Spiral plat Courbes externe et interne
avec courbes terminales Influence d‘une retouche des courbes

Spiral plat avec courbes terminales externe et interne
Influence d'une déformation des courbes terminales
Calculs numériques et approximations de Haag

Caractéristiques du spiral

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

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

Dimensions ép = 0.03mm ha = 0.15mm S=45x10 °mm>  TOL=10 2
d2,, — dg
a2, = 4.52mm dy:=11-mm dg:= 1.312:d1gp Psp =0.135mm Nsp = 2—
‘Psp

Nsp 3
L:= 7z~7~(d28p + dB) L=10.674cm Wo = 27 Ngp wo=4.102x 10" deg
Position du point de raccordement sur le spiral ap=r1 ra:=0.5-d2, Zp = rA.el'aA
Forme initiale du spiral

Psp .
a:= —” rs(@) :=ra — a-(a - aA) Xps(@) = rg(a)-cos(a) Yos(@) = rs(a)-sin(a)
1 2 2 a 2
S(a) = _'(rA —rs(a) ) S(a) = rA-(a—aA)——~(a—aA)
2-a 2
E| Référence :C:\Résonateur (TA)\Tables\Modules J, | et W des barres élastiques.mcd(R)
I33:= It rect(ép, ha)
Courbes terminales
Courbe terminale externe
, 4 4 2 2 2
ry:=0.8 I'pp = racme[(2-rt1 - 1) - 4-(1 - r”) -7 Iy -(1 - r”) ,r”]-rA rpp = 0.832ry
7T-Ipn
rtz(r”) =21y —Ip po = arctan| ——— Po = 82.695 deg lt(r”) = rtz(rt1)~ Lo+ 7y
2'(rA = rph)
Xon(fn, Oft) =rp-rhgt ft1'COS(at) Y0t1(ft1, Oft) = ft1'3i”(at)
, i-
Xorz(fn,ﬁt) = —ftz(fn)'cos(ﬂt) yorz(fmﬁt) = —ft2(ft1)'3/n(ﬂt) OA:=rse "
Courbe terminale interne ag = mod(yy + 7,2-7) ag = 322.4deg rg:= 0.5-dg
B=121.deg By := racine| p-(y2-sin(B) - 1) + sin(p)-cos(B), Bl Bo=121.21deg
's

rppi=———— r'pp=0.597mm lt'(rt') =1r-2-f lt'(r’ph) =2.524mm

\/—2~sin(,b"o)
XOt’(rt’, at') =Ig—Iy+ rt"COS(O!t') YOt'(rt', C(t') = rt"Sin(O!t')

i-| 7w
OB = rg-e ( ) Lt(r”, rt') = /t(r”) + L+ /t'(rt')
Graphes
ng:= 201 J=0.nmn-1  Aap:= at = j-Aay Xt = Xon(fpm at.) Yt = Yon(fpm at.)
ng—1 J J J J J
Bo _

APy = Br.=JABt Xz = X0t2(rPhu8t.) Yio, = Y0t2(fPh,ﬂt.)

ng—1 J J J J J
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Spiral plat Courbes externe et interne

avec courbes terminales Influence d'une retouche des courbes
S
, , 2 2
Xy = pile(Xy, Xiz)  Yy:= pile(Yy, Yio) roei= A Xi© + Y, fr:= Atan(Xq, Yy)
; S
2-fo . , , 2 2
Aay = ay = j-Aay Xy = Xor’(f Ph at’.) Y = Yor’(f Ph at'.) ot ==+ Xt + Y¢
ng—1 J J J i J
_
By = Atan(Xy, Yy)
90
120 60
150 30
Tot
mm
180 0
Tot'
mm
210 330
240 300
270
Bt. Bt

Perturbation de période en position horizontale
Cas de courbes de Phillips

Parameétres de la courbe terminale externe

Zon(fn’ Of) = Xon(fn, Of) + i'y0t1(rt17 Of) Zorz(fm 06) = X0t2(rt17 a) + i'YOtz(fm Of)
1 T Bo
Z1(ft1) = J 20t1(ft1, a)'fn da + J ZOtz(fn,ﬂ)'ftz(fn) dap|—i
r'a 0 0

po1:= |Z1(ren)| po1:= arg(Z4(rpn)) po1=0

Bo

1 T
Zz(fn) =3 J ft1'06'20t1(ft1, a)'fﬂ da + J (ft1'ﬂ+ ftz(fn)'ﬂ)'zmz(fﬂ,ﬂ)'ftz(fm) dag|+ 1
r'a 0 0

P02 = |Z2(rph)| Po2 = arg(Zz(rph)) |(p02 =147.579 degi
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Spiral plat Courbes externe et interne

avec courbes terminales Influence d'une retouche des courbes
Parametres de la courbe terminale interne
ZOt'<rt', a) = XOt'<rt', O!) + i'YOt’<"t’, a)
] 280
Z’1 (ft') = _ZJ Zor'(ft', 6()'/}' da —i p’1 = |Z’1(r'ph)| (0’1 = arg(Z'1 (I”ph))
s 0
|¢'1 =-25.264 deg|
] 280
ZlZ(’-t') = —3 J ft“a’-ZOt'(ft', O!)-I’t' da + 1 p'2 = |ZI2(r’ph)| (012 = arg(Z'z(r'ph))
s 0
po=1.074 072 = 145.651 deg

Modifications de la forme des courbes terminales

Valeurs de test x7:=1.02 x,:=0.98 Ieg = Xq-fpp Iy i= X2-r'pp

,01("t1) = |Z1(ft1)| ¢1(ft1) = afg(z1(ft1)) pz(fn) = |22(ft1)| ¢2(ft1) = arg(Zz(rﬁ))
|o1(r1) = 168.521 deg lp2(ry) = 1.274 | |02(rr) = 156.245 deg
pi(n) = |Z4(r)] o1(r) = arg(Z'4(rr)) pen) = |Z2(r)|  o2(r) = arg(Z72(r))
p'1(rv) = 0.079 os(r) = -30.008 deg lo2(r) = 0.871 | 02(rr) = 139.091 deg

Calcul numérique de la perturbation de période

Wa(re. 1. 0) = i'(rA'm(fn)'e_ orlr) + 2-a> +

2> po(r)e i’(pz(r”)} -exp(zml”?) .0A

i Lt(fm rt’) (11, rt)
_. . |(ﬂ I 2 |¢) I . /t(r”) + L
WB(rn,rt', 9) = _|-(rB-p 1(rt')-e 1( t) - 2~a) - L,(r”,rt') ‘g p 2(rt')-e 2( t)}exp(lﬂ- Lt(r”,rt')j.OB
6 _
w(r”,r, 0) = L,(r”,ry) -(WA(I‘”,I}', 9) + WB(r”,r,', 9)) w(r”,r,', 490) =9.093x 10 3 + 0.026imm
2
rp +n wlri, hy, 6
o2 := A > 5 o2 = 2.814mm2 Xw(r”,r,', 49) = (| ( ”O_; )|) yw(r”, ry, 6) = Z—eXw(r”,rt', 6)
1 2.
Ol 1t 00) = 5 J Yulrer. 1+ 89-c08( ) -cos(p) dp
0

,LIH(X,X’, (90) = —86400-5H(x-rph,x'-r'ph, (90) |/JH(X1 , X2, 60) =1.321 | |/.IH(X1 , X2, 180deg) =0.779 |

Solution analytique

A1 (ft1,ft') = [fA4'P1(ft1)2 + fB4'p'1(ft')2 + 4'8'(fA3'p1(ft1)'003(¢1(ft1)) - fB3'p'1(ft')'COS((M(ft'))ﬂ

A(r”,rt') = ! > -[A1 (r”, rt') + 4~a2-(rA2 + rB2)J
Lt(rthrt’)
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Spiral plat Courbes externe et interne
avec courbes terminales Influence d‘une retouche des courbes

3 ( 6 2. 6 2)
— 4 T 'Pz(fn) +IB p 2(0’)
2'Lt<rt1, rt')
C1(r,1,rt') = 2~a-rA-rB-(rB~p’1(rt')-cos(yxo + (p'1(l}')) - rA~p1(r,1)-cos(¢/0 + <p1(rt1)) - 2-a~cos( 1//0))

2

B(f” , I’t') =

C(fmft') = > '(C1(fr17ft') + fA2'f32'P1(ft1)'p'1(ft')'COS(l//o + <ﬂ1(ft1) + (P'1(ft')))

Lt(fm"t')

D1("t1,ft') = "A"’52'P1(ft1)'/3'2(ft')'003(1//0 + ¢1(ft1) + ¢'2(ft'))

D2("t1,ft') = D1(ft1,ft') + fA2'fB'P'1(ft')'Pz(fn)'COS( wo + <ﬂ'1(ft') + ¢2(ft1))

2-rp 1
D(rs. 1) = e 3 '[D2(ft1, r) + 2'3'(f52'/?'2(ft')'003( wo+ p2(r)) - fAz'Pz(fH)'COS(V/o + ¢2(ft1))ﬂ
Lt(fm"t')
2
K(res. re) = 'fA3'f33'Pz(ft1)',0'2(ft')'COS(l//o + ¢2(re) + 02())

Lt(fn , ft')4

F(x):= JO(x) — x-J1(x) H(x) = x~(1 + x2>-J1(x) - 2~x2-J0(x) G(x) = —x-(J1(x) + x-JO(x))

1
ﬁaH(rt1’ Iy, 90) = E'(A(I’ﬂ, f't') + B(r”, I’t')~902 + C(l‘ﬂ, rt')-F(HO) + D(f”, rt')~G(90) + K(fn, rt>H(90))

Hati (X, X, 8o) = ~86400- Sapy (X-r, X r'pn, 00) [pari(x1. %2, 00) = 1.308 | [uars(x7, x2, 180-deg) = 0.763 |

Courbes Phillips

tapn(80) = ~86400- ot (rpn, r'ph, 6) |zapn(60) = 0.796 | |4apn(180-deg) = 0.363 |

Om:= 100-deg, 110-deg .. 360-deg x;:=1.02 x,:=0.98

100 150 200 250 300 350 400
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Spiral plat Courbes externe et interne
avec courbes terminales Influence d‘une retouche des courbes

Déplacement du centre de gravité

Modifications de la forme des courbes terminales k= 0.372
. s
s Iqg.L(r, rt) d
. t1-1t”
fg(r”,r,', 0,3) = {I + |~9-[m - Kﬂ-e ! fg1(r,1,rt', 9,3) = ;fg(fna"t" o, s)
ng(I’”, Iy, 9) = fg(l’”, Iy, 6,/t(l’t1)) ng(I’ﬂ, Iy, 9) = fg(l’”, Iy, H,It(l’”) + L)

fg1A(rt1’ I, 9) = g1(rt17rt" H’It(rﬂ)) fg1B(rt1: I, 9) = g1(rt17rt': 9’/t(ft1) + L)

- i'¢’1(ft1) - i'f/’z(fn)

§at(ft1,ft', 6’) = [(fA'm(fn)'e + 2'3)'ng(ft1Jt" 9) - fA2'P2(ft1)'e 'fg1A(rt1:rt's Hﬂ'OA

ga,f(r”,rt', 9) = [(rB-p}(rt')-elw 1(&') - 2-a>~ng(r,1,rt', 9) + r32~p’2(rt')~el'¢ z(rt')fg,B(r”,r,f, Hﬂ-OB
1

Le(x-rpp, X" pp)

Ca(x,x",0) = '(§at(X'fPh7X"f'Ph’ 9) + §at'(X'fPh,X"f'Ph’ 0))

Courbes Phillips Capn(0) = Co(1,1, 0)

Graphes du déplacement du centre de gravité

ni=201 i=0.n-1 A6= n4'_”1 0= 27+ 1:40 Eopn = Re(apn(01))  napn = Im(apn(61))

Sor,= Re(Calx1.1.0))  ner = Im(¢a(x1.1.0)) oz = Re(Sa(x2.1.0))  7e2. = Im(Ga(x2.1. 6}))

&, = Re(a(1,x1, 61)) nir, = Im(&(1,x1, 6))) S, = Re(a(1,x2, 61)) Niz, = Im(&a(1,x2, 67))
\ 0.017

0.01

‘0.0’/“

Se1 Se2 St Sz Sapn

b b b b
mm mm mm mm mm
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Spiral plat Courbes externe et interne
avec courbes terminales Influence d‘une retouche des courbes

Perturbation de période en position verticale

Modifications de la forme des courbes terminales

(1.1, 0. 5) = - K’C_;)JO(QO.LJ_l.ﬂ(go. s ﬂ
Lt(fn ; "t') Lt("n ; ft') Lt(fn ; ft') o Lt(r” ; "t')

f1(rt1,r,', 00,3) = if(r”, re, g, s)

fA<ft1, Iy, 90) = f(f”, Iy, 00, /t(f'”)) fB(r”, Iy, 90) = f(r”, Iy, 90, /t(f'”) + L)

f1A(rt17rt’7 6’0) = f1(ft1,ft', o, /t(fn)) f1B(rt17rt’7 9) = f1(ft1’ 1y, 0o, /t(fn) + L)

*i'¢>1(ft1) *i'wz(fn)

Za1<rt1’rt" 90) = [(fA'm(fn)'e + 2'a>'fA(ft1Jt" 90) - fA2'P2(ft1)'e 'f1A(ft1,ft" 90)}'0/\

i'cﬂ'z(ft')

Za2<rt1’rt" 90) = [(fB'PH(ft')'ew ) - 2'a>'fB(rt17rt'7 90) + fBZ'P'z(ft')'e 'f1B(ft1,ft" 90)}'03

1
Za(rs. 1. 00) = L) (Zar(r1. 1+ 00) + Zaora. 1. 00))
mg-L _6

56\/(/}1, Iy, 90) =-g E./33 ~/m(Za(rt1, Iy, 90)) 56\/(/}1, Iy, 90) =4.881x 10
,uav(X, Xl, 90) = —86400-56\/(X~rph, Xl~f"ph, 90)

|av(x1, %2, 60) = -0.422 | |tav(x1, x2,180-deg) = -0.317
Courbes Phillips Havpn(0) = pay(1,1,06)
Om:= 100-deg, 105-deg .. 360-deg

0.5T
400

#aVPh( 9m) /
-15t /

oL

Oy deg !
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