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 damper behavior[Guo et al., 2006℄F (t) = (A1ud + A2) tanh(A3żdef+A4zdef ) + A5żdef + A6zdef + A7
◮ Constant parameters Ai identi�ed fromexperimental data
◮ Damper non-linearity & hysteresisDynami
al damper behaviorI (s)ud (s) =

G
( s
ωd)2

+ 2ζd s
ωd + 1

◮ A
tuator bandwidth
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{m  , I  ,  I  }s x y

{m     }us 1

{m     }us 2
{m     }us 3

z s

zus 1
zus 2

zus 3
z s

xs ysDi�erential equations
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
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
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elerations, 3 sprung mass a

elerationsFull-
ar linear model :
{ ẋ = Ax + Dxvy = Cx + Dyv Full-state observer :

{ ż = Nz+Lyx̂ = z − Eyė = ẋ − ˙̂x = Ne + (PA− KC − N)x + (PDx − LDy )v + EDy v̇Where P = I + EC and K = L+ NE .Stability 
onditions :
{ N is HurwitzN = PA− KC De
oupling 
onditions :

{ EDy = 0LDy − PDx = 0LDy − PDx = 0 may not be solvable or lead to in
onvenient polepla
ement ⇒ H∞-observer ⇒ N, L and ES. Aubouet - PhD. defense, O
tober, 25th 2010 Semi-a
tive suspension modeling and 
ontrol 19/60



Introdu
tionSystem analysis and modelingControl strategyCon
lusion and perspe
tives Introdu
tionObserver design and experimental resultsLo
al damper 
ontrol and experimental resultsGlobal vehi
le 
ontrol and simulation results
H∞ observer synthesisMethod1 E parameterized s.t. EDy = 02 N = PA− KCė = Ne + (PDx − LDy )v ⇔ ė = Ae + Bv

H∞ disturban
e attenuationAppli
ation of the Bounded Real Lemma [S
herer and Weiland, 1999℄




ATP + PA PB CT
∗ −γI DT
∗ ∗ −γI



 ≺ 0+ Observer pole pla
ement [Chilali et al., 1999℄
D =

{z ∈ C : L+ zM + z∗MT ≺ 0}



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 damper model ◮ Nonlinear stati
 gainF = (A1ud + A2) tanh(A3żdef + A4zdef ) + A5żdef + A6zdef + A7
= ρd (zdef , żdef )ud + F0(zdef , żdef )Damper dynami
al behavior ◮ Bandwidth 
hara
terizationD(s) = ρd (zdef , żdef )

( s
ωd)2

+ 2ζd s
ωd + 1

Linear dynami
almodel model- -
1

( s
ωd )2 + 2ζd s

ωd + 1 udi
ρd (ẑdef , ˆ̇zdef )Nonlinear stati
? ?
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- DamperKd (s) 3
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�

DamperD(s)?
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F
��
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�zd2zd∞
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Mixed H∞/H2 LPV synthesisTra
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ontroller synthesisDamper model D(s) = ρd (zdef , żdef )
( s
ωd )2

+ 2ζd s
ωd + 1Generalized system
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


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ẋdazd∞zd2y 


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
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
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Ada B1 B2(ρd )C∞ D∞1 D∞2C2 D21 D22Cy Dy1 O
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
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H∞ performan
e for LPV systems (Bounded Real Lemma)[Apkarian et al., 1995℄, [S
herer and Weiland, 2005℄





AT (ρd )P + PA(ρd ) PB C∞T
∗ −γ0I D∞

T
∗ ∗ −γ0I 

 ≺ 0
H2 performan
e for LPV systems

(

AT (ρd )P + PA(ρd ) PB
∗ −I

)

≺ 0, ( K CT2
∗ Z )

≻ 0, Tr(Z) > σ0Pole pla
ement 
onstraints
D =

{z ∈ C : L+ zM + z∗MT ≺ 0}








L⊗ X +M ⊗ (XA(ρd )) MT1 ⊗ (XB) MT2 ⊗ CT1
+MT ⊗ (AT (ρd )X )

∗ −γI DT1
∗ ∗ −γI








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ontrol and simulation resultsLPV 
ontrol - Polytopi
 approa
hPolytopi
 approa
h [Apkarian et al., 1995℄, [S
herer andWeiland, 2005℄Extremal parameters ◮ polytopeSingle Lyapunov fun
tion ◮ 
onservatismSynthesis ◮ one 
ontroller for ea
h vertexLPV 
ontrollerKd (ρ) = 2p
∑k=1αk (ρ)Kdk

αk(ρ) = ∏pj=1 | ρ(j)−Θk |
∏pj=1 | ρ− ρ |

-

6

ρ1
ρ2

K(ρ1, ρ2)
K(ρ1, ρ2)K(ρ1, ρ2)

K(ρ1, ρ2) K(ρ)
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tivesMinimize the H∞-norm of the input-output relationsRelation Frequen
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onstraint
Damper force range

Damper force vs deflection velocity

A
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al
ulationWu(ρv ) = ρv = (ρv − ρv )min(ǫ, |Frea − F∗|) + ρvExtension of previous results [Poussot-Vassal, 2008℄Full verti
al 
arStati
 state-feedba
k 
ontrollerIdenti�ed damper model based s
hedulingS. Aubouet - PhD. defense, O
tober, 25th 2010 Semi-a
tive suspension modeling and 
ontrol 39/60



Introdu
tionSystem analysis and modelingControl strategyCon
lusion and perspe
tives Introdu
tionObserver design and experimental resultsLo
al damper 
ontrol and experimental resultsGlobal vehi
le 
ontrol and simulation resultsS
heduling strategy to ensure dissipativity 
onstraint
Damper force range

Damper force vs deflection velocity

A
hievable damper for
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ontrol and experimental resultsGlobal vehi
le 
ontrol and simulation resultsComplete 
ontrol strategy simulationsSimulation of the whole system :Nonlinear vehi
le modelObserver ⇒ State estimationLo
al 
ontroller ⇒ For
e referen
e tra
kingGlobal 
ontroller ⇒ For
e referen
e generationVehi
les under study :1 Passive linear damper with minimal damping rate,2 Passive linear damper with maximal damping rate,3 A
tive damper,4 Semi-a
tive LPV 
ontrol,5 Semi-a
tive ADD 
ontrol (A

eleration Driven Damper)[Savaresi et al., 2005℄damping rate= { 
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e 
riteriaPerforman
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riteria :PSDf1→f2(X (f )) = √
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tivesExperiment 1 : proto
olSine de�e
tions : various amplitudes, frequen
ies and 
ontrolsignals (
onstant)Sine wave Freq. [Hz℄ Amp. [mm℄ Control [%℄Sine 1 1.5 1 0, 33, 66 and 100Sine 2 1.5 10.5 0, 33, 66 and 100Sine 3 1.5 21 0, 33, 66 and 100Sine 4 12 1.4 0, 33, 66 and 100Sine 5 12 4.1 0, 33, 66 and 100Sine 6 12 6.9 0, 33, 66 and 100S. Aubouet - PhD. defense, O
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tionMinimal 
ontrol signalOther sine de�e
tions (di�erent amplitudes and frequen
ies)
⇒ Max relative error : 5.3%
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tivesSimulation resultsMean relative error :
ǫr (F − F ∗) =

∑nk=1 |F (k)− F ∗(k)|F (k)
◮ F ∗ : For
e referen
e
◮ F : Damper for
e
◮ n : Number of samplesResults : Case MRE∗LTI 11%LPV 5%
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y unit : Hz)z̈s 7→ z1 Wz̈s = Gz̈s ss+2πfz̈s fz̈s = 4Gz̈s = 0.01zs 7→ z2 Wzs = Gzs 2πfzss+2πfzs fzs = 5Gzs = 2
θ 7→ z7 Wθ = Gθ

2πfθs+2πfθ fθ = 5Gθ = 2
φ 7→ z8 Wφ = Gφ

2πfφs+2πfφ fθ = 5Gθ = 2zusi 7→ zj Wzus = Gzus 2πfzuss+2πfzus fzus = 20i ∈ [1, 4], j ∈ [3, 6] Gzus = 1w∞ 7→ zri W−1zr = Gzr 2πfzrs+2πfzr fzri = 20i ∈ [1, 4] Gzri = 1u 7→ zj Wui (ρvi ) = ρvii ∈ [1, 4], j ∈ [9, 12]S. Aubouet - PhD. defense, O
tober, 25th 2010 Semi-a
tive suspension modeling and 
ontrol 57/60



Introdu
tionSystem analysis and modelingControl strategyCon
lusion and perspe
tivesSimulation results : Sprung and unsprung mass positions
0 1 2 3 4 5 6 7 8 9 10

−0.1

−0.05

0

0.05

0.1

Time [s]

P
as

si
ve

 s
us

pe
ns

io
n 

1

 

 

0 1 2 3 4 5 6 7 8 9 10
−0.1

−0.05

0

0.05

0.1

Time [s]

LP
V

 s
em

i−
ac

tiv
e 

su
sp

en
si

on
 1

 

 

z
r

z
s1

z
us1

0 1 2 3 4 5 6 7 8 9 10
−0.1

−0.05

0

0.05

0.1

Time [s]

A
D

D
 s

em
i−

ac
tiv

e 
su

sp
en

si
on

 1
[m

]

Sprung mass position :Passive : manyos
illationsSemi-a
tive : smoothADD : smooth, lessos
illationsTire de�e
tion :Passive : large valuesSemi-a
tive : smallvaluesADD : large valuesS. Aubouet - PhD. defense, O
tober, 25th 2010 Semi-a
tive suspension modeling and 
ontrol 58/60



Introdu
tionSystem analysis and modelingControl strategyCon
lusion and perspe
tivesSimulation results : s
heduling 
oe�
ients
0 1 2 3 4 5 6 7 8 9 10

0

0.2

0.4

0.6

0.8

1

Time [s]

S
us

pe
ns

io
n 

1:
 s

ch
ed

ul
in

g 
co

ef
fic

ie
nt

s

 

 

α
1
(ρ

v1
)

α
2
(ρ

v1
)

(α1, α2) = (1, 0) if F ∗ a
hievable
(α1, α2) = (0, 1) if F ∗ not a
hievableu automati
ally de
reased if F ∗ outside the damper for
e rangeS. Aubouet - PhD. defense, O
tober, 25th 2010 Semi-a
tive suspension modeling and 
ontrol 59/60



Introdu
tionSystem analysis and modelingControl strategyCon
lusion and perspe
tivesSimulation results

Z’’s Zs Zus Zdef Roll Pitch
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
N

or
m

al
iz

ed
 P

S
D

 c
rit

er
ia

 

 

Passive c low
Passive c high
Active
LPV
ADDS. Aubouet - PhD. defense, O
tober, 25th 2010 Semi-a
tive suspension modeling and 
ontrol 60/60


	Introduction
	Context
	Objectives and contribution

	System analysis and modeling
	Description
	Modeling

	Control strategy
	Introduction
	Observer design and experimental results
	Local damper control and experimental results
	Global vehicle control and simulation results

	Conclusion and perspectives

