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Notations

▼❛"#✐❝❡' ❡" ♦♣*#❛"❡✉#'

M > 0 ✭M ≥ 0✮ ✿ ▼❛%&✐❝❡ ❝❛&&* +②♠*%&✐.✉❡ ❞*✜♥✐❡ ✭&❡+♣✳ +❡♠✐✲❞*✜♥✐❡✮ ♣♦+✐%✐✈❡

M < 0 ✭M ≤ 0✮ ✿ ▼❛%&✐❝❡ ❝❛&&* +②♠*%&✐.✉❡ ❞*✜♥✐❡ ✭&❡+♣✳ +❡♠✐✲❞*✜♥✐❡✮ ♥*❣❛%✐✈❡

λmax ✿ ✈❛❧❡✉& ♣&♦♣&❡ ♠❛①✐♠❛❧❡ ❞❡ ❧❛ ♠❛%&✐❝❡ +②♠*%&✐.✉❡ M

λmin ✿ ✈❛❧❡✉& ♣&♦♣&❡ ♠✐♥✐♠❛❧❡ ❞❡ ❧❛ ♠❛%&✐❝❡ +②♠*%&✐.✉❡ M
(
M11 ∗

M21 M22

)
✿ ▼❛%&✐❝❡ +②♠*%&✐.✉❡✱ ❧❡ +②♠❜♦❧❡ ∗ &❡♣&*+❡♥%❡ MT
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diag(M1,...,Mn) ✿ ▼❛%&✐❝❡ ❜❧♦❝ ❞✐❛❣♦♥❛❧❡

‖x‖ ✿ ◆♦&♠❡ ❡✉❝❧✐❞✐❡♥♥❡ ❞✉ ✈❡❝%❡✉& x ❞❡ ❞✐♠❡♥+✐♦♥ p

◆♦"❛"✐♦♥' ❛❧❣*❜#✐1✉❡'

❚❙ ✿ ❚❛❦❛❣✐ ❙✉❣❡♥♦

❚❙❘ ✿ ❚❛❦❛❣✐✲❙✉❣❡♥♦ B &❡%❛&❞

◆❈❙ ✿ ◆❡%✇♦&❦❡❞ ❈♦♥%&♦❧ ❙②+%❡♠

❙❈❘ ✿ ❙②+%E♠❡ ❈♦♠♠❛♥❞* ❡♥ ❘*+❡❛✉

❙❉❈❘ ✿ ❙②+%E♠❡ ❞*❝❡♥%&❛❧✐+* ❈♦♠♠❛♥❞* ❡♥ ❘*+❡❛✉

❉◆❈❙ ✿ ❉❡❝❡♥%&❛❧✐③❡❞ ◆❡%✇♦&❦❡❞ ❈♦♥%&♦❧ ❙②+%❡♠

❆❇❙ ✿ ❆♥%✐✲❧♦❝❦ ❇&❛❦✐♥❣ ❙②+%❡♠

❊❙K ✿ ❊❧❡❝%&♦♥✐❝ ❙%❛❜✐❧✐%② K&♦❣&❛♠

❈●❈ ✿ ❈♦♥%&M❧❡ ●❧♦❜❛❧ ❞✉ ❈❤O++✐+

▲❚■ ✿ ▲✐♥*❛✐&❡ B %❡♠♣+ ■♥✈❛&✐❛♥%

▼■▼❖ ✿ ▼✉❧%✐♣❧❡ ■♥♣✉% ▼✉❧%✐♣❧❡ ❖✉%♣✉%

▼■❙❖ ✿ ▼✉❧%✐♣❧❡ ■♥♣✉% ❙✐♥❣❧❡ ❖✉%♣✉%

▲▼■ ✿ ▲✐♥❡❛& ▼❛%&✐① ■♥❡.✉❛❧✐%② ✭■♥*❣❛❧✐%* ▼❛%&✐❝✐❡❧❧❡ ▲✐♥*❛✐&❡✮

❇▼■ ✿ ❇✐❧✐♥❡❛& ▼❛%&✐① ■♥❡.✉❛❧✐%② ✭■♥*❣❛❧✐%* ▼❛%&✐❝✐❡❧❧❡ ❇✐❧✐♥*❛✐&❡✮

K❉❈ ✿ ❈♦♠♣❡♥+❛%✐♦♥ ♣❛&❛❧❧E❧❡ ❞✐+%&✐❜✉*❡ ✭K❛&❛❧❧❡❧ ❉✐+%&✐❜✉%❡❞ ❈♦♠♣❡♥+❛%✐♦♥✮

❯❉K ✿ ❯+❡& ❉❛%❛❣&❛♠ K&♦%♦❝♦❧

❚❈K ✿ K&♦%♦❝♦❧❡ ❞❡ ❝♦♥%&M❧❡ ❞❡ %&❛♥+❢❡&%

❇❖❩ ✿ ❇❧♦.✉❡✉& ❞✬❖&❞&❡ ❩*&♦

◆♦"❛"✐♦♥' ❞②♥❛♠✐1✉❡ ❞✉ ✈*❤✐❝✉❧❡

✶



✷ ◆♦#❛#✐♦♥'

v ✿ ❱✐#❡%%❡ ❧♦♥❣✐#✉❞✐♥❛❧❡ ❞✉ ✈.❤✐❝✉❧❡ ❛✉ ❈● ✭♠✴%✮

vy ✿ ❱✐#❡%%❡ ❧❛#.7❛❧❡ ❞✉ ✈.❤✐❝✉❧❡ ❛✉ ❈● ✭♠✴%✮

β ✿ ❆♥❣❧❡ ❞❡ ❞.7✐✈❡ ❞✉ ✈.❤✐❝✉❧❡ ❛✉ ❈● ✭7❛❞✮

z ✿ ❉.♣❧❛❝❡♠❡♥# ✈❡7#✐❝❛❧ ❞✉ ✈.❤✐❝✉❧❡ ❛✉ ❈● ✭♠✮

θ ✿ ❆♥❣❧❡ ❞❡ #❛♥❣❛❣❡ ❞✉ ✈.❤✐❝✉❧❡ ✭7❛❞✮

ψ ✿ ❆♥❣❧❡ ❞✉ ❧❛❝❡# ❞✉ ✈.❤✐❝✉❧❡ ✭7❛❞✮

φ ✿ ❆♥❣❧❡ ❞❡ 7♦✉❧✐% ❞✉ ✈.❤✐❝✉❧❡ ✭7❛❞✮

ψ̇ ✿ ❱✐#❡%%❡ ❞✉ ❧❛❝❡# ✭7❛❞✴%✮

φ̇ ✿ ❱✐#❡%%❡ ❞✉ 7♦✉❧✐% ✭7❛❞✴%✮

δf ✿ ❆♥❣❧❡ ❞❡ ❜7❛<✉❛❣❡ ❞❡% 7♦✉❡% ❛✈❛♥# ✭7❛❞✮

δr ✿ ❆♥❣❧❡ ❞❡ ❜7❛<✉❛❣❡ ❞❡% 7♦✉❡% ❛77✐=7❡% ✭7❛❞✮

αf ✱ αr ✿ ❆♥❣❧❡ ❞❡ ❞.7✐✈❡ ❧❛#.7❛❧ ❞❡ ❧❛ 7♦✉❡ ❛✈❛♥#✱ ❛77✐=7❡ ✭7❛❞✮

m ✿ ▼❛%%❡ ❞✉ ✈.❤✐❝✉❧❡ ✭❑❣✮

ms ✿ ▼❛%%❡ %✉%♣❡♥❞✉❡ ❞✉ ✈.❤✐❝✉❧❡ ✭❑❣✮

Iz ✿ ▼♦♠❡♥# ❞✬✐♥❡7#✐❡ ❛✉ ❝❡♥#7❡ ❞❡ ❣7❛✈✐#. ❞✉ ✈.❤✐❝✉❧❡ ✭Kg.m2
✮

Ix ✿ ▼♦♠❡♥# ❞✬✐♥❡7#✐❡ ❞✬❛①❡ ❞✉ 7♦✉❧✐% ✭Kg.m2
✮

Cφ ✿ ❈♦❡✣❝✐❡♥# ❞✬❛##.♥✉❛#✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥# ❞❡ 7♦✉❧✐% ✭◆✳♠✳%✴7❛❞✮

Kφ ✿ ❈♦❡✣❝✐❡♥# ❞❡ 7❡%%♦7# ❞✉ ♠♦✉✈❡♠❡♥# ❞❡ 7♦✉❧✐% ✭◆✳♠✴7❛❞✮

af ✱ ar ✿ ❉✐%#❛♥❝❡ ❡♥#7❡ 7❡%♣❡❝#✐✈❡♠❡♥# ❧❡ #7❛✐♥ ❛✈❛♥#✱ ❛77✐=7❡ ❡# ❧❡ ❝❡♥#7❡ ❞❡ ❣7❛✲

✈✐#. ❞✉ ✈.❤✐❝✉❧❡ ✭♠✮

h ✿ ❉✐%#❛♥❝❡ ❞❡ ❧✬❛①❡ ❞❡ 7♦✉❧✐% ❛✉ ❝❡♥#7❡ ❞❡ ❣7❛✈✐#. ❞❡ ❧❛ ♠❛%%❡ %✉%♣❡♥❞✉❡

✭♠✮

T ✿ ▲♦♥❣✉❡✉7 ❞❡% ❡%%✐❡✉① ✭♠✮

g ✿ ❈♦♥%#❛♥#❡ ❞❡ ❣7❛✈✐#. ✭m/s2✮

ω ✿ ❱✐#❡%%❡ ❛♥❣✉❧❛✐7❡ ❞❡ ❧❛ 7♦✉❡ ✭7❛❞✴%✮

Rω ✿ ❘❛②♦♥ J ✈✐❞❡ ❞❡ ❧❛ 7♦✉❡ ✭♠✮

Iω ✿ ■♥❡7#✐❡ ❞❡ ❧❛ 7♦✉❡ ✭Kg.m2
✮

Fxf ,Fxr ✿ ❋♦7❝❡% ❧♦♥❣✐#✉❞✐♥❛❧❡% ❡①❡7❝.❡% %✉7 ❝❤❛<✉❡ 7♦✉❡✭◆✮

Fyf ,Fyr ✿ ❋♦7❝❡% ❧❛#.7❛❧❡% ❡①❡7❝.❡% %✉7 ❝❤❛<✉❡ 7♦✉❡ ✭◆✮



Références personnelles

❆!"✐❝❧❡' ♣✉❜❧✐+' ❡" '♦✉♠✐' ❞❛♥' ❞❡' !❡✈✉❡' ✐♥"❡!♥❛"✐♦♥❛❧❡'

✶✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❘❛❜❤✐✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✳ ❉❡❝❡♥$%❛❧✐③❡❞ ♥❡$✇♦%❦❡❞ ❝♦♥$%♦❧

.②.$❡♠ ❞❡.✐❣♥ ✉.✐♥❣ ✭❚❙✮ ❢✉③③② ❛♣♣%♦❛❝❤✳ ■♥%❡&♥❛%✐♦♥❛❧ ❏♦✉&♥❛❧ ♦❢ ❆✉%♦♠❛%✐♦♥ ❛♥❞

❝♦♠♣✉%✐♥❣ ✭■❏❆❈✮✱ ❱♦❧ ✶✷✱ ◆♦ ✷✱ ♣❛❣❡D ✿✶✷✺✲✶✸✸✱ ✷✵✶✺

✷✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ❆✳ ❘❛❜❤✐✳ ◆❡$✇♦%❦❡❞ ◆♦♥✲❢%❛❣✐❧❡ ❙$❛$✐❝ ❖✉$✲

♣✉$ ❋❡❡❞❜❛❝❦ ❈♦♥$%♦❧ ❉❡.✐❣♥ ❢♦% ❱❡❤✐❝❧❡ ❉②♥❛♠✐❝. ❙$❛❜✐❧✐$② ✳ ❙♦✉♠✐D K ■♥%❡&♥❛%✐♦♥❛❧

❏♦✉&♥❛❧ ♦❢ ❈♦♥%&♦❧ ❆✉%♦♠❛%✐♦♥ ❛♥❞ ❙②D%❡♠D ✭■❏❈❆❙✮✳

❈♦♥❢+!❡♥❝❡' ✐♥"❡!♥❛"✐♦♥❛❧❡' ❛✈❡❝ ❝♦♠✐"+ ❞❡ ❧❡❝"✉!❡

✶✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❚♦✉♠✐✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✳ ❘♦❜✉.$ .$❛❜✐❧✐③❛$✐♦♥ ❢♦% ❝♦♥$✐♥✉♦✉.

❢✉③③② .②.$❡♠. ✇✐$❤ $✐♠❡ ✈❛%②✐♥❣ ❞❡❧❛② ❋❯❩❩✲■❊❊❊✱ ✷✵✶✶✱ ❚❛✐♣❡✐✱ ❚❛✐✇❛♥✱ ✶✹✶✶✲✶✹✶✻✳

✷✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ▼✳ ❈❤❛❛❜❛♥❡✳ ❘♦❜✉.$ .$❛❜✐❧✐③❛$✐♦♥ ❝♦♥❞✐$✐♦♥.

❢♦% $✐♠❡✲❞❡❧❛② ❢✉③③② .②.$❡♠. ✉.✐♥❣ ❢✉③③② ✇❡✐❣❤$✐♥❣✲❞❡♣❡♥❞❡♥$ ❛♣♣%♦❛❝❤ ✳ ▼❊❉✲■❊❊❊

✷✵✶✶✱ ✶✹✽✹✲✶✹✽✾✳

✸✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉ ✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ❆✳ ❘❛❜❤✐✳ ❋✉③③② ▲②❛♣✉♥♦✈ ❛♣♣%♦❛❝❤ ❢♦% %♦❜✉.$

.$❛❜✐❧✐③❛$✐♦♥ ♦❢ ❢✉③③② .②.$❡♠. ✇✐$❤ $✐♠❡ ✈❛%②✐♥❣ ❞❡❧❛②✱ ✷♥❞ ■♥$❡%♥❛$✐♦♥❛❧ ❈♦♥❢❡%❡♥❝❡

♦♥ ❙②.$❡♠. ❛♥❞ ❈♦♥$%♦❧ ✭■❈❙❈✶✷✮ ▼❛&&❛❦❡D❤✱ ✷✵✶✷✱ ▼♦&♦❝❝♦✱ ✷✸✽✲✷✹✸✳

✹✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳❑❝❤❛♦✉✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ❆✳ ❘❛❜❤✐✳ ❘❡.✐❧✐❡♥$ ♦✉$♣✉$ ❢❡❡❞❜❛❝❦ ❢✉③③②

❝♦♥$%♦❧ ❞❡.✐❣♥ ❢♦% ♥♦♥❧✐♥❡❛% ♥❡$✇♦%❦❡❞ ❝♦♥$%♦❧ .②.$❡♠.✱ ✶✷$❤ ■♥$❡%♥❛$✐♦♥❛❧ ❝♦♥❢❡✲

%❡♥❝❡ ♦♥ ❙❝✐❡♥❝❡. ❛♥❞ ❚❡❝❤♥✐H✉❡. ♦❢ ❆✉$♦♠❛$✐❝ ❝♦♥$%♦❧ ❛♥❞ ❝♦♠♣✉$❡% ❡♥❣✐♥❡❡%✐♥❣

❙❚❆✬✶✷✱ ❙♦✉DD❡✱ ✷✵✶✷✳

✺✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ❆✳ ❘❛❜❤✐✳ H∞ ❢✉③③② ◆❡$✇♦%❦❡❞ ❝♦♥$%♦❧ ❢♦%

✈❡❤✐❝❧❡ ❧❛$❡%❛❧ ❞②♥❛♠✐❝.✳ ■♥ ✷✶D% ▼❡❞✐%❡&&❛♥❡❛♥ ❈♦♥❢❡&❡♥❝❡ ♦♥ ❈♦♥%&♦❧ ❛♥❞ ❆✉%♦✲

♠❛%✐♦♥✱ ■❊❊❊ ▼❊❉✱ ✷✵✶✸✱ ❈&❡%❡✱ ●&❡❡❝❡✱ ✶✺✸✽✲✶✺✹✸✳

✻✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ❆✳ ❘❛❜❤✐✳ ❘♦❜✉.$ H∞ ❢✉③③② ♥❡$✇♦%❦❡❞ ❝♦♥$%♦❧

❢♦% ✈❡❤✐❝❧❡ ❧❛$❡%❛❧ ❞②♥❛♠✐❝. ■♥ ✶✻%❤ ■♥%❡&♥❛%✐♦♥❛❧ ■❊❊❊ ❈♦♥❢❡&❡♥❝❡ ♦♥ ■♥%❡❧❧✐❣❡♥%

❚&❛♥D♣♦&%❛%✐♦♥ ❙②D%❡♠D✱ ✷✵✶✸✱ ❍❛❣✉❡✱ ◆❡%❤❡&❧❛♥❞D✱ ✾✵✺✲✾✶✵✳

✼✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❘❛❜❤✐✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✳ ❉❡❝❡♥$%❛❧✐③❡❞ .$❛$✐❝ ♦✉$♣✉$ ❢❡❡❞✲

❜❛❝❦ ❢✉③③② ❝♦♥$%♦❧ ❞❡.✐❣♥ ❢♦% ♥♦♥❧✐♥❡❛% ✐♥$❡%❝♦♥♥❡❝$❡❞ ♥❡$✇♦%❦❡❞ ❝♦♥$%♦❧ .②.$❡♠.✱

✶✸$❤ ■♥$❡%♥❛$✐♦♥❛❧ ❝♦♥❢❡%❡♥❝❡ ♦♥ ❙❝✐❡♥❝❡. ❛♥❞ ❚❡❝❤♥✐H✉❡. ♦❢ ❆✉$♦♠❛$✐❝ ❝♦♥$%♦❧ ❛♥❞

❝♦♠♣✉$❡% ❡♥❣✐♥❡❡%✐♥❣ ❙❚❆✱ ✷✵✶✸✱ ❙♦✉DD❡✱ ✷✵✶✲✷✵✻✳

✽✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❘❛❜❤✐✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✳ H∞ ♥❡$✇♦%❦❡❞ ❢✉③③② ❝♦♥$%♦❧ ❢♦%

✈❡❤✐❝❧❡ ❧❛$❡%❛❧ ❞②♥❛♠✐❝ ✇✐$❤ ❧✐♠✐$❡❞ ❝♦♠♠✉♥✐❝❛$✐♦♥✳ ■♥ ✶✾%❤ ❲♦&❧❞ ❈♦♥❣&❡DD ■❋❆❈

❲❈✱ ✷✵✶✹✱ ❈❛♣❡ ❚♦✇♥✱ ✻✸✶✸✲✻✸✶✽✳
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✹ ❘"❢"$❡♥❝❡( ♣❡$(♦♥♥❡❧❧❡(

✾✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❘❛❜❤✐✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✳ ❘♦❜✉$% H∞ &❡❧✐❛❜❧❡ ◆❡%✇♦&❦❡❞

❙%❛%✐❝ ❖✉%♣✉% ❋❡❡❞❜❛❝❦ ❈♦♥%&♦❧ ❉❡$✐❣♥ ❢♦& ❱❡❤✐❝❧❡ ❉②♥❛♠✐❝$ ❙%❛❜✐❧✐%② ■❊❊❊ ▼❙❈✱

✷✵✶✹✱ ❆♥%✐❜❡>✴◆✐❝❡✱ ✶✷✸✷✲✶✷✸✼✳

✶✵✳ ❈✳ ▲❛%&❛❝❤✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❘❛❜❤✐✳ ❱❡❤✐❝❧❡ ❉②♥❛♠✐❝> ❉❡❝❡♥%&❛❧✐③❡❞

◆❡%✇♦&❦❡❞ ❈♦♥%&♦❧✳ ■❊❊❊ ■♥%❡&♥❛%✐♦♥❛❧ ❈♦♥❢❡&❡♥❝❡ ♦♥ ❋✉③③② ❙②>%❡♠> ✭❋❯❩❩✲■❊❊❊✮

✷✵✶✺✳

❈♦♥❢"$❡♥❝❡( ♥❛.✐♦♥❛❧❡(

✶✳ ❈✳ ▲❛%&❛❝❤✱ ❆✳ ❘❛❜❤✐✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✳ ❈♦♠♠❛♥❞❡ ❡♥ &=$❡❛✉ ❞❡ ❧❛ ❞②♥❛✲

♠✐?✉❡ ❧❛%=&❛❧❡ ❞✉ ✈=❤✐❝✉❧❡ ❏❉ ▼❆❈❙ ✷✵✶✸✱ ❙%&❛>❜♦✉&❣✱ ❋&❛♥❝❡✱ ✸✶✶✲✸✶✻✳

✷✳ ❈✳ ▲❛%&❛❝❤✱ ▼✳ ❑❝❤❛♦✉✱ ❆✳ ❊❧ ❍❛❥❥❛❥✐✱ ❆✳ ❘❛❜❤✐✳❈♦♠♠❛♥❞❡ ✢♦✉❡ ❞=❝❡♥%&❛❧✐$=❡ ♣♦✉&
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Chapitre

1
Introduction générale

❙♦♠♠❛✐%❡

1.1 Introduction

1.2 Introduction Générale et motivations

1.3 Plan de la thèse

1.1 Introduction

C
❡!!❡ !❤#$❡ ❡$! ❧❡ &'$✉❧!❛! ❞❡ ♣❧✉$ ❞❡ !&♦✐$ ❛♥♥'❡$ ❞❡ !&❛✈❛✐❧ ✭❖❝!♦❜&❡ ✷✵✶✶ ✲ ▼❛✐

✷✵✶✺✮ ❡✛❡❝!✉'❡ ❛✉ $❡✐♥ ❞❡ ❧✬'=✉✐♣❡ ✭❈❖❱❊✮ ❞✉ ❧❛❜♦&❛!♦✐&❡ ❞❡ ▼♦❞'❧✐$❛!✐♦♥✱ ■♥❢♦&✲

♠❛!✐♦♥$ ❡! $②$!#♠❡$ ✭▼■❙✮ ❞❡ ❧✬❯H❏❱✱ $✉& ❧❛ ❝♦♠♠❛♥❞❡ ❡♥ &'$❡❛✉ ❡♥ ✈✉❡ ❞✬❛♠'❧✐♦&❡&

❧❡$ ♣❡&❢♦&♠❛♥❝❡$ ❞②♥❛♠✐=✉❡$ ❞✉ ✈'❤✐❝✉❧❡ ❛✉!♦♠♦❜✐❧❡✳ ▲❡$ ♣&✐♥❝✐♣❛✉① !❤#♠❡$ ❞'✈❡❧♦♣♣'$

❝♦♥❝❡&♥❡♥! ✿

✕ ▲❛ ♠♦❞'❧✐$❛!✐♦♥✱ ❧✬❛♥❛❧②$❡ ❡! ❧❡ ❝♦♥!&O❧❡ ❞❡ ❧❛ ❞②♥❛♠✐=✉❡ ❞❡$ ✈'❤✐❝✉❧❡$ ❛✉!♦♠♦❜✐❧❡$✱

✕ ▲❛ $②♥!❤#$❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❡♥ &'$❡❛✉ ❞❡$ $②$!#♠❡$ ❞②♥❛♠✐=✉❡$ ❞❡ ❣&❛♥❞❡ ❞✐♠❡♥✲

$✐♦♥✱ ✉!✐❧✐$❛♥! ❧❡$ ♦✉!✐❧$ ❞❡$ ■♥'❣❛❧✐!'$ ▲✐♥'❛✐&❡$ ▼❛!&✐❝✐❡❧❧❡$ ✭▲▼■$✮✳

✕ ▲❛ ❝♦♥❝❡♣!✐♦♥ ❞❡$ ❛&❝❤✐!❡❝!✉&❡$ ❞❡ ❝♦♠♠❛♥❞❡ ❞'❝❡♥!&❛❧✐$'❡$ ♣❡&♠❡!!❛♥! ❞❡ ❜✐❡♥

❣'&❡& ❧❡$ ❞✐✛'&❡♥!❡$ ❢♦♥❝!✐♦♥$ ❞❡ $'❝✉&✐!' ❛❝!✐✈❡✳ ❉❛♥$ ❝❡ ❝♦♥!❡①!❡✱ ❧❡ ❝♦♥!&O❧❡✉&

❣❧♦❜❛❧ ❡♥ &'$❡❛✉ ❞✉ ❝❤R$$✐$ ❞✉ ✈'❤✐❝✉❧❡ ❡$! '!✉❞✐' ❡♥ ♣&❡♥❛♥! ❡♥ ❝♦♠♣!❡ ❧❡ ❝♦✉♣❧❛❣❡

❡♥!&❡ ❧❛ ❞②♥❛♠✐=✉❡ ❧❛!'&❛❧❡ ❡! ❧❛ ❞②♥❛♠✐=✉❡ ❞✉ &♦✉❧✐$✳

❈❡!!❡ !❤#$❡ ✈✐$❡ S ♣♦✉&$✉✐✈&❡ ❧❡$ !&❛✈❛✉① ♣&'❝'❞❡♠♠❡♥! ❞'✈❡❧♦♣♣'$ ❞❛♥$ ❧✬'=✉✐♣❡✱

♥♦!❛♠♠❡♥! ❝❡✉① ❞❡ ✿

✕ ▼♦❤❛♠❡❞ ❖✉❞❣❤✐&✐✱ ✧ ❈♦♠♠❛♥❞❡ ♠✉❧!✐✲♠♦❞#❧❡$ !♦❧'&❛♥!❡ ❛✉① ❞'❢❛✉!$ ✿ ❆♣♣❧✐❝❛!✐♦♥

❛✉ ❝♦♥!&O❧❡ ❞❡ ❧❛ ❞②♥❛♠✐=✉❡ ❞✬✉♥ ✈'❤✐❝✉❧❡ ❛✉!♦♠♦❜✐❧❡✧✱

✕ ❍❛♠✐❞ ❉❛❤♠❛♥✐✱ ✧ ❙②$!#♠❡ ❞✬❊✈❛❧✉❛!✐♦♥ ❞❡ ❧❛ ❉②♥❛♠✐=✉❡ ❞✉ ❱'❤✐❝✉❧❡ ❡! ❞✬❆✐❞❡ S

❧❛ ❈♦♥❞✉✐!❡ ✿ ❉'!❡❝!✐♦♥ ❞❡$ $♦&!✐❡$ ❞❡ &♦✉!❡ ❡! ❞❡$ &❡♥✈❡&$❡♠❡♥!$ ✧✳
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✻ Introduction générale

1.2 Introduction Générale et motivations

1.2.1 L’embarqué en automobile

1.2.1.1 Contexte automobile

▲❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬❛✉+♦♠♦❜✐❧❡ ❛ ❜❡❛✉❝♦✉♣ /✈♦❧✉/ ❝❡1 +2❡♥+❡ ❞❡2♥✐32❡1 ❛♥♥/❡1✳ ❆✉ ❞/❜✉+

♣✉2❡♠❡♥+ ♠/❝❛♥✐6✉❡1✱ ❧❡1 ❢♦♥❝+✐♦♥♥❛❧✐+/1 ❞✬✉♥❡ ❛✉+♦♠♦❜✐❧❡ ♦♥+✱ ❞❡♣✉✐1 ❧♦21✱ ✐♥+/❣2/ ❡♥ ❧❡✉2

1❡✐♥ ❞❡ ♣❧✉1 ❡♥ ♣❧✉1 ❞✬/❧❡❝+2♦♥✐6✉❡✱ ♣✉✐1 ❞✬✐♥❢♦2♠❛+✐6✉❡✳ ❈❡++❡ ✐♥❢♦2♠❛+✐6✉❡ ❡♠❜❛26✉/❡ ❛

❞/1♦2♠❛✐1 ♣♦✉2 ♦❜❥❡❝+✐❢ ❞❡ ❝♦♥❝❡✈♦✐2 ❞❡1 ❧♦✐1 ♣❡2♠❡++❛♥+ ❞✬❛11✉2❡2 ❧❛ 1+❛❜✐❧✐+/ ♦♣+✐♠❛❧❡ ❞✉

✈/❤✐❝✉❧❡ ♠=♠❡ ❞❛♥1 ❧❡1 1✐+✉❛+✐♦♥1 ❧❡1 ♣❧✉1 ❝2✐+✐6✉❡1✱ ❞✬❛❧❡2+❡2 ❡+ ❞✬❛✈❡2+✐2 ❧❡ ❝♦♥❞✉❝+❡✉2✱

❡+ ❞❡ 2/❣✉❧❡2 ❧❡1 ❢♦♥❝+✐♦♥♥❛❧✐+/1 ❞✉ ✈/❤✐❝✉❧❡✳

▲✬❛✉+♦♠❛+✐6✉❡ 1✬❛✈32❡ ❧❡ ♠❡✐❧❧❡✉2 ♦✉+✐❧ ❞✉ ❞/✈❡❧♦♣♣❡♠❡♥+ ❞❡ ❝❡1 ♥♦✉✈❡❧❧❡1 +❡❝❤♥♦❧♦❣✐❡1✳

❊♥ 1❡ ❜❛1❛♥+ 1✉2 ✉♥❡ ♠♦❞/❧✐1❛+✐♦♥ ❞❡1 ♣2♦❝❡11✉1 ♣❤②1✐6✉❡1 ✭❛✐♥1✐ 6✉❡ ❞❡1 ❞✐1♣❡21✐♦♥1

❛11♦❝✐/❡1✮✱ ❞❡1 ❧♦✐1 ❞❡ ❝♦♥+2B❧❡✴❝♦♠♠❛♥❞❡ ♣❡✉✈❡♥+ =+2❡ ❞/✈❡❧♦♣♣/❡1 ❛✜♥ ❞❡ ♣✐❧♦+❡2 ❛✉

♠✐❡✉① ❝❡1 ♣2♦❝❡11✉1✳

▲✬✐♥❢♦2♠❛+✐6✉❡ ❡♠❜❛26✉/❡ ❡1+ ❞❡ ♣❧✉1 ❡♥ ♣❧✉1 ✉+✐❧❡ +♦✉+ ❡♥ ❝♦♥+✐♥✉❛♥+ F /✈♦❧✉❡2 ❞❛♥1

❧✬❛✉+♦♠♦❜✐❧❡✳ ▲❡1 ♥♦✉✈❡❧❧❡1 ♥♦2♠❡1 ❛♥+✐✲♣♦❧❧✉+✐♦♥✱ ❧❡1 ❞❡♠❛♥❞❡1 ❞✉ ♣✉❜❧✐❝ ❡♥ +❡2♠❡ ❞❡

1/❝✉2✐+/ ❡+ ❞❡ ❝♦♥❢♦2+✱ ❡+ ❧❛ ♠♦♥+/❡ ❡♥ ♣✉✐11❛♥❝❡ ❞❡1 +❡❝❤♥♦❧♦❣✐❡1 /❧❡❝+2♦♥✐6✉❡1 1♦♥+ ❡♥+2❛✐♥

❞❡ +2❛♥1❢♦2♠❡2 ❧❛ ❝♦♥❝❡♣+✐♦♥ ❛✉+♦♠♦❜✐❧❡✳ ❙✐ ❧✬/❧❡❝+2♦♥✐6✉❡ 2❡♣2/1❡♥+❡ ❛❝+✉❡❧❧❡♠❡♥+ ❞❡ ✷✵

✪ F ✷✺ ✪ ❞✉ ❝♦M+ +♦+❛❧ ❞✉ ✈/❤✐❝✉❧❡✱ ❝❡++❡ ♣2♦♣♦2+✐♦♥ ❛ ❛++❡✐♥+ ♣231 ❞❡ ✹✵ ✪ ❡♥ ✷✵✶✵✳

▲✬/❧❡❝+2♦♥✐6✉❡ 1✬❛✈32❡ ♥/❝❡11❛✐2❡ ♣♦✉2 ❝♦♥+2B❧❡2 +♦✉+❡ ❧❛ ❞②♥❛♠✐6✉❡ ❞✉ ✈/❤✐❝✉❧❡ ✭❝♦♥+2B❧❡

♠♦+❡✉2✱ ❜♦✐+❡ ❞❡ ✈✐+❡11❡1 ✱ 1✉1♣❡♥1✐♦♥✱ ❞✐2❡❝+✐♦♥✱ ❆❇❙✱ ✳✳✳✮✱ ❧❡1 ❢♦♥❝+✐♦♥1 ❞❡ ❝❛22♦11❡2✐❡

✭♣❤❛2❡1✱ ❡11✉✐❡✲❣❧❛❝❡1✱ ♣♦2+❡1✱ ✳✳✳✮ ❡+ ❧❡1 ❢♦♥❝+✐♦♥1 ❞❡ ❝♦♥❢♦2+ ❞❡ ❧✬❤❛❜✐+❛❝❧❡ ✭❛✣❝❤❛❣❡✱

❛✉+♦2❛❞✐♦✱ ❝❧✐♠❛+✐1❛+✐♦♥✱ ✳✳✳✮ ❀ ❧✬❡♥1❡♠❜❧❡ ❡1+ ❝♦♦2❞♦♥♥/ ♣❛2 ❞❡1 1✉♣❡2✈✐1❡✉21✳ ❊♥ +♦✉+✱

♥♦✉1 ♣♦✉✈♦♥1 ❝♦♠♣+❡2 ❥✉16✉✬ F ✉♥❡ 6✉❛2❛♥+❛✐♥❡ ❞❡ ❝❛❧❝✉❧❛+❡✉21 ❞✐✛/2❡♥+1 ❞❛♥1 ✉♥❡ ♠=♠❡

✈♦✐+✉2❡✳ ❈❡ ♥♦♠❜2❡ ❡1+ +♦✉+❡❢♦✐1 F ❧❛ ❜❛✐11❡ ❝❤❡③ ❝❡2+❛✐♥1 ❝♦♥1+2✉❝+❡✉21✱ ❞♦♥+ U❙❆✱ ❝❛2 ❧❡1

❢♦♥❝+✐♦♥♥❛❧✐+/1 1♦♥+ ♣❡+✐+ F ♣❡+✐+ 2❡❣2♦✉♣/❡1 ❛✉ 1❡✐♥ ❞✬✉♥ ♥♦♠❜2❡ 2/❞✉✐+ ❞❡ ❝❛❧❝✉❧❛+❡✉21✳

▲❛ 1+2❛+/❣✐❡ ❞❡ ❧✬ /❧❡❝+2♦♥✐6✉❡ ❡1+ ❜❛1/❡ 1✉2 ❧❡ ❧♦❣✐❝✐❡❧ ✭❡+ ♥♦♥ ❧❛ ♣✉✐11❛♥❝❡ ❞❡ ❝❛❧❝✉❧✮ ❝❡

6✉✐ ❢❛✐+ ❧✬✐♠♣♦2+❛♥❝❡ ❞❡ 1♦♥ ❞/✈❡❧♦♣♣❡♠❡♥+✳ ❙❛ ♠✐11✐♦♥ ❡1+ ♣2✐♠♦2❞✐❛❧❡ ✿ ❡❧❧❡ ❞/+❡2♠✐♥❡ ❧❡

❝♦♠♣♦2+❡♠❡♥+ ❞✉ ❝❛❧❝✉❧❛+❡✉2 ♦✉ ❞✉ 1✉♣❡2✈✐1❡✉2 ❛✉6✉❡❧ ✐❧ ❡1+ ❛11♦❝✐/✳ ❈♦♠♠❡ ❧❡1 ❢♦♥❝+✐♦♥1

/❧❡❝+2♦♥✐6✉❡1 +2❛✐+❡♥+ ❞❡ ♣❧✉1 ❡♥ ♣❧✉1 ❞✬✐♥❢♦2♠❛+✐♦♥1✱ ❧❡ ❧♦❣✐❝✐❡❧ 1✬/+♦✛❡ ♣♦✉2 ♣2❡♥❞2❡ ❡♥

❝♦♠♣+❡ +♦✉+❡1 ❧❡1 ❝♦♥✜❣✉2❛+✐♦♥1 ♣♦11✐❜❧❡1✳ ❊♥ ✶✾✽✵✱ ❧❛ ❈❳ ❈✐+2♦❡♥ ❡♠❜❛26✉❛✐+ ✶✳✶❑♦✱

+❛♥❞✐1 6✉✬❡♥ ✷✵✵✵✱ ❧❛ ✻✵✼ ❡♠❜❛26✉❡ ✷▼♦✳ ▲✬❛✉+♦♠♦❜✐❧❡ 1✉✐+ ✉♥ 2②+❤♠❡ ❞❡ ♣2♦❣2❡11✐♦♥ ❞✉

❧♦❣✐❝✐❡❧ ✐❞❡♥+✐6✉❡ F ❝❡❧✉✐ ❞❡ ❧✬❛✈✐♦♥✐6✉❡ ❛✈❡❝ ✉♥ ❞/❝❛❧❛❣❡ ❞✬✉♥❡ ❞/❝❡♥♥✐❡ ❡♥✈✐2♦♥✳ ❬❍✐❧❛✐2❡✱

✷✵✵✻❪

▲❡1 ❢♦♥❝+✐♦♥1 ✐♠♣❧/♠❡♥+/❡1 ❞❛♥1 ❧❡1 ❝❛❧❝✉❧❛+❡✉21 1♦♥+ ❞❡ ♣❧✉1 ❡♥ ♣❧✉1 ❝♦♠♣❧❡①❡1✱

❝♦♠♠❡ ♥♦✉1 ❛❧❧♦♥1 ❧❡ ✈♦✐2 ❛✉ ♣❛2❛❣2❛♣❤❡ 1✉✐✈❛♥+✳

1.2.1.2 Les différentes lois embarquées

▲❡1 ✈/❤✐❝✉❧❡1 ❛✉+♦♠♦❜✐❧❡1 ✓ ✐♥+❡❧❧✐❣❡♥+1 ✔ 1♦♥+ ❞❡ ♣❧✉1 ❡♥ ♣❧✉1 /6✉✐♣/1 ❞❡1 ♥♦✉✈❡❛✉①

1②1+3♠❡1 ❞❡ 1/❝✉2✐+/ ❛❝+✐✈❡ ❡+ ♣❛11✐✈❡✳ ▲❛ 1/❝✉2✐+/ ♣❛11✐✈❡ ♣❡2♠❡+ ❞❡ ♠✐♥✐♠✐1❡2 ❧❛ ❣2❛✈✐+/



1.2 Introduction Générale et motivations ✼

❡! ❧❡# ❝♦♥#'(✉❡♥❝❡# ❞✬✉♥ ❛❝❝✐❞❡♥! ❡♥ ❝♦♥❝❡✈❛♥!✱ ♣❛1 ❡①❡♠♣❧❡✱ ❞❡# ❛✐1❜❛❣#✱ ❞❡# ❝❤7##✐#✱

❞❡# ❝❛♣♦!#✱ ❞❡# ♣❛1❡✲❝❤♦❝# ❡! ❛✉!1❡# ♣❛1!✐❡# ❞✉ ✈'❤✐❝✉❧❡# ♣♦✉1 ❛❜#♦1❜❡1 ✉♥ ♠❛①✐♠✉♠

❞✬'♥❡1❣✐❡ ❧♦1# ❞✉ ❝❤♦❝✳ ▲❛ #'❝✉1✐!' ❛❝!✐✈❡ ❡#! ✉!✐❧✐#'❡ ♣♦✉1 ❞'#✐❣♥❡1 ❧❛ !❡❝❤♥♦❧♦❣✐❡ ❞✬❛✐❞❡ ;

❧❛ ♣1'✈❡♥!✐♦♥ ❞✬✉♥ ❛❝❝✐❞❡♥!✳ ❊❧❧❡ ❢❛✐! 1'❢'1❡♥❝❡ ; ❧✬❡♥#❡♠❜❧❡ ❞❡# '❧'♠❡♥!# ❧✐'# ❛✉ ✈'❤✐❝✉❧❡

❛✐♥#✐ (✉✬; ❧✬❤♦♠♠❡ ❡! ; ❧✬❡♥✈✐1♦♥♥❡♠❡♥! (✉✐ ♣❛1 ❧❡✉1 ♣1'#❡♥❝❡ ♦✉ ❧❡✉1 ❢♦♥❝!✐♦♥♥❡♠❡♥!

♣❡✉✈❡♥! '✈✐!❡1 (✉✬✉♥ ❛❝❝✐❞❡♥! ♥❡ #❡ ♣1♦❞✉✐#❡✳ ❊❧❧❡ ❡#! ❞♦♥❝ ❡♥ ❛❝!✐♦♥ ❛✈❛♥! ❧✬❛❝❝✐❞❡♥!✳ ❈❡#

!7❝❤❡# ❢♦♥! ♣❛1!✐❡# ❞❡ ❝❡ (✉❡ ❧❡# #②#!@♠❡# ❞✬❛✐❞❡ ; ❧❛ ❝♦♥❞✉✐!❡ ❆❉❆❙ ✭❆❞✈❛♥❝❡❞ ❉1✐✈❡1

❆##✐#!❛♥! ❙②#!❡♠#✮ ❛❝❝♦♠♣❧✐##❡♥!✳ F❛1♠✐ ❝❡# #②#!@♠❡#✱ ♥♦✉# !1♦✉✈♦♥# ❧❡ #②#!@♠❡ ❞✬❛♥!✐✲

❜❧♦❝❛❣❡ ❞❡# 1♦✉❡#✱ ❞♦♥! ❧✬❛❜1'✈✐❛!✐♦♥ ❡♥ ❛❧❧❡♠❛♥❞ ❆♥!✐❜❧♦❝❦✐❡1#②#!❡♠ ❡#! ❆❇❙✱ (✉✐ ❧✐♠✐!❡

❧❡ ❜❧♦❝❛❣❡ ❞❡# 1♦✉❡# ♣❡♥❞❛♥! ✉♥ ❢1❡✐♥❛❣❡ ❜1✉#(✉❡ ❡! ✐♥!❡♥#❡✱ ❛✐♥#✐ (✉❡ ❧✬❊❙F ✭❊❧❡❝!1♦♥✐❝

❙!❛❜✐❧✐!② F1♦❣1❛♠✮ (✉✐ ❛♠'❧✐♦1❡ ❧❡ ❝♦♥!1I❧❡ ❞❡ !1❛❥❡❝!♦✐1❡#✳

❉❡ ♥♦♠❜1❡✉① ❛❝❝✐❞❡♥!# #♦♥! ❞✉#✱ ❡♥ ♣❛1!✐❡ !♦✉! ❛✉ ♠♦✐♥#✱ ; ❧❛ ♣❡1!❡ ❞❡ ❝♦♥!1I❧❡

❞✉ ✈'❤✐❝✉❧❡ ♣❛1 ❧❡ ❝♦♥❞✉❝!❡✉1✳ ❯♥❡ !❡❧❧❡ ♣❡1!❡ ❞❡ ❝♦♥!1I❧❡ ♣❡✉! ❛✈♦✐1 ❞❡ ♥♦♠❜1❡✉#❡#

❝❛✉#❡# ✿ ✉♥❡ ♠❛✉✈❛✐#❡ ❛♣♣1'❝✐❛!✐♦♥ ❞✉ ❝♦♥❞✉❝!❡✉1 ✭♣❛1 ❡①❡♠♣❧❡✱ ✈✐!❡##❡ !1♦♣ '❧❡✈'❡ ❞❛♥#

✉♥ ✈✐1❛❣❡✮✱ ✉♥❡ ♠❛♥♦❡✉✈1❡ ❜1✉#(✉❡ ♣♦✉1 '✈✐!❡1 ✉♥ ❞❛♥❣❡1✱ ♦✉ ❡♥❝♦1❡ ✉♥ #♦❧ ❣❧✐##❛♥!✳ ❉❛♥#

❝❡# ❝✐1❝♦♥#!❛♥❝❡#✱ ❧❡ ✈'❤✐❝✉❧❡ ❞'♣❛##❡ #♦✉✈❡♥! ❧❛ ❧✐♠✐!❡ ❞❡ !1❛❝!✐♦♥ ❞❡# ♣♥❡✉# #✉1 ❧❛ 1♦✉!❡ ❡!

❧❡ ✈'❤✐❝✉❧❡ ❣❧✐##❡ ✿ #♦✐! ✐❧ ♥❡ ♣❡✉! !♦✉1♥❡1 #✉✣#❛♠♠❡♥! ✈✐!❡ ✭#♦✉#✲✈✐1❡✮✱ #♦✐! ✐❧ !♦✉1♥❡ !1♦♣

✈✐!❡ ❡! ♣❛1! ❡♥ !N!❡✲;✲(✉❡✉❡ ✭#✉1✈✐1❡✮✳ ❙✐ ❧❡ ❝♦♥❞✉❝!❡✉1 ♣❡1❞ ❧❡ ❝♦♥!1I❧❡ ❞❡ #♦♥ ✈'❤✐❝✉❧❡✱

✐❧ ❞❡✈✐❡♥! !1@# ❞✐✣❝✐❧❡ ❞❡ ♠❛♥♦❡✉✈1❡1 ❡♥ !♦✉!❡ #'❝✉1✐!' ❡! ❝❡❧❛ ❞'❜♦✉❝❤❡ #♦✉✈❡♥! #✉1 ✉♥

❛❝❝✐❞❡♥!✳ ➱✈✐!❡1 ✉♥❡ !❡❧❧❡ ♣❡1!❡ ❞❡ ❝♦♥!1I❧❡ ♦✉ ❧❛ ❝♦11✐❣❡1 ❧♦1#(✉✬❡❧❧❡ ❡#! ❛♠♦1❝'❡ ♣❡✉!

❛✐❞❡1 ; '✈✐!❡1 ❧✬❛❝❝✐❞❡♥!✳ ❬F♦✉##♦!✲❱❛##❛❧✱ ✷✵✵✽❪

❆ ❝❛✉#❡ ❞✉ ❜❡#♦✐♥ ❝1♦✐##❛♥! ❞❡ ♣❡1❢♦1♠❛♥❝❡# ❡! ❞❡ #'❝✉1✐!'✱ ❧❡# ❞'✜# ❞❛♥# ❧❡ #❡❝!❡✉1 ❛✉✲

!♦♠♦❜✐❧❡✱ #✉1!♦✉! ❡♥ ❝❡ (✉✐ ❝♦♥❝❡1♥❡ ❧❡ ❝♦♥!1I❧❡✴❝♦♠♠❛♥❞❡✱ ♥✬♦♥! ❝❡##' ❞❡ ❝1♦X!1❡ ✭❝♦♥❢♦1!

♣❛##❛❣❡1✱ !❡♥✉❡ ❞❡ 1♦✉!❡✱ #!❛❜✐❧✐!' ❞✉ ✈'❤✐❝✉❧❡✱ ❝♦♥#♦♠♠❛!✐♦♥ ❞✬'♥❡1❣✐❡✱ ❡!❝✳✮✳ ❉❡ ♣❧✉#✱

❧❡ ❜❡#♦✐♥ 1'❝✉11❡♥! ❞❡ 1♦❜✉#!❡##❡ ✈✐#✲;✲✈✐# ❞❡ ♣❡1!✉1❜❛!✐♦♥# ❡①!❡1♥❡#✱ ❡!✴♦✉ ❞✬✐♥❝❡1!✐!✉❞❡#

❞❡ ♠♦❞'❧✐#❛!✐♦♥ ❢❛✐! (✉❡ ❧❡ !1❛✈❛✐❧ ❞❡ ❧✬✐♥❣'♥✐❡✉1 ❞❡✈✐❡♥! !1@# ❝♦♠♣❧❡①❡ ❡! ❧✬❛♠@♥❡ ; ✉♥❡

❝❤❛1❣❡ ❞❡ !1❛✈❛✐❧ ✐♠♣♦1!❛♥!❡ ♣♦✉1 ✈❛❧✐❞❡1 ❧❡# ♠'!❤♦❞❡# ❞❡ ❝♦♥!1I❧❡✳

❉❛♥# ❧❡# ✈'❤✐❝✉❧❡# ❛❝!✉❡❧#✱ ❧❛ ♣❧✉♣❛1! ❞❡# #♦❧✉!✐♦♥# ❞❡ ❝♦♥!1I❧❡✴❝♦♠♠❛♥❞❡ #♦♥! #②♥!❤'✲
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1.2 Introduction Générale et motivations ✾
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❡♥ ❛✉(♦♠❛(✐#✉❡✱ #✉✐ ♣❡♥❞❛♥( ❝❡& ❞❡6♥✐)6❡& ❛♥♥4❡& ❛ ♣6♦♣♦&4 ❞❡& &♦❧✉(✐♦♥& . ❝❡ (②♣❡ ❞❡
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1.2.2 Contrôle global du châssis du véhicule (CGC)
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1.2.2.1 Commande décentralisée
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✈❡❧♦♣♣❡♠❡♥+ ❞❡ $:/❡❛✉① ✜❧❛✐$❡/ ♦✉ /❛♥/ ✜❧/ G ❢❛✐❜❧❡/ ❝♦H+/ ✭✈♦✐$✱ ♣❛$ ❡①❡♠♣❧❡ ❬❍❡/♣❛♥❤❛
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Chapitre

2
Modélisation d’un véhicule

automobile, aspects généraux

❙♦♠♠❛✐%❡

2.1 Introduction

2.2 Les différents mouvements du véhicule et définition des repères

2.3 Modèle de pneumatique

2.4 Dynamique de roulis

2.5 Modèle dérive/lacet (bicyclette)

2.6 Modèle dérive/lacet/roulis

2.7 Modèle longitudinal d’un quart de véhicule

2.8 Représentation floue de type Takagi-Sugeno TS de la dynamique du
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2.9 Conclusion

2.1 Introduction

❈❡ ❝❤❛♣✐'(❡ )❡(❛ ❝♦♥)❛❝(, - ❧❛ ♠♦❞,❧✐)❛'✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐2✉❡ ❞✉ ✈,❤✐❝✉❧❡ ❡' )♦♥ ♠♦✉✲

✈❡♠❡♥' ♣❛( (❛♣♣♦(' - ❧❛ (♦✉'❡✳ ❆♣(8) ✉♥ ❜(❡❢ (❛♣♣❡❧ )✉( ❧❡) ❞✐✛,(❡♥') ♠♦✉✈❡♠❡♥') ❞✉ ✈,✲

❤✐❝✉❧❡✱ ♥♦✉) ♣(,)❡♥'♦♥) ❧❡) ♠♦❞8❧❡) ♣♥❡✉♠❛'✐2✉❡)✳ ❊♥)✉✐'❡✱ ♥♦✉) ❞,❝(✐(♦♥) ❧❛ ❞②♥❛♠✐2✉❡

❧♦♥❣✐'✉❞✐♥❛❧❡✱ ❧❛ ❞②♥❛♠✐2✉❡ ❞,(✐✈❡✴❧❛❝❡' ❡' ❧❛ ❞②♥❛♠✐2✉❡ ❞,(✐✈❡✴❧❛❝❡'✴(♦✉❧✐)✳ ❊♥✜♥✱ ♥♦✉)

♣(,)❡♥'♦♥) ❧❡) ♠♦❞8❧❡) ❚❙ ❞❡) ❞✐✛,(❡♥') ♠♦❞8❧❡) ❞❡ ❧❛ ❞②♥❛♠✐2✉❡ ❞✉ ✈,❤✐❝✉❧❡✳

✶✺
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▲❡ ✈#❤✐❝✉❧❡ ❛✈❡❝ *✉*♣❡♥*✐♦♥ ❡*. ✉♥ *②*.0♠❡ 2❡❧❛.✐✈❡♠❡♥. ❝♦♠♣❧❡①❡ ❡. ❧❛ ♠♦❞#❧✐*❛.✐♦♥ ❞❡

*♦♥ ❝♦♠♣♦2.❡♠❡♥. ❞②♥❛♠✐5✉❡ ❡*. *♦✉✈❡♥. ❞#❧✐❝❛.❡ ❡①♣❧♦2#❡ ♣❛2 ♣❧✉*✐❡✉2* ❛✉.❡✉2* ❬❑✐❡♥❝❦❡

❡. ◆✐❡❧*❡♥✱ ✷✵✵✺✱ >❤❛♠✱ ✶✾✾✶❪✳ ❯♥ ♠♦❞0❧❡ D *✐① ❞❡❣2#* ❞❡ ❧✐❜❡2.# ❡*. *♦✉✈❡♥. ✉.✐❧✐*# ♣♦✉2

❞#❝2✐2❡ ❧❛ ❞②♥❛♠✐5✉❡ ❞✬✉♥ ✈#❤✐❝✉❧❡ ❞❡ ❢❛I♦♥ ❝♦♠♣❧0.❡✳ ▲❛ ❝❛✐**❡ ❞✉ ✈#❤✐❝✉❧❡ ♣♦**0❞❡ *✐①

❞❡❣2#* ❞❡ ❧✐❜❡2.#✱ ❝♦♥*.✐.✉#* ♣❛2 .2♦✐* ♠♦✉✈❡♠❡♥.* ❞❡ .2❛♥*❧❛.✐♦♥ ❡. .2♦✐* ♠♦✉✈❡♠❡♥. ❞❡

2♦.❛.✐♦♥* ✐❧❧✉*.2#* *✉2 ❧❛ ✜❣✉2❡ ✷✳✶✳ ▲❡ ♠♦✉✈❡♠❡♥. ❞❡ .2❛♥*❧❛.✐♦♥ *✉2 ❧✬❛①❡

−→
X 2❡♣2#*❡♥.❡

❧❡ ❞#♣❧❛❝❡♠❡♥. ❧♦♥❣✐.✉❞✐♥❛❧✱ ❧❛ .2❛♥*❧❛.✐♦♥ *✉2 ❧✬❛①❡

−→
Y 2❡♣2#*❡♥.❡ ❧❡ ❞#♣❧❛❝❡♠❡♥. ❧❛.#2❛❧

❡. ❧❡ ❞#♣❧❛❝❡♠❡♥. ✈❡2.✐❝❛❧ *❡ ❢❛✐. *✉2 ❧✬❛①❡

−→
Z ✳ ▲❡* .2♦✐* ♠♦✉✈❡♠❡♥.* ❞❡ 2♦.❛.✐♦♥* *❡ ❢♦♥.

*✉2 ❝❡* ♠K♠❡* ❛①❡* ❡. *♦♥. ❞#✜♥✐❡* ❝♦♠♠❡ *✉✐. ✿ ✉♥❡ 2♦.❛.✐♦♥ ❛✉.♦✉2 ❞❡ ❧✬❛①❡

−→
X ❛♣♣❡❧#❡

❧❡ ♠♦✉✈❡♠❡♥. ❞❡ 2♦✉❧✐* ❞✉ ✈#❤✐❝✉❧❡ ❡. ❞♦♥♥#❡ ♣❛2 ❧✬❛♥❣❧❡ Φ✱ ❝❡ ♠♦✉✈❡♠❡♥. *❡ ♣2♦❞✉✐.

❣#♥#2❛❧❡♠❡♥. *✉✐.❡ D ✉♥ ❜2❛5✉❛❣❡ ❞❡* 2♦✉❡* ❛✈❛♥.* ❡. *❡ ❞#.❡❝.❡ ❡♥ ♣❛2.✐❝✉❧✐❡2 ❧♦2*5✉❡ ❧❡

✈#❤✐❝✉❧❡ ❛❜♦2❞❡ ✉♥ ✈✐2❛❣❡✳ ▲❛ ❞❡✉①✐0♠❡ 2♦.❛.✐♦♥ ❛✉.♦✉2 ❞❡ ❧✬❛①❡

−→
Y ❛♣♣❡❧#❡ ❧❡ ♠♦✉✈❡♠❡♥.

❞❡ .❛♥❣❛❣❡ ❞✉ ✈#❤✐❝✉❧❡ ❡. ❞♦♥♥#❡ ♣❛2 ❧✬❛♥❣❧❡ Θ✱ ❝❡ ♠♦✉✈❡♠❡♥. ❡*. ❣#♥#2# ♣❛2 ✉♥ ❢2❡✐♥❛❣❡

♦✉ ✉♥❡ ❛❝❝#❧#2❛.✐♦♥ ❧♦♥❣✐.✉❞✐♥❛❧❡✳ ❊. ❡♥✜♥ ✉♥❡ .2♦✐*✐0♠❡ 2♦.❛.✐♦♥ ❛✉.♦✉2 ❞❡ ❧✬❛①❡

−→
Z

❛♣♣❡❧#❡ ❧❡ ♠♦✉✈❡♠❡♥. ❞✉ ❧❛❝❡. ❞✉ ✈#❤✐❝✉❧❡ ❡. ❞♦♥♥#❡ ♣❛2 ❧✬❛♥❣❧❡ Ψ✳ ❬❉❛❤♠❛♥✐✱ ✷✵✶✶❪

❋✐❣✉2❡ ✷✳✶✿ ■❧❧✉*.2❛.✐♦♥ ❞❡* ❞✐✛#2❡♥.* ♠♦✉✈❡♠❡♥.* ❞✉ ✈#❤✐❝✉❧❡✳

❊♥ ♣❧✉* ❞❡* ✈❛2✐❛.✐♦♥* ❞❡* ♣❛2❛♠0.2❡* ❞✉ ✈#❤✐❝✉❧❡ ✭✈✐.❡**❡✱ ❢♦2❝❡* ❞❡ ❝♦♥.❛❝.✱✳✳✳❡.❝✳✮✱

❧❛ ♣2✐*❡ ❡♥ ❝♦♠♣.❡ ❞❡ .♦✉.❡* ❧❡* ✐♥.❡2❛❝.✐♦♥* ❡♥.2❡ *❡* ❝♦♠♣♦*❛♥.* ❡♥❣❡♥❞2❡ ✉♥ ♠♦❞0❧❡

❢♦2.❡♠❡♥. ♥♦♥ ❧✐♥#❛✐2❡✳ ❆✜♥ ❞✬♦❜.❡♥✐2 ❞❡* ♠♦❞0❧❡* ♠♦✐♥* ❝♦♠♣❧❡①❡* ❡. ❢❛❝✐❧❡♠❡♥. ❡①♣❧♦✐✲

.❛❜❧❡*✱ ❞❡* ❤②♣♦.❤0*❡* *♦♥. ❣#♥#2❛❧❡♠❡♥. *♦✉✈❡♥. ♠✐*❡* *❡❧♦♥ ❧✬♦❜❥❡❝.✐❢ ❞❡ ❧✬❛♣♣❧✐❝❛.✐♦♥

❡. ❧❡ ❞❡❣2# ❞❡ ♣2#❝✐*✐♦♥ *♦✉❤❛✐.#✳ ▲❡* ❤②♣♦.❤0*❡* *✐♠♣❧✐✜❝❛.2✐❝❡* *♦♥. ❞❡ ♥❛.✉2❡ ✈❛2✐#❡*

❡. ✐♥.❡2✈✐❡♥♥❡♥. ❡♥.2❡ ❛✉.2❡* ❛✉ ♥✐✈❡❛✉ ❞❡* ♠♦♠❡♥.* ❞✬✐♥❡2.✐❡ ❞✉ ✈#❤✐❝✉❧❡✳ ❉✉ ❢❛✐. ❞❡ ❧❛

*②♠#.2✐❡ ❞✉ ✈#❤✐❝✉❧❡ ♣❛2 2❛♣♣♦2. D ✉♥ ♣❧❛♥ ✈❡2.✐❝❛❧✲❧♦♥❣✐.✉❞✐♥❛❧✱ ❧❡* ♠♦♠❡♥.* ❞✬✐♥❡2.✐❡

❝2♦✐*#❡* ✭Ixy✱ Ixz ❡. Iyz✮ *♦♥. 2❡❧❛.✐✈❡♠❡♥. ❢❛✐❜❧❡* ❝♦♠♣❛2#* ❛✉① ✈❛❧❡✉2* ❞❡* ♠♦♠❡♥.* ❞❛♥*

❧❡* ❞✐2❡❝.✐♦♥* x✱y ❡. z✳
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❉❡✜♥✐'✐♦♥ ❞❡* +❡♣-+❡* ✿

!❧✉$✐❡✉'$ '❡♣)'❡$ ♣❡✉✈❡♥, -,'❡ ✉,✐❧✐$.$ ♣♦✉' ❞.❝'✐'❡ ❧❡$ ♠♦✉✈❡♠❡♥,$ ❞✉ ✈.❤✐❝✉❧❡✳ ◆♦✉$

❛❧❧♦♥$ ❞.✜♥✐' ❞❛♥$ ❝❡ ,'❛✈❛✐❧ ,'♦✐$ '❡♣)'❡$ 8✉✐ $❡'♦♥, ✉,✐❧❡$ 9 ❧✬.❝'✐,✉'❡ ❞❡$ ❞✐✛.'❡♥,❡$

.8✉❛,✐♦♥$ '.❣✐$$❛♥, ❧❛ ❞②♥❛♠✐8✉❡ ❞✉ ✈.❤✐❝✉❧❡ ✭❋✐❣✉'❡ ✷✳✷✮✳ ❬❖✉❞❣❤✐'✐✱ ✷✵✵✽❪

❋✐❣✉'❡ ✷✳✷✿ !❛$$❛❣❡ ❡♥,'❡ ❧❡$ ❞✐✛.'❡♥,$ '❡♣)'❡$ ✉,✐❧✐$.$✳

❈♦♠♠❡ ❧❡ ♠♦♥,'❡ ❧❛ ❋✐❣✉'❡ ✷✳✸✱ ♥♦✉$ ♣♦✉✈♦♥$ ❞✐$,✐♥❣✉❡' ,'♦✐$ '❡♣)'❡$✳ ▲❡ ♣'❡♠✐❡'

'❡♣)'❡ ❡$, ❧❡ '❡♣)'❡ ✐♥❡',✐❡❧ ♦✉ ❛❜$♦❧✉ ❧✐. 9 ❧❛ ,❡''❡ Ra
✭Oa✱

−→
X a✱

−→
Y a✱

−→
Z a ✮✱ ✐❧ ♣❡✉, -,'❡

❝♦♥$✐❞.'. ❝♦♠♠❡ ✉♥ '❡♣)'❡ ❣❛❧✐❧.❡♥ ❞❡ '.❢.'❡♥❝❡✳ ❯♥ ❞❡✉①✐)♠❡ '❡♣)'❡ ❧✐. ❛✉ ♠♦✉✈❡♠❡♥,

❞✉ ✈.❤✐❝✉❧❡ ♣❛' '❛♣♣♦', ❛✉ $♦❧✱ ♥♦,. Rv
✭Ov✱

−→
X v✱

−→
Y v✱

−→
Z v ✮✳ ❊♥$✉✐,❡ ✉♥ ,'♦✐$✐)♠❡ '❡♣)'❡

❞♦♥, ❧❡$ ♠♦✉✈❡♠❡♥,$ $♦♥, ❧✐.$ 9 ❝❡✉① ❞❡ ❧❛ ❝❛✐$$❡ ✭♠♦✉✈❡♠❡♥, ❞❡ '♦✉❧✐$ ❡, ,❛♥❣❛❣❡✮ Rc

✭Oc✱
−→
X c✱

−→
Y c✱

−→
Z c ✮✳ ❯♥ '❡♣)'❡ ✐♥,❡'♠.❞✐❛✐'❡ ♥♦,. Ri

✭Oi✱
−→
X i✱

−→
Y i✱

−→
Z i ✮✱ ❡$, ✐♥,'♦❞✉✐, ♣♦✉'

❡①♣'✐♠❡' ❧❡ ♣❛$$❛❣❡ ❞✉ '❡♣)'❡ Rv
❛✉ '❡♣)'❡ Rc

✳ ❬❉❛❤♠❛♥✐✱ ✷✵✶✶❪

❋✐❣✉'❡ ✷✳✸✿ ❉.✜♥✐,✐♦♥ ❞❡$ '❡♣)'❡$✳

▲✬❛①❡ xri ❡$, ❞❛♥$ ❧❡ ♣❧❛♥ ❞❡ ❧❛ '♦✉❡✱ yri ❡$, ♣❡'♣❡♥❞✐❝✉❧❛✐'❡ ❛✉ ♣❧❛♥ ❞❡ ❧❛ '♦✉❡ ❡,

zri ❡$, ♥♦'♠❛❧ ❛✉ ♣❧❛♥ ❞❡ ❧❛ '♦✉,❡✳ ▲❡ '❡♣)'❡ '♦✉❡ ❡$, ✉,✐❧✐$. ♣♦✉' ❞.,❡'♠✐♥❡' ❧❡$ ❡✛♦',$

♣♥❡✉♠❛,✐8✉❡$✳ !❛' ❛✐❧❧❡✉'$✱ ❧❛ ❝❛✐$$❡ ✭♠❛$$❡ $✉$♣❡♥❞✉❡✮ ❡✛❡❝,✉❡ ❞❡$ ♠♦✉✈❡♠❡♥,$ ❞❡ '♦✉❧✐$

Φ ❡, ❞❡ ,❛♥❣❛❣❡ Θ ♣❛' '❛♣♣♦', 9 ❧❛ ♠❛$$❡ ♥♦♥ $✉$♣❡♥❞✉❡ ✭✈♦✐' ✜❣✉'❡$ ✷✳✹ ❡, ✷✳✺✮✳
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❋✐❣✉$❡ ✷✳✹✿ ❘❡♣,$❡ ❧✐. / ❧❛ ❝❛✐22❡ ❛♣$,2 ✉♥ ♠♦✉✈❡♠❡♥7 ❞❡ 7❛♥❣❛❣❡✳

❋✐❣✉$❡ ✷✳✺✿ ❘❡♣,$❡ ❧✐. / ❧❛ ❝❛✐22❡ ❛♣$,2 ✉♥ ♠♦✉✈❡♠❡♥7 ❞❡ $♦✉❧✐2✳

❉❛♥2 ❧❛ 2✉✐7❡✱ ♥♦✉2 ♥♦✉2 ✐♥7.$❡22♦♥2 ❛✉① ❞✐✛.$❡♥7❡2 .7❛♣❡2 ♣❡$♠❡77❛♥7 ❞❡ ❞.❝$✐$❡ ❧✬.✈♦✲

❧✉7✐♦♥ ❞❡ ❧❛ ✈✐7❡22❡ ❞❡ 7$❛♥2❧❛7✐♦♥ ❡7 ❞❡ ❧❛ ✈✐7❡22❡ ❛♥❣✉❧❛✐$❡ ❞✉ ✈.❤✐❝✉❧❡ ❞❛♥2 ❧❡ $❡♣,$❡ ❧✐.

/ ❧❛ ❝❛✐22❡✳ A♦✉$ ♦❜7❡♥✐$ ❧❡2 .C✉❛7✐♦♥2 ❞❡ ♠♦✉✈❡♠❡♥7 ❞✉ ✈.❤✐❝✉❧❡✱ ♥♦✉2 ❛♣♣❧✐C✉♦♥2 ❧❡

♣$✐♥❝✐♣❡ ❢♦♥❞❛♠❡♥7❛❧ ❞❡ ❧❛ ♠.❝❛♥✐C✉❡ ❞❡2 ❝♦$♣2 2♦❧✐❞❡2 ✭A$✐♥❝✐♣❡ ❞❡ ◆❡✇7♦♥✮✳ ▲❡ ♣$❡♠✐❡$

♣$✐♥❝✐♣❡ ❝♦♥❝❡$♥❡ ❧✬.C✉✐❧✐❜$❡ ❞❡2 ❢♦$❝❡2 ❡①7.$✐❡✉$❡2 ❛❣✐22❛♥7 2✉$ ❧❡ ✈.❤✐❝✉❧❡ ❡7 ❧❡ ❞❡✉①✐,♠❡✱

❧✬.C✉✐❧✐❜$❡ ❞❡2 ♠♦♠❡♥72 ❞②♥❛♠✐C✉❡2 ❞✉ ✈.❤✐❝✉❧❡ ♣❛$ $❛♣♣♦$7 ❛✉① ♠♦♠❡♥72 ❡①7.$✐❡✉$2✳

❬❉❛❤♠❛♥✐✱ ✷✵✶✶❪

m~Γa =
∑

~Fext,

~Ho =
∑

~Mext

✭✷✳✶✮

♦O

∑~Fext ❡7
∑ ~Mext $❡♣$.2❡♥7❡♥7✱ $❡2♣❡❝7✐✈❡♠❡♥7✱ ❧❡2 ❢♦$❝❡2 ❡①7.$✐❡✉$❡2 ❡7 ❧❡2 ♠♦♠❡♥72

❡①7.$✐❡✉$2 ❛♣♣❧✐C✉.2 ❛✉ ✈.❤✐❝✉❧❡✱ m ❡27 ❧❛ ♠❛22❡ ❞✉ ✈.❤✐❝✉❧❡✱

~Γa ❡27 ❧❡ ✈❡❝7❡✉$ ❞✬❛❝❝.❧.✲

$❛7✐♦♥ ❞✉ ✈.❤✐❝✉❧❡ ❡7

~Ho ❡27 ❧❡ ✈❡❝7❡✉$ ❞❡2 ♠♦♠❡♥72 ❛♣♣❧✐C✉.2 ❛✉ ❝❡♥7$❡ ❞❡ ❣$❛✈✐7. ❞✉

✈.❤✐❝✉❧❡✳

❍②♣♦&❤()❡)

❆✜♥ ❞❡ 2✐♠♣❧✐✜❡$ ❧❛ ♠♦❞.❧✐2❛7✐♦♥ ❞✉ ✈.❤✐❝✉❧❡✱ ♥♦✉2 ❛❧❧♦♥2 ♥♦✉2 ✐♥7.$❡22❡$ ❞❛♥2 ❧❛ 2✉✐7❡

❞❡ ❝❡77❡ 2❡❝7✐♦♥ ✉♥✐C✉❡♠❡♥7 / ❞❡2 ❞②♥❛♠✐C✉❡2 ♣$.❝✐2❡2 ❞✉ ✈.❤✐❝✉❧❡ ❡7 ❡♥ ♥.❣❧✐❣❡$ ❝❡❧❧❡2 C✉✐

♥❡ 2❡$♦♥7 ♣❛2 ✉7✐❧❡2 ♣♦✉$ ❧❡ ❞.✈❡❧♦♣♣❡♠❡♥7 ❞❡2 7❡❝❤♥✐C✉❡2 ♣$♦♣♦2.❡2 ❞❛♥2 ❝❡ ❞♦❝✉♠❡♥7✳

❉❡2 ❤②♣♦7❤,2❡2 2✐♠♣❧✐✜❝❛7$✐❝❡2 ♣❡$♠❡77❛♥7 ❞✬♦❜7❡♥✐$ ❞❡2 ♠♦❞,❧❡2 ❞❡ 2②♥7❤,2❡ ❞❡2 ❧♦✐2 ❞❡

❝♦♠♠❛♥❞❡ ♣♦✉$ ❧❛ ❞②♥❛♠✐C✉❡ ❞❡ ✈.❤✐❝✉❧❡ 2❡$♦♥7 ❝♦♥2✐❞.$.❡2 ❝♦♠♠❡ 2✉✐7 ✿

❍②♣♦&❤()❡ ✶ ▲✬❡♥2❡♠❜❧❡ ♠❛22❡ ♥♦♥✲2✉2♣❡♥❞✉❡✴ ♠❛22❡ 2✉2♣❡♥❞✉❡ ✭❝❛✐22❡✮ ❞✉ ✈.❤✐❝✉❧❡

❝♦♥27✐7✉❡ ✉♥ 2❡✉❧ ♠S♠❡ ❝♦$♣2 $✐❣✐❞❡✳ ▲❡2 ❞.❢♦$♠❛7✐♦♥2 ❡7 ❧❡2 ♠♦✉✈❡♠❡♥72 $❡❧❛7✐❢2 ❞❡ ❧❛

❝❛✐22❡ C✉✐ 2♦♥7 ❡♥❣❡♥❞$.2 ♣❛$ ❧❡2 .❧.♠❡♥72 ❞❡ 2✉2♣❡♥2✐♦♥ ♥❡ 2♦♥7 ❞♦♥❝ ♣❛2 ♣$✐2 ❡♥ ❝♦♠♣7❡✳
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❍②♣♦&❤()❡ ✷ ▲❡ "❡♣$"❡ Rc ❧✐' ( ❧❛ ❝❛✐++❡ ❛ +♦♥ ♦"✐❣✐♥❡ ❛✉ ❝❡♥0"❡ ❞❡ ❣"❛✈✐0' ❞✉ ✈'❤✐❝✉❧❡✳

❙♦✉+ ❧✬❤②♣♦0❤$+❡ ✶ ❡0 ❧✬❤②♣♦0❤$+❡ ✷✱ ❧❡+ ';✉❛0✐♦♥+ ✭✷✳✶✮ ❞❡✈✐❡♥♥❡♥0 ❛✐♥+✐ ✿

m(~̇V+~Ω×~V ) =
∑

~Fext,

I ~̇Ω+Ω×I~Ω =
∑

~Mext

✭✷✳✷✮

−→
V = (vx,vy,vz)

T
❡+0 ❧❛ ✈✐0❡++❡ ❞✉ ❝❡♥0"❡ ❞❡ ❣"❛✈✐0' ❞✉ ✈'❤✐❝✉❧❡ ❞❛♥+ ❧❡ "❡♣$"❡ ❛❜+♦❧✉✳

◆♦0♦♥+ ❛✉++✐ ;✉❡ vx = u ❡0 vy = vr✳ ~Ω = (p,q,r)T ❡+0 ❧❛ ✈✐0❡++❡ ❞❡ "♦0❛0✐♦♥ ❞❡ ❧❛ ❝❛✐++❡

❞✉ ✈'❤✐❝✉❧❡✳ ▲❛ ♠❛0"✐❝❡ I ❡+0 ❧❡ 0❡♥+❡✉" ❞✬✐♥❡"0✐❡ ❞❡ ❧❛ ❝❛✐++❡ ❞✉ ✈'❤✐❝✉❧❡ ❞'✜♥✐❡ +♦✉+ ❧❛

❢♦"♠❡ ✿

I =



Ix −Ixy −Ixz

−Iyx Iy −Iyz
−Izx −Izy Iz




✭✷✳✸✮

♦E ❧❡+ ✐♥❞✐❝❡+ (x,y,z) ❞❡ ❧✬';✉❛0✐♦♥ ✭✷✳✸✮ +♦♥0 ❞❡+ ♥♦0❛0✐♦♥+ ❛❜"'❣'❡+ ♣♦✉" ❧❡+ ❞✐"❡❝0✐♦♥+

OcXc ✱ OcYc ❡0 OcZc ✳ ❈❡00❡ ♠❛0"✐❝❡ ❡+0 ❝♦♥+0❛♥0❡ ❞❛♥+ ❧❡ "'❢'"❡♥0✐❡❧ ❧✐' ( ❧❛ ❝❛✐++❡✳

❬❉❛❤♠❛♥✐✱ ✷✵✶✶❪

❘❡♠❛/0✉❡ ✷✳✶ ▲❡+ ❢♦"❝❡+ ❡①0'"✐❡✉"❡+

∑~Fext ❞✉❡+ ❛✉① ♣♥❡✉♠❛0✐;✉❡+ +♦♥0 ♣"✐♥❝✐♣❛❧❡♠❡♥0

( ❧✬♦"✐❣✐♥❡ ❞❡+ ♥♦♥ ❧✐♥'❛"✐0' ❞❡ ❧❛ ❞②♥❛♠✐;✉❡ ❞✉ ✈'❤✐❝✉❧❡ ❡0 +❡"♦♥0 ❞'0❛✐❧❧'❡+ ❞❛♥+ ❧❛ +❡❝0✐♦♥

+✉✐✈❛♥0❡✳

2.3 Modèle de pneumatique

2.3.1 Introduction

❯♥ ♣♥❡✉♠❛0✐;✉❡ ❡+0 ✉♥ ❝♦♠♣♦+❛♥0 ❞✬✐♥0❡"❢❛❝❡ ❡♥0"❡ ❧❡ ✈'❤✐❝✉❧❡ ❡0 ❧❛ "♦✉0❡ ♣❡"♠❡00❛♥0

❞❡ 0"❛♥+♠❡00"❡ ❧❡+ ❡✛♦"0+ ♣♦✉" ✉♥❡ ❜♦♥♥❡ 0❡♥✉❡ ❞❡ "♦✉0❡✳ ❙❡+ ;✉❛❧✐0'+ ❞✬❛♠♦"0✐++❡♠❡♥0

❝♦♥+0✐0✉❡♥0 '❣❛❧❡♠❡♥0 ✉♥ ♣"❡♠✐❡" ❞✐+♣♦+✐0✐❢ ❞✬✐+♦❧❛0✐♦♥ ✈✐❜"❛0♦✐"❡ ✈✐+✲(✲✈✐+ ❞❡+ +♦❧❧✐❝✐0❛✲

0✐♦♥+ ❡♥❣❡♥❞"'❡+ ♣❛" ❧❛ "♦✉0❡✳ ❊♥ ♠♦✉✈❡♠❡♥0✱ ✉♥ ♣♥❡✉♠❛0✐;✉❡ ❡+0 +♦✉♠✐+ ( ♣❧✉+✐❡✉"+

0②♣❡+ ❞✬❡✛♦"0+✳ ▲❡+ ❡✛♦"0+ ❧♦♥❣✐0✉❞✐♥❛✉① +♦♥0 "❡+♣♦♥+❛❜❧❡+ ❞❡ ❧✬❛❝❝'❧'"❛0✐♦♥ ♦✉ ❞✉ ❢"❡✐✲

♥❛❣❡✳ ▲❡+ ❡✛♦"0+ ❧❛0'"❛✉① ♣❡"♠❡00❡♥0 ❛✉ ✈'❤✐❝✉❧❡ ❞❡ ♥'❣♦❝✐❡" ✉♥ ✈✐"❛❣❡✳ ❆ ♣❛"0 ❧❡+ ❡✛♦"0+

❛'"♦❞②♥❛♠✐;✉❡+✱ 0♦✉0❡+ ❧❡+ ❢♦"❝❡+ ❡0 ♠♦♠❡♥0+ ❡①0❡"♥❡+ ❛♣♣❧✐;✉'+ +✉" ✉♥ ✈'❤✐❝✉❧❡ +♦♥0

❡++❡♥0✐❡❧❧❡♠❡♥0 ❞✉+ ❛✉ ❝♦♥0❛❝0 ❡♥0"❡ ❧❡ ♣♥❡✉ ❡0 ❧❡ +♦❧✳ ❊♥ ❡✛❡0✱ ❧❛ ❝♦♥♥❛✐++❛♥❝❡ ❡0 ❧❛ ❝♦♠✲

♣"'❤❡♥+✐♦♥ ❞❡+ ♣"♦♣"✐'0'+ ❞❡+ ♣♥❡✉♠❛0✐;✉❡+ ✭❧✬'0✉❞❡ ❞❡+ ❢♦"❝❡+ ❞'✈❡❧♦♣♣'❡+ ( ❧✬✐♥0❡"❢❛❝❡

❡♥0"❡ ❧❡ ♣♥❡✉ ❡0 ❧❡ +♦❧✮ +♦♥0 ♣❛"0✐❝✉❧✐$"❡♠❡♥0 ✐♠♣♦"0❛♥0❡+ ♣♦✉" 0♦✉0❡ '0✉❞❡ ❞❡ ❝♦♠♣♦"0❡✲

♠❡♥0 ❞②♥❛♠✐;✉❡ ❞❡+ ✈'❤✐❝✉❧❡+ ❛✉0♦♠♦❜✐❧❡+✳

❯♥ ♣♥❡✉♠❛0✐;✉❡ ♣♦++$❞❡ 0"♦✐+ ❢♦♥❝0✐♦♥+ ♣"✐♥❝✐♣❛❧❡+ ✿

✕ ✐❧ +✉♣♣♦"0❡ ❧❛ ❝❤❛"❣❡ ✈❡"0✐❝❛❧❡✱

✕ ✐❧ ❞'✈❡❧♦♣♣❡ ❧❡+ ❢♦"❝❡+ ❧♦♥❣✐0✉❞✐♥❛❧❡+ ❡♥ ❝❛+ ❞✬❛❝❝'❧'"❛0✐♦♥ ❡0 ❞❡ ❢"❡✐♥❛❣❡✱

✕ ✐❧ ❞'✈❡❧♦♣♣❡ ❧❡+ ❢♦"❝❡+ ❧❛0'"❛❧❡+ ❞❛♥+ ✉♥ ✈✐"❛❣❡✳



✷✵ Modélisation d’un véhicule automobile, aspects généraux

2.3.2 Forces du pneumatique

▲❡ ♣♥❡✉♠❛'✐)✉❡ ❡*' ✉♥ *②*',♠❡ *✉❥❡' ❛✉① ❢♦1❝❡* ❡' ♠♦♠❡♥'* ❡①'❡1♥❡*✳ ❈❡* ❢♦1❝❡* ❡'

♠♦♠❡♥'* *♦♥' ❡①♣1✐♠5* ❞❛♥* ✉♥ 1❡♣,1❡ ❧✐5 8 ❧❛ 1♦✉❡✱ 1❡♣,1❡ ♠♦❜✐❧❡ ❧♦1*)✉✬♦♥ '♦✉1♥❡ ❧❡

✈♦❧❛♥'✱ ♣❛1 ❡①❡♠♣❧❡✳ ❈❡ 1❡♣,1❡✱ ✉'✐❧✐*5 ❣5♥51❛❧❡♠❡♥' ♣♦✉1 ❞5❝1✐1❡ ❧✬♦1✐❡♥'❛'✐♦♥ ❞❡ ❧❛ 1♦✉❡✱

❝♦11❡*♣♦♥❞ ❛✉① ♥♦1♠❡* ■❙❖ ✭■♥'❡1♥❛'✐♦♥❛❧ ❖1❣❛♥✐③❛'✐♦♥ ❢♦1 ❙'❛♥❞❛1❞✐③❛'✐♦♥✮✳ ▲✬♦1✐❣✐♥❡

❞✉ 1❡♣,1❡ R❂✭O✱x✱y✱z✮ ❝♦E♥❝✐❞❡ ❛✈❡❝ ❧❡ ❝❡♥'1❡ ❞❡ ❧✬❛✐1❡ ❞❡ ❝♦♥'❛❝' ♣♥❡✉✴*♦❧ ✭❋✐❣✉1❡ ✷✳✻✮✳

❙✉1 ✉♥ *♦❧ ❝♦♥*✐❞515 ♣❧❛♥ ❡' ❤♦1✐③♦♥'❛❧✱ ❧✬❛①❡ ❞❡* x ❡*' ❧✬✐♥'❡1*❡❝'✐♦♥ ❡♥'1❡ ❧❡ ♣❧❛♥ ❞✉

♣♥❡✉♠❛'✐)✉❡ ✭15❞✉✐' 8 ✉♥ ❞✐*)✉❡✮ ❡' ❧❡ *♦❧✳ ▲✬❛①❡ ❞❡* z ❡*' ♣❡1♣❡♥❞✐❝✉❧❛✐1❡ ❛✉ *♦❧✳ ▲✬❛①❡

❞❡* y ❝♦♠♣❧,'❡ ❧❡ 1❡♣,1❡ ❞✐1❡❝' *✉✐✈❛♥' ❧❛ 1,❣❧❡ ❞❡ ❧❛ ♠❛✐♥ ❞1♦✐'❡✳ ▲✬❛♥❣❧❡ ❞❡ ❝❛11♦**❛❣❡ γ

❡*' ❧✬❛♥❣❧❡ ❡♥'1❡ ❧❡ ♣❧❛♥ ❞✉ ♣♥❡✉♠❛'✐)✉❡ ❡' ❧❡ ♣❧❛♥ ✈❡1'✐❝❛❧ ✭xOz✮✳ ▲✬❛♥❣❧❡ ❞❡ ❞51✐✈❡ α ❡*'

❧✬❛♥❣❧❡ ❡♥'1❡ ❧❡ ✈❡❝'❡✉1 ❞❡ ✈✐'❡**❡ ❞✉ ♣♥❡✉♠❛'✐)✉❡ v ❡' ❧✬❛①❡ ❞❡* x✳ ❈❡* ❞❡✉① ❛♥❣❧❡* *♦♥'

♠✐❡✉① ✐❧❧✉*'15* ♣❛1 ❞❡* ✈✉❡* ❞❡ ❞❡**✉* ❡' ❞❡ ❢❛❝❡ ❞❛♥* ❧❛ ✜❣✉1❡ ✷✳✼✳

❋✐❣✉1❡ ✷✳✻✿ ❋♦1❝❡* ❡' ♠♦♠❡♥'* ❛♣♣❧✐)✉5* *✉1 ❧❛ 1♦✉❡ ❬❏❛③❛1✱ ✷✵✵✽❪✳

▲❛ 15❛❝'✐♦♥ ❡♥'1❡ ❧❡ ♣♥❡✉♠❛'✐)✉❡ ❡' ❧❛ ❝❤❛✉**5❡ ❡*' ❞5❝1✐'❡ ♣❛1 '1♦✐* ❢♦1❝❡* ❡' '1♦✐*

♠♦♠❡♥'* ❬●✐❧❧❡*♣✐❡✱ ✶✾✾✷❪ ✿

✕ ❋♦1❝❡ ✈❡1'✐❝❛❧❡ Fz

✕ ▼♦♠❡♥' ❞✬❛✉'♦✲❛❧✐❣♥❡♠❡♥' Mz

✕ ❋♦1❝❡ ❤♦1✐③♦♥'❛❧❡ Fx

✕ ▼♦♠❡♥' ❞❡ 1❡♥✈❡1*❡♠❡♥' Mx

✕ ❋♦1❝❡ ❧❛'51❛❧❡ Fy

✕ ▼♦♠❡♥' ❞❡ 15*✐*'❛♥❝❡ ❛✉ 1♦✉❧❡♠❡♥' My
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❋✐❣✉$❡ ✷✳✼✿ ■❧❧✉,-$❛-✐♦♥ ❞❡, ❛♥❣❧❡, ❞✉ ♣♥❡✉♠❛-✐4✉❡ ✿ ✭❛✮ ✿ ✈✉❡ ❞❡ ❢❛❝❡ ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❝❛$$♦,✲

,❛❣❡ γ ❀ ✭❜✮ ✿ ✈✉❡ ❞❡ ❞❡,,✉, ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❞>$✐✈❡ α✳

2.3.2.1 Force verticale Fz

▲❛ ❢♦$❝❡ ✈❡$-✐❝❛❧❡ ❞✬✉♥ ♣♥❡✉♠❛-✐4✉❡✱ ♦✉ ❧❛ ❝❤❛$❣❡ ♥♦$♠❛❧❡✱ ✈✐❡♥- ❞✬✉♥❡ ❣$❛♥❞❡ ♣❛$-✐❡

❞✉ ♣♦✐❞, ❞✉ ✈>❤✐❝✉❧❡✳ ❊❧❧❡ ❡,- ✐♥✢✉❡♥❝>❡ ♣❛$ ❬❘❛❥❛♠❛♥✐✱ ✷✵✵✻❪ ✿

✕ ❧❡, ❞❡♠✐✲❡♠♣❛--❡♠❡♥-, ❛✈❛♥- ❡- ❛$$✐K$❡ ✭❞♦♥❝ ✐♥❞✐$❡❝-❡♠❡♥- ❧❛ ♣♦,✐-✐♦♥ ❞✉ ❝❡♥-$❡ ❞❡

❣$❛✈✐->✮✱

✕ ❧✬❛❝❝>❧>$❛-✐♦♥ ❧♦♥❣✐-✉❞✐♥❛❧❡✱

✕ ❧❡, ❢♦$❝❡, ❛>$♦❞②♥❛♠✐4✉❡,✱

✕ ❧✬✐♥❝❧✐♥❛✐,♦♥ ❞❡ ❧❛ $♦✉-❡✳

❯♥❡ ❛❝❝>❧>$❛-✐♦♥ ♣♦,✐-✐✈❡ ❞✐♠✐♥✉❡ ❧❡, ❢♦$❝❡, ✈❡$-✐❝❛❧❡, ,✉$ ❧❡, $♦✉❡, ❛✈❛♥-, ❡- ❧❡, ❛❝❝$♦N-

,✉$ ❧❡, $♦✉❡, ❛$$✐K$❡,✳ ❈❡ 4✉✐ ❡,- P ❧✬✐♥✈❡$,❡ ❞✉ ❢$❡✐♥❛❣❡✳

▲❡, ❢♦$❝❡, ❛>$♦❞②♥❛♠✐4✉❡, ,♦♥- ♣$♦♣♦$-✐♦♥♥❡❧❧❡, ❛✉ ❝❛$$> ❞❡ ❧❛ ✈✐-❡,,❡ ❞✉ ✈>❤✐❝✉❧❡✳

❙✉$ ✉♥❡ $♦✉-❡ ♣❧❛♥❡ ❡- ❛✈❡❝ ❞❡, ♣❡-✐-❡, ✈✐-❡,,❡,✱ ❧❡, ♣$♦❥❡❝-✐♦♥, ❞❡ ❝❡, ❢♦$❝❡,✱ ❝♦♥,✐❞>$>❡,

♣❛$❛❧❧K❧❡, ❛✉ ♣❧❛♥ ❤♦$✐③♦♥-❛❧✱ ,♦♥- ♥✉❧❧❡,✱ ❡- ❛✐♥,✐ ♥❡ ,♦♥- ♣❛$ ✐♥-$♦❞✉✐-❡, ❞❛♥, ❧✬❡①♣$❡,,✐♦♥

❞❡, ❢♦$❝❡, ✈❡$-✐❝❛❧❡,✳ ◗✉❛♥❞ ✐❧ ❡,- ♣♦,,✐❜❧❡✱ ❧❡, ♣❡♥-❡, ❞❡, ❣$❛♥❞❡, $♦✉-❡, ,♦♥- ❧✐♠✐->❡, P

4%✱ -❛♥❞✐, 4✉❡ ,✉$ ❧❡, ❛✉-$❡, $♦✉-❡,✱ ❝❡, ❧✐♠✐-❡, ♣❡✉✈❡♥- ❛--❡✐♥❞$❡ 10% P 12%✳ ❯♥❡ ♣❡♥-❡

♣♦,✐-✐✈❡ ✭✈>❤✐❝✉❧❡ ♠♦♥-❛♥- ✉♥❡ $♦✉-❡ ✐♥❝❧✐♥>❡✮ -$❛♥,❢❡$- ❧❛ ❝❤❛$❣❡ ❞❡ ❧✬❛✈❛♥- ✈❡$, ❧✬❛$$✐K$❡

❞✉ ✈>❤✐❝✉❧❡ ❬●✐❧❧❡,♣✐❡✱ ✶✾✾✷❪✳

2.3.2.2 Force longitudinale Fx et glissement longitudinal λ

▲❛ ❢♦$❝❡ ❧♦♥❣✐-✉❞✐♥❛❧❡ Fx ❡,- ❧❛ ❢♦$❝❡ ❛♣♣❧✐4✉>❡ ,❡❧♦♥ ❧✬❛①❡ X ❡♥-$❡ ❧❛ ,✉$❢❛❝❡ ❞❡ ❝♦♥-❛❝-

❞✉ ♣♥❡✉ ❡- ❧❛ ❝❤❛✉,,>❡✳ ❊❧❧❡ ❡,- ❡♥ ❢♦♥❝-✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥- ❞✬❛❞❤>$❡♥❝❡ ❧♦♥❣✐-✉❞✐♥❛❧❡ µ ❡-

❞❡ ❧❛ ❢♦$❝❡ ✈❡$-✐❝❛❧❡ Fz ✳ ❊❧❧❡ ❡,- ❞>❝$✐-❡ ♣❛$ ❧✬❡①♣$❡,,✐♦♥ ,✉✐✈❛♥-❡ ✿

Fx = µ(λ)Fz ✭✷✳✹✮

▲❡ ❝♦❡✣❝✐❡♥- ❞✬❛❞❤>$❡♥❝❡ µ ❞>-❡$♠✐♥❡ ❧✬>-❛- ❞❡ ❧❛ ❝❤❛✉,,>❡✳ ■❧ ❞>♣❡♥❞ ❞✉ ❣❧✐,,❡♠❡♥- λ

❞>✜♥✐ ❝✐✲❞❡,,♦✉,✱ ❞❡ ❧❛ ❝❤❛$❣❡ ❡- ❞❡ ❧❛ ✈✐-❡,,❡ ❞✉ ✈>❤✐❝✉❧❡✳ ❙♦♥ ❝♦♠♣♦$-❡♠❡♥- ♣❛$ $❛♣♣♦$-
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❛✉ ❣❧✐%%❡♠❡♥) ❧♦♥❣✐)✉❞✐♥❛❧ λ ❡%) ,❡♣,.%❡♥). ❞❛♥% ❧❛ ✜❣✉,❡ ✷✳✽ ♣♦✉, ✉♥ .)❛) ❞❡ ❝❤❛✉%%.❡

❞♦♥♥.✳ ▲✬❛❞❤.,❡♥❝❡ ❡%) ❝♦♥%✐❞.,.❡ ♥✉❧❧❡ ❞❛♥% ❧❡ ❝❛% ♦7 λ )❡♥❞ ✈❡,% ✵✳

❉❛♥% ♥♦),❡ .)✉❞❡✱ ♥♦✉% ✉)✐❧✐%♦♥% ❧❡ ♠♦❞<❧❡ ❡①♣.,✐♠❡♥)❛❧✱ ❞♦♥♥. ♣❛, ❇✉,❝❦❤❛,❞) ❬❇✉,❝❦✲

❤❛,❞)✱ ✶✾✾✸❪ ❞.❝,✐) ♣❛, ❧✬.F✉❛)✐♦♥ ✭✷✳✶✹✮✳ ✭✈♦✐, ❧❛ %♦✉%✲%❡❝)✐♦♥ ✷✳✸✳✸✳✷✮

❋✐❣✉,❡ ✷✳✽✿ ❱❛,✐❛)✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥) ❞❡ ❢,♦))❡♠❡♥) ❡♥ ❢♦♥❝)✐♦♥ ❞✉ ❣❧✐%%❡♠❡♥) ❬❖✉❞❣❤✐,✐✱

✷✵✵✽❪✳

❉❡ ♣❧✉%✱ ❧❛ ✜❣✉,❡ ✷✳✾ ,❡♣,.%❡♥)❡ ❧❡% ❝❛,❛❝).,✐%)✐F✉❡% ❞✉ ❝♦❡✣❝✐❡♥) ❞❡ ❢,♦))❡♠❡♥) ♣♦✉,

❞✐✛.,❡♥)% )②♣❡% ❞❡ ,❡✈R)❡♠❡♥) ❡) ❞✬.)❛) ❞❡ ❝❤❛✉%%.❡✳

❋✐❣✉,❡ ✷✳✾✿ ❱❛,✐❛)✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥) ❞✬❛❞❤.,❡♥❝❡ ❡♥ ❢♦♥❝)✐♦♥ ❞❡ ❧✬.)❛) ❞❡ ❧❛ ❝❤❛✉%%.❡✳

❚❛✉① ❞❡ ❣❧✐**❡♠❡♥- ❧♦♥❣✐-✉❞✐♥❛❧ ✿ ▲❡ )❛✉① ❞❡ ❣❧✐%%❡♠❡♥) ❧♦♥❣✐)✉❞✐♥❛❧ λ ❞❡ ❧❛ ,♦✉❡

❡%) ❞.✜♥✐ ♣❛, ❬❖✉❞❣❤✐,✐✱ ✷✵✵✽❪ ✿
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



λ =
vx−ωR

vx
 ✐ vx > ωR (❞✉$❛♥' ❧❡ ❢$❡✐♥❛❣❡)

λ =
ωR−vx
vx

 ✐ ωR > vx (❞✉$❛♥' ❧✬❛❝❝.❧.$❛'✐♦♥)

✭✷✳✺✮

❖6 vx .'❛♥' ❧❛ ✈✐'❡  ❡ ❧✐♥.❛✐$❡ ❞✉ ✈.❤✐❝✉❧❡ ❛✉ ♣♦✐♥' ❞❡ ❝♦♥'❛❝' ♣♥❡✉✴ ♦❧✱ ωR ❡ ' ❧❛ ✈✐'❡  ❡

❧✐♥.❛✐$❡ ❞✉ ♣♥❡✉♠❛'✐=✉❡ ❛✈❡❝ ω ❡ ' ❧❛ ✈✐'❡  ❡ ❛♥❣✉❧❛✐$❡ ❞✉ ✈.❤✐❝✉❧❡ (rad/s2) ❡' R ❡ ' ❧❡

$❛②♦♥ ❞❡ ❧❛ $♦✉❡ (m)✳ ❈❡ ❣❧✐  ❡♠❡♥' ❞.❝$✐' ❧❛ ❞✐✛.$❡♥❝❡ ♥♦$♠❛❧✐ .❡ ❡♥'$❡ ❝❡ ❞❡✉① ✈✐'❡  ❡ ✳

❆✐♥ ✐✱ ❡♥ ❢♦♥❝'✐♦♥ ❞❡ ❧❛ ✈❛❧❡✉$ ♣$✐ ❡ ♣❛$ λ✱ ♦♥ ❞✐ '✐♥❣✉❡ ❞❡✉①  ✐'✉❛'✐♦♥ ✿

✕ λ = 0✱ ❧❛ $♦✉❡ ❡ ' ❧✐❜$❡ ✿ ❛✉❝✉♥❡ ❢♦$❝❡ ❧♦♥❣✐'✉❞✐♥❛❧❡ ♥✬❡ ' ❡①❡$❝.❡  ✉$ ❧❛ $♦✉❡✳

✕ λ = 1✱ ❧❛ $♦✉❡ ❡ ' ❜❧♦=✉.❡ ✭ω = 0✮✳

◆♦'♦♥ =✉❡ ♣♦✉$ ❧❡ ♠♦♠❡♥'✱ ❧❡ ❣❧✐  ❡♠❡♥' ❧♦♥❣✐'✉❞✐♥❛❧ $❡ '❡ ✉♥❡ ✈❛$✐❛❜❧❡ ❞✐✣❝✐❧❡ H ❡ '✐✲

♠❡$ H ❝❛✉ ❡ ❞❡ ❧❛ ❝♦♥♥❛✐  ❛♥❝❡ ✐♠♣$.❝✐ ❡ ❞✉ $❛②♦♥ ❞②♥❛♠✐=✉❡ ❞❡ ❧❛ $♦✉❡ =✉✐ ❞.♣❡♥❞ ❞❡

♣❧✉ ✐❡✉$ ❢❛❝'❡✉$ ❝♦♠♠❡ ❧✬.'❛' ❞✉ ♣♥❡✉♠❛'✐=✉❡✱ ❧❛ ♥❛'✉$❡ ❞❡ ❧❛ ❝❤❛✉  .❡✱ ❧❛ ♣$❡  ✐♦♥✱ ❧❛

'❡♠♣.$❛'✉$❡✱ ❧❛ ❝❤❛$❣❡✱✳✳✳ ❘❛♣♣❡❧♦♥ =✉❡ ❧❡  ② 'K♠❡ ❞❡ ❢$❡✐♥❛❣❡ ❡' ❞✬❛♥'✐✲❜❧♦❝❛❣❡ ❞❡ ❧❛ $♦✉❡

✭❆❇❙✮ ❡ ' ❝♦♥N✉ ♣♦✉$ ❝♦♥'$O❧❡$ ❧❡ ❣❧✐  ❡♠❡♥' ❧♦♥❣✐'✉❞✐♥❛❧ ❡' ❧❡ ♠❛✐♥'❡♥✐$ ❛✉'♦✉$ ❞✬✉♥❡

♣❡'✐'❡ ✈❛❧❡✉$ ❞. ✐$.❡ ♥❡ ❞.♣❛  ❛♥' ♣❛ ❧❡  ❡✉✐❧ ❞❡ ✶✵✪ ♣❡♥❞❛♥' ✉♥❡ ❝♦♥❞✉✐'❡ ♥♦$♠❛❧❡ ❀ ❧❛

$❡❧❛'✐♦♥ ❧✐❛♥' ❧❛ ❢♦$❝❡ ❧♦♥❣✐'✉❞✐♥❛❧❡ ❡' λ ❡ ' ❧✐♥.❛✐$❡✳ ❉❛♥ ❞❡ ❝♦♥❞✐'✐♦♥ ❞❡ ❝♦♥❞✉✐'❡ ♣❧✉ 

❛❣$❡  ✐✈❡ ✱ ❧❛ $❡❧❛'✐♦♥ ❞❡✈✐❡♥' ♥♦♥ ❧✐♥.❛✐$❡✳ ▲❡ ♣♥❡✉♠❛'✐=✉❡ ❞❡✈✐❡♥' ✐♥ '❛❜❧❡ ❡' '❡♥❞ H ♣❛✲

'✐♥❡$ ✭❧♦$ ❞✬✉♥❡ '$❛❝'✐♦♥✮ ♦✉ H  ❡ ❜❧♦=✉❡$ ✭❧♦$ ❞✬✉♥ ❢$❡✐♥❛❣❡✮✳ ❉✐✛.$❡♥' ♠♦❞K❧❡ ❡①✐ '❡♥'

♣♦✉$ ♠♦❞.❧✐ ❡$ ❝❡ ❝♦♠♣♦$'❡♠❡♥' ♥♦♥ ❧✐♥.❛✐$❡ ❝♦♠♠❡ ❝❡❧✉✐ ❞❡ ❉✉❣♦✛ ♦✉ ❞❡ V❛❝❡❥❦❛✳ ❈❡

❞❡$♥✐❡$ ❡ ' ♣$. ❡♥'. ❞❛♥ ❧❛  ♦✉ ✲ ❡❝'✐♦♥ ✭ ✷✳✸✳✸✳✶✮✳

2.3.2.3 Force latérale Fy et angle de dérive α

▲❛ ❢♦$❝❡ ❧❛'.$❛❧❡ Fy ❡ ' ❧❛ ❢♦$❝❡ ❡①❡$❝.❡ ❡♥'$❡ ❧❡ ♣♥❡✉ ❡' ❧❛ ❝❤❛✉  .❡  ✉✐✈❛♥' ❧✬❛①❡

y✳ ▲❛ ❞.❢♦$♠❛'✐♦♥ '$❛♥ ✈❡$ ❛❧❡ =✉❡  ✉❜✐  ❡♥' ❧❡ ♣♥❡✉♠❛'✐=✉❡ =✉❛♥❞ ✐❧  ♦♥'  ♦✉♠✐ H

❧✬❛❝'✐♦♥ ❞✬✉♥❡ ❢♦$❝❡ ❧❛'.$❛❧❡ ❡ ' H ❧✬♦$✐❣✐♥❡ ❞❡ ❧❛ ❞.$✐✈❡ =✉✐ ❡ ' ❧❛ ✈❛$✐❛'✐♦♥ ❞❡ '$❛❥❡❝'♦✐$❡

❞✉ ✈.❤✐❝✉❧❡✳ ❊❧❧❡ ❡ ' ❞.✜♥✐❡ ♣❛$ ❧✬❡①♣$❡  ✐♦♥  ✉✐✈❛♥'❡ ✿

Fy = µ(α)Fz ✭✷✳✻✮

▲✬❛♥❣❧❡ ❢♦$♠. ♣❛$ ❧❡ ✈❡❝'❡✉$ ✈✐'❡  ❡ ❞❡ ❧❛ $♦✉❡ ❡' ❧❡ ♣❧❛♥ ❞❡ ❧❛ $♦✉❡ ❡ ' ❛♣♣❡❧. ✧❛♥❣❧❡ ❞❡

❞.$✐✈❡ ❞✉ ♣♥❡✉♠❛'✐=✉❡✧✱ ❞♦♥♥. ♣❛$ ❧✬❡①♣$❡  ✐♦♥  ✉✐✈❛♥'❡ ✿

α = δf−arctan(
uy
ux

) ✭✷✳✼✮

♦6 δf ❡ ' ❧✬❛♥❣❧❡ ❞❡ ❜$❛=✉❛❣❡ ❞❡ ❧❛ $♦✉❡✱ ux ❡' uy  ♦♥' $❡ ♣❡❝'✐✈❡♠❡♥' ❧❡ ♣$♦❥❡❝'✐♦♥ ❞❡

❧❛ ✈✐'❡  ❡ u ❞❡ ❧❛ $♦✉❡  ❡❧♦♥ ❧✬❛①❡ ❧♦♥❣✐'✉❞✐♥❛❧ ❡' ❧❛'.$❛❧ ❞✉ ✈.❤✐❝✉❧❡✳

2.3.3 Modèle des forces pneumatiques

▲❛ ♠♦❞.❧✐ ❛'✐♦♥ ❞❡ ❡✛♦$' ✐♥'❡$❛❣✐  ❛♥' ❡♥'$❡ ❧❡ ♣♥❡✉♠❛'✐=✉❡ ❡' ❧❛ ❝❤❛✉  .❡ ❡ ' ❝♦♠✲

♣❧❡①❡ ❝❛$ ❞❡ ♥♦♠❜$❡✉① ♣❤.♥♦♠K♥❡ ♣❤② ✐=✉❡ ✐♥'❡$❢K$❡♥'  ❡❧♦♥ ✉♥❡ ♠✉❧'✐'✉❞❡ ❞❡ ❝❛$❛❝✲

'.$✐ '✐=✉❡ ❡♥✈✐$♦♥♥❡♠❡♥'❛❧❡ ❡' ❞❡ ♣❛$❛♠K'$❡ ❞❡ ♣♥❡✉♠❛'✐=✉❡ ✭♥❛'✉$❡ ❞❡ ❧❛ ❝❤❛✉  .❡✱



✷✹ Modélisation d’un véhicule automobile, aspects généraux

 ❡♠♣$%❛ ✉%❡✱ ♣%❡))✐♦♥✱ ✳✳✳ ✮✳ /❧✉)✐❡✉%) ♠♦❞2❧❡) ❞$❝%✐✈❛♥ ❧❡ ❝♦♠♣♦% ❡♠❡♥ ) ❛ ✐5✉❡ ❞✉

♣♥❡✉♠❛ ✐5✉❡ ❡①✐) ❡♥ ❞❛♥) ❧❛ ❧✐  $%❛ ✉%❡✳ ❉❛♥) ❧❛ )✉✐ ❡✱ ♥♦✉) ♣%$)❡♥ ♦♥) ❧❡ ♠♦❞2❧❡ ❞❡

/❛❝❡❥❦❛ ❬❇❛❦❦❡% ❡! ❛❧✳✱ ✶✾✽✾❪✱ ❧❡ ♠♦❞2❧❡ ❞❡ ❇✉%❝❦❤❛%❞ ✴❑✐❡♥❝❦❡ ❡ ❧❡ ♠♦❞2❧❡ ❧✐♥$❛✐%❡✳

❬❖✉❞❣❤✐%✐✱ ✷✵✵✽✱ ❉❛❤♠❛♥✐✱ ✷✵✶✶❪

2.3.3.1 Modèle de Pacejka, Formule "magique"

❈✬❡) ✉♥ ♠♦❞2❧❡ )❡♠✐✲❡♠♣✐%✐5✉❡ ❜❛)$ )✉% ❧❡) ❞♦♥♥$❡) ❡①♣$%✐♠❡♥ ❛❧❡) ♠❛✐) ❝♦♥ ✐❡♥ ❞❡)

) %✉❝ ✉%❡) ✐♥)♣✐%$❡) ❞❡) ♠♦❞2❧❡) ♣❤②)✐5✉❡) ❝❡ 5✉✐ ♣❡%♠❡ ❞❡ ❢❛✐%❡ ❧✬✐♥ ❡%♣♦❧❛ ✐♦♥✳ ❆♣♣❡❧$

❛✉))✐ ✓ ❢♦%♠✉❧❡ ♠❛❣✐5✉❡ ✔✱ ✐❧ ❡) ❜❛)$ )✉% ✉♥ sin(arctan) 5✉✐ ♦✛%❡ ✉♥❡ ❡①❝❡❧❧❡♥ ❡ ❛♣✲

♣%♦①✐♠❛ ✐♦♥ ❞❡ ❧❛ ❝♦✉%❜❡ ❞❡ ❧❛ ❢♦%❝❡ ❧❛ $%❛❧❡ Fy ❡♥ %$❣✐♠❡ ♣❡%♠❛♥❡♥ ✭❋✐❣✉%❡ ✷✳✶✵✮ 5✉✐

♠♦♥ %❡ ✉♥ ❡①❡♠♣❧❡ ❞❡) ✈❛%✐❛ ✐♦♥) ❞❡ ❧❛ ❢♦%❝❡ ❧❛ $%❛❧❡ ❡ ❧❡) ③♦♥❡) ❞❡ ❢♦♥❝ ✐♦♥♥❡♠❡♥ ❞✉

♣♥❡✉♠❛ ✐5✉❡ ❡♥ ✉ ✐❧✐)❛♥ ❧❡ ♠♦❞2❧❡ ❞❡ ♣❛❝❡❥❦❛ ♣♦✉% ✉♥❡ ❝❤❛%❣❡ Fz = 4500N ✳

❋✐❣✉%❡ ✷✳✶✵✿ ▼♦❞2❧❡ ❞❡ /❛❝❡❥❦❛ ✿ ❝♦✉%❜❡) ❞❡) ❡✛♦% ) ❧❛ $%❛✉① ❡ ❧❡) ③♦♥❡) ❞❡ ❢♦♥❝ ✐♦♥♥❡♠❡♥ 

❞✉ ♣♥❡✉♠❛ ✐5✉❡✳

▲✬❡①♣%❡))✐♦♥ ❣$♥$%❛❧❡ ❞❡ ❧❛ ✧❢♦%♠✉❧❡ ♠❛❣✐5✉❡✧ ♣%♦♣♦)$❡ ♣♦✉% ❞$❝%✐%❡ ❧❡) ❢♦%❝❡) ❞❡

❝♦♥ ❛❝ ♣♥❡✉✴)♦❧ ❡) ❞♦♥♥$❡ ♣❛% ✿

y(x) = Dsin(Carctan(Bx−E(Bx−arctan(Bx)))) ✭✷✳✽✮

❈❡  ❡ ❢♦%♠✉❧❡ ✭✷✳✽✮ ♣%♦❞✉✐ ✉♥❡ ❝♦✉%❜❡ 5✉✐ ♣❛))❡ ♣❛% ❧✬♦%✐❣✐♥❡ x = y = 0✳ ❉❛♥) ❝❡% ❛✐♥)

❝❛)✱ ✐❧ ♣❡✉ X %❡ ✉ ✐❧❡ ❞❡ ♣%♦❞✉✐%❡ ✉♥❡ ❝♦✉%❜❡ ❞$❝❛❧$❡✳ ❯♥❡  %❛♥)❧❛ ✐♦♥ ❤♦%✐③♦♥ ❛❧❡ ❞❡ ❧❛

❝♦✉%❜❡ ♣❛% Sh ❡ ✉♥ ❞$❝❛❧❛❣❡ ✈❡% ✐❝❛❧ ♣❛% Sv ♣❡✉✈❡♥ ❛❧♦%) X %❡ ❛❥♦✉ $)✳

Y (X) = y(x)+Sv ✭✷✳✾✮

x = X+Sh ✭✷✳✶✵✮

▲❛ ✈❛%✐❛❜❧❡ Y ❝♦%%❡)♣♦♥❞ Z ❧❛ ❢♦%❝❡ ❧♦♥❣✐ ✉❞✐♥❛❧❡ Fx ✱ Z ❧❛ ❢♦%❝❡ ❧❛ $%❛❧❡ Fy ♦✉ ❛✉ ♠♦♠❡♥ 

❞✬❛✉ ♦✲❛❧✐❣♥❡♠❡♥ ✳ ▲❛ ✈❛%✐❛❜❧❡ X %❡♣%$)❡♥ ❡ ❧❡ ❣❧✐))❡♠❡♥ ❧♦♥❣✐ ✉❞✐♥❛❧ ♦✉ ❧✬❛♥❣❧❡ ❞❡ ❞$%✐✈❡✳

Sv ❡) ✉ ✐❧✐)$ ♣♦✉% ✐♥ %♦❞✉✐%❡ ✉♥ ❞$❝❛❧❛❣❡ ✈❡% ✐❝❛❧✱ ❛❧♦%) 5✉❡ Sh ❡) ✉ ✐❧✐)$ ♣♦✉% ♣❡%♠❡  %❡

✉♥ ❞$❝❛❧❛❣❡ ❤♦%✐③♦♥ ❛❧ ❞❡ ❧❛ ❝♦✉%❜❡ ♣❛% %❛♣♣♦% Z ❧✬♦%✐❣✐♥❡✳



2.3 Modèle de pneumatique ✷✺

❋✐❣✉$❡ ✷✳✶✶✿ ❈♦✉$❜❡ ❣-♥-$-❡ ♣❛$ ❧✬❡①♣$❡44✐♦♥ ✷✳✾✳

▲❛ ✜❣✉$❡ ✷✳✶✶ ✐❧❧✉48$❡ 9✉❡❧9✉❡4 ❢❛❝8❡✉$4✳ ▲❡4 ♣❛$❛♠=8$❡4 ❞❡ ❧✬-9✉❛8✐♦♥ ✭✷✳✽✮ ♣❡$♠❡88❡♥8

❞✬❛❥✉48❡$ ❧✬❛❧❧✉$❡ ❞❡ ❝❡88❡ ❝❛$❛❝8-$✐48✐9✉❡ ♣❛$ $❛♣♣♦$8 ❛✉① $❡❧❡✈-❡4 ❡①♣-$✐♠❡♥8❛✉①✳ ❊♥ ❡✛❡8✱

❧❡ ❝♦❡✣❝✐❡♥8 D $❡♣$-4❡♥8❡ ❧❛ ✈❛❧❡✉$ ♠❛①✐♠❛❧❡ H ❧❛ ❝♦✉$❜❡ ❞✬❛❞❤-$❡♥❝❡✳ ▲❡ ❝♦❡✣❝✐❡♥8 C

❡48 ✉♥❡ ❝♦♥48❛♥8❡ 9✉✐ ✜①❡ ❧❡ 8②♣❡ ❞❡ ❝♦✉$❜❡ 9✉❛♥8 ❛✉ ❝♦❡✣❝✐❡♥8 B ✐❧ ♣❡$♠❡8 ❞✬❛❥✉48❡$

❧❛ ♣❡♥8❡ H ❧✬♦$✐❣✐♥❡✳ ▲❡ ❝♦❡✣❝✐❡♥8 E ❝♦♥8$K❧❡ ❧✬❛❜4❝✐44❡ ❞❡ ❣❧✐44❡♠❡♥8 H ❧❛9✉❡❧❧❡ ❧❛ ✈❛❧❡✉$

♠❛①✐♠❛❧❡ ❡48 ❛88❡✐♥8❡✳ ▲❛ ✈❛$✐❛❜❧❡ arctan(BCD) $❡♣$-4❡♥8❡ ❧❛ ♣❡♥8❡ H ❧✬♦$✐❣✐♥❡ ❞❡ ❧❛

❝♦✉$❜❡✱ ❝✬❡48✲H✲❞✐$❡ ❛✉ ♣♦✐♥8 ❞✬✐♥✢❡①✐♦♥✱ ♣♦✉$ ❧❡4 ❡✛♦$84 8$❛♥4✈❡$4❛✉①✱ ❝❡❧❛ ❝♦$$❡4♣♦♥❞ H

❧❛ $✐❣✐❞✐8- ❞❡ ❞-$✐✈❡✳ ❋✐♥❛❧❡♠❡♥8✱ ❧❡ ❝❛❧❝✉❧ ❞❡4 ❞✐✛-$❡♥84 ❡✛♦$84 4❡ ❢❛✐8 ❝♦♠♠❡ 4✉✐8 ✿

✕ ❊✛♦$84 ❧♦♥❣✐8✉❞✐♥❛✉① ✿

Fx(λ+Shx) = Dxsin(Bx(λ+Shx)−Ex(Bx(λ+Shx)−arctan(Bx(λ+Shx))))+Svx

✭✷✳✶✶✮

✕ ❊✛♦$84 8$❛♥4✈❡$4❛✉① ✿

Fy(α+Shy) = Dysin(By(α+Shy)−Ey(By(α+Shy)−arctan(By(α+Shy))))+Svy

✭✷✳✶✷✮

✕ ▼♦♠❡♥84 ❞✬❛✉8♦✲❛❧✐❣♥❡♠❡♥8 ✿

Mz(α+Shz) = Dzsin(Bz(α+Shz)−Ez(Bz(α+Shz)−arctan(Bz(α+Shz))))+Svz

✭✷✳✶✸✮

❛✈❡❝ λ ❡8 α $❡♣$-4❡♥8❡♥8 $❡4♣❡❝8✐✈❡♠❡♥8 ❧❡ ❣❧✐44❡♠❡♥8 ❧♦♥❣✐8✉❞✐♥❛❧ ❡8 ❧❛ ❞-$✐✈❡ ❞✉

♣♥❡✉♠❛8✐9✉❡✳

2.3.3.2 Modèle des forces de Burckhardt/Kiencke [Burckhardt, 1993, Kiencke et Nielsen, 2000]

❈❡ ♠♦❞=❧❡ ❡48 ❜❛4- 4✉$ ❧❡ ❝♦❡✣❝✐❡♥8 ❞❡ ❢$♦88❡♠❡♥8 ♣♥❡✉✴4♦❧ 9✉✐ ❝❛$❛❝8-$✐4❡ ❧✬-8❛8 ❞❡

❧❛ ❝❤❛✉44-❡✳ ❉❛♥4 ❧❡ ❝❛4 ❞❡4 ❡✛♦$84 ❧♦♥❣✐8✉❞✐♥❛✉①✱ ❧❡ ❝♦❡✣❝✐❡♥8 ❞❡ ❢$♦88❡♠❡♥8 ❡48 ❞♦♥♥-



✷✻ Modélisation d’un véhicule automobile, aspects généraux

❡♥ ❢♦♥❝%✐♦♥ ❞✉ ❣❧✐++❡♠❡♥% λ✱ ❞❡ ❧❛ ✈✐%❡++❡ ❞✉ ✈0❤✐❝✉❧❡ v ❡% ❞❡ 2✉❛%3❡ ♣❛3❛♠5%3❡+ c1✱ c2✱ c3
❡% c4 ✿ ❬❖✉❞❣❤✐3✐✱ ✷✵✵✽❪

µ(λ,v) = [c1(1−exp(−c2λ)−c3λ)]exp(c4λv) ✭✷✳✶✹✮

✕ c1 ❡+% ❧❛ ✈❛❧❡✉3 ♠❛①✐♠❛❧❡ ❞❡ ❧❛ ❝♦✉3❜❡ ❞✬❛❞❤03❡♥❝❡

✕ c2 ❡+% ✉♥ ♣❛3❛♠5%3❡ 2✉✐ ❞0%❡3♠✐♥❡ ❧❛ ❢♦3♠❡ ❞❡ ❧❛ ❝♦✉3❜❡ ❞✬❛❞❤03❡♥❝❡

✕ c3 ❡+% ❧❛ ❞✐✛03❡♥❝❡ ❡♥%3❡ ❧❛ ✈❛❧❡✉3 ♠❛①✐♠❛❧❡ ❞✉ ❢3♦%%❡♠❡♥% ❡% ❧❛ ✈❛❧❡✉3 λ = 1

✕ c4 ❡+% ❧❡ ♣❛3❛♠5%3❡ 2✉✐ ❝❛3❛❝%03✐+❡ ❧✬❤✉♠✐❞✐%0 ❞❡ ❧❛ ❝❤❛✉++0❡✱ ❝♦♠♣3✐+ ❡♥%3❡ 0.02 ❡%

0.04s/m✳

❊♥ +✬✐♥+♣✐3❛♥% ❞✉ ♠♦❞5❧❡ ❞❡ ❇✉3❝❦❤❛3❞%✱ ❑✐❡♥❝❦❡ ❛ 0❧❛❜♦30 ✉♥ ♠♦❞5❧❡ ♣♦✉3 ❝❛❧❝✉❧❡3

❧❡+ ❢♦3❝❡+ ❧♦♥❣✐%✉❞✐♥❛❧❡+ ❡% ❧❛%03❛❧❡+✳ ❈❡ ♠♦❞5❧❡ ❝❛❧❝✉❧❡ ❧❡+ ❡✛♦3%+ ❞❡ ❧❛ ❢❛L♦♥ +✉✐✈❛♥%❡ ✿

Fx = µ(λ,v)Fz

Fy = µ(α,v)Fz

✭✷✳✶✺✮

Fz ❡+% ❧❛ ❢♦3❝❡ ✈❡3%✐❝❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ♣♥❡✉♠❛%✐2✉❡✳

2.3.3.3 Modèle linéaire

▲❡+ 30+✉❧%❛%+ ❡①♣03✐♠❡♥%❛✉① ♠♦♥%3❡♥% 2✉❡ ❧❛ ❢♦3❝❡ ❧♦♥❣✐%✉❞✐♥❛❧❡ ❞✉ ♣♥❡✉♠❛%✐2✉❡ Fx ❡+%

♣3♦♣♦3%✐♦♥♥❡❧❧❡ ❛✉① ♣❡%✐%❡+ ✈❛❧❡✉3+ ❞✉ ❣❧✐++❡♠❡♥% ❧♦♥❣✐%✉❞✐♥❛❧ λ✱ ❡% 2✉❡ ❧❛ ❢♦3❝❡ ❧❛%03❛❧❡

Fy ❡+% ♣3♦♣♦3%✐♦♥♥❡❧❧❡ ❛✉① ♣❡%✐%❡+ ✈❛❧❡✉3+ ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❞03✐✈❡ αf ❝♦♠♠❡ ❧❡ ♠♦♥%3❡ ❧❛

✜❣✉3❡ ✷✳✶✵✳ ▲✬❛♥❣❧❡ ❞❡ ❝❛33♦++❛❣❡ γ ❡+% ♥0❣❧✐❣0✳ ❈❤❛2✉❡ ♣♥❡✉♠❛%✐2✉❡ ❞✉ ✈0❤✐❝✉❧❡ ❛ ❞❡+

♣❡%✐%❡+ ✈❛❧❡✉3+ ❞❡ α ❡% λ ❞❛♥+ ❧❡+ ❝♦♥❞✐%✐♦♥+ ❞❡ ❝♦♥❞✉✐%❡+ ♥♦3♠❛❧❡+ ♦P ❧❡+ ❛❝❝0❧03❛%✐♦♥+

❧♦♥❣✐%✉❞✐♥❛❧❡ ❡% ❧❛%03❛❧❡ ♥❡ ❞0♣❛++❡♥% ♣❛+ ❧❡ +❡✉✐❧ ❞❡ 0.4g ❬▲❡❝❤♥❡3✱ ✷✵✵✷❪✳ ❆✉✲❞❡❧S ❞❡ ❝❡

+❡✉✐❧✱ ❧❡ ♣♥❡✉♠❛%✐2✉❡ ♣0♥5%3❡ ❞❛♥+ ✉♥❡ ③♦♥❡ ❞❡ +❛%✉3❛%✐♦♥✱ ❡% ❧❡+ 3❡❧❛%✐♦♥+ ❧✐❛♥% ❧❡+ ❢♦3❝❡+

❛✈❡❝ αf ❡% λ ♥❡ +♦♥% ♣❧✉+ ❧✐♥0❛✐3❡+✳ ▲❡ ♠♦❞5❧❡ ❧✐♥0❛✐3❡ +✉3✲❡+%✐♠❡ ❧❡+ ❢♦3❝❡+✳ ▲❡ ♠♦❞5❧❡

❧✐♥0❛✐3❡ ❡+% ❞0❝3✐% ♣❛3 ✿

Fx(λ) = Cλλ ✭✷✳✶✻✮

Fy(α) = Cαα ✭✷✳✶✼✮

▲❡+ 3✐❣✐❞✐%0+ ❞❡ ❞03✐✈❡ ❧♦♥❣✐%✉❞✐♥❛❧❡ Cλ ❡♥ ✭N ✮ ❡% ❧❛%03❛❧❡ Cα ❡♥ (N/m) ❞0♣❡♥❞❡♥%

❞❡ ❧✬❛❞❤03❡♥❝❡ ❞❡ ❧❛ ❝❤❛✉++0❡ ❡% ❞❡ ❧❛ ❝❤❛3❣❡ ✈❡3%✐❝❛❧❡ ❞✉ ♣♥❡✉♠❛%✐2✉❡✳

2.4 Dynamique de roulis

❉❛♥+ ❧❛ ❧✐%%03❛%✉3❡✱ ♥♦✉+ %3♦✉✈♦♥+ ♣❧✉+✐❡✉3+ ♠♦❞5❧❡+ ❞❡ +✉+♣❡♥+✐♦♥✱ ❢♦♥❝%✐♦♥ ❞❡ ❧❛

❝♦♠♣❧❡①✐%0 ❡% ❞❡+ ❤②♣♦%❤5+❡+ ❢❛✐%❡+ +✉3 ❧❡ ✈0❤✐❝✉❧❡✳ ▲❡ 3Y❧❡ ❞❡ ❧❛ +✉+♣❡♥+✐♦♥ ❡+% ❞❡ 30❞✉✐3❡

❧❡+ ❞0❜❛%%❡♠❡♥%+ ✈❡3%✐❝❛✉① ❞❡+ ♣♥❡✉♠❛%✐2✉❡+ ❡♥ ❛❜+♦3❜❛♥% ❧✬0♥❡3❣✐❡ %3❛♥+♠✐+❡ ❛✉① 3♦✉❡+

♣❡3♠❡%%❡♥% ♣3✐♥❝✐♣❛❧❡♠❡♥% ❞✬❛♠0❧✐♦3❡3 ❧❛ %❡♥✉❡ ❞❡ ❧❛ 3♦✉%❡✳



2.4 Dynamique de roulis ✷✼

▲❡" ❞❡❣%&" ❞❡ ❧✐❜❡%*& ❞❡ ❧❛ ♠❛""❡ "✉"♣❡♥❞✉❡ ♦♥* &*& ✐♥*%♦❞✉✐*" ❞❛♥" ❧❡ ♣❛%❛❣%❛♣❤❡

♣%&❝&❞❡♥*✳ ■❧ ❡"* ❞♦♥❝ ♣♦""✐❜❧❡ ❞❡ "✬✐♥*&%❡""❡% ♠❛✐♥*❡♥❛♥* ❛✉① ♠❛""❡" ♥♦♥ "✉"♣❡♥❞✉❡"✱

♣♦✉% ❝♦♠♣❧&*❡% ❧❡" &8✉❛*✐♦♥" ❞✉ ✈&❤✐❝✉❧❡✳

❈❡%*❛✐♥❡" ❤②♣♦*❤<"❡" "♦♥* ❢❛✐*❡" ♣♦✉% ♣♦✉✈♦✐% %&❛❧✐"❡% ❝❡**❡ ♠♦❞&❧✐"❛*✐♦♥ ❞❡ ❢❛>♦♥

"✐♠♣❧❡✳

▲❡ %♦✉❧✐" ❡"* ✉♥ ♠♦✉✈❡♠❡♥* 8✉✐ ✐♥✢✉❡♥❝❡ ❝♦♥"✐❞&%❛❜❧❡♠❡♥* ❧❡ ❝♦♠♣♦%*❡♠❡♥* ❞✉ ✈&❤✐✲

❝✉❧❡✳ ❈❡ ♠♦✉✈❡♠❡♥* ❡"* ♣%✐" ❡♥ ❝♦♠♣*❡ ♣❛% ❧✬✉*✐❧✐"❛*✐♦♥ ❞❡ ❧❛ ♥♦*✐♦♥ ❞✉ ❝❡♥*%❡ ❞❡ %♦✉❧✐"✱

✈♦✐% ❧❛ ❞&✜♥✐*✐♦♥ ❝✐✲❞❡""♦✉"✱ 8✉✐ ♣❡%♠❡* ❞✬❛✈♦✐% ✉♥❡ ♣%&❝✐"✐♦♥ "❛*✐"❢❛✐"❛♥*❡ ❬❇♦✐*❛%❞✱ ✶✾✾✾❪✱

❬❈♦❣♦❧✉❡♥❤❡"✱ ✶✾✾✻❪ ❞❛♥" ❧❛ ❞❡"❝%✐♣*✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥* ❡♥*%❡ ❧❡ ❝❤H""✐" ❡* ❧✬❡""✐❡✉✳ ▲❛

❞&✜♥✐*✐♦♥ ■❙❖ ❞✉ ❝❡♥*%❡ ❞❡ %♦✉❧✐" ❡"* ❧❛ "✉✐✈❛♥*❡ ❬■❙❖✱ ✶✾✾✶❪ ✿

❉#✜♥✐'✐♦♥ ✷✳✶ ▲❡ ❝❡♥*%❡ ❞❡ %♦✉❧✐" ❡"* ✉♥ ♣♦✐♥* ❞✉ ♣❧❛♥ ✈❡%*✐❝❛❧ *%❛♥"✈❡%"❛❧ ❝♦♥*❡♥❛♥* ❧❡"

❝❡♥*%❡" ❞❡" %♦✉❡" ❞✬✉♥ ♠L♠❡ ❡""✐❡✉✱ *❡❧ 8✉❡ *♦✉*❡ ❢♦%❝❡ *%❛♥"✈❡%"❛❧❡ ❛♣♣❧✐8✉&❡ M ❧❛ ♠❛""❡

"✉"♣❡♥❞✉❡ ❡♥ ❝❡ ♣♦✐♥* ♥❡ ♣%♦✈♦8✉❡ ❛✉❝✉♥ %♦✉❧✐" ❞❡ "✉"♣❡♥"✐♦♥✳

❍②♣♦'❤/0❡ ✸ ▲❡ ♠♦✉✈❡♠❡♥* ❞❡ %♦✉❧✐" ❞✉ ❝❤H""✐" "❡ ❢❛✐* ❛✉*♦✉% ❞❡ ❧✬❛①❡ ❞❡ %♦✉❧✐" ♣❛""❛♥*

♣❛% ❧❡" ❝❡♥*%❡" ❞❡ %♦✉❧✐" ❞❡" "✉"♣❡♥"✐♦♥"✳

▲❛ ❞②♥❛♠✐8✉❡ ✈❡%*✐❝❛❧❡ "❡%❛ "✐♠♣❧✐✜&❡ ♣♦✉% ❝❡❧❛ ❥✉"*❡ ❧❛ ❞②♥❛♠✐8✉❡ ❞❡ %♦✉❧✐" "❡%❛

❝♦♥"✐❞&%&❡✳ ◆♦✉" "✉♣♣♦"♦♥" 8✉❡ ❧❛ "✉"♣❡♥"✐♦♥ ♣❡✉* L*%❡ ♠♦❞&❧✐"&❡ ❝♦♠♠❡ ✉♥❡ "✉"♣❡♥"✐♦♥

♣❛""✐✈❡ ❛✈❡❝ ✉♥❡ ❡♥*%&❡ ❞❡ ❞&♣❧❛❝❡♠❡♥*✳ ▲❡ ♠♦❞<❧❡ ❣❧♦❜❛❧ ❞❡ %♦✉❧✐" &✈♦❧✉❡ ❡♥ ❢♦♥❝*✐♦♥ ❞❡

❧✬&8✉❛*✐♦♥ ❞✐✛&%❡♥*✐❡❧❧❡ "✉✐✈❛♥*❡ ✿

IxΦ̈ = mghΦ+mhayc−KΦΦ−CΦΦ̇+KΦuΦ ✭✷✳✶✽✮

❛✈❡❝ ayc = vx(β̇+r)−hΦ̈ ❡"* ❧✬❛❝❝&❧&%❛*✐♦♥ ❧❛*&%❛❧❡ ❛✉ ❈❖●✳

❋✐❣✉%❡ ✷✳✶✷✿ ▼♦✉✈❡♠❡♥* ❞✉ %♦✉❧✐" ❞✉ ✈&❤✐❝✉❧❡✳

▲❡" ❛❝❝&❧&%❛*✐♦♥" ❧❛*&%❛❧❡ ❡* ❣%❛✈✐*❛*✐♦♥♥❡❧❧❡ g "♦♥* M ❧✬♦%✐❣✐♥❡ ❞✉ ♠♦✉✈❡♠❡♥* ❞❡ %♦*❛✲

*✐♦♥ ❛✉*♦✉% ❞❡ ❧✬❛①❡ ❞❡ %♦✉❧✐"✱ ❛♣♣❡❧& ♠♦✉✈❡♠❡♥* ❞❡ %♦✉❧✐"✱ "✉❜✐* ♣❛% ❧❡ ✈&❤✐❝✉❧❡ ❧♦%" ❞✉

✈✐%❛❣❡✳ ▲✬❛♥❣❧❡ ❞❡ %♦✉❧✐" Φ ❡"* ❧✬❛♥❣❧❡ 8✉❡ ❢❛✐* ❧✬❛①❡ ✈❡%*✐❝❛❧ ❞✉ ✈&❤✐❝✉❧❡ ❛✈❡❝ ❧✬❛①❡ Z ❞✉
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 ❡♣# ❡ ✐♥❡ &✐❡❧ G ✭❋✐❣✉ ❡ ✷✳✶✷✮✳ ▲✬❛①❡ ❞❡  ♦✉❧✐6 ❡6& ❧✬❛①❡ & ❛✈❡ 6❛♥& ❧❡6 ❞❡✉① ❝❡♥& ❡6 ❞❡  ♦✉✲

❧✐6 ❛✈❛♥& ❡& ❛  ✐# ❡ ✭❋✐❣✉ ❡ ✷✳✶✸✮✳ ❯♥ ❝❡♥& ❡ ❞❡  ♦✉❧✐6 ❛✈❛♥& ✭♦✉ ❛  ✐# ❡✮ ❡6& < ♠✐✲❞✐6&❛♥❝❡
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m(v̇x−rvr) =
∑

(Fext)x
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∑

(Fext)y

Iz ṙ =
∑

(Mext)z
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✸✵ Modélisation d’un véhicule automobile, aspects généraux




mvx(β̇+r) =

∑
(Fext)y

Iz ṙ =
∑

(Mext)z
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∑
(Fext)x ❡3

∑
(Fext)y ♣❡✉✈❡♥3 <3(❡ ❡①♣(✐♠1❡)

❡♥ ❢♦♥❝3✐♦♥) ❞❡) ❢♦(❝❡) ❞❡ ❝♦♥3❛❝3 ♣♥❡✉♠❛3✐6✉❡ ❝❤❛✉))1❡ ✿



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∑
(Fext)y = 2Fyfcos(δf )+2Fxfsin(δf )+2Fyr

∑
(Mext)z = 2Fyfcos(δf )af+2Fxfsin(δf )af−2Fyrar
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

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∑
(Fext)y = 2Fyf+2Fyr

∑
(Mext)z = 2Fyfaf−2Fyrar
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)✬1❝(✐3 )♦✉) ❧❛ ❢♦(♠❡ )✉✐✈❛♥3❡ ✿





β̇ =
2Ff+2Fr

mvx
−r

ṙ =
2afFf−2arFr

Iz

✭✷✳✷✸✮

❖P β (❡♣(1)❡♥3❡ ❧✬❛♥❣❧❡ ❞❡ ❣❧✐))❡♠❡♥3 ❧❛31(❛❧ ❞✉ ✈1❤✐❝✉❧❡ ❛✉ ❝❡♥3(❡ ❞❡ ❣(❛✈✐31✱ r ❡)3 ❧❛

✈✐3❡))❡ ❞✉ ❧❛❝❡3✱ Ff ❡)3 ❧❛ ❢♦(❝❡ ❞❡ ❞1(✐✈❡ ❞❡) ❞❡✉① (♦✉❡) ❛✈❛♥3✱ Fr ❡)3 ❧❛ ❢♦(❝❡ ❧❛31(❛❧❡ ❞❡)

❞❡✉① (♦✉❡) ❛((✐5(❡)✳ vx ❡)3 ❧❛ ✈✐3❡))❡ ❧♦♥❣✐3✉❞✐♥❛❧❡ ❞✉ ✈1❤✐❝✉❧❡✱ Iz ❡)3 ❧❡ ♠♦♠❡♥3 ❞✬✐♥❡(3✐❡

❞✉ ❧❛❝❡3✱ m ❡)3 ❧❛ ♠❛))❡ ❞✉ ✈1❤✐❝✉❧❡✳ ✭✜❣✉(❡ ✭✷✳✶✺✮
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❋✐❣✉$❡ ✷✳✶✻✿ ▼♦❞.❧❡ ❜✐❝②❝❧❡33❡ ✿ ❝♦♥3$5❧❡ ♣❛$ ❧❡ ♠♦♠❡♥3 Mz(t)✳

❈❡ ♠♦❞.❧❡ ❡:3 ❧✬✉♥ ❞❡: ♣❧✉: ✉3✐❧✐:<: ♣♦✉$ ❧✬<3✉❞❡ ❞✉ ❝♦♠♣♦$3❡♠❡♥3 ❞❡ ❧❛ ❞②♥❛♠✐=✉❡

❧❛3<$❛❧❡ ❞❡: ✈<❤✐❝✉❧❡: ❬❑✐❡♥❝❦❡ ❡3 ◆✐❡❧:❡♥✱ ✷✵✵✵✱ F❛❝❡❥❦❛✱ ✷✵✵✷✱ ❍:✐❛♦ ❡3 ❚♦♠✐③✉❦❛✱ ✷✵✵✹✱

❈❤❛❞❧✐ ❡! ❛❧✳✱ ✷✵✵✽❪✳ ■❧ ♣❡$♠❡3✱ ♣❛$ ❡①❡♠♣❧❡✱ ❞✬<3✉❞✐❡$ ❧❛ :3❛❜✐❧✐3< ❞✉ ✈<❤✐❝✉❧❡ ❡♥ ✈✐$❛❣❡

:❡❧♦♥ ❧❡ ♣♦3❡♥3✐❡❧ ❞✬❛❞❤<$❡♥❝❡✱ ❧✬<3❛3 ❞❛♥: ❧❡=✉❡❧ :❡ 3$♦✉✈❡ ❧❡ :②:3.♠❡ ❡3 ❧❛ ❝♦♠♠❛♥❞❡ ❞❡

❜$❛=✉❛❣❡ ❛♣♣❧✐=✉<❡ P ❧❛ $♦✉❡ ❬▼❛♠♠❛$ ❡3 ❑♦❡♥✐❣✱ ✷✵✵✷❪✳ ▲✬♦❜❥❡❝3✐❢ ❡:3 ❛❧♦$: ❞❡ ❞<✜♥✐$ ❧❛

❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ ♥<❝❡::❛✐$❡ P ❛♣♣❧✐=✉❡$ ❛✉ ✈<❤✐❝✉❧❡ ♣♦✉$ $❡:3❡$ ❞❛♥: ❧❛ ③♦♥❡ ❞❡ :3❛❜✐❧✐3<✳

▲❛ :3$❛3<❣✐❡ ❞✬❛::✐:3❛♥❝❡ ❛❞♦♣3<❡ ❞❛♥: ♥♦3$❡ 3$❛✈❛✐❧ ♣♦✉$ ❧❛ :3❛❜✐❧✐:❛3✐♦♥ ❞✉ ❝♦♠♣♦$3❡♠❡♥3

❧❛3<$❛❧ ❞✉ ✈<❤✐❝✉❧❡ ❛✉3♦♠♦❜✐❧❡✱ ❝♦♥:✐:3❡ P ✉3✐❧✐:❡$ ❝♦♠♠❡ ✈❛$✐❛❜❧❡ ❞❡ ❝♦♥3$5❧❡ ❧❡ ♠♦♠❡♥3

❞✉ ❝❤T::✐: ❛✉3♦✉$ ❞✉ ❝❡♥3$❡ ❞❡ ❣$❛✈✐3< ❬●♦♦❞❛$③✐ ❡! ❛❧✳✱ ✷✵✵✶✱ ❊:♠❛✐❧③❛❞❡❤ ❡! ❛❧✳✱ ✷✵✵✸✱

❏✐❛♥②♦♥❣ ❡! ❛❧✳✱ ✷✵✵✼✱ ❖✉❞❣❤✐$✐ ❡! ❛❧✳✱ ✷✵✵✼❪✳ ❈❡ ❞❡$♥✐❡$ ❡:3 ❣<♥<$< ❣$T❝❡ ❛✉ :②:3.♠❡ ❞❡

❢$❡✐♥❛❣❡ ❡♥ ❛♣♣❧✐=✉❛♥3 ❞❡: ❝♦✉♣❧❡: ❞❡ ❢$❡✐♥❛❣❡ :✉$ ❝❤❛=✉❡ $♦✉❡✳ ❉❛♥: ❝❡ ❝❛: ❧❡ ♠♦❞.❧❡

❜✐❝②❝❧❡33❡ ✭✷✳✷✸✮ ❞❡✈✐❡♥3





β̇ =
2Ff+2Fr

mvx
−r

ṙ =
2afFf−2arFr+Mz(t)

Iz

✭✷✳✷✹✮

❛✈❡❝ Mz(t) $❡♣$<:❡♥3❡ ❧❡ ♠♦♠❡♥3 ❛✉3♦✉$ ❞✉ ❝❡♥3$❡ ❞❡ ❣$❛✈✐3< ❞✉ ✈<❤✐❝✉❧❡ ✭✈♦✐$ ❋✐❣✉$❡

✷✳✶✻✮✳
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❉❛♥: ❝❡33❡ :❡❝3✐♦♥✱ ♥♦✉: ❞<❝$✐✈♦♥: ❧❡ ♠♦❞.❧❡ ❞<$✐✈❡✴❧❛❝❡3✴$♦✉❧✐: ❬❉❛❤♠❛♥✐✱ ✷✵✶✶❪✳ ❈❡

♠♦❞.❧❡ ❡:3 ♦❜3❡♥✉ ♣❛$ ❧❡: ♠_♠❡: ❤②♣♦3❤.:❡: :✐♠♣❧✐✜❝❛3$✐❝❡: ✉3✐❧✐:<❡: ♣♦✉$ ❧❡ ♠♦❞.❧❡

✭✷✳✷✹✮ ♠❛✐: ❡♥ ❝♦♥:✐❞<$❛♥3 ❧❡ ♠♦✉✈❡♠❡♥3 ❞❡ $♦✉❧✐: ❞✉ ✈<❤✐❝✉❧❡ =✉✐ ♣❡✉3 _3$❡ ♦❜3❡♥✉ ❡♥

❝♦♥:✐❞<$❛♥3 ❧❡ ♠♦✉✈❡♠❡♥3 ❞❡ ❧❛ ❝❛✐::❡ ❛✉3♦✉$ ❞❡ ❧✬❛①❡ OaXa ✭✜❣✉$❡ ✷✳✶✷✮✳

❆✈❛♥3 ❞❡ ♣♦✉$:✉✐✈$❡ ♥♦3$❡ ❛♥❛❧②:❡✱ ♥♦✉: ✈♦✉❧♦♥: :♦✉❧✐❣♥❡$ ❧❡ ❢❛✐3 =✉❡ ❧❛ ❞②♥❛♠✐=✉❡ ❞❡

$♦✉❧✐: ❡:3 ❝♦✉♣❧<❡ P ❝❡❧❧❡ ❞❡ ❧❛❝❡3 ❝♦♠♠❡ ❧❡ ♠♦♥3$❡ ❧❡ ♠♦❞.❧❡ ❞♦♥♥< ♣❛$ ✭✷✳✷✺✮✳ ▲❡ ❝♦♥3$5✲

❧❡✉$ ❞❡ $♦✉❧✐: ❡:3 ❛✐♥:✐ ✉3✐❧✐:< ♥♦♥ :❡✉❧❡♠❡♥3 ♣♦✉$ ❢❛✐$❡ ❥✉:3❡ ❞✉ ❝♦♥❢♦$3 ♠❛✐: <❣❛❧❡♠❡♥3

:❛3✐:❢❛✐$❡ ❧❛ :<❝✉$✐3<✳



✸✷ Modélisation d’un véhicule automobile, aspects généraux

▲❡" #$✉❛'✐♦♥" ❞✉ ♠♦✉✈❡♠❡♥' ❞✉ ✈#❤✐❝✉❧❡ "✬#❝2✐✈❡♥' ❛❧♦2" "♦✉" ❧❛ ❢♦2♠❡ "✉✐✈❛♥'❡ ❬❑✐❞❛♥❡

❡! ❛❧✳✱ ✷✵✵✻✱ ❘②✉ ❡' ●❡2❞❡"✱ ✷✵✵✹✱ ❉❛❤♠❛♥✐✱ ✷✵✶✶❪ ✿





mβ̇ = −mr+
2Ff+2Fr

vx
+(
mh

vx
)Φ̈,

Iz ṙ = 2Ffaf−2Frar,

IxeqΦ̈ = (mgh−KΦ)Φ+mhay−CΦΦ̇+KΦuΦ

✭✷✳✷✺✮

❛✈❡❝ m ❡"' ❧❛ ♠❛""❡ '♦'❛❧❡ ❞✉ ✈#❤✐❝✉❧❡ ✭Kg✮✱ ay = vx(β̇+r) 2❡♣2#"❡♥'❡ ❧✬❛❝❝#❧#2❛'✐♦♥

❧❛'#2❛❧❡ ♠❡"✉2#❡ ❛✉ ❝❡♥'2❡ ❞✉ 2♦✉❧✐" ❡' Ixeq = Ix+mh
2
2❡♣2#"❡♥'❡ ❧❡ ♠♦♠❡♥' ❞✬✐♥❡2'✐❡

#$✉✐✈❛❧❡♥' ❛✉'♦✉2" ❞❡ ❧✬❛①❡ ❞✉ 2♦✉❧✐"✳ H♦✉2 ❞❡ ♣❡'✐'" ❛♥❣❧❡" ❞❡ ❞#2✐✈❡ ❞❡ ❧❛ 2♦✉❡ ✭αf ✱ αr✮

❡' ❡♥ ♥#❣❧✐❣❡❛♥' ❧❛ "❡♥"✐❜✐❧✐'# ❞❡ ❧❛ ❝❤❛2❣❡✱ Ff ❡' Fr ♣❡✉✈❡♥' K'2❡ ❛♣♣2♦①✐♠#❡" ♣❛2 ✿

Ff = Cfαf = Cf (δf−β−
afr

vx
), ✭✷✳✷✻✮

Fr = Crαr = Cr(−β+
arr

vx
) ✭✷✳✷✼✮

❘❡♠❛&'✉❡ ✷✳✷ ▲❡ ♠♦❞M❧❡ ❞#2✐✈❡✴❧❛❝❡'✴2♦✉❧✐" "❡2❛ ❞#'❛✐❧❧# ❡' ✉'✐❧✐"# ❞❛♥" ❧❡ ❞❡2♥✐❡2 ❝❤❛✲

♣✐'2❡ ♣♦✉2 ❧❛ "②♥'❤M"❡ ❞❡ ❝♦♠♠❛♥❞❡ ❣❧♦❜❛❧❡ ❞✉ ❝❤P""✐"✳

2.7 Modèle longitudinal d’un quart de véhicule

❆✉ ✈✉ ❞❡ ♥♦'2❡ ♣2♦❜❧#♠❛'✐$✉❡✱ ❧❡ ♠♦❞M❧❡ R ✉♥❡ 2♦✉❡✱ ❝♦♠♠❡ ♣2#"❡♥'# "✉2 ❧❛ ✜❣✉2❡

✷✳✶✼✱ ❡"' ✐♥'#2❡""❛♥'✳ ■❧ 2❡♣2#"❡♥'❡ ❧❛ ❞②♥❛♠✐$✉❡ ❧♦♥❣✐'✉❞✐♥❛❧❡✳ ❈❡ ♠♦❞M❧❡ ❡"' "♦✉✈❡♥'

✉'✐❧✐"# ♣♦✉2 ❧✬#❧❛❜♦2❛'✐♦♥ ❞❡" ❧♦✐" ❞❡ ❝♦♠♠❛♥❞❡ ❞❡ ❢2❡✐♥❛❣❡ ❆❇❙✳

❋✐❣✉2❡ ✷✳✶✼✿ ❘❡♣2#"❡♥'❛'✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐$✉❡ ❞❡ ❧❛ 2♦✉❡ ✭❧♦2" ❞✉ ❢2❡✐♥❛❣❡✮✳

▲❡" #$✉❛'✐♦♥" $✉✐ ❞#❝2✐✈❡♥' ❝❡''❡ ❞②♥❛♠✐$✉❡ "♦♥' ❞#'❡2♠✐♥#❡" ♣❛2 ❧✬❛♣♣❧✐❝❛'✐♦♥ ❞❡"

❧♦✐" ❞❡ ◆❡✇'♦♥ "✉2 ❧✬✉♥❡ ❞❡" $✉❛'2❡ 2♦✉❡" ❞✉ ✈#❤✐❝✉❧❡✳

▲✬❛❝❝#❧#2❛'✐♦♥ ❞❡ ❧❛ 2♦✉❡ ❡"' ❞♦♥♥#❡ ♣❛2 ✿

Iω̇ = FxR−Tb ✭✷✳✷✽✮
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❛✈❡❝ ω ❡$% ❧❛ ✈✐%❡$$❡ ❛♥❣✉❧❛✐+❡ ❞❡ ❧❛ +♦✉❡ ✭+❛❞✴$✮✱ vx ❡$% ❧❛ ✈✐%❡$$❡ ❞✉ ✈2❤✐❝✉❧❡✱ I ❡$% ❧✬✐♥❡+%✐❡

❞❡ ❧❛ +♦✉❡✱ Tb ❡$% ❧❡ ❝♦✉♣❧❡ ❞❡ ❢+❡✐♥❛❣❡ ❛♣♣❧✐7✉2❡ $✉+ ❧❛ +♦✉❡✱ Fx ❡$% ❧❛ ❢♦+❝❡ ❞✬✐♥%❡+❛%✐♦♥

❧♦♥❣✐%✉❞✐♥❛❧❡ ❡♥%+❡ ❧❡ ♣♥❡✉♠❛%✐7✉❡ ❡% ❧❛ ❝❤❛✉$$2❡ ❡% R ❡$% ❧❡ +❛②♦♥ ❞❡ ❧❛ +♦✉❡✳ ❉❛♥$ ❝❡

%+❛✈❛✐❧✱ ♥♦✉$ ❝♦♥$✐❞<+♦♥$ 7✉❡ ❧❡$ ❢+♦%%❡♠❡♥%$ ✈✐$7✉❡✉① ❡% ❧❛ +2$✐$%❛♥❝❡ ❛✉ +♦✉❧❡♠❡♥% ❞❡ ❧❛

+♦✉❡ ♥✬❡①✐$%❡♥% ♣❛$✳

▲❛ ❢♦+❝❡ ❧♦♥❣✐%✉❞✐♥❛❧❡ ❞✉ ♣♥❡✉ ❡$% ❞♦♥♥2❡ ♣❛+

Mv̇x = −Fx = −µMg ✭✷✳✷✾✮

♦A µ ❧❡ ❝♦❡✣❝✐❡♥% ❞❡ ❢+♦%%❡♠❡♥% ❞❡ ❧❛ +♦✉%❡ 7✉✐ ❡$% ✉♥❡ ❢♦♥❝%✐♦♥ ❞❡ ❣❧✐$$❡♠❡♥% ❞❡$ +♦✉❡$

λ ❡% M ❡$% ❧❛ ♠❛$$❡ $✉♣♣♦+%2❡ ♣❛+ ❧❛ +♦✉❡✳

▲❡ ❣❧✐$$❡♠❡♥% ❞❡$ +♦✉❡$ λ ❡$% ❞2✜♥✐ ♣❛+

λ =
vx−ωR

vx
×100% ✭✷✳✸✵✮

♦A vx ❡$% ❧❛ ✈✐%❡$$❡ ❞✉ ✈2❤✐❝✉❧❡✳

❊♥ ❞2+✐✈❛♥% ❧✬27✉❛%✐♦♥ ✭✷✳✸✵✮✱ ♦♥ ♦❜%✐❡♥% ❧❛ ❢♦+♠❡ ❞2+✐✈2❡ $✐✈❛♥%❡ ✿

λ̇ =
1

vx
[
R

I
(Tb−µNR)−(1−λ)µg] ✭✷✳✸✶✮

λ̈ =
1

vx
[
R

I
(Ṫb−µ̇NR)−(1−λ)µ̇g+2µgλ̇] ✭✷✳✸✷✮

❊♥ ✐♥%2❣+❛♥% ❧✬❡①♣+❡$$✐♦♥ ✭✷✳✷✾✮✱ ♦♥ ♦❜%✐❡♥% ✿

vx = V0−g

∫ t

t0

µdτ ✭✷✳✸✸✮

❛✈❡❝ V0 +❡♣+2$❡♥%❡ ❧❛ ✈✐%❡$$❡ ✐♥✐%✐❛❧❡✳

❊♥ $✉❜$%✐%✉❛♥% ✭✷✳✸✸✮ ❞❛♥$ ✭✷✳✸✶✮ ❡% ✭✷✳✸✷✮✱ ❡% ❡♥ ❞2✜♥✐$$❛♥%

a =
2µg

V0−g
∫ t

t0
µdt

; b =
µ̇g

V0−g
∫ t

t0
µdt

; c =
R

I(V0−g
∫ t

t0
µdt)

✭✷✳✸✹✮

❛❧♦+$✱ ❧✬27✉❛%✐♦♥ ✭✷✳✸✷✮ ♣❡✉% K%+❡ +22❝+✐%❡ $♦✉$ ❧❛ ❢♦+♠❡ $✉✐✈❛♥%❡

λ̈ = aλ̇+bλ−b(1+
MR2

I
)+cṪb ✭✷✳✸✺✮

❖♥ ❞)✜♥✐,

x1 = λ−λd

x2 = λ̇−λ̇d
✭✷✳✸✻✮

♦/ ❧❛ ❝♦♥3,❛♥,❡ λd ❡3, ❧❡ ,❛✉① ❞❡ ❣❧✐33❡♠❡♥, ❞)3✐9) ❞❡ ❧❛ 9♦✉❡ ❡, x ❡3, ❧❡ ✈❡❝,❡✉9 ❞✬),❛,

❛✈❡❝ x =
[
x1 x2

]T
✳



✸✹ Modélisation d’un véhicule automobile, aspects généraux

▲✬"#✉❛&✐♦♥ ✭✷✳✸✺✮ ♣❡✉& 2&3❡ 3""❝3✐&❡ ❝♦♠♠❡ 6✉✐& ✿

{
ẋ1 = x2,

ẋ2 = a(t)x2+b(t)x1+c(t)u(t)+f(t)
✭✷✳✸✼✮

❛✈❡❝ u(t) = Ṫb ❡6& ❧✬❡♥&3"❡ ❞❡ ❝♦♠♠❛♥❞❡✱ ❡& f(t) = −b(1+MR2

I
)✳

❈❡ &②♣❡ ❞❡ ♠♦❞?❧❡ ❡6& ♣3✐♥❝✐♣❛❧❡♠❡♥& ✉&✐❧✐6" ❞❛♥6 ❧❛ ❧✐&&"3❛&✉3❡ ♣♦✉3 "&✉❞✐❡3 ❧❡ ❝♦♠♣♦3✲

&❡♠❡♥& ❧♦♥❣✐&✉❞✐♥❛❧✱ ❞"✈❡❧♦♣♣❡3 ❞❡6 ❧♦✐6 ❞❡ ❝♦♠♠❛♥❞❡6 ♣♦✉3 ❧❡6 6②6&?♠❡6 ❞❡ ❢3❡✐♥❛❣❡✱

✐❞❡♥&✐✜❡3 ❧❡ ❝♦❡✣❝✐❡♥& ❞❡ ❢3♦&&❡♠❡♥& 3♦✉❡✴6♦❧ ❞❡ ❧❛ ❝❤❛✉66"❡ ❬❑✐❡♥❝❦❡✱ ✶✾✾✸❪✳ ■❧ ❡6& ❡♥

❡✛❡& "&✉❞✐" ❡♥ ❞"&❛✐❧ ❞❛♥6 ❧❛ ❞❡3♥✐?3❡ ♣❛3&✐❡ ❞❡ ❝❡ ❝❤❛♣✐&3❡ ❡& ♠✐6 6♦✉6 ❢♦3♠❡ ❞❡ ♠✉❧&✐♠♦✲

❞?❧❡6 ♣♦✉3 ❧❛ 6②♥&❤?6❡ ❞✬✉♥❡ ❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ 3♦❜✉6&❡ ♣♦✉3 3"❣✉❧❡3 ❧❡ &❛✉① ❞❡ ❣❧✐66❡♠❡♥&

♣♥❡✉✴6♦❧ ❡♥ ✈✉❡ ❞✬❛♠"❧✐♦3❡3 ❧❡ ❢3❡✐♥❛❣❡ ❡& "✈✐&❡3 ❧❡ ❜❧♦❝❛❣❡ ❞❡6 3♦✉❡6✳

2.8 Représentation floue de type Takagi-Sugeno TS de la dynamique

du véhicule

▲✬❛♣♣3♦❝❤❡ ✢♦✉❡ ❞❡ &②♣❡ ❚❛❦❛❣✐✲❙✉❣❡♥♦ ❚❙ ❬❚❛❦❛❣✐ ❡& ❙✉❣❡♥♦✱ ✶✾✽✺❪ ❛ ❝♦♥♥✉ ✉♥

3"❡❧ 6✉❝❝?6 ❞❡♣✉✐6 ❞❡ ♥♦♠❜3❡✉6❡6 ❛♥♥"❡6 ❡& ❡❧❧❡ ❛ "&" ❞❡✈❡❧♦♣♣"❡ ❞❛♥6 ♣❧✉6✐❡✉36 &3❛✈❛✉①

❞❡ 3❡❝❤❡3❝❤❡✳ ▲✬✐❞"❡ ♣3✐♥❝✐♣❛❧❡ ❞❡ ❝❡&&❡ 3❡♣3"6❡♥&❛&✐♦♥ ❝♦♥6✐6&❡ U 3❡♣3"6❡♥&❡3 ❞❡ ♠❛♥✐?3❡

♣3"❝✐6❡ ❧❡6 6②6&?♠❡6 ♥♦♥ ❧✐♥"❛✐3❡6 ♣❛3 ✉♥ ❡♥6❡♠❜❧❡ ❞❡ ♠♦❞?❧❡6 ❧✐♥"❛✐3❡6 ❧♦❝❛✉① ✐♥&❡3♣♦❧"6

♣❛3 ❞❡6 ❢♦♥❝&✐♦♥6 ♥♦♥ ❧✐♥"❛✐3❡6 ❜♦3♥"❡6 ❡& ♣♦6✐&✐✈❡6 ♦✉ ♥✉❧❧❡6✳ ❈❤❛#✉❡ ♠♦❞?❧❡ ❧♦❝❛❧ ❡6&

✈❛❧✐❞❡ ❞❛♥6 ✉♥❡ ③♦♥❡ ❞❡ ❢♦♥❝&✐♦♥♥❡♠❡♥&✳ ▲❡6 ♠♦❞?❧❡6 ❞❡ &②♣❡ ❚❙ ♦♥& ✉♥❡ 6&3✉❝&✉3❡ 6✐♠♣❧❡

#✉✐ ♣3"6❡♥&❡ ❞❡6 ♣3♦♣3✐"&"6 ✐♥&"3❡66❛♥&❡6 ♣❡3♠❡&&❛♥& ❞✬"&❡♥❞3❡ ❞❡6 3"6✉❧&❛&6 ❞❡6 6②6&?♠❡6

❧✐♥"❛✐3❡6 ❛✉① 6②6&?♠❡6 ♥♦♥ ❧✐♥"❛✐3❡6✳ ❉✬♦X ❧✬✐♥&"32& ❞❡ 3❡♣3"6❡♥&❡3 ❧❛ ❞②♥❛♠✐#✉❡ ♥♦♥ ❧✐♥"❛✐3❡

❞✉ ✈"❤✐❝✉❧❡ ♣❛3 ❧✬❛♣♣3♦❝❤❡ ✢♦✉❡ ❚❙✳

2.8.1 Modèle flou TS

▲❡ ♠♦❞?❧❡ ✢♦✉ ❞❡ &②♣❡ ❚❙ ❞✬✉♥ 6②6&?♠❡ ❞②♥❛♠✐#✉❡ ❡6& 3❡♣3"6❡♥&" ♣❛3 ✉♥ ❡♥6❡♠❜❧❡

❞❡ 3?❣❧❡6 ✢♦✉❡6 ❙✐ ✲ ❆❧♦()✳ ❙❛ ❝❛3❛❝&"3✐6&✐#✉❡ ♣3✐♥❝✐♣❛❧❡ ❡6& #✉✬✐❧ 3❡♣3"6❡♥&❡ ❧♦❝❛❧❡♠❡♥&

❧❡6 3❡❧❛&✐♦♥6 ❡♥&3"❡6✴6♦3&✐❡6 ❞✬✉♥ 6②6&?♠❡ ❡♥ ❡①♣3✐♠❛♥& ❝❤❛#✉❡ ❝♦♥❝❧✉6✐♦♥ ♣❛3 ✉♥ 6②6&?♠❡

❧✐♥"❛✐3❡✳

▲❛ i ?♠❡ 3?❣❧❡ ❞✉ ♠♦❞?❧❡ ✢♦✉ 6✬"❝3✐&

❘+❣❧❡ i : ❙✐ θ1(t) ❡6& Fi1 ❡& ...❡& θν(t) ❡6& Fiν ❆❧♦() ✭✷✳✸✽✮

{
ẋ(t) = Aix(t)+Biu(t)

y(t) = Cix(t)

❖X x(t) ∈ ℜn
❡6& ❧❡ ✈❡❝&❡✉3 ❞✬"&❛&✱ u(t) ∈ ℜm

❡6& ❧❡ ✈❡❝&❡✉3 ❞❡ ❝♦♠♠❛♥❞❡ ❡& y(t) ∈ ℜp

❡6& ❧❡ ✈❡❝&❡✉3 ❞❡ 6♦3&✐❡✳ Ai ∈ ℜn×n
❡6& ❧❛ ♠❛&3✐❝❡ ❞✬❡&❛& ❡& Bi ∈ ℜn×m

❡6& ❧❛ ♠❛&3✐❝❡ ❞❡

❝♦♠♠❛♥❞❡ ❡& Ci ∈ ℜp×m
❡6& ❧❛ ♠❛&3✐❝❡ ❞❡ 6♦3&✐❡✳ Fiν ❡6& ❧✬❡♥6❡♠❜❧❡ ✢♦✉ ❡& θ1(t)...θν(t)

6♦♥& ❧❡6 ✈❛3✐❛❜❧❡6 ❞❡6 ♣3"♠✐66❡6 #✉✐ ♣❡✉✈❡♥& 2&3❡ ❞❡6 ❢♦♥❝&✐♦♥6 ❞❡6 ✈❛3✐❛❜❧❡6 ❞✬"&❛&✱ ❞❡6



2.8 Représentation floue de type Takagi-Sugeno TS de la dynamique du véhicule ✸✺

❡♥"#$❡% ♦✉ ✉♥❡ ❝♦♠❜✐♥❛✐%♦♥ ❞❡% ❞❡✉①✳ i ∈ {1,...,r} #❡♣#$%❡♥"❡♥" ✉♥ ❡♥%❡♠❜❧❡ ❞❡ r ♠♦❞2❧❡%

❧✐♥$❛✐#❡%✳

❊♥ %❡ ❜❛%❛♥" %✉# ❧✬✐♥❢$#❡♥❝❡ ✢♦✉❡ %"❛♥❞❛#❞✱ ❧❡ ♠♦❞2❧❡ ❣❧♦❜❛❧ ❞✬✉♥ ♠♦❞2❧❡ ✢♦✉ ❚❙ ❡%"

❞♦♥♥$ ♣❛# ✿





ẋ(t) =
r∑

i=1

hi(θ(t))
(
Aix(t)+Biu(t)

)

y(t) =
r∑

i=1

hi(θ(t))Cix(t)

✭✷✳✸✾✮

♦A ❧❡% ❢♦♥❝"✐♦♥% ❞✬❛♣♣❛#"❡♥❛♥❝❡ hi(θ(t)) %♦♥" ❞♦♥♥$❡% ♣❛# ✿

hi(θ(t)) =
wi(θ(t))∑r

i=1wi(θ(t))
, wi(θ(t)) =

ν∏

j=1

hij(θ(t)) ✭✷✳✹✵✮

▲❛ ❢♦♥❝"✐♦♥ hi(θ(t)) ❞$"❡#♠✐♥❡ ❧❡ ❞❡❣#$ ❞✬❛♣♣❛#"❡♥❛♥❝❡ ❞✉ i 2♠❡ ♠♦❞2❧❡ ❧♦❝❛❧ ❛%%♦❝✐$✳

❙❡❧♦♥ ❧❛ ③♦♥❡ ♦A ❧❡ %②%"2♠❡ $✈♦❧✉❡✱ ❝❡""❡ ❢♦♥❝"✐♦♥ ✐♥❞✐H✉❡ ❧❛ ❝♦♥"#✐❜✉"✐♦♥ ♣❧✉% ♦✉ ♠♦✐♥%

✐♠♣♦#"❛♥"❡ ❞✉ ♠♦❞2❧❡ ❧♦❝❛❧ ❝♦##❡%♣♦♥❞❛♥" ❞❛♥% ❧❡ ♠♦❞2❧❡ ❣❧♦❜❛❧✳ ❊❧❧❡ ❛%%✉#❡ ✉♥ ♣❛%%❛❣❡

♣#♦❣#❡%%✐❢ ❞❡ ❝❡ ♠♦❞2❧❡ ❛✉① ♠♦❞2❧❡% ❧♦❝❛✉① ✈♦✐%✐♥%✳ ❈❡% ❢♦♥❝"✐♦♥% ❞$♣❡♥❞❡♥" ❣$♥$#❛❧❡♠❡♥"

❞✉ ✈❡❝"❡✉# ❞✬$"❛" x(t) ❡" ❡❧❧❡% %♦♥" ❞❡ ❢♦#♠❡ "#✐❛♥❣✉❧❛✐#❡✱ %✐❣♠♦J❞❛❧❡ ♦✉ ❣❛✉%%✐❡♥♥❡✱ ❡"

%❛"✐%❢♦♥" ❧❡% ♣#♦♣#✐$"$% %✉✐✈❛♥"❡% ✭❝♦♥✈❡①✐"$✮ ✿

0 ≤ hi(θ(t)) ≤ 1,
r∑

i=1

hi(θ(t)) = 1 ✭✷✳✹✶✮

2.8.1.1 Obtention d’une structure multi-modèles

❉✬✉♥❡ ♠❛♥✐2#❡ ❣$♥$#❛❧❡✱ ♦♥ "#♦✉✈❡ "#♦✐% ♠$"❤♦❞❡% ❞✬♦❜"❡♥"✐♦♥ ❞✬✉♥❡ %"#✉❝"✉#❡ ♠✉❧"✐✲

♠♦❞2❧❡% O ♣❛#"✐# ❞✬✉♥ ♠♦❞2❧❡ ♥♦♥ ❧✐♥$❛✐#❡✳ ❬▼❛♥%♦✉#✐✱ ✷✵✵✺✱ ❇❡♥③❛♦✉✐❛ ❡" ❍❛❥❥❛❥✐✱ ✷✵✶✹❪

✕ ▼#$❤♦❞❡ ♣❛+ ✐❞❡♥$✐✜❝❛$✐♦♥ ✿ ❬●❛%%♦✱ ✷✵✵✵❪ ❡❧❧❡ ❝♦♥%✐%"❡ O ✐❞❡♥"✐✜❡#✱ O ♣❛#"✐# ❞❡%

❞♦♥♥$❡% ❡♥"#$❡%✴%♦#"✐❡%✱ ❧❡% ♣❛#❛♠2"#❡% ❞❡% ♠♦❞2❧% ❧♦❝❛✉① ❡" ❞❡% ❢♦♥❝"✐♦♥% ❞✬❛♣♣❛#✲
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❛✈❡❝ x(.) ∈ ℜn
✱ u(.) ∈ ℜm

✱ f(x(.)) ∈ ℜn
❡% B ∈ ℜn×m

✳

❈❡%%❡ ❞❡)♥✐,)❡ ♠.%❤♦❞❡ ❡1% ❜❛1.❡ 1✉) ❧❛ ❜♦)♥✐%✉❞❡ ❞❡1 %❡)♠❡1 ♥♦♥✲❧✐♥.❛✐)❡1✳ ❊❧❧❡ ❡1% ❜❛1.❡

1✉) ❧❡ ▲❡♠♠❡ 1✉✐✈❛♥% ✿

▲❡♠♠❡ ✷✳✶ 1♦✐% M(x(t)) ∈ ℜ ✉♥❡ ❢♦♥❝%✐♦♥ ❜♦)♥.❡ ❞❡ [a,b] ♣♦✉) %♦✉% x ∈ [a,b] ❛✈❡❝

(a,b) ∈ ℜ+2
✳ ❆❧♦)1 ✐❧ ❡①✐1%❡ ❞❡✉① ❢♦♥❝%✐♦♥1

hi(.) : [a,b] → [0,1], i ∈ I2

x(t) → hi(x(t))
✭✷✳✹✸✮

❛✈❡❝ h1(x(t))+h2(x(t)) = 1 ❡% ❞❡✉① 1❝❛❧❛✐)❡1 α ❡% β %❡❧1 B✉❡

M(x(t)) = h1(x(t))α+h2(x(t))β ✭✷✳✹✹✮

❯♥❡ ❞.❝♦♠♣♦1✐%✐♦♥ ❞❡ M(x(t)) ❡1% ❝♦♥1✐❞.).❡ 1✉) [a,b] ❝♦♠♠❡ 1✉✐✈❛♥%

β = minx∈[a,b](M(x(t))), α = maxx∈[a,b](M(x(t))) ✭✷✳✹✺✮

h1(x(t)) =
M(x(t)−β

α−β
, h2(x(t)) =

α−M(x(t)

α−β
✭✷✳✹✻✮
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❙✐ |αf | ❡1% M1 ❛❧♦)1

{
Ff = Cf1αf

Fr = Cr1αr

✭✷✳✹✼✮

❙✐ |αf | ❡1% M2 ❛❧♦)1

{
Ff = Cf2αf

Fr = Cr2αr
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♦V αf ❡% αr )❡♣).1❡♥%❡♥% ❧❡1 ❛♥❣❧❡1 ❞❡ ❞.)✐✈❡ ❛✈❛♥% ❡% ❛))✐,)❡ ❞✉ ♣♥❡✉ ❡% Cfi✱ Cri )❡♣).✲

1❡♥%❡♥% ❧❡1 ❝♦❡✣❝✐❡♥%1 ❞❡ )✐❣✐❞✐%. ❞.♣❡♥❞❛♥%1 ❞✉ ❝♦❡✣❝✐❡♥% ❞✬❛❞❤.)❡♥❝❡✳

❊♥ ❝♦♥1✐❞.)❛♥% ❧❡1 ),❣❧❡1 ✢♦✉❡1 ❞♦♥♥.❡1 ♣❛) ❧❡1 .B✉❛%✐♦♥1 ✭✷✳✹✼✮ ❡% ✭✷✳✹✽✮✱ ❧❡1 ❢♦)❝❡1 ❧❛%.✲

)❛❧❡1 Ff ❡% Fr ♣❡✉✈❡♥% X%)❡ ❡①♣)✐♠.❡1 ❝♦♠♠❡ 1✉✐% ✿

{
Ff = h1(|αf |)Cf1(µ)αf+h2(|αf |)Cf2(µ)αf

Fr = h1(|αf |)Cr1(µ)αr+h2(|αf |)Cr2(µ)αr
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♦V Cfi✱ Cri )❡♣).1❡♥%❡♥% ❧❡1 ♣❛)❛♠,%)❡1 ❞❡1 ❝♦♥1.B✉❡♥❝❡1 ❞❡1 ),❣❧❡1 ❡% hi(|αf |)✱ (i = 1,2)

)❡♣).1❡♥%❡♥% ❧❡1 ♣❛)❛♠,%)❡1 ❞❡1 ❢♦♥❝%✐♦♥1 ❞✬❛♣♣❛)%❡♥❛♥❝❡ ❞.✜♥✐1 ❝♦♠♠❡ 1✉✐% ✿




h1(|αf |) =

w1(|αf |)

w1(|αf |)+w2(|αf |)
,

h2(|αf |) = 1−h1(|αf |)
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2.8 Représentation floue de type Takagi-Sugeno TS de la dynamique du véhicule ✸✼

❛✈❡❝ w1(|αf |) = (1+|
|αf |−c1

a1
|)−2b1

❡$ w2(|αf |) = (1+|
|αf |−c2

a2
|)−2b2

✳

&♦✉) ❞+$❡)♠✐♥❡) ❧❡0 ♣❛)❛♠2$)❡0 3 ❧❛ ❢♦✐0 ❞❡0 ❢♦♥❝$✐♦♥0 ❞✬❛♣♣❛)$❡♥❛♥❝❡ ❡$ ❞❡0 ❝♦♥0+6✉❡♥❝❡0

❞✉ ♠♦❞2❧❡0 ❚❙✱ ♦♥ ✉$✐❧✐0❡ ❞❡0 ♠+$❤♦❞❡0 ❞✬♦♣$✐♠✐0❛$✐♦♥ ♥✉♠+)✐6✉❡0✳ ▲❡ ❜✉$ ❛❧♦)0 ❡0$ ❞✬♦♣✲

$✐♠✐0❡) ❧❡0 ♣❛)❛♠2$)❡0 ❞❡0 ♠♦❞2❧❡0 ❧♦❝❛✉① Cfi✱ Cri ❡$ ❧❡0 ♣❛)❛♠2$)❡0 ❞❡0 ❢♦♥❝$✐♦♥0 ❞✬❛♣✲

♣❛)$❡♥❛♥❝❡ hi(|αf |) ❡♥ ♠✐♥✐♠✐0❛♥$ ❧✬+❝❛)$ 6✉❛❞)❛$✐6✉❡ ❡♥$)❡ ❧❡0 ❞♦♥♥+❡0 ♦❜$❡♥✉❡0 3 ♣❛)$✐)

❞❡0 ❢♦)❝❡0 ❧❛$+)❛❧❡0 ♥♦♥ ❧✐♥+❛✐)❡0 ❞♦♥♥+❡0 ♣❛) ❧❡ ♠♦❞2❧❡ ❞❡ &❛❝❡❥❦❛ ✭✷✳✶✷✮ ❡$ ❧❡0 ❢♦)❝❡0

❡0$✐♠+❡0 ✭✷✳✶✾✮✳ ▲❛ ❋✐❣✉)❡ ✷✳✶✾ ♠♦♥$)❡ ✉♥❡ ❝♦♠♣❛)❛✐0♦♥ ❡♥$)❡ ❧❡0 ❢♦)❝❡0 ❡0$✐♠+❡0 3 ♣❛)$✐)

❞✉ ♠♦❞2❧❡ ❚❙ ✭✷✳✹✾✮ ❡$ ❧❡0 ❢♦)❝❡0 ❞❡ &❛❝❡❥❦❛✳ ❉❛♥0 ♥♦$)❡ ❝❛0✱ ❧❡0 ♣❛)❛♠2$)❡0 ai✱ bi ❡$

ci ❛✐♥0✐ 6✉❡ ❧❡0 ❝♦❡✣❝✐❡♥$0 ❞❡ )✐❣✐❞✐$+ Cfi✱ Cri 0♦♥$ ❞+$❡)♠✐♥+0 ❡♥ ✉$✐❧✐0❛♥$ ❧✬❛❧❣♦)✐$❤♠❡

❞✬♦♣$✐♠✐0❛$✐♦♥ ♥✉♠+)✐6✉❡ ❜❛0+ 0✉) ❧❛ ♠+$❤♦❞❡ ❞❡ ▲❡✈❡♥❜❡)❣✲▼❛)6✉❛❞$ ❝♦♠❜✐♥+❡ ❛✈❡❝ ❧❡0

♠♦✐♥❞)❡0 ❝❛))+0 ❬❍❛❥❥❛❥✐ ❡! ❛❧✳✱ ✷✵✵✻❪✳

&♦✉) ✉♥ ❝♦❡✣$✐❡♥$ ❞❡ ❢)♦$$❡♠❡♥$ ✜①❡ µ = 0.7✱ ❧❡0 ❢♦♥❝$✐♦♥0 ❞✬❛♣♣❛)$❡♥❛♥❝❡ h1 ❡$ h2 0♦♥$

❞♦♥♥+❡0 ❞❛♥0 ❧❛ ❋✐❣✉)❡ ✷✳✶✽✱ ❛✈❡❝ a1 = 0.0908✱ b1 = 23.3421✱ c1 = 0.7237✱ a2 = 204.0533✱

b2 = 0.0415✱ c2 = 23.4094✱ ❧❡0 ❝♦❡✣❝✐❡♥$0 ❞❡ )✐❣✐❞✐$+ ❞✉ ✈+❤✐❝✉❧❡ Cfi ❡$ Cri 0♦♥$ ❞♦♥♥+0

♣❛) ❧❡ ❚❛❜❧❡❛✉ ✷✳✶✳

❚❛❜❧❡❛✉ ✷✳✶✿ ❈♦❡✣❝✐❡♥$0 ❞❡ )✐❣✐❞✐$+

❈♦❡✣❝✐❡♥'( ❞❡ *✐❣✐❞✐', ♥♦♠✐♥❛❧( Cf10 Cf20 Cr10 Cr20

❱❛❧❡✉*( ✻✵✼✶✷ ✹✽✶✷ ✻✵✵✽✽ ✸✹✺✺

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Angle de dérive avant

F
o

n
c
ti
o

n
s
 d

’a
p

p
a

rt
e

n
a

n
c
e

h
1
(α

f
)

h
2
(α

f
)

❋✐❣✉)❡ ✷✳✶✽✿ ▲❡0 ❢♦♥❝$✐♦♥0 ❞✬❛♣♣❛)$❡♥❛♥❝❡



✸✽ Modélisation d’un véhicule automobile, aspects généraux

0 100 200 300 400 500 600 700 800
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Temps (s)

F
o

rc
e

s
 l
a

té
ra

le
s
 a

v
a

n
t 
e

t 
a

rr
iè

re
 (

N
)

Force Pacejka avant

Force  estimée avant

Force Pacejka arrière

Force estimée arrière

❋✐❣✉$❡ ✷✳✶✾✿ ❈♦♠♣❛$❛✐0♦♥ ❞❡0 ❢♦$❝❡0 ❡05✐♠6❡0 ❛✈❡❝ ❝❡❧❧❡0 ❞❡ 9❛❝❡❥❦❛

9♦✉$ ❣6♥6$❡$ ❧❡ ♠♦❞<❧❡ ❚❙ ❞❡ ❧❛ ❞②♥❛♠✐@✉❡ ❞6$✐✈❡✴❧❛❝❡5 ❞✉ ✈6❤✐❝✉❧❡ ❞6❝$✐5❡ ♣❛$ ✭✷✳✷✸✮✱

♥♦✉0 ❝♦♥0✐❞6$♦♥0 ❧❡0 ♠♦❞<❧❡0 ❞❡ ❢♦$❝❡0 ❞❡ ❝♦♥5❛❝5 ❞6❝$✐50 ♣❛$ ❧✬❡①♣$❡00✐♦♥ ✭✷✳✹✾✮ ❡5 ♥♦✉0

0✉♣♣♦0♦♥0 ❞❡0 ✈❛$✐❛5✐♦♥0 ❢❛✐❜❧❡0 ❞❡0 ❛♥❣❧❡0 ❞❡ ❞6$✐✈❡✳ 9❛$ ❝♦♥06@✉❡♥5 ✿





αf
∼= β+

afr

vx
−δf ,

αr
∼= β+

arr

vx
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▲❡ ♠♦❞<❧❡ ❜✐❝②❝❧❡55❡ ♥♦♥ ❧✐♥6❛✐$❡ ✭✷✳✷✹✮ 0✬6❝$✐5 ✿

ẋ(t) =
r∑

i=1

hi(|αf |)[Aix(t)+Bfiδf+BMz(t)] ✭✷✳✺✷✮

Ai =

[
−2

Cfi0+Cri0

mvx
−2

Cfi0af−Cri0ar

mvx2 −1

−2
Cfi0af−Cri0ar

Iz
−2

Cfi0a
2

f
+Cri0a

2
r

Izvx

]
, Bfi =

[
2Cfi0

mvx
2afCfi0

Iz

]
,

B =

[
0
1
Iz

]
, x(t) =

[
β

r

] ✭✷✳✺✸✮

❊①❡♠♣❧❡ ✷✳✷ ▼♦❞<❧❡ ❚❙ ❞✉ 0②05<♠❡ ❆❇❙ ♣❛$ ❧❛ ♠65❤♦❞❡ ❞❡ 0❡❝5❡✉$0 ❞❡ ♥♦♥✲❧✐♥6❛$✐560

9♦✉$ ✐❧❧✉05$❡$ ❧❛ $❡♣$60❡♥5❛5✐♦♥ ✢♦✉❡ ❞❡ 5②♣❡ ❚❙ ❜❛06❡ 0✉$ ❧❡0 0❡❝5❡✉$0 ❞❡ ♥♦♥✲❧✐♥6❛$✐560✱

♥♦✉0 ❝♦♥0✐❞6$♦♥0 ❧❡ ♠♦❞<❧❡ ❞❡ ❧❛ ❞②♥❛♠✐@✉❡ ❧♦♥❣✐5✉❞✐♥❛❧❡ ❞♦♥♥6 ♣❛$ ❧✬6@✉❛5✐♦♥ 0✉✐✈❛♥5❡ ✿

[
ẋ1
ẋ2

]
=

[
0 1

b(t) a(t)

][
x1
x2

]
+

[
0

c(t)

]
u(t)+

[
0

I

]
f(t) ✭✷✳✺✹✮

❛✈❡❝

amin ≤ a(t) ≤ amax

bmin ≤ b(t) ≤ bmax

✭✷✳✺✺✮
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❊♥ "✉♣♣♦"❛♥' c(t) = 0.0068 ❡' ❡♥ ❝♦♥"✐❞,-❛♥' ❧❡" ❡①♣-❡""✐♦♥" ❞♦♥♥,❡" ♣❛- ❧✬,1✉❛'✐♦♥ ✭✷✳✸✹✮✱

♥♦✉" ❛✈♦♥"

max[0,3.5]a(t) = 15, min[0,3.5]a(t) = 0

max[0,3.5]b(t) = 110, min[0,3.5]b(t) = −40

▲❡" '❡-♠❡" ♥♦♥ ❧✐♥,❛✐-❡" a(t) ❡' b(t) ♣❡✉✈❡♥' "✬,❝-✐-❡ ❝♦♠♠❡ "✉✐' ✿

a(t) = F 1
1 (x(t)).(15)+F

2
1 (x(t)).(0) ✭✷✳✺✻✮

b(t) = F 1
2 (x(t)).(110)+F

2
2 (x(t)).(−40) ✭✷✳✺✼✮

❛✈❡❝

F 1
1 (x(t))+F

2
1 (x(t)) = 1 ✭✷✳✺✽✮

F 1
2 (x(t))+F

2
2 (x(t)) = 1 ✭✷✳✺✾✮

❡'

F 1
1 (x(t)) =

a(t)

15
, F 2

1 (x(t)) =
15−a(t)

15
✭✷✳✻✵✮

F 1
2 (x(t)) =

b(t)+40

150
, F 2

2 (x(t)) =
110−b(t)

150
✭✷✳✻✶✮

❖♥ ♦❜'✐❡♥' ❛❧♦-" 1✉❛'-❡ ♠♦❞F❧❡" ❧♦❝❛✉① ♣❛- ❝♦♠❜✐♥❛✐"♦♥ ❞❡" 1✉❛'-❡ ❢♦♥❝'✐♦♥" F 1
1 ✱ F

1
2 ✱ F

2
1 ✱

F 2
2 ✳

▲❡ ♠♦❞F❧❡ ✢♦✉ ❞❡ '②♣❡ ❚❙ ,1✉✐✈❛❧❡♥' ❛✉ ♠♦❞F❧❡ ♥♦♥ ❧✐♥,❛✐-❡ ✭✷✳✺✹✮ ❡"' ✿

ẋ(t) =
4∑

i=1

µi(x(t))(Aix(t)+Bu(t)+

[
0

I

]
f(t)) ✭✷✳✻✷✮

❛✈❡❝

A1 =

[
0 1

bmin amin

]
, A2 =

[
0 1

bmin amax

]
, B =

[
0

0.0068

]
,

A3 =

[
0 1

bmax amin

]
, A4 =

[
0 1

bmax amax

]
, x(t) =

[
x1
x2

]

❡'

µ1(t) = F 1
1 (x(t))×F

1
2 (x(t))

µ2(t) = F 1
1 (x(t))×F

2
2 (x(t))

µ3(t) = F 2
1 (x(t))×F

1
2 (x(t))

µ4(t) = F 2
1 (x(t))×F

2
2 (x(t))

2.9 Conclusion

❉❛♥" ❝❡ ❝❤❛♣✐'-❡✱ ❞✐✛,-❡♥'" ♠♦❞F❧❡" ❞❡ ❧❛ ❞②♥❛♠✐1✉❡ ❞❡ ✈,❤✐❝✉❧❡ 1✉✐ "❡-♦♥' ✉'✐❧✐","

♣♦✉- ❧❛ "②♥'❤F"❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ♦♥' ,', ✉'✐❧✐","✳ ▲❡" ♣-✐♥❝✐♣❛✉① ♠♦❞F❧❡" ❡①✐"'❛♥'" ❞❡"

❢♦-❝❡" ❞❡ ❝♦♥'❛❝' ♣♥❡✉✴❝❤❛✉"",❡ ♦♥' ,', -❛♣♣❡❧,"✳ ▲❛ -❡♣-,"❡♥'❛'✐♦♥ ❚❙ ❛ ,', ♣-,"❡♥',❡

♣♦✉- ♠♦❞,❧✐"❡- ❧❛ ❞②♥❛♠✐1✉❡ ❧❛',-❛❧❡ ❡' ❧♦♥❣✐'✉❞✐♥❛❧❡✳
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❞❡ ♣❡#$✉#❜❛$✐♦♥+✳ ❊♥+✉✐$❡✱ ✉♥❡ ❝♦♠♠❛♥❞❡ ♥♦♥✲❢#❛❣✐❧❡ ♣❛# #❡$♦✉# ❞❡ +♦#$✐❡ +$❛$✐5✉❡ ❡+$

❞6✈❡❧♦♣♣6❡ ♣♦✉# ❧❡+ ❙❈❘+ ✐♥❝❡#$❛✐♥+ ❡♥ ✉$✐❧✐+❛♥$ ✉♥❡ ♥♦✉✈❡❧❧❡ ❛♣♣#♦❝❤❡ ♠♦✐♥+ ❝♦♥+❡#✈❛✲

$✐✈❡ ❜❛+6❡ +✉# ❧❛ ❜✐✲♣❛#$✐$✐♦♥ ❞✉ #❡$❛#❞✳ ❊♥✜♥✱ ♥♦✉+ $#❛✐$♦♥+ ❧❡ ♣#♦❜❧=♠❡ ❞❡ +②♥$❤=+❡ ❞❡

❧❛ ❝♦♠♠❛♥❞❡ ❜❛+6❡ +✉# ♦❜+❡#✈❛$❡✉# ♣♦✉# ❧❡+ ❙❈❘+ ❡♥ ♣#❡♥❛♥$ ❡♥ ❝♦♠♣$❡ ♥♦♥ +❡✉❧❡♠❡♥$

❧❡+ ♣❡#$❡+ ❞❡ ♣❛5✉❡$+ ❡$ ❧❡ #❡$❛#❞ ♠❛✐+ 6❣❛❧❡♠❡♥$ ❧❛ 5✉❛♥$✐✜❝❛$✐♦♥ ❞❡+ ❞♦♥♥6❡+ ❝❛♣$❡✉#+

❡$ ❛❝$✐♦♥♥❡✉#+✳ ▲✬❡♥+❡♠❜❧❡ ❞❡+ #6+✉❧$❛$+ +♦♥$ ✈❛❧✐❞6+ ❡♥ +✐♠✉❧❛$✐♦♥ ♣♦✉# ❧❡ ❝♦♥$#A❧❡ ❞❡ ❧❛

❞②♥❛♠✐5✉❡ ❞❡ ✈6❤✐❝✉❧❡✳

3.2 Les systèmes commandés en réseau (SCRs)

3.2.1 Définition de SCR

▲❡+ +②+$=♠❡+ ❝♦♠♠❛♥❞6+ ❡♥ #6+❡❛✉ +♦♥$ ❝♦♥+$✐$✉6+ ❞✬✉♥ ❡♥+❡♠❜❧❡ ❞❡ ❜♦✉❝❧❡+ ❧♦❝❛❧❡+

❞❡ ❝♦♥$#A❧❡ ❢❡#♠6❡+ ✈✐❛ ✉♥ #6+❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛$✐♦♥✳ ❯♥ ❙❈❘ $②♣✐5✉❡ +❡ ❝♦♠♣♦+❡ ❞✬✉♥

♦✉ ♣❧✉+✐❡✉#+ ❝❛♣$❡✉#+ ♣♦✉# #❡❝✉❡✐❧❧✐# ❧❡+ ✐♥❢♦#♠❛$✐♦♥+ C ♣❛#$✐# ❞✉ ♣#♦❝6❞6 ♣❤②+✐5✉❡ C

❝♦♥$#A❧❡#✱ ✉♥ ♦✉ ♣❧✉+✐❡✉#+ ❝♦♥$#A❧❡✉#+ ♣♦✉# ❢♦✉#♥✐# ❧❡+ ❝♦♠♠❛♥❞❡+ ❡$ ❧❡+ ❞6❝✐+✐♦♥+✱ ✉♥ ♦✉

♣❧✉+✐❡✉#+ ❛❝$✐♦♥♥❡✉#+ ♣♦✉# 6❧❛❜♦#❡# ❧❡+ ❝♦♠♠❛♥❞❡+ ❞✉ ♦✉ ❞❡+ ❝♦♥$#A❧❡✉#+ ❡$ ❞✬✉♥ #6+❡❛✉

❞❡ ❝♦♠♠✉♥✐❝❛$✐♦♥✳ ❈❡ #6+❡❛✉ ❡+$ ✉$✐❧✐+6 ♣♦✉# ❧❡ ♣❛#$❛❣❡ ❞❡+ ❞♦♥♥6❡+ ❡♥$#❡ ❧❡+ ❝❛♣$❡✉#+ ❡$

❧❡+ ❝♦♥$#A❧❡✉#+ ❡$ 6❣❛❧❡♠❡♥$ ❡♥$#❡ ❧❡+ ❝♦♥$#A❧❡✉#+ ❡$ ❧❡+ ❛❝$✐♦♥♥❡✉#+✱ ❡$ ♣♦✉# $#❛♥+♠❡$$#❡

❧❡+ ♠❡++❛❣❡+ ♣♦✉# ❞✬❛✉$#❡+ $②♣❡+ ❞✬❛♣♣❧✐❝❛$✐♦♥+ ❝♦♠♠❡ ❧✬✐♥❞✐5✉❡ ❧❛ ❋✐❣✉#❡ ✸✳✶✳

❋✐❣✉#❡ ✸✳✶✿ ❙②+$=♠❡ ❝♦♠♠❛♥❞6 ❡♥ #6+❡❛✉ ❬❙✐❞✱ ✷✵✶✸❪

3.2.2 Avantages de l’architecture SCR

❊♥ ❝♦♠♣❛#❛✐+♦♥ ❛✈❡❝ ❧❡+ +②+$=♠❡+ ❞❡ ❝♦♥$#A❧❡ ♣♦✐♥$✲C✲♣♦✐♥$ ❝♦♥✈❡♥$✐♦♥♥❡❧✱ ✉♥ ❙❈❘

♣❡#♠❡$ ♥♦♥ +❡✉❧❡♠❡♥$ ❞❡ #6❞✉✐#❡ ❧❡ ❝L❜❧❛❣❡ ❡$ ❧❡+ ❝♦M$+ ❞✬✐♥+$❛❧❧❛$✐♦♥✱ ♠❛✐+ ♦✛#❡ ❛✉++✐
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❛✉((✐ ❞❡ ❧❛ ❝♦♥❣❡($✐♦♥ ❞✉ $#❛✜❝ ❞❛♥( ❧❡ #+(❡❛✉ ❡♥ #❛✐(♦♥ ❞❡ ❧❛ ❜❛♥❞❡ ♣❛((❛♥$❡ ❧✐♠✐$+❡ ❞❡(

❝❛♥❛✉① ❞❡ ❝♦♠♠✉♥✐❝❛$✐♦♥✳ ❈❡❧❛ (✐❣♥✐✜❡ 6✉❡✱ ♠8♠❡ ♣♦✉# ✉♥❡ ❝♦✉#$❡ ❞✐($❛♥❝❡ ❞❡ $#❛♥(♠✐(✲

(✐♦♥✱ ❧❡ #❡$❛#❞ ✐♥❞✉✐$ ♣❡✉$ 8$#❡ $#B( ✐♥❝❡#$❛✐♥✱ ❡$ ♣#♦❜❛❜❧❡♠❡♥$ ✈❛❧♦✐# ♣❧✉( ❞✬✉♥❡ ♣+#✐♦❞❡

❞✬+❝❤❛♥$✐❧❧♦♥♥❛❣❡✱ ❡♥ ♣❛#$✐❝✉❧✐❡# ❧♦#(6✉❡ ❧❡ #+(❡❛✉ ❡($ ♣❛#$❛❣+ ❛✈❡❝ ❞✬❛✉$#❡( ❜♦✉❝❧❡( ❞❡

#+❣✉❧❛$✐♦♥ ♦✉ ❞✬❛✉$#❡( ❞✐(♣♦(✐$✐❢( +❝❤❛♥❣❡❛♥$ ❧❡✉#( ❞♦♥♥+❡(✳ ▲❡( #❡$❛#❞( ✐♥❞✉✐$( ❞❛♥( ❧❡(

❙❈❘( ♣❡✉✈❡♥$ 8$#❡ ❞+$❡#♠✐♥✐($❡( ♦✉ ($♦❝❤❛($✐6✉❡(✳

❋✐❣✉#❡ ✸✳✹✿ ▲❡( #❡$❛#❞( ✐♥❞✉✐$( ❞❛♥( ✉♥ ❙❈❘

◆♦✉( ♣♦✉✈♦♥( $#♦✉✈❡# ❝❡$$❡ ❝❧❛((✐✜❝❛$✐♦♥ ❞❛♥( ♣❧✉(✐❡✉#( ❛♣♣❧✐❝❛$✐♦♥( ❡♠♣❧♦②❛♥$ ❞✐✈❡#(

#+(❡❛✉①✳ L❛# ❡①❡♠♣❧❡✱ ❞❛♥( ❧❡ ♣#♦$♦❝♦❧❡ ❈❆◆✱ ❧❡ #❡$❛#❞ ❡($ (✉♣♣♦(+ ❝♦♥($❛♥$ ❡$ ❞♦✐$ $❡♥✐#

❥✉(6✉✬O ✉♥❡ ♥♦✉✈❡❧❧❡ ❞❛$❡✳ ❈❡❧❛ ❡($ ❣❛#❛♥$✐ ♣❛# ❧❡ ❜✐❛✐( ❞❡ ❝✐#❝✉✐$( $❛♠♣♦♥( ✭❇✉✛❡#(✮

✐♥$+❣#+( ❞❛♥( ❝❤❛6✉❡ ♥♦❡✉❞✳ ❉❛♥( ❝❡ ❝❛(✱ ❧❡( ❞+❧❛✐( ♥♦♥ +6✉✐✈❛❧❡♥$( (♦♥$ ❛✉❣♠❡♥$+( ❛✜♥

❞✬8$#❡ +❣❛✉①✳ ❉❡ ♥♦( ❥♦✉#(✱ ❜❡❛✉❝♦✉♣ ❞❡ #+(❡❛✉① ✭❊$❤❡#♥❡$✮ ♥❡ ♣❡✉✈❡♥$ ♣❛( ❣❛#❛♥$✐# ✉♥

#❡$❛#❞ ❝♦♥($❛♥$✳ ❆✐♥(✐✱ ❧❡( +$✉❞❡( 6✉✐ $#❛✐$❡♥$ ❧❡( #❡$❛#❞( ✈❛#✐❛❜❧❡( (♦♥$ ♣❧✉( ♥♦♠❜#❡✉(❡(✳

L♦✉# ❧❡ #❡$❛#❞ ✈❛#✐❛❜❧❡✱ ❞❡✉① ❝❧❛((✐✜❝❛$✐♦♥( ♣❡✉✈❡♥$ 8$#❡ $#♦✉✈+❡( ❞❛♥( ❧❛ ❧✐$$+#❛$✉#❡✱

O (❛✈♦✐# ❧❡ #❡$❛#❞ ♥♦♥✲❞+$❡#♠✐♥✐($❡ ♦✉ ($♦❝❤❛($✐6✉❡✳ ❉❛♥( ❧❡ ♣#❡♠✐❡# ❝❛(✱ ❧❛ ✈❛#✐❛$✐♦♥

❞✉ #❡$❛#❞ ♥✬❡($ ♣❛( ❝♦♥♥✉❡ ❛ ♣#✐♦#✐✱ ♠❛✐( ❧❛ ✈❛❧❡✉# ✐♥($❛♥$❛♥+❡ ❡($ ❞✐(♣♦♥✐❜❧❡ ♣♦✉# ❧❡

❝❛❧❝✉❧❛$❡✉# ❡♥ $❡♠♣( #+❡❧✳ ▲❡ ❞❡✉①✐B♠❡ ❝❛( ❡♥$#❛4♥❡ 6✉❡ ❧❛ ✈❛#✐❛$✐♦♥ ❞✉ #❡$❛#❞ ❡($ ❛((♦❝✐+❡

O ❞❡( ❞❡(❝#✐♣$✐♦♥( ($❛$✐($✐6✉❡( ✭●❛✉((✐❡♥♥❡✱ ❝❤❛4♥❡ ❞❡ ▼❛#❦♦✈✱✳✳✳✮✳

3.2.4.2 Pertes de paquets

▲✬✐♥$#♦❞✉❝$✐♦♥ ❞✉ #+(❡❛✉ ❡♥$#❡ ❧❡( ❝♦♠♣♦(❛♥$( ❞❡ ❧❛ ❜♦✉❝❧❡ ❞❡ ❝♦♥$#V❧❡ ❡♥$#❛4♥❡ ❛✉((✐

❧❛ ♣❡#$❡ ❞❡( ❞♦♥♥+❡( ❞✉❡ O ❧❛ ♥♦♥✲✜❛❜✐❧✐$+ ❞✉ ❝❛♥❛❧ ❞❡ $#❛♥(♠✐((✐♦♥✱ O ❧❛ (❛$✉#❛$✐♦♥ ❞❡(

♠+♠♦✐#❡( ❞❛♥( ❧❡( +6✉✐♣❡♠❡♥$( ❞✬✐♥$❡#❝♦♥♥❡①✐♦♥✱ ❛✉① ♣#♦$♦❝♦❧❡( ❞✬❛❝❝B( ❛✉ ♠❡❞✐✉♠✱✳✳✳

▲❡( ♣❡#$❡( ❞❡ ♠❡((❛❣❡( ♣❡✉✈❡♥$ 8$#❡ ❛((✐♠✐❧+❡( O ❞❡( ❞+❧❛✐( ✐♥✜♥✐(✳



✹✻ Contrôle des systèmes flous commandés en réseau

3.2.4.3 Erreur de quantification

❉❛♥# ✉♥ ❙❈❘✱ ❧❛ *✉❛♥+✐✜❝❛+✐♦♥ ❡#+ ❝♦♥#✐❞232❡ ❝♦♠♠❡ ✉♥❡ ❝♦♥+3❛✐♥+❡ ❞❡ ❝♦♠♠✉♥✐❝❛+✐♦♥

✐♥❞✉✐+❡ ❝❛3 ❡❧❧❡ ❡#+ ✐♥#2♣❛3❛❜❧❡ ❞❡ ❧❛ ❜❛♥❞❡ ♣❛##❛♥+❡ ❧✐♠✐+2❡ ❞✉ 32#❡❛✉ ✭✉♥ ♥♦♠❜3❡ ❧✐♠✐+2

❞✬❡♥✈♦✐ ❞✬✐♥❢♦3♠❛+✐♦♥# ♣❛3 #❡❝♦♥❞❡✮✳ ❊❧❧❡ ❝♦♥#✐#+❡ > ❝♦♥✈❡3+✐3 ✉♥ #✐❣♥❛❧ ❛♥❛❧♦❣✐*✉❡ ❡♥ ✉♥❡

3❡♣32#❡♥+❛+✐♦♥ ♥✉♠23✐*✉❡✳

❯♥ *✉❛♥+✐✜❝❛+❡✉3 ❡#+ ❞2✜♥✐ ♣❛3 ✉♥❡ ❢♦♥❝+✐♦♥ ❝♦♥#+❛♥+❡ ♣❛3 ♠♦3❝❡❛✉①✳ ❉❛♥# ❝❡ ❝❛#✱ ❧❡#

✈❛❧❡✉3# ❞❡# #✐❣♥❛✉① #♦♥+ ♠✐# > ❞❡# ♥✐✈❡❛✉① ❞❡ *✉❛♥+✐✜❝❛+✐♦♥ ❛✈❛♥+ ❧❛ +3❛♥#♠✐##✐♦♥ ❛✉①

♥♦❡✉❞# #✉✐✈❛♥+# *✉✐ ♣❡✉✈❡♥+ 3❡♣32#❡♥+❡3 ✉♥ ❡♥#❡♠❜❧❡ ❞❡ ❝❛♣+❡✉3#✱ ❞✬❛❝+✐♦♥♥❡✉3# ♦✉ ❞❡

❝♦♥+3B❧❡✉3# ✭❬❨✉❡ ❡! ❛❧✳✱ ✷✵✵✻✱ ❩❤❛♥❣ ❡! ❛❧✳✱ ✷✵✶✶✱ ▲❛+3❛❝❤ ❡! ❛❧✳✱ ✷✵✶✸❛✱ ▼❛❤♠♦✉❞ ❡+ ❆❧✲

❘❛②②❛❤✱ ✷✵✶✶✱ ❲✉ ❡! ❛❧✳✱ ✷✵✶✷✱ ▲✐✉ ❡+ ❩❤❛♥❣✱ ✷✵✶✵❪✮✳ ▲❡ *✉❛♥+✐✜❝❛+❡✉3 ❧♦❣❛3✐+❤♠✐*✉❡ q(ν)

♣❡✉+ S+3❡ ❞2✜♥✐ ♣❛3 ✿

q(ν) =





ui #✐

1

1+δ
ρiu0 < ν ≤

1

1−δ
ρiu0

0 #✐ ν = 0

−q(−ν) #✐ ν < 0

✭✸✳✶✮

♦U δ = 1−ρ

1+ρ
✳

❉❛♥# ❝❡ ❝❛#✱ ❧❡# ♥✐✈❡❛✉① ❞❡ *✉❛♥+✐✜❝❛+✐♦♥ #♦♥+ ❞♦♥♥2# ♣❛3 ❧✬❡♥#❡♠❜❧❡ #✉✐✈❛♥+ ✿

u = {ui,ui = ρiu0,i = 0±1±2,...}∪{0}, u0 > 0

♦U ❧❡ ♣❛3❛♠V+3❡ 0 < ρ < 1 ❡#+ ❛♣♣❡❧2 ❞❡♥#✐+2 ❞❡ *✉❛♥+✐✜❝❛+✐♦♥✳

❈♦♥+3❛✐3❡♠❡♥+ > ❧❛ ❋✐❣✉3❡ ✸✳✹ ♦U ❧❡# ❞♦♥♥2❡# ♥❡ #♦♥+ ♣❛# *✉❛♥+✐✜2❡#✱ ❧❛ ❋✐❣✉3❡ ✸✳✺ ♣32#❡♥+❡

❧❛ #+3✉❝+✉3❡ ❞✬✉♥ ❙❈❘ ❛✈❡❝ ✉♥ *✉❛♥+✐✜❝❛+❡✉3 ♣❧❛❝2 ❡♥ ❛♠♦♥+ ❞✉ #②#+V♠❡ ❞❡ ❝♦♥+3B❧❡✳

❋✐❣✉3❡ ✸✳✺✿ ❙❝❤2♠❛ ❞✉ #②#+V♠❡ ❝♦♠♠❛♥❞2 ❡♥ 32#❡❛✉ ❛✈❡❝ *✉❛♥+✐✜❝❛+✐♦♥ ❞❡# ♠❡#✉3❡#✳

❙#❛❜✐❧✐(❛#✐♦♥ ❛(②♠♣#♦#✐.✉❡ ❞❡( ❙❈❘( ✿

❉❛♥# ❧❛ ❧✐++23❛+✉3❡✱ ❞✐✛23❡♥+❡# ♠2+❤♦❞❡# ❡①✐#+❡♥+ ♣♦✉3 ❧✬2❧❛❜♦3❛+✐♦♥ ❞❡# ❧♦✐# ❞❡ ❝♦♠✲

♠❛♥❞❡ ❞❡# ♠♦❞V❧❡# ✢♦✉# ❞❡ +②♣❡ ❚❙✳ ▲❛ ♠❛❥♦3✐+2 ❞❡ ❝❡# +❡❝❤♥✐*✉❡# #❡ ❜❛#❡ #✉3 ❧✬❛♣♣3♦❝❤❡



3.3 Stabilisation par retour d’état flou ✹✼

❞❡ ▲②❛♣✉♥♦✈ *✉❛❞+❛,✐*✉❡ ❬❲❛♥❣ ❡! ❛❧✳✱ ✶✾✾✻❪✱ ❬▲✐✉ ❡, ❩❤❛♥❣✱ ✷✵✵✸❪✱ ❬❈❤❛❞❧✐ ❡! ❛❧✳✱ ✷✵✵✷❪✱

❬❖✉❞❣❤✐+✐ ❡, ❍❛❥❥❛❥✐✱ ✷✵✵✽❜❪✱ ❬❑❝❤❛♦✉ ❡! ❛❧✳✱ ✷✵✶✸❪✱ ❬❑❝❤❛♦✉ ❡, ❚♦✉♠✐✱ ✷✵✶✸❪✳ ▲✬❛✈❛♥,❛❣❡

❞❡ ❝❡,,❡ ♠H,❤♦❞❡ ❡I, I❛ ❢❛❝✐❧✐,H ❞❡ ♠✐I❡ ❡♥ ♦❡✉✈+❡✳ ◆♦✉I H,❡♥❞♦♥I ❝❡,,❡ ❛♣♣+♦❝❤❡ ❛✉①

I②I,M♠❡I ❝♦♠♠❛♥❞HI ❡♥ +HI❡❛✉ ❡♥ ✉,✐❧✐I❛♥, ❧❛ I,+✉❝,✉+❡ N❉❈ ❡, ❧❡ ❢♦+♠❛❧✐I♠❡ ▲▼■I✳

3.3 Stabilisation par retour d’état flou

❉❛♥I ❝❡,,❡ I❡❝,✐♦♥✱ ♥♦✉I ♣+♦♣♦I♦♥I ❞❡I +HI✉❧,❛,I ❞❡ I,❛❜✐❧✐I❛,✐♦♥ ❞❡I ❙❈❘I ♣❛+ +❡✲

,♦✉+ ❞✬H,❛, ✢♦✉✳ ❉❛♥I ❧❛ ♣+❡♠✐M+❡ ♣❛+,✐❡✱ ♥♦✉I ❝♦♥I✐❞H+♦♥I ❧❡ ❝❛I ♥♦♠✐♥❛❧ I❛♥I +❡❥❡, ❞❡

♣❡+,✉+❜❛,✐♦♥I ❡①,H+✐❡✉+❡I ❡♥ I✉♣♣♦I❛♥, *✉❡ ,♦✉I ❧❡I H,❛,I I♦♥, ♠❡I✉+❛❜❧❡I✳ ❊♥I✉✐,❡✱ ♥♦✉I

H,❡♥❞♦♥I ❝❡I +HI✉❧,❛,I ❛✉ ❝❛I ♣❡+,✉+❜H✱ ❡♥✜♥✱ ❛✉ ❝❛I ✐♥❝❡+,❛✐♥ ❛✈❡❝ ♣❡+,✉+❜❛,✐♦♥I✳

3.3.1 Système nominal

❖♥ ❝♦♥I✐❞M+❡ ❧❛ I,+✉❝,✉+❡ ❞✉ ❙❈❘ ❛✈❡❝ ❧❡I +❡,❛+❞I ✐♥❞✉✐,I ♣❛+ ❧❡ +HI❡❛✉ ❞♦♥♥H❡ ❞❛♥I ❧❛

❋✐❣✉+❡ ✸✳✹✱ ♦Z τ sc ❡I, ❧❡ +❡,❛+❞ ❡♥,+❡ ❧❡ ❝❛♣,❡✉+✲❝♦♥,+[❧❡✉+ ❡, τ ca ❡I, ❧❡ +❡,❛+❞ ❝♦♥,+[❧❡✉+✲

❛❝,✐♦♥♥❡✉+✳ ◆♦✉I I✉♣♣♦I♦♥I *✉❡ ❧❡ ,❡♠♣I ❞❡ ❝❛❧❝✉❧ ❞✉ ❝♦♥,+[❧❡✉+ ♣❡✉, \,+❡ ❛❜I♦+❜H I♦✐,

♣❛+ τ sc I♦✐, ♣❛+ τ ca✳

❉❛♥I ❝❡ ,+❛✈❛✐❧✱ ♥♦✉I ❝♦♥I✐❞H+♦♥I ❧❡I ❤②♣♦,❤MI❡I I✉✐✈❛♥,❡I ✿

✶✳ ▲❡I ❝❛♣,❡✉+I I♦♥, ❝♦♠♠❛♥❞HI ♣❛+ ✉♥❡ ❤♦+❧♦❣❡✱ ❧❡ ❝♦♥,+[❧❡✉+ ❡, ❧❡I ❛❝,✐♦♥♥❡✉+I I♦♥,

♣✐❧♦,HI ♣❛+ ❞❡I H✈H♥❡♠❡♥,I✳

✷✳ ▲❡I ❞♦♥♥H❡I I♦♥, ,+❛♥I♠✐I❡I ❞❛♥I ✉♥ I❡✉❧ ♣❛*✉❡,✱ I♦✐, ^ ♣❛+,✐+ ❞❡ ❧❛ ♠❡I✉+❡ ♦✉ I♦✐,

^ ♣❛+,✐+ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❡, ❧❡I ✈❛+✐❛❜❧❡I ❞✬H,❛, I♦♥, ♠❡I✉+❛❜❧❡I✳

✸✳ ▲✬❡✛❡, ❞❡ ❧❛ *✉❛♥,✐✜❝❛,✐♦♥ ❞✉ I✐❣♥❛❧ ❡, ❧❡ ♠❛✉✈❛✐I ❝♦❞❡ ❞❡ ❝♦♠♠✉♥✐❝❛,✐♦♥ ♥❡ I♦♥,

♣❛I ♣+✐I ❡♥ ❝♦♠♣,❡✳

✹✳ ▲❡ I✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ u(t) ✉,✐❧✐I❡ ✉♥ ❜❧♦*✉❡✉+ ❞✬♦+❞+❡ ③H+♦ ✭❇❖❩✮✳

■❧ ❡I, ^ ♥♦,❡+ *✉❡ ❧❛ ♣H+✐♦❞❡ ❞✬H❝❤❛♥,✐❧❧♦♥♥❛❣❡ ❞✬✉♥ ❝❛♣,❡✉+ ❡I, ♣+H✲❞H,❡+♠✐♥H❡ ♣♦✉+ ❧❛

❝♦♥❝❡♣,✐♦♥ ❞✬❛❧❣♦+✐,❤♠❡ ❞❡ ❝♦♥,+[❧❡✱ ❡, ❞♦♥❝ ❧❡ ❝❛♣,❡✉+ ♣❡✉, \,+❡ I✉♣♣♦IH ❝♦♠♠❛♥❞H ♣❛+

✉♥❡ ❤♦+❧♦❣❡✳ ❚♦✉,❡❢♦✐I✱ ✉♥ ❞✐I♣♦I✐,✐❢ ❞✬❛❝,✐♦♥ ♥❡ ❝❤❛♥❣❡ ♣❛I I❛ I♦+,✐❡ ^ ♣❛+,✐+ ❞✉ I②I,M♠❡

I♦✉I ❧❡ ❝♦♥,+[❧❡ ❥✉I*✉✬^ ❝❡ *✉✬✉♥ I✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ ♠✐I ^ ❥♦✉+ I♦✐, +❡d✉✱ ❝❡ *✉✐ ✐♠♣❧✐*✉❡

*✉❡ ❧✬❛❝,✐♦♥♥❡✉+ ❡I, ♣✐❧♦,H ♣❛+ ❞❡I H✈H♥❡♠❡♥,I✳

❉❛♥I ❝❡,,❡ I❡❝,✐♦♥✱ ❧❡ ❜✉, ❝♦♥❝❡+♥❡ ❧❛ I②♥,❤MI❡ ❞✬✉♥ ❝♦♥,+[❧❡✉+ ♣❛+ +❡,♦✉+ ❞✬H,❛, ✢♦✉ ♣♦✉+

I,❛❜✐❧✐I❡+ ❧❡ I②I,M♠❡ ✭✷✳✸✾✮ *✉✐ ✉,✐❧✐I❡ ✉♥ +HI❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛,✐♦♥✳ ❊♥ ❝♦♥I✐❞H+❛♥, ❧❛

I,+✉❝,✉+❡ N❉❈ ♣+HI❡♥,H❡ ❞❛♥I ❧✬❛♥♥❡①❡ ❇✱ ❧❡ I✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ ❡♥ +HI❡❛✉ I✬H❝+✐, ✿

u(tk) =
r∑

i=1

hi(θ(tk))Kix(tk−τk).

❊♥ ✉,✐❧✐I❛♥, ✉♥ ❇❖❩✱ ❧❡ I✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ ❞✉ I②I,M♠❡ S ♣♦✉+ tk ≤ t ≤ tk+1✱ ❞❡✈✐❡♥,

u(t) =
r∑

i=1

hi(θ(tk))Kix(tk−τk) ✭✸✳✷✮



✹✽ Contrôle des systèmes flous commandés en réseau

✕ ❘❡#❛%❞ ✐♥❞✉✐# ♣❛% ❧❡ %,-❡❛✉ ✭τk✮ ✿ ▲❡ %❡#❛%❞ ✐♥❞✉✐# ♣❛% ❧❡ %,-❡❛✉ ❡①✐-#❡ #♦✉❥♦✉%- 5✉❛♥❞

❧❛ ❞♦♥♥,❡ ❡-# #%❛♥-♠✐-❡ 7 #%❛✈❡%- ❧❡ %,-❡❛✉✱ ❡# ,✈✐❞❡♠♠❡♥#✱ ✐❧ ♣♦--:❞❡ ❞❡✉① ❜♦%♥❡-

-✉♣,%✐❡✉%❡ ❡# ✐♥❢,%✐❡✉%❡✳ ❆❧♦%-✱ ✉♥❡ %❡♣%,-❡♥#❛#✐♦♥ ♣❧✉- %,❛❧✐-#❡ ❞✉ %❡#❛%❞ -❡%❛✐# ✉♥❡

❢♦♥❝#✐♦♥ ✈❛%✐❛♥# ❞❛♥- ❧❡ #❡♠♣-✳ ❯♥❡ ❤②♣♦#❤:-❡ ♥❛#✉%❡❧❧❡ ❞❡ τk ♣❡✉# C#%❡ ❢❛✐#❡ ❝♦♠♠❡

-✉✐# ✿

0 < τm ≤ τk ≤ τM ✭✸✳✸✮

✕ E❛5✉❡#- ♣❡%❞✉- ✿ ▲✬❡✛❡# ❞❡ ♣❛5✉❡#- ♣❡%❞✉- ❞❛♥- ❧❛ ❝❤❛H♥❡ ❞❡ ❝♦♠♠✉♥✐❝❛#✐♦♥ -✐❣♥✐✜❡

5✉❡ ❧❡ ❇❖❩ ♥✬❡-# ♣❛- ♠✐- 7 ❥♦✉% ♣❡♥❞❛♥# ❧✬✐♥#❡%✈❛❧❧❡ ❞❡ #❡♠♣- ❞❡ ❝❡# ,✈:♥❡♠❡♥#✱

5✉✐ ❡-# ❞,-✐❣♥, ❝♦♠♠❡ ❧✬,❝❤❛♥#✐❧❧♦♥♥❛❣❡ ✈❛❝❛♥#✳ ❆✐♥-✐✱ ❧✬❡✛❡# ❞❡ ♣❡%#❡ ❞❡ ♣❛5✉❡#-

❞❛♥- ❧❛ #%❛♥-♠✐--✐♦♥ ♥✬❡-# 5✉✬✉♥ ❝❛- ♦N ❧❡ ❞,❧❛✐ ❞✬✉♥❡ ♣,%✐♦❞❡ ❞✬,❝❤❛♥#✐❧❧♦♥♥❛❣❡ ❡-#

✐♥❞✉✐#❡ ❞❛♥- ❧✬✐♥#❡%✈❛❧❧❡ ❞❡ ❧❛ ♠✐-❡ 7 ❥♦✉% ❞✉ ❇❖❩✳

tk+1−tk = (σk+1+1)Te+τk+1−τk ✭✸✳✹✮

♦N Te %❡♣%,-❡♥#❡ ❧❛ ♣,%✐♦❞❡ ❞✬,❝❤❛♥#✐❧❧♦♥♥❛❣❡ ❡# σk+1 ❡-# ❧❡ ♥♦♠❜%❡ ❞❡ ♣❛5✉❡#- ♣❡%❞✉-

❝✉♠✉❧,- ❬❘❛❤♠❛♥✐ ❡# ▼❛%❦❛③✐✱ ✷✵✶✸❪✳

❊♥ ✉#✐❧✐-❛♥# ❧❡- ,5✉❛#✐♦♥- ✭✷✳✸✾✮ ❡# ✭✸✳✷✮✱ ❧❡ -②-#:♠❡ ❝♦♠♠❛♥❞, ❡♥ %,-❡❛✉ ❡♥ ❜♦✉❝❧❡

❢❡%♠,❡ -✬,❝%✐# ✿

{
ẋ(t) = A(t)x(t)+Aη(t)x(tk−τk), tk ≤ t ≤ tk+1

x(t) = φ(t), t ∈ [−η2,0]
✭✸✳✺✮

❆✈❡❝

hi = hi(θ(t)), hki = hi(θ(tk)), A(t) =
r∑

l=1

hiAi, Aη(t) =
r∑

i=1

r∑

j=1

hih
k
jBiKj

❡# φ(t) ❡-# ✉♥❡ ❢♦♥❝#✐♦♥ ❝♦♥#✐♥✉❡ ❡# ❞,%✐✈❛❜❧❡ 5✉✐ ♣❡✉# C#%❡ ❝♦♥-✐❞,%,❡ ❝♦♠♠❡ ❧❛

❝♦♥❞✐#✐♦♥ ✐♥✐#✐❛❧❡ ❞✉ -②-#:♠❡ ❞❡ ❝♦♥#%[❧❡ ❡♥ %,-❡❛✉ ❡♥ ❜♦✉❝❧❡ ❢❡%♠,❡✳ ❖♥ ♣♦-❡ η(t) =

t−tk+τk, tk ≤ t ≤ tk+1✱ ♦♥ ❛

τm ≤ τk ≤ η(t) ≤ (σ̄+1)Te+τk+1 ✭✸✳✻✮

❖N σ̄ %❡♣%,-❡♥#❡ ❧❡ ♥♦♠❜%❡ ♠❛①✐♠✉♠ ❞❡ ♣❛5✉❡#- ♣❡%❞✉- ❞❛♥- ❧❡- ♣❡%✐♦❞❡- ❞❡ ♠✐-❡

7 ❥♦✉%✱ η1 = τm ❡# η2 = (σ̄+1)Te+τM ✳ ❆✐♥-✐ ♥♦✉- ♦❜#❡♥♦♥- 7 ♣❛%#✐% ❞❡ ❬●♦♠❡- ❉❛

❙✐❧✈❛ ❏% ❡! ❛❧✳✱ ✷✵✶✶❪ 5✉❡

η1 ≤ η(t) ≤ η2, η̇(t) ≤ hd ✭✸✳✼✮

η1 ❡# η2 %❡♣%,-❡♥#❡♥# %❡-♣❡❝#✐✈❡♠❡♥# ❧❛ ❜♦%♥❡ ✐♥❢,%✐❡✉%❡ ❡# ❧❛ ❜♦%♥❡ -✉♣,%✐❡✉%❡ ❞✉

%❡#❛%❞ ✈❛%✐❛❜❧❡ ❞❛♥- ❧❡ #❡♠♣- η(t) ❡# hd ❡-# ❧❛ ❜♦%♥❡ ❞❡ ❧❛ ❞,%✐✈,❡ ❞✉ %❡#❛%❞ η(t)✳

E❛% ❝♦♥-,5✉❡♥#✱ ❧❡ -②-#:♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡%♠,❡ ✭✸✳✺✮ ❞❡✈✐❡♥#

{
ẋ(t) = A(t)x(t)+Aη(t)x(t−η(t)),

x(t) = φ(t), t ∈ [−η2,0]
✭✸✳✽✮



3.3 Stabilisation par retour d’état flou ✹✾

❊♥ ♣#❡♥❛♥& ❡♥ ❝♦♠♣&❡ ✭✸✳✼✮✱ ❧❡ ❙❈❘ ❞♦♥♥5 ♣❛# ✭✸✳✽✮ ❡7& 58✉✐✈❛❧❡♥& < ✉♥ 7②7&>♠❡ ❛✈❡❝ ✉♥

#❡&❛#❞ < &❡♠♣7 ✈❛#✐❛♥& 7✉# ❧✬5&❛&✳

◆♦✉7 ♣#57❡♥&♦♥7 ❞❛♥7 ✉♥ ♣#❡♠✐❡# &❡♠♣7✱ ❧❡7 #57✉❧&❛&7 ❞❡ 7&❛❜✐❧✐7❛&✐♦♥ ♣❛# #❡&♦✉# ❞✬5&❛&

❞✉ 7②7&>♠❡ ❝♦♥&#B❧5 ❡♥ #57❡❛✉ ✭✸✳✽✮✱ ❡♥ ✉&✐❧✐7❛♥& ❧❛ ❋▲❑ ✭❋♦♥❝&✐♦♥ ❞❡ ▲②❛♣✉♥♦✈ ❑#❛✲

7♦✈7❦✐✐✮ 8✉❛❞#❛&✐8✉❡ ❛✈❡❝ ✉♥❡ ✐♥&5❣#❛❧❡ ❞♦✉❜❧❡ ❬❙❤❛♦✱ ✷✵✵✽❪✳ ❊♥7✉✐&❡✱ ❞❡7 ❝♦♥❞✐&✐♦♥7 ❞❡

7&❛❜✐❧✐7❛&✐♦♥ ♠♦✐♥7 ❝♦♥7❡#✈❛&✐✈❡7 7❡#♦♥& ♣#57❡♥&5❡7 7♦✉7 ❢♦#♠❡ ❞❡7 ▲▼■7 ✿

❚❤$♦&'♠❡ ✸✳✸✳✶ ❙♦✐❡♥& ❧❡7 7❝❛❧❛✐#❡7 η1 > 0✱ η2 > 0✱ µ1✱ µ2✱ µ3✱ ❧❡ 7②7&>♠❡ ❡♥ ❜♦✉❝❧❡

❢❡#♠5❡ ✭✸✳✽✮ ❡7& ❛7②♠♣&♦&✐8✉❡♠❡♥& 7&❛❜❧❡✱ 7✬✐❧7 ❡①✐7&❡♥& ❞❡7 ♠❛&#✐❝❡7 7②♠5&#✐8✉❡7 P̄ ✱

Q̄1✱ Q̄2✱ Q̄3✱ Z̄1✱ Z̄2 ❡& ❞❡7 ♠❛&#✐❝❡7 Ḡ ✐♥✈❡#7✐❜❧❡✱ ❡& ❧❡7 ♠❛&#✐❝❡7 Yi ❞❡ ❞✐♠❡♥7✐♦♥7

❛♣♣#♦♣#✐5❡7✱ ✈5#✐✜❛♥& ❧❡7 ▲▼■7 7✉✐✈❛♥&❡7 ✿

Φ̄ij+Φ̄1(Z̄2) < 0 ✭✸✳✾✮

Φ̄ij+Φ̄2(Z̄2) < 0 ✭✸✳✶✵✮

♦V

Φ̄ij =




Φ̄11i Φ̄12ij Z̄1 0 Φ̄15i

∗ Φ̄22ij 0 0 Φ̄25ij

∗ ∗ −Q̄2−Z̄1 0 0

∗ ∗ ∗ −Q̄3 0

∗ ∗ ∗ ∗ Φ̄55




✭✸✳✶✶✮

Φ̄1(Z̄2) =




0 0 0 0 0

∗ −4Z̄2 3Z̄2 Z̄2 0

∗ ∗ −3Z̄2 0 0

∗ ∗ ∗ −Z̄2 0

∗ ∗ ∗ ∗ 0




✭✸✳✶✷✮

Φ̄2(Z̄2) =




0 0 0 0 0

∗ −4Z̄2 Z̄2 3Z̄2 0

∗ ∗ −Z̄2 0 0

∗ ∗ ∗ −3Z̄2 0

∗ ∗ ∗ ∗ 0




✭✸✳✶✸✮

Φ̄11i = Q̄1+Q̄2+Q̄3+µ1sym(AiḠ)−Z̄1, Φ̄12ij = µ2Ḡ
TAT

i +µ1BiYj,

Φ̄22ij = µ2sym(BiYj)−(1−hd)Q̄1, Φ̄15i = P̄−µ1Ḡ+µ3Ḡ
TAT

i ,

Φ̄25ij = −µ2Ḡ+µ3Y
T
j B

T
i , Φ̄55 = η21Z̄1+d

2
rZ̄2−µ3sym(Ḡ),

dr = η2−η1

❆✈❡❝ Yj = KjḠ
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"#❡✉✈❡ ✶ ❖♥ ❝♦♥$✐❞'(❡ ❧❛ ❋▲❑ ✭✸✳✶✹✮ $✉✐✈❛♥7❡ ✿

V (x(t)) = xT (t)Px(t)+

∫ t

t−η(t)

xT (s)Q1x(s)ds+

∫ t

t−η1

xT (s)Q2x(s)ds+

∫ t

t−η2

xT (s)Q3x(s)ds

+η1

∫ 0

−η1

(∫ t

t+s

ẋT (υ)Z1ẋ(υ)dυ
)
ds+dr

∫ −η1

−η2

(∫ t

t+s

ẋT (υ)Z2ẋ(υ)dυ
)
ds

✭✸✳✶✹✮

❊♥ ❞:(✐✈❛♥7 ❧❛ ❢♦♥❝7✐♦♥❡❧❧❡ ✭✸✳✶✹✮✱ ♦♥ ♦❜7✐❡♥7 ✿

V̇ (x(t)) ≤2ẋT (t)Px(t)+xT (t)(Q1+Q2+Q3)x(t)−(1−hd)x
T (t−η(t))Q1x(t−η(t))

−xT (t−η1)Q2x(t−η1)−x
T (t−η2)Q3x(t−η2)+ẋ

T (t)(η21Z1+d
2
rZ2)ẋ(t)

−η1

∫ t

t−η1

ẋT (υ)Z1ẋ(υ)dυ−dr

∫ t−η1

t−η2

ẋT (υ)Z2ẋ(υ)dυ

✭✸✳✶✺✮

❖♥ ♥♦7❡ ψ1 = x(t)−x(t−η1)✱ ψ2 = x(t−η1)−x(t−η(t)) ❡7 ψ3 = x(t−η(t))−x(t−η2)✱ ?

♣❛(7✐( ❞❡ ❧✬✐♥❡❣❛❧✐7: ❞❡ ❏❡♥$❡♥ ❞♦♥♥:❡ ❞❛♥$ ❧❡ ▲❡♠♠❡ ✭❆✳✾✮✱ ♥♦✉$ ♦❜7❡♥♦♥$

−η1

∫ t

t−η1

ẋT (υ)Z1ẋ(υ)dυ ≤ −ψT
1 Z1ψ1 ✭✸✳✶✻✮

❡7

−dr

∫ t−η1

t−η2

ẋT (υ)Z2ẋ(υ)dυ = −dr

∫ t−η(t)

t−η2

ẋT (υ)Z2ẋ(υ)dυ−dr

∫ t−η1

t−η(t)

ẋT (υ)Z2ẋ(υ)dυ

≤ −
dr

(η(t)−η1)
ψT
2 Z2ψ2−

dr
(η2−η(t))

ψT
3 Z2ψ3

✭✸✳✶✼✮

❊♥ ✉7✐❧✐$❛♥7 ❧❡ ▲❡♠♠❡ ❆✳✺ ❞❡ ❧✬❛♥♥❡①❡ ❆✱ ♥♦✉$ ❛✈♦♥$

−dr

∫ t−η1

t−η2

ẋT (υ)Z2ẋ(υ)dυ ≤ −
dr

(η(t)−η1)
ψT
2 Z2ψ2−

dr
(η2−η(t))

ψT
3 Z2ψ3

≤ max{−ψT
2 Z2ψ2−3ψT

3 Z2ψ3,−3ψT
2 Z2ψ2−ψ

T
3 Z2ψ3}

✭✸✳✶✽✮

❆ ♣❛(7✐( ❞❡ ❧✬:K✉❛7✐♦♥ ✭✸✳✽✮ ❡7 ♣♦✉( 7♦✉7❡$ ❧❡$ ♠❛7(✐❝❡$ G1✱ G2 ❡7 G3 ❞❡ ❞✐♠❡♥$✐♦♥$

❛♣♣(♦♣(✐:❡$✱ ♥♦✉$ ❛✈♦♥$ ❧✬:K✉❛7✐♦♥ $✉✐✈❛♥7❡ ✿

2
[
xT (t)GT

1+x
T (t−η(t))GT

2+ẋ
T (t)GT

3

]
×
[
−ẋ(t)+A(t)x(t)+Aη(t)x(t−η(t))

]
= 0 ✭✸✳✶✾✮

❊♥ ♣♦$❛♥7 ΨT (t) =
[
xT (t) xT (t−η(t)) xT (t−η1) xT (t−η2) ẋT (t)

]
✱ G1 = µ1G✱ G2 =

µ2G✱ ❡7 G3 = µ3G✱ ❛✈❡❝ µ1✱ µ2✱ µ3 ❞❡$ $❝❛❧❛✐(❡$ ♣♦$✐7✐❢$✱ ❧❛ ❞:(✐✈:❡ ❞❡ ✭✸✳✶✹✮ ❞❡✈✐❡♥7 ✿

V̇ (x(t)) ≤ 2ẋT (t)Px(t)+xT (t)(Q1+Q2+Q3)x(t)−(1−hd)x
T (t−η(t))Q1x(t−η(t))

−xT (t−η1)Q2x(t−η1)−x
T (t−η2)Q3x(t−η2)+ẋ

T (t)(η21Z1+d
2
rZ2)ẋ(t)

−ψT
1 Z1ψ1+max{−ψ

T
2 Z2ψ2−3ψT

3 Z2ψ3,−3ψT
2 Z2ψ2−ψ

T
3 Z2ψ3}

−2
[
xT (t)GT

1+x
T (t−η(t))GT

2+ẋ
T (t)GT

3

]
×
[
−ẋ(t)+A(t)x(t)+Aη(t)x(t−η(t))

]

≤ max
(
ΨT (t)

r∑

i=1

r∑

j=1

hih
k
j (Φij+Φ̄1(Z2))Ψ(t),ΨT (t)

r∑

i=1

r∑

j=1

hih
k
j (Φij+Φ̄2(Z2))Ψ(t)

)
.
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▲❛ ❞#$✐✈#❡ ❞❡ ❋▲❑ ✭✸✳✶✺✮ ❡01 ♥#❣❛1✐✈❡ 0✐ ❡1 0❡✉❧❡♠❡♥1 0✐ ❧❡0 ❝♦♥❞✐1✐♦♥0 0✉✐✈❛♥1❡0 0♦♥1

✈#$✐✜#❡0 ✿

Φij+Φ̄1(Z2) < 0 ✭✸✳✷✵✮

Φij+Φ̄2(Z2) < 0 ✭✸✳✷✶✮

❛✈❡❝

Φij =




Φ11i Φ12ij Z1 0 Φ15i

∗ Φ22ij 0 0 Φ25ij

∗ ∗ −Q2−Z1 0 0

∗ ∗ ∗ −Q3 0

∗ ∗ ∗ ∗ Φ55




✭✸✳✷✷✮

Φ11i = Q1+Q2+Q3+sym(GT
1Ai)−Z1, Φ12ij = AT

i G2+G
T
1BiKj,

Φ22ij = sym(GT
2BiKj)−(1−hd)Q1, Φ15i = P−GT

1+A
T
i G3,

Φ25ij = −GT
2+K

T
j B

T
i G3, Φ55 = η21Z1+d

2
rZ2−sym(G3)

❉✬❛♣$@0 ❧❡0 ❝♦♥❞✐1✐♦♥0 ❞✉ ❚❤#♦$@♠❡ ✸✳✸✳✶✱ ✉♥❡ 0♦❧✉1✐♦♥ ❡01 ❢❛✐0❛❜❧❡ 0✐ ❡1 0❡✉❧❡♠❡♥1 0✐ ❧❛

❝♦♥❞✐1✐♦♥ Φ̄55 < 0 ❡01 0❛1✐0❢❛✐1❡✳ ❈❡ G✉✐ ✐♠♣❧✐G✉❡ G✉❡ Ḡ ❡01 ✐♥✈❡$0✐❜❧❡✳ ❙♦✐❡♥1 G = Ḡ−1
✱

P̄ = ḠTPḠ✱ Q̄1 = ḠTQ1Ḡ✱ Q̄2 = ḠTQ2Ḡ✱ Q̄3 = ḠTQ3Ḡ✱ Z̄1 = ḠTZ1Ḡ✱ ❡1 Z̄2 = ḠTZ2Ḡ✳

❊♥ ❛♣♣❧✐G✉❛♥1 ❧❡ ❧❡♠♠❡ ❞❡ ❝♦♥❣$✉❡♥❝❡ ✭❞♦♥♥# ❞❛♥0 ❧✬❛♥♥❡①❡ ❆✮ L ✭✸✳✷✵✮✲✭✸✳✷✶✮ ♣❛$ ❧❛

♠❛1$✐❝❡ ❞❡ ❝♦♥❣$✉❡♥❝❡ diag
{
Ḡ,Ḡ,Ḡ,Ḡ,Ḡ

}
✱ ♥♦✉0 ♦❜1❡♥♦♥0 ✭✸✳✾✲✸✳✶✵✮✳ ❈❡ G✉✐ ✐♠♣❧✐G✉❡ G✉❡

V̇ (x(t)) ≤ 0 G✉❛♥❞ hi ≥ 0 ❡1 hki ≥ 0✱ ❞♦♥❝ ❧❡ 0②01@♠❡ ✭✸✳✽✮ ❡01 ❛0②♠♣1♦1✐G✉❡♠❡♥1

01❛❜❧❡✳ �

Q♦✉$ $❡❧R❝❤❡$ ❧❡0 ❝♦♥❞✐1✐♦♥0 ❞❡ 0②♥1❤@0❡ ❞✉ ❚❤#♦$@♠❡ ✸✳✸✳✶✱ ♥♦✉0 ♣$#0❡♥1♦♥0 ❧❡ $#0✉❧✲

1❛1 ❞♦♥♥# ❞❛♥0 ❧❡ ❚❤#♦$@♠❡ ✸✳✸✳✷ ❜❛0# 0✉$ ❧❡ ▲❡♠♠❡ ❆✳✶✶✳ ❈❡11❡ $❡❧❛①❛1✐♦♥ ❝♦♥0✐01❡ L

❞#❝♦♠♣♦0❡$ ❧❛ ❞♦✉❜❧❡ 0♦♠♠❡ ❡1 L ✉1✐❧✐0❡$ ❧❛ ❝♦♥❞✐1✐♦♥ ❞❡ ▲✐♣0❝❤✐1③ 0✉✐✈❛♥1❡ ✿

|hki−hi| ≤ ϕi ✭✸✳✷✸✮

❛✈❡❝ ϕk $❡♣$#0❡♥1❡ ❧❛ ❝♦♥01❛♥1❡ ❞❡ ▲✐♣0❝❤✐1③✳❬❩❤❛♥❣ ❡! ❛❧✳✱ ✷✵✶✹❪

❚❤$♦&'♠❡ ✸✳✸✳✷ ❙♦✐❡♥1 ❧❡0 0❝❛❧❛✐$❡0 η1 > 0✱ η2 > 0✱ µ1✱ µ2✱ µ3 ❡1 ϕi✱ ❧❡ 0②01@♠❡ ❡♥

❜♦✉❝❧❡ ❢❡$♠#❡ ✭✸✳✽✮ ❡01 ❛0②♠♣1♦1✐G✉❡♠❡♥1 01❛❜❧❡✱ 0✬✐❧0 ❡①✐01❡♥1 ❞❡0 ♠❛1$✐❝❡0 0②♠#1$✐G✉❡0

P̄ ✱ Q̄1✱ Q̄2✱ Q̄3✱ Z̄1✱ Z̄2 ❡1 ❞❡0 ♠❛1$✐❝❡0 Ḡ ✐♥✈❡$0✐❜❧❡✱ ❡1 Yi ❞❡ ❞✐♠❡♥0✐♦♥0 ❛♣♣$♦♣$✐#❡0✱

✈#$✐✜❛♥1 ❧❡0 ▲▼■0 0✉✐✈❛♥1❡0 ✿

Φ̃ii+Φ̄1(Z̄2) < 0 ✭✸✳✷✹✮

Φ̃ii+Φ̄2(Z̄2) < 0 ✭✸✳✷✺✮

Φ̃ij+Φ̃ji+2Φ̄1(Z̄2) < 0 ✭✸✳✷✻✮

Φ̃ij+Φ̃ji+2Φ̄2(Z̄2) < 0 ✭✸✳✷✼✮
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♦!

Φ̃ij =
r∑

k=1

ϕkΦ̄ik+Φ̄ij ✭✸✳✷✽✮

❛✈❡❝ Yj = KjḠ✳

"#❡✉✈❡ ✷ ,♦✉. ❧❛ ♣.❡✉✈❡✱ ♥♦✉3 ♣.♦❝4❞♦♥3 ❞❡ ❧❛ ♠7♠❡ ♠❛♥✐9.❡ :✉❡ ♣♦✉. ❧❡ ❚❤4♦.9♠❡

✸✳✸✳✶ ❞❡ ✭✸✳✶✹✲✸✳✶✾✮✳ ❆♣.93✱ ♥♦✉3 ♣♦3♦♥3 G1 = µ1G✱ G2 = µ2G✱ ❡B G3 = µ3G✱ ❛✈❡❝ µ1✱ µ2✱

µ3 ❞❡3 3❝❛❧❛✐.❡3 ♣♦3✐B✐❢3✳ ◆♦✉3 ♦❜B❡♥♦♥3 ✿

V̇ (x(t)) ≤ max
(
ΨT (t)

r∑

i=1

r∑

j=1

hih
k
j (Φij+Φ̄1(Z2))Ψ(t),ΨT (t)

r∑

i=1

r∑

j=1

hih
k
j (Φij+Φ̄2(Z2))Ψ(t)

)

✭✸✳✷✾✮

❊♥ ✉B✐❧✐3❛♥B ❧❡ ▲❡♠♠❡ ❆✳✶✶✱ ❧✬✐♥4❣❛❧✐B4 ✭✸✳✷✾✮ ❞❡✈✐❡♥B ✿

V̇ (x(t)) ≤ max
(
ΨT (t)

r∑

i=1

r∑

j>i

hihj[(Φ̂ij+Φ̄1(Z2))+(Φ̂ji+Φ̄1(Z2))]Ψ(t)+ΨT (t)
r∑

i=1

h2i [Φ̂ii+Φ̄1(Z2)]Ψ(t),

ΨT (t)
r∑

i=1

r∑

j>i

hihj[(Φ̂ij+Φ̄2(Z2))+(Φ̂ji+Φ̄2(Z2))]Ψ(t)+ΨT (t)
r∑

i=1

h2i [Φ̂ii+Φ̄2(Z2)]Ψ(t)
)
.

,♦✉. ❣❛.❛♥B✐. ❧❛ 3B❛❜✐❧✐B4 ❞✉ ❙❈❘ ✭✸✳✽✮✱ ❧❡3 ❝♦♥❞✐B✐♦♥3 3✉✐✈❛♥B❡3 ❞♦✐✈❡♥B 7B.❡ ✈4.✐✜4❡3 ✿

Φ̂ii+Φ̄1(Z2) < 0 ✭✸✳✸✵✮

Φ̂ii+Φ̄2(Z2) < 0 ✭✸✳✸✶✮

Φ̂ij+Φ̂ji+2Φ̄1(Z2) < 0 ✭✸✳✸✷✮

Φ̂ij+Φ̂ji+2Φ̄2(Z2) < 0 ✭✸✳✸✸✮

❛✈❡❝

Φ̂ij =
r∑

k=1

ϕkΦik+Φij ✭✸✳✸✹✮

❈♦♠♠❡ ♣.4❝4❞❡♠♠❡♥B✱ ❧❡3 ❝♦♥❞✐B✐♦♥3 ❞✉ ❚❤4♦.9♠❡ ✸✳✸✳✷ 3♦♥B ❢❛✐3❛❜❧❡3 3✐ ❡B 3❡✉❧❡♠❡♥B

3✐ ❧❛ ❝♦♥❞✐B✐♦♥ Φ̄55 < 0 ❡3B 3❛B✐3❢❛✐B❡✳ ❈❡ :✉✐ ✐♠♣❧✐:✉❡ :✉❡ Ḡ ❡3B ✐♥✈❡.3✐❜❧❡✳ ❊♥ ♣♦3❛♥B

G = Ḡ−1
✱ P̄ = ḠTPḠ✱ Q̄1 = ḠTQ1Ḡ✱ Q̄2 = ḠTQ2Ḡ✱ Q̄3 = ḠTQ3Ḡ✱ Z̄1 = ḠTZ1Ḡ✱ ❡B

Z̄2 = ḠTZ2Ḡ✱ ❡B ♣❛. ❝♦♥❣.✉❡♥❝❡ 3✉. ✭✸✳✸✵✮✲✭✸✳✸✸✮ ♣❛. diag
{
Ḡ,Ḡ,Ḡ,Ḡ,Ḡ

}
✱ ♥♦✉3 ♦❜B❡♥♦♥3

❧❡3 ❝♦♥❞✐B✐♦♥3 ✭✸✳✷✹✲✸✳✷✼✮✳ ❈❡ :✉✐ ✐♠♣❧✐:✉❡ :✉❡ V̇ (x(t)) ≤ 0 :✉❛♥❞ hi ≥ 0 ❡B hki ≥ 0 ✱ ❞♦♥❝

❧❡ 3②3B9♠❡ ✭✸✳✽✮ ❡3B ❛3②♠♣B♦B✐:✉❡♠❡♥B 3B❛❜❧❡✳ �
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 ♦✉# ✐❧❧✉&'#❡# ❧✬❛♣♣#♦❝❤❡ ♣#♦♣♦&.❡ ❞❛♥& ❧❡ ❚❤.♦#2♠❡ ✸✳✸✳✷✱ ♥♦✉& ♣#.&❡♥'♦♥& ❧✬❡①❡♠♣❧❡ ♥✉✲

♠.#✐:✉❡ &✉✐✈❛♥'✳ ❈❡''❡ ❛♣♣#♦❝❤❡ ❜❛&.❡ &✉# ❧❛ ❝♦♠♠❛♥❞❡ ♣❛# #❡'♦✉# ❞✬.'❛' ♣❡#♠❡' ❞❡

&'❛❜✐❧✐&❡# ❧❡& .'❛'& ❞✉ ❙❈❘ ♠❛❧❣#. ❧❛ ♣#.&❡♥❝❡ ❞✉ #❡'❛#❞ ❡' ❞❡& ♣❡#'❡& ❞❡ ♣❛:✉❡'& ❞✬✐♥❢♦#✲

♠❛'✐♦♥ ❞✉& B ❧❛ ❝♦♠♠✉♥✐❝❛'✐♦♥ ❡♥ #.&❡❛✉✳

❊①❡♠♣❧❡ ✸✳✶ ❙♦✐' ❧❡ ♠♦❞2❧❡ ✢♦✉ ❞❡ '②♣❡ ❚❙ &✉✐✈❛♥' ✿

ẋ(t) =
r∑

i=1

hi[Aix(t)+Biu(t)] ✭✸✳✸✺✮

♦I

A1 =

[
0 1

−21 0

]
, A2 =

[
0 1

−13.369 0

]
,

B1 =

[
0

1

]
, B2 =

[
0

0.5

]
, x(t) =

[
x1
x2

] ✭✸✳✸✻✮

❛✈❡❝ ❧❡& ❢♦♥❝'✐♦♥& ❞✬❛♣♣❛#'❡♥❛♥❝❡ h1 = (0.5−x1)/0.5 ❡' h2 = 1−h1 ❡' ❧❡& ♣❛#❛♠2'#❡&

&✉✐✈❛♥'& ✿ Te = 0.6ms✱ η1 = 6ms✱ η2 = 30ms ❡' σ̄ = 3✳

▲❡ #❡'❛#❞ ✈❛#✐❛❜❧❡ ❞❛♥& ❧❡ '❡♠♣& ❡♥'#❡ ❧❡ ❝❛♣'❡✉# ❡' ❧❡ ❝♦♥'#L❧❡✉# ❛✐♥&✐ :✉✬❡♥'#❡ ❧❡ ❝♦♥'#L❧❡✉#

❡' ❧✬❛❝'✐♦♥♥❡✉# ❡&' ❣.♥.#. ❞❡ ♠❛♥✐2#❡ ❛❧.❛'♦✐#❡ '❡❧❧❡ :✉❡ min(τsc+τca) ≥ η1✱ ❡' max(τsc+

τca+(σ̄+1)Te) ≤ η2 ❡' ❧❡& ♣❡#'❡& ❞❡ ♣❛:✉❡'& &♦♥' ❛✉&&✐ ❣.♥.#.❡& ❞❡ ♠❛♥✐2#❡ ❛❧.❛'♦✐#❡ '❡❧❧❡

:✉❡max(Ne) ≤ 3✱ ♦INe ❡&' ❧❡ ♥♦♠❜#❡ ❞❡ ♣❛:✉❡'& ♣❡#❞✉&✱ hd = 0.1✱ ϕi = min{1, 0.5η2} =

0.015✱ µ1 = 1✱ µ2 = 0.1 ❡' µ3 = 0.2✳

❊♥ #.&♦❧✈❛♥' ❧❡& ▲▼■& ❞✉ ❚❤.♦#2♠❡ ✸✳✸✳✷✱ ♥♦✉& ♦❜'❡♥♦♥& ❧❡& ❣❛✐♥& ❞✉ ❝♦♥'#L❧❡✉# &✉✐✈❛♥'& ✿

K1 =
[
10.1065 −4.1378

]
, K2 =

[
8.8134 −4.4762

]
✭✸✳✸✼✮
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❋✐❣✉$❡ ✸✳✶✵✿ ❊✈♦❧✉.✐♦♥ ❞✉ 8✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡✳

▲❡8 ❋✐❣✉$❡8 ✸✳✻ ❡. ✸✳✼ ♠♦♥.$❡♥. ❧❡8 $❡.❛$❞8 ✐♥❞✉✐.8 ♣❛$ ❧❡ $48❡❛✉ ❡. ❧❡8 ♣❡$.❡8 ❞❡ ♣❛?✉❡.8

❞❡ ❞♦♥♥4❡8 ?✉✐ 8♦♥. ❣4♥4$48 ❞❡ ❢❛A♦♥ ❛❧4❛.♦✐$❡✳

▲❡8 ❋✐❣✉$❡8 ✭✸✳✽✲✸✳✶✵✮ $❡♣$48❡♥.❡♥. ❧❡8 $48✉❧.❛.8 ❞❡ 8✐♠✉❧❛.✐♦♥ ♣♦✉$ ✉♥❡ ❝♦♥❞✐.✐♦♥ ✐♥✐.✐❛❧❡

x0 =
[
0.1 0.2

]
✳



3.3 Stabilisation par retour d’état flou ✺✺

▲❡" #✈♦❧✉(✐♦♥" ❞❡" #(❛(" ❞✉ "②"(.♠❡ ✭✸✳✸✺✮ ✐♥"(❛❜❧❡ ❡♥ ❜♦✉❝❧❡ ♦✉✈❡7(❡ "♦♥( ✐❧❧✉"(7#❡" ♣❛7

❧❡" ❋✐❣✉7❡" ✸✳✻ ❡( ✸✳✼✳ ◆♦✉" 7❡♠❛7>✉♦♥" >✉❡ ❝❡ "②"(.♠❡ ❞❡✈✐❡♥( "(❛❜❧❡✱ ❡♥ ❛♣♣❧✐>✉❛♥( ❧❛

❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ ❡♥ 7#"❡❛✉ ✭✸✳✷✮ ✐❧❧✉"(7#❡ ❞❛♥" ❧❛ ❋✐❣✉7❡ ✸✳✶✵✱ ❛✈❡❝ ❧❡" ❣❛✐♥" K1 ❡! K2

♦❜!❡♥✉& ❡♥ '(&♦❧✈❛♥! ❧❡& ▲▼■& ❞✉ ❚❤(♦'2♠❡ ✸✳✸✳✷✳

3.3.1.1 Cas particulier

❉❛♥& ❧❛ &✉✐!❡✱ ♥♦✉& ♣'(&❡♥!♦♥& ✉♥ ❝❛& ♣❛'!✐❝✉❧✐❡' ❛✜♥ ❞❡ '(❞✉✐'❡ ❧❛ ❝♦♠♣❧❡①✐!( ❞✉

♣'♦❜❧2♠❡ ❞✬♦♣!✐♠✐&❛!✐♦♥ ❡! ❧❡ !❡♠♣& ❞❡ ❝❛❧❝✉❧✳ ■❧ ❝♦♥&✐&!❡ ? &✉♣♣♦&❡' ❧❡& ✈❛'✐❛❜❧❡& ❞❡

♣'(♠✐&&❡ &②♥❝❤'♦♥❡& ❡! ❛❝❝❡&&✐❜❧❡& ♣♦✉' ❧❛ ♠❡&✉'❡✳ ❉♦♥❝ ❧❡& ✈❛'✐❛❜❧❡& ❞❡ ♣'(♠✐&&❡ &♦♥!

'❡❧✐(❡& ? ❧✬❛❝!✐♦♥♥❡✉' ✈✐❛ ❧✬❛'❝❤✐!❡❝!✉'❡ ♣♦✐♥! ? ♣♦✐♥!✳ ✭✈♦✐' ❋✐❣✉'❡ ✸✳✶✶✮

❋✐❣✉'❡ ✸✳✶✶✿ ❙②&!2♠❡ ❝♦♠♠❛♥❞( ❡♥ '(&❡❛✉ ❛✈❡❝ '❡!❛'❞& ❛❧(❛!♦✐'❡&

❆✐♥&✐✱ ♥♦✉& ♣'(&❡♥!♦♥& ✉♥ '(&✉❧!❛! ❞❡ &②♥!❤2&❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❡♥ '(&❡❛✉ ❡♥ ✉!✐❧✐&❛♥!

❧❡ ▲❡♠♠❡ ❆✳✶✵ ❡! ❧❛ ❋▲❑ ✉!✐❧✐&(❡ ♣'(❝(❞❡♠♠❡♥!✳ ❈❡!!❡ ❋▲❑ &❡'❛ ❡♥&✉✐!❡ ❛♠(❧✐♦'(❡ ❞❛♥&

❧❡ ❝❛& ❞❡ ❝♦♠♠❛♥❞❡ ♣❛' '❡!♦✉' ❞❡ &♦'!✐❡ ❛✜♥ ❞❡ '(❞✉✐'❡ ❞❛✈❛♥!❛❣❡ ❧❡ ❝♦♥&❡'✈❛!✐&♠❡✳ ❉❛♥&

❧❡ ❝❛& ❞❡ ✈❛'✐❛❜❧❡& ❞❡ ♣'(♠✐&&❡ &②♥❝❤'♦♥❡&✱ ❧❡& ❝♦♥❞✐!✐♦♥& ❞❡ &!❛❜✐❧✐!( ❡♥ ❜♦✉❝❧❡ ❢❡'♠(❡

&♦♥! ❞♦♥♥(❡& ❞❛♥& ❧❡ ❚❤(♦'2♠❡ &✉✐✈❛♥! ✿

❚❤"♦$%♠❡ ✸✳✸✳✸ ❬▲❛!'❛❝❤ ❡! ❛❧✳✱ ✷✵✶✸❜❪ ❙♦✐❡♥! ❧❡& &❝❛❧❛✐'❡& η1 > 0✱ η2 > 0✱ µ1✱ µ2

❡! µ3✱ ❧❡ &②&!2♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡'♠(❡ ✭✸✳✽✮ ❡&! ❛&②♠♣!♦!✐P✉❡♠❡♥! &!❛❜❧❡✱ &✬✐❧& ❡①✐&!❡♥!

❞❡& ♠❛!'✐❝❡& &②♠(!'✐P✉❡& P̄ ✱ Q̄1✱ Q̄2✱ Q̄3✱ Z̄1✱ Z̄2 ❡! ✉♥❡ ♠❛!'✐❝❡ Ḡ ✐♥✈❡'&✐❜❧❡✱ ❡! Yi ❞❡

❞✐♠❡♥&✐♦♥& ❛♣♣'♦♣'✐(❡&✱ ✈('✐✜❛♥! ❧❡& ❝♦♥❞✐!✐♦♥& &✉✐✈❛♥!❡& ✿

Φ̄ii+Φ̄1(Z̄2) < 0 ✭✸✳✸✽✮

Φ̄ii+Φ̄2(Z̄2) < 0 ✭✸✳✸✾✮

Φ̄ij+Φ̄ji+2Φ̄1(Z̄2) < 0 ✭✸✳✹✵✮

Φ̄ij+Φ̄ji+2Φ̄2(Z̄2) < 0 ✭✸✳✹✶✮
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❛✈❡❝ Φ̄ij $♦♥' ❞♦♥♥)❡$ ♣❛+ ✭✸✳✶✶✮ ❡' Yj = KjḠ✳

"#❡✉✈❡ ✸ 1♦✉+ ❞)♠♦♥'+❡+ ❧❡$ +)$✉❧'❛'$ ❞✉ ❚❤❡♦+7♠❡ ✸✳✸✳✸✱ ♥♦✉$ $✉✐✈♦♥$ ❧❛ ♠:♠❡ ❞)✲

♠❛+❝❤❡ <✉❡ ❝❡❧❧❡ ❞✉ ❚❤)♦+7♠❡ ✸✳✸✳✷✳ ▲✬♦❜❥❡❝'✐❢ ❡$' ❞✬♦❜'❡♥✐+ ❞❡$ ❝♦♥❞✐'✐♦♥$ ❞❡ $'❛❜✐❧✐')

♣❧✉$ $✐♠♣❧❡$ ❡♥ ❛♣♣❧✐<✉❛♥' ❧❛ +❡❧❛①❛'✐♦♥ ❞♦♥♥)❡ ♣❛+ ❧❡ ▲❡♠♠❡ ❆✳✶✵✱ $♦✉$ ❧✬❤②♣♦'❤7$❡ <✉❡

'♦✉'❡$ ❧❡$ ✈❛+✐❛❜❧❡$ ❞❡ ♣+)♠✐$$❡$ $♦♥' ♠❡$✉+❛❜❧❡$✳

❉♦♥❝ ❞❛♥$ ❧❛ $✉✐'❡✱ ♥♦✉$ ♥♦✉$ ✐♥')+❡$$♦♥$ ❛✉ ♣+♦❜❧7♠❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ +♦❜✉$'❡ ❡♥ +)✲

$❡❛✉✳ ◆♦✉$ ❝♦♥$✐❞)+♦♥$ I ❧❛ ❢♦✐$ ❧❛ +♦❜✉$'❡$$❡ ✈✐$✲I✲✈✐$ ❞❡$ ✐♥❝❡+'✐'✉❞❡$ ♣❛+❛♠)'+✐<✉❡$ ❡'

)❣❛❧❡♠❡♥' ✈✐$✲I✲✈✐$ ❞❡$ ♣❡+'✉+❜❛'✐♦♥$ ❡①')+✐❡✉+❡$✳

3.3.2 Système flou soumis à des perturbations extérieures

❉❛♥$ ❝❡ ♣❛+❛❣+❛♣❤❡✱ ♥♦✉$ ♣+)$❡♥'♦♥$ ✉♥❡ '❡❝❤♥✐<✉❡ ❞❡ $②♥'❤7$❡ ❞✬✉♥ ❝♦♥'+K❧❡✉+ +♦❜✉$'❡

<✉✐ ♣❡+♠❡' ❞❡ $'❛❜✐❧✐$❡+ ❧❡ $②$'7♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡+♠)❡ ❡♥ ♣+)$❡♥❝❡ ❞❡ ♣❡+'✉+❜❛'✐♦♥$ ❡①')✲

+✐❡✉+❡$✳ ▲❡ ❙❈❘ ❡♥ ❜♦✉❝❧❡ ❢❡+♠)❡ ❞❡✈✐❡♥' ✿



ẋ(t) = A(t)x(t)+H(t)x(t−η(t))+Bf (t)W (t),

x(t) = φ(t), t ∈ [t0−η2,t0]

z(t) = C1x(t)

tk ≤ t ≤ tk+1

✭✸✳✹✷✮

❛✈❡❝

A(t) =
r∑

i=1

hiAi, Bf (t) =
r∑

i=1

hiBfi, ✭✸✳✹✸✮

H(t) =
r∑

i=1

hi

r∑

j=1

hkjHij, Hij = BiKj.

❡' z(t) +❡♣+)$❡♥'❡ ❧❡ $✐❣♥❛❧ ❞❡ $♦+'✐❡ I ❝♦♥'+K❧❡+✳ ▲❡$ ❝♦♥❞✐'✐♦♥$ ❞❡ $②♥'❤7$❡ $♦♥' +)$✉♠)❡$

❝♦♠♠❡ $✉✐' ✿

❚❤*♦#,♠❡ ✸✳✸✳✹ ❙♦✐❡♥' ❧❡$ $❝❛❧❛✐+❡$ η1 > 0✱ η2 > 0✱ µ1✱ µ2✱ µ3 ❡' ϕi✱ ❧❡ $②$'7♠❡ ❡♥

❜♦✉❝❧❡ ❢❡+♠)❡ ✭✸✳✹✷✮ ❡$' ❛$②♠♣'♦'✐<✉❡♠❡♥' $'❛❜❧❡ ❡' ❧❛ ♣❡+❢♦+♠❛♥❝❡ H∞ ❡$' ❣❛+❛♥'✐❡

♣♦✉+ ✉♥ ♥✐✈❡❛✉ ❞✬❛'')♥✉❛'✐♦♥ γ > 0✱ $✬✐❧$ ❡①✐$'❡♥' ❞❡$ ♠❛'+✐❝❡$ ♣♦$✐'✐✈❡$ P̄ ✱ Q̄1✱ Q̄2✱

Q̄3✱ Z̄1✱ Z̄2 ❡' ✉♥❡ ♠❛'+✐❝❡ Ḡ ✐♥✈❡+$✐❜❧❡ ❡' Yi ❛✈❡❝ ❞❡$ ❞✐♠❡♥$✐♦♥$ ❛♣♣+♦♣+✐)❡$✱ '❡❧❧❡$

<✉❡ ❧❡$ ❝♦♥❞✐'✐♦♥$ $✉✐✈❛♥'❡$ $♦✐❡♥' ✈)+✐✜)❡$ ✿

Φ̂ii+Φ̂1(Z̄2) < 0 ✭✸✳✹✹✮

Φ̂ii+Φ̂2(Z̄2) < 0 ✭✸✳✹✺✮

Φ̂ij+Φ̂ji+2Φ̂1(Z̄2) < 0 ✭✸✳✹✻✮

Φ̂ij+Φ̂ji+2Φ̂2(Z̄2) < 0 ✭✸✳✹✼✮
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♦!

Φ̂ij =
r∑

k=1

ϕkΦ̌ik+Φ̌ij ✭✸✳✹✽✮

Φ̌ij =




Φ̄11i Φ̄12ij Z̄1 0 Φ̄15i µ1Bfi Φ̄17

∗ Φ̄22ij 0 0 Φ̄25ij µ2Bfi 0

∗ ∗ Φ̄33 0 0 0 0

∗ ∗ ∗ −Q̄3 0 0 0

∗ ∗ ∗ ∗ Φ̄55 µ3Bfi 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I




✭✸✳✹✾✮

Φ̂1(Z̄2) =




0 0 0 0 0 0 0

∗ −4Z̄2 3Z̄2 Z̄2 0 0 0

∗ ∗ −3Z̄2 0 0 0 0

∗ ∗ ∗ −Z̄2 0 0 0

∗ ∗ ∗ ∗ 0 0 0

∗ ∗ ∗ ∗ ∗ 0 0

∗ ∗ ∗ ∗ ∗ ∗ 0




✭✸✳✺✵✮

Φ̂2(Z̄2) =




0 0 0 0 0 0 0

∗ −4Z̄2 Z̄2 3Z̄2 0 0 0

∗ ∗ −Z̄2 0 0 0 0

∗ ∗ ∗ −3Z̄2 0 0 0

∗ ∗ ∗ ∗ 0 0 0

∗ ∗ ∗ ∗ ∗ 0 0

∗ ∗ ∗ ∗ ∗ ∗ 0




✭✸✳✺✶✮

❛✈❡❝

Φ̄17 = ḠTCT
1

♦! Ki = YiḠ
−1

"#❡✉✈❡ ✹ ▲❡1 ❝♦♥❞✐5✐♦♥1 ❞✉ ❚❤9♦:;♠❡ ✸✳✸✳✹ ✐♠♣❧✐?✉❡♥5 ?✉❡ ❧❛ ❝♦♥❞✐5✐♦♥ Φ̄55 < 0 ❡5 ♣❛:

❝♦♥19?✉❡♥5 Ḡ ❡15 ✐♥✈❡:1✐❜❧❡✳ ❊♥ ♣♦1❛♥5 G = Ḡ−1
✱ P̄ = ḠTPḠ✱ Q̄1 = ḠTQ1Ḡ✱ Q̄2 =

ḠTQ2Ḡ✱ Q̄3 = ḠTQ3Ḡ✱ Z̄1 = ḠTZ1Ḡ✱ Z̄2 = ḠTZ2Ḡ✱ G1 = µ1G✱ G2 = µ2G ❡5 G3 = µ3G

❡5 ❡♥ ❛♣♣❧✐?✉❛♥5 ❧❛ ❝♦♥❣:✉❡♥❝❡ D ✭✸✳✹✹✮✲✭✸✳✹✼✮ ♣❛: diag
{
G,G,G,G,G,I,I

}
✱ ♥♦✉1 ♦❜5❡♥♦♥1
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❧❡" ✐♥%❣❛❧✐(%" "✉✐✈❛♥(❡" ✿

Φ̃ii+Φ̂1(Z2) < 0

Φ̃ii+Φ̂2(Z2) < 0

Φ̃ij+Φ̃ji+2Φ̂1(Z2) < 0, j > i

Φ̃ij+Φ̃ji+2Φ̂2(Z2) < 0

✭✸✳✺✷✮

♦3

Φ̃ij =
r∑

k=1

ϕkΦ́ik+Φ́ij ✭✸✳✺✸✮

❛✈❡❝

Φ́ij =




Φ11i Φ12ij Z1 0 Φ15i Φ16i Φ17

∗ Φ22ij 0 0 Φ25ij Φ26i 0

∗ ∗ −Q2−Z1 0 0 0 0

∗ ∗ ∗ −Q3 0 0 0

∗ ∗ ∗ ∗ Φ55 Φ56i 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I




≤ 0

Φ16i = GT
1Bfi, Φ26i = GT

2Bfi,

Φ56i = GT
3Bfi, Φ17 = CT

1

❆ ♣❛7(✐7 ❞✉ "②"(:♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡7♠%❡ ✭✸✳✹✷✮✱ ❧❛ ❞%7✐✈%❡ ❞❡ ✭✸✳✶✹✮ "❛(✐"❢❛✐( ✿

V̇ (x(t)) ≤ 2ẋT (t)Px(t)+xT (t)(Q1+Q2+Q3)x(t)−(1−hd)x
T (t−η(t))Q1x(t−η(t))

−xT (t−η1)Q2x(t−η1)−x
T (t−η2)Q3x(t−η2)+ẋ

T (t)(η21Z1+d
2
rZ2)ẋ(t)

−η1

∫ t

t−η1

ẋT (υ)Z1ẋ(υ)dυ−dr

∫ t−η1

t−η2

ẋT (υ)Z2ẋ(υ)dυ+x
T (t)CT

1 C1x(t)

−γ2W T (t)W (t)−zT z+γ2W T (t)W (t)

✭✸✳✺✹✮

❆ ♣❛7(✐7 ❞❡ ✭✸✳✹✷✮✱ ♥♦✉" ❛✈♦♥"✱ ♣♦✉7 ❧❡" ♠❛(7✐❝❡" ❞❡ ❞✐♠❡♥"✐♦♥" ❛♣♣7♦♣7✐%❡" G1✱ G2 ❡( G3

❧✬%B✉❛(✐♦♥ "✉✐✈❛♥(❡ ✿

2
[
xT (t)GT

1+x
T (t−η(t))GT

2+ẋ
T (t)GT

3

]
×
[
−ẋ(t)+A(t)x(t)+H(t)x(t−η(t))+Bf (t)W (t)

]
= 0

✭✸✳✺✺✮

❊♥ ❝♦♠❜✐♥❛♥( ✭✸✳✺✹✮✱ ✭✸✳✶✻✮✱ ✭✸✳✺✺✮ ❡( ❡♥ ❝♦♥"✐❞%7❛♥( ✭✸✳✶✽✮ ❛✈❡❝ ❧❡" ♥♦(❛(✐♦♥" ✭✸✳✻✶✮✱ ♥♦✉"

♦❜(❡♥♦♥"

V̇ (x(t))+zT z−γ2W T (t)W (t)

≤ max
(
ΨT (t)

r∑

i=1

r∑

j=1

hih
k
j (Φ́ij+Φ̂1(Z2))Ψ(t),ΨT (t)

r∑

i=1

r∑

j=1

hih
k
j (Φ́ij+Φ̂2(Z2))Ψ(t)

)
≤ 0
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♦! ΨT (t) =
[
xT (t) xT (t−η(t)) xT (t−η1) xT (t−η2) ẋT (t) W T (t)

]
✳

❊♥ ✉&✐❧✐)❛♥& ❧❡ ▲❡♠♠❡ ❆✳✶✶✱ ♥♦✉) ❞2❞✉✐)♦♥) 3✉❡ ✿

V̇ (x(t))+zT z−γ2W T (t)W (t)

≤ max
(
ΨT (t)

r∑

i=1

r∑

j>i

hihj[(Φ̃ij+Φ̂1(Z2))+(Φ̃ji+Φ̂1(Z2))]Ψ(t)+ΨT (t)
r∑

i=1

h2i [Φ̃ii+Φ̂1(Z2)]Ψ(t),

ΨT (t)
r∑

i=1

r∑

j>i

hihj[(Φ̃ij+Φ̂2(Z2))+(Φ̃ji+Φ̂2(Z2))]Ψ(t)+ΨT (t)
r∑

i=1

h2i [Φ̃ii+Φ̂2(Z2)]Ψ(t)
)
.

5❛6 ❝♦♥)23✉❡♥&✱ )✐ ❧❡) ❝♦♥❞✐&✐♦♥) ✭✸✳✺✷✮ )♦♥& ✈26✐✜2❡) ❛❧♦6)✱ ♦♥ ♣❡✉& ❞2❞✉✐6❡ 3✉❡ ✿

V̇ (x(t))+zT z−γ2W T (t)W (t) < 0 ✭✸✳✺✻✮

❊♥ ✐♥&2❣6❛♥& ✭✸✳✺✻✮ ❡♥&6❡ ❧❡) ❞❡✉① ❜♦6♥❡) ❞❡ tk D tk ≤ t ≤ tk+1✱ ♥♦✉) ♦❜&❡♥♦♥)

V (x(t))−V (x(tk)) < −

∫ t

tk

zT (t)z(t)dt+

∫ t

tk

γ2W T (t)W (t)dt. ✭✸✳✺✼✮

♣✉✐)3✉❡ V (x(t)) ❡)& ❝♦♥&✐♥✉ ❞❛♥) t ∈ [t0,∞)✱ ✐❧ ❡)& ❝❧❛✐6 3✉❡

V (x(t))−V (x(t0))+

∫ t

t0

zT (t)z(t)dt−

∫ t

t0

γ2W T (t)W (t)dt < 0.

◗✉❛♥❞ t→ ∞ ❡& )♦✉) ❧❛ ❝♦♥❞✐&✐♦♥ ✐♥✐&✐❛❧❡ ♥✉❧❧❡✱ ❧✬✐♥❞✐❝❡ ❞❡ ♣❡6❢♦6♠❛♥❝❡ H∞ ❡)& )❛&✐)❢❛✐&✱

✐✳❡✳✱ ||z||2 < γ||W (t)||2✱ ♣♦✉6 &♦✉&❡ ❝♦♥❞✐&✐♦♥ ♥♦♥ ♥✉❧❧❡ W (t) ∈ L2✳

�

❉❛♥) ❧❛ )✉✐&❡✱ ♥♦✉) ❛♣♣❧✐3✉♦♥) ❧❡ 62)✉❧&❛& ♣62❝2❞❡♥& ❛✉ ❝♦♥&6J❧❡ ❡♥ 62)❡❛✉ ❞❡ ❧❛ ❞②♥❛♠✐3✉❡

❧❛&26❛❧❡ ❞✉ ✈2❤✐❝✉❧❡✳

❊①❡♠♣❧❡ ✸✳✷ ❈♦♠♠❛♥❞❡ ❡♥ 62)❡❛✉ ❞❡ ❧❛ ❞②♥❛♠✐3✉❡ ❧❛&26❛❧❡ ❞✉ ✈2❤✐❝✉❧❡

❋✐❣✉6❡ ✸✳✶✷✿ ❙❝❤2♠❛ ❞✉ )②)&P♠❡ ❝♦♠♠❛♥❞2 ❡♥ 62)❡❛✉
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❖♥ ❝♦♥$✐❞'(❡ ❧❡ ♠♦❞'❧❡ ❚❙ ❞❡ ❧❛ ❞②♥❛♠✐0✉❡ ❧❛23(❛❧❡ ❞✉ ✈3❤✐❝✉❧❡ ❞3❝(✐2 ♣❛( ❧✬30✉❛2✐♦♥

✭✷✳✺✷✮✳

▲❛ $2(✉❝2✉(❡ ❞❡ ❝♦♥2(>❧❡ ❡♥ (3$❡❛✉ ❡$2 ❞♦♥♥3❡ ❞❛♥$ ❧❛ ❋✐❣✉(❡ ✸✳✶✷ ♦C ❧❡ ❜(❛0✉❛❣❡ ❝♦♥❞✉❝✲

2❡✉( ❡$2 ❞♦♥♥3 ❞❛♥$ ❧❛ ❋✐❣✉(❡ ✸✳✶✸✳ ▲❡$ (❡2❛(❞$ ✐♥❞✉✐2$ ♣❛( ❧❡ (3$❡❛✉ ❡2 ❧❡$ ♣❛0✉❡2$ ❞❡

❞♦♥♥3❡$ ♣❡(❞✉$ $♦♥2 ❣3♥3(3$ ❛❧3❛2♦✐(❡♠❡♥2 ❡2 (❡♣(3$❡♥23$ $✉( ❧❛ ❋✐❣✉(❡ ✸✳✶✹ ❡2 ❧❛ ❋✐❣✉(❡

✸✳✶✺✳ ▲✬♦❜❥❡❝2✐❢ ❞✉ ❝♦♥2(>❧❡ ❡$2 ❞❡ ♠❛✐♥2❡♥✐( ❧❛ $2❛❜✐❧✐23 ❞✉ ✈3❤✐❝✉❧❡ ♣♦✉( ✉♥❡ ♠❛♥♦❡✉✈(❡

❞❡ ❝♦♥❞✉❝2❡✉( ♣(3$❡♥23❡ ❞❛♥$ ❧❛ ❋✐❣✉(❡ ✸✳✶✸✳

▲❡$ ♣❛(❛♠'2(❡$ ❞✉ ✈3❤✐❝✉❧❡ $♦♥2 ❞♦♥♥3$ ❞❛♥$ ❧❡ 2❛❜❧❡❛✉ $✉✐✈❛♥2 ✿

❚❛❜❧❡❛✉ ✸✳✶✿ J❛(❛♠'2(❡$ ❞✉ ✈3❤✐❝✉❧❡

J❛(❛♠'2(❡$ Iz(Kg
2m) m(Kg) af (m) ar(m) vx(m/s)

❱❛❧❡✉($ ✸✷✶✹ ✶✺✵✵ ✶✳✷ ✶✳✸ ✷✵

❊♥ ❝♦♥$✐❞3(❛♥2 ❞❡$ (❡2❛(❞$ ✈❛(✐❛❜❧❡$ $✉( ❧❛ ♠❡$✉(❡ ❡2 3❣❛❧❡♠❡♥2 $✉( ❧❛ ❝♦♠♠❛♥❞❡ ❛✈❡❝

η1 = 6ms✱ η2 = 30ms ❡2 ❞❡✉① ♣❡(2❡$ ❞❡ ♣❛0✉❡2$ ❛❧3❛2♦✐(❡$✱ ❧❡$ ❝♦❡✣❝✐❡♥2$ ❞❡ (✐❣✐❞✐23 ❞✉

✈3❤✐❝✉❧❡ ❞♦♥♥3$ ❞❛♥$ ❧❛ ❚❛❜❧❡ ✷✳✶✱ ❡2 ❧❡$ ♣❛(❛♠'2(❡$ µ1 = 1✱ µ2 = 0.1✱ ❡2 µ3 = 0.1 ❡2 ❡♥

(3$♦❧✈❛♥2 ❧❡$ ▲▼■$ ❞✉ ❚❤3♦('♠❡ ✸✳✸✳✶✱ ♦♥ ♦❜2✐❡♥2 ❧❡$ ❣❛✐♥$ ❞✉ ❝♦♥2(>❧❡✉( $✉✐✈❛♥2$ ✿

K1 =
[
0.0499 −0.0155

]
, K2 =

[
−0.0644 0.0563

]
✭✸✳✺✽✮
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3.3.3 Système flou incertain soumis à des perturbations extérieures
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❞✬✉♥ ❝♦♥',<❧❡✉, ,♦❜✉#'❡ ✈✐#✲-✲✈✐# ❞❡# ✐♥❝❡,'✐'✉❞❡# ♣❛,❛♠+',✐;✉❡# ❡' ❞❡# ♣❡,'✉,❜❛'✐♦♥# ❡①✲

'+,✐❡✉,❡#✳

❊♥ ♣,❡♥❛♥' ❡♥ ❝♦♠♣'❡ ❧❡# ✐♥❝❡,'✐'✉❞❡# ♣❛,❛♠+',✐;✉❡# ❡' ❧❡# ♣❡,'✉,❜❛'✐♦♥# ❡①'+,✐❡✉,❡#✱ ❧❡

❙❈❘ ❡♥ ❜♦✉❝❧❡ ❢❡,♠+❡ ❞❡✈✐❡♥' ✿



ẋ(t) = A(t)x(t)+H(t)x(t−η(t))+Bf (t)W (t),

x(t) = φ(t), t ∈ [t0−η2,t0]

z(t) = C1x(t)

tk ≤ t ≤ tk+1

✭✸✳✻✵✮

❛✈❡❝

A(t) =
r∑

i=1

hi(Ai+∆Ai), Bf (t) =
r∑

i=1

hi(Bfi+∆Bfi),

H(t) =
r∑

i=1

hi

r∑

j=1

hkjHij, Hij = (Bi+∆Bi)Kj.

✭✸✳✻✶✮

❊♥ ✉'✐❧✐#❛♥' ❧❛ ♠J♠❡ ❢♦♥❝'✐♦♥♥❡❧❧❡ ✭✸✳✶✹✮ ❡' ❧❡ ▲❡♠♠❡ ❆✳✺✱ ❧❡# ❝♦♥❞✐'✐♦♥# ❞❡ #②♥'❤4#❡ #♦♥'

,+#✉♠+❡# ❞❛♥# ❧❡ ❚❤+♦,4♠❡ #✉✐✈❛♥' ✿

❚❤$♦&'♠❡ ✸✳✸✳✺ ❬▲❛',❛❝❤ ❡! ❛❧✳✱ ✷✵✶✹❪ ❙♦✐❡♥' ❧❡# #❝❛❧❛✐,❡# η1 > 0✱ η2 > 0✱ ǫi > 0✱ µ1✱

µ2✱ µ3 ❡' ϕi✱ ❧❡ #②#'4♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡,♠+❡ ✭✸✳✻✵✮ ❡#' ❛#②♠♣'♦'✐;✉❡♠❡♥' #'❛❜❧❡ ❡' ❧✬✐♥❞✐❝❡

❞❡ ♣❡,❢♦,♠❛♥❝❡ H∞ ❡#' ❣❛,❛♥'✐❡ ♣♦✉, ✉♥ ♥✐✈❡❛✉ ❞✬❛''+♥✉❛'✐♦♥ γ > 0✱ #✬✐❧# ❡①✐#'❡♥' ❞❡#

♠❛',✐❝❡# ♣♦#✐'✐✈❡# P̄ ✱ Q̄1✱ Q̄2✱ Q̄3✱ Z̄1✱ Z̄2 ❡' ✉♥❡ ♠❛',✐❝❡ Ḡ ✐♥✈❡,#✐❜❧❡ ❡' Yi ❛✈❡❝ ❞❡#

❞✐♠❡♥#✐♦♥# ❛♣♣,♦♣,✐+❡#✱ '❡❧❧❡# ;✉❡ ❧❡# ❝♦♥❞✐'✐♦♥# #✉✐✈❛♥'❡# #♦✐❡♥' ✈+,✐✜+❡# ✿



Φ̂ii+Φ̂1(Z̄2) ǫiD̄i Ēii

∗ −ǫiI 0

∗ ∗ −ǫiI


 < 0 ✭✸✳✻✷✮



Φ̂ii+Φ̂2(Z̄2) ǫiD̄i Ēii

∗ −ǫiI 0

∗ ∗ −ǫiI


 < 0 ✭✸✳✻✸✮



Φ̂ij+Φ̂ji+2Φ̂1(Z̄2) ǫiD̄i Ēij

∗ −ǫiI 0

∗ ∗ −ǫiI


 < 0 ✭✸✳✻✹✮



Φ̂ij+Φ̂ji+2Φ̂2(Z̄2) ǫiD̄i Ēij

∗ −ǫiI 0

∗ ∗ −ǫiI


 < 0 ✭✸✳✻✺✮



3.4 Stabilisation par retour de sortie statique ✻✺

❛✈❡❝

D̄i =



−µ1D

T
Ai −µ2D

T
Ai 0 0 −µ3D

T
Ai 0 0

−µ1D
T
Bi −µ2D

T
Bi 0 0 −µ3D

T
Bi 0 0

−µ1D
T
Bfi −µ2D

T
Bfi 0 0 −µ3D

T
Bfi 0 0




T

,

Ēij =



EAiḠ 0 0 0 0 0 0

0 EBiYj 0 0 0 0 0

0 0 0 0 0 EBfi 0


.

♦% Ki = YiḠ
−1

"#❡✉✈❡ ✺ &❛' ❝♦♥)*+✉❡♥-✱ ❧❡) ❝♦♥❞✐-✐♦♥) ❞✉ ❚❤*♦'4♠❡ ✸✳✸✳✺ ✐♠♣❧✐+✉❡♥- +✉❡ Φ̄55 < 0

❞✬♦% Ḡ ❡)- ✐♥✈❡')✐❜❧❡✳ ❊♥ ♣♦)❛♥- G = Ḡ−1
✱ P̄ = ḠTPḠ✱ Q̄1 = ḠTQ1Ḡ✱ Q̄2 = ḠTQ2Ḡ✱

Q̄3 = ḠTQ3Ḡ✱ Z̄1 = ḠTZ1Ḡ✱ Z̄2 = ḠTZ2Ḡ✱ D̄i = ḠTDi✱ Ēij = ḠTEij✱ G1 = µ1G✱

G2 = µ2G✱ G3 = µ3G ❡- ❡♥ ❛♣♣❧✐+✉❛♥- ❧❡ ❧❡♠♠❡ ❞❡ ❝♦♥❣'✉❡♥❝❡ > ✭✸✳✻✷✮✲✭✸✳✻✺✮ ♣❛'

diag
{
G,G,G,G,G,I,I,I,I,I,I,I,I

}
❡- ❧❡ ❧❡♠♠❡ ❞❡ ❙❝❤✉'✱ ♥♦✉) ♦❜-❡♥♦♥)✱ > ♣❛'-✐' ❞✉ ▲❡♠♠❡

❆✳✸✱ ❧❡) ✐♥*❣❛❧✐-*) )✉✐✈❛♥-❡) ✿

Υii+Φ̂1(Z2) < 0

Υii+Φ̂2(Z2) < 0

Υij+Υji+2Φ̂1(Z2) < 0, j > i

Υij+Υji+2Φ̂2(Z2) < 0

✭✸✳✻✻✮

♦% Υij = Φ̃ij+∆Φij ≤ 0 ❛✈❡❝ ❧❛ ♣❛'-✐❡ ✐♥❝❡'-✐-✉❞❡ ❡)- '❡♣'*)❡♥-*❡ ♣❛' ✿

∆Φij = sym
(
DiF(t)Eij

)
✭✸✳✻✼✮

♦%

F(t) = diag(F (t),F (t),F (t)).

�

3.4 Stabilisation par retour de sortie statique

❉❛♥) ❝❡ ♣❛'❛❣'❛♣❤❡✱ ♥♦✉) ❛❧❧♦♥) ♥♦✉) ✐♥-*'❡))❡' > ❧❛ )②♥-❤4)❡ ❞✬✉♥❡ ❝♦♠♠❛♥❞❡ ✢♦✉❡

❡♥ '*)❡❛✉ ♣❛' '❡-♦✉' ❞❡ )♦'-✐❡ )-❛-✐+✉❡✳ ❈❡❝✐ ❡)- ❥✉)-✐✜* ♣❛' ❧❡ ❢❛✐- +✉❡ ❧❡) *-❛-) ✐♥-❡'♥❡)

❞❡ ♥♦♠❜'❡✉① )②)-4♠❡) '*❡❧) ♥❡ ♣❡✉✈❡♥- ♣❛) Q-'❡ ♠❡)✉'*) ❞✐'❡❝-❡♠❡♥- ❡- +✉❡ ❥✉)-❡ ❧❡✉')

)♦'-✐❡) )♦♥- ❞✐)♣♦♥✐❜❧❡) > ❞❡) ✜♥) ❞❡ ❝♦♥-'R❧❡✳ ❉❡ ♣❧✉)✱ ❞❛♥) ❝❡ -'❛✈❛✐❧✱ ♥♦✉) ♣'❡♥♦♥) ❡♥

❝♦♠♣-❡ ❞❛♥) ❧❛ )②♥-❤4)❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ♥♦♥ )❡✉❧❡♠❡♥- ❧❡) ✐♥❝❡'-✐-✉❞❡) ❞❡) ♠♦❞4❧❡)✱

♠❛✐) ❛✉))✐ ❧❡ ♣'♦❜❧4♠❡ ❞❡ ❧❛ ❢'❛❣✐❧✐-* ❞❡ ❝♦♥-'R❧❡✉'✳ ❊♥ ❡✛❡-✱ ❧✬♦❜❥❡❝-✐❢ ❞❡ ❧❛ )②♥-❤4)❡ ❞❡



✻✻ Contrôle des systèmes flous commandés en réseau

❧❛ ❝♦♠♠❛♥❞❡ ♥♦♥✲❢*❛❣✐❧❡ ♣♦✉* ✉♥ /②/12♠❡ ❞♦♥♥3 ❡/1 ❞❡ 1*♦✉✈❡* ✉♥ ❝♦♥1*5❧❡✉* 6✉✐ ❛//✉*❡

❧❛ /1❛❜✐❧✐13 ❧♦*/6✉❡ ❧❡/ ♣❛*❛♠21*❡/ ❞✉ ❝♦♥1*5❧❡✉* ❡1 ❞✉ /②/12♠❡ /♦♥1 /✉♣♣♦/3/ ✈❛*✐❛❜❧❡/

✭✈♦✐* ❧❡/ *3❢3*❡♥❝❡/ ❬❩❤❛♥❣ ❡! ❛❧✳✱ ✷✵✵✼✱ ▼❛❤♠♦✉❞ ❡1 ■/♠❛✐❧✱ ✷✵✵✽✱ ❑❝❤❛♦✉ ❡! ❛❧✳✱ ✷✵✶✵✱

●✉♦ ❡1 ❇♦✱ ✷✵✶✵✱ ❑❝❤❛♦✉ ❡1 ❚♦✉♠✐✱ ✷✵✶✶✱ ❨✉❡ ❡! ❛❧✳✱ ✷✵✶✶❪✮✳ ❉❛♥/ ❬▲✐♥ ❡! ❛❧✳✱ ✷✵✶✵❪ ❡1

❬❍♦♥❣❦❛✐ ❡! ❛❧✳✱ ✷✵✶✵❪✱ ❧❡ ♣*♦❜❧2♠❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ H∞ ♥♦♥✲❢*❛❣✐❧❡ ♣❛* *❡1♦✉* ❞✬31❛1 ❛

313 31✉❞✐3❡✱ ♣♦✉* ✉♥❡ ❝❧❛//❡ ❞❡ /②/12♠❡/ ❧✐♥3❛✐*❡/✱ ✐♥❝❡*1❛✐♥/ ❡1 ❝♦♥1*5❧3/ ❡♥ *3/❡❛✉✳ Q❡✉

❞❡ 1*❛✈❛✉① ❡①✐/1❡♥1 ❞❛♥/ ❧❛ ❧✐113*❛1✉*❡ /✉* ❧❛ ❝♦♠♠❛♥❞❡ ❡♥ *3/❡❛✉ ♥♦♥✲❢*❛❣✐❧❡ ♣♦✉* ❧❡/

/②/12♠❡/ ♥♦♥ ❧✐♥3❛✐*❡/✳ ❘3❝❡♠♠❡♥1✱ ❧❛ 6✉❡/1✐♦♥ ❞✉ ❝♦♥1*5❧❡ ♥♦♥✲❢*❛❣✐❧❡ ❛ 313 ❝♦♥/✐❞3*3

♣♦✉* ❝❡*1❛✐♥/ /②/12♠❡/ ♣*❛1✐6✉❡/✳ ❉❛♥/ ❬▲✐ ❡! ❛❧✳✱ ✷✵✶✸❪✱ ❧❡ ❝♦♥1*5❧❡ ♥♦♥✲❢*❛❣✐❧❡ H∞ ❞❡/

/②/12♠❡/ ❞❡ /✉/♣❡♥/✐♦♥ ❛❝1✐✈❡ ❞❡ ✈3❤✐❝✉❧❡ ❛ 313 31✉❞✐3✳

❉❛♥/ ❝❡11❡ /❡❝1✐♦♥✱ ♥♦✉/ 31❡♥❞♦♥/ ❧❡ ♣*♦❜❧2♠❡ ❞❡ ❧❛ /②♥1❤2/❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❢*❛❣✐❧❡

♣❛* *❡1♦✉* ❞❡ /♦*1✐❡ /1❛1✐6✉❡ ❞❡/ /②/12♠❡/ ✢♦✉/ ❚❙ ✐♥❝❡*1❛✐♥/ ❡♥ ♣*❡♥❛♥1 ❡♥ ❝♦♠♣1❡ ❞❡/

*❡1❛*❞/ ❡1 ❞❡/ ♣❡*1❡/ ❞❡ ♣❛6✉❡1/ ❞❡ ❞♦♥♥3❡/ ❞❛♥/ ❧❛ 1*❛♥/♠✐//✐♦♥ ❡♥ *3/❡❛✉✱ ❛✉ ❝❛/ ♥♦♥✲

❢*❛❣✐❧❡ ❡♥ ❝♦♥/✐❞3*❛♥1 ❧❡/ ✈❛*✐❛1✐♦♥/ ❞❡/ ❣❛✐♥/ ❞✉ ❝♦♥1*5❧❡✉*✳ ▲❡ ❝♦♥1*5❧❡✉* ✢♦✉ ♣❛* *❡1♦✉*

❞❡ /♦*1✐❡ ❡♥ *3/❡❛✉ ♣❡✉1 W1*❡ ❞3❝*✐1 ❝♦♠♠❡ /✉✐1 ✿

u(tk) =
r∑

i=1

hki (Ki+∆Ki(tk))y(tk−τk)

❛✈❡❝ Ki /♦♥1 ❧❡/ ❣❛✐♥/ ❞✉ ❝♦♥1*5❧❡✉* ❡1 ∆Ki(tk) /♦♥1 ❧❡/ ♣❡*1✉*❜❛1✐♦♥/ ♠✉❧1✐♣❧✐❝❛1✐✈❡/ ❞❡

❣❛✐♥ *❡♣*3/❡♥13❡/ ♣❛*

∆Ki(tk) = Hci∆(tk)EciKi ✭✸✳✻✽✮

❛✈❡❝ Hci ❡1 Eci /♦♥1 ❞❡/ ♠❛1*✐❝❡/ ❝♦♥/1❛♥1❡/ *3❡❧❧❡/ ❝♦♥♥✉❡/ ❞❡ ❞✐♠❡♥/✐♦♥/ ❛♣♣*♦♣*✐3❡/ ❡1

∆(tk) ❡/1 ✉♥❡ ♠❛1*✐❝❡ ✈❛*✐❛❜❧❡ ❞❛♥/ ❧❡ 1❡♠♣/ /✉♣♣♦/3❡ ✐♥❝♦♥♥✉❡ 6✉✐ /❛1✐/❢❛✐1 ∆T (tk)∆(tk) ≤

I✳

❊♥ ✉1✐❧✐/❛♥1 ✉♥ ❇❖❩✱ ❧❡ /✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ ❞✉ ❙❈❘ ♣♦✉* tk ≤ t ≤ tk+1✱ ❡/1 ❞♦♥♥3 ♣❛* ✿

u(t) =
r∑

i=1

hki (Ki+∆Ki(t))y(tk−τk) ✭✸✳✻✾✮

❆♣*2/ ♣❧✉/✐❡✉*/ ♠❛♥✐♣✉❧❛1✐♦♥/ ❡1 ❡♥ ✉1✐❧✐/❛♥1 ❧❡/ 36✉❛1✐♦♥/ ✭✷✳✸✾✮✱ ✭✸✳✼✮ ❡1 ✭✸✳✻✾✮✱ ❧❡ /②/✲

12♠❡ ❝♦♠♠❛♥❞3 ❡♥ *3/❡❛✉ ❡/1 ❞3❝*✐1 ♣♦✉* tk ≤ t ≤ tk+1 ♣❛*





ẋ(t) = A(t)x(t)+Aη(t)x(t−η(t)),

y(t) = Cx(t),

x(t) = φ(t), t ∈ [−η2,0]

✭✸✳✼✵✮

❛✈❡❝ y(t) ∈ Rq
❡/1 ❧❡ /✐❣♥❛❧ ❞❡ /♦*1✐❡ ♠❡/✉*3 ❡1 ♥♦✉/ /✉♣♣♦/♦♥/ 6✉❡ ❧❛ ♠❛1*✐❝❡ C ❡/1 ❞❡

*❛♥❣ ♣❧❡✐♥✳

❉❛♥/ ❧❡ ❝❛/ ♦_ ❧❡ /②/12♠❡ ❡/1 ✐♥❝❡*1❛✐♥ ❡1 ❡♥ ❝♦♥/✐❞3*❛♥1 ❧❛ ♥♦♥✲❢*❛❣✐❧✐13✱ ♥♦✉/ ❝♦♥/✐❞2*♦♥/

❧❡/ ♠❛1*✐❝❡/ /✉✐✈❛♥1❡/ ❞❛♥/ ✭✸✳✼✵✮ ✿

A(t) =
r∑

i=1

hi(Ai+∆Ai(t)), Aη(t) =
r∑

i=1

r∑

j=1

hih
k
j (Bi+∆Bi(t))(Kj+∆Kj(t))C ✭✸✳✼✶✮
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3.4.1 Analyse de stabilité en boucle fermée

▲✬♦❜❥❡❝'✐❢ ❡*' ❞❡ ♣-♦♣♦*❡- ❞❡* ❝♦♥❞✐'✐♦♥* ❞❡ *②♥'❤1*❡ ♠♦✐♥* ❝♦♥*❡-✈❛'✐✈❡* 5✉✐ ♣❡-✲

♠❡''❡♥' ❞❡ ❣❛-❛♥'✐- ❧❛ *'❛❜✐❧✐': ❛*②♠♣'♦'✐5✉❡ ❞✉ ❙❈❘ ✭✸✳✼✵✮ ✿

▲❡♠♠❡ ✸✳✶ ❙♦✐❡♥' ❧❡* *❝❛❧❛✐-❡* η1 > 0✱ η2 > 0✱ µs 6= 0, s = 1,2✱ ❡' ϕi✱ ❧❡ *②*'1♠❡

❡♥ ❜♦✉❝❧❡ ❢❡-♠:❡ ✭✸✳✼✵✮ ❡*' ❛*②♠♣'♦'✐5✉❡♠❡♥' *'❛❜❧❡ *✬✐❧* ❡①✐*'❡♥' ❞❡* ♠❛'-✐❝❡* ♣♦*✐'✐✈❡*

Q̄i =

[
Q̄i

11 Q̄i
12

∗ Q̄i
22

]
, i = 1,2✱ Z̄i =

[
Z̄i

11 Z̄i
12

∗ Z̄i
22

]
✱ W̄1✱ W̄2✱ Q̄3 ❡' P̄ ✱ ❡' ✉♥❡ ♠❛'-✐❝❡ Ḡ✱ ❛✈❡❝

❞❡* ❞✐♠❡♥*✐♦♥* ❛♣♣-♦♣-✐:❡*✱ ✈:-✐✜❛♥' ❧❡* ❝♦♥❞✐'✐♦♥* *✉✐✈❛♥'❡* ✿

Λ̄(t) =




Λ̄11(t) Λ̄12(t) Q̄1
12+Z̄

1
22 Q̄2

12+Z̄
2
22 0 0 η1

2 W̄1−Z̄
1
12 −Z̄2

12 Λ̄19

∗ Λ̄22(t) 0 0 0 0 0 0 Λ̄29(t)

∗ ∗ Λ̄33 0 −Q̄1
12 0 −Z̄1

12 0 0

∗ ∗ ∗ Λ̄44 0 Q̄2
12 0 Z̄2

12 0

∗ ∗ ∗ ∗ −Q̄1
22 0 0 0 0

∗ ∗ ∗ ∗ ∗ −Q̄2
22 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ Λ̄77 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄88 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄99




< 0

✭✸✳✼✷✮

Λ̄11(t) = Sym(A(t)Ḡ)+Q̄1
11+Q̄

2
11+Q̄3+(

η1

2
)2Z̄1

11−(
η1

2
)2W̄1+(

η2

2
)2Z̄2

11−Z̄
1
22−Z̄

2
22−(

η2

2
)2W̄2,

Λ̄12(t) = Aη(t)Ḡ+µ1Ḡ
T
A
T (t),

Λ̄22(t) = −(1−ηd)Q̄3+µ1Sym(Aη(t)Ḡ),

Λ̄33 = −Q̄1
11+Q̄

1
22−Z̄

1
22,

Λ̄44 = Q̄2
22−Z̄

2
22−Q̄

2
11,

Λ̄77 = −Z̄1
11−W̄1,

Λ̄88 = −Z̄2
11−W̄2,

Λ̄19(t) = P̄+(
η1

2
)2Z̄1

12−Ḡ+µ1Ḡ
T
A
T (t),

Λ̄29(t) = −µ1Ḡ+µ2Ḡ
T
A
T
η (t),

Λ̄99 = (
η1

2
)2Z̄1

22+
(η12 )

4

4
W̄1+(

η2

2
)2Z̄2

22+
(η22 )

4

4
W̄2−µ2Sym(Ḡ)

()❡✉✈❡ ✻ ❙♦✐' ❧❛ ❋▲❑ ❛✈❡❝ '-✐♣❧❡ ✐♥':❣-❛❧❡ ❞♦♥♥:❡ ❝♦♠♠❡ *✉✐' ✿

V (x(t)) = V1(x(t))+V2(x(t)) ✭✸✳✼✸✮
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❛✈❡❝

V1(x(t)) = xT (t)Px(t)+

∫ t

t−
η1
2

ξT1 (s)Q1ξ1(s)ds+

∫ t

t−
η2
2

ξT2 (s)Q2ξ2(s)ds+

∫ t

t−η(t)

xT (s)Q3x(s)ds

V2(x(t)) =
η1
2

∫ 0

−
η1
2

(∫ t

t+s

ξT (υ)Z1ξ(υ)dυ
)
ds+

(η1
2
)2

2

∫ 0

−
η1
2

(∫ 0

s

∫ t

t+α

ẋT (υ)W1ẋ(υ)dυ
)
dαds

+
η2
2

∫ 0

−
η2
2

(∫ t

t+s

ξT (υ)Z2ξ(υ)dυ
)
ds+

(η2
2
)2

2

∫ 0

−
η2
2

(∫ 0

s

∫ t

t+α

ẋT (υ)W2ẋ(υ)dυ
)
dαds

✭✸✳✼✹✮

❛✈❡❝

ξ1 =
[
xT (s) xT (s−η1

2
)
]T
, ξ2 =

[
xT (s) xT (s−η2

2
)
]T
, ξ(t) =

[
xT (t) ẋT (t)

]T
,

Q1 =

[
Q1

11 Q1
12

∗ Q1
22

]
, Q2 =

[
Q2

11 Q2
12

∗ Q2
22

]
, Z1 =

[
Z1

11 Z1
12

∗ Z1
22

]
,

Z2 =

[
Z2

11 Z2
12

∗ Z2
22

]
.

♦+ P ✱ Q1✱ Q2✱ Q3✱ Z1✱ Z2✱ W1 ❡- W2 .♦♥- ❞❡. ♠❛-2✐❝❡. ❞4✜♥✐❡. ♣♦.✐-✐✈❡.✳

❉42✐✈♦♥. ❧❛ ♥♦✉✈❡❧❧❡ ❝❧❛..❡ ❞❡ ❋▲❑ ❛✈❡❝ -2✐♣❧❡ ✐♥-4❣2❛❧❡ ✭✸✳✼✸✮ .❡ ❜❛.❛♥- .✉2 ❧❛ -❡❝❤♥✐@✉❡

❞❡ ❧❛ ❜✐✲♣❛2-✐-✐♦♥ ❞✉ 2❡-❛2❞ ❞❛♥. ❧❛@✉❡❧❧❡ ❧❛ ❞✐✈✐.✐♦♥ ❞✉ 2❡-❛2❞ ✈❛2✐❛❜❧❡ ❝♦♠♣2✐. ❡♥-2❡ η1
❡- η2 ❡.- ❢❛✐-❡ ❡♥ ❞❡✉① ♣❛2-✐❡. 4❣❛❧❡. ❝♦♠♠❡ .✉✐- ✿

V̇ (x(t)) = 2ẋT (t)Px(t)+ξT1 (t)Q1ξ1(t)−ξ
T
1 (t−

η1
2
)Q1ξ1(t−

η1
2
)+ξT2 (t)Q2ξ2(t)−

ξT2 (t−
η2
2
)Q2ξ2(t−

η2
2
)−(1−ηd)x

T (t−η(t))Q3x(t−η(t))+(
η1
2
)2ξT (t)Z1ξ(t)

−
η1
2

∫ t

t−
η1
2

ξT (υ)Z1ξ(υ)dυ+
(η1
2
)4

4
ẋT (t)W1ẋ(t)−

(η1
2
)2

2

∫ 0

−
η1
2

(∫ t

t+s

ẋT (υ)W1ẋ(υ)dυ
)
ds

+(
η2
2
)2ξT (t)Z2ξ(t)−

η2
2

∫ t

t−
η2
2

ξT (υ)Z2ξ(υ)dυ+
(η2
2
)4

4
ẋT (t)W2ẋ(t)

−
(η2
2
)2

2

∫ 0

−
η2
2

(∫ t

t+s

ẋT (υ)W2ẋ(υ)dυ
)
ds

✭✸✳✼✺✮

❊♥ ❛♣♣❧✐@✉❛♥- ❧❡ ▲❡♠♠❡ ❆✳✻✱ ♥♦✉. ♦❜-❡♥♦♥.

−
η1

2

∫ t

t−
η1
2

ξT (υ)Z1ξ(υ)dυ ≤ −(

∫ t

t−
η1
2

ξT (υ)dυ)Z1(

∫ t

t−
η1
2

ξ(υ)dυ)

= −

[∫ t

t−
η1
2

x(υ)dυ

x(t)−x(t−η1
2 )

]T[
Z1
11 Z1

12

∗ Z1
22

][∫ t

t−
η1
1

x(υ)dυ

x(t)−x(t−η1
2 )

]

= −




x(t)

x(t−η1
2 )∫ t

t−
η1
2

x(υ)dυ




T

Z1
22 −Z1

22 Z1T
12

∗ Z1
22 −Z1T

12

∗ ∗ Z1
11







x(t)

x(t−η1
2 )∫ t

t−
η1
2

x(υ)dυ




✭✸✳✼✻✮
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−
(η12 )

2

2

∫ 0

−
η1
2

(∫ t

t+s

ẋT (υ)W1ẋ(υ)dυ
)
ds ≤ −

(∫ 0

−
η1
2

∫ t

t+s

ẋT (υ)dυds
)
W1

(∫ 0

−
η1
2

∫ t

t+s

ẋ(υ)dυds
)

= −
(η1
2
x(t)−

∫ t

t−
η1
2

x(υ)dυ
)T

W1

(η1
2
x(t)−

∫ t

t−
η1
2

x(υ)dυ
)

✭✸✳✼✼✮

−
η2

2

∫ t

t−
η2
2

ξT (υ)Z2ξ(υ)dυ ≤ −




x(t)

x(t−η2
2 )∫ t

t−
η2
2

x(υ)dυ




T

Z2
22 −Z2

22 Z2T
12

∗ Z2
22 −Z2T

12

∗ ∗ Z2
11







x(t)

x(t−η2
2 )∫ t

t−
η2
2

x(υ)dυ


 ✭✸✳✼✽✮

−
(η22 )

2

2

∫ 0

−
η2
2

(∫ t

t+s

ẋT (υ)W2ẋ(υ)dυ
)
ds ≤ −

(η2
2
x(t)−

∫ t

t−
η2
2

x(υ)dυ
)T

W2

(η2
2
x(t)−

∫ t

t−
η2
2

x(υ)dυ
)

✭✸✳✼✾✮

❆ ♣❛#$✐# ❞❡ ✭✸✳✼✵✮✱ ♥♦✉2 ❛✈♦♥2 ✿

2
[
xT (t)GT+µ1x

T (t−η(t))GT+µ2ẋ
T (t)GT

]
×
[
−ẋ(t)+A(t)x(t)+Aη(t)x(t−η(t))

]
= 0

✭✸✳✽✵✮

❆ ♣❛#$✐# ❞❡ ✭✸✳✼✻✮✱ ✭✸✳✼✼✮ ❡$ ✭✸✳✽✵✮✱ ♥♦✉2 ♦❜$❡♥♦♥2

V̇ (x(t)) ≤ ΨT (t)Λ(t)Ψ(t)

❛✈❡❝

ΨT (t) =
[

xT (t) xT (t−η(t)) xT (t− η1
2
) xT (t− η2

2
) xT (t−η1) xT (t−η2)

∫ t

t−
η1

2

xT (s)ds
∫ t

t−
η2

2

xT (s)ds ẋT (t)
]

✭✸✳✽✶✮

❆ ♣❛#$✐# ❞❡2 ❝♦♥❞✐$✐♦♥2 ❞✉ ❚❤;♦#<♠❡ ✸✳✶✱ ♦♥ ♣❡✉$ ❞;❞✉✐#❡ ?✉❡ Λ̄99 < 0 ✱ ♣❛# ❝♦♥2;?✉❡♥$✱

Ḡ ❡2$ ✐♥✈❡#2✐❜❧❡✳

❙♦✐❡♥$ G = Ḡ−1
✱ P̄ = ḠTPḠ✱ Q̄1 = ḠTQ1Ḡ✱ Q̄2 = ḠTQ2Ḡ✱ Q̄3 = ḠTQ3Ḡ✱ Z̄1 = ḠTZ1Ḡ✱

Z̄2 = ḠTZ2Ḡ✱ W̄1 = ḠTW1Ḡ✱ ❡$ W̄2 = ḠTW2Ḡ✳

❊♥ ❛♣♣❧✐?✉❛♥$ ❧❛ ❝♦♥❣#✉❡♥❝❡ D ✭✸✳✼✷✮ ♣❛# diag
{
G,G,G,G,G,G,G,G,G

}
✱ ♥♦✉2 ♦❜$❡♥♦♥2

Λ(t) =




Λ11(t) Λ12(t) Q1
12+Z

1
22 Q2

12+Z
2
22 0 0 η1

2
W1−Z

1
12 −Z2

12 Λ19(t)

∗ Λ22(t) 0 0 0 0 0 0 Λ29(t)

∗ ∗ Λ33 0 −Q1
12 0 −Z1

12 0 0

∗ ∗ ∗ Λ44 0 Q2
12 0 Z2

12 0

∗ ∗ ∗ ∗ −Q1
22 0 0 0 0

∗ ∗ ∗ ∗ ∗ −Q2
22 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ Λ77 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ88 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ99




< 0

✭✸✳✽✷✮
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Λ11(t) = Sym(GT
A(t))+Q1

11+Q
2
11+Q̄3+(

η1

2
)2Z1

11−(
η1

2
)2W1+(

η2

2
)2Z̄2

11−Z
1
22−Z

2
22−(

η2

2
)2W2,

Λ12(t) = GT
Aη(t)+µ1A

T (t)G,

Λ22(t) = −(1−ηd)Q3+µ1Sym(GT
Aη(t)),

Λ33 = −Q1
11+Q

1
22−Z

1
22,

Λ44 = Q2
22−Z

2
22−Q

2
11,

Λ77 = −Z1
11−W1,

Λ88 = −Z2
11−W2,

Λ19(t) = P+(
η1

2
)2Z1

12−G+µ1G
T
A
T (t),

Λ29(t) = −µ1G
T+µ2A

T
η (t)G,

Λ99 = (
η1

2
)2Z1

22+
(η12 )

4

4
W1+(

η2

2
)2Z2

22+
(η22 )

4

4
W2−µ2Sym(GT )

 ❛" ❝♦♥&'(✉❡♥+ V̇ (x(t)) < 0✳ ❉♦♥❝✱ ❧❡ &②&+1♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡"♠'❡ ✭✸✳✼✵✮ ❡&+ ❛&②♠♣+♦+✐(✉❡✲

♠❡♥+ &+❛❜❧❡✳ �

3.4.2 Synthèse d’un contrôleur flou par retour de sortie statique

3.4.2.1 Commande fragile des SCRs incertains

▲❡ ❚❤'♦"1♠❡ &✉✐✈❛♥+ "'&✉♠❡ ❧❡& ❝♦♥❞✐+✐♦♥& ❞❡ &②♥+❤1&❡ ❞✉ ❝♦♥+"B❧❡✉" ❢"❛❣✐❧❡ ♣❛" "❡+♦✉"

❞❡ &♦"+✐❡ &+❛+✐(✉❡ (✉✐ ♦♣1"❡ D +"❛✈❡"& ✉♥ "'&❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛+✐♦♥✳

❊♥ ✉+✐❧✐&❛♥+ ✉♥ ❇❖❩✱ ❧❡ &✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ ❢"❛❣✐❧❡ ❞✉ ❙❈❘ ❡&+ ❞'❝"✐+ ♣❛"

u(t) =
r∑

i=1

hkiKiy(tk−τk) ✭✸✳✽✸✮

❚❤$♦&'♠❡ ✸✳✹✳✶ ❙♦✐❡♥+ η1✱ η2✱ ❡+ ϕi✱ ǫ1✱ ❡+ ǫ2 ❞❡& &❝❛❧❛✐"❡& ♣♦&✐+✐❢& ❞♦♥♥'&✱ µs 6= 0, s =

1,2✱ ❞❡& ♣❛"❛♠1+"❡& ❞❡ "'❣❧❛❣❡ &❝❛❧❛✐"❡&✳ ■❧ ❡①✐&+❡ ✉♥ ❝♦♥+"B❧❡✉" ✢♦✉ ♣❛" "❡+♦✉" ❞❡ &♦"+✐❡

&+❛+✐(✉❡ ❛✈❡❝ ∆Ki(t) = 0 ❞❡ ❧❛ ❢♦"♠❡ ✭✸✳✽✸✮ +❡❧ (✉❡ ❧❡ ❙❈❘ ❡♥ ❜♦✉❝❧❡ ❢❡"♠'❡ ✭✸✳✼✵✮ ❡&+

❛&②♠♣+♦+✐(✉❡♠❡♥+ &+❛❜❧❡✱ &✬✐❧& ❡①✐&+❡♥+ ❞❡& ♠❛+"✐❝❡& ♣♦&✐+✐✈❡& Q̄i =

[
Q̄i

11 Q̄i
12

∗ Q̄i
22

]
, i =

1,2✱ Z̄i =

[
Z̄i

11 Z̄i
12

∗ Z̄i
22

]
✱ W̄1✱ W̄2✱ P̄ ❡+ ❞❡& ♠❛+"✐❝❡& Ĝ11 ∈ R

q×q
✱ Ĝ22 ∈ R

(n−q)×(n−q)
✱

Ĝ21 ∈ R
(n−q)×n

✱ ❡+ Yi✱ ❞❡ ❞✐♠❡♥&✐♦♥& ❛♣♣"♦♣"✐'❡&✱ +❡❧❧❡& (✉❡ ❧❡& ▲▼■& &✉✐✈❛♥+❡& &♦♥+

✈'"✐✜'❡& ♣♦✉" 1 ≤ i < j ≤ r ✿

Λ̃ii < 0 ✭✸✳✽✹✮

Λ̃ij+Λ̃ji < 0 ✭✸✳✽✺✮
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♦!

Λ̃ij =
r∑

k=1

ϕkΛ̂ik+Λ̂ij ✭✸✳✽✻✮

Λ̂ij =




Λ̃11 Λ̃12 Q̄1

12
+Z̄1

22
Q̄2

12
+Z̄2

22
0 0 η1

2
W̄1−Z̄

1

12
−Z̄2

12
Λ̃19 ḠET

Ai 0

∗ Λ̃22 0 0 0 0 0 0 Λ̃29 0 Λ̃211

∗ ∗ Λ̄33 0 −Q̄1

12
0 −Z̄1

12
0 0 0 0

∗ ∗ ∗ Λ̄44 0 Q̄2

12
0 Z̄2

12
0 0 0

∗ ∗ ∗ ∗ −Q̄1

22
0 0 0 0 0 0

∗ ∗ ∗ ∗ ∗ −Q̄2

22
0 0 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ Λ̄77 0 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄88 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̃99 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ −ǫ1I 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ −ǫ2I




Λ̃11 = Sym(AiḠ)+Q̄
1
11+Q̄

2
11+Q̄3+(

η1

2
)2Z̄1

11−(
η1

2
)2W̄1+(

η2

2
)2Z̄2

11−Z̄
1
22−Z̄

2
22−(

η2

2
)2W̄2

+ǫ1DAiD
T
Ai+ǫ2DBiD

T
Bi,

Λ̃12 = BiYjC+µ1Ḡ
TAT

i +ǫ1µ1DAiD
T
Ai+ǫ2µ1DBiD

T
Bi,

Λ̃22 = −(1−ηd)Q̄3+µ1Sym(BiYjC)+ǫ1µ
2
1DAiD

T
Ai+ǫ2µ

2
1DBiD

T
Bi,

Λ̃19 = P̄+(
η1

2
)2Z̄1

12−Ḡ+µ1Ḡ
TAT

i +ǫ1µ2DAiD
T
Ai+ǫ2µ2DBiD

T
Bi,

Λ̃29 = −µ1Ḡ+µ2C
TY T

j B
T
i +ǫ1µ1µ2DAiD

T
Ai+ǫ2µ1µ2DBiD

T
Bi,

Λ̃99 = (
η1

2
)2Z̄1

22+
(η12 )

4

4
W̄1+(

η2

2
)2Z̄2

22+
(η22 )

4

4
W̄2−µ2Sym(Ḡ)+ǫ1µ

2
2DAiD

T
Ai+ǫ2µ

2
2DBiD

T
Bi,

Λ̃211 = CTY T
j E

T
Bi,

Ḡ = V

[
Ĝ11 0

Ĝ21 Ĝ22

]
V T .

❉❡ ♣❧✉-✱ -✐ ❧❡- ✐♥1❣❛❧✐41- ✭✸✳✽✹✮ ❡4 ✭✸✳✽✺✮ -♦♥4 ❢❛✐-❛❜❧❡-✱ ❧❡- ❣❛✐♥- ❞✉ ❝♦♥4;<❧❡✉; Ki ❞❛♥-

✭✸✳✽✸✮ -♦♥4 ❞♦♥♥1- ♣❛;

Ki = YiUSĜ
−1
11 S

−1UT
✭✸✳✽✼✮

♦! U ✱ S ❡4 V ♣;♦✈✐❡♥♥❡♥4 ❞❡ ❧❛ ❞1❝♦♠♣♦-✐4✐♦♥ ❡♥ ✈❛❧❡✉;- -✐♥❣✉❧✐@;❡- ✭❙❱❉✮ ❞❡ C✳

"#❡✉✈❡ ✼ ❊♥ ❝♦♥-✐❞1;❛♥4 ✭✸✳✼✷✮ ❡♥ ✈✉❡ ❞❡ ✭✸✳✼✶✮✱ ♦♥ ❞1❞✉✐4 ✿

r∑

i=1

r∑

j=1

hih
k
j Λ̄ij(t) < 0 ✭✸✳✽✽✮
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❈❡ "✉✐ ✐♠♣❧✐"✉❡ "✉❡ Λ̄ij(t) < 0 ❛✈❡❝

Λ̄ij(t) =




Λ̄11i(t) Λ̄12ij(t) Q̄1
12+Z̄

1
22 Q̄2

12+Z̄
2
22 0 0 η1

2
W̄1−Z̄

1
12 −Z̄2

12 Λ̄19i(t)

∗ Λ̄22ij(t) 0 0 0 0 0 0 Λ̄29ij(t)

∗ ∗ Λ̄33 0 −Q̄1
12 0 −Z̄1

12 0 0

∗ ∗ ∗ Λ̄44 0 Q̄2
12 0 Z̄2

12 0

∗ ∗ ∗ ∗ −Q̄1
22 0 0 0 0

∗ ∗ ∗ ∗ ∗ −Q̄2
22 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ Λ̄77 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄88 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄99




✭✸✳✽✾✮

❡1

Λ̄11i(t) = Sym(Ai(t)Ḡ)+Q̄
1
11+Q̄

2
11+Q̄3+(

η1

2
)2Z̄1

11−(
η1

2
)2W̄1+(

η2

2
)2Z̄2

11−Z̄
1
22−Z̄

2
22−(

η2

2
)2W̄2,

Λ̄12ij(t) = Bi(t)KjCḠ+µ1ḠA
T
i (t),

Λ̄22ij(t) = −(1−ηd)Q̄3+µ1Sym(Bi(t)KjCḠ),

Λ̄19i(t) = P̄+(
η1

2
)2Z̄1

12−Ḡ−µ2Ḡ
TAT

i (t),

Λ̄29ij(t) = −µ1Ḡ+µ2(Bi(t)KjCḠ)
T ,

Λ̄99 = (
η1

2
)2Z̄1

22+
(η12 )

4

4
W̄1+(

η2

2
)2Z̄2

22+
(η22 )

4

4
W̄2−µ2Sym(Ḡ)

❙✐ ❧❛ ♠❛%&✐❝❡ C ❡)% ❞❡ &❛♥❣ ♣❧❡✐♥✱ ❛❧♦&) ✐❧) ❡①✐)%❡♥% ❞❡) ♠❛%&✐❝❡) U ❡% V %❡❧❧❡) 1✉❡ C =

U
[
S 0

]
V T

✱ Ḡ = V

[
Ĝ11 0

Ĝ21 Ĝ22

]
V T

✱ ❛❧♦&) ♥♦✉) ♦❜%❡♥♦♥) 1✉❡

CḠ = U
[
S 0

]
V TV

[
Ĝ11 0

Ĝ21 Ĝ22

]
V T = U

[
SĜ11 0

]
V T = USĜ11S

−1UTU
[
S 0

]
V T = ĜC

❙♦✐% Yi = KiĜ = KiUSĜ11S
−1UT

✱ Λ̄ij(t) ♣❡✉% 4%&❡ 5❝&✐%❡ ❝♦♠♠❡ )✉✐%

Λ̄ij(t) = Λ̄ij+sym
(
D̄iF̄(t)Ēij

)
✭✸✳✾✵✮

♦<

Λ̄ij =




Λ̄11i Λ̄12ij Q̄1
12+Z̄

1
22 Q̄2

12+Z̄
2
22 0 0 η1

2
W̄1−Z̄

1
12 −Z̄2

12 Λ̄19i

∗ Λ̄22ij 0 0 0 0 0 0 Λ̄29ij

∗ ∗ Λ̄33 0 −Q̄1
12 0 −Z̄1

12 0 0

∗ ∗ ∗ Λ̄44 0 Q̄2
12 0 Z̄2

12 0

∗ ∗ ∗ ∗ −Q̄1
22 0 0 0 0

∗ ∗ ∗ ∗ ∗ −Q̄2
22 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ Λ̄77 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄88 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄99




✭✸✳✾✶✮
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❡!

Λ̄11i = Sym(AiḠ)+Q̄
1
11+Q̄

2
11+Q̄3+(

η1

2
)2Z̄1

11−(
η1

2
)2W̄1+(

η2

2
)2Z̄2

11−Z̄
1
22−Z̄

2
22−(

η2

2
)2W̄2,

Λ̄12ij = BiYjC+µ1Ḡ
TAT

i ,

Λ̄22ij = −(1−ηd)Q̄3+µ1Sym(BiYjC),

Λ̄19i = P̄+(
η1

2
)2Z̄1

12−Ḡ−µ2Ḡ
TAT

i ,

Λ̄29ij = −µ1Ḡ+µ2(BiYjC)
T ,

Λ̄99 = (
η1

2
)2Z̄1

22+
(η12 )

4

4
W̄1+(

η2

2
)2Z̄2

22+
(η22 )

4

4
W̄2−µ2Sym(Ḡ),

D̄i =

[
DT

Ai µ1D
T
Ai 0 0 0 0 0 0 µ2D

T
Ai

DT
Bi µ1D

T
Bi 0 0 0 0 0 0 µ2D

T
Bi

]T

,

Ēij =

[
EAiḠ 0 0 0 0 0 0 0 0

0 EBiYjC 0 0 0 0 0 0 0

]
,

F̄(t) = diag(F (t),F (t)).

❊♥ ❝♦♥&✐❞)*❛♥! ❧❡ ▲❡♠♠❡ ❆✳✸ ❡! ❧❡ ❝♦♠♣❧)♠❡♥! ❞❡ ❙❝❤✉* ❞♦♥♥) ❡♥ ❛♥♥❡①❡ ❆✱ ♥♦✉& ♦❜!❡✲

♥♦♥&

r∑

i=1

r∑

j=1

hih
k
j Λ̂ij < 0 ✭✸✳✾✷✮

❊♥ ✉!✐❧✐&❛♥! ❧❡ ▲❡♠♠❡ ❆✳✶✶✱ ♦♥ ♣❡✉! ❢❛❝✐❧❡♠❡♥! ❞)❞✉✐*❡ @✉❡ ❧❡& ❝♦♥❞✐!✐♦♥& ✭✸✳✽✹✮✲✭✸✳✽✺✮

&♦♥! ✈)*✐✜)❡&✳ �

3.4.2.2 Commande non-fragile des SCRs incertains

❉❛♥& ❝❡!!❡ &❡❝!✐♦♥✱ ❧❛ ♥♦♥✲❢*❛❣✐❧✐!) ❞✉ ❝♦♥!*H❧❡✉* ✭✸✳✻✾✮ @✉✐ ❝♦♥&✐&!❡ J ❛❥♦✉!❡* ❧❛ ✈❛*✐❛!✐♦♥

❞❡& ❣❛✐♥& ❞❡ ❝♦♥!*H❧❡✉* &❡*❛ )!✉❞✐)❡✳

❊♥ *❡♠♣❧❛L❛♥! Ki ♣❛* Ki+∆Ki(t) ❞❛♥& ✭✸✳✽✾✮ ❡♥ &✉✐✈❛♥! ❧❛ ♠M♠❡ ❞)♠❛*❝❤❡ ❞❡ ❧❛ ♣*❡✉✈❡

❞✉ ❚❤)♦*O♠❡ ✸✳✹✳✶✱ ♥♦✉& ♣♦✉✈♦♥& ❞)❞✉✐*❡ @✉❡ ✿

r∑

i=1

r∑

j=1

hih
k
j Ξ̄ij(t) < 0 ✭✸✳✾✸✮

♦Q

Ξ̄ij(t) = Λ̂ij+∆Ξ̄ij(t),

∆Ξ̄ij(t) = Sym
(
Yc∆Hc

)
,

Hc =
[
HT

cjB
T
i µ1H

T
cjB

T
i 0 0 0 0 0 0 µ2H

T
cjB

T
i 0 HT

cjE
T
Bi

]
,

Yc =
[
0 EcjYjC 0 0 0 0 0 0 0 0 0

]T
.

✭✸✳✾✹✮
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❊♥ ✉#✐❧✐&❛♥# ❧❡ ▲❡♠♠❡ ❆✳✸ ❡# ❧❡ ❝♦♠♣❧❡♠❡♥# ❞❡ ❙❝❤✉4✱ ♥♦✉& ♦❜#❡♥♦♥&

r∑

i=1

r∑

j=1

hih
k
j Ξ̃ij < 0 ✭✸✳✾✺✮

♦; Ξ̃ij ❡&# ❞♦♥♥< ♣❛4 ✭✸✳✾✾✮✳ ❊♥ ❛♣♣❧✐=✉❛♥# ❧❡ ▲❡♠♠❡ ❆✳✶✶✱ ♥♦✉& ♦❜#❡♥♦♥& ❧❡ 4<&✉❧#❛#

&✉✐✈❛♥# ✿

❚❤$♦&'♠❡ ✸✳✹✳✷ ❙♦✐❡♥# ❧❡& &❝❛❧❛✐4❡& ♣♦&✐#✐❢& η1✱ η2✱ ϕi✱ ǫ1✱ ǫ2✱ ǫ3 ❡# ❧❡& ♣❛4❛♠B#4❡&

µs 6= 0, s = 1,2✳ ▲❡ ❙❈❘ ✭✸✳✼✵✮ ❡&# &#❛❜✐❧✐&< ♣❛4 ❧❛ ❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ ✭✸✳✽✸✮✱ ♣♦✉4

#♦✉#❡& ❧❡& ✈❛4✐❛#✐♦♥& ❞❡& ❣❛✐♥& ♣♦&&✐❜❧❡&✱ &✬✐❧& ❡①✐&#❡♥# ❞❡& ♠❛#4✐❝❡& ♣♦&✐#✐✈❡& Q̄i =[
Q̄i

11 Q̄i
12

∗ Q̄i
22

]
, i = 1,2✱ Z̄i =

[
Z̄i

11 Z̄i
12

∗ Z̄i
22

]
✱ W̄1✱ W̄2✱ P̄ ❡# ❞❡& ♠❛#4✐❝❡& Ĝ11 ∈ R

q×q
✱

Ĝ22 ∈ R
(n−q)×(n−q)

✱ Ĝ21 ∈ R
(n−q)×n

❡# Yi #❡❧❧❡& =✉❡ ❧❡& ▲▼■& &♦♥# ❢❛✐&❛❜❧❡& ♣♦✉4 #♦✉#❡&

❧❡& ✐♥❝❡4#✐#✉❞❡& ❛❞♠✐&&✐❜❧❡&✳

Ξii < 0 ✭✸✳✾✻✮

Ξij+Ξji < 0 ✭✸✳✾✼✮

♦;

Ξij =
r∑

k=1

ϕkΞ̃ik+Ξ̃ij ✭✸✳✾✽✮

Ξ̃ij =




Ξ̃11 Ξ̃12 Q̄1

12
+Z̄1

22
Q̄2

12
+Z̄2

22
0 0 η1

2
W̄1−Z̄

1

12
−Z̄2

12
Ξ̃19 ḠET

Ai Ξ̃111 0

∗ Ξ̃22 0 0 0 0 0 0 Ξ̃29 0 Λ̃211 Ξ̃212

∗ ∗ Λ̄33 0 −Q̄1

12
0 −Z̄1

12
0 0 0 0 0

∗ ∗ ∗ Λ̄44 0 Q̄2

12
0 Z̄2

12
0 0 0 0

∗ ∗ ∗ ∗ −Q̄1

22
0 0 0 0 0 0 0

∗ ∗ ∗ ∗ ∗ −Q̄2

22
0 0 0 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ Λ̄77 0 0 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̄88 0 0 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ Λ̃99 0 Ξ̃911 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ −ǫ1I 0 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ −ǫ2I 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗ −ǫ3I




✭✸✳✾✾✮

Ξ̃11 = Λ̃11+ǫ3BiHcjH
T
cjB

T
i , Ξ̃12 = Λ̃12+ǫ3µ1BiHcjH

T
cjB

T
i , Ξ̃19 = Λ̃19+ǫ3µ2BiHcjH

T
cjB

T
i ,

Ξ̃111 = ǫ3BiHcjH
T
cjE

T
bi, Ξ̃22 = Λ̃22+ǫ3µ

2

1
BiHcjH

T
cjB

T
i , Ξ̃29 = Λ̃29+ǫ3µ1µ2BiHcjH

T
cjB

T
i ,

Ξ̃211 = Λ̃211+ǫ3µ1BiHcjH
T
cjE

T
bi, Ξ̃212 = Y T

j E
T
cj , Ξ̃99 = Λ̃99+ǫ3µ
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3.4.3 Application à la commande robuste en réseau de la dynamique latérale du

véhicule

❉❛♥# ❝❡& ❡①❡♠♣❧❡✱ ♥♦✉# ♣.♦♣♦#♦♥# ❞✬❛♣♣❧✐2✉❡. ❧❛ ❝♦♠♠❛♥❞❡ ♥♦♥✲❢.❛❣✐❧❡ ✢♦✉❡ ♣❛. .❡✲

&♦✉. ❞❡ #♦.&✐❡ #&❛&✐2✉❡ ❞7✈❡❧♦♣♣7❡ 9 ❧❛ ❞②♥❛♠✐2✉❡ ❧❛&7.❛❧❡ ❞✉ ✈7❤✐❝✉❧❡ ❡♥ ❝♦♥#✐❞7.❛♥&

❧❡# ✈❛.✐❛&✐♦♥# ❞❡# ❝♦❡✣❝✐❡♥&# ❞❡ .✐❣✐❞✐&7 ♥♦&7# Cfi ❡& Cri 2✉✐ ♣❡✉✈❡♥& ❝❤❛♥❣❡. #❡❧♦♥ ❧❡#

❝♦♥❞✐&✐♦♥# .♦✉&✐=.❡#✳

❖♥ ❝♦♥#✐❞=.❡ {
Cfi = Cfi0(1+difi) ,||fi|| ≤ 1

Cri = Cri0(1+difi)
✭✸✳✶✵✵✮

❖E di ✐♥❞✐2✉❡ ❧✬7❝❛.& ❞❡ ❧✬❛♠♣❧✐&✉❞❡ ❞✉ ❝♦❡✣❝✐❡♥& ❞❡ .✐❣✐❞✐&7 Cfi(Cri) 9 ♣❛.&✐. ❞❡ #❛ ✈❛❧❡✉.

♥♦♠✐♥❛❧❡ Cfi0(Cri0)✳

▲❡ ♠♦❞=❧❡ ✭✷✳✺✷✮ ❞❡✈✐❡♥&




ẋ(t) =

r∑

i=1

hi(|αf |)[(Ai+∆Ai(t))x(t)+(Bfi+∆Bfi(t))δf+BMz(t)]

y(t) = Cx(t)

✭✸✳✶✵✶✮

Ai =

[
−2

Cfi0+Cri0

mvx
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Cfi0af−Cri0ar
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Iz
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f
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2
r

Izvx

]
, Bfi =

[
2Cfi0

mvx
2afCfi0

Iz

]
,

B =

[
0
1
Iz

]
, EAi =

[
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mvx
−2

Cfi0af−Cri0ar

mvx2

−2
Cfi0af−Cri0ar

Iz
−2

Cfi0a
2

f
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2
r

Izvx

]
,

EB = 0, EBfi =

[
2Cfi0

mvx
2afCfi0

Iz

]
,

C =
[
0 1

]
, Fi(t) =

[
fi 0

0 fi

]
,

DAi = DBfi =

[
di 0

0 di

]
.

✭✸✳✶✵✷✮

▲❡ ❜✉& ❞❡ ❝❡&&❡ ♣❛.&✐❡ ❡#& ❞❡ ❝♦♥❝❡✈♦✐. ✉♥ ❞✐#♣♦#✐&✐❢ ❞❡ ❝♦♠♠❛♥❞❡ ❛✜♥ ❞✬❛♠7❧✐♦.❡. ❧❛
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▲❡# ♣❛.❛♠=&.❡# .❡❧✐7# ❛✉ .7#❡❛✉ #♦♥& η1 = 6ms✱ η2 = 20ms ❡& σ̄ = 3✳ ▲❡ .❡&❛.❞ ✈❛.✐❛❜❧❡

❞❛♥# ❧❡ &❡♠♣# ❡♥&.❡ ❧❡ ❝❛♣&❡✉. ❡& ❧❡ ❝♦♥&.K❧❡✉. ❛✐♥#✐ 2✉✬❡♥&.❡ ❧❡ ❝♦♥&.K❧❡✉. ❡& ❧✬❛❝&✐♦♥♥❡✉.

❡#& ❣7♥7.7 ❞❡ ♠❛♥✐=.❡ ❛❧7❛&♦✐.❡ &❡❧ 2✉❡ min(τ sc+τ ca) ≥ η1✱ ❡& max(τ sc+τ ca+(σ̄+1)Te) ≤ η2
❡& ❧❡# ♣❡.&❡# ❞❡ ♣❛2✉❡&# #♦♥& ❛✉##✐ ❣7♥7.7❡# ❞❡ ♠❛♥✐=.❡ ❛❧7❛&♦✐.❡ &❡❧ 2✉❡ max(Ne) ≤ 3✱

❛✈❡❝ Ne ❡#& ❧❡ ♥♦♠❜.❡ ❞❡ ♣❛2✉❡&# ♣❡.❞✉#✳ ◆♦&♦♥# µ1 = 0.1✱ µ2 = 0.2✱ ǫ1 = 0.1✱ ǫ2 = 0.1✱

ǫ3 = 0.5✱ Hc1 = 1✱ Hc2 = 11✱ Ec1 = −1.8✱ ❡& Ec2 = 0.02✱ ❡♥ .7#♦❧✈❛♥& ❧❡# ▲▼■# ❞✉

❚❤❡♦.=♠❡ ✸✳✹✳✷✱ ♥♦✉# ♦❜&❡♥♦♥# ❧❡# ♠❛&.✐❝❡# ❣❛✐♥ ❞❡# ❝♦♥&.K❧❡✉.# ❝♦♠♠❡ #✉✐& ✿

K1 = −1.9313×105, K2 = −1.6423×105 ✭✸✳✶✵✸✮
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♥♦✉# ♦❜%❡♥♦♥# '❣❛❧❡♠❡♥% ❧❡# ,'#✉❧%❛%# #✉✐✈❛♥%# ✿

P̄ =

[
3.9071 0.0520

0.0520 4.2868

]
×10−4, Ĝ11 = 3.7746, U = −1, S =

[
1 0

]
, ❡% V =

[
0 −1

−1 0

]

✭✸✳✶✵✹✮
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❧❡# ❣❛✐♥# ❞❡# ❝♦♥%,I❧❡✉,# #✉✐✈❛♥%# ✿

K3 = −5.8156, K4 = −3.2056 ✭✸✳✶✵✺✮

❊♥ #✐♠✉❧❛%✐♦♥✱ ♥♦✉# ❝♦♥#✐❞',♦♥# ❧❛ ❝♦♥❞✐%✐♦♥ ✐♥✐%✐❛❧❡ #✉✐✈❛♥%❡ ✿ x0 =
[
0.1 0.1

]T
✱ ❧❛ ♣'✲

,✐♦❞❡ ❞✬'❝❤❛♥%✐❧❧♦♥♥❛❣❡ ❡#% ❝❤♦✐#✐❡ Te = 3ms ❡% ❧❛ ✈❛,✐❛❜❧❡ ❞✬✐♥❝❡,%✐%✉❞❡ ❞❡ ❧❛ ♥♦♥✲❢,❛❣✐❧✐%'

❡#% ∆ = 0.8+0.2sin(3t)✳
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0✈♦❧✉*✐♦♥# ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❣❧✐##❡♠❡♥* ❧❛*0&❛❧ ❞✉ ✈0❤✐❝✉❧❡ ❡* ❧❡# 0✈♦❧✉*✐♦♥# ❞❡ ❧❛ ✈✐*❡##❡ ❞✉ ❧❛❝❡*

♣♦✉& ❞✐✛0&❡♥*# ❝♦❡✣❝✐❡♥*# ❞✬❛❞❤0&❡♥❝❡ ✭µ✮✱ ♥♦✉# &❡♠❛&/✉♦♥# /✉❡ ❧❡ ✈0❤✐❝✉❧❡ ♠❛✐♥*✐❡♥*

#❛ #*❛❜✐❧✐*0 ❡* #❛ ♠❛♥✐❛❜✐❧✐*0 ♠❛❧❣&0 ✉♥❡ ❣&❛♥❞❡ ✈❛&✐❛*✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞❡ ❜&❛/✉❛❣❡ ❡* ❧❛

✈❛&✐❛*✐♦♥ ❞❡# ❝♦♥❞✐*✐♦♥# ❞❡ ❧❛ &♦✉*❡✳ ◆♦✉# &❛♣♣❡❧♦♥# /✉✬ ❡♥ ❜♦✉❝❧❡ ♦✉✈❡&*❡✱ ❧❡ ✈0❤✐❝✉❧❡ ❛

✉♥ ❝♦♠♣♦&*❡♠❡♥* ✐♥#*❛❜❧❡ ❛✈❡❝ ❝❡* ❛♥❣❧❡ ❞❡ ❜&❛/✉❛❣❡✳ ▲❛ ❋✐❣✉&❡ ✸✳✷✾ &❡♣&0#❡♥*❡ ❧❛ ❧♦✐ ❞❡

❝♦♠♠❛♥❞❡ ♣❛& &❡*♦✉& ❞❡ #♦&*✐❡ #*❛*✐/✉❡ ❡♥ ♣&0#❡♥❝❡ ❞❡ ❧❛ ❝♦♠♠✉♥✐❝❛*✐♦♥ ❡♥ &0#❡❛✉✳ ▲❡#

❋✐❣✉&❡# ✸✳✷✸ ❡* ✸✳✷✹ ♠♦♥*&❡♥* ❧❡# &❡*❛&❞# ✐♥❞✉✐*# ♣❛& ❧❡ &0#❡❛✉ ❡* ❧❡# ♣❡&*❡# ❞❡ ♣❛/✉❡*#

❞❡ ❞♦♥♥0❡# /✉✐ #♦♥* ❣0♥0&0# ❞❡ ❢❛O♦♥ ❛❧0❛*♦✐&❡✳ ◆♦✉# &❡♠❛&/✉♦♥# /✉❡ ♥♦*&❡ ❛♣♣&♦❝❤❡

♣❡&♠❡* ❞❡ #*❛❜✐❧✐#❡& ❧❡ ✈0❤✐❝✉❧❡ /✉✐ &❡O♦✐* ❞❡# ❞♦♥♥0❡# ❞✉ ❝♦♥*&P❧❡✉& ✈✐❛ ❧❡ &0#❡❛✉ ❞❡

❝♦♠♠✉♥✐❝❛*✐♦♥ ❛✈❡❝ &❡*❛&❞ ✈❛&✐❛♥* ❞❛♥# ❧❡ *❡♠♣# ❡* ♣❡&*❡# ❞❡ ♣❛/✉❡*# ❞✬✐♥❢♦&♠❛*✐♦♥✳

3.5 Stabilisation par retour d’état reconstruit

❯♥ ♦❜#❡&✈❛*❡✉& ❞✬0*❛* ❡#* ✉♥ ✜❧*&❡ ♣❡&♠❡**❛♥* ❞❡ &❡❝♦♥#*&✉✐&❡ ❧✬0*❛* ❞✉ #②#*8♠❡ 9 *❡♠♣#

❝♦♥*✐♥✉✳ ■❧ ❡①✐#*❡ ❞✐✛0&❡♥*# *②♣❡# ❞✬♦❜#❡&✈❛*❡✉&✳ ◆♦✉# &❡*✐❡♥❞&♦♥# ❝❡♣❡♥❞❛♥* ❧✬♦❜#❡&✈❛*❡✉&

✢♦✉ ❞❡ ▲✉❡♥❜❡&❣❡&✱ /✉✐ ♣♦##8❞❡ ✉♥❡ #*&✉❝*✉&❡ #✐♠♣❧❡ ❡* ❢❛❝✐❧❡♠❡♥* ✐♥*❡&♣&0*❛❜❧❡✳ ❊♥ ❡✛❡*✱

♣✉✐#/✉❡ ❧❡# ✈❛&✐❛❜❧❡# ❞✬0*❛* ♥❡ #♦♥* ❣0♥0&❛❧❡♠❡♥* ♣❛# *♦✉❥♦✉&# ♠❡#✉&❛❜❧❡#✱ ❧❛ ❝♦♠♠❛♥❞❡

✢♦✉❡ ♣❛& &❡*♦✉& ❞❡ #♦&*✐❡ #*❛*✐/✉❡ ♦✉ ❧❛ ❝♦♠♠❛♥❞❡ ❜❛#0❡ #✉& ♦❜#❡&✈❛*❡✉& ❡#* #♦✉✈❡♥*

✉*✐❧✐#0❡✳

▲❛ ❝♦♠♠❛♥❞❡ ❡♥ &0#❡❛✉ ♣❛& &❡*♦✉& ❞✬0*❛* &❡❝♦♥#*&✉✐* ❛ ❢❛✐* ❧✬♦❜❥❡* ❞❡ *&❛✈❛✉① ❞❡ &❡❝❤❡&❝❤❡

❝❡# ❞❡&♥✐8&❡# ❛♥♥0❡#✳ ❊♥ ❡✛❡*✱ ❧❡ ♣&♦❜❧8♠❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❜❛#0❡ #✉& ♦❜#❡&✈❛*❡✉& ❛ 0*0

0*✉❞✐0 ♣♦✉& ❧❡# ❙❈❘# ❧✐♥0❛✐&❡# ✐♥❝❡&*❛✐♥# ❬❩❤❛♥❣ ❡! ❛❧✳✱ ✷✵✶✶❪ ❛✐♥#✐ /✉❡ ♣♦✉& ❧❡# ❙❈❘# ♥♦♥

❧✐♥0❛✐&❡# ❞0❝&✐*# ♣❛& ❞❡# ♠♦❞8❧❡# ❚❙ ❬❩❤❛♥❣ ❡! ❛❧✳✱ ✷✵✵✾❪✳

❯♥❡ ❝♦♥*&❛✐♥*❡ #✉♣♣❧0♠❡♥*❛✐&❡ ❧✐0❡ ❛✉ &0#❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛*✐♦♥ ❡#* ♣&✐#❡ ❡♥ ❝♦♠♣*❡

❞❛♥# ❝❡**❡ ♣❛&*✐❡✳ ■❧ #✬❛❣✐* ❞✉ ♣❤0♥♦♠8♥❡ ❞❡ ❧❛ /✉❛♥*✐✜❝❛*✐♦♥ ❞❡# #✐❣♥❛✉①✳ ❊♥ ❡✛❡*✱ ❡♥

&❛✐#♦♥ ❞❡ ❧❛ ❧✐♠✐*❛*✐♦♥ ❞❡ ❧❛ ❜❛♥❞❡ ♣❛##❛♥*❡✱ ❧❡# &0#❡❛✉① ❞❡ ❝♦♠♠✉♥✐❝❛*✐♦♥ ♥❡ #♦♥* ♣❛# ❡♥

♠❡#✉&❡ ❞✬❡♥✈♦②❡& ❞❡# ❞♦♥♥0❡# ❛✈❡❝ ✉♥❡ ♣&0❝✐#✐♦♥ ✐♥✜♥✐❡✳

❉❛♥# ❝❡**❡ #❡❝*✐♦♥✱ ♥♦✉# 0*✉❞✐♦♥# ❧❡ ♣&♦❜❧8♠❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❜❛#0❡ #✉& ♦❜#❡&✈❛*❡✉&

❞❡# ❙❈❘#✳ ❉❛♥# ❧❛ ♣&❡♠✐8&❡ ♣❛&*✐❡✱ ♥♦✉# ❝♦♥#✐❞0&♦♥# #❡✉❧❡♠❡♥* ❧❛ /✉❛♥*✐✜❝❛*✐♦♥ ❞❡# ❞♦♥✲

♥0❡# ❝❛♣*❡✉&# ❞❛♥# ❧❛ ❝❤❛_♥❡ ❞❡ ❝♦♠♠❛♥❞❡ ❬▲❛*&❛❝❤ ❡! ❛❧✳✱ ✷✵✶✹❪✳ ◆♦✉# 0*❡♥❞♦♥# ❡♥#✉✐*❡

♥♦*&❡ 0*✉❞❡✱ 9 ❧❛ ❢♦✐#✱ 9 ❧❛ /✉❛♥*✐✜❝❛*✐♦♥ ❞❡# ❞♦♥♥0❡# ❝❛♣*❡✉&# ❡* ❛❝*✐♦♥♥❡✉&#✳



3.5 Stabilisation par retour d’état reconstruit ✼✾

3.5.1 Commande basée sur observateur avec un quantificateur de mesures

❉❛♥# ✉♥ ♣&❡♠✐❡& *❡♠♣#✱ ♦♥ #✬✐♥*.&❡##❡ / ❧❛ #②♥*❤3#❡ ❞✬✉♥ ❝♦♥*&6❧❡✉& ✢♦✉ ❡♥ &.#❡❛✉ ♣❛&

&❡*♦✉& ❞✬.*❛* ❛✈❡❝ ✉♥ #❡✉❧ 9✉❛♥*✐✜❝❛*❡✉& ♣❧❛❝. ❡♥ ❛♠♦♥* ❞✉ ❝♦♥*&6❧❡✉&✳ ❊♥#✉✐*❡✱ ♦♥ ✈❛

.*❡♥❞&❡ ❝❡**❡ .*✉❞❡ ♣♦✉& ❧❡ ❝❛# ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❜❛#.❡ #✉& ♦❜#❡&✈❛*❡✉& ❞❛♥# ❧❡ ❝❛# ♦> ❧❡#

.*❛*# ❞✉ #②#*3♠❡ ♥❡ #♦♥* ♣❛# *♦✉# ♠❡#✉&❛❜❧❡#✳

3.5.1.1 Synthèse d’un contrôleur flou en réseau par retour d’état

❈♦♥#✐❞.&♦♥# ❧❡ ♠♦❞3❧❡ ❣❧♦❜❛❧ ❞✬✉♥ ♠♦❞3❧❡ ✢♦✉ ❚❙ ❞♦♥♥. ❝♦♠♠❡ #✉✐* ✿

ẋ(t) =
r∑

i=1

hi

(
Aix(t)+BU(t)+BfiW (t)

)
✭✸✳✶✵✻✮

❊♥ ❛♣♣❧✐9✉❛♥* ❧❛ ♠.*❤♦❞❡ ❞✉ #❡❝*❡✉& ❜♦&♥.✱ ❞.✜♥✐❡ ❞❛♥# ❧❛ #❡❝*✐♦♥ ✸✳✷✳✹✳✸✱ ❧❡ 9✉❛♥*✐✜❝❛*❡✉&

q(ν) ♣❡✉* #✬❡①♣&✐♠❡& ❝♦♠♠❡ #✉✐* ✿ ❬▼❛❤♠♦✉❞ ❡* ❆❧✲❘❛②②❛❤✱ ✷✵✶✶❪

q(ν) = (I+∆(t))ν

♦>

∆(t) = diag{∆1(t),∆2(t),...,∆n(t)},

‖∆j(t)‖ ≤ δ, j = 1,2,...,n
✭✸✳✶✵✼✮

▲❛ #*&✉❝*✉&❡ ❞✉ #②#*3♠❡ ❝♦♠♠❛♥❞. ❡♥ &.#❡❛✉ ❛✈❡❝ 9✉❛♥*✐✜❝❛*❡✉& ✭✸✳✶✵✻✮ ❡#* ❞♦♥♥.❡ ❞❛♥#

❧❛ ❋✐❣✉&❡ ✸✳✺ ♦> ❧❡ #✐❣♥❛❧ ❞✬❡♥*&.❡ ❞❡ ❝♦♠♠❛♥❞❡ ❡#* ✿

U(t) =
r∑

i=1

hki K̄ix(tk−τk), tk ≤ t ≤ tk+1 ✭✸✳✶✵✽✮

❛✈❡❝ K̄i = Ki(I+∆(t))✳

❆♣&3# ♣❧✉#✐❡✉&# ♠❛♥✐♣✉❧❛*✐♦♥#✱ ❧❡ #②#*3♠❡ ❝♦♠♠❛♥❞. ❡♥ &.#❡❛✉ ❡♥ ❜♦✉❝❧❡ ❢❡&♠.❡ #✬.❝&✐*

♣♦✉& tk ≤ t ≤ tk+1 ✿



ẋ(t) =
r∑

i=1

hiAix(t)+
r∑

i=1

hkiBK̄ix(t−η(t))+
r∑

i=1

hiBfiW (t)

z(t) = C1x(t)

y(t) = C2x(t)

x(t) = φ(t),t ∈ [t0−η2,t0]

✭✸✳✶✵✾✮

❖> φ(t) &❡♣&.#❡♥*❡ ❧❛ ❝♦♥❞✐*✐♦♥ ✐♥✐*✐❛❧❡✱ y(t) ∈ Rq
❡#* ❧❡ #✐❣♥❛❧ ❞❡ #♦&*✐❡ ♠❡#✉&. ❡* z(t)

&❡♣&.#❡♥*❡ ❧❡ #✐❣♥❛❧ ❞❡ #♦&*✐❡ / ❝♦♥*&6❧❡&✳

❖♥ ♣♦#❡ ✿

A(t) =
r∑

i=1

hiAi, Bf (t) =
r∑

i=1

hiBfi,

H(t) =
r∑

i=1

hkiHi, Hi = BKi(I+∆(t))

✭✸✳✶✶✵✮



✽✵ Contrôle des systèmes flous commandés en réseau

▲❡ "②"$%♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡.♠/❡ ✭✸✳✶✵✾✮ ❞❡✈✐❡♥$ ✿





ẋ(t) = A(t)x(t)+H(t)x(t−η(t))+Bf (t)W (t)

z(t) = C1x(t)

y(t) = C2x(t)

x(t) = φ(t),t ∈ [t0−η2,t0]

✭✸✳✶✶✶✮

▲✬♦❜❥❡❝$✐❢ ❡"$ ❞❡ ❞/$❡.♠✐♥❡. ❧❛ ❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ ✭✸✳✶✵✽✮ $❡❧❧❡ ?✉❡ ❧❡ ❙❈❘ "♦✐$ ❛"②♠♣$♦$✐✲

?✉❡♠❡♥$ "$❛❜❧❡ ❛✈❡❝ ❧❛ ♣❡.❢♦.♠❛♥❝❡ H∞✳

▲❡" ❝♦♥❞✐$✐♦♥" ❞❡ "②♥$❤%"❡ ❞✉ ❝♦♥$.F❧❡✉. ✢♦✉ ♣❛. .❡$♦✉. ❞✬/$❛$ ?✉❛♥$✐✜/ "♦♥$ ❞♦♥♥/❡"

♣❛. ❧❡ ❚❤/♦.%♠❡ "✉✐✈❛♥$ "♦✉" ❢♦.♠❡ ❞❡ ▲▼■" ✿

❚❤$♦&'♠❡ ✸✳✺✳✶ ❬▲❛$.❛❝❤ ❡! ❛❧✳✱ ✷✵✶✹❪ ❙♦✐❡♥$ ❧❡" "❝❛❧❛✐.❡" η1 > 0✱ η2 > 0✱ ϕi✱ µ1✱

µ2✱ µ3✱ λ✱ ǫ > 0 ❡$ ❧❛ ❞❡♥"✐$/ ❞❡ ?✉❛♥$✐✜❝❛$✐♦♥ ρ > 0✱ ❧❡ "②"$%♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡.♠/❡

✭✸✳✶✶✶✮ ❡"$ ❛"②♠♣$♦$✐?✉❡♠❡♥$ "$❛❜❧❡ ❡$ ❧❛ ♣❡.❢♦.♠❛♥❝❡ H∞ ❡"$ ❣❛.❛♥$✐❡ ♣♦✉. ✉♥ ♥✐✈❡❛✉

❞✬❛$$/♥✉❛$✐♦♥ γ > 0✱ "✬✐❧" ❡①✐"$❡♥$ ❞❡" ♠❛$.✐❝❡" ♣♦"✐$✐✈❡" P̄ ✱ Q̄1✱ Q̄2✱ Q̄3✱ Z̄1✱ Z̄2 ❡$ ❞❡"

♠❛$.✐❝❡" Ḡ ❡$ Yi ❛✈❡❝ ❞❡" ❞✐♠❡♥"✐♦♥" ❛♣♣.♦♣.✐/❡"✱ $❡❧❧❡" ?✉❡ ❧❡" ❝♦♥❞✐$✐♦♥" "✉✐✈❛♥$❡"

"♦✐❡♥$ ✈/.✐✜/❡" ✿



Φ̄i+Φ1(Z̄2) Γ̄i ǫḠT ∆̄T

∗ ǫΞ̄1 0

∗ ∗ −ǫI


 < 0 ✭✸✳✶✶✷✮



Φ̄i+Φ2(Z̄2) Γ̄i ǫḠT ∆̄T

∗ ǫΞ̄1 0

∗ ∗ −ǫI


 < 0 ✭✸✳✶✶✸✮

♦S

Φ̄i =




Φ̄11i Φ̄12i Z̄1 0 Φ̄15i µ1Bfi Φ̄17

∗ Φ̄22i 0 0 Φ̄25i µ2Bfi 0

∗ ∗ −Q̄2−Z̄1 0 0 0 0

∗ ∗ ∗ −Q̄3 0 0 0

∗ ∗ ∗ ∗ Φ̄55 µ3Bfi 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I




✭✸✳✶✶✹✮

Φ1(Z̄2) =




0 0 0 0 0 0 0

∗ −4Z̄2 3Z̄2 Z̄2 0 0 0

∗ ∗ −3Z̄2 0 0 0 0

∗ ∗ ∗ −Z̄2 0 0 0

∗ ∗ ∗ ∗ 0 0 0

∗ ∗ ∗ ∗ ∗ 0 0

∗ ∗ ∗ ∗ ∗ ∗ 0




✭✸✳✶✶✺✮



3.5 Stabilisation par retour d’état reconstruit ✽✶

Φ2(Z̄2) =




0 0 0 0 0 0 0

∗ −4Z̄2 Z̄2 3Z̄2 0 0 0

∗ ∗ −Z̄2 0 0 0 0

∗ ∗ ∗ −3Z̄2 0 0 0

∗ ∗ ∗ ∗ 0 0 0

∗ ∗ ∗ ∗ ∗ 0 0

∗ ∗ ∗ ∗ ∗ ∗ 0




✭✸✳✶✶✻✮

Φ̄11i = Q̄1+Q̄2+Q̄3+µ1sym(AiḠ)−Z̄1, Φ̄12i = µ2Ḡ
TAT

i +µ1BYi,

Φ̄22i = µ2sym(BYi)−(1−ηd)Q̄1, Φ̄15i = P̄−µ1Ḡ+µ3Ḡ
TAT

i ,

Φ̄25i = −µ2Ḡ+µ3Y
T
i B

T , Φ̄55 = η21Z̄1+η
2
r Z̄2−µ3sym(Ḡ),

Φ̄17 = ḠTCT
1 , dr = η2−η1,

Γ̄i =
[
Φ̄T

18i Φ̄T
28i 0 0 Φ̄T

58i 0 0
]T
, Ξ̄1 = λ2I−λSym(Ḡ),

∆̄ =
[
0 δI 0 0 0 0 0

]
, Φ̄18i = µ1BYi,

Φ̄28i = µ2BYi, Φ̄58i = µ3BYi

♦' Yi = KiḠ

"#❡✉✈❡ ✽ ()❡♠✐-)❡♠❡♥/✱ 1 ♣❛)/✐) ❞✉ ❢❛✐/ 7✉❡ (Ḡ−λI)T (ḠT−λI) ≥ 0✱ ♦♥ ♣❡✉/ ❞8❞✉✐)❡ ✿

−ḠT Ḡ ≤ λ2I−λSym(Ḡ) ✭✸✳✶✶✼✮

❉✬❛♣)-= ❧❡= ❝♦♥❞✐/✐♦♥= ❞✉ ❚❤8♦)-♠❡ ✸✳✺✳✶✱ ✉♥❡ =♦❧✉/✐♦♥ ❢❛✐=❛❜❧❡ ✐♠♣❧✐7✉❡ 7✉❡ Ḡ ✐♥✈❡)=✐❜❧❡✳

❖♥ ♣♦=❡ G1 = µ1G✱ G2 = µ2G✱ G3 = µ3G✱ ❛✈❡❝ µ1✱ µ2✱ µ3 =♦♥/ ❞❡= =❝❛❧❛✐)❡=✱ G = Ḡ−1
✱

P̄ = ḠTPḠ✱ Q̄1 = ḠTQ1Ḡ✱ Q̄2 = ḠTQ2Ḡ✱ Q̄3 = ḠTQ3Ḡ✱ Z̄1 = ḠTZ1Ḡ✱ ❡/ Z̄2 = ḠTZ2Ḡ✳

❊♥ ❝♦♥=✐❞8)❛♥/ ✭✸✳✶✶✼✮ ❡/ ❡♥ ❛♣♣❧✐7✉❛♥/ ❧❛ /)❛♥=❢♦)♠❛/✐♦♥ ♣❛) ❝♦♥❣)✉❡♥❝❡ ❞❡ ✭✸✳✶✶✷✮✲

✭✸✳✶✶✸✮ ♣❛) diag
{
G,G,G,G,G,I,I,G,I

}
✱ ♥♦✉= ♦❜/❡♥♦♥=

max
(
ΨT (t)

r∑

i=1

hih
k
i



(Φi+Φ1(Z2)) Γi ǫ∆̄T

∗ −ǫI 0

∗ ∗ −ǫI


Ψ(t),

ΨT (t)
r∑

i=1

hih
k
i



(Φi+Φ2(Z2)) Γi ǫ∆̄T

∗ −ǫI 0

∗ ∗ −ǫI


Ψ(t)

)
< 0.

✭✸✳✶✶✽✮

❊♥ ✉/✐❧✐=❛♥/ ❧❡ ▲❡♠♠❡ ❆✳✺✱ ♦♥ ♣❡✉/ ❞8❞✉✐)❡ ✿

max
(
ΨT (t)

r∑

i=1

hih
k
i (Φi+Φ1(Z2)+Sym(Γi∆(t)∆̄−1∆̄)Ψ(t),

ΨT (t)
r∑

i=1

hih
k
i (Φi+Φ2(Z2)+Sym(Γi∆(t)∆̄−1∆̄)Ψ(t)

)
< 0.

✭✸✳✶✶✾✮
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♦! ΨT (t) =
[
xT (t) xT (t−η(t)) xT (t−η1) xT (t−η2) ẋT (t) W T (t)

]
✱

Φi =




Φ11i Φ12i Z1 0 Φ15i GT
1Bfi Φ17

∗ Φ22i 0 0 Φ25i GT
2Bfi 0

∗ ∗ −Q2−Z1 0 0 0 0

∗ ∗ ∗ −Q3 0 0 0

∗ ∗ ∗ ∗ Φ55 GT
3Bfi 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I




✭✸✳✶✷✵✮

Φ11i = Q1+Q2+Q3+sym(GT
1Ai)−Z1, Φ12i = AT

i G2+G
T
1BKi,

Φ22i = sym(GT
2BKi)−(1−ηd)Q1, Φ15i = P T−GT

1+A
T
i G3,

Φ25i = −GT
2+K

T
i B

TG3, Φ55 = η21Z1+η
2
rZ2−sym(G3),

Φ17 = CT
1 , Γi =

[
ΦT

18i ΦT
28i 0 0 ΦT

58i 0 0
]T
,

Φ18i = GT
1BKi, Φ28i = GT

2BKi,

Φ58i = GT
3BKi.

❊♥ $❡ ❜❛$❛♥( $✉* ❧❛ ♠-♠❡ ❋▲❑ ✭✸✳✶✹✮ ❡( ❧❡ *7$✉❧(❛( ❞✉ ❚❤7♦*;♠❡ ✸✳✸✳✹✱ ❧❛ ❝♦♠❜✐♥❛✐$♦♥ ❞❡

✭✸✳✺✹✮✱ ✭✸✳✶✻✮✱ ✭✸✳✶✽✮ ❡( ✭✸✳✺✺✮ ❡♥(*❛B♥❡ C✉❡ V̇ (x(t)) ≤ max
(
ΨT (t)

∑r

i=1hih
k
i (Φi+Φ1(Z2)+

Sym(Γi∆(t)∆̄−1∆̄)Ψ(t)−zT (t)z(t)+γ2W T (t)W (t),ΨT (t)∑r

i=1hih
k
i (Φi+Φ2(Z2)+Sym(Γi∆(t)∆̄−1∆̄)Ψ(t)−zT (t)z(t)+γ2W T (t)W (t)

)
≤ max

(
ΨT (t)

∑r

i=1hih
k
i (Φi+Φ1(Z2)+Sym(Γi∆(t)))Ψ(t)−zT (t)z(t)+γ2W T (t)W (t),ΨT (t)

∑r

i=1hih
k
i (Φi+

Φ2(Z2)+Sym(Γi∆(t)))Ψ(t)−zT (t)z(t)+γ2W T (t)W (t)
)
✳

❖♥ ♣❡✉( ❞7❞✉✐*❡ ✿

V̇ (x(t))+zT (t)z(t)−γ2W T (t)W (t) < 0 ✭✸✳✶✷✶✮

❊(❛♥( ❞♦♥♥7 V (x(t)) ❡$( ❝♦♥(✐♥✉❡ ❞❛♥$ t ∈ [t0,∞)✱ ❡♥ ✐♥(7❣*❛♥( ✭✸✳✶✷✶✮✱ ♥♦✉$ ♦❜(❡♥♦♥$ ✿

V (x(t))−V (x(t0))+

∫ t

t0

zT (t)z(t)dt−

∫ t

t0

γ2W T (t)W (t)dt < 0

◗✉❛♥❞ t→ ∞ ❡( $♦✉$ ❧❛ ❝♦♥❞✐(✐♦♥ ✐♥✐(✐❛❧❡ ♥✉❧❧❡✱ ❧✬✐♥❞✐❝❡ ❞❡ ♣❡*❢♦*♠❛♥❝❡ H∞ ❡$( $❛(✐$❢❛✐(✱

||z(t)||2 < γ||W (t)||2✱ ♣♦✉* (♦✉(❡ ✈❛❧❡✉* ♥♦♥ ♥✉❧❧❡ W (t) ∈ l2✳ �

3.5.1.2 Synthèse de la commande en réseau basée sur observateur flou

▲✬♦❜$❡*✈❛(❡✉* ✢♦✉ ❣❧♦❜❛❧ ❡$( *❡♣*7$❡♥(7 ❝♦♠♠❡ $✉✐( ✿





˙̂x(t) =
r∑

i=1

hi[Aix̂(t)+BfiW (t)+BU(t)+Li(y(t)−ŷ(t))]

ŷ(t) = C2x̂(t)

✭✸✳✶✷✷✮
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♦! x̂(t) ❡#$ ❧✬'$❛$ ❡#$✐♠'✱ ❡$ ŷ(t) ❡#$ ❧❛ #♦,$✐❡ ♠❡#✉,'❡ ❡#$✐♠'❡✱ L1 ❡$ L2 #♦♥$ ❧❡# ❣❛✐♥#

❝♦♥#$❛♥$# ❞❡ ❧✬♦❜#❡,✈❛$❡✉, 4 ❞'$❡,♠✐♥❡,✳

▲❡ ❝♦♥$,7❧❡✉, ✢♦✉ 9❉❈ ❣❧♦❜❛❧ ❡♥ ,'#❡❛✉ ❡#$ ❞♦♥♥' ♣❛, ✿

U(t) =
r∑

i=1

hkiKi(I+∆(t))x̂(tk−τk) ✭✸✳✶✷✸✮

♦! Ki #♦♥$ ❞❡# ❣❛✐♥# ❝♦♥#$❛♥$# 4 ❞'$❡,♠✐♥❡,✳

❉'✜♥✐##♦♥# ❧✬❡,,❡✉, ❞✬♦❜#❡,✈❛$✐♦♥ ❝♦♠♠❡ #✉✐✈❛♥$ ✿

e(t) = x(t)−x̂(t) ✭✸✳✶✷✹✮

❆ ♣❛,$✐, ❞❡# #②#$G♠❡# ✭✸✳✶✵✻✮✱ ✭✸✳✶✷✷✮✱ ✭✸✳✶✷✸✮✱ ❡$ ✭✸✳✶✷✹✮ ❡$ ❛♣,G# ♣❧✉#✐❡✉,# ♠❛♥✐♣✉❧❛$✐♦♥#✱

❧❡ #②#$G♠❡ ❛✉❣♠❡♥$' ♣❡✉$ #✬'❝,✐,❡ ♣❛, ✿

{
˙̃x(t) = Ã(t)x̃(t)+H̃(t)(I+∆̄(t))x̃(t−η(t))+B̃f (t)W (t),

z(t) = C̃1x̃(t)
✭✸✳✶✷✺✮

♦!

Ã(t) =
r∑

i=1

hiÃi, B̃f (t) =
r∑

i=1

hiB̃fi, H̃(t) =
r∑

i=1

hki H̃i. ✭✸✳✶✷✻✮

Ãi =

[
Ai 0

0 Ai−LiC2

]
✱ H̃i =

[
BKi −BKi

0 0

]
✱ B̃fi =

[
Bfi

0

]
✱ C̃1 =

[
C1 0

]
,∆̄(t) =

[
∆(t) 0

0 ∆(t)

]
❡$ x̃(t) =

[
xT (t) eT (t)

]T
✳

▲❡# ❝♦♥❞✐$✐♦♥# ❞❡ #②♥$❤G#❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ✢♦✉❡ ❜❛#'❡ #✉, ♦❜#❡,✈❛$❡✉, ♣♦✉, ❧❡ #②#$G♠❡

✭✸✳✶✷✺✮ #♦♥$ ,'#✉♠'❡# ❞❛♥# ❧❡ ❚❤'♦,G♠❡ #✉✐✈❛♥$ ✿

❚❤$♦&'♠❡ ✸✳✺✳✷ ❙♦✐❡♥$ ❧❡# #❝❛❧❛✐,❡# η1 > 0✱ η2 > 0✱ µ1✱ µ2✱ µ3✱ ϕi✱ ǫ > 0✱ λ1✱ ❡$ ❧❛

❞❡♥#✐$' ❞❡ N✉❛♥$✐✜❝❛$✐♦♥ ρ > 0✱ ❧❡ ❙❈❘ ❡♥ ❜♦✉❝❧❡ ❢❡,♠'❡✭✸✳✶✷✺✮ ❡#$ ❛#②♠♣$♦$✐N✉❡♠❡♥$

#$❛❜❧❡ ❡$ ❧❛ ♣❡,❢♦,♠❛♥❝❡ H∞ ❡#$ ❣❛,❛♥$✐❡ ♣♦✉, ✉♥ ♥✐✈❡❛✉ ❞✬❛$$'♥✉❛$✐♦♥ γ > 0✱ #✬✐❧#

❡①✐#$❡♥$ ❞❡# ♠❛$,✐❝❡# ♣♦#✐$✐✈❡# P̃ ✱ Q̃1✱ Q̃2✱ Q̃3✱ Z̃1✱ Z̃2 ❡$ ❞❡# ♠❛$,✐❝❡# Ĝ✱ g✱ Yi ❡$ Fi ❞❡

❞✐♠❡♥#✐♦♥# ❛♣♣,♦♣,✐'❡#✱ $❡❧❧❡# N✉❡ ❧❡# ❝♦♥❞✐$✐♦♥# #✉✐✈❛♥$❡# #♦✐❡♥$ ✈',✐✜'❡# ✿



Φ̃i+Φ1(Z̃2) Γ̃i ǫGT ∆̄T

∗ −ǫΞ̃1 0

∗ ∗ −ǫI


 < 0 ✭✸✳✶✷✼✮



Φ̃i+Φ2(Z̃2) Γ̃i ǫGT ∆̄T

∗ −ǫΞ̃1 0

∗ ∗ −ǫI


 < 0 ✭✸✳✶✷✽✮
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♦!

Φ̃i =




Φ̃11i Φ̃12i Z̃1 0 Φ̃15i Φ̃16i Φ̃17

∗ Φ̃22i 0 0 Φ̃25i Φ̃26i 0

∗ ∗ −Q̃2−Z̃1 0 0 0 0

∗ ∗ ∗ −Q̃3 0 0 0

∗ ∗ ∗ ∗ Φ̃55 Φ̃56i 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I




✭✸✳✶✷✾✮

Φ̃11i = Q̃1+Q̃2+Q̃3+sym(Ai)−Z̃1, Φ̃12i = Ai+A
T
ηi,

Φ̃22i = sym(Aηi)−(1−ηd)Q̃1, Φ̃15i = P̃−G+Ai,

Φ̃16i = µ1Bfi, Φ̃26i = µ2Bfi,

Φ̃56i = µ3Bfi, Φ̃25i = −G
T+Aηi,

Φ̃55 = η22Z̃1+η
2
r Z̃2−sym(G), Φ̃17 =

[
C1g C1

]T
,

Γ̃i =
[
Φ̃T

18i Φ̃T
28i 0 0 Φ̃T

58i 0 0
]T
, Φ̃18i = µ1Aηi,

Φ̃28i = µ2Aηi, Φ̃58i = µ3Aηi,

Ξ̃1 = λ21I−λ1Sym(G), Ai =

[
Aig Ai

0 ĜTAi−FiC2

]
,

Aηi =

[
BYi 0

0 0

]
, G̃ =

[
g G

0 G

]
,

Bfi =

[
Bfi

0

]
, G =

[
g I

0 Ĝ

]
,

G =

[
g I

0 I

]
.

♦! Yi = Kig✱ Fi = ĜLi

"#❡✉✈❡ ✾ ▲❡ ❚❤'♦()♠❡ ✸✳✺✳✷ ✐♠♣❧✐2✉❡ 2✉❡ G̃ ❡45 ✐♥✈❡(4✐❜❧❡✳ 9❛( ❝♦♥4'2✉❡♥5✱ g ❡5 G 4♦♥5

❛✉44✐ ✐♥✈❡(4✐❜❧❡4✳ ❉'✜♥✐44♦♥4 Ĝ = G−1
❡5 G̀ =

[
I 0

0 Ĝ

]
✳

◆♦5♦♥4 2✉❡ Ai = G̀T ÃiG̃G̀✱ Aηi = G̀T ÃηiG̃G̀✱ G = G̀T G̃G̀ ❡5 G = G̃G̀✳

❙♦✐❡♥5 P̃ = GTPG✱ Q̃1 = GTQ1G✱ Q̃2 = GTQ2G✱ Q̃3 = GTQ3G✱ Z̃1 = GTZ1G✱ ❡5 Z̃2 =

GTZ2G✳

❊♥ 4✉✐✈❛♥5 ❧❛ ♠A♠❡ ❞'♠❛(❝❤❡ ❞❡ ❧❛ ♣(❡✉✈❡ ❞✉ ❚❤'♦()♠❡ ✸✳✺✳✶✱ ❡5 ❡♥ ❛♣♣❧✐2✉❛♥5 ❧❡4

5(❛♥4❢♦(♠❛5✐♦♥4 ❞❡ ❝♦♥❣(✉❡♥❝❡ F ✭✸✳✶✷✼✮✲✭✸✳✶✷✽✮ ♣❛( diag(G̀−1,G̀−1,G̀−1,G̀−1,G̀−1,I,I,G̀−1,I)

❡5 ❡♥4✉✐5❡ ♣❛( diag(G̃−1,G̃−1,G̃−1,G̃−1,G̃−1,I,I,G̃−1,I)✱ ♦♥ ♣❡✉5 ❝♦♥❝❧✉(❡ 2✉❡ ❧✬♦❜4❡(✈❛5❡✉(
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✢♦✉ ✭✸✳✶✷✷✮ ❡①✐,-❡ ❡- ❣❛0❛♥-✐❡ ♣♦✉0 ❧❡ ,②,-5♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡0♠:❡ ✭✸✳✶✷✺✮ ❞✬>-0❡ ❛,②♠♣-♦-✐✲

@✉❡♠❡♥- ,-❛❜❧❡✳ �

3.5.2 Commande basée sur observateur avec quantificateurs à la fois des mesures

et des commandes

❉❛♥, ❝❡ ♣❛0❛❣0❛♣❤❡✱ ♥♦✉, ❝♦♥,✐❞:0♦♥, ❧❛ ,-0✉❝-✉0❡ ❞❡ ❝♦♠♠❛♥❞❡ ❡♥ 0:,❡❛✉ ❜❛,:❡ ,✉0

♦❜,❡0✈❛-❡✉0 ❞❛♥, ❧❛ ❋✐❣✉0❡ ✸✳✸✵✳

❋✐❣✉0❡ ✸✳✸✵✿ ❙❝❤:♠❛ ❞✉ ,②,-5♠❡ ❝♦♠♠❛♥❞: ❡♥ 0:,❡❛✉ ❡♥ ♣0:,❡♥❝❡ ❞❡ ❞❡✉① @✉❛♥-✐✜❝❛-❡✉0,

J ❧❛ ❢♦✐, ❞❡, ♠❡,✉0❡, ❡- ❞❡, ❝♦♠♠❛♥❞❡,✳

❈♦♥,✐❞:0♦♥, ❧❡ ♠♦❞5❧❡ ❣❧♦❜❛❧ ❞✬✉♥ ♠♦❞5❧❡ ✢♦✉ ❚❙ ❞♦♥♥: ❝♦♠♠❡ ,✉✐- ✿

ẋ(t) =
r∑

i=1

hi

(
(Ai+∆Ai(t))x(t)+(Bi+∆Bi(t))U(t)+(Bfi+∆Bfi(t))W (t)

)
✭✸✳✶✸✵✮

▲✬:@✉❛-✐♦♥ ❞②♥❛♠✐@✉❡ ❞❡ ❧✬♦❜,❡0✈❛-❡✉0 ❞❡ -②♣❡ ▲✉❡♥❜❡0❣❡0 ❞✬✉♥ ♠♦❞5❧❡ ✢♦✉ ❝♦♥-✐♥✉ ❡,-

❞❡ ❧❛ ❢♦0♠❡ ✿





˙̂x(t) =
r∑

i=1

hi[Aix̂+BfiW (t)+BiU(t)+Li(y(t)−ŷ(t))]

ŷ(t) = C2x̂(t)

✭✸✳✶✸✶✮

♦N x̂(t) ❡,- ❧✬:-❛- ❡,-✐♠:✱ ❡- ŷ(t) ❡,- ❧❛ ,♦0-✐❡ ❞❡ ❧✬♦❜,❡0✈❛-❡✉0 ❡- Li ,♦♥- ❧❡, ❣❛✐♥, ❝♦♥,-❛♥-,

❞❡ ❧✬♦❜,❡0✈❛-❡✉0 J ❞:-❡0♠✐♥❡0✳ ❉❛♥, ❧❡ ❝❛, ❞❡ ❞❡✉① @✉❛♥-✐✜❝❛-❡✉0, ✭✈♦✐0 ❋✐❣✉0❡ ✸✳✸✵✮✱ ❧❛

❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ ❡♥ 0:,❡❛✉ ❜❛,:❡ ,✉0 ♦❜,❡0✈❛-❡✉0 ❞❡✈✐❡♥- ✿ ❬❨✉❡ ❡! ❛❧✳✱ ✷✵✵✻❪

U(t) =
r∑

i=1

hki K̄ix̂(tk−τk), tk ≤ t ≤ tk+1 ✭✸✳✶✸✷✮
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♦!

K̄i = (I+∆s)Ki(I+∆g) = Ki+∆sKi+Ki∆g+∆sKi∆g = Ki+∆(Ki). ✭✸✳✶✸✸✮

♦! Ki '♦♥) ❧❡' ❣❛✐♥' ❞✉ ❝♦♥)23❧❡✉2 4 ❞5)❡2♠✐♥❡2✳

❖♥ '✉♣♣♦'❡ 9✉❡ ❧❡' ♠❡'✉2❡' 5❝❤❛♥)✐❧❧♦♥♥5❡' x(t) '♦♥) ♣2❡♠✐;2❡♠❡♥) 9✉❛♥)✐✜5❡' ♣❛2 ❧✬✐♥✲

)❡2♠5❞✐❛✐2❡ ❞✬✉♥ 9✉❛♥)✐✜❝❛)❡✉2 ❞❡ ♠❡'✉2❡'✱ ❡) ❡♥'✉✐)❡ ♣❛2 ❧✬✐♥)❡2♠5❞✐❛✐2❡ ❞✬✉♥ ❞❡✉①✐;♠❡

9✉❛♥)✐✜❝❛)❡✉2 ❞❡ ❝♦♠♠❛♥❞❡'✳

❉❛♥' ❝❡ )2❛✈❛✐❧✱ ❧❡' 9✉❛♥)✐✜❝❛)❡✉2' '♦♥) ❧♦❣❛2✐)❤♠✐9✉❡'✳ ❙♦✐❡♥) s ♦✉ g ❧✬❡♥'❡♠❜❧❡ ❞❡'

♥✐✈❡❛✉① 9✉❛♥)✐✜5'✱ 9✉✐ ❢❛✐) 25❢52❡♥❝❡ 2❡'♣❡❝)✐✈❡♠❡♥) ❛✉ 9✉❛♥)✐✜❝❛)❡✉2 ❞❡' ♠❡'✉2❡' ❡) ❞❡'

❝♦♠♠❛♥❞❡'✱ ❞5❝2✐) ❝♦♠♠❡ '✉✐)

u = {ui,ui = ρiωu0,i = 0±1±2,...}∪{0}, u0 > 0 ✭✸✳✶✸✹✮

♦! ❧❡ ♣❛2❛♠;)2❡ 0 < ρω=s,g < 1 ❡') ❛♣♣❡❧5 ❞❡♥'✐)5 ❞❡ 9✉❛♥)✐✜❝❛)✐♦♥✱ ❡) ❧❡ 9✉❛♥)✐✜❝❛)❡✉2

❧♦❣❛2✐)❤♠✐9✉❡ q(ς) ❡') ❞5✜♥✐ ❝♦♠♠❡ '✉✐)

q(ς) =





ui '✐

1

1+δω
ρiωu0 < ς ≤

1

1−δω
ρiωu0

0 '✐ ς = 0

−q(−ς) '✐ ς < 0

✭✸✳✶✸✺✮

♦! δω = 1−ρω
1+ρω

✳

■❧ ❞5❝♦✉❧❡ ❞❡ ❬▼❛❤♠♦✉❞ ❡) ❆❧✲❘❛②②❛❤✱ ✷✵✶✶✱ ❨✉❡ ❡! ❛❧✳✱ ✷✵✵✻❪ 9✉❡ ❧❛ ❝♦♠♠❛♥❞❡ 9✉❛♥)✐✜5❡

❡') 59✉✐✈❛❧❡♥)❡ 4 ❧❛ ❝♦♠♠❛♥❞❡ 2♦❜✉')❡ ❛✈❡❝ ❧❡ '❡❝)❡✉2 ❞✬✐♥❝❡2)✐)✉❞❡ ❜♦2♥5❡✱ ❡) s() ♦✉ g()

♣❡✉✈❡♥) S)2❡ ❡①♣2✐♠5' ♣❛2

s(ν) = (I+∆s(ν))ν ✭✸✳✶✸✻✮

g(x) = (I+∆g(x))x ✭✸✳✶✸✼✮

♦!

∆s = diag{∆s1,∆s2,...,∆sm}, ∆g = diag{∆g1,∆g2,...,∆gn},

‖∆sf‖ ≤ δs, ‖∆gj‖ ≤ δg,

f = 1,2,...,m, j = 1,2,...,n

✭✸✳✶✸✽✮

♦! I ❞5'✐❣♥❡ ❧❛ ♠❛)2✐❝❡ ✐❞❡♥)✐)5 ❞❡ ❞✐♠❡♥'✐♦♥ ❛♣♣2♦♣2✐5❡✳

❊♥ ♣♦'❛♥)

e(t) = x(t)−x̂(t) ✭✸✳✶✸✾✮

❡) x̃ =
[
xT eT

]T
✱ ♥♦✉' ♦❜)❡♥♦♥' 4 ♣❛2)✐2 ❞❡' 59✉❛)✐♦♥' ✭✸✳✶✸✵✮✱ ✭✸✳✶✸✷✮ ❡) ✭✸✳✶✸✾✮ ❡) ❛♣2;'

♣❧✉'✐❡✉2' ♠❛♥✐♣✉❧❛)✐♦♥'✱ ❧❡ '②');♠❡ ❛✉❣♠❡♥)5 '✉✐✈❛♥) ✿





˙̃x(t) = Ã(t)x̃(t)+Ãη(t)x̃(t−η(t))+B̃f (t)W (t)

z(t) = C̃x̃(t)

x̃(t) = φ(t),t ∈ [t0−η2,t0]

✭✸✳✶✹✵✮
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❖! ❧❡$ ♠❛'(✐❝❡$ Ã(t)✱ Ãη(t)✱ B̃f (t) ❡' C̃✱ $♦♥' ❞/✜♥✐❡$ ❝♦♠♠❡ $✉✐' ✿

Ã(t) =
r∑

i=1

hi

[
A(t) 0

0 A(t)−LiC2

]
,

Ãη(t) =
r∑

i=1

r∑

j=1

hih
k
j

[
B(t)(Kj+∆(Kj)) −B(t)(Kj+∆(Kj))

0 0

]
,

B̃f (t) =
r∑

i=1

hi

[
Bf (t)

0

]
, C̃ =

[
C1 0

]
,

A(t) = Ai+∆Ai(t), B(t) = Bi+∆Bi(t),

Bf (t) = Bfi+∆Bfi(t), ∆Ai(t) = DAiF (t)EAi,

∆Bi(t) = DBiF (t)EBi, ∆Bfi(t) = DBfiF (t)EBfi.

❡' φ(t) ♣❡✉' 4'(❡ ❝♦♥$✐❞/(/❡ ❝♦♠♠❡ ❝♦♥❞✐'✐♦♥ ✐♥✐'✐❛❧❡ ❞✉ $②$'6♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡(♠/❡✳

◆♦'(❡ ♦❜❥❡❝'✐❢ ❡$' ❞❡ ❞/✈❡❧♦♣♣❡( ✉♥ $②$'6♠❡ ❞❡ ❝♦♠♠❛♥❞❡ ✢♦✉❡ ❜❛$/ $✉( ♦❜$❡(✈❛'❡✉( >✉✐

✉'✐❧✐$❡ ✉♥ (/$❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛'✐♦♥ ♣♦✉( /❝❤❛♥❣❡( ❞❡$ ❞♦♥♥/❡$ ❝❛♣'❡✉($ ❡' ❛❝'✐♦♥♥❡✉($

>✉❛♥'✐✜/❡$ ❡♥'(❡ ❧❡ $②$'6♠❡ ❡' ❧❡ ❝♦♥'(A❧❡✉(✳ ▲❡ ❙❈❘ ❞♦✐' ❛$$✉(❡( ❡♥ ♣❧✉$ ❞❡ ❧❛ $'❛❜✐❧✐'/✱

❧❡$ ♣❡(❢♦(♠❛♥❝❡$ H∞ ❡♥ '❡(♠❡ ❞❡ (❡❥❡' ❞❡ ♣❡('✉(❜❛'✐♦♥ ♣❛( ✉♥ ♥✐✈❡❛✉ ❞✬❛''/♥✉❛'✐♦♥ γ

❝✬❡$' G ❞✐(❡ ✿

‖z(t)‖2 ≤ γ‖W (t)‖2 ✭✸✳✶✹✶✮

▲❡ (/$✉❧'❛' $✉✐✈❛♥' ♣(/$❡♥'❡ ❧❡$ ❝♦♥❞✐'✐♦♥$ ❞❡ $'❛❜✐❧✐$❛'✐♦♥ ❞✉ $②$'6♠❡ ✢♦✉ ❡♥ ❜♦✉❝❧❡

❢❡(♠/❡ (♦❜✉$'❡ ✭✸✳✶✹✵✮ ✿

▲❡♠♠❡ ✸✳✷ ❙♦✐❡♥' ❧❡$ $❝❛❧❛✐(❡$ η1✱ η2✱ µ1✱ µ2✱ µ3 ❡' γ > 0✱ ❧❡ ❙❈❘ ❡♥ ❜♦✉❝❧❡ ❢❡(♠/❡ ✭✸✳✶✹✵✮

❡$' ❛$②♠♣'♦'✐>✉❡♠❡♥' $'❛❜❧❡ ❛✈❡❝ ❧❛ ♥♦(♠❡ H∞✱ $✬✐❧$ ❡①✐$'❡♥' ❞❡$ ♠❛'(✐❝❡$ ♣♦$✐'✐✈❡$ P ✱

Q1✱ Q2✱ Q3✱ Z1✱ Z2✱ ❡' ❞❡$ ♠❛'(✐❝❡$ S ❡' G̃ ❛✈❡❝ ❞❡$ ❞✐♠❡♥$✐♦♥$ ❛♣♣(♦♣(✐/❡$✱ '❡❧❧❡$ >✉❡ ❧❡$

❝♦♥❞✐'✐♦♥$ $✉✐✈❛♥'❡$ $♦♥' ✈/(✐✜/❡$ ✿

[
Z2 S

∗ Z2

]
> 0 ✭✸✳✶✹✷✮

Ξ(t) =




Ξ11(t) Ξ12(t) Z1 0 Ξ15(t) µ1G̃
T B̃f (t) C̃T

∗ Ξ22(t) Z2−S
T Z2−S Ξ25(t) µ2G̃

T B̃f (t) 0

∗ ∗ −Q2−Z1−Z2 −S 0 0 0

∗ ∗ ∗ Q3−Z2 0 0 0

∗ ∗ ∗ ∗ Ξ55 µ3G̃
T B̃f (t) 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I




< 0
✭✸✳✶✹✸✮

♦!

Ξ11(t) = Q1+Q2+Q3+µ1sym(G̃T Ã(t))−Z1, Ξ12(t) = µ2Ã
T (t)G̃+µ1G̃

T Ãη(t),

Ξ22(t) = µ2sym(G̃T Ãη(t))−(1−hd)Q1−2Z2+Sym(S), Ξ15(t) = P−µ1G̃
T+µ3Ã

T (t)G̃,

Ξ25(t) = −µ2G̃
T+µ3Ã

T
η (t)G̃, Ξ55 = η22Z1+η

2
rZ2−µ3sym(G̃),

ηr = η2−η1.
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!"❡✉✈❡ ✶✵ ❙♦✉# ❧❡# ❝♦♥❞✐*✐♦♥# ❞✉ ▲❡♠♠❡ ✸✳✷✱ ♥♦✉# ❛✈♦♥# ❞✬❛❜♦5❞ 6*✉❞✐6 ❧❛ #*❛❜✐❧✐*6 ❞✉

#②#*8♠❡ ❞♦♥♥6 ♣❛5 ❧✬6:✉❛*✐♦♥ ✭✸✳✶✹✵✮ ❛✈❡❝ W (t) ≡ 0✳

❖♥ ❝♦♥#✐❞85❡ ❧❛ ❋▲❑ #✉✐✈❛♥*❡ ✿

Ṽ (x(t)) = x̃T (t)Px̃(t)+

∫ t

t−η(t)

x̃T (s)Q1x̃(s)ds+

∫ t

t−η1

x̃T (s)Q2x̃(s)ds+

∫ t

t−η2

x̃T (s)Q3x̃(s)ds

+η1

∫ 0

−η1

∫ t

t+s

˙̃xT (υ)Z1
˙̃x(υ)dυds+ηr

∫ −η1

−η2

∫ t

t+s

˙̃xT (υ)Z2
˙̃x(υ)dυds

✭✸✳✶✹✹✮

❊♥ ❞65✐✈❛♥* ❧❛ ❋▲❑ ✭✸✳✶✹✹✮✱ ♦♥ ♦❜*✐❡♥* ✿

˙̃V (x(t)) = 2 ˙̃xT (t)Px̃(t)+x̃T (t)(Q1+Q2+Q3)x̃(t)

−(1−hd)x̃
T (t−η(t))Q1x̃(t−η(t))−x̃

T (t−η1)Q2x̃(t−η1)−x̃
T (t−η2)Q3x̃(t−η2)

+ ˙̃xT (t)(η21Z1+η
2
rZ2) ˙̃x(t)−η1

∫ t

t−η1

˙̃xT (υ)Z1
˙̃x(υ)dυ−ηr

∫ t−η1

t−η2

˙̃xT (υ)Z2
˙̃x(υ)dυ

✭✸✳✶✹✺✮

◆♦*♦♥# ψ̃1 = x̃(t)−x̃(t−η1)✱ ψ̃2 = x̃(t−η1)−x̃(t−η(t)) ❡* ψ̃3 = x̃(t−η(t))−x̃(t−η2)✱ ❡♥

✉*✐❧✐#❛♥* ❧✬✐♥6❣❛❧✐*6 ❞❡ ❏❡♥#❡♥ ❞♦♥♥6❡ ♣❛5 ❧❡ ▲❡♠♠❡ ✭❆✳✾✮✱ ♥♦✉# ♣♦✉✈♦♥# ♦❜*❡♥✐5

−η1

∫ t

t−η1

˙̃xT (υ)Z1
˙̃x(υ)dυ ≤ −ψ̃T

1 Z1ψ̃1 ✭✸✳✶✹✻✮

❡*

−ηr

∫ t−η1

t−η2

˙̃xT (υ)Z2
˙̃x(υ)dυ = −ηr

∫ t−η(t)

t−η2

˙̃xT (υ)Z2
˙̃x(υ)dυ−ηr

∫ t−η1

t−η(t)

˙̃xT (υ)Z2
˙̃x(υ)dυ

≤ −
ηr

(η(t)−η1)
ψ̃T
2 Z2ψ̃2−

ηr
(η2−η(t))

ψ̃T
3 Z̄2ψ̃3

✭✸✳✶✹✼✮

❊♥ ✉*✐❧✐#❛♥* ❧❡ ▲❡♠♠❡ ❆✳✼✱ ♥♦✉# ♦❜*❡♥♦♥#

−ηr

∫ t−η1

t−η2

˙̃xT (υ)Z2
˙̃x(υ)dυ ≤ −

[
ψ̃2

ψ̃3

]T[
Z2 S

∗ Z2

][
ψ̃2

ψ̃3

]
✭✸✳✶✹✽✮

N♦✉5 *♦✉*❡ ♠❛*5✐❝❡ ❞❡ ❞✐♠❡♥#✐♦♥ ❛♣♣5♦♣5✐6❡ G̃✱ ♥♦✉# ❛✈♦♥# ❧✬6:✉❛*✐♦♥ #✉✐✈❛♥*❡ ✿

2
[
µ1x̃

T (t)G̃T+µ2x̃
T (t−η(t))G̃T+µ3

˙̃xT (t)G̃T
]
×
[
− ˙̃x(t)+Ã(t)x̃(t)+Ãη(t)x̃(t−η(t))

]
= 0

✭✸✳✶✹✾✮

❈♦♠❜✐♥❛♥* ✭✸✳✶✹✺✮✱ ✭✸✳✶✹✻✮✱ ✭✸✳✶✹✽✮ ❡* ❝♦♥#✐❞65❛♥* ✭✹✳✸✵✮✱ ♥♦✉# ❛✈♦♥#

˙̃V (t) ≤ χT (t)Ξ̄(t)χ(t) ✭✸✳✶✺✵✮
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♦! χT (t) =
[
x̃T (t) x̃T (t−η(t)) x̃T (t−η1) x̃T (t−η2) ˙̃xT (t)

]
✱

Ξ̄(t) =




Ξ11(t) Ξ12(t) Z1 0 Ξ15(t)

∗ Ξ22(t) Z2−S
T Z2−S Ξ25(t)

∗ ∗ −Q2−Z1−Z2 −S 0

∗ ∗ ∗ Q3−Z2 0

∗ ∗ ∗ ∗ Ξ55



✳

❙✐ ✭✸✳✶✹✸✮ ❡,- ✈/0✐✜/❡ ❛❧♦0,

˙̃V (t) ≤ 0✳ 4❛0 ❝♦♥,/7✉❡♥-✱ ❧❡ ,②,-:♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡0♠/❡

✭✸✳✶✹✵✮ ❛✈❡❝ W (t) ≡ 0 ❡,- ❛,②♠♣-♦-✐7✉❡♠❡♥- ,-❛❜❧❡✳ ▼❛✐♥-❡♥❛♥-✱ ♥♦✉, ♠♦♥-0♦♥, 7✉❡

♣♦✉0 -♦✉- W (t) ∈ l2✱ ❧❡ ,②,-:♠❡ ✭✸✳✶✹✵✮ ,❛-✐,❢❛✐- ✭✸✳✶✹✶✮ ,♦✉, ❧❛ ❝♦♥❞✐-✐♦♥ ✐♥✐-✐❛❧❡ ♥✉❧❧❡✳ ➚

❝❡--❡ ✜♥✱ ♥♦✉, ❝♦♥,✐❞/0♦♥, ❧✬✐♥❞✐❝❡ ❞❡ ♣❡0❢♦0♠❛♥❝❡ ,✉✐✈❛♥- ✿

J =

∫ ∞

0

(zT (t)z(t)−γ2W T (t)W (t))dt ✭✸✳✶✺✶✮

◆♦-♦♥, ψ̃T (t) =
[
χT (t) W T (t)

]
✳ ❊♥ ,✉✐✈❛♥- ❧❛ ♠H♠❡ ❞/♠❛0❝❤❡ 7✉❡ ❝❡❧❧❡ ✉-✐❧✐,/❡ ❝✐✲❞❡,,✉,✱

♥♦✉, ♦❜-❡♥♦♥, ✿

˙̃V (t))−γ2W T (t)W (t)+ψ̃T (t)CT
Cψ̃(t) = ψ̃T (t)Ξ(t)ψ̃(t) ✭✸✳✶✺✷✮

♦! C =
[
C̃ 0 0 0 0 0

]
✳

❊♥,✉✐-❡✱ ❞✬❛♣0:, ✭✸✳✶✹✸✮✱ ♥♦✉, ❝♦♥❝❧✉♦♥,

˙̃V (t)+zT (t)z(t)−γ2W T (t)W (t))dt < 0 ✭✸✳✶✺✸✮

❊♥ ✐♥-/❣0❛♥- ✭✸✳✶✺✸✮ ❡♥-0❡

[
t0;∞

]
✱ ♥♦✉, ♦❜-❡♥♦♥, ✿

Ṽ (x(t))−Ṽ (x(t0))+

∫ t

t0

zT (t)z(t)dt−

∫ t

t0

γ2W T (t)W (t)dt < 0

◗✉❛♥❞ t→ ∞ ❡- ,♦✉, ❧❛ ❝♦♥❞✐-✐♦♥ ✐♥✐-✐❛❧❡ ♥✉❧❧❡✱ ❧✬✐♥❞✐❝❡ ❞❡ ♣❡0❢♦0♠❛♥❝❡ H∞ ❡,- ,❛-✐,❢❛✐-✱

||z(t)||2 < γ||W (t)||2✱ ♣♦✉0 -♦✉-❡ ✈❛❧❡✉0 ♥♦♥ ♥✉❧❧❡ W (t) ∈ l2✳ �

3.5.2.1 Synthèse d’une commande floue en réseau basée sur observateur

✕ ❛✳ ❈❛, ♥♦♠✐♥❛❧

❊♥ ,✉♣♣♦,❛♥- ∆Ai(t) = 0✱ ∆Bi(t) = 0✱ ❡- ∆Bfi(t) = 0✱ ❧❡, ♠❛-0✐❝❡, ❞✉ ❙❈❘ ✭✸✳✶✹✵✮

❞❡✈✐❡♥♥❡♥- ✿

Ã(t) =
r∑

i=1

hi

[
Ai 0

0 Ai−LiC2

]
, Ãη(t) =

r∑

i=1

r∑

j=1

hih
k
j

[
Bi(Kj+∆(Kj)) −Bi(Kj+∆(Kj))

0 0

]
,

B̃f (t) =
r∑

i=1

hi

[
Bfi

0

]
, C̃ =

[
C1 0

]
.

▲❡, ❝♦♥❞✐-✐♦♥, ❞❡ ,②♥-❤:,❡ ,♦♥- ❞♦♥♥/❡, ❞❛♥, ❧❡ ❚❤/♦0:♠❡ ,✉✐✈❛♥- ,♦✉, ❢♦0♠❡ ❞❡

▲▼■, ✿
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❚❤$♦&'♠❡ ✸✳✺✳✸ ❙♦✐❡♥% ❧❡' '❝❛❧❛✐*❡' η1 > 0✱ η2 > 0✱ µ1✱ µ2✱ µ3✱ δs✱ δg ❡% ϕi✱

❧❡ ❙❈❘ ❡♥ ❜♦✉❝❧❡ ❢❡*♠2❡ ✭✸✳✶✹✵✮ ❡'% ❛'②♠%♦%✐;✉❡♠❡♥% '%❛❜❧❡ ❡% ❧❛ ♣❡*❢♦*♠❛♥❝❡

H∞ ❡'% ❣❛*❛♥%✐❡ ♣♦✉* ✉♥ ♥✐✈❡❛✉ ❞✬❛%%2♥✉❛%✐♦♥ γ > 0✱ '✬✐❧' ❡①✐'%❡♥% ❞❡' ♠❛%*✐❝❡'

♣♦'✐%✐✈❡' P̃ ✱ Q̃1✱ Q̃2✱ Q̃3✱ Z̃1✱ Z̃2✱ Si(i = 1,...,3) ❡% ❞❡' ♠❛%*✐❝❡' S̃✱ Ĝ✱ g✱ Yi ❡% Fi

❛✈❡❝ ❞❡' ❞✐♠❡♥'✐♦♥' ❛♣♣*♦♣*✐2❡'✱ %❡❧❧❡' ;✉❡ ❧❡' ❝♦♥❞✐%✐♦♥' '✉✐✈❛♥%❡' ✈2*✐✜❡♥% ✿

Λ̃ii < 0 ✭✸✳✶✺✹✮

Λ̃ij+Λ̃ji < 0 ✭✸✳✶✺✺✮

[
Z̃2 S̃

∗ Z̃2

]
> 0 ✭✸✳✶✺✻✮

♦F

Λ̃ij =
r∑

k=1

ϕkΛ̂ik+Λ̂ij ✭✸✳✶✺✼✮

Λ̂ij =




Ξ̃ij+Γ̃T
B(S1+S2+S3)Γ̃B Yj

T ∆̄T
s ∆̄T

g Yj
T ∆̄T

g Yj
T ∆̄T

s

∗ −S1 0 0

∗ ∗ −S2 0

∗ ∗ ∗ −S3


 < 0 ✭✸✳✶✺✽✮

Ξ̃ij =




Ξ̃11i Ξ̃12ij Z̃1 0 Ξ̃15i µ1Bfi Ξ̃17

∗ Ξ̃22ij Z̃2−S̃
T Z̃2−S̃ Ξ̃25ij µ2Bfi 0

∗ ∗ −Q̃2−Z̃1−Z̃2 −S̃ 0 0 0

∗ ∗ ∗ Q̃3−Z̃2 0 0 0

∗ ∗ ∗ ∗ Ξ̃55 µ3Bfi 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I




✭✸✳✶✺✾✮
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Ξ̃11i = Q̃1+Q̃2+Q̃3+µ1sym(Ai)−Z̃1, Ξ̃12ij = µ2Ai+µ1A
T
ηij,

Ξ̃22ij = µ2sym(Aηij)−(1−hd)Q̃1−2Z̃2+Sym(S̃), Ξ̃15i = P̃−µ1G+µ3Ai,

Ξ̃25ij = −µ2G
T+µ3Aηij, Ξ̃55 = η22Z̃1+η

2
r Z̃2−µ3sym(G),

Ξ̃17 =
[
C1g C1

]T
, Ai =

[
Aig Ai

0 ĜAi−FiC2

]
,

Aηij =

[
BiYj 0

0 0

]
, G =

[
gT I

0 Ĝ

]
,

Bfi =

[
Bfi

0

]
, Yj =

[
0 Ỹj 0 0 0 0 0

]
,

Ỹj =

[
Yj 0

0 0

]
, B =

[
Bi Bi

0 0

]
,

Γ̃B =
[
µ1B

T µ2B
T 0 0 µ3B

T 0 0
]
, ∆̄s = diag(δ̄s,δ̄s),

∆̄g = diag(δ̄g,δ̄g,δ̄g,δ̄g,δ̄g,δ̄g,δ̄g)

♦! Yi = Kig ❡# Fi = ĜLi✳

"#❡✉✈❡ ✶✶ ❆ ♣❛(#✐( ❞✉ ▲❡♠♠❡ ❆✳✹✱ ❧❡1 ✐♥3❣❛❧✐#31 1✉✐✈❛♥#❡1 ✈3(✐✜❡♥# ✿

Ξ(t) = Π̂(t)+Sym(ΓT
B∆̃sΓK+ΓT

BΓK∆̃g+ΓT
B∆̃sΓK∆̃g)

≤ Π̂(t)+ΓT
BS1ΓB+ΓT

K∆̄
T
s S

−1
1 ∆̄sΓK+ΓT

BS2ΓB

+∆̄T
g Γ

T
KS

−1
2 ΓK∆̄g+ΓT

BS3ΓB+∆̄T
g Γ

T
K∆̄

T
s S

−1
3 ∆̄sΓK∆̄g < 0

✭✸✳✶✻✵✮

♦!

Π̂(t) =




Ξ11(t) Ξ̂12(t) Z1 0 Ξ15(t) µ1G̃
T B̃f (t) C̃T

∗ Ξ̂22(t) Z2−S
T Z2−S Ξ̂25(t) µ2G̃

T B̃f (t) 0

∗ ∗ −Q2−Z1−Z2 −S 0 0 0

∗ ∗ ∗ Q3−Z2 0 0 0

∗ ∗ ∗ ∗ Ξ55 µ3G̃
T B̃f (t) 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I



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Ξ̂12(t) = µ2Ã(t)T G̃+µ1G̃
T Ãη,

Ξ̂22(t) = µ2sym(G̃T Ãη)−(1−hd)Q1−2Z2+Sym(S),

Ξ̂25(t) = −µ2G̃
T+µ3Ã

T
η G̃,

Ãη =
r∑

i=1

r∑

j=1

hih
k
j

[
BiKj −BiKj

0 0

]
,

ΓB =
r∑

i=1

hi
[
µ1B

T G̃ µ2B
T G̃ 0 0 µ3B

T G̃ 0 0
]
,

ΓK =
r∑

i=1

hkj
[
0 K̃j 0 0 0 0 0

]
,

K̃j =

[
Kj −Kj

0 0

]
,

∆̃s = diag(∆s,∆s) ≤ ∆̄s,

∆̃g = diag(∆g,∆g,∆g,∆g,∆g,∆g,∆g) ≤ ∆̄g.

❉✬❛♣$%& ✭✸✳✶✹✸✮✱ ♦♥ $❡♠❛$2✉❡ 2✉❡ G̃ ❡&4 ✐♥✈❡$&✐❜❧❡✳ ❙♦✐4 G = G̃−1 =

[
g G

0 G

]
✳ ❆♣$%&

❛✈♦✐$ ✉4✐❧✐&; ❧❡ ❝♦♠♣❧;♠❡♥4 ❞❡ ❙❝❤✉$ ❡4 ❡♥ ❛♣♣❧✐2✉❛♥4 ❧❡ ❧❡♠♠❡ ❞❡ ❝♦♥❣$✉❡♥❝❡ @

✭✸✳✶✻✵✮ ♣❛$ diag(G,G,G,G,G,I,I)✱ ❡4 ❡♥ ♣♦&❛♥4 P̄ = G
TPG✱ Q̄1 = G

TQ1G✱ Q̄2 =

G
TQ2G✱ Q̄3 = G

TQ3G✱ Z̄1 = G
TZ1G✱ Z̄2 = G

TZ2G✱ ❡4 S̄ = G
TSG ✱ ♥♦✉& ♦❜4❡♥♦♥&

2✉❡

Λ̄(t) =
r∑

i=1

r∑

j=1

hih
k
j Λ̄ij =




Π̄(t)+Γ̃T
B(S1+S2+S3)Γ̃B Y

T (t)∆̄T
s ∆̄T

g Y
T (t) ∆̄T

g Y
T (t)∆̄T

s

∗ −S1 0 0

∗ ∗ −S2 0

∗ ∗ ∗ −S3


 < 0

✭✸✳✶✻✶✮

♦C

Π̄(t) =




Ξ̄11(t) Ξ̄12(t) Z̄1 0 Ξ̄15(t) −µ1B̃f (t) Ξ̄17

∗ Ξ̄22(t) Z̄2−S̄
T Z̄2−S̄ Ξ̄25(t) −µ2B̃f (t) 0

∗ ∗ Ξ̄33 −S̄ 0 0 0

∗ ∗ ∗ Q̄3−Z̄2 0 0 0

∗ ∗ ∗ ∗ Ξ̄55 −µ3B̃f (t) 0

∗ ∗ ∗ ∗ ∗ −γ2I 0

∗ ∗ ∗ ∗ ∗ ∗ −I



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Ξ̄11(t) = Q̄1+Q̄2+Q̄3+µ1sym(Ā)−Z̄1, Ξ̄12(t) = µ2Ā
T+µ1Āη,

Ξ̄22(t) = µ2sym(Āη)−(1−hd)Q̄1−2Z̄2+Sym(S̄), Ξ̄15(t) = P̄−µ1G
T+µ3Ā

T ,

Ξ̄25(t) = −µ2G
T+µ3Ā

T
η , Ξ̄33 = −Q̄2−Z̄1−Z̄2,

Ξ̄55 = η22Z̄1+η
2
r Z̄2−µ3sym(G), Ξ̄17 = G

T C̃T ,

Ā = Ã(t)G, Āη = ÃηG.

❉!✜♥✐%%♦♥% G =

[
I 0

0 Ĝ

]
❛✈❡❝ Ĝ = G−1

✳ ❊♥ ❛♣♣❧✐/✉❛♥1 ❧❡ ❧❡♠♠❡ ❞❡ ❝♦♥❣5✉❡♥❝❡ 6

✭✸✳✶✻✶✮ ♣❛5 diag(G,G,G,G,G,I,I,I,I,I,I,I,I)✳ ❊♥ ❝♦♥%✐❞!5❛♥1 ✭✷✳✹✶✮✱ ♥♦✉% ♦❜1❡♥♦♥%∑r

i=1

∑r

j=1hih
k
j Λ̂ij =

∑
h2i Λ̃ii+

∑r

i=1

∑r

j=1hihj(Λ̃ij+Λ̃ji) < 0✳ ◆♦1♦♥% P̃ = GT P̄G✱

Q̃1 = GT Q̄1G✱ Q̃2 = GT Q̄2G✱ Q̃3 = GT Q̄3G✱ Z̃1 = GT Z̄1G✱ Z̃2 = GT Z̄2G✱ ❡1 S̃ = GT S̄G✳

❉✬♦B✱ ✭✸✳✶✺✹✮✲✭✸✳✶✺✺✮ %♦♥1 ✈!5✐✜!❡%✳ �

✕ ❜✳ ❝❛% ✐♥❝❡51❛✐♥

❉❛♥% ❝❡ ❝❛%✱ ♥♦✉% %✉♣♣♦%♦♥% /✉❡ ❧❡% ✐♥❝❡51✐1✉❞❡% ∆Ai(t)✱ ∆Bi(t)✱ ❡1 ∆Bfi(t) %♦♥1

%15✉❝1✉5!❡%✳

❊♥ %❡ ❜❛%❛♥1 %✉5 ❧❛ ❢♦♥❝1✐♦♥♥❡❧❧❡ ❞❡ ▲②❛♣✉♥♦✈✲❑5❛%♦✈%❦✐ ✭✸✳✶✹✹✮✱ ♥♦✉% ♦❜1❡♥♦♥% ❧❡

5!%✉❧1❛1 %✉✐✈❛♥1 ✿

❚❤$♦&'♠❡ ✸✳✺✳✹ ❙♦✐❡♥1 ❧❡% %❝❛❧❛✐5❡% η1 > 0✱ η2 > 0✱ ǫi > 0✱ µ1✱ µ2✱ µ3✱ ϕi✱

δs✱ ❡1 δg✱ ❧❡ ❙❈❘ ❡♥ ❜♦✉❝❧❡ ❢❡5♠!❡ ✭✸✳✶✹✵✮ ❡%1 ❛%②♠♣1♦1✐/✉❡♠❡♥1 %1❛❜❧❡ ❡1 ❧❛

♣❡5❢♦5♠❛♥❝❡ H∞ ❡%1 ❣❛5❛♥1✐❡ ♣♦✉5 ✉♥ ♥✐✈❡❛✉ ❞✬❛11!♥✉❛1✐♦♥ γ > 0✱ %✬✐❧% ❡①✐%1❡♥1

❞❡% ♠❛15✐❝❡% ♣♦%✐1✐✈❡% P̃ ✱ Q̃1✱ Q̃2✱ Q̃3✱ Z̃1✱ Z̃2✱ ❡1 Si(i = 1,...,6) ❡1 ❞❡% ♠❛15✐❝❡% S̃✱

Ĝ✱ g✱ Yi ❡1 Fi ❞❡ ❞✐♠❡♥%✐♦♥% ❛♣♣5♦♣5✐!❡%✱ 1❡❧❧❡% /✉❡ ❧❡% ❝♦♥❞✐1✐♦♥% %✉✐✈❛♥1❡% %♦♥1

✈!5✐✜!❡% ✿

Ω̃ii < 0 ✭✸✳✶✻✷✮

Ω̃ij+Ω̃ji < 0 ✭✸✳✶✻✸✮

[
Z̃2 S̃

∗ Z̃2

]
> 0 ✭✸✳✶✻✹✮

♦B

Ω̃ij =
r∑

k=1

ϕkΩik+Ωij ✭✸✳✶✻✺✮

Ωij =



Λ̂ij ǫiD̄i ĒT

ij

∗ −ǫiI 0

∗ ∗ −ǫiI


 < 0 ✭✸✳✶✻✻✮
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D̄i =




D̃T
Ai 0 0 0 0 0 0 0 0 0

D̃T
Bi D̃T

Bi 0 0 0 0 0 0 0 0

2µ1D
T
Bfi 2µ2D

T
Bfi 0 0 2µ3D

T
Bfi 0 0 0 0 0

µ1D̃
T
∆Bi µ2D̃

T
∆Bi 0 0 µ3D̃

T
∆Bi 0 0 0 0 0




T

,

Ēij =




ẼAi ẼAi 0 0 ẼAi 0 0 0 0 0

0 ẼBij 0 0 0 0 0 0 0 0

0 0 0 0 0 EBfi 0 0 0 0

Ẽ∆Bij Ẽ∆Bij 0 0 Ẽ∆Bij 0 0 0 0 0


,

D̃Ai =

[
DAi 0

ĜDAi 0

]
,

D̃Bi =

[
DBi 0

ĜDBi 0

]
,

D̃Bfi =

[
DT

Bfig 0

DT
Bfi 0

]
,

D̃∆Bi =

[
DBi

0

]
,

ẼAi =
[
EAig EAi

]
,

ẼBij =
[
EBiYj 0

]
,

Ẽ∆Bij =

[
ET

Bi 0

ET
Bi 0

]
.

"#❡✉✈❡ ✶✷ ❉❛♥# ❝❡&&❡ ♣❛(&✐❡✱ ♥♦✉# ❝♦♥#✐❞.(♦♥# ∆Ai(t)✱ ∆Bi(t) ❡& ∆Bfi(t) 6= 0✳ ❊♥

✉&✐❧✐#❛♥& ❧❡ ▲❡♠♠❡ ❆✳✸ ❡& ❡♥ ❛♣♣❧✐6✉❛♥& ❧❡ ❝♦♠♣❧.♠❡♥& ❞❡ ❙❝❤✉(✱ ♥♦✉# ♦❜&❡♥♦♥# ❧❡

❚❤.♦(;♠❡ ✸✳✺✳✹✱ ♦> ❧❛ ♣❛(&✐❡ ✐♥❝❡(&✐&✉❞❡ ❡#& (❡♣(.#❡♥&.❡ ♣❛( ✿

Λ̄ij = Λ̂ij+sym
(
D̄iF(t)Ēij

)
≤ Λ̂ij+ǫiD̄iD̄

T
i +ǫ

−1
i ĒT

ij Ēij ✭✸✳✶✻✼✮

❛✈❡❝ F(t) = diag(F (t),F (t),F (t),F (t))✳ ❉✬♦>✱ ♥♦✉# ❝♦♥❝❧✉♦♥# 6✉❡ ❧✬♦❜#❡(✈❛&❡✉( ✢♦✉

✭✸✳✶✸✶✮ ❡①✐#&❡ ❡& ❣❛(❛♥&✐❡ ❛✉ #②#&;♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡(♠.❡ ✭✸✳✶✹✵✮ ❞✬M&(❡ ❛#②♠♣&♦&✐6✉❡✲

♠❡♥& #&❛❜❧❡✳ �

3.5.3 Application à la commande en réseau de la dynamique latérale

❉❛♥# ❝❡&&❡ #❡❝&✐♦♥✱ ♥♦✉# ♣(.#❡♥&♦♥# ❧❛ ✈❛❧✐❞❛&✐♦♥ ❡♥ #✐♠✉❧❛&✐♦♥ ❞❡ ❧✬❛♣♣(♦❝❤❡ ♣(♦♣♦#.❡

❛✜♥ ❞✬❛♠.❧✐♦(❡( ❧❛ #&❛❜✐❧✐&. ❞✉ ✈.❤✐❝✉❧❡ &♦✉& ❡♥ ♣(❡♥❛♥& ❡♥ ❝♦♠♣&❡ ❞❡# ✈❛(✐❛&✐♦♥# ❞❡ ❧✬.&❛&

❞❡ ❧❛ (♦✉&❡ ❡& ❧❡# ❛❝&✐♦♥# ❞✉ ❝♦♥❞✉❝&❡✉(✳ ▲❡# ❙❈❘# ❞♦✐✈❡♥& ❛##✉(❡( ❧❛ #&❛❜✐❧✐&. ❣❧♦❜❛❧❡ ❡♥

♣(.#❡♥❝❡ ❞❡# ✐♥❝❡(&✐&✉❞❡# ♣❛(❛♠.&(✐6✉❡# ❞✉❡# ❛✉① ✈❛(✐❛&✐♦♥# ❞✬❛❞❤.(❡♥❝❡ ❞❡ ❧❛ (♦✉&❡✱ ♣♦✉(

❝❡❧❛ ♥♦✉# ❛✈♦♥# (.❛❧✐#. ✉♥❡ #.(✐❡ ❞❡ #✐♠✉❧❛&✐♦♥#✳
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▲❡ ❙❈❘ ❛✈❡❝ ❧❡) *❡+❛*❞) ✐♥❞✉✐+) ♣❛* ❧❡ *1)❡❛✉ ❡)+ ♠♦♥+*1 ❞❛♥) ❧❛ ❋✐❣✉*❡ ✸✳✸✶✱ ♦: τ sc

❡)+ ❧❡ *❡+❛*❞ ❡♥+*❡ ❧❡ ❝❛♣+❡✉*✲❝♦♥+*<❧❡✉* ❡+ τ ca ❡)+ ❧❡ *❡+❛*❞ ❝♦♥+*<❧❡✉*✲❛❝+✐♦♥♥❡✉*✳ ◆♦✉)

)✉♣♣♦)♦♥) >✉❡ ❧❡ +❡♠♣) ❞❡ ❝❛❧❝✉❧ ❞✉ ❝♦♥+*<❧❡✉* ♣❡✉+ ?+*❡ ❛❜)♦*❜1 )♦✐+ ♣❛* τ sc )♦✐+ ♣❛* τ ca✳

❋✐❣✉*❡ ✸✳✸✶✿ ❙❝❤1♠❛ ❞✉ )②)+D♠❡ ❝♦♠♠❛♥❞1 ❡♥ *1)❡❛✉

▲❡ )②)+D♠❡ ♥♦♥ ❧✐♥1❛✐*❡ >✉❡ ♥♦✉) ✉+✐❧✐)♦♥) ❡)+ ❧❡ ♠♦❞D❧❡ ❜✐❝②❝❧❡++❡ ❞♦♥♥1 ♣❛* ✭✷✳✷✹✮ ❡)+

❞1❝*✐+ ♣❛* ❧❡ ♠♦❞D❧❡ ✭✸✳✶✵✶✮✳

▲✬♦❜)❡*✈❛+❡✉* ❣❧♦❜❛❧ ✢♦✉ ❡)+ *❡♣*1)❡♥+1 ❝♦♠♠❡ )✉✐+ ✿





˙̂x(t) =
r∑

i=1

hi[Aix̂(t)+Bfiδf (t)+BMZ(t)+Li(y(t)−ŷ(t))]

ŷ(t) = C2x̂(t)

✭✸✳✶✻✽✮

♦: x̂(t) =
[
βe(t)

T re(t)
T
]T

❡+ ❧❡) ❞✐✛1*❡♥+❡) ♠❛+*✐❝❡) )♦♥+ ❞♦♥♥1❡) ♣❛* ❧✬1>✉❛+✐♦♥ ✭✸✳✶✵✷✮✳

▲❡) ♣❛*❛♠D+*❡) *❡❧✐1) ❛✉ *1)❡❛✉ )♦♥+ )✉♣♣♦)1) 1❣❛✉① P ✿ *❡+❛*❞ ♠✐♥✐♠✉♠ η1 = 5ms✱

*❡+❛*❞ ♠❛①✐♠✉♠ η2 = 20ms ❡+ ❧❡ ♥♦♠❜*❡ ♠❛①✐♠✉♠ ❞❡ ♣❡*+❡) ❞❡ ♣❛>✉❡+) ❡)+ σ̄ = 2✳

▲❡) *❡+❛*❞) ✈❛*✐❛❜❧❡) ❞❛♥) ❧❡ +❡♠♣) ❡♥+*❡ ❧❡ ❝❛♣+❡✉* ❡+ ❧❡ ❝♦♥+*<❧❡✉* ❡+ ❡♥+*❡ ❧❡ ❝♦♥+*<✲

❧❡✉* ❡+ ❧✬❛❝+✐♦♥♥❡✉* )♦♥+ ❣1♥1*1) ❛❧1❛+♦✐*❡♠❡♥+ min(τ sc+τ ca) ≥ η1✱ ❡+ max(τ sc+τ ca+

(σ̄+1)Te) ≤ η2 ❡+ ❧❡) ♣❡*+❡) ❞❡ ♣❛>✉❡+) )♦♥+ ❛✉))✐ ❣1♥1*1❡) ❛❧1❛+♦✐*❡♠❡♥+ ❞♦♥♥1❡) ♣❛*

max(Ne) ≤ 2✱ ♦: Ne ❡)+ ❧❡ ♥♦♠❜*❡ ❞❡ ♣❛>✉❡+) ♣❡*❞✉)✱ S1 = 103
[
1.1166 −0.0639

−0.0639 1.1133

]
✱

S2 = 103
[
1.1134 −0.0638

−0.0638 1.1133

]
✱ ❡+ S3 = 103

[
1.1133 −0.0638

−0.0638 1.1133

]
✳ ▲❡) >✉❛♥+✐✜❝❛+❡✉*) )✭✳✮

❡+ ❣✭✳✮ )♦♥+ ❝❤♦✐)✐) ❧♦❣❛*✐+❤♠✐>✉❡) ❛✈❡❝ δω = 0.001✱ ηr = 0.1✱ ǫi = 5✱ µ1 = 1✱ µ2 = 0.1 ❡+

µ3 = 0.2✳

▲❛ *1)♦❧✉+✐♦♥ ❞❡) ❝♦♥❞✐+✐♦♥) ❞❡ )+❛❜✐❧✐+1 ❞✉ ❚❤1♦*D♠❡ ✸✳✺✳✹ ♥♦✉) ❞♦♥♥❡ ❧❡) ❣❛✐♥) ❞✉

❝♦♥+*<❧❡✉* Ki ❡+ ❧❡) ❣❛✐♥) ❞❡ ❧✬♦❜)❡*✈❛+❡✉* Li )✉✐✈❛♥+) ✿
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K1 = 104
[
−1.5070 0.5147

]
, K2 = 104

[
0.8762 −2.1182

]
,

L1 =

[
1.2317

6.1302

]
, L2 =

[
−0.6181

9.7892

]
✭✸✳✶✻✾✮

♥♦✉* ♦❜,❡♥♦♥* .❣❛❧❡♠❡♥, ❧❡* 3.*✉❧,❛,* *✉✐✈❛♥,* ✿

Ĝ = 104
[
341.0605 −32.2049

−26.1085 292.1919

]
, g =

[
0.0045 0.0029

0.0037 0.0119

]
✭✸✳✶✼✵✮
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❉❛♥# ❝❡&&❡ #❡❝&✐♦♥✱ ♥♦✉# ♥♦✉# ✐♥&+,❡##♦♥# - ❧❛ ❝♦♠♠❛♥❞❡ ❞+❝❡♥&,❛❧✐#+❡ ❞❡# #②#&2♠❡#

✐♥&❡,❝♦♥♥❡❝&+#✳ ▲✬✐❞+❡ ❞❡ ❧❛ ❞+❝❡♥&,❛❧✐#❛&✐♦♥ ❝♦♥#✐#&❡ - ❞+❝♦♠♣♦#❡, ❧✬✐♥❢♦,♠❛&✐♦♥ ❞❡ ♠❡#✉,❡

❡& ❞+✈❡❧♦♣♣❡, ✉♥❡ ❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ ❧♦❝❛❧❡ ❡& ✐♥❞+♣❡♥❞❛♥&❡ ♣♦✉, ❝❤❛:✉❡ #♦✉#✲#②#&2♠❡

❬❇❛❦✉❧❡✱ ✷✵✵✽❪✳ ▲❛ ✜❣✉,❡ ✹✳✶ ♠♦♥&,❡ ❧❛ #&,✉❝&✉,❡ ❞❡ ❝♦♠♠❛♥❞❡ ❞+❝❡♥&,❛❧✐#+❡ ✿

❋✐❣✉,❡ ✹✳✶✿ ❈♦♠♠❛♥❞❡ ❞+❝❡♥&,❛❧✐#+❡ ❬▼❡♥✐❣❤❡❞✱ ✷✵✶✵❪✳

4.2.1 Description des systèmes flous de type TS de grande dimension

❖♥ ❝♦♥#✐❞2,❡ ✉♥ #②#&2♠❡ ❞❡ ❣,❛♥❞❡ ❞✐♠❡♥#✐♦♥ S ❝♦♠♣♦#+ ❞❡ J #♦✉#✲#②#&2♠❡# ✐♥&❡,❝♦♥✲
♥❡❝&+# Si, i = 1,2,...,J ✳ ▲❡ ieme

#♦✉#✲#②#&2♠❡ Si ❡#& ❞+❝,✐& ♣❛, ❧❡ ♠♦❞2❧❡ ✢♦✉ ❚❙ #✉✐✈❛♥& ✿

Si :





❙✐ θi1(t) ❡#$ F
l
i1 et θig(t) ❡#$ F

l
ig ❛❧♦(#

ẋi(t) = Al
ixi(t)+B

l
iui(t)+

J∑

j=1

f lij(xj(t))

yi(t) = C2ixi(t)

✭✹✳✶✮

❛✈❡❝ i = 1,2,...,J ✱ l = 1,2...,ri✱ ♦O xi(t) ❡#& ❧❡ ✈❡❝&❡✉, ❞✬+&❛&✱ yi(t) ,❡♣,+#❡♥&❡ ❧❛ #♦,&✐❡

♠❡#✉,+❡✱ ui(t) ❡#& ❧✬❡♥&,+❡ ❞❡ ❝♦♠♠❛♥❞❡✱ A
l
i✱ B

l
i ❡& C2i #♦♥& ❞❡# ♠❛&,✐❝❡# ,+❡❧❧❡# ❝♦♥#&❛♥&❡#

❞❡ ❞✐♠❡♥#✐♦♥# ❛♣♣,♦♣,✐+❡#✱ θi1(t),θi2(t),...,θig(t), ❞❡# ✈❛,✐❛❜❧❡# ❞❡ ♣,+♠✐##❡ ♣♦✉, ❧❡# #♦✉#✲

#②#&2♠❡# Si✱ F
l
iq(q = 1,2,...,g) ,❡♣,+#❡♥&❡♥& ❧❡# ❡♥#❡♠❜❧❡# ✢♦✉# ❞❡# ,2❣❧❡# ❧✐♥❣✉✐#&✐:✉❡#✱

f l
ij(xj(t)) ,❡♣,+#❡♥&❡ ❧✬✐♥&❡,❝♦♥♥❡①✐♦♥ ❡♥&,❡ ❧❡ #♦✉#✲#②#&2♠❡ Si ❡& ❧❡ #♦✉#✲#②#&2♠❡ Sj✱ ❡&

ri ,❡♣,+#❡♥&❡ ❧❡ ♥♦♠❜,❡ ❞❡ ,2❣❧❡# ✢♦✉❡# ❞❛♥# ❧❡ #♦✉#✲#②#&2♠❡ Si✳ ▲❡# ♠❛&,✐❝❡# C2i #♦♥&

#✉♣♣♦#+❡# ❞❡ ,❛♥❞ ♣❧❡✐♥✳

❊♥ ✉&✐❧✐#❛♥& ❧❛ ❞+❢✉③③✐✜❝❛&✐♦♥ ♣❛, ❧❛ ♠+&❤♦❞❡ ❞✉ ❝❡♥&,❡ ❞❡ ❣,❛✈✐&+✱ ❧❡ #②#&2♠❡ ✢♦✉ ❚❙

#✬+❝,✐& #♦✉# ❧❛ ❢♦,♠❡ ✿
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



ẋi(t) =

ri∑

l=1

hli(θi(t))[A
l
ixi(t)+B

l
iui(t)+

J∑

j=1

f l
ij(xj(t))]

yi(t) = C2ixi(t)

✭✹✳✷✮

♦&

hli(θi(t)) =
υli(θi(t))∑ri
l=1υ

l
i(θi(t))

, υli(θi(t)) =

g∏

q=1

F l
iq(θiq(t)) ✭✹✳✸✮

❖& F l
iq(θiq(t)) ❡*+ ❧❡ ❞❡❣/0 ❞✬❛♣♣❛/+❡♥❛♥❝❡ ❞❡ θiq(t) 6 ❧✬❡♥*❡♠❜❧❡ ✢♦✉ F l

iq✳ h
l
i(θi(t)) *♦♥+ ❧❡*

❢♦♥❝+✐♦♥* ❞✬❛♣♣❛/+❡♥❛♥❝❡ =✉✐ *❛+✐*❢♦♥+ ❧❡* ♣/♦♣/✐0+0* *✉✐✈❛♥+❡* ✿

0 ≤ hli(θi(t)) ≤ 1, ❢♦" l = 1,2,...,ri,

ri∑

l=1

hli(θi(t)) = 1 ✭✹✳✹✮

❖♥ "✉♣♣♦"❡ '✉❡ ❧❡ "②"*+♠❡ S "❡-❛ ❝♦♠♠❛♥❞1 2 *-❛✈❡-" ✉♥ -1"❡❛✉✳ ▲❛ ❋✐❣✉-❡ ✹✳✷

-❡♣-1"❡♥*❡ ❧❛ "*-✉❝*✉-❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❡♥ -1"❡❛✉ ❞✬✉♥ "②"*+♠❡ Si ✐♥❞✉✐"❛♥* ❞❡" -❡*❛-❞"✱

♦= τ sci ❡"* ❧❡ -❡*❛-❞ ❡♥*-❡ ❧❡ ❝❛♣*❡✉- ❡* ❝♦♥*->❧❡✉- ❡* τ cai ❡"* ❧❡ -❡*❛-❞ ❝♦♥*->❧❡✉-✲❛❝*✐♦♥♥❡✉-✳

◆♦✉" "✉♣♣♦"♦♥" '✉❡ ❧❡ *❡♠♣" ❞❡ ❝❛❧❝✉❧ ❞✉ ❝♦♥*->❧❡✉- ♣♦✉- ❝❤❛'✉❡ "♦✉"✲"②"*+♠❡ ♣❡✉* B*-❡

❛❜"♦-❜1 "♦✐* ♣❛- τ sci "♦✐* ♣❛- τ cai✳

❋✐❣✉-❡ ✹✳✷✿ ❙*-✉❝*✉-❡ ❞✉ "♦✉"✲"②"*+♠❡ ❝♦♠♠❛♥❞1 ❡♥ -1"❡❛✉ Si

❖♥ "✉♣♣♦"❡ ❧❡" ❤②♣♦*❤+"❡" "✉✐✈❛♥*❡" ✿

✶✳ ❚♦✉*❡" ❧❡" ♣❛✐-❡" (Al
i,B

l
i) (i = 1,2,...,J ❡* l = 1,2,..,ri) "♦♥* "*❛❜✐❧✐"❛❜❧❡"✳❬❲❛♥❣ ❡*

▲✐♥✱ ✷✵✵✺❪

✷✳ ▲✬✐♥*❡-❝♦♥♥❡①✐♦♥ f l
ij(xj(t)) "❛*✐"❢❛✐* ❧❛ ❝♦♥❞✐*✐♦♥ "✉✐✈❛♥*❡ ✿ ‖f

l
ij(xj(t))‖ ≤ f̄ l

ij‖xj(t)‖✱

♦= f̄ l
ii = 0✱ f̄ l

ij(i 6= j) ❡"* ✉♥❡ ❝♦♥"*❛♥*❡ ♣♦"✐*✐✈❡ '✉✐ ❝♦--❡"♣♦♥❞ 2 ❧❛ ♥♦-♠❡ ❡✉❝❧✐❞✐❡♥♥❡

❞❡ f l
ij(xj(t))✳
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✸✳ ▲❡$ ❝❛♣(❡✉*$ $♦♥( ❝♦♠♠❛♥❞/$ ♣❛* ✉♥❡ ❤♦*❧♦❣❡✱ ❧❡ ❝♦♥(*4❧❡✉* ❡( ❧❡$ ❛❝(✐♦♥♥❡✉*$ $♦♥(

♣✐❧♦(/$ ♣❛* ❞❡$ /✈/♥❡♠❡♥($✳

✹✳ ▲❡$ ❞♦♥♥/❡$ $♦♥( (*❛♥$♠✐$❡$ ❞❛♥$ ✉♥ $❡✉❧ ♣❛8✉❡(✱ $♦✐( 9 ♣❛*(✐* ❞❡ ❧❛ ♠❡$✉*❡ ♦✉ ❞❡

❧❛ ❝♦♠♠❛♥❞❡✳

✺✳ ▲❛ ❝♦♠♠❛♥❞❡ */❡❧❧❡ ui(t) ♣♦✉* ❝❤❛8✉❡ $♦✉$✲$②$(=♠❡ ❡$( */❛❧✐$/❡ ❣*>❝❡ 9 ✉♥ ❜❧♦8✉❡✉*

❞✬♦*❞*❡ ③/*♦ ✭❇❖❩✮✳

4.2.2 Synthèse de la loi de commande PDC robuste par retour d’état sans commu-

nication en réseau

❉❛♥$ ❝❡((❡ $❡❝(✐♦♥✱ ♥♦✉$ ❛❧❧♦♥$ ♣*/$❡♥(❡* ✉♥ */$✉❧(❛( ❜❛$/ $✉* ❧✬❛♥❛❧②$❡ ❞❡ ❧❛ $(❛❜✐❧✐(/

❞✉ $②$(=♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡*♠/❡ $❛♥$ ❝♦♠♠✉♥✐❝❛(✐♦♥ ❡♥ */$❡❛✉ ✭✹✳✺✮ ❡♥ ✉(✐❧✐$❛♥( ❧❛ ❢♦♥❝(✐♦♥

❞❡ ▲②❛♣✉♥♦✈✲❑*❛$♦✈$❦✐✐ 8✉❛❞*❛(✐8✉❡ $✐♠♣❧❡ ✭✹✳✶✵✮✳

▲❡ $②$(=♠❡ ✢♦✉ ❞❡ (②♣❡ ❚❙ ❡$( ❞♦♥♥/ ❝♦♠♠❡ $✉✐( ✿

ẋi(t) =

ri∑

l=1

hli(θi(t))[(A
l
i0+∆Al

i)xi(t)+Biui(t)+
J∑

j=1

f l
ij(xj(t))] ✭✹✳✺✮

Q♦✉* $(❛❜✐❧✐$❡* ❧❡ ♠♦❞=❧❡ ✢♦✉ ❞❡ (②♣❡ ❚❙ ✭✹✳✺✮✱ ✉♥❡ ❝♦♠♠❛♥❞❡ Q❉❈ ❡$( ✉(✐❧✐$/❡ ✿

ui(t) =

ri∑

l=1

hli(θi(t))K
l
ixi(t) ✭✹✳✻✮

❊♥ *❡♠♣❧❛U❛♥( ❞❛♥$ ❧✬/8✉❛(✐♦♥ ✭✹✳✺✮ ❧❛ ❝♦♠♠❛♥❞❡ ui(t) ♣❛* $♦♥ ❡①♣*❡$$✐♦♥ ❞♦♥♥/❡ ❞❛♥$

❧✬/8✉❛(✐♦♥ ✭✹✳✻✮✱ ♥♦✉$ ♦❜(❡♥♦♥$ ❧❡ ♠♦❞=❧❡ ❡♥ ❜♦✉❝❧❡ ❢❡*♠/❡ $✉✐✈❛♥( ✿

ẋi(t) =

ri∑

l=1

hli(θi(t))((A
l
i0+∆Al

i+BiK
l
i)xi(t)+

J∑

j=1

f l
ij(xj(t))) ✭✹✳✼✮

▲❛ $②♥(❤=$❡ ❞✉ ❝♦♥(*4❧❡✉* ❡$( ❜❛$/❡ $✉* ❧❡ */$✉❧(❛( ♣*/❧✐♠✐♥❛✐*❡ ❞♦♥♥/ ♣❛* ❧❡ ▲❡♠♠❡ ✹✳✶

$✉✐✈❛♥( ✿

▲❡♠♠❡ ✹✳✶ ❙♦✐( ❧❡ $❝❛❧❛✐*❡ µ1✱ ❧❡ $②$(=♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡*♠/❡ ✭✹✳✼✮ ❡$( ❛$②♠♣(♦(✐8✉❡♠❡♥(

$(❛❜❧❡✱ $✬✐❧$ ❡①✐$(❡♥( ❞❡$ ♠❛(*✐❝❡$ ♣♦$✐(✐✈❡$ Pi✱ ❡( ❞❡$ ♠❛(*✐❝❡$ Gi✱ ❞❡ ❞✐♠❡♥$✐♦♥$ ❛♣♣*♦✲

♣*✐/❡$✱ (❡❧❧❡ 8✉❡ ❧❛ ❝♦♥❞✐(✐♦♥ $✉✐✈❛♥(❡ ❡$( ✈/*✐✜/❡ ✿

Φll
ij =

[
Φ11ijl Φ12il

∗ Φ22i

]
< 0 ✭✹✳✽✮

Φ11ijl = sym(GT
i (A

l
i0+∆Al

i)+G
T
i BiK

l
i)+G

T
i Gi+(2J

J∑

j=1

f̂ 2
ji)I,

Φ12il = µ1(A
lT
i0+∆AlT

i )Gi+µ1K
lT
i B

T
i G

T
i −Gi+Pi,

Φ22i = −µ1sym(Gi)+µ
2
1G

T
i Gi,



4.2 Systèmes flous interconnectés en réseau et architecture de commande adoptée ✶✵✸

#$❡✉✈❡ ✶✸ ▲❛ "#❛❜✐❧✐#' ❞✉ "②"#+♠❡ ❜♦✉❝❧' ❡"# '#❛❜❧✐❡ ❡♥ ❝♦♥"✐❞'1❛♥# ❧❛ ❢♦♥❝#✐♦♥ ❞❡ ▲②❛✲

♣✉♥♦✈ 6✉❛❞1❛#✐6✉❡ ✿

V (t) =
J∑

i=1

vi(t), i = 1,2,...,J ✭✹✳✾✮

❖> vi(t) ❞'"✐❣♥❡ ❧❛ ❢♦♥❝#✐♦♥ ❞❡ ▲②❛♣✉♥♦✈✲❑1❛"♦✈"❦✐✐ ❝♦11❡"♣♦♥❞❛♥#❡ ❛✉ "♦✉"✲"②"#+♠❡ Si✳

❈❤❛6✉❡ vi(t) ❡"# ❞'✜♥✐❡ ❝♦♠♠❡ "✉✐# ✿

vi((t)) = xTi (t)Pixi(t) ✭✹✳✶✵✮

▲❛ ❞'1✐✈'❡ ❞❡ vi(t) ❡"# ❞♦♥♥'❡ ♣❛1 ✿

v̇i(t) ≤ 2ẋTi (t)Pixi(t) ✭✹✳✶✶✮

❆ ♣❛1#✐1 ❞❡ ✭✹✳✼✮✱ ♥♦✉" ❞'❞✉✐"♦♥" ❧✬❡①♣1❡""✐♦♥ "✉✐✈❛♥#❡ ♣♦✉1 #♦✉#❡" ♠❛#1✐❝❡" ❞❡ ❞✐♠❡♥"✐♦♥"

❛♣♣1♦♣1✐'❡" Gi✱ ✿

2
J∑

i=1

[
xTi (t)G

T
i +ẋ

T
i (t)µ1G

T
i

]
×
[
−ẋi(t)+

ri∑

l=1

hli(θi(t))((A
l
i0+∆Al

i+BiK
l
i)xi(t)+

J∑

j=1

f lij(xj(t)))
]
= 0

✭✹✳✶✷✮

❉'✜♥✐""♦♥" ΨT
i (t) =

[
xTi (t) ẋTi (t)

]
✳

❉✬❛♣1+" ❧❡ ❧❡♠♠❡ ❆✳✽ ❡# ❧❡ ❧❡♠♠❡ ❆✳✾✱ ♥♦✉" ❛✈♦♥"

2

J∑

i=1

xTi (t)G
T
i

J∑

j=1

f lij(xj(t)) ≤

J∑

i=1

xTi (t)G
T
i Gixi(t)+

J∑

i=1

J∑

j=1

f lTij (xj(t))

J∑

j=1

f lij(xj(t))

≤
J∑

i=1

xTi (t)G
T
i Gixi(t)+J

J∑

i=1

J∑

j=1

f lTij (xj(t))f
l
ij(xj(t))

✭✹✳✶✸✮

❉✬❛✉#1❡ ♣❛1#✱ ♥♦✉" ❛✈♦♥"

2
J∑

i=1

xTi (t)G
T
i

J∑

j=1

f lij(xj(t)) ≤

J∑

i=1

xTi (t)G
T
i Gixi(t)+J

J∑

i=1

J∑

j=1

f lTij (xj(t))f
l
ij(xj(t))

≤

J∑

i=1

xTi (t)(G
T
i Gi+J

J∑

i=1

J∑

j=1

f̂2ji)I)xi(t)

✭✹✳✶✹✮

❛✈❡❝ f̂ij = maxlf̄
l
ij ✳

2

J∑

i=1

µ1ẋ
T
i (t)G

T
i

J∑

j=1

f lij(xj(t)) ≤ µ2

1

J∑

i=1

ẋTi (t))G
T
i Giẋi(t)+

J∑

i=1

xTi (t)(J

J∑

j=1

f̂2jiI)xi(t) ✭✹✳✶✺✮

❧❛ ❞'1✐✈'❡ ❞❡ ✭✹✳✾✮ ❞✉ "②"#+♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡1♠'❡ ✭✹✳✼✮ ♣❡✉# N#1❡ ❞'❝1✐#❡ ❝♦♠♠❡ "✉✐#

V̇ (t) =
J∑

i=1

v̇i(t) ≤
J∑

i=1

ri∑

l=1

hli(θi(t))Ψ
T
i (t)Φ

ll
ijΨi(t) ≤ 0 ✭✹✳✶✻✮

❉✬❛♣1+" ❧❡ ▲❡♠♠❡ ✹✳✶✱ ♥♦✉" ❛✈♦♥" v̇i(t) < 0✱ ❛❧♦1" ❧❡ "②"#+♠❡ ✭✹✳✼✮ ❡"# ❛"②♠♣#♦#✐6✉❡♠❡♥#

"#❛❜❧❡✳ �
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▲✬♦❜❥❡❝'✐❢ ❡*' ♠❛✐♥'❡♥❛♥' ❞❡ ❞/'❡0♠✐♥❡0 ❧❡* ♠❛'0✐❝❡* ❞❡* ❣❛✐♥* K l
i '❡❧ 3✉❡ ❧❡ *②*'6♠❡

❡♥ ❜♦✉❝❧❡ ❢❡0♠/❡ ♣❛0 0❡'♦✉0 ❞✬/'❛' *♦✐' ❛*②♠♣'♦'✐3✉❡♠❡♥' *'❛❜❧❡✳

▲❡* ❝♦♥❞✐'✐♦♥* ❞❡ *②♥'❤6*❡ *♦♥' 0/*✉♠/❡* ❞❛♥* ❧❡ '❤/♦06♠❡ *✉✐✈❛♥' ✿

❚❤%♦'(♠❡ ✹✳✷✳✶ ❙♦✐❡♥' ❧❡* *❝❛❧❛✐0❡* µ1 ❡' ǫl > 0✱ ❧❡ *②*'6♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡0♠/❡ ✭✹✳✼✮
❡*' ❛*②♠♣'♦'✐3✉❡♠❡♥' *'❛❜❧❡✱ *✬✐❧* ❡①✐*'❡♥' ❞❡* ♠❛'0✐❝❡* ♣♦*✐'✐✈❡* P̃i✱ ❡' ❞❡* ♠❛'0✐❝❡*

G̃i✱ ❡' Y
l
i ✱ ❞❡ ❞✐♠❡♥*✐♦♥* ❛♣♣0♦♣0✐/❡*✱ '❡❧❧❡* 3✉❡ ❧❡* ❝♦♥❞✐'✐♦♥* *✉✐✈❛♥'❡* *♦♥' ✈/0✐✜/❡* ✿

Φ̃ll
ij =




Φ̃11il Φ̃12il G̃T
i ǫlD̃l Ẽil

∗ Φ̃22i 0 0 0

∗ ∗ Φ̃33ij 0 0

∗ ∗ ∗ −ǫlI 0

∗ ∗ ∗ ∗ −ǫlI



< 0 ✭✹✳✶✼✮

Φ̃11il = sym(Al
i0G̃i+BiY

l
i )+I, Φ̃12il = µ1G̃

T
i (A

l
i0)

T+µ1BiY
l
i −G̃i+P̃i,

Φ̃22i = −µ1sym(G̃i)+µ
2
1I, Φ̃33ij = −(2J

J∑

j=1

f̂2ji)
−1I

❡'

D̃l =

[
−DlT

A −µ1D
lT
A 0

−DlT
A −µ1D

lT
A 0

]T

, Ẽil =

[
El

AiG̃i 0 0

0 0 0

]
.

▲❡* ❣❛✐♥* ❞✉ ❝♦♥'0D❧❡✉0 *♦♥' ❞♦♥♥/* ♣❛0 K l
i = Y l

i Gi✳

-'❡✉✈❡ ✶✹ ▲❡* ❝♦♥❞✐'✐♦♥* ❞✉ ❚❤/♦06♠❡ ✹✳✷✳✶ ✐♠♣❧✐3✉❡♥' 3✉❡ G̃i *♦♥' ✐♥✈❡0*✐❜❧❡*✳ ❙♦✐❡♥'

Gi = G̃−1
i ✱ P̃i = G̃T

i PiG̃i✱ D̃l = G̃T
i Dl ❡' Ẽil = G̃T

i Eil✳

❊♥ ❛♣♣❧✐3✉❛♥' ❧❡ ❧❡♠♠❡ ❞❡ ❝♦♥❣0✉❡♥❝❡ ✭❞♦♥♥/ ❡♥ ❛♥♥❡①❡ ❆✮ J ✭✹✳✶✼✮ ❛✈❡❝ ❧❛ ♠❛'0✐❝❡ ❞❡

❝♦♥❣0✉❡♥❝❡ diag
{
Gi,Gi,I,I,I

}
✱ ❡' ❡♥ ✉'✐❧✐*❛♥' ❧❡ ❧❡♠♠❡ ❆✳✸ ❞♦♥♥/ ❞❛♥* ❧✬❛♥♥❡①❡ ❆✱ ♥♦✉*

♦❜'❡♥♦♥* Φll
ij = Φ̂ll

ij+∆Φll
ij ≤ 0✱ ❛✈❡❝

Φ̂ll
ij =



Φ̂11il Φ̂12il I

∗ Φ̂22i 0

∗ ∗ Φ̃33ij


 ✭✹✳✶✽✮

Φ̂11il = sym(GT
i A

l
i0+G

T
i BiK

l
i)+G

T
i Gi, Φ̂12il = µ1A

lT
i0Gi+µ1K

lT
i B

T
i Gi−G

T
i +Pi,

Φ̂22i = −µ1sym(Gi)+µ
2
1G

T
i Gi,

❡' ❛✈❡❝ ❧❛ ♣❛0'✐❡ ✐♥❝❡0'✐'✉❞❡ ❡*' 0❡♣0/*❡♥'/❡ ♣❛0 ✿

∆Φll
ij = sym

(
DlF(t)Eil

)
✭✹✳✶✾✮
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♦!

F(t) = diag(F (t),F (t)).

❆✐♥%✐✱ ✐❧ ❡①✐%*❡ ✉♥ ❝♦♥*-.❧❡✉- ✢♦✉ ✭✹✳✻✮ *❡❧ 5✉❡ ❧❡ %②%*7♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡-♠;❡ ✭✹✳✼✮ ❡%*

❛%②♠♣*♦*✐5✉❡♠❡♥* %*❛❜❧❡✳ �

4.2.3 Commande en réseau PDC robuste par retour d’état

❉❛♥% ❝❡**❡ %❡❝*✐♦♥✱ ♥♦✉% ♣-;%❡♥*♦♥% ✉♥❡ ❝♦♥*-✐❜✉*✐♦♥ @ ❧❛ %②♥*❤7%❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡

✢♦✉❡ ❡♥ -;%❡❛✉ ✭✹✳✷✵✮ ❞❡% %②%*7♠❡% ♥♦♥ ❧✐♥;❛✐-❡% ✐♥*❡-❝♦♥♥❡❝*;% ✭✹✳✷✹✮✳

▲❛ %*-✉❝*✉-❡ ❞✉ ❝♦♥*-.❧❡✉- ✢♦✉ F❉❈ ❡♥ -;%❡❛✉ ❞✉ %♦✉%✲%②%*7♠❡ Si ❡%* ❞;✜♥✐❡ ❝♦♠♠❡ %✉✐* ✿

ui(tk) =

ri∑

l=1

hli(θi(tk))K
l
ixi(tk−τki).

❊♥ ✉*✐❧✐%❛♥* ❧❡ ❇❖❩✱ ❧❡ %✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ ♣♦✉- ❝❤❛5✉❡ %♦✉%✲%②%*7♠❡ Si ♣♦✉- tk ≤ t ≤

tk+1 ❡%* ❞♦♥♥; ♣❛-

ui(t) =

ri∑

l=1

hli(θi(tk))K
l
ixi(tk−τki) ✭✹✳✷✵✮

❉❛♥% ❧❛ %✉✐*❡✱ ♥♦✉% ♣♦%♦♥% hli = hli(θi(t)) ❡* h
lk
i = hli(θi(tk)) ♣♦✉- %✐♠♣❧✐✜❡- ❧✬;❝-✐*✉-❡✳

❯♥❡ ❤②♣♦*❤7%❡ ♥❛*✉-❡❧❧❡ τki ❡%* ❞♦♥♥;❡ ♣❛- ✿

0 < τmi ≤ τki ≤ τMi ✭✹✳✷✶✮

❊♥ ✉*✐❧✐%❛♥* ❧❡% ;5✉❛*✐♦♥% ✭✹✳✺✮ ❡* ✭✹✳✷✵✮✱ ❧❡ %②%*7♠❡ ❝♦♠♠❛♥❞; ❡♥ -;%❡❛✉ ❡%* ❞;❝-✐* ♣♦✉-

tk ≤ t ≤ tk+1 ♣❛-

ẋi(t) =

ri∑

l=1

[hli(A
l
i0+∆Al

i)xi(t)+h
lk
i (BiK

l
ixi(t−τki))+h

l
i

J∑

j=1

f l
ij(xj(t))] ✭✹✳✷✷✮

❉;✜♥✐%%♦♥% ηi(t) = t−tk+τki, tk ≤ t ≤ tk+1✱ ❞✬♦!

τki ≤ ηi(t) ≤ σ̄iTe+max
i

{τ(k+1)i}

❆✐♥%✐ ♥♦✉% ♦❜*❡♥♦♥% @ ♣❛-*✐- ❞❡ ❬●♦♠❡% ❉❛ ❙✐❧✈❛ ❏- ❡! ❛❧✳✱ ✷✵✶✶❪ 5✉❡

η1i ≤ ηi(t) ≤ η2i, η̇i(t) ≤ hdi ✭✹✳✷✸✮

♦!

η1i = τmi ❡* η2i = σ̄iTe+max
i

{τMi}.
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❝♦♠♠❡

∑∞
k=0[tk,tk+1) = [0,∞)✱ ♥♦✉' ❛✈♦♥'





ẋi(t) =

ri∑

l=1

[hli(A
l
i0+∆Al

i)xi(t)+h
lk
i (BiK

l
ixi(t−ηi(t)))+h

l
i

J∑

j=1

f l
ij(xj(t))]

xi(t) = φi(t), t ∈ [t0−η2i,t0]

✭✹✳✷✹✮

♦/ φi(t) 0❡♣02'❡♥3❡ ❧❛ ❝♦♥❞✐3✐♦♥ ✐♥✐3✐❛❧❡ ❞✉ '②'38♠❡ ❝♦♠♠❛♥❞2 ❡♥ ❜♦✉❝❧❡ ❢❡0♠2❡✳

❈♦♠♠❡ ❞❛♥' ✭✹✳✷✸✮✱ ❧❡ ❙❈❘ ✭✹✳✷✹✮ ❡'3 2?✉✐✈❛❧❡♥3 @ ✉♥ '②'38♠❡ ❛✈❡❝ 0❡3❛0❞ ✈❛0✐❛❜❧❡ ❞❛♥'

❧❡ 3❡♠♣'✳

▲❡♠♠❡ ✹✳✷ ❙♦✐❡♥3 ❧❡' '❝❛❧❛✐0❡' η1i > 0 ❡3 η2i > 0✱ ❧❡ '②'38♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡0♠2❡ ✭✹✳✷✹✮

❡'3 ❛'②♠♣3♦3✐?✉❡♠❡♥3 '3❛❜❧❡✱ '✬✐❧' ❡①✐'3❡♥3 ❞❡' ♠❛30✐❝❡' Pi✱ Q1i✱ Q2i✱ Q3i✱ Z1i✱ ❡3 ❞❡'

♠❛30✐❝❡' G1i✱ G2i ❡3 G3i✱ ❞❡ ❞✐♠❡♥'✐♦♥' ❛♣♣0♦♣0✐2❡'✱ 3❡❧❧❡' ?✉❡ ❧❡' ❝♦♥❞✐3✐♦♥' '✉✐✈❛♥3❡'

'♦✐❡♥3 ✈20✐✜2❡' ✿

Ξij =




Ξ11ij Ξ12i Z1i 0 Ξ15i I

∗ Ξ22i 0 0 Ξ25ij 0

∗ ∗ −Q2i−Z1i 0 0 0

∗ ∗ ∗ −Q3i 0 0

∗ ∗ ∗ ∗ Ξ55i 0

∗ ∗ ∗ ∗ ∗ Ξ66ij




< 0 ✭✹✳✷✺✮

Ξ11ij = Q1i+Q2i+Q3i+sym(GT
1iA

l
i)−Z1i+G

T
1iG1i,

Ξ12i = AlT
i G2i+G

T
1iB

l
iK

s
i ,

Ξ22i = sym(GT
2iB

l
iK

s
i )−(1−hdi)Q1i+G

T
2iG2i,

Ξ15i = Pi−G
T
1i+A

lT
i G3i,

Ξ25ij = −GT
2i+K

sT
i BlT

i G3i,

Ξ55i = η21iZ1i−sym(G3i)+G
T
3iG3i,

Ξ66ij = −(3J
J∑

j=1

f̂ 2
ji)

−1I

)*❡✉✈❡ ✶✺ ❙♦✐3 ❧❛ ❢♦♥❝3✐♦♥ ❞❡ ▲②❛♣✉♥♦✈✲❑0❛'♦✈'❦✐✐ ✿

V (t) =
J∑

i=1

vi(t), i = 1,2,...,J ✭✹✳✷✻✮

❖/ vi(t) ❞2'✐❣♥❡ ❧❛ ❢♦♥❝3✐♦♥♥❡❧❧❡ ❞❡ ▲②❛♣✉♥♦✈✲❑0❛'♦✈'❦✐✐ ❝♦00❡'♣♦♥❞❛♥3❡ ❛✉ '♦✉'✲'②'38♠❡

Si✳ ❈❤❛?✉❡ vi(t) ❡'3 ❞2✜♥✐❡ ❝♦♠♠❡ '✉✐3 ✿

vi(t) = xTi (t)Pixi(t)+

∫ t

t−ηi(t)
xTi (s)Q1ixi(s)ds+

∫ t

t−η1i

xTi (s)Q2ixi(s)ds

+

∫ t

t−η2i

xTi (s)Q3ixi(s)ds+η1i

∫ 0

−η1i

(∫ t

t+s

ẋTi (υ)Z1iẋi(υ)dυ
)
ds

✭✹✳✷✼✮
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▲❛ ❞#$✐✈#❡ ❞❡ vi(t) ❡() ❞♦♥♥#❡ ♣❛$

v̇i(t) ≤ 2ẋTi (t)Pixi(t)+x
T
i (t)(Q1i+Q2i+Q3i)xi(t)−(1−hdi)x

T
i (t−ηi(t))Q1ixi(t−ηi(t))

−xTi (t−η1i)Q2ixi(t−η1i)−x
T
i (t−η2i)Q3ixi(t−η2i)+ẋ

T
i (t)(η

2
1iZ1i)ẋi(t)

−η1i

∫ t

t−η1i

ẋTi (υ)Z1iẋi(υ)dυ

✭✹✳✷✽✮

❙♦✐) ψ1i = xi(t)−xi(t−η1i)✱ ❡♥ ✉)✐❧✐(❛♥) ❧✬✐♥#❣❛❧✐)# ❞❡ ❏❡♥(❡♥ ❞♦♥♥#❡ ♣❛$ ❧✬#4✉❛)✐♦♥ ✭❆✳✾✮✱
♥♦✉( ♦❜)❡♥♦♥(

−η1i

∫ t

t−η1i

ẋTi (υ)Z1iẋi(υ)dυ ≤ −ψT
1iZ1iψ1i ✭✹✳✷✾✮

❆ ♣❛*+✐* ❞❡ ✭✹✳✷✹✮✱ ♥♦✉3 ❛✈♦♥3 ♣♦✉* +♦✉+❡3 ♠❛+*✐❝❡3 ❞❡ ❞✐♠❡♥3✐♦♥3 ❛♣♣*♦♣*✐7❡3 G1i✱ G2i✱ ❡+ G3i

❧✬7:✉❛+✐♦♥ 3✉✐✈❛♥+❡ ✿

2
J∑

i=1

[
xTi (t)G

T
1i+x

T
i (t−ηi(t))G

T
2i+ẋ

T
i (t)G

T
3i

]
×
[
−ẋi(t)+

ri∑

l=1

hli(A
l
ixi(t)+

ri∑

s=1

hski B
l
iK

s
i xi(t−ηi(t))

+

J∑

j=1

f lij(xj))
]
= 0

✭✹✳✸✵✮

❖♥ ❞#✜♥✐) ΨT
i (t) =

[
xTi (t) xTi (t−ηi(t)) xTi (t−η1i) xTi (t−η2i) ẋTi (t)

]
✳

❉✬❛♣$>( ❧❡ ▲❡♠♠❡ ❆✳✽ ❡) ❧❡ ▲❡♠♠❡ ❆✳✾✱ ♥♦✉( ❛✈♦♥(

2
J∑

i=1

xTi (t)G
T
1i

J∑

j=1

f lij(xj) ≤
J∑

i=1

xTi (t)G
T
1iG1ixi(t)+

J∑

i=1

J∑

j=1

f lTij (xj)
J∑

j=1

f lij(xj)

≤
J∑

i=1

xTi (t)G
T
1iG1ixi(t)+J

J∑

i=1

J∑

j=1

f lTij (xj)f
l
ij(xj)

✭✹✳✸✶✮

❉✬❛✉)$❡ ♣❛$)✱ ♥♦✉( ❛✈♦♥(

2
J∑

i=1

xTi (t)G
T
1i

J∑

j=1

f lij(xj) ≤
J∑

i=1

xTi (t)G
T
1iG1ixi(t)+J

J∑

i=1

J∑

j=1

f lTij (xj)f
l
ij(xj)

≤
J∑

i=1

xTi (t)(G
T
1iG1i+J

J∑

i=1

J∑

j=1

f̂2jiI)xi(t)

✭✹✳✸✷✮

❛✈❡❝ f̂ij = maxlf̄
l
ij ✳

2

J∑

i=1

xTi (t−ηi(t))G
T
2i

J∑

j=1

f lij(xj) ≤

J∑

i=1

xTi (t−ηi(t))G
T
2iG2ixi(t−ηi(t))+

J∑

i=1

xTi (t)(J

J∑

j=1

f̂2ji)I)xi(t) ✭✹✳✸✸✮

2
J∑

i=1

ẋTi (t)G
T
3i

J∑

j=1

f lij(xj) ≤
J∑

i=1

ẋTi (t))G
T
3iG3iẋi(t)+

J∑

i=1

xTi (t)(J
J∑

j=1

f̂2jiI)xi(t) ✭✹✳✸✹✮

▲❛ ❞#$✐✈#❡ ❞❡ ✭✹✳✷✻✮ ❞✉ (②()>♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡$♠#❡ ✭✹✳✷✹✮ (✬#❝$✐) ❝♦♠♠❡ (✉✐) ✿
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V̇ (t) =
J∑

i=1

v̇i(t) ≤
J∑

i=1

ri∑

l=1

ri∑

s=1

hlih
sk
i ΨT

i (t)ΞijΨi(t) ≤ 0 ✭✹✳✸✺✮

❉✬❛♣*+, ❧❡ ▲❡♠♠❡ ✹✳✷ ❡2 ❛♣*+, ❛✈♦✐* ❛♣♣❧✐6✉8 ❧❡ ❧❡♠♠❡ ❞❡ ❙❝❤✉* ❞♦♥♥8 ❞❛♥, ❧✬❛♥♥❡①❡ ❆✱

♥♦✉, ♦❜2❡♥♦♥, v̇i(t) < 0✱ ❛❧♦*, ❧❡ ,②,2+♠❡ ✭✹✳✷✹✮ ❡,2 ❛,②♠♣2♦2✐6✉❡♠❡♥2 ,2❛❜❧❡✳ �

▲❛ ,②♥2❤+,❡ ❞❡, ❝♦♥2*C❧❡✉*, ❡,2 ❞♦♥♥8❡ ❞❛♥, ❧❡ 2❤8♦*+♠❡ ,✉✐✈❛♥2 ❡♥ ✉2✐❧✐,❛♥2 ❧❡ ▲❡♠♠❡

✹✳✷ ❡2 ❧❡, ❤②♣♦2❤+,❡, ✹✳✷✳✶✳

❚❤%♦'(♠❡ ✹✳✷✳✷ ❙♦✐❡♥2 ❧❡, ,❝❛❧❛✐*❡, η1i > 0✱ η2i > 0✱ ǫl✱ µ1✱ µ2 ❡2 µ3, ❧❡ ,②,2+♠❡ ❡♥

❜♦✉❝❧❡ ❢❡*♠8❡ ✭✹✳✷✹✮ ❡,2 ❛,②♠♣2♦2✐6✉❡♠❡♥2 ,2❛❜❧❡✱ ,✬✐❧, ❡①✐,2❡♥2 ❞❡, ♠❛2*✐❝❡, ♣♦,✐2✐✈❡,

P̄i✱ Q̄1i✱ Q̄2i✱ Q̄3i✱ Z̄1i✱ ❡2 ❧❡, ♠❛2*✐❝❡, ✐♥✈❡*,✐❜❧❡, Ḡi ❡2 Y l
i ✱ ❞❡ ❞✐♠❡♥,✐♦♥, ❛♣♣*♦♣*✐8❡,✱

2❡❧❧❡, 6✉❡ ❧❡, ❝♦♥❞✐2✐♦♥, ,✉✐✈❛♥2❡, ,♦✐❡♥2 ✈8*✐✜8❡ ✿

Φ̄ll
ij =




Φ̄11il Φ̄12il Z̄1i 0 Φ̄15il ḠT
i ǫlD̄l Ēil

∗ Φ̄22il 0 0 Φ̄25il 0 0 0

∗ ∗ −Q̄2i−Z̄1i 0 0 0 0 0

∗ ∗ ∗ −Q̄3i 0 0 0 0

∗ ∗ ∗ ∗ Φ̄55i 0 0 0

∗ ∗ ∗ ∗ ∗ Φ̄66ij 0 0

∗ ∗ ∗ ∗ ∗ ∗ −ǫlI 0

∗ ∗ ∗ ∗ ∗ ∗ ∗ −ǫlI




< 0 ✭✹✳✸✻✮

Φ̄11il = Q̄1i+Q̄2i+Q̄3i+µ1sym(Al
i0Ḡi)−Z̄1i+µ

2
1I, Φ̄12il = µ2Ḡ

T
i (A

l
i0)

T+µ1BiY
l
i ,

Φ̄22il = µ2sym(BiY
l
i )−(1−hdi)Q̄1i+µ

2
2I, Φ̄15il = P̄i−µ1Ḡi+µ3Ḡ

T
i (A

l
i0)

T ,

Φ̄25il = −µ2Ḡi+µ3(Y
l
i )

T (Bi)
T , Φ̄55i = η21iZ̄1i−µ3sym(Ḡi)+µ

2
3I,

Φ̄66ij = −(3J
J∑

j=1

f̂2ji)
−1I.

❡'

D̄l =

[
−µ1D

lT
A −µ2D

lT
A 0 0 −µ3D

lT
A 0

−µ1D
lT
A −µ2D

lT
A 0 0 −µ3D

lT
A 0

]T

,

Ēil =

[
El

AiḠ 0 0 0 0 0

0 0 0 0 0 0

]
.

❛✈❡❝ Y l
i = K l

iḠ✳

.'❡✉✈❡ ✶✻ ▲❛ ❢❛✐,❛❜✐❧✐28 ❞❡, ❝♦♥❞✐2✐♦♥, ❞✉ ❚❤8♦*+♠❡ ✹✳✷✳✷ ✐♠♣❧✐6✉❡ 6✉❡ Φ̄55i < 0✳ I❛

❝♦♥,86✉❡♥2✱ Ḡi ❡,2 ✐♥✈❡*,✐❜❧❡✳ ❖♥ ♣♦,❡ Gi = Ḡ−1
i ✱ P̄i = ḠT

i PiḠi✱ Q̄1i = ḠT
i Q1iḠi✱ Q̄2i =

ḠT
i Q2iḠi✱ Q̄3i = ḠT

i Q3iḠi ❡2 Z̄1i = ḠT
i Z1iḠi✱ D̄l = ḠTDl✱ ❡2 Ēil = ḠTEil✳



4.2 Systèmes flous interconnectés en réseau et architecture de commande adoptée ✶✵✾

❊♥ ❛♣♣❧✐&✉❛♥( ❧❡ ❧❡♠♠❡ ❞❡ ❝♦♥❣/✉❡♥❝❡ 0 ✭✹✳✸✻✮ ♣❛/ diag
{
Gi,Gi,Gi,Gi,Gi,I,I,I

}
❡( 0 ♣❛/(✐/

❞✉ ▲❡♠♠❡ ❆✳✸✱ ❧✬;&✉❛(✐♦♥ ✭✹✳✷✺✮ ❡>( ✈;/✐✜;❡✱ ❝✬❡>( 0 ❞✐/❡ &✉❡ Φij = Φ̃ij+∆Φij < 0✱ ❛✈❡❝

Φ̃ij =




Φ̃11il Φ̃12il Z1i 0 Φ̃15il I

∗ Φ̃22il 0 0 Φ̃25il 0

∗ ∗ −Q2i−Z1i 0 0 0

∗ ∗ ∗ −Q3i 0 0

∗ ∗ ∗ ∗ Φ55i 0

∗ ∗ ∗ ∗ ∗ Φ̄66ij




< 0 ✭✹✳✸✼✮

Φ̃11il = Q1i+Q2i+Q3i+sym(GT
1iA

l
i0)−Z1i+G

T
1iG1i,

Φ̃12il = AlT
i0G2i+G

T
1iBiK

l
i ,

Φ̃22il = sym(GT
2iBiK

l
i)−(1−hdi)Q1i+G

T
2iG2i,

Φ̃15il = Pi−G
T
1i+A

lT
i0G3i,

Φ̃25il = −GT
2i+K

lT
i B

T
i G3i,

❡( ❛✈❡❝ ❧❛ ♣❛/(✐❡ ❞❡> ✐♥❝❡/(✐(✉❞❡> ❡>( /❡♣/;>❡♥(;❡ ♣❛/ ✿

∆Φij = sym
(
DlF(t)Eil

)
✭✹✳✸✽✮

♦D

F(t) = diag(F (t),F (t)).

❆✐♥>✐✱ ✐❧ ❡①✐>(❡ ✉♥ ❝♦♥(/F❧❡✉/ ✢♦✉ ✭✹✳✷✵✮ (❡❧ &✉❡ ❧❡ >②>(J♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡/♠;❡ ✭✹✳✷✹✮ ❡>(

❛>②♠♣(♦(✐&✉❡♠❡♥( >(❛❜❧❡✳

�

4.2.4 Commande en réseau par retour de sortie

❉❛♥> ❝❡((❡ >❡❝(✐♦♥✱ ♥♦(/❡ ❛((❡♥(✐♦♥ >❡/❛ ❢♦❝❛❧✐>;❡ >✉/ ❧❛ >②♥(❤J>❡ ❞✬✉♥ ❝♦♥(/F❧❡✉/ ❡♥ /;✲

>❡❛✉ ♣❛/ /❡(♦✉/ ❞❡ >♦/(✐❡ >(❛(✐&✉❡ ♣♦✉/ >(❛❜✐❧✐>❡/ ❧❡ >②>(J♠❡ ♥♦♥ ❧✐♥;❛✐/❡ ✐♥(❡/❝♦♥♥❡❝(;✳

▲❡ >❝❤;♠❛ ❞❡ ❝♦♠♠❛♥❞❡ ❞❡ (②♣❡ P❉❈ >❡/❛ ❝♦♥>✐❞;/; ♣♦✉/ ❝❤❛&✉❡ >♦✉> >②>(J♠❡ Si✳ ▲❡

❝♦♥(/F❧❡✉/ ✢♦✉ P❉❈ ❣❧♦❜❛❧ ❡♥ /;>❡❛✉ &✉✐ ❝♦//❡>♣♦♥❞ 0 Si ❡>( ❞;✜♥✐ ♣❛/ ✿

ui(tk) =

ri∑

l=1

hlki K
l
iyi(tk−τki). ✭✹✳✸✾✮

❈♦♠♠❡ ❞❛♥> ❧❡ ♣❛/❛❣/❛♣❤❡ ♣/;❝;❞❡♥(✱ ❧❛ ❞②♥❛♠✐&✉❡ ❞✉ >②>(J♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡/♠;❡ >✬;❝/✐( ✿





ẋi(t) =

ri∑

l=1

hli[A
l
ixi(t)+

ri∑

s=1

hski B
l
iK

s
iC2ixi(t−ηi(t))+

J∑

j=1

f l
ij(xj)]

yi(t) = C2ixi(t)

xi(t) = φi(t),t ∈ [t0−η2i,t0]

✭✹✳✹✵✮
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♦! φi(t) "❡♣"%&❡♥(❡ ❧❛ ❝♦♥❞✐(✐♦♥ ✐♥✐(✐❛❧❡ ❞✉ &②&(0♠❡ ❝♦♠♠❛♥❞% ❡♥ ❜♦✉❝❧❡ ❢❡"♠%❡✳ ▲❡

❙❈❘ ✭✹✳✹✵✮ ❡&( %=✉✐✈❛❧❡♥( ? ✉♥ &②&(0♠❡ ❛✈❡❝ "❡(❛"❞ ✈❛"✐❛❜❧❡ ❞❛♥& ❧❡ (❡♠♣&✳

▲❡♠♠❡ ✹✳✸ ❙♦✐❡♥( ❧❡& &❝❛❧❛✐"❡& η1i > 0 ❡( η2i > 0✱ ❧❡ &②&(0♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡"♠%❡ ✭✹✳✹✵✮

❡&( ❛&②♠♣(♦(✐=✉❡♠❡♥( &(❛❜❧❡✱ &✬✐❧& ❡①✐&(❡♥( ❞❡& ♠❛("✐❝❡& Pi✱ Q1i✱ Q2i✱ Q3i✱ Z1i✱ ❡( ❞❡&

♠❛("✐❝❡& G1i✱ G2i ❡( G3i✱ ❞❡ ❞✐♠❡♥&✐♦♥& ❛♣♣"♦♣"✐%❡&✱ (❡❧❧❡& =✉❡ ❧❡& ❝♦♥❞✐(✐♦♥& &✉✐✈❛♥(❡&

&♦✐❡♥( ✈%"✐✜%❡& ✿

Γij =




Γ11ij Γ12i Z1i 0 Γ15i I

∗ Γ22i 0 0 Γ25ij 0

∗ ∗ −Q2i−Z1i 0 0 0

∗ ∗ ∗ −Q3i 0 0

∗ ∗ ∗ ∗ Γ55i 0

∗ ∗ ∗ ∗ ∗ Γ66ij




< 0 ✭✹✳✹✶✮

Γ11ij = Q1i+Q2i+Q3i+sym(GT
1iA

l
i)−Z1i+G

T
1iG1i,

Γ12i = AlT
i G2i+G

T
1iB

l
iK

s
iC2i,

Γ22i = sym(GT
2iB

l
iK

s
iC2i)−(1−hdi)Q1i+G

T
2iG2i,

Γ15i = Pi−G
T
1i+A

lT
i G3i,

Γ25ij = −GT
2i+C

T
2iK

sT
i BlT

i G3i,

Γ55i = η21iZ1i−sym(G3i)+G
T
3iG3i,

Γ66ij = −(3J
J∑

j=1

f̂ 2
ji)

−1I

()❡✉✈❡ ✶✼ ❊♥ &✉✐✈❛♥( ❧❛ ♠G♠❡ ❞%♠❛"❝❤❡ ❞❡ ❧❛ ♣"❡✉✈❡ ❞✉ ▲❡♠♠❡ ✹✳✷✱ ❧❛ ❞%"✐✈%❡ ❞❡ ✭✹✳✷✻✮

❞✉ &②&(0♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡"♠%❡ ✭✹✳✹✵✮ &✬%❝"✐( ❝♦♠♠❡ &✉✐( ✿

V̇ (t) =
J∑

i=1

v̇i(t) ≤
J∑

i=1

ri∑

l=1

ri∑

s=1

hlih
sk
i ΨT

i (t)ΓijΨi(t) ≤ 0 ✭✹✳✹✷✮

❉✬❛♣"0& ❧❡ ▲❡♠♠❡ ✹✳✸ ❡( ❛♣"0& ❛✈♦✐" ❛♣♣❧✐=✉% ❧❡ ❧❡♠♠❡ ❞❡ ❙❝❤✉" ❞♦♥♥% ❞❛♥& ❧✬❛♥♥❡①❡ ❆✱

♥♦✉& ♦❜(❡♥♦♥& v̇i(t) < 0✱ ❛❧♦"& ❧❡ &②&(0♠❡ ✭✹✳✹✵✮ ❡&( ❛&②♠♣(♦(✐=✉❡♠❡♥( &(❛❜❧❡✳ �

▲✬♦❜❥❡❝(✐❢ ♠❛✐♥(❡♥❛♥( ❡&( ❞❡ ♣"♦♣♦&❡" ✉♥❡ (❡❝❤♥✐=✉❡ ♣❡"♠❡((❛♥( ❞❡ ❞%(❡"♠✐♥❡" ❧❡&

♠❛("✐❝❡& ❞❡& ❣❛✐♥& K l
i ❞❡& "❡(♦✉"& ❞❡ &♦"(✐❡& (❡❧ =✉❡ ❧❡ &②&(0♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡"♠%❡ ✭✹✳✹✵✮

&♦✐( ❛&②♠♣(♦(✐=✉❡♠❡♥( &(❛❜❧❡✳

❚❤/♦)1♠❡ ✹✳✷✳✸ ❬▲❛("❛❝❤ ❡! ❛❧✳✱ ✷✵✶✺❪ ❙♦✐❡♥( ❧❡& &❝❛❧❛✐"❡& η1i > 0✱ η2i > 0✱ µ1✱ µ2✱ µ3

❡( ϕl ✱ ❧❡ &②&(0♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡"♠%❡ ✭✹✳✹✵✮ ❡&( ❛&②♠♣(♦(✐=✉❡♠❡♥( &(❛❜❧❡✱ &✬✐❧& ❡①✐&(❡♥(

❞❡& ♠❛("✐❝❡& ♣♦&✐(✐✈❡& P̄i✱ Q̄1i✱ Q̄2i✱ Q̄3i✱ Z̄1i✱ ❡( ❞❡& ♠❛("✐❝❡& Ĝ11i > 0✱ Ĝ21i > 0 ❡(
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Ĝ22i > 0✱ ❡" Y s
i ✱ ❞❡ ❞✐♠❡♥'✐♦♥' ❛♣♣+♦♣+✐,❡'✱ "❡❧❧❡' .✉❡ ❧❡' ❝♦♥❞✐"✐♦♥' '✉✐✈❛♥"❡' '♦♥"

✈,+✐✜,❡' ✿

Γ̄ll
ii < 0 ✭✹✳✹✸✮

Γ̄ls
ij+Γ̄sl

ij < 0, j > i, s > l ✭✹✳✹✹✮

♦&

Γ̄ls
ij =

r∑

k=1

ϕkΓ̂
ls
ik+Γ̂ls

ij ✭✹✳✹✺✮

Γ̂ls
ij =




Γ̄11il Γ̄12ils Z̄1i 0 Γ̄15il ḠT
i

∗ Γ̄22ils 0 0 Γ̄25ils 0

∗ ∗ −Q̄2i−Z̄1i 0 0 0

∗ ∗ ∗ −Q̄3i 0 0

∗ ∗ ∗ ∗ Γ̄55i 0

∗ ∗ ∗ ∗ ∗ Γ̄66ij




✭✹✳✹✻✮

Γ̄11il = Q̄1i+Q̄2i+Q̄3i+µ1sym(Al
iḠi)−Z̄1i+µ

2
1I, Γ̄12ils = µ2Ḡ

T
i (A

l
i)
T+µ1B

l
iY

s
i C2i,

Γ̄22ils = µ2sym(Bl
iY

s
i C2i)−(1−hdi)Q̄1i+µ

2
2I, Γ̄15il = P̄i−µ1Ḡi+µ3Ḡ

T
i (A

l
i)
T ,

Γ̄25ils = −µ2Ḡi+µ3C
T
2i(Y

s
i )

T (Bl
i)
T , Γ̄55i = η21iZ̄1i−µ3sym(Ḡi)+µ

2
3I,

Γ̄66ij = −(3J
J∑

j=1

f̂2ji)
−1I, Ḡi = Vi

[
Ĝ11i 0

Ĝ21i Ĝ22i

]
V T
i .

▲❡' ❣❛✐♥' ❞✉ ❝♦♥"+6❧❡✉+ '♦♥" ❞♦♥♥,' ♣❛+ Ks
i = Y s

i WiSiĜ
−1
11iS

−1
i W T

i ✱ ♦7 Wi✱ Si ❡" Vi '♦♥"

♦❜"❡♥✉' 9 ♣❛+"✐+ ❞❡ ❧❛ ❞,❝♦♠♣♦'✐"✐♦♥ ❙❱❉ ✭❙✐♥❣✉❧❛+ ✈❛❧✉❡ ❞❡❝♦♠♣♦'✐"✐♦♥✮ ❞❡ C2i✳

!"❡✉✈❡ ✶✽ ❊♥ ✉"✐❧✐'❛♥" ❧❡' ❝♦♥❞✐"✐♦♥' ❞✉ ❚❤,♦+C♠❡ ✹✳✷✳✸✱ ♦♥ ♣❡✉" ❞,❞✉✐+❡ .✉❡ Φ̄55i < 0✳

❈❡ .✉✐ ✐♠♣❧✐.✉❡ .✉❡ Ḡi ❡'" ✐♥✈❡+'✐❜❧❡✳ ♦♥ ♣♦'❡ Gi = Ḡ−1
i ✱ P̄i = ḠT

i PiḠi✱ Q̄1i = ḠT
i Q1iḠi✱

Q̄2i = ḠT
i Q2iḠi✱ Q̄3i = ḠT

i Q3iḠi ❡" Z̄1i = ḠT
i Z1iḠi✳

❙✉♣♣♦'♦♥' .✉❡ C2i ❡'" ❞❡ +❛♥❣ ♣❧❡✐♥✱ ♦♥ ❞✜♥✐" ❧❛ ❞,❝♦♠♣♦'✐"✐♦♥ ❙❱❉ ✭❙✐♥❣✉❧❛+ ✈❛✲

❧✉❡ ❞❡❝♦♠♣♦'✐"✐♦♥✮ ❞❡ C2i "❡❧❧❡ .✉❡ W T
i C2iVi =

[
Si 0

]
❡" ♥♦✉' ♦❜"❡♥♦♥' .✉❡ Ḡi =

Vi

[
Ĝ11i 0

Ĝ21i Ĝ22i

]
V T
i ✱ ❞✬♦7

C2iḠi = Wi[Si 0]V T
i Vi

[
Ĝ11i 0

Ĝ21i Ĝ22i

]
V T
i = Wi[SiĜ11i 0]V T

i

= WiSiĜ11iS
−1
i W T

i Wi[Si 0]V T
i = ĜiC2i



✶✶✷ Commande floue décentralisée des systèmes de grande dimension

❙♦✐# Y l
i = K l

iĜ = K l
iWiSiĜ11iS

−1
i W T

i ✱ ❛♣'() ❧✬❛♣♣❧✐❝❛#✐♦♥ ❞✉ ❧❡♠♠❡ ❞❡ ❝♦♥❣'✉❡♥❝❡ 3

✭✹✳✹✸✮✲✭✹✳✹✹✮ ♣❛' diag
{
Gi,Gi,Gi,Gi,Gi,I

}
✱ ♦♥ ♣❡✉# ❞:❞✉✐'❡ ;✉❡ ❧❛ ❝♦♥❞✐#✐♦♥ ✭✹✳✹✶✮ ❡)#

✈:'✐✜:❡ ❡♥ ❝♦♥)✐❞:'❛♥# ✭✹✳✹✮ ❡# ❧❡ ▲❡♠♠❡ ❆✳✶✶✳

❆✐♥)✐ ✐❧ ❡①✐)#❡ ✉♥ ❝♦♥#'B❧❡✉' ✢♦✉ ✭✹✳✸✾✮ #❡❧ ;✉❡ ❧❡ )②)#(♠❡ ❡♥ ❜♦✉❝❧❡ ❢❡'♠:❡ ✭✹✳✹✵✮ ❡)#

❛)②♠♣#♦#✐;✉❡♠❡♥# )#❛❜❧❡✳ �

4.2.5 Résultats de simulation

❊①❡♠♣❧❡ ✹✳✶ I♦✉' ✐❧❧✉)#'❡' ❧✬❛♣♣'♦❝❤❡ ♣'♦♣♦):❡ ❞❛♥) ❧❡ ❚❤:♦'(♠❡ ✹✳✷✳✸✱ ♥♦✉) ❝♦♥)✐✲

❞:'♦♥) ❧✬❡①❡♠♣❧❡ ♥✉♠:'✐;✉❡ ❞♦♥♥: ❞❛♥) ❬●✉❡❧#♦♥ ❡! ❛❧✳✱ ✷✵✶✵❪✱ ❝♦♠♣♦): ❞❡ ❞❡✉① )♦✉)✲

)②)#(♠❡) S1 ❡# S2 ❞:❝'✐#) '❡)♣❡❝#✐✈❡♠❡♥# ♣❛' ❧❡) ♠♦❞(❧❡) )✉✐✈❛♥#) ✿

✕ ❙♦✉)✲)②)#(♠❡ S1 ✿





ẋ1(t) =
2∑

l=1

hl1(θ1(t))[A
l
1x1(t)+B

l
1u1(t)+

J∑

j=1

f1j(xj(t))]

y1(t) = C21x1(t)

✭✹✳✹✼✮

❛✈❡❝

A1
1 =



−6 6 0

0.5 −3 1

0 0.2 −1


, A2

1 =




−1 0.1 0

−0.2 −2 0

0.3 0 −1


, B1

1 =



2 1

1 1

1 1


,

B2
1 =



1 2

1 2

1 1


, C21 =

[
1 0.1 0.1

0.1 0.2 0.1

]
, f11 = 0, f12 =



0.02 0.01

0.01 0.4

0.01 0.1


x2,

h11(x1(t)) = sin2(x11(t)), h21(x1(t)) = cos2(x11(t)).

✕ ❙♦✉)✲)②)#(♠❡ S2 ✿





ẋ2(t) =
2∑

l=1

hl2(θ2(t))[A
l
2x2(t)+B

l
2u2(t)+

J∑

j=1

f2j(xj(t))]

y2(t) = C22x2(t)

✭✹✳✹✽✮

❛✈❡❝

A1
2 =

[
−1 0

0 −1

]
, A2

2 =

[
−2 0

0 −1

]
, B1

2 =

[
2

1

]
,

B2
2 =

[
2

2

]
, C22 =

[
1 0

0.1 1

]
, f21 =

[
0.01 0.01 0.01

0.02 0.01 0.1

]
x1, f22 = 0,

h12(x2(t)) = sin2(x21(t)), h22(x2(t)) = cos2(x21(t)).

▲❡) ♣❛'❛♠(#'❡) ❧✐:) ❛✉ ':)❡❛✉ ♣♦✉' ❝❤❛;✉❡ )♦✉)✲)②)#(♠❡ Si )♦♥# ✿ ❧❛ ♣:'✐♦❞❡ ❞✬:❝❤❛♥✲

#✐❧❧♦♥♥❛❣❡ Te = 0.4ms✱ ❧❡ '❡#❛'❞ ♠✐♥✐♠✉♠ ❡)# η1i = 4ms✱ ❧❡ '❡#❛'❞ ♠❛①✐♠✉♠ ❡)# η2i =

20ms ❡# ❧❡ ♥♦♠❜'❡ ♠❛①✐♠✉♠ ❞❡ ♣❡'#❡ ❞❡ ♣❛;✉❡#) ❡)# σ̄i = 3✳
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▲❡" #❡$❛#❞" ✈❛#✐❛❜❧❡" ❞❛♥" ❧❡ $❡♠♣" ❡♥$#❡ ❧❡ ❝❛♣$❡✉# ❡$ ❧❡ ❝♦♥$#1❧❡✉# ❛✐♥"✐ 2✉✬❡♥$#❡

❧❡ ❝♦♥$#1❧❡✉# ❡$ ❧✬❛❝$✐♦♥♥❡✉# "♦♥$ ❛❧4❛$♦✐#❡♠❡♥$ ❣4♥4#4" $❡❧❧❡ 2✉❡ min(τsci+τcai) ≥ η1i✱

❡$ max(τsci+τcai+(σ̄i+1)Te) ≤ η2i ❡$ ❧❡" ♣❡#$❡" ❞❡ ♣❛2✉❡$" "♦♥$ 4❣❛❧❡♠❡♥$ ❣4♥4#4❡" ❞❡

♠❛♥✐7#❡ ❛❧4❛$♦✐#❡ $❡❧❧❡ 2✉❡ max(Ne) ≤ 3✱ ♦8 Ne ❡"$ ❧❡ ♥♦♠❜#❡ ❞❡ ♣❛2✉❡$" ♣❡#❞✉"✱ hdi =

0.1✱ µ1 = 1✱ µ2 = 0.3✱ µ3 = 0.5 ❡$ ϕi = min{1, 0.5η2i} = 0.01✳

❆✜♥ ❞❡ "$❛❜✐❧✐"❡# ❧❡ "②"$7♠❡ ✢♦✉ ✐♥$❡#❝♦♥♥❡❝$4 ❞4❝#✐$ ♣❛# ❧✬42✉❛$✐♦♥ ✭✹✳✹✼✮ ❡$ ✭✹✳✹✽✮✱

✉♥ "②"$7♠❡ ❞❡ ❝♦♥$#1❧❡ ❞4❝❡♥$#❛❧✐"4 ❝♦♥"$✐$✉4 ❞❡ ❞❡✉① ❝♦♥$#1❧❡✉#" ✢♦✉" ❧♦❝❛✉① ❞❡ ❧❛

❢♦#♠❡ ✭✹✳✸✾✮✱ ❡"$ ❞4✈❡❧♦♣♣4✳ ❈❤❛2✉❡ ❝♦♥$#1❧❡✉# ❧♦❝❛❧ ♣❡#♠❡$ ❞✬❛""✉#❡# ❧❛ "$❛❜✐❧✐$4 ❞✉ "♦✉"✲

"②"$7♠❡ ❝♦##❡"♣♦♥❞❛♥$ ❡♥ $❡♥❛♥$ ❝♦♠♣$❡ ❞❡" ✐♥$❡#❝♦♥♥❡①✐♦♥" ❛✈❡❝ ❧✬❛✉$#❡ "♦✉"✲"②"$7♠❡ ❡$

❧❡" ❡✛❡$" ❞✉ #4"❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛$✐♦♥✳

❊♥ #4"♦❧✈❛♥$ ❧❡" ❝♦♥❞✐$✐♦♥" ❞✉ ❚❤4♦#7♠❡ ✹✳✷✳✸✱ ♥♦✉" $#♦✉✈♦♥" ❧❡" ❣❛✐♥" ❞❡" ❝♦♥$#1❧❡✉#"

"✉✐✈❛♥$" ✿

✕ ●❛✐♥" ♣♦✉# ❧❡ "♦✉"✲"②"$7♠❡ S1 ✿

K1
1 =

[
−0.5397 1.6549

0.2716 −0.3336

]
, K2

1 =

[
−0.2760 1.1662

0.3195 −0.8928

]
✭✹✳✹✾✮

✕ ●❛✐♥" ♣♦✉# ❧❡ "♦✉"✲"②"$7♠❡ S2 ✿

K1
2 =

[
0.2231 −2.2500

]
, K2

2 =
[
0.1233 −1.2608

]
✭✹✳✺✵✮

❊♥ "✐♠✉❧❛$✐♦♥✱ ❧❡" ❝♦♥❞✐$✐♦♥" ✐♥✐$✐❛❧❡" "♦♥$ ✿

x1(0) =
[
1 .5 −1

]T
, ❡$ x2(0) =

[
2 −2

]T
. ✭✹✳✺✶✮

▲❡" ❝♦✉#❜❡" ❞❡" ✈❛#✐❛❜❧❡" ❞✬4$❛$ ❞❡" ❙❈❘" ❡$ ❧❡" "✐❣♥❛✉① ❞❡ ❝♦♠♠❛♥❞❡ "♦♥$ ♣#4"❡♥$4" ❞❛♥"

❧❡" ❋✐❣✉#❡" ✹✳✺✱ ✹✳✻✱ ❡$ ✹✳✼✳ ◆♦✉" ♣♦✉✈♦♥" ♥♦$❡# 2✉❡ $♦✉" ❧❡" 4$❛$" ❝♦♥✈❡#❣❡♥$ ✈❡#" ③4#♦

❡$ ❧❡" #❡$❛#❞" ✐♥❞✉✐$" ♣❛# ❧❡ #4"❡❛✉ ❡$ ❧❡" ♣❡#$❡" ❞❡ ♣❛2✉❡$" ❞✬✐♥❢♦#♠❛$✐♦♥ "♦♥$ ❣4♥4#4" ❞❡

❢❛Z♦♥ ❛❧4❛$♦✐#❡ ❡$ "♦♥$ ♠♦♥$#4" ❞❛♥" ❧❡" ❋✐❣✉#❡" ✹✳✸ ❡$ ✹✳✹✳

[❛# ❝♦♥"42✉❡♥$✱ ❞✬❛♣#7" ❧❡ ❚❤4♦#7♠❡ ✹✳✷✳✸✱ ❧❡ "②"$7♠❡ ✢♦✉ ❞❡ ❣#❛♥❞❡ ❞✐♠❡♥"✐♦♥ ❡♥ ❜♦✉❝❧❡

❢❡#♠4❡ ❝♦♠♣♦"4 ❞❡ ❞❡✉① "♦✉"✲"②"$7♠❡" S1✱ ❡$ S2 ❡"$ ❛"②♠♣$♦$✐2✉❡♠❡♥$ "$❛❜❧❡✳

0 1 2 3 4 5 6
0.012

0.013

0.014

0.015

0.016

0.017

0.018

0.019

0.02

0.021

Time (s)

❋✐❣✉#❡ ✹✳✸✿ ❘❡$❛#❞ ✐♥❞✉✐$ ♣❛# ❧❛ ❝♦♠♠✉♥✐❝❛$✐♦♥ ❡♥ #4"❡❛✉✳



✶✶✹ Commande floue décentralisée des systèmes de grande dimension

0 1 2 3 4 5 6
0

0.5

1

1.5

2

2.5

3

Time (s)

❋✐❣✉$❡ ✹✳✹✿ )❡$*❡+ ❞❡ ♣❛/✉❡*+ ❞✬✐♥❢♦$♠❛*✐♦♥+✳

0 1 2 3 4 5 6
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time(s)

x
1

x
11

(t)

x
12

(t)

x
13

(t)

❋✐❣✉$❡ ✹✳✺✿ ❘7♣♦♥+❡+ ❞❡+ 7*❛*+ x ❞❛♥+ S1

0 1 2 3 4 5 6
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

Time(s)

x
2

x
21

(t)

x
22

(t)

❋✐❣✉$❡ ✹✳✻✿ ❘7♣♦♥+❡+ ❞❡+ 7*❛*+ x ❞❛♥+ S2 ✳



4.2 Systèmes flous interconnectés en réseau et architecture de commande adoptée ✶✶✺

0 1 2 3 4 5 6
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

Time(s)

u
11

(t)

u
12

(t)

u
2
(t)

❋✐❣✉$❡ ✹✳✼✿ ❈♦✉$❜❡- ❞❡- -✐❣♥❛✉① ❞❡ ❝♦♠♠❛♥❞❡ ui(t)✳

❊①❡♠♣❧❡ ✹✳✷ ◆♦✉- ❝♦♥-✐❞5$♦♥- ❧❡ -②-89♠❡ ❞❡ ❣$❛♥❞❡ ❞✐♠❡♥-✐♦♥ S ❝♦♠♣♦-5 ♣❛$ 8$♦✐-

-♦✉-✲-②-89♠❡- Si, i = 1,2,3, ❞♦♥♥5 ❞❛♥- ❬❲❛♥❣ ❡8 ▲✐♥✱ ✷✵✵✺❪ ♣♦✉$ ✐❧❧✉-8$❡$ ❧✬❛♣♣$♦❝❤❡

❞♦♥♥5❡ ♣❛$ ❧❡ ❚❤5♦$9♠❡ ✹✳✷✳✸✳

✕ ❙♦✉-✲-②-89♠❡ S1 ✿

❘9❣❧❡ ✶ ✿

❙✐ x11(t) ❡-8 ♣❡8✐8 ❡8 x12(t) ❡-8 ❣$❛♥❞ ❛❧♦$-
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ẋ3(t) = A2
3x3(t)+B

2
3u3+

3∑

j=1

f3j(xj(t))

y3(t) = C11x3(t)



4.2 Systèmes flous interconnectés en réseau et architecture de commande adoptée ✶✶✼

♦!

A1
3 =

[
−3 1

4 −2

]
, A2

3 =

[
−2 1

3 −1

]
, B1

3 =

[
0.6

0.8

]
, B2

3 =

[
0.3

0.4

]
,

f31 =
[
0.48 0.64

]
x1, f32 =

[
0.24 0.32

]
x2 ❡# f33 = 0.

▲❡% ❢♦♥❝#✐♦♥% ❞✬❛♣♣❛.#❡♥❛♥❝❡ ❞❡ ❝❤❛0✉❡ 2#❛# %♦♥# ♠♦♥#.2❡% ❞❛♥% ❧❛ ❋✐❣✉.❡ ✶ ❞❡ ❬❲❛♥❣

❡# ▲✐♥✱ ✷✵✵✺❪✳ ▲❡% ♣❛.❛♠@#.❡% .❡❧✐2% ❛✉ .2%❡❛✉ ♣♦✉. ❝❤❛0✉❡ %♦✉%✲%②%#@♠❡ Si %♦♥# %✉♣♣♦%2%

2❣❛✉① ❛✈❡❝ ❧❛ ♣2.✐♦❞❡ 2❝❤❛♥#✐❧❧♦♥♥❛❣❡ Te = 5ms✱ ❧❡ .❡#❛.❞ ♠✐♥✐♠✉♠ η1i = 6ms✱ ❧❡ .❡#❛.❞

♠❛①✐♠✉♠ η2i = 20ms ❡# ❧❡ ♥♦♠❜.❡ ♠❛①✐♠✉♠ ❞❡% ♣❛0✉❡#% ♣❡.❞✉% ❡%# σ̄i = 2✳ ❈♦♠♠❡

❞❛♥% ❧✬❡①❡♠♣❧❡ ♣.2❝2❞❡♥#✱ ❧❡% .❡#❛.❞% ✈❛.✐❛❜❧❡% ❞❛♥% ❧❡ #❡♠♣% ❡# ❧❡% ♣❛0✉❡#% ♣❡.❞✉% %♦♥#

❛❧2❛#♦✐.❡♠❡♥# ❣2♥2.2% #❡❧% 0✉❡ min(τsci+τcai) ≥ η1i✱ ❡# max(τsci+τcai+(σ̄i+1)Te) ≤ η2i✱

max(Ne) ≤ 2✱ hdi = 0.1✱ µ1 = 1✱ µ2 = 0.5✱ µ3 = 0.9 ❡# ϕi = min{1, 0.5η2} = 0.01✳

❊♥ ❛♣♣❧✐0✉❛♥# ❧❡ ❚❤2♦.@♠❡ ✹✳✷✳✸✱ ✉♥❡ %♦❧✉#✐♦♥ ❢❛✐%❛❜❧❡ ❞❡% ▲▼■% ♣❡.♠❡# ❞✬♦❜#❡♥✐. ❧❡%

❣❛✐♥% ❞✉ ❝♦♥#.M❧❡✉. %✉✐✈❛♥#% ✿

✕ ●❛✐♥% ♣♦✉. ❧❡ %♦✉%✲%②%#@♠❡ S1 ✿

K1
1 =

[
−3.2631 −3.4051

]
, K2

1 =
[
−1.5409 −1.6258

]
, K3

1 =
[
0.8754 0.8143

]

✭✹✳✺✷✮

✕ ●❛✐♥% ♣♦✉. ❧❡ %♦✉%✲%②%#@♠❡ S2 ✿

K1
2 =

[
−2.2514 −2.8524

]
, K2

2 =
[
−1.3528 −1.4953

]
✭✹✳✺✸✮

✕ ●❛✐♥% ♣♦✉. ❧❡ %♦✉%✲%②%#@♠❡ S3 ✿

K1
3 =

[
−0.8119 −0.8278

]
, K2

3 =
[
−1.2369 −1.2482

]
✭✹✳✺✹✮

S♦✉. ❧❛ %✐♠✉❧❛#✐♦♥✱ ❧❡% ❝♦♥❞✐#✐♦♥% ✐♥✐#✐❛❧❡% %♦♥# ✿

x1(0) =
[
1.5 −1

]T
, x2(0) =

[
−0.5 0.5

]T
, ❡# x3(0) =

[
0.7 −0.3

]T
. ✭✹✳✺✺✮

▲❡% ❋✐❣✉.❡% ✹✳✽✱ ✹✳✾✱ ✹✳✶✵ ❡# ✹✳✶✶ ♠♦♥#.❡♥# ❧❡% 2✈♦❧✉#✐♦♥% ❞❡% 2#❛#% ❡# ❧❡% %✐❣♥❛✉① ❞❡

❝♦♠♠❛♥❞❡ ❞✉ ❙❈❘ ✐♥#❡.❝♦♥♥❡❝#2✳ ❖♥ .❡♠❛.0✉❡ ❜✐❡♥ ❧❛ ❝♦♥✈❡.❣❡♥❝❡ ❞❡% ✈❛.✐❛❜❧❡% ❞✬2#❛#

✈❡.% ③2.♦ Z ♣❛.#✐. ❞❡% ❝♦♥❞✐#✐♦♥% ✐♥✐#✐❛❧❡% ❝♦♥%✐❞2.2❡%✳

S❛. ❝♦♥%20✉❡♥#✱ ❧❡ %②%#@♠❡ ❣❧♦❜❛❧ ❞❡ ❣.❛♥❞❡ ❞✐♠❡♥%✐♦♥ ❡♥ ❜♦✉❝❧❡ ❢❡.♠2❡ ❝♦♠♣♦%2 ❞❡%

#.♦✐% %♦✉%✲%②%#@♠❡% S1✱ S2 ❡# S3 ❡%# ❛%②♠♣#♦#✐0✉❡♠❡♥# %#❛❜❧❡✳

0 0.5 1 1.5 2 2.5 3
−1

−0.5

0

0.5

1

1.5

Time (s)

x
1

x
11

(t)

x
12

(t)

❋✐❣✉.❡ ✹✳✽✿ ❘2♣♦♥%❡ ❞❡% 2#❛#% x ❞❛♥% S1



✶✶✽ Commande floue décentralisée des systèmes de grande dimension

0 0.5 1 1.5 2 2.5 3
−0.5

−0.4

−0.3

−0.2

−0.1

0

0.1

0.2

0.3

0.4

0.5

Time (s)
x

2

x
21

(t)

x
22

(t)

❋✐❣✉$❡ ✹✳✾✿ ❘+♣♦♥/❡ ❞❡/ +1❛1/ x ❞❛♥/ S2 ✳

0 0.5 1 1.5 2 2.5 3
−0.4

−0.2

0

0.2

0.4

0.6

0.8

Time (s)

x
3

x
31

(t)

x
32

(t)

❋✐❣✉$❡ ✹✳✶✵✿ ❘+♣♦♥/❡ ❞❡/ +1❛1/ x ❞❛♥/ S3 ✳

0 0.5 1 1.5 2 2.5 3
−2

−1.5

−1

−0.5

0

0.5

1

u
1
(t)

u
2
(t)

u
3
(t)

❋✐❣✉$❡ ✹✳✶✶✿ ❚$❛❥❡❝1♦✐$❡/ ❞❡/ /✐❣♥❛✉① ❞❡ ❝♦♠♠❛♥❞❡ ui(t)✳

❉❛♥/ ❧❛ /✉✐1❡✱ ♥♦✉/ ❛❧❧♦♥/ ♥♦✉/ ✐♥1+$❡//❡$ = ❧❛ /②♥1❤@/❡ ❞❡ ❝♦♥1$A❧❡✉$/ ❡♥ $+/❡❛✉ ❞+❝❡♥✲

1$❛❧✐/+/ ♣♦✉$ ❧❛ ❞②♥❛♠✐C✉❡ ❧❛1+$❛❧❡ ❡1 ❝❡❧❧❡ ❞❡ $♦✉❧✐/ ❞✉ ✈+❤✐❝✉❧❡ ❛✉1♦♠♦❜✐❧❡✳ ▲❡ ♠♦❞@❧❡

❞+$✐✈❡✴❧❛❝❡1✴$♦✉❧✐/ ❞✉ ✈+❤✐❝✉❧❡ /❡$❛ ❝♦♥/✐❞+$+ ❡♥ ♣$❡♥❛♥1 ❡♥ ❝♦♠♣1❡ ❧❡ ❝♦✉♣❧❛❣❡ ❡♥1$❡ ❧❛

❞②♥❛♠✐C✉❡ ❧❛1+$❛❧❡ ❡1 ❝❡❧❧❡ ❞❡ $♦✉❧✐/✳ ▲✬♦❜❥❡❝1✐❢ ❡/1 ❞❡ ♣$♦♣♦/❡$ ✉♥❡ ❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡

❣❧♦❜❛❧❡ ❞✉ ✈+❤✐❝✉❧❡ C✉✐ ✉1✐❧✐/❡ ❧❡ $+/❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛1✐♦♥✳ J♦✉$ ❝❡ ❢❛✐$❡✱ ❧❛ ❞②♥❛♠✐C✉❡

❞✉ ✈+❤✐❝✉❧❡ ❡/1 $❡♣$+/❡♥1+❡ ♣❛$ ❞❡✉① ♠♦❞@❧❡/ ✢♦✉/ ✐♥1❡$❝♦♥♥❡❝1+/✳ ❯♥ ♠♦❞@❧❡ ♣♦✉$ ❧❛

❞②♥❛♠✐C✉❡ ❞❡ $♦✉❧✐/ ❞♦♥♥+❡ ♣❛$ ❧✬+C✉❛1✐♦♥ ✭✷✳✶✽✮ ❡1 ✉♥ ♣♦✉$ ❧❛ ❞②♥❛♠✐C✉❡ ❧❛1+$❛❧❡ ❞♦♥♥+

♣❛$ ❧✬+C✉❛1✐♦♥ ✭✷✳✷✸✮✳ ▲❛ ❝♦♦$❞✐♥❛1✐♦♥ ❞❡/ ❞✐✛+$❡♥1/ /②/1@♠❡/ ♦✉ ❛❝1✐♦♥♥❡✉$/ ❡/1 ❜❛/+❡ /✉$

❧❛ /1$✉❝1✉$❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❞+❝❡♥1$❛❧✐/+❡ $❡♣$+/❡♥1+❡ /✉$ ❧❛ ❋✐❣✉$❡ ✹✳✶✷✳



4.2 Systèmes flous interconnectés en réseau et architecture de commande adoptée ✶✶✾

❋✐❣✉$❡ ✹✳✶✷✿ ❙,$✉❝,✉$❡ ❞❡ ❧❛ ❝♦♠♠❛♥❞❡ ❣❧♦❜❛❧❡ ❞✉ ✈6❤✐❝✉❧❡
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❙♦✐, ❧❡ ♠♦❞8❧❡ ❞6$✐✈❡✴❧❛❝❡,✴$♦✉❧✐: ❞❡ ❧❛ ❞②♥❛♠✐<✉❡ ❞❡ ✈6❤✐❝✉❧❡ ✭✷✳✷✺✮ ✿





mβ̇ = −mr+
2Ff+2Fr

vx
+(
mh

vx
)Φ̈,

Iz ṙ = 2Ffaf−2Frar,

IxeqΦ̈ = mghΦ+mhay−KΦΦ−CΦΦ̇+KΦuΦ

✭✹✳✺✻✮

❛✈❡❝ ay = vx(β̇+r) 6,❛♥, ❧✬❛❝❝6❧6$❛,✐♦♥ ❧❛,6$❛❧❡ ♠❡:✉$6❡ ❛✉ ❝❡♥,$❡ ❞✉ $♦✉❧✐:✳

❈❡ ♠♦❞8❧❡ ❡:, ❧❛ ❝♦♠❜✐♥❛✐:♦♥ ❞❡ ❧❛ ❞②♥❛♠✐<✉❡ ❧❛,6$❛❧❡ ❞♦♥♥6❡ ♣❛$ ✭✷✳✷✸✮ ❡, ❝❡❧❧❡ ❞✉

$♦✉❧✐: ❞♦♥♥6❡ ♣❛$ ✭✷✳✶✽✮ ♣$❡♥❛♥, ❝♦♠♣,❡ ❞✉ ❝♦✉♣❧❛❣❡ ❡♥,$❡ ❧❡: ❞❡✉① ❞②♥❛♠✐<✉❡: <✉✐ :❡$❛

❝♦♥:✐❞6$6 ❝♦♠♠❡ ✉♥❡ ✐♥,❡$❝♦♥♥❡①✐♦♥ ❡♥,$❡ ❧❡: ❞❡✉① :♦✉:✲:②:,8♠❡:✳

◆♦✉: :✉♣♣♦:♦♥: <✉❡ ❧❡: ❞②♥❛♠✐<✉❡: ❞❡ ❝❤❛<✉❡ ❛❝,✐♦♥♥❡✉$ :♦♥, ❞6❝$✐,❡: ♣❛$ ❧❡: 6<✉❛,✐♦♥:

✭✹✳✺✼✮ ❡, ✭✹✳✺✽✮ ✿

τ1δ̇f = −δf+u1, ✭✹✳✺✼✮

τ2u̇Φ = −uΦ+u2 ✭✹✳✺✽✮

♦J τ1 ❡, τ2 :♦♥, ❧❡: ❝♦♥:,❛♥,❡: ❞❡ ,❡♠♣:✳ u1 ❡, u2 $❡♣$6:❡♥,❡♥, $❡:♣❡❝,✐✈❡♠❡♥, ❧❡: ❡♥,$6❡:

❞❡ ❝♦♠♠❛♥❞❡ ❞✉ ❜$❛<✉❛❣❡ ❡, ❞✉ $♦✉❧✐: ❞✉ ✈6❤✐❝✉❧❡✳

❊♥ ❝♦♥:✐❞6$❛♥, ❧✬❛♣♣$♦①✐♠❛,✐♦♥ ❞❡: ❢♦$❝❡: ❧❛,6$❛❧❡: ♣❛$ ❧❡ ♠♦❞8❧❡ ✢♦✉ :✉✐✈❛♥, ✿

{
Ff = h1i (|αf |)Cf1αf+h

2
i (|αf |)Cf2αf , (i = 1,2)

Fr = h1i (|αf |)Cr1αr+h
2
i (|αf |)Cr2αr

✭✹✳✺✾✮
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❛✈❡❝ ❧❛ ✈❛%✐❛'✐♦♥ ❞❡+ ❝♦❡✣❝✐❡♥'+ ❞❡ %✐❣✐❞✐'. ♣♥❡✉♠❛'✐2✉❡ Cfl✱ Crl ❡+' ❞♦♥♥.❡ ❝♦♠♠❡ +✉✐' ✿

{
Cfl = Cfl0(1+dlfl) ,||fl|| ≤ 1

Crl = Crl0(1+dlfl)
✭✹✳✻✵✮

❖< dl ❞.+✐❣♥❡ ❧❡ ♣♦✉%❝❡♥'❛❣❡ ❞❡ ✈❛%✐❛'✐♦♥ ❞✉ ❝♦❡✣❝✐❡♥' ❞❡ %✐❣✐❞✐'. Cfl(Crl) ♣❛% %❛♣♣♦%'

= +❛ ✈❛❧❡✉% ♥♦♠✐♥❛❧❡ Cfl0(Crl0)✳ ❊♥ ❝♦♥+✐❞.%❛♥' ❧✬❛♣♣%♦①✐♠❛'✐♦♥ ❞❡+ ♣❡'✐'+ ❛♥❣❧❡+ ✭✷✳✺✶✮✱

❧❡ ♠♦❞D❧❡ ♣❡✉' E'%❡ %..❝%✐' +♦✉+ ❢♦%♠❡ ❞✬✉♥ +②+'D♠❡ ❞❡ ❣%❛♥❞❡ ❞✐♠❡♥+✐♦♥ S ❝♦♠♣♦+. ♣❛%

❞❡✉① +♦✉+✲+②+'D♠❡+ Si, i = 1,2 +✉✐✈❛♥'+ ✿

✕ ❙♦✉+✲+②+'D♠❡ S1 ❝♦%%❡+♣♦♥❞❛♥' = ❧❛ ❞②♥❛♠✐2✉❡ ❧❛'.%❛❧❡ ✿

ẋ1(t) =
r∑

l=1

hl1(|αf |)[(A
l
10+∆Al

1))x1(t)+B1u1+(f l
12(x2(t))] ✭✹✳✻✶✮

Al
10 =



−Jxeq

Cfl0+Crl0

mvxJxx
−Jxeq

Cfl0af−Crl0ar

mvx2Jxx
−1

JxeqCfl0

mvxJxx

−
Cfl0af−Crl0ar

Iz
−

Cfl0a
2

f
+Crl0a

2
r

Izvx

Cfl0af
Iz

0 0 1
−τ1


, ∆Al

1 = Dl
AFl(t)E

l
A1,

B1 =



0

0
1
τ1


, Fl(t) =



fl 0 0

0 fl 0

0 0 fl


,

El
A1 =



−Jxeq

Cfl0+Crl0

mvxJxx
−Jxeq

Cfl0af−Crl0ar

mvx2Jxx

JxeqCfl0

mvxJxx

−
Cfl0af−Crl0ar

Iz
−

Cfl0a
2

f
+Crl0a

2
r

Izvx

Cfl0af
Iz

0 0 1
−τ1


, Dl

A =



dl 0 0

0 dl 0

0 0 dl


,

f l
12(x2(t)) =




−hCΦ

vxJxx

h(mgh−KΦ)
vxJxx

KΦ
vxJxx

0 0 0

0 0 0


x2(t)

✭✹✳✻✷✮

✕ ❙♦✉+✲+②+'D♠❡ S2 ❝♦%%❡+♣♦♥❞❛♥' = ❧❛ ❞②♥❛♠✐2✉❡ ❞✉ %♦✉❧✐+ ✿

ẋ2(t) =
r∑

l=1

hl2(|αf |)[(A
l
20+∆Al

2)x2(t)+B2u2+f
l
21(x1(t))] ✭✹✳✻✸✮



4.2 Systèmes flous interconnectés en réseau et architecture de commande adoptée ✶✷✶

Al
20 =




−CΦ

Jxx

mgh−KΦ

Jxx

KΦ

Jxx

1 0 0

0 0 − 1
τ2


, B2 =



0

0
1
τ2


,

∆Al
2 = Dl

AFl(t)E
l
A2, El

A2 =



0 0 0

0 0 0

0 0 0


,

f l
21(x1(t)) =




−h(Cfl+Crl)

Jxx

−h(−afCfl+arCrl)

Jxxvx

hCfl

Jxx

0 0 0

0 0 0


x1(t)

✭✹✳✻✹✮

❖& ❧❡ ✈❡❝+❡✉- ❞✬0+❛+ ❞✉ 2♦✉2✲2②2+6♠❡ S1 ❡2+ x1❂✭β✱ Ψ̇✱ δf ✮ ❛✈❡❝ ❧❡ 2✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡

u1 ❡+ ❧❡ ✈❡❝+❡✉- ❞✬0+❛+ ❞✉ 2♦✉2✲2②2+6♠❡ S2✱ ❡2+ x2❂✭Φ̇✱ Φ✱ uΦ✮ ❛✈❡❝ ❧❡ 2✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡

u2✳

❉❛♥2 ❧❛ 2✉✐+❡✱ ♥♦✉2 ♣-02❡♥+♦♥2 ❧❡2 -02✉❧+❛+2 ❞❡ 2✐♠✉❧❛+✐♦♥ ❞❡ ❧✬❛♣♣❧✐❝❛+✐♦♥ ❞❡ ❧❛ ❝♦♠✲

♠❛♥❞❡ ✢♦✉❡ ❡♥ -02❡❛✉ ♣❛- -❡+♦✉- ❞✬0+❛+ ❡♥2✉✐+❡ ♣❛- -❡+♦✉- ❞❡ 2♦-+✐❡ @ ❧❛ ❞②♥❛♠✐A✉❡ ❞❡

✈0❤✐❝✉❧❡ ❞0❝-✐+❡ ♣❛- ❧❡2 ♠♦❞6❧❡2 ✭✹✳✻✶✮ ❡+ ✭✹✳✻✸✮✳

4.2.6.1 Résultats de simulation en utilisant la commande floue en réseau par retour d’état

E♦✉- ✐❧❧✉2+-❡- ❧❡ -02✉❧+❛+ ❞✉ ❚❤0♦-6♠❡ ✹✳✷✳✷✱ ♥♦✉2 ❛✈♦♥2 +❡2+0 ❧❡2 ❧♦✐2 ❞❡ ❝♦♠♠❛♥❞❡ ♣❛-

-❡+♦✉- ❞✬0+❛+ ❡♥ -02❡❛✉ ❞0✈❡❧♦♣♣0❡2 ❡♥ 2✐♠✉❧❛+✐♦♥ ❡♥ ❝♦♥2✐❞0-❛♥+ ❞❡2 -❡+❛-❞2 ✈❛-✐❛❜❧❡2 2✉-

❧❛ ♠❡2✉-❡ ❡+ 0❣❛❧❡♠❡♥+ 2✉- ❧❛ ❝♦♠♠❛♥❞❡ ❡+ ❞❡2 ♣❡-+❡2 ❞❡ ♣❛A✉❡+2 ❛❧0❛+♦✐-❡2✳

▲❡2 ♣❛-❛♠6+-❡2 ❧✐02 ❛✉ -02❡❛✉ ♣♦✉- ❝❤❛A✉❡ 2♦✉2✲2②2+6♠❡ Si 2♦♥+ 2✉♣♣♦202 0❣❛✉① ❛✈❡❝ ✿

❧❛ ♣0-✐♦❞❡ ❞✬0❝❤❛♥+✐❧❧♦♥♥❛❣❡ ❡2+ Te = 0.6ms✱ ❧❡ -❡+❛-❞ ♠✐♥✐♠✉♠ ❡2+ η1i = 6ms✱ ❧❡ -❡+❛-❞

♠❛①✐♠✉♠ ❡2+ η2i = 30ms ❡+ ❧❡ ♥♦♠❜-❡ ♠❛①✐♠✉♠ ❞❡ ♣❡-+❡2 ❞❡ ♣❛A✉❡+2 ❡2+ σ̄i = 3✳

▲❡2 -❡+❛-❞2 ✈❛-✐❛❜❧❡2 ❞❛♥2 ❧❡ +❡♠♣2 ❡♥+-❡ ❧❡ ❝❛♣+❡✉- ❡+ ❧❡ ❝♦♥+-L❧❡✉- ❛✐♥2✐ A✉✬❡♥+-❡ ❧❡

❝♦♥+-L❧❡✉- ❡+ ❧✬❛❝+✐♦♥♥❡✉- 2♦♥+ ❣0♥0-02 ❞❡ ♠❛♥✐6-❡ ❛❧0❛+♦✐-❡ +❡❧2 A✉❡ min(τsci+τcai) ≥ η1i✱

❡+ max(τsci+τcai+(σ̄i+1)Te) ≤ η2i ❡+ ❧❡2 ♣❡-+❡2 ❞❡ ♣❛A✉❡+2 2♦♥+ ❛✉22✐ ❣0♥0-0❡2 ❞❡ ♠❛♥✐6-❡

❛❧0❛+♦✐-❡ ❛✈❡❝ max(Ne) ≤ 3✱ ♦& Ne ❡2+ ❧❡ ♥♦♠❜-❡ ❞❡ ♣❛A✉❡+2 ♣❡-❞✉2✱ hdi = 0.1✱ ǫl = 0.1✱

µ1 = 1✱ µ2 = 0.2 ❡+ µ3 = 0.1✳

❊♥ -02♦❧✈❛♥+ ❧❡2 ▲▼■2 ❞✉ ❚❤0♦-6♠❡ ✹✳✷✳✷✱ ♥♦✉2 +-♦✉✈♦♥2 ✉♥❡ 2♦❧✉+✐♦♥ ❢❛✐2❛❜❧❡ ❛✈❡❝ ✿

✕ ●❛✐♥2 ♣♦✉- ❧❡ 2♦✉2✲2②2+6♠❡ S1 ✿

K1
1 =

[
−0.0605 −0.1292 −0.0437

]
,

K2
1 =

[
−0.2398 −0.5678 −1.0892

] ✭✹✳✻✺✮

✕ ●❛✐♥2 ♣♦✉- ❧❡ 2♦✉2✲2②2+6♠❡ S2 ✿

K1
2 =

[
−0.0539 0.0049 −0.0001

]
,

K2
2 =

[
−0.0539 0.0049 −0.0001

] ✭✹✳✻✻✮

E♦✉- ♠❡++-❡ ❡♥ ✈❛❧❡✉- ❧✬✐♥+0-T+ ❞❡ ♣-❡♥❞-❡ ❡♥ ❝♦♠♣+❡ ❧❡2 ❡✛❡+2 ❞✉ -❡+❛-❞ ❞❛♥2 ❧❛ 2②♥+❤62❡

❞❡ ❧❛ ❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡✱ ♥♦✉2 ❛✈♦♥2 ❝♦♠♣❛-0 ♥♦2 -02✉❧+❛+2 ❛✈❡❝ ❧❡2 -02✉❧+❛+2 ❞✬✉♥❡ ❧♦✐ ❞❡
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❝♦♠♠❛♥❞❡ '②♥)❤+)✐'+❡ '❛♥' ♣.❡♥❞.❡ ❡♥ ❝♦♠♣)❡ ❧❡ .❡)❛.❞ ❡) ❧❡' ♣❡.)❡' ❞❡ ♣❛0✉❡)' ❞❛♥'

❧❡ .+'❡❛✉ ✹✳✷✳✶✳ ❆✐♥'✐✱ ❡♥ ❛♣♣❧✐0✉❛♥) ❧❡ ❚❤+♦.9♠❡ ✹✳✷✳✶✱ ❞♦♥♥+ ❞❛♥' ❧❛ '♦✉'✲'❡❝)✐♦♥ ✹✳✷✳✷✱

♣♦✉. ❧❡ ❝❛' ♦; ♥♦✉' ♥❡ ❝♦♥'✐❞+.♦♥' ♣❛' ❧❡ .❡)❛.❞ ✐♥❞✉✐) ♣❛. ❧❡ .+'❡❛✉ ❡) ❧❡' ♣❡.)❡' ❞❡

♣❛0✉❡)'✱ ♦♥ ).♦✉✈❡ ❧❡' ❣❛✐♥' ❞❡' ❝♦♥).>❧❡✉.' '✉✐✈❛♥)' ✿

✕ ●❛✐♥' ♣♦✉. ❧❡ '♦✉'✲'②')9♠❡ S1 ✿

K1
1 =

[
19.5837 −17.1355 −1.8288

]
,

K2
1 =

[
2.9494 −2.5879 −1.1462

] ✭✹✳✻✼✮

✕ ●❛✐♥' ♣♦✉. ❧❡ '♦✉'✲'②')9♠❡ S2 ✿

K1
2 =

[
2.9494 −2.5879 −1.1462

]
,

K2
2 =

[
2.9494 −2.5879 −1.1462

] ✭✹✳✻✽✮

G♦✉. ❧❛ '✐♠✉❧❛)✐♦♥✱ ❧❡' ❝♦♥❞✐)✐♦♥' ✐♥✐)✐❛❧❡' '✉✐✈❛♥)❡' ✿

x1(0) =
[
0.01 0.02 0.03

]T
, ❡) x2(0) =

[
0.01 0.02 0.03

]T
✭✹✳✻✾✮

'♦♥) ❝♦♥'✐❞+.+❡'✳ ▲✬❛❝)✐♦♥ ❞✉ ❝♦♥❞✉❝)❡✉. ❡') ❞♦♥♥+❡ ❞❛♥' ❧❛ ❋✐❣✉.❡ ✹✳✶✺✳
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4.2.6.2 Résultats de simulation de la commande floue en réseau par retour de sortie statique
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hl1(|αf |)[A
l
10x1(t)+B1u1+f12(x2(t))],

y1(t) = C1x1(t)
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]
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y2(t) = C2x2(t)

✭✹✳✼✶✮

❛✈❡❝ C2 =

[
1 0 0

0 0 1

]
✳

▲❡$ ♣❛7❛♠('7❡$ ❧✐:$ ❛✉ 7:$❡❛✉ ♣♦✉7 ❝❤❛<✉❡ $♦✉$✲$②$'(♠❡ Si $♦♥' $✉♣♣♦$:$ :❣❛✉① @ ✿ Te =

0.6ms✱ ❧❡ 7❡'❛7❞ ♠✐♥✐♠✉♠ ❡$' η1i = 6ms✱ ❧❡ 7❡'❛7❞ ♠❛①✐♠✉♠ ❡$' η2i = 30ms ❡' ❧❡ ♥♦♠❜7❡

♠❛①✐♠✉♠ ❞❡ ♣❡7'❡$ ❞❡ ♣❛<✉❡'$ ❡$' σ̄i = 3✳

❈♦♠♠❡ ❞❛♥$ ❧❡ ❝❛$ ♣7:❝:❞❡♥'✱ ❧❡$ 7❡'❛7❞$ ✈❛7✐❛❜❧❡$ ❞❛♥$ ❧❡ '❡♠♣$ ❡' ❧❡$ ♣❡7'❡$ ❞❡ ♣❛<✉❡'$

$♦♥' ❛❧:❛'♦✐7❡♠❡♥' ❣:♥:7:$ '❡❧$ <✉❡ min(τsci+τcai) ≥ η1i✱ max(τsci+τcai+(σ̄i+1)Te) ≤ η2i
❡' max(Ne) ≤ 3✱ ♦E Ne ❡$' ❧❡ ♥♦♠❜7❡ ❞❡ ♣❛<✉❡'$ ♣❡7❞✉$✱ hdi = 0.1✱ ǫl = 0.1✱ µ1 = 1✱

µ2 = 0.2 ❡' µ3 = 0.1✳
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✕ ●❛✐♥$ ♣♦✉7 ❧❡ $♦✉$✲$②$'(♠❡ S1 ✿

K1
1 =

[
−0.2328 0.0925

]
,

K2
1 =

[
0.0157 0.0036

] ✭✹✳✼✷✮

✕ ●❛✐♥$ ♣♦✉7 ❧❡ $♦✉$✲$②$'(♠❡ S2 ✿

K1
2 =

[
−0.0051 −0.0159

]
,

K2
2 =

[
−0.0051 −0.0159

] ✭✹✳✼✸✮

L♦✉7 ❧❛ $✐♠✉❧❛'✐♦♥✱ ♥♦✉$ ❛✈♦♥$ ♣7✐$ ❧❡$ ❝♦♥❞✐'✐♦♥$ ✐♥✐'✐❛❧❡$ $✉✐✈❛♥'❡$ ✿

x1(0) =
[
0.01 0.02 0.03

]T
, ❡' x2(0) =

[
0.01 0.02 0.03

]T
✭✹✳✼✹✮
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4.2 Systèmes flous interconnectés en réseau et architecture de commande adoptée ✶✷✼
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✶✷✽ Commande floue décentralisée des systèmes de grande dimension
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Conclusion Générale
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♦❜$❡♥✉❡& &✉) ✉♥ ❧♦❣✐❝✐❡❧ ❝♦♠♠❡ ❈❆❘❙■▼✳ ❊♥✜♥✱ ♥♦✉& ❛✈♦♥& ❧✬✐♥$❡♥$✐♦♥ ❞✬✐♥$.❣)❡) ❧❛ ❞②✲

♥❛♠✐6✉❡ ❧♦♥❣✐$✉❞✐♥❛❧❡ ❡♥ ♣❧✉& ❞❡ ❧❛ ❞②♥❛♠✐6✉❡ ❧❛$.)❛❧❡ ❡$ ❝❡❧❧❡ ❞✉ )♦✉❧✐& ❞❛♥& ❧❡ ❝♦♥$)B❧❡

❣❧♦❜❛❧ ❞✉ ❝❤O&&✐& ❡♥ ✉$✐❧✐&❛♥$ ❧✬❛♣♣)♦❝❤❡ ❞.❝❡♥$)❛❧✐&.❡✳
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A.1 Techniques de relaxation

❛✮ ❈❤♦✐① ❞❡ ❧❛ ❢♦♥❝-✐♦♥♥❡❧❧❡ ❞❡ ▲②❛♣✉♥♦✈

✕ ❋▲❑ $✉❛❞(❛)✐$✉❡ ❛✈❡❝ ✉♥❡ ✐♥)/❣(❛❧❡ 2✐♠♣❧❡ ❬❈❛♦ ❡) ❋(❛♥❦✱ ✷✵✵✵❪

V (x(t)) = xT (t)Px(t)+

∫ t

t−τ(t)

x(α)TSx(α)dα ✭❆✳✶✮

♦B P > 0 ❡) S > 0 2♦♥) ❞❡2 ♠❛)(✐❝❡2 2②♠/)(✐$✉❡2 ❡) ❞/✜♥✐❡2 ♣♦2✐)✐✈❡2 ✭❣❛(❛♥)✐22❛♥)

❛✐♥2✐ $✉❡ ❧❛ ❢♦♥❝)✐♦♥♥❡❧❧❡ ❞❡ V (x(t)) ❡2) ❞/✜♥✐❡ ♣♦2✐)✐✈❡✮✳

✕ ❋▲❑ $✉❛❞(❛)✐$✉❡ ❛✈❡❝ ✉♥❡ ✐♥)/❣(❛❧❡ ❞♦✉❜❧❡ ❬▲✐ ❡! ❛❧✳✱ ✷✵✵✹❪

V (x(t)) = xT (t)Px(t)+

∫ t

t−τ(t)

x(α)TSx(α)dα+

∫ 0

−τ̄

∫ t

t+σ

ẋ(α)TZẋ(α)dαdσ ✭❆✳✷✮

♦B P ✱ S ❡) Z 2♦♥) ❞❡2 ♠❛)(✐❝❡2 2②♠/)(✐$✉❡2 ❡) ❞/✜♥✐❡2 ♣♦2✐)✐✈❡2✳

❘/❝❡♠♠❡♥)✱ ❞❡ ♥♦✉✈❡❧❧❡2 ❋▲❑ ♦♥) /)/ ♣(♦♣♦2/❡2 ♣♦✉( /)✉❞✐❡( ❧❡2 ♠♦❞I❧❡2 ❙❈❘2✳

K❛( ❡①❡♠♣❧❡ ❬❏✐❛♥❣ ❡) ❍❛♥✱ ✷✵✵✼❪ ❛ ❝♦♥2✐❞/(/ ❧❛ ❋▲❑ 2✉✐✈❛♥)❡ ✿

V (x(t)) = V1(x(t))+V2(x(t))+V3(x(t)) ✭❆✳✸✮

✶✸✶
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❛✈❡❝

V1(x(t)) = xT (t)Px(t)

V2(x(t)) =

∫ t

t−τ1

x(s)TQx(s)ds

V3(x(t)) =

∫ 0

−τ1

∫ t

t+θ

ẋ(s)TR1ẋ(s)dsdθ+

∫ −τm

−τM

∫ t

t+θ

ẋ(s)TR2ẋ(s)dsdθ

♦% P ✱ Q✱ R1 ❡' R2 (♦♥' ❞❡( ♠❛',✐❝❡( (②♠/',✐0✉❡( ❡' ❞/✜♥✐❡( ♣♦(✐'✐✈❡(✳

✕ ❋▲❑ 0✉❛❞,❛'✐0✉❡ ❛✈❡❝ ✉♥❡ ✐♥'/❣,❛❧❡ ',✐♣❧❡ ❬❑❝❤❛♦✉ ❡! ❛❧✳✱ ✷✵✶✸❪ ❡' ❜✐✲♣❛,'✐'✐♦♥ ❞✉

,❡'❛,❞ ✿

V (x(t)) = V1(x(t))+V2(x(t)) ✭❆✳✹✮

❛✈❡❝

V1(x(t)) = xT (t)Px(t)+

∫ t

t−
η1
2

ξT1 (s)Q1ξ1(s)ds+

∫ t

t−
η2
2

ξT2 (s)Q2ξ2(s)ds+

∫ t

t−η(t)

xT (s)Q3x(s)ds

V2(x(t)) =
η1
2

∫ 0

−
η1
2

(∫ t

t+s

ξT (υ)Z1ξ(υ)dυ
)
ds+

(η1
2
)2

2

∫ 0

−
η1
2

(∫ 0

s

∫ t

t+α

ẋT (υ)W1ẋ(υ)dυ
)
dαds

+
η2
2

∫ 0

−
η2
2

(∫ t

t+s

ξT (υ)Z2ξ(υ)dυ
)
ds+

(η2
2
)2

2

∫ 0

−
η2
2

(∫ 0

s

∫ t

t+α

ẋT (υ)W2ẋ(υ)dυ
)
dαds

✭❆✳✺✮

❛✈❡❝

ξ1 =
[
xT (s) xT (s−η1

2
)
]T
, ξ2 =

[
xT (s) xT (s−η2

2
)
]T
, ξ(t) =

[
xT (t) ẋT (t)

]T
,

Q1 =

[
Q1

11 Q1
12

∗ Q1
22

]
, Q2 =

[
Q2

11 Q2
12

∗ Q2
22

]
, Z1 =

[
Z1

11 Z1
12

∗ Z1
22

]
,

Z2 =

[
Z2

11 Z2
12

∗ Z2
22

]
.

♦! P ✱ Q1✱ Q2✱ Q3✱ Z1✱ Z2✱ W1 ❡$ W2 %♦♥$ ❞❡% ♠❛$*✐❝❡% ❞-✜♥✐❡% ♣♦%✐$✐✈❡%✳

❜✮ ▲❡♠♠❡ ❞❡ ❙❝❤✉*

▲❡♠♠❡ ❆✳✶ ✭❈♦♠♣❧-♠❡♥$ ❞❡ ❙❝❤✉*✮❇♦②❞ ❡! ❛❧✳ ❬✶✾✾✹❪ ✿ ❙♦✐❡♥$ $*♦✐% ♠❛$*✐❝❡% Q✱ R ❡$ S

❞❡ ❞✐♠❡♥%✐♦♥% ❛♣♣*♦♣*✐-❡% ❛✈❡❝ Q = QT
❡$ R = RT

✱ ❧❡% ❡①♣*❡%%✐♦♥% %✉✐✈❛♥$❡% %♦♥$ ❛❧♦*%

-B✉✐✈❛❧❡♥$❡% ✿

[
Q S

∗ R

]
< 0 ⇐⇒

{
R < 0

Q−SR−1ST < 0
✭❆✳✻✮

♦✉

[
Q S

∗ R

]
> 0 ⇐⇒

{
R > 0

Q−SR−1ST > 0
✭❆✳✼✮
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❝✮ ▲❡♠♠❡ ❞❡ ❈♦♥❣,✉❡♥❝❡

▲❡♠♠❡ ❆✳✷ ✭❈♦♥❣%✉❡♥❝❡✮ ❙♦✐❡♥, ❞❡✉① ♠❛,%✐❝❡1 P ❡, Q✱ 1✐ P ❡1, ❞3✜♥✐❡ ♣♦1✐,✐✈❡ ❡, 1✐ Q

❡1, ❞❡ %❛♥❣ ♣❧❡✐♥ ❡♥ ❝♦❧♦♥♥❡ ❛❧♦%1 ❧❛ 8✉❛♥,✐,3 QPQT
❡1, ❞3✜♥✐❡ ♣♦1✐,✐✈❡✳

❞✮ ▲❡♠♠❡1 ❞❡ ♠❛❥♦,❛4✐♦♥

▲❡♠♠❡ ❆✳✸ ❬❲❛♥❣ ❡! ❛❧✳✱ ✶✾✾✷❪ ❙♦✐❡♥, ❧❡1 ♠❛,%✐❝❡1 D✱ E✱ F (t) ❞❡ ❞✐♠❡♥1✐♦♥1 ❛♣♣%♦♣%✐3❡1

❡, F (t) 1❛,✐1❢❛✐, F (t)TF (t) ≤ I✳ ❊♥1✉✐,❡✱ ❧✬✐♥3❣❛❧✐,3 1✉✐✈❛♥,❡ ❡1, ✈3%✐✜3❡ ♣♦✉% ,♦✉, ǫ > 0 ✿

DF (t)E+ETF (t)TDT ≤ ǫDDT+ǫ−1ETE

▲❡♠♠❡ ❆✳✹ ❈♦♥1✐❞3%♦♥1 ❧❡1 ♠❛,%✐❝❡1 X✱ Y ❡, ∆ 1❛,✐1❢❛✐1❛♥, ∆ < ∆̄✳ ❊♥1✉✐,❡✱ ❧✬✐♥3❣❛❧✐,3

1✉✐✈❛♥,❡ ✈3%✐✜❡ ✿

(SX+∆Y )TS−1(SX+∆Y ) = XTX+XT∆Y+Y T∆TX+Y T∆TS−1∆Y

▲❡♠♠❡ ❆✳✺ ❬❨✉ ❡! ❛❧✳✱ ✷✵✶✷❪ F♦✉% ❧❡1 1❝❛❧❛✐%❡1 M > 0✱ N > 0 ✱ h(t) ❡1, ✉♥❡ ❢♦♥❝,✐♦♥

❝♦♥,✐♥✉❡ 8✉✐ 1❛,✐1❢❛✐, hm < h(t) < hM ✱ ❛❧♦%1

−
hM−hm
h(t)−hm

M−
hM−hm
hM−h(t)

N ≤ max(−(M+3N),−(3M+N))
✭❆✳✽✮

▲❡♠♠❡ ❆✳✻ ❬❙✉♥ ❡! ❛❧✳✱ ✷✵✶✵❪ ❙♦✐, ✉♥❡ ♠❛,%✐❝❡ ❝♦♥1,❛♥,❡ M > 0✱ ❡, 1♦✐❡♥, ❧❡1 1❝❛❧❛✐%❡1

hm ❡, hM ❛✈❡❝ 0 < hm < hM ✱ ❡, ❧❡ ✈❡❝,❡✉% x(t) : [−hM ,−hm] → Rn
❞❡ ,❡❧❧❡ 1♦%,❡ 8✉❡ ❧❡1

,❡%♠❡1 ✐♥,3❣%❛❧❡1 ❝♦♥❝❡%♥31 1♦♥, ❜✐❡♥ ❞3✜♥✐1✱ ❛❧♦%1 ❧❡1 ✐♥3❣❛❧✐,31 1✉✐✈❛♥,❡1 1♦♥, ✈3%✐✜3❡1

−(hM−hm)

∫ t−hm

t−hM

xT (s)Mx(s)ds ≤ −

∫ t−hm

t−hM

xT (s)dsM

∫ t−hm

t−hM

x(s)ds ✭❆✳✾✮

−
1

2
(h2M−h2m)

∫ t−hm

t−hM

∫ t

t+θ

xT (s)Mx(s)dsdθ ≤ −

∫ t−hm

t−hM

∫ t

t+θ

xT (s)dsdθM

∫ t−hm

t−hM

∫ t

t+θ

x(s)dsdθ

✭❆✳✶✵✮

▲❡♠♠❡ ❆✳✼ ❬F❛%❦ ❡! ❛❧✳✱ ✷✵✶✶❪ ❙♦✐❡♥, ❞❡1 ✈❡❝,❡✉%1 ψ1✱ ψ2✱ ❞❡1 ♠❛,%✐❝❡1 S✱ R ❡, ❞❡1

1❝❛❧❛✐%❡1 %3❡❧1 α1 ≥ 0✱ α2 ≥ 0✱ 8✉✐ 1❛,✐1❢❛✐❡♥,

[
R S

ST R

]
≥ 0, α1+α2 = 1, ψi = 0 1✐ αi = 0 (i = 1,2)

♥♦✉1 ❛✈♦♥1

−
1

α1

ψT
1 Rψ1−

1

α2

ψT
2 Rψ2 ≤ −

[
ψ1

ψ2

]T[
R S

ST R

]T[
ψ1

ψ2

]
✭❆✳✶✶✮

▲❡♠♠❡ ❆✳✽ F♦✉% ,♦✉, ✈❡❝,❡✉% %3❡❧ ζ ❡, ρ✱ ✐❧ ✈✐❡♥, 8✉❡

2ζTρ ≤ ζTZζ+ρTZ−1ρ ✭❆✳✶✷✮

❛✈❡❝ Z > 0
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▲❡♠♠❡ ❆✳✾ ❬❲❛♥❣ ❡& ▲✐♥✱ ✷✵✵✺❪ ▲✬✐♥/❣❛❧✐&/ 1✉✐✈❛♥&❡ ❡1& ✈/4✐✜/❡ ♣♦✉4 &♦✉& ✈❡❝&❡✉4 4/❡❧

νi ∈ Rn

[
m∑

i=1

νi]

T

[
m∑

i=1

νi] ≤ m
m∑

i=1

νTi νi. ✭❆✳✶✸✮

❞✮ ❘❡❧❛①❛/✐♦♥3 ❞✉❡3 5 ✉♥❡ ❞♦✉❜❧❡ 3♦♠♠❡ ✿

▲❡♠♠❡ ❆✳✶✵ ❬❚❛♥❛❦❛ ❡& ❙❛♥♦✱ ✶✾✾✹❪ ❯♥ 1②1&G♠❡ ✢♦✉ ❞❡ &②♣❡ ❚❙ ❡1& ❛1②♠♣&♦&✐K✉❡♠❡♥&

1&❛❜❧❡✱ 1✬✐❧ ❡①✐1&❡ ✉♥❡ ♠❛&4✐❝❡ Xij < 0 &❡❧❧❡ K✉❡ ❧❡1 ❝♦♥❞✐&✐♦♥1 1✉✐✈❛♥&❡1 1♦✐❡♥& ✈/4✐✜/❡1

r∑

i=1

r∑

j=1

hihjXij =
r∑

i=1

r∑

j=1

h2iXii+
r∑

i=1

r∑

j>i

hihj(Xij+Xji) ✭❆✳✶✹✮

▲❡♠♠❡ ❆✳✶✶ ❯♥ ❙❈❘ ❞❡ &②♣❡ ❚❙ ❡1& ❛1②♠♣&♦&✐K✉❡♠❡♥& 1&❛❜❧❡✱ 1✬✐❧ ❡①✐1&❡ ✉♥❡ ♠❛&4✐❝❡

Xij < 0 &❡❧❧❡ K✉❡ ❧❡1 ❝♦♥❞✐&✐♦♥1 1✉✐✈❛♥&❡1 1♦✐❡♥& ✈/4✐✜/❡1

r∑

i=1

r∑

j=1

hih
k
jXij =

r∑

i=1

r∑

j=1

h2i X̄ii+
r∑

i=1

r∑

j>i

hihj(X̄ij+X̄ji)

❛✈❡❝ X̄ij = Xij+
∑r

k=1ϕkXik ❡& ϕk ❡1& ❧❛ ❝♦♥1&❛♥&❡ ❞❡ ▲✐♣1❝❤✐&③ K✉✐ 1❛&✐1❢❛✐& ❧❛ ❝♦♥❞✐&✐♦♥

|hki−hi| ≤ ϕi✳

89❡✉✈❡ ❞✉ ▲❡♠♠❡ ❆✳✶✶

r∑

i=1

r∑

j=1

hih
k
jXij =

r∑

i=1

r∑

j=1

hihjXij+
r∑

i=1

r∑

j=1

hi(h
k
j−hj)Xij

≤
r∑

i=1

r∑

j=1

hihj(Xij+
r∑

k=1

ϕkXik)

=
r∑

i=1

r∑

j=1

h2i X̄ii+
r∑

i=1

r∑

j>i

hihj(X̄ij+X̄ji)
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B.1 Formulation LMI

B.2 Principe de l’approche PDC

B.1 Formulation LMI

▲❡" ■♥%❣❛❧✐*%" ▼❛*,✐❝✐❡❧❧❡" ▲✐♥%❛✐,❡"✱ ❝♦♠♠✉♥%♠❡♥* ❛♣♣❡❧❧%❡" ▲▼■✱ ❝♦♥"*✐*✉❡♥* ✉♥ ♦✉*✐❧

❞❡ ❜❛"❡ ❞❛♥" ❧❛ ,%"♦❧✉*✐♦♥ ❞❡" ♣,♦❜❧5♠❡" ❞✬♦♣*✐♠✐"❛*✐♦♥ ❝♦♥✈❡①❡" "♦✉" ❝♦♥*,❛✐♥*❡"✳ ❈❡

♣❛,❛❣,❛♣❤❡ ❛ ❞♦♥❝ ♣♦✉, ❜✉* ❞✬✐♥*,♦❞✉✐,❡ ❧❡" ♣,✐♥❝✐♣❛❧❡" ♣,♦♣,✐%*%" *❤%♦,✐<✉❡" ♥%❝❡""❛✐,❡"✳

❯♥❡ ■♥%❣❛❧✐*% ▼❛*,✐❝✐❡❧❧❡ ▲✐♥%❛✐,❡ ♣❡✉* >*,❡ ❡①♣,✐♠%❡ "♦✉" ❧❛ ❢♦,♠❡ ❬❇♦②❞ ❡! ❛❧✳✱ ✶✾✾✹❪ ✿

F (x) = F0+
m∑

i=1

xiFi > 0 ✭❇✳✶✮

♦J x = (x1,...,xm) ∈ ℜm
❡"* ✉♥ ✈❡❝*❡✉, ❞❡ m ✈❛,✐❛❜❧❡"✳ ▲❡" ♠❛*,✐❝❡" Fi = F T

i ∈ ℜm×m

"♦♥* ❞❡" ♠❛*,✐❝❡" ❞%✜♥✐❡" ♣♦"✐*✐✈❡"✳ ■❧ ❡"* ❛✉""✐ ♣♦""✐❜❧❡ ❞❡ *,♦✉✈❡, ❞❡" ▲▼■ ♥♦♥ "*,✐❝*❡"

<✉✐ ❛✉,♦♥* ❧❛ ❢♦,♠❡ F (x) ≥ 0✱ ❞❛♥" ❝❡ ❝❛" ❧❡" ♠❛*,✐❝❡" "♦♥* "❡♠✐✲❞%✜♥✐❡" ♣♦"✐*✐✈❡"✳ M❛, ❧❛

"✉✐*❡✱ ❧❡" ❝♦♥*,❛✐♥*❡" "♦♥* "♦✉" ❧❛ ❢♦,♠❡ F (x) < 0 ❀ ❝❡**❡ ▲▼■ ❡"* ❡<✉✐✈❛❧❡♥*❡ O −F (x) > 0✳

❯♥❡ "❡✉❧❡ ▲▼■ ❞✐❛❣♦♥❛❧❡ ,❡❣,♦✉♣❡ ♣❧✉"✐❡✉," ▲▼■" F 1(x(t)) > 0,...,F p(x(t)) > 0 ❡"*

❞%✜♥✐❡ ❝♦♠♠❡ "✉✐* ✿

F (x(t)) =



F 1(x(t))

✳

✳

✳

F p(x(t))


 > 0 ✭❇✳✷✮

◆♦✉" ♣♦✉✈♦♥" ,❡♥❝♦♥*,❡, ✉♥ ♣,♦❜❧5♠❡ ❞✬♦♣*✐♠✐"❛*✐♦♥ ❝♦♥✈❡①❡ ,❡♣,%"❡♥*% "♦✉" ❢♦,♠❡ ▲▼■ ✿
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✶✸✻ Formulation LMI et approche PDC

❋❛✐&❛❜✐❧✐)* ✿

!"♦✉✈❡" x(t) ∈ ℜ

!❡❧ (✉❡ F (x(t)) > 0
✭❇✳✸✮

▲❛ "01♦❧✉!✐♦♥ ❞❡ ❝❡ ♣"♦❜❧8♠❡ ✉!✐❧✐1❡ ❧❡ ❧♦❣✐❝✐❡❧ ▼❆❚▲❆❇ ❡! ❧❛ ❜♦✐!❡ > ♦✉!✐❧1 ✧▲▼■

❈❖◆❚❘❖▲ ❚❖❖▲❇❖❳✧ ●❛❤✐♥❡! ❡! ❆♣❦❛"✐❛♥ ❬✶✾✾✹❪✳

B.2 Principe de l’approche PDC

▲❡ ♣"✐♥❝✐♣❡ ❞❡ ❧✬❛♣♣"♦❝❤❡ O❉❈ ❡1! ✐❧❧✉1!"0 ❞❛♥1 ❧❛ ❋✐❣✉"❡ ❇✳✶ ✿

❋✐❣✉"❡ ❇✳✶✿ O"✐♥❝✐♣❡ ❞❡ ❧✬❛♣♣"♦❝❤❡ O❉❈
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❊+♠❛✐❧③❛❞❡❤✱ ❊✳✱ ●♦♦❞❛*③✐✱ ❆✳ ❡0 ❱♦++♦✉❣❤✐✱ ●✳ ✭✷✵✵✸✮✳ ❖♣0✐♠❛❧ ②❛✇ ♠♦♠❡♥0

❝♦♥01♦❧ ❧❛✇ ❢♦1 ✐♠♣1♦✈❡❞ ✈❡❤✐❝❧❡ ❤❛♥❞❧✐♥❣✳ ▼❡❝❤❛#;♦♥✐❝"✱ ✶✸✭✼✮✿✻✺✾✕✻✼✺✳

❋♦♥9✱ ❙✳ ✭✶✾✾✺✮✳ ▼4#❤♦❞♦❧♦❣✐❡ ♣♦✉; =;❡♥❞;❡ ❡♥ ❈♦♠♣#❡ ❧❛ ❘♦❜✉"#❡""❡ ❞❡" ❙②"#$♠❡"

❆""❡;✈✐" ✿ ❖♣#✐♠✐"❛#✐♦♥ H∞ ❡# ❆♣♣;♦❝❤❡ ❙②♠❜♦❧✐2✉❡ ❞❡ ❧❛ ❋♦;♠❡ ❙#❛♥❞❛;❞✳ ❚❤*+❡ ❞❡

❞♦❝0♦1❛0✱ ❯♥✐✈❡1+✐07 8❛1✐+ ❳■ ❖1+❛②✱ ❋1❛♥❝❡✳

●❛❤✐♥❡9✱ 8✳ ❡0 ❆♣❦❛*✐❛♥✱ 8✳ ✭✶✾✾✹✮✳ ❆ ❧✐♥❡❛1 ▼❛01✐① ■♥❡Z✉❛❧✐0② ❆♣♣1♦❛❝❤ 0♦ H∞

❈♦♥01♦❧✳ ■♥#✳ ❏✳ ❘♦❜✉"# ◆♦♥❧✐♥❡❛; ❈♦♥#✱ ✹✭✹✮✿✹✷✶✕✹✹✽✳

●❛++♦✱ ❑✳ ✭✷✵✵✵✮✳ ■❞❡♥#✐✜❝❛#✐♦♥ ❞❡" "②"#$♠❡" ❞②♥❛♠✐2✉❡" ♥♦♥✲❧✐♥❡❛✐;❡" ✿ ❛♣♣;♦❝❤❡

♠✉❧#✐♠♦❞$❧❡"✳ ❚❤*+❡ ❞❡ ❞♦❝0♦1❛0✱ ■◆8▲✱ ◆❛♥❝②✱ ❋1❛♥❝❡✳

●✐❧❧❡+♣✐❡✱ ❚✳ ❉✳ ✭✶✾✾✷✮✳ ❋✉♥❞❛♠❡♥0❛❧+ ♦❢ ❱❡❤✐❝❧❡ ❉②♥❛♠✐❝+✳ ❙♦❝✐❡#② ♦❢ ❆✉#♦♠♦#✐✈❡

❊♥❣✐♥❡❡;"✱ ❙❆❊ ■♥#❡;♥❛#✐♦♥❛❧✳

●✐++✐♥❣❡*✱ ●✳ ❡0 ❋♦*9✲=✐❛9✱ ◆✳ ▲✳ ✭✷✵✵✷❛✮✳ ❈♦♥01^❧❡✲❝♦♠♠❛♥❞❡ ❞❡ ❧❛ ✈♦✐0✉1❡✳ ❚;❛✐#4

■❈✷✱ "4;✐❡ ❙②"#$♠❡" ❛✉#♦♠❛#✐"4"✳

●✐++✐♥❣❡*✱ ●✳ ❡0 ❋♦*9✲=✐❛9✱ ◆✳ ▲✳ ✭✷✵✵✷❜✮✳ ▲❛ ✈♦✐0✉1❡ ✐♥0❡❧❧✐❣❡♥0❡✳ ❍❡;♠$" /

▲❛✈♦✐"✐❡;✳

●❧❛+❡*✱ ❙✳ ✭✷✵✵✹✮✳ ▼♦❞4❧✐"❛#✐♦♥ ❡# ❛♥❛❧②"❡ ❞✬✉♥ ✈4❤✐❝✉❧❡ ❡♥ #;❛❥❡❝#♦✐;❡" ❧✐♠✐#❡"✳ ❆♣♣❧✐✲

❝❛#✐♦♥ ❛✉ ❞4✈❡❧♦♣♣❡♠❡♥# ❞❡ "②"#$♠❡" ❞✬❛✐❞❡ 8 ❧❛ ❝♦♥❞✉✐#❡ ✳ ❚❤*+❡ ❞❡ ❞♦❝0♦1❛0✱ ❯♥✐✈❡1+✐07

❞✬❊✈1②✲❱❛❧ ❞✬❊++♦♥♥❡✱ ❋1❛♥❝❡✳

●♦♠❡+ ❉❛ ❙✐❧✈❛ ❏*✱ ❏✳✱ ❙❡✉*❡9✱ ❆✳✱ ❋*✐❞♠❛♥✱ ❊✳ ❡0 ❘✐❝❤❛*❞✱ ❏✳ ✭✷✵✶✶✮✳ ❙0❛✲

❜✐❧✐+❛0✐♦♥ ♦❢ ♥❡✉01❛❧ +②+0❡♠+ ✇✐0❤ +❛0✉1❛0✐♥❣ ❝♦♥01♦❧ ✐♥♣✉0+✳ ■♥#❡;♥❛#✐♦♥❛❧ ❏♦✉;♥❛❧ ♦❢

❙②"#❡♠" ❙❝✐❡♥❝❡✱ ✹✷✭✼✮✿✶✵✾✸✕✶✶✵✸✳

●♦♦❞❛*③✐✱ ❆✳✱ ❊+♠❛✐❧③❛❞❡❤✱ ❊✳ ❡0 ❱♦++♦✉❣❤✐✱ ●✳ ✭✷✵✵✶✮✳ ❉✐1❡❝0 ②❛✇ ♠♦♠❡♥0

❝♦♥01♦❧ ❢♦1 ♠♦0♦1✐③❡❞ ✇❤❡❡❧ ❡❧❡❝01✐❝ ✈❡❤✐❝❧❡+✳ ✶✽#❤ ❇✐❡♥♥✐❛❧ ❈♦♥❢❡;❡♥❝❡ ♦♥ ▼❡❝❤❛♥✐❝❛❧

❱✐❜;❛#✐♦♥ ❛♥❞ ◆♦✐"❡✱ ✻❆✿✷✶✺✕✷✷✷✳

●♦*❞♦♥✱ ❚✳✱❍♦✇❡❧❧✱ ▼✳ ❡0 ❇*❛♥❞❛♦✱ ❋✳ ✭✷✵✵✸✮✳ ■♥0❡❣1❛0❡❞ ❝♦♥01♦❧ ♠❡0❤♦❞♦❧♦❣✐❡+

❢♦1 1♦❛❞ ✈❡❤✐❝❧❡+✳ ❱❡❤✐❝❧❡ ❙②"#❡♠ ❉②♥❛♠✐❝"✱ ✹✵✭✶✲✸✮✿✶✺✼✕✶✾✵✳

●✉❡❧9♦♥✱ ❑✳✱ ▼❛♥❛♠❛♥♥✐✱ ◆✳ ❡0 ❏❛❜*✐✱ ❉✳ ✭✷✵✶✵✮✳ H∞ ❉❡❝❡♥01❛❧✐③❡❞ ❙0❛0✐❝ ❖✉0✲

♣✉0 ❋❡❡❞❜❛❝❦ ❈♦♥01♦❧❧❡1 ❉❡+✐❣♥ ❋♦1 ▲❛1❣❡ ❙❝❛❧❡ ❚❛❦❛❣✐✲❙✉❣❡♥♦ ❙②+0❡♠+✳ ■❊❊❊ ■♥#❡;♥❛✲

#✐♦♥❛❧ ❈♦♥❢❡;❡♥❝❡ ♦♥ ❋✉③③② ❙②"#❡♠" ✭❋❯❩❩✮✱ ❇❛;❝❡❧♦♥❛✱ ❙♣❛✐♥ ✱ ♣❛❣❡+ ✶✕✼✳

●✉♦✱ ❩✳ ❡0 ❇♦✱ ❘✳ ✭✷✵✶✵✮✳ ◆♦♥✲❋1❛❣✐❧❡ ❙0❛0✐❝ ❖✉0♣✉0 ❈♦♥01♦❧❧❡1 ❉❡+✐❣♥ ❢♦1 ❋✉③③②

❙②+0❡♠+✳ ■♥#❡;♥❛#✐♦♥❛❧ ❈♦♥❢❡;❡♥❝❡ ♦♥ ■♥#❡❧❧✐❣❡♥# ❙②"#❡♠ ❉❡"✐❣♥ ❛♥❞ ❊♥❣✐♥❡❡;✐♥❣ ❆♣♣❧✐✲

❝❛#✐♦♥ ✭■❙❉❊❆✮✱ ✶✿✶✵✶✼✕✶✵✷✵✳



❇✐❜❧✐♦❣&❛♣❤✐❡ ✶✸✾

❍❛❥❥❛❥✐✱ ❆✳ ❊✳✱ ❈❤❛❞❧✐✱ ▼✳✱ ❖✉❞❣❤✐+✐✱ ▼✳ ❡& ,❛❣❡.✱ ❖✳ ✭✷✵✵✻✮✳ ❖❜.❡/✈❡/✲❜❛.❡❞

/♦❜✉.& ❢✉③③② ❝♦♥&/♦❧ ❢♦/ ✈❡❤✐❝❧❡ ❧❛&❡/❛❧ ❞②♥❛♠✐❝.✳ ❆♠❡#✐❝❛♥ ❈♦♥*#♦❧ ❈♦♥❢❡#❡♥❝❡ ✭❆❈❈✮✱

▼✐♥♥❡❛1♣♦❧✐1✱ ❯❙❆✱ ♣❛❣❡. ✹✻✻✹✕✹✻✻✾✳

❍❡.♣❛♥❤❛✱ ❏✳✱ ◆❛❣❤.❤2❛❜+✐③✐✱ E✳ ❡& ❨♦♥❣❣❛♥❣✱ ❳✳ ✭✷✵✵✼❛✮✳ ❆ .✉/✈❡② ♦❢ /❡❝❡♥&

/❡.✉❧&. ✐♥ ♥❡&✇♦/❦❡❞ ❝♦♥&/♦❧ .②.&❡♠.✳ 5#♦❝❡❡❞✐♥❣1 ♦❢ *❤❡ ■❊❊❊✱ ✾✺✿✶✸✽✕✶✻✷✳

❍❡.♣❛♥❤❛✱ ❏✳✱ ◆❛❣❤.❤2❛❜+✐③✐✱ E✳ ❡& ❨♦♥❣❣❛♥❣✱ ❳✳ ✭✷✵✵✼❜✮✳ ❙✉/✈❡② ♦♥ &❤❡

.&❛❜✐❧✐&② ♦❢ ♥❡&✇♦/❦❡❞ ❝♦♥&/♦❧ .②.&❡♠.✳ ❏♦✉#♥❛❧ ♦❢ ❈♦♥*#♦❧ ❚❤❡♦#② ❛♥❞ ❆♣♣❧✐❝❛*✐♦♥1✱

✺✿✸✼✹✕✸✼✾✳

❍✐❧❛✐+❡✱ ❚✳ ✭✷✵✵✻✮✳ ❆♥❛❧②1❡ ❡* 1②♥*❤?1❡ ❞❡ ❧✬✐♠♣❧A♠❡♥*❛*✐♦♥ ❞❡ ❧♦✐1 ❞❡ ❝♦♥*#B❧❡✲

❝♦♠♠❛♥❞❡ ❡♥ ♣#A❝✐1✐♦♥ ✜♥✐❡✳ ❚❤Q.❡ ❞❡ ❞♦❝&♦/❛&✱ ❊❝♦❧❡ ❈❡♥&/❛❧❡ ❞❡ ◆❛♥&❡.✱ ❋/❛♥❝❡✳

❍♦♥❣❦❛✐✱ ❩✳✱ ◗✐❛♥.❤❡♥❣✱ ❋✳✱ ❳✐❛♦❧♦♥❣✱ ❲✳✱ ❨❛♥❣✱ ▲✳ ❡& ❈❤❛♦✱ ❲✳ ✭✷✵✶✵✮✳

◆♦♥✲❢/❛❣✐❧❡ ●✉❛/❛♥&❡❡❞✲❈♦.& ❘♦❜✉.& H∞ ❈♦♥&/♦❧ ❢♦/ ❛ ❈❧❛.. ♦❢ ◆♦♥❧✐♥❡❛/ ◆❡&✇♦/❦❡❞

❈♦♥&/♦❧ ❙②.&❡♠. ✇✐&❤ ▲♦♥❣ ❚✐♠❡✲❉❡❧❛②✳ ■♥*❡#♥❛*✐♦♥❛❧ ❈♦♥❢❡#❡♥❝❡ ♦♥ ■♥*❡❧❧✐❣❡♥* ❈♦♠✲

♣✉*❛*✐♦♥ ❚❡❝❤♥♦❧♦❣② ❛♥❞ ❆✉*♦♠❛*✐♦♥ ✭■❈■❈❚❆✮✱❍♦♥❣ ❑♦♥❣ ❛♥❞ ▼❛❝❛✉ ✱ ✷✿✼✽✹ ✕✼✽✼✳

❍.✐❛♦✱ ❚✳ ❡&❚♦♠✐③✉❦❛✱ ▼✳ ✭✷✵✵✹✮✳ ❖❜.❡/✈❡/✲❜❛.❡❞ .❡♥.♦/ ❢❛✉❧& ❞❡&❡❝&✐♦♥ ❛♥❞ ✐❞❡♥&✐✜✲

❝❛&✐♦♥ ✇✐&❤ ❛♣♣❧✐❝❛&✐♦♥ &♦ ✈❡❤✐❝❧❡ ❧❛&❡/❛❧ ❝♦♥&/♦❧✳ ❆♠❡#✐❝❛♥ ❈♦♥*#♦❧ ❈♦♥❢❡#❡♥❝❡✱ ❇♦1*♦♥✱

❯❙❆✱ ✶✿✽✶✵ ✕ ✽✶✺✳

■❙❖ ✭✶✾✾✶✮✳ ❘♦❛❞ ✈❡❤✐❝❧❡.✲ ❱❡❤✐❝❧❡ ❞②♥❛♠✐❝. ❛♥❞ /♦❛❞✲❤♦❧❞✐♥❣ ❛❜✐❧✐&②✲ ❱♦❝❛❜✉❧❛/②✳ ■❙❖

✽✽✺✺ ✿✶✾✾✶✳

❏❛③❛+✱ ❘✳ ✭✷✵✵✽✮✳ ❱❡❤✐❝❧❡ ❉②♥❛♠✐❝. ✿ ❚❤❡♦/② ❛♥❞ ❆♣♣❧✐❝❛&✐♦♥✳ ❙♣#✐♥❣❡#✳

❏✐❛♥❣✱ ❳✳ ❋✳ ❡& ❍❛♥✱ ◗✳ ▲✳ ✭✷✵✵✼✮✳ ❘♦❜✉.& H∞ ❝♦♥&/♦❧ ❢♦/ ✉♥❝❡/&❛✐♥ ❚❛❦❛❣✐❙✉❣❡♥♦

❢✉③③② .②.&❡♠. ✇✐&❤ ✐♥&❡/✈❛❧ &✐♠❡✲✈❛/②✐♥❣ ❞❡❧❛②✳ ■❊❊❊ ❚#❛♥1❛❝*✐♦♥1 ♦♥ ❋✉③③② ❙②1*❡♠1✱

✶✺✭✷✮✿✸✷✶✕✸✸✶✳

❏✐❛♥②♦♥❣✱ ❲✳✱ ❍♦✉❥✉♥✱ ❚✳✱ ❙❤❛♦②✉❛♥✱ ▲✳ ❡& ❲❛♥✱ ❋✳ ✭✷✵✵✼✮✳ ■♠♣/♦✈❡♠❡♥& ♦❢

✈❡❤✐❝❧❡ ❤❛♥❞❧✐♥❣ ❛♥❞ .&❛❜✐❧✐&② ❜② ✐♥&❡❣/❛&❡❞ ❝♦♥&/♦❧ ♦❢ ❢♦✉/ ✇❤❡❡❧ .&❡❡/✐♥❣ ❛♥❞ ❞✐/❡❝& ②❛✇

♠♦♠❡♥&✳ ❈❤✐♥❡1❡ ❈♦♥*#♦❧ ❈♦♥❢❡#❡♥❝❡✱ ❩❤❛♥❣❥✐❛❥✐❡✱ ❍✉♥❛♥✱ ❈❤✐♥❛ ✱ ✹✸✿✼✸✵✕✼✸✺✳

❏✐❛♥②♦♥❣✱ ❨✳✱ ❙❤✐♠✐♥✱ ❨✳ ❡& ❍❛✐A✐♥❣✱ ❲✳ ✭✷✵✵✹✮✳ ❙✉/✈❡② ♦♥ &❤❡ ♣❡/❢♦/♠❛♥❝❡

❛♥❛❧②.✐. ♦❢ ♥❡&✇♦/❦❡❞ ❝♦♥&♦❧ .②.&❡♠.✳ ■❊❊❊ ❧♥*❡♠❛*✐♦♥❛❧ ❈♦♥❢❡#❡♥❝❡ ♦♥ ❙②1*❡♠1✱ ▼❛♥

❛♥❞ ❈②❜❡#♥❡*✐❝1✱ ✻✿✺✵✻✽✕✺✵✼✸✳

❑❝❤❛♦✉✱ ▼✳✱ ●❛..❛+❛✱ ❍✳ ❡& ❍❛❥❥❛❥✐✱ ❆✳ ❊✳ ✭✷✵✶✸✮✳ ❘♦❜✉.& ♦❜.❡/✈❡/✲❜❛.❡❞ ❝♦♥&/♦❧

❞❡.✐❣♥ ❢♦/ ✉♥❝❡/&❛✐♥ .✐♥❣✉❧❛/ .②.&❡♠. ✇✐&❤ &✐♠❡✲❞❡❧❛②✳ ■♥*❡#♥❛*✐♦♥❛❧ ❏♦✉#♥❛❧ ♦❢ ❆❞❛♣*❛✲

*✐✈❡ ❈♦♥*#♦❧ ❛♥❞ ❙✐❣♥❛❧ 5#♦❝❡11✐♥❣✱ ✷✽✭✷✮✿✶✻✾✕✶✽✸✳

❑❝❤❛♦✉✱ ▼✳✱ ❙♦✉✐..✐✱ ▼✳ ❡& ❚♦✉♠✐✱ ❆✳ ✭✷✵✶✵✮✳ ❆ ♥❡✇ ❛♣♣/♦❛❝❤ &♦ ♥♦♥✲❢/❛❣✐❧❡ H∞

♦❜.❡/✈❡/✲❜❛.❡❞ ❝♦♥&/♦❧ ❢♦/ ❞✐.❝/❡&❡&✐♠❡ ❢✉③③② .②.&❡♠.✳ ■♥*❡#♥❛*✐♦♥❛❧ ❏♦✉#♥❛❧ ♦❢ ❙②1*❡♠1

❙❝✐❡♥❝❡✱ ✹✸✭✶✮✿✾✕✷✵✳

❑❝❤❛♦✉✱ ▼✳ ❡& ❚♦✉♠✐✱ ❆✳ ✭✷✵✶✶✮✳ ❉❡❧❛②✲❉❡♣❡♥❞❡♥& H∞ ❘❡.✐❧✐❡♥& ❖✉&♣✉& ❋✉③③②

❈♦♥&/♦❧ ❋♦/ ◆♦♥❧✐♥❡❛/ ❉✐.❝/❡&❡✲❚✐♠❡ ❙②.&❡♠. ❲✐&❤ ❚✐♠❡✲❉❡❧❛②✳ ■♥*❡#♥❛*✐♦♥❛❧ ❏♦✉#♥❛❧

♦❢ ❯♥❝❡#*❛✐♥*②✱ ❋✉③③✐♥❡11 ❛♥❞ ❑♥♦✇❧❡❞❣❡✲❇❛1❡❞ ❙②1*❡♠1 ✱ ✶✾✭✷✮✿✷✷✾✕✷✺✵✳



✶✹✵ ❇✐❜❧✐♦❣)❛♣❤✐❡

❑❝❤❛♦✉✱ ▼✳ ❡$ ❚♦✉♠✐✱ ❆✳ ✭✷✵✶✸✮✳ ❋✉③③② ♥❡$✇♦3❦✲❜❛8❡❞ ❝♦♥$3♦❧ ❢♦3 ❛ ❝❧❛88 ♦❢ ❚✲

❙ ❢✉③③② 8②8$❡♠8 ✇✐$❤ ❧✐♠✐$❡❞ ❝♦♠♠✉♥✐❝❛$✐♦♥✳ ❚!❛♥$❛❝&✐♦♥$ ♦♥ ❙②$&❡♠$✱ ❙✐❣♥❛❧$ ❛♥❞

❉❡✈✐❝❡$✱ ❙♦✉$$❡✱ ❚✉♥✐$✐❛✱ ♣❛❣❡8 ✶✕✻✳

❑✐❞❛♥❡✱ ❙✳✱ ❆❧❡①❛♥❞❡/✱ ▲✳✱ ❘❛❥❛♠❛♥✐✱ ❘✳✱ ❙3❛//✱ H✳ ❡$ ❉♦♥❛3❤✱ ▼✳ ✭✷✵✵✻✮✳

❘♦❛❞ ❇❛♥❦ ❆♥❣❧❡ ❈♦♥8✐❞❡3❛$✐♦♥8 ✐♥ ▼♦❞❡❧✐♥❣ ❛♥❞ ❚✐❧$ ❙$❛❜✐❧✐$② ❈♦♥$3♦❧❧❡3 ❉❡8✐❣♥ ❢♦3

◆❛33♦✇ ❈♦♠♠✉$❡3 ❱❡❤✐❝❧❡8✳ ■♥ 5!♦❝✳ ♦❢ &❤❡ ✷✵✵✻ ❆♠❡!✐❝❛♥ ❈♦♥&!♦❧ ❈♦♥❢❡!❡♥❝❡✱ ▼✐♥✲

♥❡❛♣♦❧✐$✱ ▼✐♥♥❡$♦&❛✱ ❯❙❆✱ ♣❛❣❡8 ✺✽✷✺✕✺✽✸✵✳

❑✐❡♥❝❦❡✱ ❯✳ ✭✶✾✾✸✮✳ ❘❡❛❧ $✐♠❡ ❡8$✐♠❛$✐♦♥ ♦❢ ❛❞❤❡8✐♦♥ ❝❤❛3❛❝$❡3✐8$✐❝ ❜❡$✇❡❡♥ $②3❡ ❛♥❞

3♦❛❞✳ 5!♦ ✳■❋❆❈ ❈♦♥❣!❡$$✱ ❙②❞♥❡②✱ ❆✉$&!❛❧✐❛✱ ♣❛❣❡8 ✶✺✕✶✽✳

❑✐❡♥❝❦❡✱ ❯✳ ❡$ ◆✐❡❧7❡♥✱ ◆✳ ✭✷✵✵✵✮✳ ✧❆✉$♦♠♦$✐✈❡ ❝♦♥$3♦❧ 8②8$❡♠✧✳ ❙♣!✐♥❣❡!✳

❑✐❡♥❝❦❡✱ ❯✳ ❡$ ◆✐❡❧7❡♥✱ ◆✳ ✭✷✵✵✺✮✳ ✧❆✉$♦♠♦$✐✈❡ ❝♦♥$3♦❧ 8②8$❡♠8 ❢♦3 ❡♥❣✐♥❡ ✱ ❞3✐✈❡✲

❧✐♥❡✱ ❛♥❞ ✈❡❤✐❝❧❡✳✧ 2eme
❡❞✐$✐♦♥✳ ❙♣!✐♥❣❡!✳

▲❛3/❛❝❤✱ ❈✳✱ ❑❝❤❛♦✉✱ ▼✳✱ ❍❛❥❥❛❥✐✱ ❆✳ ❊✳ ❡$ ❘❛❜❤✐✱ ❆✳ ✭✷✵✶✸❛✮✳ ❈♦♠♠❛♥❞❡ ✢♦✉❡

❞V❝❡♥$3❛❧✐8V❡ ♣♦✉3 ✉♥❡ ❝❧❛88❡ ❞❡ 8②8$W♠❡8 ✐♥$❡3❝♦♥♥❡❝$V8 ❡♥ 3V8❡❛✉✳ ▲❋❆✱ ❘❡✐♠$✱ ❋!❛♥❝❡✱

♣❛❣❡8 ✷✵✸✕✷✶✵✳

▲❛3/❛❝❤✱ ❈✳✱ ❑❝❤❛♦✉✱ ▼✳✱ ❘❛❜❤✐✱ ❆✳ ❡$ ❍❛❥❥❛❥✐✱ ❆✳ ❊✳ ✭✷✵✶✹✮✳ H∞ ♥❡$✇♦3❦❡❞

❢✉③③② ❝♦♥$3♦❧ ❢♦3 ✈❡❤✐❝❧❡ ❧❛$❡3❛❧ ❞②♥❛♠✐❝ ✇✐$❤ ❧✐♠✐$❡❞ ❝♦♠♠✉♥✐❝❛$✐♦♥✳ ■♥ ✶✾&❤ ❲♦!❧❞

❈♦♥❣!❡$$ ■❋❆❈ ❲❈✱ ❈❛♣❡ ❚♦✇♥✱ ❙♦✉&❤ ❆❢!✐❝❛✱ ♣❛❣❡8 ✻✸✶✸✕✻✸✶✽✳

▲❛3/❛❝❤✱ ❈✳✱ ❑❝❤❛♦✉✱ ▼✳✱ ❘❛❜❤✐✱ ❆✳ ❡$ ❍❛❥❥❛❥✐✱ ❆✳ ❊✳ ✭✷✵✶✺✮✳ ❉❡❝❡♥$3❛❧✐③❡❞

♥❡$✇♦3❦❡❞ ❝♦♥$3♦❧ 8②8$❡♠ ❞❡8✐❣♥ ✉8✐♥❣ ✭❚❙✮ ❢✉③③② ❛♣♣3♦❛❝❤✳ ■♥&❡!♥❛&✐♦♥❛❧ ❏♦✉!♥❛❧ ♦❢

❆✉&♦♠❛&✐♦♥ ❛♥❞ ❝♦♠♣✉&✐♥❣ ✭■❏❆❈✮✱ ✶✷✭✷✮✿✶✷✺✕✶✸✸✳

▲❛3/❛❝❤✱ ❈✳✱ ❘❛❜❤✐✱ ❆✳✱ ❑❝❤❛♦✉✱ ▼✳ ❡$ ❍❛❥❥❛❥✐✱ ❆✳ ❊✳ ✭✷✵✶✸❜✮✳ ❈♦♠♠❛♥❞❡

❡♥ 3V8❡❛✉ ❞❡ ❧❛ ❞②♥❛♠✐Z✉❡ ❧❛$V3❛❧❡ ❞✉ ✈V❤✐❝✉❧❡✳ ❏❉ ▼❆❈❙✱ ❙&!❛$❜♦✉!❣✱ ❋!❛♥❝❡✱ ♣❛❣❡8

✸✶✶✕✸✶✻✳

▲❛✇/❡♥③✱ ❲✳ ✭✶✾✾✼✮✳ ❈❆◆ 8②8$❡♠ ❡♥❣✐♥❡❡3✐♥❣ ✿ ❢3♦♠ $❤❡♦3② $♦ ♣3❛❝$✐❝❛❧ ❛♣♣❧✐❝❛$✐♦♥8✳

❙♣!✐♥❣❡!✲✈❡!❧❛❣✱ ◆❡✇ ❨♦!❦✱ ♣❛❣❡8 ✶✕✹✼✵✳

▲❡❝❤♥❡/✱ ❉✳ ✭✷✵✵✷✮✳ ❆♥❛❧②$❡ ❞✉ ❝♦♠♣♦!&❡♠❡♥& ❞②♥❛♠✐P✉❡ ❞❡$ ✈Q❤✐❝✉❧❡$ !♦✉&✐❡!$ ❧Q✲

❣❡!$ ✿ ❞Q✈❡❧♦♣♣❡♠❡♥& ❞✬✉♥❡ ♠Q&❤♦❞♦❧♦❣✐❡ ❛♣♣❧✐P✉Q❡ T ❧❛ $Q❝✉!✐&Q ♣!✐♠❛✐!❡ ✳ ❚❤W8❡ ❞❡

❞♦❝$♦3❛$✱ ➱❝♦❧❡ ❝❡♥$3❛❧❡ ❞❡ ▲②♦♥✱ ❋3❛♥❝❡✳

▲✐✱ ❈✳✱ ❲❛♥❣✱ ❍✳ ❡$ ▲✐❛♦✱ ❳✳ ✭✷✵✵✹✮✳ ❉❡❧❛②✲❞❡♣❡♥❞❡♥$ 3♦❜✉8$ 8$❛❜✐❧✐$② ♦❢ ✉♥❝❡3$❛✐♥

❢✉③③② 8②8$❡♠8 ✇✐$❤ $✐♠❡✲✈❛3②✐♥❣ ❞❡❧❛②8✳ 5!♦❝✳ ■♥$&✳ ❊❧❡❝&✳ ❊♥❣✳ ❈♦♥&!♦❧ ❚❤❡♦!② ❆♣♣❧✱

✶✺✶✭✹✮✿✹✶✼✕✹✷✶✳

▲✐✱ ❍✳✱ ▲✐✉✱ ❍✳✱ ❍✐❧3♦♥✱ ❈✳ ❡$ ❍❛♥❞✱ ❙✳ ✭✷✵✶✸✮✳ ◆♦♥✲❢3❛❣✐❧❡ H∞ ❝♦♥$3♦❧ ❢♦3 ❤❛❧❢✲

✈❡❤✐❝❧❡ ❛❝$✐✈❡ 8✉8♣❡♥8✐♦♥ 8②8$❡♠8 ✇✐$❤ ❛❝$✉❛$♦3 ✉♥❝❡3$❛✐♥$✐❡8✳ ❏♦✉!♥❛❧ ♦❢ ❱✐❜!❛&✐♦♥ ❛♥❞

❈♦♥&!♦❧✱ ✶✾✭✹✮✿✺✻✵✕✺✼✺✳

▲✐♥✱ ❘✳✱ ❉✐♥❣✱ ❳✳✱ ❍✉❛♥❣✱ ❚✳ ❡$ ❲❛♥❣✱ ❈✳ ✭✷✵✶✵✮✳ ◆♦♥✲❢3❛❣✐❧❡ ❣✉❛3❛♥$❡❡❞✲❝♦8$

❝♦♥$3♦❧❧❡3 ❞❡8✐❣♥ ❢♦3 $❤❡ ♥❡$✇♦3❦❡❞ ❝♦♥$3♦❧ 8②8$❡♠8 ✇✐$❤ ♥❡$✇♦3❦✲✐♥❞✉❝❡❞ $✐♠❡ ❞❡❧❛②✳

■❊❊❊ ■♥&❡!♥❛&✐♦♥❛❧ ❈♦♥❢❡!❡♥❝❡ ♦♥ ❆✉&♦♠❛&✐♦♥ ❛♥❞ ▲♦❣✐$&✐❝$ ✭■❈❆▲✮ ✱ ♣❛❣❡8 ✻✶✹ ✕✻✶✼✳



❇✐❜❧✐♦❣&❛♣❤✐❡ ✶✹✶

▲✐♥❣✱ ◗✳ ❡$ ▲❡♠♠♦♥✱ ▼✳ ✭✷✵✵✷✮✳ ❘♦❜✉.$ ♣❡0❢♦0♠❛♥❝❡ ♦❢ .♦❢$ 0❡❛❧✲$✐♠❡ ♥❡$✇♦0❦❡❞
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.②.$❡♠.✳ ■♥ "#♦❝✳ ♦❢ (❤❡ (❤❡ ✹✷-( ■❊❊❊ ❈♦♥❢❡#❡♥❝❡ ♦♥ ❉❡❝✐-✐♦♥ ❛♥❞ ❈♦♥(#♦❧✱ ▼❛✉✐✱
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❋0❛♥❝❡✳
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✶✹✷ ❇✐❜❧✐♦❣)❛♣❤✐❡

❖✉❞❣❤✐&✐✱ ▼✳ ❡$ ❍❛❥❥❛❥✐✱ ▼✳ ❈✳ ❆✳ ❊✳ ✭✷✵✵✽❛✮✳ ❈♦♥$0♦❧ ❛♥❞ ❙❡♥4♦0 ❋❛✉❧$✲❚♦❧❡0❛♥❝❡
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✸✳✹ ▲❡% 2❡3❛2❞% ✐♥❞✉✐3% ❞❛♥% ✉♥ ❙❈❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✸✳✺ ❙❝❤,♠❛ ❞✉ %②%35♠❡ ❝♦♠♠❛♥❞, ❡♥ 2,%❡❛✉ ❛✈❡❝ V✉❛♥3✐✜❝❛3✐♦♥ ❞❡% ♠❡%✉2❡%✳ ✳ ✹✻

✸✳✻ ❘❡3❛2❞% ✐♥❞✉✐3% ♣❛2 ❧❡ 2,%❡❛✉✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸
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✸✳✾ ❊✈♦❧✉*✐♦♥ ❞❡ ❧❛ ✈❛0✐❛❜❧❡ ❞✬3*❛* x2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✸✳✶✵ ❊✈♦❧✉*✐♦♥ ❞✉ 8✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹
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✸✳✶✷ ❙❝❤3♠❛ ❞✉ 8②8*>♠❡ ❝♦♠♠❛♥❞3 ❡♥ 038❡❛✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾
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✸✳✶✹ ❘❡*❛0❞8 ✐♥❞✉✐*8 ♣❛0 ❧❡ 038❡❛✉✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✸✳✶✺  ❡"#❡$ ❞❡ ♣❛(✉❡#$ ❞❡ ❞♦♥♥,❡$✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✸✳✶✻ ❈♦♠♣❛0❛✐8♦♥ ❞❡8 ❛♥❣❧❡8 ❞❡ ❣❧✐88❡♠❡♥* ❧❛*30❛✉① β ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✸✳✶✼ ❈♦♠♣❛0❛✐8♦♥ ❞❡8 ✈✐*❡88❡8 ❞✉ ❧❛❝❡* r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✸✳✶✽ ❚0❛❥❡❝*♦✐0❡ ❞✉ 8✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡ Mz✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✸✳✶✾ ❊✈♦❧✉*✐♦♥ ❞❡ ❧❛ ✈✐*❡88❡ ❞❡ ❧❛ 0♦✉❡ ❡* ❧❛ ✈✐*❡88❡ ❞✉ ✈3❤✐❝✉❧❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✸✳✷✵ ●❧✐88❡♠❡♥* ❡* ❣❧✐88❡♠❡♥* ❞38✐03 ✿ ❛✈❡❝ ❧❛ ❧♦✐ ❞❡ ❝♦♠♠❛♥❞❡ ✢♦✉❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✸✳✷✶ ❊✈♦❧✉*✐♦♥ ❞✉ 8✐❣♥❛❧ ❞❡ ❝♦♠♠❛♥❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸
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✸✳✷✺ ❘3♣♦♥8❡8 ❞❡ ❧✬❛♥❣❧❡8 ❞❡ ❣❧✐88❡♠❡♥* ❧❛*30❛❧ ❛✈❡❝ ❧❡ ❝♦♥*0O❧❡✉0 ♥♦♥✲❢0❛❣✐❧❡

✭✸✳✶✵✸✮ ❡* ❧❡ ❝♦♥*0O❧❡✉0 ✭✸✳✶✵✺✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼
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COMMANDE EN RESEAU DES SYSTEMES FLOUS :
APPLICATION A LA DYNAMIQUE DE VEHICULE
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