Spiral cylindrique Courbes de 2 arcs de cercle et une droite
avec courbes terminales Anisochronisme en position H

Spiral cylindrique avec courbes terminales : 2 arcs de cercle et une droite
Développement excentrique et anisochronisme en position horizontale
Déformations planes

Caractéristiques du spiral

|E| Référence :E:\Résonateur (TA)\Data\Bal_spiral cylindrique (ex num).mcd(R)

Référence :E:\Résonateur (TA)\Data\Définition Atan.mcd(R)

Dimensions 6p=0.09mm  ha=0.334mm S=003mm>  Ry=5mm  TOL=10 '2

Elinvar pe=8x 10° kg-m™>  E=17x10" Pa G=6.538x 10'°Pa

Partie cylindrique ng:= 1015  y,:= n,-360-deg  wo=3.654x 10°deg L= Ry-yp L=318.872mm
rs(a) == Ry s(a) = Ry (a—n) Xps(a) = Rp-cos(a) Yos(a) = Rp-sin(a)

Courbe terminale externe rr=0.5-Ry lt:== Ry + 7mrp ap=1x

xo1( ) = re (1 + cos(a)) you(ar) = resin(a) Xot2(X) = X Yotz(X) =1t

Xors(ﬁt) = —ft'(1 + S/”(ﬁt)) YOt3(ﬁt) = ft'COS(ﬁt)

Courbe terminale interne = mod(yy + 7,2-7) ag = 234 deg
Xor'1(at') = Xon(at')'COS(OfB) Yot1 ( ) ( 8) Xot2(X) = X0t2(X)'COS(aB) - yorz(X)'S/”(OtB)
yori(ar) = xori(ar)-sin(ag) + you(ar)-cos( ap) Yor2(X) = Xo2(x)-sin(eg) + yora(x)-cos( )
Xor’3(ﬁt) X0t3(,3t) COS( ) YOt3(,3t) S/”( )
yor’3(ﬁt) ( ) S/”(OfB) + YOts(ﬁt) COS( ) Le=2i+ L
Position du piton re:= Ry ap:=0 xp:= Ry yp:=0-mm
Position de la virole  ry:= Ry ay(6) := mod(ag + 7+ 6,2-7) ay(0) = 54 deg
xy(60) = rV~cos(aV(€)) yv(8) = rV~sin(aV(9))
Amplitude stationnaire du balancier 6o := 270-deg

Contrainte maximum

Référence :E:\Résonateur (TA)\Tables\Modules J, | et W des barres élastiques.mcd(R)

) ) E-l33 N
I33:= I rect(ép, ha) Wiz := Wr rect(€p, ha) Omax = 700 Omax = 113.054 —
L- W 2
mm
Centres de masse
Partie cylindrique Zos(@) := xps(a) + i-Yps(@)
Ry Yotm
Cos = T'J Zos(@) da éos:= Re(Cos)  mosi=Im(Cos) o5 =-0.063mm 105 =~0.032mm
w
Courbe terminale externe
Zon(at) = X0t1(at) + i'}/on(at) Zpta(X) = Xor2(X) + i-Yor2(X) ZOts(ﬂt) = X0t3(ﬂt) + i'YOta(ﬂt)

SC avec CT_2AC&D - Déformation et anisochronisme en pos H.mcd 1/8



Spiral cylindrique Courbes de 2 arcs de cercle et une droite

avec courbes terminales Anisochronisme en position H
i 5
ﬁ — It 2
1
Cot= T J zo11( ) 1y dey —J Zpp(x) dx + J 203(8y) 11 By
t\7o rt 0
Sor=Re(Co)  mor=Im({oy) Sot=0mm not=1.945mm
Courbe terminale interne
ZOt’1<at') = th’1(at’) + i'}’or'1(0!t') Zppo(X) := Xop2(X) + i-yor2(X) Zor’s(ﬂt’) = Xor’s(ﬁt') + i'YOt's(ﬁt')
i z
f 2 -1 2
1
Sot = T J Zor’1(0!t')'ft day —J Zppro(x) dx + J Zor’3(/”t')'ft dpgy
t{“o rt 0

Sor = Re(or)  nor = Im(&or) Eop =1.573mm o =-1.143mm

. 1
Centre de masse du spiral ls= f '(L'COS + 1 Cop + /t'§0t') =0mm
t

Premiére approximation de la déformée du spiral

Courbe terminale externe

at
i , [ . da (N
(l)oﬂ((lt) = o+ E Zp:=Xp+1'yp Z1t1(9, at) =2Zp + I't"J 1-e -exp |'49'r'at dat

t

0
, (0 ) St I’t~Lt exp : at'Lt"r H-rt~0(t 1
,ay) = : —_ " |-
R : P Ll‘+ 9~rt Lt

X

.0 ; ,
Dot2 = 7 AZ1t2(9,X) = exp{l-f-(r, - X ):| ax
¢
It
Ly X -1 o
AZ410(0,X) = i-—-| exp| —i- -0 -1 Z1c(0) = z444| 60, —
1t2(6, X) 5| &P L 1c(0) = Z144 5
9 T i-Ap1¢c(0)
Ap1c(0) = T A¢1c(90) =3.077 deg Z42(0, X) = z1c(0) + A2112(0, x)-€
t
Bt " p
T . Pt . . .
(00t3(ﬂt) =pr+ Py A21t3(9,ﬂt) =rn| e 'eXp|:|'f'(rt‘ﬂt):| dpy
¢
0
( ) rt'Lt Lt+ H-r, ( )
Az443( G, = -l exp| i- B -1 Z1p(0) = z440| €, —1
13\ 0, Bt L+on p|i-Bt L 10(0) = Z412 t
) Vs
"(44010(9)7]

o 7
Ap1p(0) = —- - Ro A¢’1D(90) = 6.995deg Z1t3(‘9aﬂt) = z1p(0) + Az1t3(6»ﬂt)'e
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Spiral cylindrique Courbes de 2 arcs de cercle et une droite

avec courbes terminales Anisochronisme en position H
Partie cylindrique
o
. .z ( : . . a - .
pola) = a + E Az45(0, a) = RO-J |-exp(|-a)-exp[|-9-R0- . j da
t
T
RO'LI‘ —O!'Lt—H'RO'O.’-i- H'Ro'ﬂ' Vi
Az44(0, @) = — | exp| —i- + 1 Za(0) == z443] 0, —
15(0, @) L+ oR, p L 1a(0) = Z13 >
It i-Ap 14(0)
Ap1a(0) = 0 Ap1a(6p) = 10.072 deg 215(0, &) = z14(0) + Az15(0, @) -€
t

Courbe terminale interne

at
Az1t'1(¢9, at,) = rt-J( i-exp(i-a',')-exp(i-e-%-a}j da’y
t

0
( ) I’t~Lt H-I’t + Lt ( )
Az44| 0, o) = [l expl|i-ap—— | -1 z.5(0) == z44( 0, + 7 ag = 234 de
1t1 t ot L, p| -y L 18(0) = 215\ 0, wo B ]
i-ayp(6)
a1p(0) = Atan(Re(z45(0)) . Im(z15(0))) 214(0. o) = 215(0) + Az4p4(0. )€
L X —r z
AZ440(6,X) = i-—-| exp| —i- 01 -1 Z1c(0) = z444] 0, —
1t2(6,X") 5| &P L 1c7(0) = Z444 5
i A 1c40)
Ap1c(0) = a1p(0) + Ap41c(6) Z149(0,X) == Z1c(0) + Az32(0, X)-€
( ) I‘t~Lt Lt + H'rt ( )
Az 0, By) = — | exp|i-fyr-——— | — 1 Z1p(0) = z440\ O, -1
13\ 0. Bt L+on p|i-By L 107(0) = Z32 t
. Vs
o [ 7 I-(A@m'( 6)4—)
t 2
Ap1p(0) = Tl Ro| + a18(0) Z1t'3(9,ﬂt') = z1p(0) + AZ1t'3(49,ﬂt')'e
t
Graphe de la déformation
Forme naturelle
. m .
ng:= 201 J=0.n-1 Aday= —F—= o =] A X1 = X0t1(at.) Y1, = YOt1(at.)
2~(nt - 1) J J J J J
. 2'ft . .
Xj= =) Xiz, = XOtZ(Xj) Viz, = YOtz(Xj) Xg = P’/e(xmxtz) Yo:= p’le(YHaYtZ)
.
ﬂtj = J-Aay Xt3j = X0t3(ﬂtj) Ytsj = YOt3(ﬂtj) X¢i= P”e(Xo,th) Yii= P”e(YO,Yts)
L ) Yo .
n:= 20~pan‘ent/ere(ns) +1 i=0.n-1 Aa = p aj=r+iAa
n —
Xsl. = XOs(ai) YSI. = YOs(ai) Xp = pile(xt, Xs) Yo= p”e(}/ta YS)
ar; = J- Aoy Xe1,= XOt'1(at'j) Yer = YOt'1(at'j) Xg = P”e(Xo»Xt'1) Yo= pile(YO»Yt'1)
Xt = XOt'Z(Xj) Viz;= YOt'z(Xj) Xg = Pile(Xo,Xt'z) Yo:= pile(YO»Yt'Z)
ﬂt'j = J- Aoy Xts, = Xor’3(ﬂt'/.) Ve, = YOt'3(ﬂt'j) Xg = Pile(Xo,Xt'g) Yo:= p”e(YO:Yt's‘)
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avec courbes terminales

—
2 2
fo:=+/Xo + Yo Bs = Atan(xq. yo)
Déformée
—_—

Zyy1 = Z1t1(90, at) Zidz,; = Z1t2(‘90» Xj)

_

Zgy = 213(90, a) Zy:= pile(zd,zsd)
-

Zygp = Z1t’1(90’ at') zy:= p”e(zdazt’d1)
_

Zrgs = 213(00. Br)  Zq:= pile(zq. z¢qs)

Xq = Re(zd) Yqi= Im(zd) ry:
_
Pa = Atan(xd, yd) 'Bdo =0deg

Spiral cylindrique

zq = pile(z1 . Zia)

—_—
2z = 21200 X)

Courbes de 2 arcs de cercle et une droite
Anisochronisme en position H

thsj = Z1t3(9o, ﬂtj)

Zy:= pile(zd , Zt'd2)

Npt := dernier (zd)

e,
pt

Poa =323.924 deg
npt

Déplacement de la virole libre

Contribution du spiral sans ses courbes terminales

Ss(a) = Ry (¢ — 7) + I

ss(a)
fs(g,a):=i~9~exp(i.g. - j

=5.022mm

Zy:= pile(zd , th3)

mod(ay/(6p).2-7) = 324 deg

mod (.2 7) = 54deg

rp=5mm

ry=5mm

ay(0) = 54deg

xy(8p) = 4.045mm

yv( 90) =-2.939mm

AXV = Xq
n

- X v( ‘90)
pt

Axy = 0.014mm

Ayy = dept - YV(HO)

Adyy =-0.018mm

t

. Yo
Ag(0) = —j Zos(@)-f5(6, @) da Ag(6) = 0.093 + 0.286imm

Lt;r

T

Approximation OA = R0~ei'

OB = Ro'e

i~(7r+(//0)

2

-0
f's(é?, 0() = T~F\’0-exp

t
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Spiral cylindrique Courbes de 2 arcs de cercle et une droite
avec courbes terminales Anisochronisme en position H

R
Aas(0) = To-[(i-fs(e, )~ Fs(0, 7)) OA+ (<i-fs(0, 7+ wo) + Fs(0. 7+ wo))-OB]
t

ot ot T ot
RO Lt Lt RO 2 l—t Lt
Ajg(0) = —-0-e \-OA+ e -OB) + — -6 e \OA-e -OB
as L 2

t I—t

Aas(60) = 0.093 + 0.285imm

Contribution de la courbe terminale externe

(2
M1 (0) = e rt-J zoﬁ(at)-exp(i-fe-rt-atj day At1(60) = -0.091 + 0.217imm
t t
0
. 1t
M2(0) = IL—Q ( zO,z(x).exp{i.fe.(rt.g + - xﬂ dx At2(90) =-0.168 — 0.015imm
t t
|
z
i-0 (2 .0 V3 .
M3(0) = T-r,-J 20t3(,b’t)-exp |-f- r,-z + 21+ 1B || dBy At3(90) =-0.051 - 0.229imm
t t
0
A¢(0) == M1 () + M2(6) + M3(0) At(60) = -0.31 - 0.027imm
Approximations
syla _&? syla
s”(at) =l f”(é?, a,) =1i-0-exp|i-6- ”( t) f'”(é, at) = i-rt-exp i-9- ”( t>
L Ly Ly
z z
It ﬁ 21y (2
Ogy11:= /—J ZOt1(at) day 0g21:= —2J ”t'at'Zon(at) day
t Jo 1c Yo
1 i
t
Aat1(0) = T l-fi1(0,0)-Ogqq + f'”(H,O)«;-ng, Aat1(90) = -0.091 + 0.217imm
t Ty
r _ ( StZ(X)j ) 0 ( Stz(X)j
Spp(X) =r—+nr—Xx fo(6,x):=i-60-exp|i-6- f(8,x) = —-exp|i-0-
2 L L L
1 (" 2 ("
0g1z = /—J Zpgp(x) dx 097, = _ZJ' X-Zp2(X) dx
tJ_n I~ 7-n
1 P
t
Agt2(0) = T l-fio(0,0-m)-0gqa + F12(0, 0~m)~?~0g22 Aat2(90) = -0.168 - 0.015imm
t

sl p P Se3\
St3(ﬂl‘) = (rté[ + 2'/} + rf,b’,j ft3(9,ﬂt) = leexp(lﬁ t3L(t t)j f,t3(6:ﬂt) = Tt.rt‘eXp(i.g‘ t3li t)j
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Spiral cylindrique Courbes de 2 arcs de cercle et une droite

avec courbes terminales Anisochronisme en position H
7[ y—
Iy 2 2'rt 2
0gy3:= —'J Zor3(ﬁt) dpy 0923 = —2J ft'ﬂt'ZOta(ﬁt) dp
It Jg 12 7o
t
1 i
. t .
Agt3(0) = T Iy-f3(6,0)-0gyq3 + Fi5(6, 0).;-0923 Aat3(00) = -0.051 - 0.229imm
t Tt
Og;:= Ogqs + Ogq2 + Ogq3 Og, = 1.945imm Eot=0mm not=1.945mm
Aat(9) = Agt1(0) + Agt2(9) + Aat3(0) Aat(00) = -0.31 - 0.027imm
Contribution de la courbe terminale interne st'(at') =rrap+ L+ ap =234 deg
i-0 "E o
A 1(0) = - zot'1(a,')~exp(i-f~st'(at')j 1y dag At"1(6,) =-0.093 - 0.216imm
t t
Y0
~lt
i-0 . .0 T . i .
M 2(0) = T Zopo(X)-exp |-f- Sy 5 +rp—x"|| dx At’2(90)=0.127—0.111|mm
t t
J_ rt

(2
A¢3(0) = 'L—QJ( ZOt'3(ﬁt')~exp{i-f9-[st'[g) + 2+ rt-ﬂ,ﬂ-r, dpy At"3(0,) =0.201 + 0.122imm
t t

Ay (0) = M 1(0) + Ay2(0) + A 3(0) At*(0,) = 0.235 - 0.205imm

0

Approximations

e 2 A e
St"l(at') =L+ /t + Ity ft'1(€, Olt') = |69Xp(|9 > 1L(at)} flt'1(9, C(t') = %-ﬁ-exp(i'e' i 1L(at)]
t t t

z z
. It f2 ; 2-r (2
0g'11:= —'J zop1(ar) day 0971 := _ZJ o zor1( ) deyy
t
0 12 Yo
1 I
. . t . .
Aat 1(0) = n It-f1:4(6,0)-0g11 + F4(0, 0)';'09 21 Aat 1(60) = -0.093 - 0.216imm
t 1t

. 7T . o S2(X)) , N o Spe(x))
Spo(x7) = rt-E+L+/t+ r— X fro(0,x):=i-0-exp|i-0- il fttz(e,x)::Texp i-6-
t t t

rt It
0g'yz:= Ilj Zppo(x7) dx” 0g ;= %J X"-Zpp2(X") dx”
ti-n Iy Y—r
1 12
Aat'2(0) = E-(/t-f,,z(e, 0-m)-0g 12 + F2(6, O-m)~?-0g'22J Aat 2(00) = 0.127 - 0.111imm
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Spiral cylindrique Courbes de 2 arcs de cercle et une droite
avec courbes terminales Anisochronisme en position H

St ﬂ g 92 Sy IB ,
sea(Br) = sea(-n) + reBr fr3(6, Br) = i~€-exp£i~€~ tsf t)j fes(0,Br) = T'ft'eXP(Pﬂ t3L( t)j

t t t

T T
] It (2 .2 r2
Ogy3:= I_J Zor’s(ﬁt') dpy 0g 3= —2J ft'ﬂt“zom(ﬁt') dpy
t“o = Jo
1 I
. . t . .

Aat'3(t9) = f ltft3(6’,0)Og 13+ ft'3(€’ O);Og 23 Aat'3(90) =0.201 + 0.122imm

t It
Og’y:=0g711+ 0g'12+ Og 43 09’y =1.573 - 1.143imm o =1.573mm  ngr =-1.143mm
Agt’ (9) = Aat’1(0) + Agt'2(0) + Agt 3(9) Aat'(eo) =0.235 - 0.205imm

Contribution du spiral entier

M (6) = M(0) + Ag(0) + Ay (0) Aq(6,) =0.018 + 0.055imm

Uy () = Re(A1(9)) v, () = /m(A1(9)) us(05) =0.018mm  v4(85) = 0.055mm

Approximation

AQ(0) = Agt(0) + Ags (0) + Aat (0) Aa(60) =0.017 + 0.053imm

Calcul des réactions

w T
o (2 t 2
2 2 2 2
P2ps = m J Xos(a@) -Rp da + J X0t1<0‘t) Ty dag + J Xot2(X) ~ dx + J Xora(ﬂt) Iy dpBy
t T 0 - ft 0
T w
ﬁ It fz
1 2 N2 . 2 2
P2ps = P2ps + m J XOt'1(at’) rpday + J Xot2(X') dx"+ J X0t'3(ﬂt') ry dpy P2ps = 12.332mm
t 0 — I 0
w T
1 ™Yo ’ 2 ) It ) 2 )
q2ps = m J Yos(a) -Rp da + J y0t1<0‘t) Ty dag + J Yor2(X)~ dx + J YOta(ﬁt) I dpBy
t T 0 - 0
i i
ﬁ It 2
1 2 N2 . 2 2
q20s = q2ps + N J yori(er) - doy + Yor2(x') " dx” + J yora(Be)” re dpy q20s = 11.977 mm
t 0 - 0
. (Yo
kos = ZJ Xos(a)-Yos(a)-Ro da
t T

T

1 2 It E
kos = kos + T X0t1(0‘t)'y0t1(at)'rt da;+ Xot2(X)-Yotz(X) dx + X0t3(/5't)'l/0t3(ﬁt)'ft dpy
t{70 -r 0
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Spiral cylindrique Courbes de 2 arcs de cercle et une droite
avec courbes terminales Anisochronisme en position H

T

T

2 It 2
kos = kos + T f XOt’1(at’)'YOt'1(at’)'rt day + J Xot2(X)-Yor2(x") dx” + J' X0t'3(ﬂt')'}’0t'3(ﬂt')'rt dpy
r, 0

t170

L 920s —Kos i 1 us(0) i 1.7 x 1075
R(0)=S, - R(6p) = N
v1(0) 4822x 102

E-l33 \ —kos P2ps
SN

So:
|R"(65)] =5.113x 10°

T

2
(|ZOt2(X)|>2 dx + J (|20t3(ﬂt)| )z'ft dp

’ Yo It
o2:=—- J (|Zos(a)|)2'R0 do + (|20t1(at)|)2-rtdat+J
0 — It 0
VA

Approximations
T
2

T

2 It 2
1
02:= 02+ f f (|20t'1(0,’t')|)2'rt dat' + J (|ZOt'2(XI)|)2 ax’ + J' (|Zor'3(ﬂt')|>2'rt dﬂt
0

t 0 _rt

2 Eiz 2 (u(0)) 1.578x 10
02 =24309mm° R’(0):= — R*(6p) =
L a2 vi(0) 4.858x 10”

5
5

N
5

}N |R"(60)| =5.108x 10”

Perturbation de période - spiral non déformé en position de repos

2
o (810)) 0=9x@)  Delta(g5) = — Jz'ﬂ (¢ ) d
(0) = s 4 ).—d—g () eta\0o) = 5 oy ; N 0o-cos(9))-cos(¢) do
u(65) = ~86400-Delta( 0,) (180 deg) = 0.157 |
2
X(6) ._M (6) := d_X(g) ) (9)-— il .JZ‘” (9 -cos( ))~cos( ) d
= o2 Y ._d9 a\lo) = 2.7-0p . N Go 4 Q) ao
#a(00) = ~86400-5,(69)  |ua(6) =0.398 | |14a(180-deg) = 0.157 |

O, := 180-deg, 190-deg .. 360-deg

1.5T

150 200
Oy deg
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