
Spiral plat
avec courbes terminales

Courbes externe et interne

Approximations de Haag 

Spiral plat avec courbes terminales externe et interne

Anisochronisme en position horizontale

Approximations de Haag

Caractéristiques du spiral

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

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

Dimensions ép 0.03mm= ha 0.15mm= S 4.5 10
3−

× mm
2

= TOL 10
12−

:=

d2sp 4.52mm= dV 1.1 mm⋅:= dB 1.312 d1sp⋅:= psp 0.135mm= nsp

d2sp dB−

2 psp⋅
:=

L π
nsp

2
⋅ d2sp dB+( )⋅:= L 10.674 cm= ψ0 2 π⋅ nsp⋅:= ψ0 4.102 10

3
× deg=

Position du point de raccordement sur le spiral αA π:= rA 0.5 d2sp⋅:= zA rA e
i αA⋅

⋅:=

Forme initiale du spiral

a
psp

2 π⋅
:= rs α( ) rA a α αA−( )⋅−:= x0s α( ) rs α( ) cos α( )⋅:= y0s α( ) rs α( ) sin α( )⋅:=

s α( )
1

2 a⋅
rA

2
rs α( )

2
−



⋅:= s α( ) rA α αA−( )⋅

a

2
α αA−( )2⋅−:=

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

I33 If_rect ép ha,( ):=

Courbes terminales

Courbe terminale externe

rt1 0.8:= rt1 racine 2 rt1⋅ 1−( )4 4 1 rt1−( )4⋅− π
2
rt1

2
⋅ 1 rt1−( )2⋅− rt1,



 rA⋅:= rt1 0.832 rA=

rt2 2 rt1⋅ rA−:= rt2 0.665 rA= β0 arctan
π rt1⋅

2 rA rt1−( )⋅









:= β0 82.695 deg= lt rt2 β0⋅ π rt1⋅+:=

X0t1 αt( ) rA rt1− rt1 cos α t( )⋅+:= Y0t1 αt( ) rt1 sin αt( )⋅:= X0t2 β t( ) rt2− cos β t( )⋅:= Y0t2 β t( ) rt2− sin β t( )⋅:=

Courbe terminale interne

αB mod ψ0 π+ 2 π⋅,( ):= αB 322.4deg= rB 0.5 dB⋅:=

β 121 deg⋅:= β´0 racine β 2 sin β( )⋅ 1−( )⋅ sin β( ) cos β( )⋅+ β, := β´0 121.21 deg=

rt´

rB

2 sin β´0( )⋅
:= rt´ 0.597mm= lt´ rt´ 2⋅ β´0⋅:= lt´ 2.524mm=

X0t´ αt´( ) rB rt´− rt´ cos αt´( )⋅+:= Y0t´ αt´( ) rt´ sin αt´( )⋅:=

Graphes

nt 201:= j 0 nt 1−..:= ∆αt

π

nt 1−
:= αt

j
j ∆αt⋅:= Xt

j
X0t1 αt

j( ):= Yt
j

Y0t1 αt
j( ):=

∆β t

β0

nt 1−
:= β t

j
j ∆β t⋅:= Xt2

j
X0t2 β t

j( ):= Yt2
j

Y0t2 β t
j( ):= Xt pile Xt Xt2,( ):= Yt pile Yt Yt2,( ):=
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r0t Xt
2

Yt
2

+

→

:= β t Atan Xt Yt,( )
→

:=

∆αt´

2 β´0⋅

nt 1−
:= αt´

j
j ∆αt´⋅:= Xt´

j
X0t´ αt´

j( ):= Yt´
j

Y0t´ αt´
j( ):= r0t´ Xt´

2
Yt´

2
+

→

:=

β t´ Atan Xt´ Yt´,( )
→

:=

0
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β t β t´,

Paramètres de la courbe terminale externe

X1

1

rA
2

0

π

αX0t1 α( ) rt1⋅
⌠

⌡

d

0

β0

βX0t2 β( ) rt2⋅
⌠

⌡

d+










⋅:= X1 0=

Y1

1

rA
2

0

π

αY0t1 α( ) rt1⋅
⌠

⌡

d

0

β0

βY0t2 β( ) rt2⋅
⌠

⌡

d+










⋅ 1−:= Y1 0=

ρ1 X1
2

Y1
2

+:= ϕ1 Atan X1 Y1,( ):= ρ1 0= ϕ1 270 deg=

X2

1

rA
3

0

π

αrt1 α⋅ X0t1 α( )⋅ rt1⋅
⌠

⌡

d

0

β0

βrt1 π⋅ rt2 β⋅+( ) X0t2 β( )⋅ rt2⋅
⌠

⌡

d+










⋅ 1+:=

Y2

1

rA
3

0

π

αrt1 α⋅ Y0t1 α( )⋅ rt1⋅
⌠

⌡

d

0

β0

βrt1 π⋅ rt2 β⋅+( ) Y0t2 β( )⋅ rt2⋅
⌠

⌡

d+










⋅:=

ρ2 X2
2

Y2
2

+:= ϕ2 Atan X2 Y2,( ):= ρ2 1.055= ϕ2 147.579 deg=
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Paramètres de la courbe terminale interne

Z0t´ α( ) X0t´ α( ) i Y0t´ α( )⋅+:=

Z´1
1

rB
2

0

2 β´0⋅

αZ0t´ α( ) rt´⋅
⌠

⌡

d⋅ i−:= ρ´1 Z´1:= ϕ´1 arg Z´1( ):=

ρ´1 0= ϕ´1 25.264− deg=

Z´2
1

rB
3

0

2 β´0⋅

αrt´ α⋅ Z0t´ α( )⋅ rt´⋅
⌠

⌡

d⋅ 1+:= ρ´2 Z´2:= ϕ´2 arg Z´2( ):=

ρ´2 1.074= ϕ´2 145.651deg=

Déplacement de la virole libre

OA rA e
i π⋅

⋅:= OB rB e
i π ψ0+( )⋅

⋅:= Lt lt L+ lt´+:=

wA ρ1 θ,( ) θ

Lt
i rA ρ1⋅ e

i− ϕ1⋅
⋅ 2 a⋅+





⋅

θ

Lt
rA

2
⋅ ρ2⋅ e

i− ϕ2⋅
⋅+









⋅ exp i θ⋅
lt

Lt
⋅









⋅ OA⋅:=

wB ρ´1 θ,( ) θ

Lt
i rB ρ´1⋅ e

i ϕ´1⋅
⋅ 2 a⋅−





⋅

θ

Lt
rB

2
⋅ ρ´2⋅ e

i ϕ´2⋅
⋅−









⋅ exp i θ⋅
lt L+

Lt
⋅









⋅ OB⋅:=

w ρ1 ρ´1, θ,( ) wA ρ1 θ,( ) wB ρ´1 θ,( )+:= w ρ1 ρ´1, θ0,( ) 0.012 0.012i+ mm=

En éliminant les termes de second ordre

waA θ( )
θ

Lt
i rA ρ1⋅ e

i− ϕ1⋅
⋅ 2 a⋅+





⋅

θ

Lt
rA

2
⋅ ρ2⋅ e

i− ϕ2⋅
⋅+









⋅ OA⋅:=

waB θ( )
θ

Lt
i rB ρ´1⋅ e

i ϕ´1⋅
⋅ 2 a⋅−





⋅

θ

Lt
rB

2
⋅ ρ´2⋅ e

i ϕ´2⋅
⋅−









⋅ OB⋅ e
i θ⋅

⋅:= wah θ( ) waA θ( ) waB θ( )+:=

wah θ0( ) 0.015 7.189i 10
3−

×+ mm=

Réaction sur le pivot de balancier

σ2
rA

2
rB

2
+

2
:= σ2 2.814mm

2
= F θ( ) 2

E I33⋅

L σ2⋅
⋅ wah θ( )⋅:= F θ0( ) 7.812 10

6−
× N=

Perturbation de période

Χw θ( )
w ρ1 ρ´1, θ,( )( )2

σ2
:= γw θ( )

θ
Χw θ( )

d

d
:= δw θ0( ) 1−

2 π⋅ θ0⋅
0

2 π⋅

ϕγw θ0 cos ϕ( )⋅( ) cos ϕ( )⋅
⌠

⌡

d⋅:=

µw θ0( ) 86400− δw θ0( )⋅:= µw θ0( ) 0.792= µw 180 deg⋅( ) 0.369=

Χah θ( )
wah θ( )( )2

σ2
:= γah θ( )

θ
Χah θ( )

d

d
:= δah θ0( ) 1−

2 π⋅ θ0⋅
0

2 π⋅

ϕγah θ0 cos ϕ( )⋅( ) cos ϕ( )⋅
⌠

⌡

d⋅:=

µah θ0( ) 86400− δah θ0( )⋅:= µah θ0( ) 0.796= µah 180 deg⋅( ) 0.363=
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A
1

Lt
2

rA
4
ρ1

2
⋅ rB

4
ρ´1

2
⋅+ 4 a⋅ rA

3
ρ1⋅ cos ϕ1( )⋅ rB

3
ρ´1⋅ cos ϕ´1( )⋅−



⋅+ 4 a

2
⋅ rA

2
rB

2
+



⋅+



⋅:=

B
3

2 Lt
4

⋅
rA

6
ρ2

2
⋅ rB

6
ρ´2

2
⋅+



⋅:= C1 rA

2
rB

2
⋅ ρ1⋅ ρ´1⋅ cos ψ0 ϕ1+ ϕ´1+( )⋅:=

C
2

Lt
2

C1 2 a⋅ rA⋅ rB⋅ rB ρ´1⋅ cos ψ0 ϕ´1+( )⋅ rA ρ1⋅ cos ψ0 ϕ1+( )⋅− 2 a⋅ cos ψ0( )⋅−( )⋅+ ⋅:=

D1 rA rB
2

⋅ ρ1⋅ ρ´2⋅ cos ψ0 ϕ1+ ϕ´2+( )⋅ rA
2
rB⋅ ρ´1⋅ ρ2⋅ cos ψ0 ϕ´1+ ϕ2+( )⋅+:=

D
2 rA⋅ rB⋅

Lt
3

D1 2 a⋅ rB
2
ρ´2⋅ cos ψ0 ϕ´2+( )⋅ rA

2
ρ2⋅ cos ψ0 ϕ2+( )⋅−



⋅+



⋅:=

K
2

Lt
4
rA

3
⋅ rB

3
⋅ ρ2⋅ ρ´2⋅ cos ψ0 ϕ2+ ϕ´2+( )⋅:=

F x( ) J0 x( ) x J1 x( )⋅−:= H x( ) x 1 x
2

+( )⋅ J1 x( )⋅ 2 x
2

⋅ J0 x( )⋅−:= G x( ) x− J1 x( ) x J0 x( )⋅+( )⋅:=

δah θ0( ) 1−

σ2
A B θ0

2
⋅+ C F θ0( )⋅+ D G θ0( )⋅+ K H θ0( )⋅+



⋅:=

µah θ0( ) 86400− δah θ0( )⋅:= µah θ0( ) 0.796= µah 180 deg⋅( ) 0.363=

Spiral muni de courbes Phillips

wPh θ( ) w 0 0, θ,( ):= wPh θ0( ) 0.012 0.012i+ mm=

ΧPh θ( )
wPh θ( )( )2

σ2
:= γPh θ( )

θ
ΧPh θ( )

d

d
:= δPh θ0( ) 1−

2 π⋅ θ0⋅
0

2 π⋅

ϕγPh θ0 cos ϕ( )⋅( ) cos ϕ( )⋅
⌠

⌡

d⋅:=

µPh θ0( ) 86400− δPh θ0( )⋅:= µPh θ0( ) 0.792= µPh 180 deg⋅( ) 0.369=

Approximation de Haag

δr θ0( )
4 rA

6
⋅

rA
2

rB
2

+



 Lt

4
⋅

rB

rA
⋅ cos ψ0( ) F θ0( )⋅ ρ2 cos ψ0 ϕ2+( )⋅ G θ0( )⋅+( )⋅:= δr θ0( ) 2.816 10

7−
×=

δaPh θ0( )
8− rA rB−( )2⋅

Lt
2
ψ0

2
⋅

3 rA
6

⋅

rA
2

rB
2

+



 Lt

4
⋅

ρ2
2

⋅ θ0
2

⋅− δr θ0( )+:= δaPh θ0( ) 9.248− 10
6−

×=

µaPh θ0( ) 86400− δaPh θ0( )⋅:= µaPh θ0( ) 0.799= µaPh 180 deg⋅( ) 0.355=
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θm 100 deg⋅ 105 deg⋅, 360 deg⋅..:=

100 150 200 250 300 350 400

0.5

1

1.5

µw θm( )
µah θm( )
µaPh θm( )

θm deg
1−

⋅
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