Spiral cylindrique Courbes formées de deux arcs de cercle
avec courbes terminales Anisochronisme en position H

Spiral cylindrique avec courbes terminales : deux arcs de cercle
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)

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

Dimensions ép=0.09mm ha =0.334mm §$=0.03 mm2 Ro=5mm

Elinvar ps=8x10°m kg E=17x10""Pa G=6.538x 10" Pa

Partie cylindrique  ng:= 10.15 yp:= ns-360-deg  yp = 3.654 x 10° deg L:=Rp-yp L=318.872mm
rs(a) =Ry s(a)=Ro-(a-7x)  xps(@):=Ro-cos(a)  yos(a):= Ro-sin(a)

Courbe terminale externe
. 4 4 2 2 2
riy:=0.8 = racme[(Zr” - 1) - 4~(1 - r”) -7 Iy ~(1 - r”) ,r”}RO riy=0.832Ry

Tl
o=2rn;-Rp ro=0.665R, Po = arctan{ﬁ} Po = 82.695 deg It:= o Po + 7111
\Ro— 11

Xon(at) =-Rp+ r,,-(1 + cos(at)) y0t1(at) = rt1~sin(at)
Xorz(ﬂt) = ftz'COS(ﬁt) YOtZ(,Bt) = Iip-Sin (,Bt)
Courbe terminale interne ag = mOd(l//o + 7, 2~7z') ag = 234 deg Ly=2+ L

XOt’1(at’) = (RO — I+ r”-cos(at'))-cos(aB) - r”-sin(at')-sin(aB)
YOt'1(at') = (RO — I+ r”-cos(at'))-sin(aB) + rt1~sin(a,')~cos(a5)
thlz(,Bt') = r,z-cos(ﬂr)cos(aB + 7r) - rtz-sin(ﬂt')-sin(aB + 7[)
YOt'z(ﬂt') = r,2-cos(ﬂ,')~sin(a5 + 7[) + rtz-sin(ﬂt')-cos(aB + ﬂ)

Position du piton I'p = I ap = —ﬂo ap = -82.695 deg Xp = X0t2(ap) ypi= yOtz(ap)

Position du point — ry:=ny  ay(6) = Atan(xor2( o). Yora(Bo)) + 6 ay(0) = 136.695 deg
d'attache a la virole

xy(6) = rv-cos(av(e)) yv(0) = rv-sin(av(e))

Amplitude stationnaire du balancier 0 := 270-deg

Contrainte maximum

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

) ) E-l33 N
I33:= I rect(ép, ha) Wz := Wr rect(€p, ha) Omax = 700 Omax = 113.054 —
L-Wis 2
mm
Centres de masse
Partie cylindrique Zos(a) = xps(@) + i-Yps()
Yot
Ro
Cos = T'J Zos(@) da éos= Re(Cos)  mosi=1Im(os)  Eos=—-0.083mm 105 =-0.032mm
T
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Spiral cylindrique Courbes formées de deux arcs de cercle

avec courbes terminales Anisochronisme en position H

Courbe terminale externe
Zor1<0!t) = X0t1<at) + i'}’on(at) Zorz(ﬁr) = X0t2(ﬂr) + i'YOtZ(IBt)

1 Vg 0
Sot:=—" J 20t1(0!t)'ft1 da;+ J Zpip(B) 12 AP

It

0 - Po
- 10

Co=Re(Co)  nor=Im(Coy) Ey=9.073x10 "mm  ng=1.399mm
Courbe terminale interne
Zor’1(0!t') = XOt’1(at’) + i'yOt’1(at’) Zor’2(ﬁt') = X0t'2(ﬂt') + i'YOt'z(ﬂt')

1 7 Bo
Sor =~ J Zp1(a) 1y do + J Zopo(P) 112 AP

le Vo 0
Sor = Re(Cor)  nor = Im(Cor) Eor =1.132mm  por =-0.822mm

. 1

Centre de masse du spiral (o= f'(L'§0s + Iy Sor + I,-g“of) Cs=0mm

t

Premiére approximation de la déformée du spiral

Courbe terminale externe

Bt
7 . . 1B .0 . .
¢’0t2(/7’t) =5t P Zp:=Xp+iyp Z1t2<9aﬂt) =Zp+ Ity i-e 'eXP{I'f'[ﬁz(ﬂo + ﬂt)]:| dp
t
- Bo
(9 ﬂ) Li-rip P BrlL+ 9'ft2'(,30+,31) . ( ',b’) ) (6.0)
z ,Bi) = zp+ ————— | exp| i- —expl—i- z =2z ,
1t2 t P L+ 01y p L P 0 1C 12
1]

Ap1c(0) = f'rtZ'ﬂO A(/’1C(90) = 3.653deg

t

at
V4 . i-a't . 9 , ,
¢)0t1(at) =ap+ E AZ1t1<9, (Zt) = I1: I-e -exp I'f-l'”'at dat
t
0
Lt-ryq L+ Oy i-(491c(0)
AZ1t1(0, (Zt) =l exp|llap— | — 1 Z1t1(9, Oft) = 210(9) + AZ1t1(9, at)-e ( )
Lt+ 6'/}1 Lt
Partie cylindrique
[04

T r . L . a - i

pola) = a+ > Az45(0, a) = R0~J |~exp(|~a)~exp[l«0-R0‘ I j da
t
T
Rp-L; —a-Li— 0-Ry-a+ 0-Ry-x
Az..(0, a) = — | exp| —i- +1 Zia(0) = z444(0,
15(0, @) LT oR, p L 14(0) = 2341(0, 7)

It i-Ap 14(6)

A¢1A(9) = gf A¢1A(90) =13.608 deg 213(9, O.’) = Z1A(6) + AZ1S((9, (Z)‘e

t
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Spiral cylindrique Courbes formées de deux arcs de cercle
avec courbes terminales Anisochronisme en position H

Courbe terminale interne

at”
z,m(a, at') = Iy ( i-exp(i-a’t')-exp(i-ﬁ-%-a't'] da’y

] t

0
( ) r”'Lt 6'/}1‘1‘ Ll‘ ( )
Az4| 0, ap) = ——— | exp| i-ap——— | = 1 z.5(0) := 244 6, + 7 ag =234 de
11 t o Lo p|i-a L 18(0) = z15| 0, vo B ]
i-a1p(6)
(Z1B( 9) = Atan(Re(z1B(¢9)) , Im(z1B(¢9))) Z1t'1(9, at') = 215(9) + AZ1t'1(9, at')-e
By
( . 1 py .0 , ;
4‘21t'2(9,ﬂt') = ftz'J e -exp "f'(ftz'ﬁt') dp zyc(0) = z144(0, )
t
0
0 i-Ap1c(6)
Ap1c(0) = a1p(0) + IR Z442(0, X) = z10:(0) + Az1p5(0, X)-€
t
Graphe de la déformation
Forme naturelle
ng:= 201 J=0.m-1 Aoy:= ot = j- Aoy X1, = X0t1(at.) Yir, = y0t1(at.)
ng—1 J i J J J
Bo ,
APy = Br.=J- APt — Po Xtp, = Xorz(ﬂt.) Yio, = YOtz(ﬂt.)
ng—1 J J J J J
Xpi= Pi/e(Xt2,Xt1) Y= Pi/e(}/t2,)/t1)
. . Yo .
n:= 50-pan‘entlere(ns) +1 i=0.n-1 Ao = y oaj=rn+i-Aa
n —
xs,. = xOs(ai) ysl. = YOs(ai) X = pi/e(xt, Xs) Yo= pi/e(}/ta YS)
ar; = J-Aay Xt'1j = XOt’1(at’j) Yt'1j = YOt'1(at'j) Xg = Pf/e(XO,Xt'1) Yo:= Pf/e(}/o,}/tv)
ﬁt'j = J-ABy Xtz = X0t'2(ﬂt'j) Viz = YOt'z(ﬂt'j) Xg = Pi/e(Xo,Xt'z) Yo:= P”e(}/oa}/t'z)
s
2 2
ro:=+ Xo *+ Yo ﬂs = Atan(Xo, yo)
Déformée
_ _ _
Zygp = Z1t2(903ﬂt) Zy:= Zygp Zyg1 = Z1t1(9m at) zy:= p’le(ztdZaztm)
3 .
Zgq = 213(90 , 0{) Zy = pl/e(zd, st)
2 . 3 .
Zygp = Z1t'1(goa at') zy:= P'/G(Zdaztm) Zygp = Z1t'2(90aﬂt’) zy:= P'/G(Zdazt'dz)
—
Npt = dernier(zd) Xq = Re(zd) Yq:i= Im(zd) ry:= |zd| rg =3.314mm
npt
-
Ba = Atan(xq. y,) f, = 277.305 deg By =46.659 deg

npt

mod(ay(6p). 2 7) = 46.695 deg
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Spiral cylindrique
avec courbes terminales

270
ﬂS’ﬂd

Déplacement de la virole libre

Contribution de la partie cylindrique du spiral

Courbes formées de deux arcs de cercle
Anisochronisme en position H

mOd(l/lo,z-ﬂ) =54 deg

ro=3.324mm
ry=3.324mm

ay(0) = 136.695 deg
xv(60) = 2.28mm
yv(60) = 2.419mm

AXV = anpt - X\/( 90)
Axy = -5.476x 10 3 mm
Ayy = dept - yv(eo)

Ayy = —8.818x 10 > mm

Ss(a)
ss(@) == Ry-(at — 7) + Iy £(0, @) = i~€-exp(i~6~ SL ]
t
T+
0
Ag(0) = T'J 2os()fs(0, @) da Ag(60) =0.101 + 0.311imm
t T
o iz i‘(ﬂ'+l//0) _,92 Sg(a)
Approximation OA = Ry-e OB := Ry-e fs(0,a):= T-R0~exp i-0- L
t t
RO . - . 3
Ags(0) = T-[(.-fs(a,;z) ~F5(0,7)-0A + (-i-fs(0, 7+ wo) + Fs(6. 7+ o)) OB|
t
ot .0 2 et oL
Ro Ly Ly Ro 2 Ly Ly
Ags(6) =0 \-0A+e 0B) + —0"e \OA-¢e .0OB
t

Aas(60) = 0.1+ 0.309imm

Contribution de la courbe terminale externe

0
i-0 g
At2(0) = ITt'ftz' Zorz(ﬂt)'eXP(i'ft'Stz(ﬁt)j dpy
7= Po
i-0 (" .0
At1(0) = Tt'fm ZOt1(0‘t)'eXp{|'E'(&‘1(“2‘))} day
Y0
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Stz(ﬂt) = ftz'(ﬂo + ﬁt)

St1(at) = (ftz'ﬂo + ft1'at)

A2(60) = 0.122 + 0.148imm

At1(60) = -0.408 - 0.209imm
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Spiral cylindrique Courbes formées de deux arcs de cercle
avec courbes terminales Anisochronisme en position H

M (0) = Mq(0) + M2(6) At(60) = 0.285 - 0.061imm

Approximations

_ , Stz(ﬂt) —6? _ Stz(ﬂr)

ft2<99ﬁ1) =i-0-exp|i-6- f’tz(g,ﬂt) = —Ip-exp i-0-
Ll‘ Ll‘ t
re (© 21y (©
0g;2:= R ZOt2<:Bt) dpy 0gy = — ftz'/”t'ZOtz(ﬂt) dpy
Y- B e = po
1 5
t .
Agt2(0) = T l-fip(6,0)-0gy5 + f't2(9,0)-?-0g22 Aat2(60) = 0.123 + 0.148imm
t T2

2
ft7<‘9’ “t) = iﬂexp(i-@' s”(at)j f't1(9, at) = -7 -rn-exp(i-e- S”(at)j
Lt Lt Lt

T
It1 21y
O0gy1:= —- ZOt1(at) day O0gz1:= —— rt1'at'20t1(at) doy
e Jg 12 o
t
1 i
4 t .
Agt1(0) = T I-f1(6,0)-0gq4 + F11(6, O)-?-Og-‘,, Aat1(60) = -0.41 - 0.212imm
t “It1
Og; = Ogq;+ Ogsy Ogy;=9.073x 10 104+ 1.309imm  £,=9.073x 10 Cmm o= 1.399mm
Agt(0) == Agtq(6) + Aat2(0) Aat(60) = -0.287 - 0.064imm
Contribution de la courbe terminale interne St'1<0‘t') = oy + L+ | stlz(ﬂt') = Sp1(7) + ro P
(7T
i-0 0
A1(0) = IT 20,'1(at')-exp(i-f-st'1(at')j-rt1 day At"1(6,) = 0.207 - 0.409i mm
t t
70
0 ~Bo p
I ) .
Ay2(0) = - zOt'z(ﬂ,')exp(l-f «stlz(ﬂ,')j fp By At 2(6,) =-0.012 + 0.192imm
t t
0
Ay (0) = M 1(0) + Ay2(09) At*(60) =0.195 - 0.217imm

Approximations

, , 2 ’ '
ft’1(9’ at') = i-0~exp(i~9- i 1L(at)j f't,1(0, at.) = %‘rn‘exp(i.e. St 1L(at)j

t t t

T T
, It1 i 2-ry
0g9'11=—"| zor1(ar) day 0921=—- ry- g Zop1(ar) day
't Yo I “o
¢
1 2
. . t . .

Aat™1(9) := i ly-fr1(0,0)-0g 1 + ft'1(‘9,0)';'09 21 Aat'1(490) =0.21 - 0.409i mm

t It

t t t

. . 2 ’ ’
ft'2(9’ﬂt') = iﬂexp(i'@' i 2L(ﬂt)j f't'2(6’,ﬂt') = %nzexp(iﬁ > ZL(ﬂt)j
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Spiral cylindrique Courbes formées de deux arcs de cercle

avec courbes terminales Anisochronisme en position H
L e Fo L 2 po
0g’yz:= —- Zorz(ﬂt') dpy 0g 2= ——- ftz'ﬁt"zorz(ﬁt') dpy
e Jg 2 Yo
t
1 i
. ; t . .

Agt 2(0) = T ly-frp(6,0)-0g 2 + f,z(a,O)-?-Og 22 Aat 2(60) = -0.012 + 0.192imm

t t2
Og’;:= 0g'41 + Og 12 Og’; =1.132 - 0.822imm Eor =1.132mm 5y =-0.822mm
Aat’ (0) = Agt'1(0) + Aat'2(9) Aat’(60) =0.198 - 0.217imm
Contribution du spiral entier
M (6) == M(0) + Ag(0) + M (6) Aq(60) =0.011 + 0.033imm

uy(0) = Re(M(0))  v4(0) = Im(A1(0))  uq(00) =0.011mm  v4(85) =0.033mm

Approximation

AQ(0) = Agt(6) + Agg(0) + Agt’(6) Aq(60) = 0.011 + 0.028imm

Calcul des réactions

7Z'+l//0 V.4 O

1 2 2 2

p2ps = n Xos(@) -Ro da + X0t1(at) “Ipy dag + Xorz(ﬂt) “Ttp APy
t Vg 0 - Po

T ﬁO
1 2 2 2
P2ps := p2ps + T XOt'1(at') Ty dayg + X0t'2(ﬂt') “Trp dBy p2ps = 12.036 mm
t\’0 0

1 Yad ] T 0
2 2 2
q2ps = " J Yos(@) -Ro da + J YOt1(at) Ty dag + J YOtz(ﬂt) “Irp APy
t
-Bo

Vs 0
T ﬁO
1 2 2 2
Q20s == 9205 + —- J YOt'1(at') Ty day + J YOt'z(ﬂt') “Trp dBy q20s = 12.072mm
Le (o 0
Yo T 0
kos = n J Xos(@)-Yos(a@) Ro da + J X0t1(at)'YOt1(at)'ft1 dat + ‘[ Xorz(ﬂt)'}’om(ﬂt)'ftz dp
t\r 0 -Bo
T ﬁO
1 2
kos = Kos + R J xor1(ar) yors(ar) ry day + J xov2Be) Yor2(Br) iz Ay kos = -0.025mm
t 0 0
L (920 —kos , 4 (uro) , 9.614x 107 °
So= = P R (0):=S8y - ) R'(6p) = s
33 —Kos P20s v1(0) 2.985x 10~
5

|R"(60)| =3.136x 10" °N
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Spiral cylindrique Courbes formées de deux arcs de cercle
avec courbes terminales Anisochronisme en position H

Approximations

™Yo T 0
| a2 rodcs | (ol Pt | <|zOf2<ﬂf)|>2-rt2dﬁt]
0 = bo

T ﬂo
02:= 02+ —U (|zor1( )| )2'ft1 day + J (|20t'2(/7’t')|)2'ft2 d/”t}
0 0
) Elgy o [w(ﬁ)] 9.691x 10~ °
02 = 24.108 mm R (6) = —_— R"(6p) = N
L o2 {vi(0) 2.983x 107 °
5

|R"(6)| =3.136x 10" °N

Perturbation de période - spiral non déformé en position de repos

(s d N
X(0) = — 70) = d—HX(e) Delta( ) := mn J 1 60-cos(p))-cos(p) dg
0

1(6o) = ~86400-Delta( 6y) [1(180-deg) = 0.243 |

(|Aa(‘9)|)2 d 1 (77
10)=—X(0)  &(60) = 57— eo'J 700-c0s(p))-cos(¢) dg
0

0) = —
do

o2

|1a(180-deg) = 0.249 |

pa(0o) = ~86400-5,(69)  |ua(6) =0.184 |

Om = 180-deg, 190-deg .. 360-deg

0.2t
#(6m)
E( fm)
160
-0.2-
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