A, A5 H S B 47 1 3% 22 V) ik 249 AR
PURNEIVR
{r;"(u,,,ﬁ,, @, 0,) =M, M, M, (4,)r(u,,0,,¢,)
n'0,,¢,¢,)=L,L,L,,(y) 06,0,
(9)
{r;l(ug,ag»épg,‘pg) :MmcMchgu(‘l’g)rg(ug,Hg»§9g)
n;(6,,0,.0,)=L,LL,(¥)n(8,,0,)
(10)
(9, (10) X & EAIE AR (6) X, Kb ML
FEFEE R (7) 2L (8) 2, M ARG
FEEE B (M) . Eh i M (M,,) . 3§ 5% ff
(M) HOEEIRZE (M) JK-FRmiR2E (M) 5
e 0 [ 18 25 (M) RH NS I Y A A A 46 A B (F
B JEEE) L N5 2 XN M AN R A R 2
Ja— 1T 55— =R, X HEATERGE, 5K

7R U it TR St 2 IR A 1A 6 1 422 flh 2 7 1 B O 7R
H
{r,’?(up,ﬂp,sop,tﬂp)=r§(ug,0g,¢g,¢g) (1)
n'(0,,0,,4,)=n;(0,,¢,.¢,)
(I EH 6 AT I B dl, b R A%k
w,,0,,0,.0,,u,.,0,,0,0,. H(5) FRBEE %
T LAE AR AR u, iTLLH T 0,0, PRARJIE 2
KER, Hon)(0,,0,,0,),0;00,,¢0,.4,) #HAHHEA
i, il (11) X5 6 B, 5 s Jr R ny iR
H, TESATHMIT R T AR R AL E A oy, A
L R 5 AR5 AT R, 2RI A
PN TRE(11) WK A

HA PSS BRI R Bl FEShie il
NBhEE G TR e A G5, =l 4815 T 5 M shit ik
FRAZ AR MGG o B 7 O TOL IR P A2 43 A E A BT i 24
RAAMBIATTRE(11) RIATA55] 6 A~ KM, 6
TN I eSS DN A i N R A
o WA SRS R ESh R AL E A o, IE T
AT PATE (12) ~ (13) 20K A

M A £

ri(u,,0,,0,.¢,)=r(u,,0,,¢,,)
n'(0,,¢,,4,)=n,(0,,¢,,¢,)
[r)(x) ] + [r)(y)]? =1,
X, rl (0) ) () 43 SRR N 3 48 5 1 77 72
ro(u,,0,,¢,) TEBRER S, (x,,y,,2,) FHY 2,y J7
o3t r,, s NSl TR 42
MG HH 57 A
ri(u,,0,,0,.¢,)=r(u,,0,,0,1,)
n'(0,,¢,,4,)=n,;(0,,¢,,¢,)
[r(x) 12 + [r(y)]? =1,
A e () e (y) SRR TSR R TR ) (u,
01)’901)) TE AR B3 Z Sz[(‘xd’yd’zd> T X,y J7 18] B9 43
iy, 2 EER A TR A,

R T ol A T %8R 2, fE G gt f
iR MR = A el R (12) L (13) AT AR
15 B A S RS2 PR f BE . N Bh§e SEPrf%
A5 1 SR AL B L ok AR B B 7 A s
ARG AL shiR 22 R Y

(12)

(13)

Be ==ty = (a=w,) (14

L g, S BIFOR AR A A s,
W SPIERIR BRI AG £ 2, 2, 4 B3R



BRI, 55 T Rt 22 S 0728 XSt 158 9 147 44 80 A D47 % L fof i e B e 23 - 683 -

%3
F B REL
®1 EREISHF
SR ZHURE
F B FAEL m 2
F NG 5L B/mm 60
Tt z, 31
B % 7, 49
FMBNEFE TR 0/ () 20
F SR TR R/mm 100

Bl 4~6 7330 I ARG AR 25 K P Al ] 52

© T4 E e v

o Av=0°,Ah=0°,e.=1 ‘
e ol

"
% o Av=0°,Ah=—1°€=0
Av=0°,Ah=-3,€c=0

25 LA ) R 2 ) fh 38 £ L 2 S o 5 L P el
Kt shiR 2z L

MIET 4 AT LA H o B 22 R p3e F i s A2 1]
(iE, BA S AL EhiR 22 N 5 Al LIFE 45 fid
A7 T 4 R R /K Pl 1) 18 2 PR R TR K, A%
iR ZE R B RS AL 6 n] LI H 1 A
37 B Qi % R T e A 17 5% 22 14 1 R T 49 K, 1EL
Mol 35 7K P Al 1) 12 22 H I ) I A% 2l 1 22 18
W AR AR 0T R AR, A Xt [ 9K 7
R IBRE VR 8 %) P 2 2 16 DR 2 B K i R 2 i 5 |
B P2 i 53057 5 1) 728 A B A Bl R 2 1) U B h
fHR

* TRFERE ¢
o Av=—0.2°,Ah=0,e.=0
o Av==0.5",Ah=0,e.,=0

-33 -33
-33
d g £
] -31 -31 E
. —31§ L) =
) IE
. bi-d -29 _ =
v o = 29
W -27 17
127
50 5 220
0
20 9 /mm 5 /mm 20 g /mm
a) D EEIRER A A AL E A a) IR R T 2 X s A a) TR RN A A B R
LOF g 0.5r 1
o Av=0°,Ah=0°, €c=1 —
£ g | TTTTTO e £ S —
g E -0 R Smmseoo___
s 2 s R e
~ N - Av=—U.2, =0,€.=
w O - ﬁ -15 e ﬁ o e Av==0.5%,A=0,e:=0
o AR . i
& R e R -3t N
& ® s — REERE #
o Ay=0°,Ah=1°€c=0 *~__ .
o Av=0°,Ah= -3, €c=0 .
-1.0 35 -5 . . . i
5 10 15 20 25 2 6 14 18 22 2 6 10 14 18
Eahieiefa /() EhEesm /() M /()

b)  hL RN R IR W

El4 o BRIR 2R FEm

22 EMHEE

AR B IO 2 (B A 147 5 B S k5 3 72 R
SRR, BT AR SR AR | a2 ok A T 2
IS 2 i OB R DAy — A (B DX T, I )42 f A [B4] 1
XPRR AL S ES Y] fil A A, BTE AR AY 12 flR
SRy L AV 151, 42 fk W 53 DK/ N mT Fl 9 5 05 T 7
T b o 3 N 3R A Ml 15 7R e A T
AT, RN R AT S WU

b) TR IR ZER 1 3R 2

KI5 7Kg i i 22 B 2

b)  TEHIIRZE AL Z R

Kl 6 2 E I i 22 B 2

0.006 32 mm"* 33k | 307 X 15 9K $47 2 [ A 1A
FERIE TCA BEIRINT SR H MG & i 2k 14 s B SR
R 3 A T 75 R PSR A S AR 1A T b R T AR
{37 B2 A AT SRATHIA TAT b 3R, R TSR A 12 i A I3 1
Kl S 3R/

e i A2 K 10 13 Bl L B O 1 Ak e 2k
4~ 6 AH [ B (5 5T 32 RS A1 ot 2k B0 S 72 X0 ity [5] 9I tA7
L PAAE e A a2k AR 19 90T 42 B 147



- 684 - W odb T ok ko E R 540 ¥
VAT TR o 2 ) o 1A T 5 S R i MREL I K.=H - /I -K (21)
JriE SR O T R AR . 24 emE

AR 581 /N B A7 B T VAT OAG TR G5 A ) i 53 £
B IEZAL L R AR B T E |, B e R BT
SRS s A5 1] [ — - 1T, LA figh o5 Ay [BR] o IS it
AR 2 LA S 447 1 s R A 8 A 11 7 D A
FE R LA O B s R ET, JErh 20 @ 2 O 14 Fe
Ao R 2, 20 €00 A 52 B0 DAy 147 42 M AV 190 42 fh
) o,y il 235 DA L) i AR L R 20 R
N Ao 584 g 75 1 R b 5 1

& 7

Ehie S MRl LA 5 R

23 F#ERITHE
HRARE (6) 2T A5 4 14 T80 5 FR A AL 5 | AW 5
FAF(5) 245 B0 T Ok 12 S Ly s Ok RA K
ry(0,,0,) =xi +yi +z (15)
n(0,,¢0,)=xi +yl +z (16)
RiF1, 6,0, WNIESH M r (6,,0,) 4K —
WD B2 — i fi- S A0 72 X

G =r,

= 2 -
E =ry, F,=r,r "

v
Lo=ry-n,M =r, -n,N =r, -n (17)
Roft, B, F, G, WG58 —JSHEA L, M, N,
M TR P 575 AR R
A AT LA WO T LA R R R TE A
FEPAL MGG SRR 2 M IESEH F 7 M EA A
[Fi F) 2 ph AL 7T 2 b 3 O A o B0 R KRS8
iR H TR ) — 0 R OT REAIAR A XU R A
24 IR A e oA T e 30T N 3R KRR R 1 B R R
K, K, #Em(18) ~ (21) s

LN, - M; (18)
. EiGi - Fi2
LG, - 2M.F, + N.E,
2(EG, - F})
K, =H +./H -K, (20)

8 KO 3 I 1A 28 [5R0A 47  2 Ate [52) : J T
BERTHY(22) ~ (23) =afE™

8 172
a:Z(KP “KS - (& - 2g.8,00520 + g j
v —KS - (g, - 2¢g,g,c0820 +g,)

(22)

o ; "
\K”Z - Ks + (g - 2g,8,c0520 +g2) |
(23)
Ko Ky g, 4030 14 T 70 2 5 2 e 22 2%
Ky =K + K;,g, =K, - K},
& MM E P kA 4, 0006 32 mm,
o A WG A T2 it 3R 5 1] 18] 649 77 1w £, AT LU
(16) b8 17 11 5% A i 5 100 ek 25 ] 1) ) £
AORTT, HE G B A 5 J2 i R K D7 R A o
(2 o[58 ol 2 £ 32 ) T ey (24) FORTT
g, — g,co820

cos2a =

24
;2”) 172 ( )

(gi - 2g,8,c0820 + g

3 5 4

725 XS 52 U 4 [ A 4 % 1) L e S 2 p T
FbAe R XV BE R R, P B7E T akd
i A3 BT AR AT 05 LAY BT I, 7 2 B 22 1R 25 X
il S e Y A L RIS A B T D £ R AR R AR
WL Z,(Z,) PR m X bRk 52
3.1 REREFEMBENZESH

SR 1 FRBOT S8 K 8 ~ 11 g2z
X 145 58 TUARTF ARk A s i, ELA T R shde 0 T, ik
W AV B S AR AR TR I Bl B O 4
TR A5 5 A [] — Y- T PN, A7 T 22 fh o 2 i ) 32 28 D)
AL . IR 8 TTLIE e WA 2R 2%
L U vy B R 2 R 10 74 0l (BRI 145 2 (B A
VA A HZ il I 4 1t B 4 A 1) v 0T L, 0 R
BRZE MG K2 EOE il SR EE AR,
P19 ] TR 25 7K ST A 1] 15 22 BN, 14 % 1 1) 2 f
TR [ VN5 [l et |, 422 i 30 288 000 k-5 25 il 2 2 4,
ke A, LAl [0 S Al R /N R 1 ¥ R AR T
AR | R AR ) P 15 25 T 1] 2 (o 4 fil DX 3 ) A [
A%



3

b

BRI, 55 T Rt 22 S 0728 XSt 158 9 147 44 80 A D47 % L fof i e B e 23 - 685 -

[—— Fpuessine i e~ O AV=0° ARSI €c=0 i s onae — 9 Av==0.2°,Ah=0,€=0
- o Av=0°,Ah=0°,ec=1 T IR L Av=0°,Ah=F =0 T RERRE L pAy=0.5",01=0, 000
B L I
g E ' : D
~ s = > P o
e 5 " D
SoESTE T
gl pagicd gl
PigE /mm #5E /mm PigE /mm

a)  ARER 0% 17, 3° Hhefl X S AL AL A

P8 rC 158 2 X 42 ik DX 3 19 5 )

Pl 10 Ay 3 % ] 50 2 % o o DX Sal Py 52 B
A A ) R 25 RTINS, 147 e R 1 2 e 28 ) 22 A
Fla L (R G e 2 AR5 25 D5 1) - K Bl
i) 58 22 FT 7 A ) 2 W) A7 22 57, HL A2l 15 . o

o= Ay=0.2",Ah=0,e,=0

T BERE o py=0.5",Ah=0%,¢,=0 —— TREIRE

- Av=-0.2°,Ah=0,¢,=0
e Ap=0.5°, AR=0,e,=0

b) ARILO°, 1°,3° B IX s A b e

P19 K-l ] 158 26 Xof 2 fih DX dul ) 52 )

PN D IRy e oY G S e I O AN A T DA PN
3 i 22 2 Mk DX SR AR AL 0, T LA Y ol T K F
St o 150 2 5 T A 1 15 2 X A IR 2 3 B FR) W A
[, $ fiuh A2 A BE 88 07 P — AR LK

r —— AV=O°, Ahzofeczl
-o-- Av=0.2", Ah=1’ e.=1
—a-e Av=0.5,A0=3", =1

iR

#R /mm
#R /mm

HR /mm

AR

W /mm
a)  AVER0°,0.2°,0.5° g X SRS LRl

P10 2 A 10 22 060 2 fioh DX Sl ) 5 )

3.2 it SERTEASFEN RIS
o iz v fe Bl AE oo R R 22, 51 AT EL )
BRZEEN Av MR 220 Ak, 5350175 18]

[ ——Av=0.2°,Ah=0.5%e.=1,R=100

-o--Av=0.2°,Ah=0.5°,e,=1,R=150

- Av=0.2°, Ah=0.5°,e.=1,R=200
TR
e

Pi /mm

# 5 /mm
a)  RHL 100,150, 200 mm 42 [X 3525 4k 5

A 12

PidE /mm
b)  AVEL0°,-0.2°, 0.5 Ief 43l X I AR AL A

P11 2R DR X fih DR 4 52

7R EFANEL Z, Ve F AR m X bR E Y 5
Wi, Ay B AN 12~ 14 FFs

r—— Av=-0.2°,Ah=0.5°,e,=1,R=100

-o--Av=0.2°,Ah=0.5°,e.=1,R=150

s Av=02°,Ah=0.5° e,=1,R=200
g x>
£ o
i o

B
#i 98 /mm

b) RHEL 100 mm(Av=-0.2) ,150 mm (Av=0.2) ,
200 mm (Ay=0.2) P X S5 AL B At

TR AR X ik X I8l ) 52 1)



- 686 - Wodb T ok ok

¥ 5 40 &

MIE 12 0] LU H BEE R 2P AR 1S R 14 4 B
2 fd DX 3 1) MU A% 147 842 Ak DX B0 7 1A, 42 fk
AR I R AN, A R BR 22 77 18 f4 JLA
PR OC T AR A AR o 1 RS R ] A A
18 32 2 L DR AT 2 AR 1 A T 14 9 T Tl Y 2
il 38 2 228N A AR o AR SR AR O T 4
A A il A 1

P13 D00 2 fioh DX SRR 2 | 22 R IE AR
AT DL T BRI 2 (A FE 4 il iR 2 e 2E A
7 Fio 2 5 2502l A 120 1 D/, 33K 2 DR R A A A
P2 S EPIG AR T T A 2 2 kR A, T i

S i 158 2 8, T R 6 ) ek 2 ) B 2 3 7
FE A v AR A AR Ak , T B M AT E AR

MRAEF 13 7] DUA B IR 22 Ah BUHTR,
RSO $2¢ fik DX 3 A MU (9 S0 B RUR . B AL
By ag o, ok g B2 800, Sl e 1, |
14 S A [R]— 223 S5 AF T 1A 8O0 26 fioh DX By 2 i, 1A
PR R 2 T Bk A A Ak DX 3 g I e A i A
A B R/ NN 3 SR O Bl A A
R AR RS B A [R) ) 22 2 1 2 2 ol 1 fh o7
AR TR, AP 1) 5 22 B A T 17 2% 22 38 1A Y
A BB

[ —— Av=0.2°,Ah=0.5° €c=1,m=2 [ —— Av=0.2°,Ah=2°,€c=1,m=2 _—»—Av=0.2°,Ah=0.5°,€c=l,Zp=3l
— o= Av=0.2°,Ah=0.5°,ec=1,m=4 -o--Ay=0.2°,Ah=2°,ec=1,m=4 7€**AV=0,2°,Ah=O.5°,eC=1,Zp=62
s Ay=0.2°,Ah=0.5°,ec=1,m=6 —ae- Av=0.2°,Ah=2" ec=1,m=6 -~ o Av=0.2%,AR=0.5",€c=1,Z =93
1z IR .
HT \ m
e o S -
g S g SE g =
£ == = - = >
22 == 12 12 == %
{-]g }%,;; ‘.'E {-]g @ >
FALE AR B
Y% /mm Pi¥i /mm Y% /mm

a)  m B2,4,6,ARHR 0.5 HHERA K AMAMAE b m B 2,4,6, ARIR 2° B X IS AL AL

P13 BRSO Ak X Ik 4 52

1) AL TR ZE NS R A X I i i/, Ho4x
A S R p BRI 24 150 A 7 ) ) T 45 B8 R4 fh i
FRAR o) (8 (ELAN 2 A ik DX TR/

2) BAPAT B DR 25 S 5 e A XU [ I 47 4 [ A
R R AL Bl R E Y 2 R AR R R 1 ik
& R kDX IR 6 1, L= i 1) R 22 AR AR T KR
B 1 5 22 o ik DX R ) 552 i) B Ay SURK, 7 1A e 2R
P N 6 A i R B 2 2R 22, DA AR UE A 4 A
1 RSt PR

3) WA R 7 U [ I 14 £k [ A 147 5 15 3l
Y F2 BB SR, TR AR ik DX I /NI Az

SE

(1]

P14 R RO i DX SR 4 5 i

B AR L L AR X4 fih DX SRR/ B R
JE N TR AR P HCIAT 24 2 A48 b 7 AR 40 2B T 2% 7 B G
MBS HOk & B IO B2 A2 B, DL PR 7 4R
AR A i DX S 7] P g AR 147 8 1 X 22 3 DR 22 RO
B

4) AR ok e ik DX IO A7 7 R R WL {EL G
X2 i DX SRR R BB, OS2I 2 ik [X 3k 4
e AU 2000, AR 728 A AN S 2 3 i ik DX s A
PN 1EE 3BT B2 VL A BT Gk (ol p =
AR R 5 1 XA Bl 1 R ) B AR 2R AEA 75 BRI

2o BRI AT IA 2 AR B S OK Tl e 1 22
2 A 1 15 2 X fih X Sl BB A g, L R
2 KR RO fioh DX S ABCRA AT

Wi, 01, ik, S5 ARNUH R I 26 R A 147 4 sh A R e M [ ] BLRAE 30, 2018, 42(9) : 85-89

CHEN Shuai, HOU Li, TANG Meng, et al. Dynamic contact characteristic analysis of cylindrical gear with variational hyperbola



#

34 BRI, 55 T Rt 22 S 0728 XSt 158 9 147 44 80 A D47 % L fof i e B e 23 - 687 -

and circular-arc-tooth-trace[ J ]. Journal of Mechanical Transmission, 2018, 42(9) : 85-89 (in Chinese)

[2] ¥ERE, X141, 25808, Ease-off BTE NI TG Fo R AL i1 [ ], A pg B T R2%24 4, 2020, 48(5) . 138-145
JIANG Jinke, LIU Zhao, PENG Xianlong. Optimization design of vibration reduction for hypoid gears with ease-off flank modifi-
cation[ J]. Journal of South China University of Technology, 2020, 48(5) ; 138-145 (in Chinese)

[3] LITVIN F L, FUENTES A. Gear geometry and applied theory[ D]. Cambridge: Cambridge University Press, 2004

[4] TSENG JT , TSAY C B . Mathematical model and surface deviation of cylindrical gears with curvilinear shaped teeth cut by a
hob cutter[ J]. Journal of Mechanical Design, 2005, 127(5) ; 271-277

(5] ZFHEHr, BRIesE, Bokit. #it 2 AR miT S RHA fe 1 shml ke vE A [ 1], FRKR =74, 2020, 43(10) : 29-37
LI Shixuan, CHEN Bingkui, CHEN Yonghong. Contact characteristics analysis of involute cylindrical worm and helical gear
transmission[ J]. Journal of Chongqing University, 2020, 43(10) : 29-37 (in Chinese)

[6] CHEN Z, ZENG M, FUENTES-AZNAR A. Computerized design, simulation of meshing and stress analysis of pure rolling cylin-
drical helical gear drives with variable helix angle[ J]. Mechanism and Machine Theory, 2020, 153; 103962

(7] FEHERY, J7otl, JRitRe. RHb s sebrili B oA B [T]. VUL TR 24, 2013, 31(6) : 921-925
JIANG Jinke, FANG Zongde, SU Jinzhan. Tooth contact analysis( TCA) of real helical gear tooth surface[ J]. Journal of North-
western Polytechnical University, 2013, 31(6) : 921-925 (in Chinese)

(8] Z5tle, WIBISC, Jrosfl. M ¥hMETE U i A T Vi e 1% 8l 28l Beit [ 0] Atz sl Ji2adi, 2014, 29(5) : 1216-1222
PENG Xianlong, HU Xiwen, FANG Zongde. Active design of face gear drive for modifying ease-off topology flank[ J]. Journal of
Aerospace Power, 2014, 29(5): 1216-1222 (in Chinese)

(9] Jatnfl, 77, ZR0E, S5, HEIE W Fe @I A LA J i S e i F2e i e [ T]. LK TR, 2020, 56(7) : 86-95
ZHOU Ruchuan, ZHAO Ning, LI Wang, et al. TCA and stress analysis of the face gear drive with a tapered involute pinion[ J].
Journal of Mechanical Engineering, 2020, 56(7) : 86-95 (in Chinese)

[10] BT, B, BN, & Wik ENNREZS )], PUfL3), 2019, 43(6) : 18-22
ZHAO Ning, ZHAI Jia, HOU Shaojie, et al. Temperature field analysis of grinding face gear[ J]. Journal of Mechanical Trans-
mission, 2019, 43(6) ; 18-22 (in Chinese)

(11] BRMS, XU, Wik fe 1L sh 2 iR BERFERT TS [ 1] HLWARLE SR, 2008(1) : 92-95
HE Peng, LIU Guanglei. Tooth contact analysis of face-gear meshing[ J]. Mechanical Science and Technology for Aerospace
Engineering, 2008( 1) : 92-95 (in Chinese)

[12] RS, 2T MATLAB 9IS IS4 i o tir [ ] HLARGRE, 2016, 38(2) - 410-413
DONG Shujing. Contact analysis of the spiral bevel gear based on MATLAB[ J]. Journal of Mechanical Strength, 2016, 38(2) .
410-413 (in Chinese)

(13] JRibe, Jrosfls, ity oLl ik 48 14 A B[ 1], Aias~#4lie, 2011, 32(3) ; 546-551
SU Jinzhan, FANG Zongde, CUI Yanmei. Tooth contact analysis on face gears with arcuate tooth[ J]. Acta Aeronautica et Astro-
nautica Sinica, 2011, 32(3): 546-551 (in Chinese)

[14] LIU G, FAN H. Pinion tooth surface generation strategy of spiral bevel gears[ J]. Chinese Journal of Mechanical Engineering,
2012, 25(4) . 753-759

[15] B&, Fost, 2258, % HCT Xl it fe fe shny e i oA [ 1], PEIETO K544, 2014, 32(3) « 475-480
WANG Xing, FANG Zongde, LI Shengjin, et al. Tooth contact analysis of HGT hypoid gear drives[ J]. Journal of Northwestern
Polytechnical University, 2014, 32(3) : 475-480 (in Chinese)

[16] ALdbAl, Jrodfl, TREE, A5, sa MR DURS v 00 o 06 8 047 Tr0 A8 S e fil A A [0 ] P L Tl K424 40, 2015, 33(2):
222-228
DU Jinfu, FANG Zongde, Ning Chengfeng, et al. Tooth surface modeling and contact analysis of Klingelnberg hypoid gear[ J].
Journal of Northwestern Polytechnical University, 2015, 33(2) : 222-228 (in Chinese)

(17] V0, XD, dKEmIEE , 25, s 9I00A Bl 06 e 3 i BNV o B2 A — il D ik [0 ] DLBRC A4, 2015, 51(5) : 64-70
JIANG Ping, LIU Guanglei, ZHANG Ruiting, et al. A method to control the contact pattern height of spiral bevel gears in avia-
tion[ J]. Journal of Mechanical Engineering, 2015, 51(5) ; 64-70 (in Chinese)

(18] skHist, T8k, ZRL0My. XU GIHNA 6 U 48 i el oA [ ). HLARISTE, 2011, 28(7) : 80-83
ZHANG Ruiliang, WANG Tie, LI Hongmei. Tooth surface contact analysis of the double circular arc tooth spiral bevel gear[ J].



- 688 - W odb T ok ko E R 540 ¥

Journal of Machine Design, 2011, 28(7) ; 80-83 (in Chinese)

[19] fyy, ¥ty SEREFIR A 48 M S PERE T[T ]. MLAAL 3, 2019, 43(11) : 102-105
HE Xin, CAO Xuemei. Analysis of meshing performance for equal base circle bevel gear[ J]. Journal of Mechanical Transmis-
sion, 2019, 43(11): 102-105 (in Chinese)

[20] Zem . [RSIIA B SN2k 147 Th1 1A e it D7 12 e i S R 0 A [ DL R R Tl R 2, 2019
ZHU Shengping. Design method and meshing characteristic analysis of arc tooth profile arc tooth surface gear[ D]. Tianjin:
Tiangong University, 2019 (in Chinese)

[21] B, By, BeBH, A5, Fek 7148 B KA 5 mOE 3OS 0 XA AR IR [ 1], U244k, 2016, 48(6) @ 119-125
ZHAO Fei, HOU Li, DUAN Yang, et al. Research on the forming theory analysis and digital model of circular arc gear shaped
by rotary cutter| J ]. Advanced Engineering Sciences, 2016, 48(6): 119-125 (in Chinese)

[22] BRbeZE, wfaik, Rk JCHEmh e i o mna e[ )]. U TR 224, 2014, 50(3) : 18-24
CHEN Bingkui, GAO Yan'e, LIANG Dong. Tooth profile generation of conjugate-curve gears[ J]. Journal of Mechanical Engi-
neering, 2014, 50(3) ; 18-24 (in Chinese)

[23] WANG X L, LU J W, YANG S Q. Sensitivity analysis and optimization design of hypoid gears’ contact pattern to misalighments
[J]. Journal of Zhejiang University-Science A( Applied Physics & Engineering) , 2019, 20(6) : 411-430

[24] BB, XBHUE, Bid, 55, FIELRRZ M HIMETE BRI R R BHE i 73 B [T ], PUAE Tl K427 4k, 2014, 32(5)
781-786
WANG Huiliang, DENG Xiaozhong, XU Kai, et al. Load tooth contact analysis ( LTCA) of helical gears using topographic
modification and installation errors[ J]. Journal of Northwestern Polytechnical University, 2014, 32(5) ; 781-786 (in Chinese)

[25] GUOR, WEI'Y Q, LIU Y P, et al. Analytical solution to contact characteristics for a variable hyperbolic circular-arc-tooth-trace
cylindrical gear[ J]. Mechanical Sciences, 2021, 12(2); 923-932

[26] BRUKIH, XB&kcl,, &, % LS BN HER R I T2H0T5[J]. PR, 2016, 52(01) : 20-25
WEI Bingyang, DENG Xiaozhong, TONG Angxin, et al. Surface synthesis method on generating parameters computation of spiral
bevel-gears[ J]. Journal of Mechanical Engineering, 2016,52( 1) ; 20-25 (in Chinese).

[27] BKUE, D8Rk, REH, A5, 28X B 914 LR BAL U 48 14 0 T SR oE [ 0] TRER A S HOR, 2017, 49(6) : 196-203
WEI Yongqiao, MA Dengqiu, WU Yang, et al. Study on the tooth surface and curvature characteristics of cylindrical gear with
variable hyperbolic arc-tooth-trace[ J]. Advanced Engineering Sciences, 2017,49(6) : 196-203 (in Chinese)

(28] XL, LT, 5L, S5, s I HE U 8 F M P RG22 e iR 22 BUBE BT[] =S & 3ifL, 2010(2) : 9-12
LIU Guanglei, FAN Hongwei, GU Jihong, et al. Sensitivity design of low noise and installation error for aero spiral bevel gear
[J]. Aeroengine, 2010(2) : 9-12 (in Chinese)



%5 3 1 BRI, 55 T Rt 22 S 0728 XSt 158 9 147 44 80 A D47 % L fof i e B e 23 - 689 -

Geometric contact characteristics and sensitivity analysis of
variable hyperbolic circular-arc-tooth-trace cylindrical
gear with error theory considered

WEI Yonggiao', LI Zeyu', LIU Yongping', GUO Rui', YANG Dong',

LUO Lan', CHEN Zhongmin®

1.School of Mechanical & Electronical Engineering, Lanzhou University of Technology, Lanzhou 730050, China;
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’

Abstract: Gear transmission characteristics are the most important research contents in gear transmission, and con-
tact characteristics are important factors that affect gear transmission performance. The establishment of tooth surface
contact analysis (TCA) model of a gear pair plays a guiding role in analyzing its contact characteristics. The rotary
surface equation of the variable hyperbolic circular-arc-tooth-trace ( VH-CATT) cylindrical gear cutter is obtained
with the large cutter forming principle, and the mathematical model of the gear tooth surface is established based on
the gear meshing conditions. With the influence of installation error on gear contact performance considered, a TCA
model with installation error was established. The influence of different installation errors and different design
parameters on the geometric contact characteristics and sensitivity of the gear pair is analyzed. The analysis results
show that the central distance error may affect the contact ratio of the VH-CATT cylindrical gear pair and that the
shaft parallelism error has a great influence on its transmission characteristics, greatly changing the size and position
of the gear pair contact area. The design parameters also affect the size and location of the contact area to various

degrees.

Keywords: variable hyperbolic circular-arc-tooth-trace cylindrical gear; gear contact analysis; installation error;

contact trace
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