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β̇ = 1
um
[Flfsin(β−δ)−Ffcos(β−δ)−Frcos(β)−Flrsin(β)]−ψ̇

ψ̈ = 1
Iz
[bFr+a(Flfsin(δ)−Ffcos(δ))]






u = vcos(αr)
cos(β)

αr = arctantanβ− ḃψ
ucos(β)

αf = arctan tanβ+ aψ̇
ucos(β)

−δ

αr = β−ḃψ
u

αf = β+aψ̇
u
−δ






u̇ = 1
m
[Flfcos(δ−β)+Flrcos(β)+Cf(.)αfsin(δ−β)−Cr(.)αrsin(β)]

β̇ = 1
um
[Flfsin(δ−β)−Cf(.)αfcos(β−δ)−Cr(.)αrcos(β)−Flrsin(β)]−ψ̇

ψ̈ = 1
Iz
[bCr(.)αr+a(Flfsin(δ)−Cf(.)αfcos(δ))]

αr = β−ḃψ
u

αf = β+aψ̇
u
−δ

u = vcos(αr)
cos(β)

Cf(.) Cr(.)






β̇ = 1
um
[−Ffcos(δ−β)−Frcos(β)]−ψ̇

ψ̈ = 1
Izz
[bFr−aFfcos(δ)]

αr = β−ḃψ
u

αf = β+aψ̇
u
−δ

u = vcos(αr)
cos(β)

C
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ψ̈ = 1
Iz
(−aCf(.)αf+bCr(.)αr)

β̇ = − 1
um
(Cf(.)αf+Cr(.)αr)−ψ̇

αr = β−ḃψ
u

αf = β+aψ̇
u
−δ

u ≈ v

a b L

m Iz

Cf(.) Cr(.)

ψ̇ β

TCL

TCL

•

• z2y2 x2z2
R2(x2,y2,z2)

IG/R2 =




Ix 0 0

0 Iy 0

0 0 Iz
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•ϕv
•G m

•h

•c

•P=mg g

•Fn1
•Fn2
•Fa

TCL

ϕv

Fa kr br

−→
Fa=

1

h
(krϕv+brϕ̇v)

−→y2

h kr






m−→aG·
−→y1=

−→
P+

−→
Fa+

−→
Fn1+

−→
Fn2 ·

−→y1

m−→aG·
−→z1=

−→
P+

−→
Fa+

−→
Fn1+

−→
Fn2 ·

−→z1
−−−→
∆G/R2·

−→x2=
−−−−→
MG,Fn1+

−−−−→
MG,Fn2 ·

−→x2
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−→aG
G

−−−→
∆G/R2 G

R2(x2,y2,z2)
−−−−→
MG,Fn1

−−−−→
MG,Fn2

−→
Fn1

−→
Fn2

G ϕ̈v Fn1 Fn2

ϕ̈v=
1

hcos(ϕv)
hϕ̇v

2sin(ϕv)+hψ̇
2sin(ϕv)+v̇ψ+b̈ψ−

krϕv+brϕ̇v
mh

cos(ϕv)

Fn1+Fn2=m −ḧϕvsin(ϕv)−hϕ̇v
2cos(ϕv)+g−

krϕv+brϕ̇v
mh

sin(ϕv)

Fn1−Fn2=
2

c
Ixϕ̈v+(Iz−Iy)ψ̇

2cos(ϕv)sin(ϕv)−hsin(ϕv)(Fn1+Fn2)

Ix Iy
Iz TCL

TCL

ϕv
TCL

TCLpermanent=

−2
c
(Iz−Iy)ψ̇

2cos(ϕv)sin(ϕv)−hsin(ϕv)(Fn1+Fn2)

Fn1+Fn2

(Iz−Iy)ψ̇
2cos(ϕv)sin(ϕv) [hsin(ϕv)(Fn1+Fn2)]

TCLpermanent=
2

c
(hsin(ϕv))

hsin(ϕv)

TCLpermanent hsin(ϕv)=
c
2

ϕv sin(ϕv)≈ϕv cos(ϕv)≈1

hψ̇2sin(ϕv)<<vψ̇ hψ̇2sin(ϕv)<<
krϕv
mh
cos(ϕv)

0=v̇ψ−
krϕv
mh

v̇ψ=aG,y1

|TCLpermanent|≈
2

c

h2aG,y1
kr
m

TCLpermanent

|TCLpermanent|≈
2

c

hTaG,y1
g
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hT

h2

kr
m

=
hT
g

hT=
mh2g

kr

TCL

ϕ̈v =
1

hcos(ϕv)
[hϕ̇v

2sin(ϕv)+hψ̇
2sin(ϕv)+uψ̇cos(β)+̇usin(β)

+u̇βcos(β)−
krϕv+brϕ̇v
mh

cos(ϕv)]

β

TCL
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Gq
Gp
G quad+pilote

Mp
Mq
hp Gq Gp
h1 Gq
h2 Gq G

h2=
Mp

Mp+Mq
hp

h3 G

ϕx quad+pilote

ϕv quad+pilote

z z=ϕx−ϕv
αp

TCL quad+pilote

αp

h3 z TCL
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hidentifie
h h1

h1=hidentifie−h2=hidentifie−
Mp

Mp+Mq
hp

ϕv
αp=0 h3=hidentifie

αp h3
quad+pilote

h3= h21+h
2
2−2h1h2cos(π−αp)

z=cos−1
h23+h

2
1−h

2
2

2h3h1






ϕx = ϕv+sign(αp)z

ϕ̈x = ϕ̈v
ϕ̇x = ϕ̇v

Fn1 Fn2
ϕx ϕv

quad+pilote h3

TCL

αp
αp

αp
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d

d=
Mp

Mp+Mq
hpsin(αp)

αp

αp=sin
−1(NKδ)

K N=+1

N=−1

N =0

d=
Mp

Mp+Mq
hpNKδ

TCL

v ψ̇

δ

hkr br
h kr TCL

br
TCL

TCL

h kr

TCL
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TCL

h kr
TCL

+

Y=Φ(X,ξ)

X Y ξ

Ymp m

ξ

J(ξ)

J(ξ)=
1

2

M

m=1

(Ymp −Φ(X
m,ξ))2

Xm m M

J ∇J(ξ)

J
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ξ0 ξ1 ξ2

ξn+1=ξn−γn∇J(ξn), n≥0

γn ξn
ξ ξ0

J

J

J

ξ0

ξ

rm rm(ξ)=Ymp −Φ(X
m,ξ)

rm ξ

rm(ξ)≈rm(ξn)+∇
m
r(ξ)δξ

δξ=ξ−ξ ∇mr(ξ) rm(ξ) ξ

rm(ξ)=0 δξ

δξ=−∇mr(ξ)
+rm(ξ)

∇mr(ξ)
+ ∇mr(ξ)

ξ0 ξn

ξn+1=ξn−∇
m
r(ξn)

+rm(ξn)
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ξ

δξ λ

(∇mr(ξn)
t∇mr(ξn)+λI)δξ=∇

m
r(ξn)

trm(ξn)

∇mr(ξ) λ

λ

h kr

h kr TCL

Ymp TCL

Y=Φ(Xm,ξ) TCL

X

ξ=(h,kr)

TCL

sin(ϕv)≈ϕv,cos(ϕv)≈1 TCL

TCL






TCLpermanent =
−2

c

(Iz−Iy)ψ̇
2ϕv−h(Fn1+Fn2)ϕv

Fn1+Fn2

ϕv =
mhvψ̇

kr−mh2ψ̇2

Fn1+Fn2 = mg−
krϕ

2
v

h

ξ

ξ

rm(ξ)=TCLpermanent(X
m,ξ)−TCLmesure(X

m)

TCLpermanent(X
m,ξ)

h kr
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ξ=(1000h,kr)

λ

ξn+1=ξn+λ·δξ, λ<1

h kr

TCL

250kg

Ix Iy Iz 45110130kg.m2

ab 0.580.7m

c 0.95m

TCL

TCL
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h kr TCL

δ=4◦ v m.s−1

h=1.2475m kr=5900N.m.rad
−1

TCL

TCL

TCL

TCL

TCL

TCL

TCL

h kr hT
m m

cm
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h kr

◦ ◦ ◦

h kr TCL

δ=4.8◦

h=1.32m kr=8600N.m.rad
−1

TCL

quad+pilote

0.65m

TCL TCL TCL
km.h−1 ◦ 1 2 3 TCL1 TCL2
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• TCL

TCL

•

•

TCL

TCL

h kr

h kr hT
m m

◦ ◦ ◦ ◦

h kr TCL

δ=6◦

h=1.14m kr=8100N.m.rad
−1

TCL

quad+pilote 0.64m

h kr hT
m m
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TCL TCL TCL
km.h−1 ◦ 1 2 3 TCL1 TCL2

TCL

TCL

TCL
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TCL

TCL

C
e
m
O
A 
: 
ar
c
hi
v
e 
o
uv
er
t
e 
d'I
rs
t
e
a 
/ 
C
e
m
a
gr
ef



X Y u

f(X,u)

Ẋ = AX+Bu

Y = CX+Du

X n×1 Y m×1

u (l×1 A B C

D n×nn×lm×n m×l
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X Y u

Oobs

Oobs=










C

CA

.

.

CAn−1










˙
X = AX+Bu+L(Y−Y)

Y = CX+Du

Y−Y L n×m

X

˙
X=AX+Bu+L(Y−CX−Du)

˙
X=(A−LC)X+(B−LD)u+LY

X=X−X

˙
X=(A−LC)X

X(0)=X(0)−X(0)

X(t)=exp[(A−LC)(t)]X(0)

A−LC

L

L
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TCL
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ψ̇ v δ

ψ̇ β

Ce
Ce=C0

Ce<C0

ψ̇ v δ
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Cf Cr
Ce

ψ̈=a11ψ̇+a12β+b1δ

β̇=a21ψ̇+a22β+b2δ

a11=
−(a2+b2)Ce

vIz
a12=

(b−a)Ce
Iz

a21=−
(a−b)Ce
mv2

−1a22=−
2Ce
mv
b1=

aCe
Iz
b2=

Ce
mv

Ẋ = AX+Bδ

Y = CX

X=(ψ̇,β)T A=
a11 a12
a21 a22

B=
b1
b2

C= 1 0

Oobs

Oobs=
C

CA
=

1 0
−(a2+b2)Ce

vIz

(b−a)Ce
Iz

Oobs a=b

v=0

ψ̇ β

TCL
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Ce

¨
ψ=a11(Ce)

˙
ψ+a12(Ce)β+b1(Ce)δ+L1

˙
ψ

˙
β=a21(Ce)

˙
ψ+a22(Ce)β+b2(Ce)δ+L2

˙
ψ

˙
ψ β L= L1 L2

T

˙
ψ

¨
ψ=(a11−L1)

˙
ψ+a12β

˙
β=(a21−L2)

˙
ψ+a22β

V1(X)=
1
2
(
˙
ψ
2

+β2) V1

V̇1=((a11−L1)
˙
ψ+a12β)

˙
ψ+((a21−L2)

˙
ψ+a22β)β

L2 L2=a12+a21
V1

V̇1=(a11−L1)
˙
ψ
2

+a22β
2

a11 a22
Ce>0 L1

V1

C
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Ce
Cf Cr Ce

TCL

˙
ψ β

¨
ψ=a11(Ce)·

˙
ψ+a12(Ce)·β+b1(Ce)·δ

˙
β=a21(Ce)·

˙
ψ+a22(Ce)·β+b2(Ce)·δ

˙
ψ

ψ̇ β

Ce

C
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β β

˙
ψ

¨
ψ=ψ̈−

¨
ψ=K

˙
ψ, K<0

ψ̈

β=
ψ̈−K

˙
ψ−a11(Ce)·

˙
ψ−b1(Ce)·δ

a12(Ce)

β
˙
ψ ψ̇

β

Ce

Ce

β=β−β

˙
β=β̇−

˙
β=Gβ, G<0

Gβ=β̇−a21(Ce)·
˙
ψ−a22(Ce)·β−b2(Ce)·δ

β̇ β aij
Ce

Ce=
β̇+

˙
ψ−Gβ

(b−a)
˙
ψ

mv2
− 2β
mv
+ δ
mv

Ce
v=0 δ=0

˙
ψ β

Ce

|δ|
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˙
ψ β

K

G

αf αr
Cf(.) Cr(.)

•

•

•

αf αr

Γ

M Γ B

s M Γ
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I(s) Γ M c(s)

Γ s

y B Γ

ψ [O,XO,YO]

ψΓ(s) Γ M [O,XO,YO)]

ψ̃=ψ−ψΓ(s) Γ






ṡ = vcos(̃ψ+αr)
1−c(s)y

ẏ = vsin(̃ψ+αr)

˙̃θ = v[cos(αr)λ1−λ2]

λ1=
tan(δ+αf)−tan(αr)

L
λ2=

c(s)cos(̃ψ+αr)
1−c(s)y

αf αr

Xobs=(y,̃ψ)obs Xmes=(y,̃ψ)mes

u=(u1,u2)=(αf,αr)

Ẋobs=f(Xobs,δ,u) =




vsin(̃ψobs+u2)

v cos(u2)[tan(δ+u1)−tan(u2)]
L

−c(s)cos(̃ψobs+u2)
1−c(s)yobs





u≈(0,0)

Ẋobs = f(Xobs,δ,0)+B(Xobs,δ)u
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B(.,.) f u u=(0,0)

B(Xobs,δ)=
0 vcos(̃ψobs)
v

Lcos2δ
vc(s)sin(̃ψobs)
1−c(s)yobs

−v
L

B ψ̃obs=
π
2
,3π
2

v=0

u = B(Xobs,δ)
−1(m−f(Xobs,δ,0))

m e=Xobs−Xmes
m =Ge+Ẋmes G ×

Ẋmes m

ė=Ge

G

G

u

ᾱf ᾱr
β̄

β̄ =
b̄αf+āαr+bδ

L

X1=[
˙̂
ψ1 β̂1]

T u=[CfCr]
T

Ẋ1 = A1X1+B1u

A1=
0 0

−1 0
, B1=

−
āαf
Iz

b̄αr
Iz

−
ᾱf
um

−ᾱr
um

B1

X1
X̄=[ψ̇β̄]T ψ̇ β̄

β̂1

β̄ X1 X̄

u = B−11 [G1 X+
˙̄X−A1X1]
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X =X1−X̄ G1

Ẋ = G1 X

B1 B1

B1
B1

|δ|>seuil

Cf(.) Cr(.)

cosδ≈1 X2=[ψ̇β]
T

δ

Ẋ2 = A2X2+B2δ

A2=

−a2Cf(.)−b
2Cr(.)

uIz

−aCf(.)+bCr(.)

Iz

−
aCf(.)−bCr(.)

u2m
−1 −

Cf(.)+Cr(.)

um

,B2=
aCf(.)

Iz
Cf(.)

um

˙̂
X2 = A2X̂2+B2δ+G2X̃2

X̂2=[
˙̂
ψ2 β̂2]

T X̄=[˙̄ψβ̄]T

X̃2=X̂2−X̄

˙̃X2 =(A2+G2)̃X2

X̃2 G2
A2+G2 G1 G2

Cf(.) Cr(.)
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A2 B2

β̄

G2
˙̂
ψ2

β̂2

β̂2

α̂r = β̂2−
b
˙̂
ψ
u

α̂f = β̂2+
a
˙̂
ψ
u
−δ

TCL

C
e
m
O
A 
: 
ar
c
hi
v
e 
o
uv
er
t
e 
d'I
rs
t
e
a 
/ 
C
e
m
a
gr
ef



250kg

Iz 130kg.m
2

ab 0.60.7m

Ce=18.000N.rad
−1

δ=4◦

Ce=18.000N.rad
−1

Ce=10.000N.rad
−1

L1=100

L1 L1=100
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Ce

Ce

TCL

|αf|<4
◦

|αr|<4
◦

Ce=18.000N.rad
−1

0 1 2 3 4 5 6 7 8
0
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Temps (s)

Vit
es
s
e 
(k
m.
h
−
1
)

0 1 2 3 4 5 6 7 8
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Temps (s)

A
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)

Ce
K=−10 G=−2
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t=1.8s

C0=20.000N.rad
−1

Ce
Ce=18.000N.rad

−1

K =−30 G=−0.5

L1=100

Ce=20.000N.rad
−1
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t=3.4s

Ce TCL
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TCL

m

x A

A L

θ A

σA,x x

σA,x= IA(ΩS/R)+mAG∧VA ·x=IA,x·̇θ

IA A m ΩS/R
R=(x,y,z)VA =0 A IA,x

A x m

δA,x=IA,x·̈θ=−mgLsin(θ)

δA,x A x

x sin(θ)≈θ
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θ̈+ω0θ=0

ω0=
mgL
IA,x

T0

T0=2π
IA,x
mgL

x IG,x

IG,x=IA,x−mL
2=
mgLT20
4π2

−mL2
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•






IGquad/roulis = 26kg.m2

IGquad/tangage = 76.7kg.m2

IGquad/lacet = 78.3kg.m2

•






IGquad/roulis = 60.3kg.m2

IGquad/tangage = 145.3kg.m2

IGquad/lacet = 168.2kg.m2

quad+pilote

•






= 90kg

= 1.78m

IGquad+pilote/roulis = 57kg.m
2

IGquad+pilote/tangage = 105kg.m
2

IGquad+pilote/lacet = 83kg.m
2

•






= 77kg

= 1.79m

IGquad+pilote/roulis = 85.96kg.m
2

IGquad+pilote/tangage = 173.4kg.m
2

IGquad+pilote/lacet = 176kg.m
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(O,X,Y,Z)
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