N

N

Semi-active Hoo/LPV control for an industrial hydraulic
damper
Sébastien Aubouet, Luc Dugard, Olivier Sename, Charles Poussot-Vassal,

Benjamin Talon

» To cite this version:

Sébastien Aubouet, Luc Dugard, Olivier Sename, Charles Poussot-Vassal, Benjamin Talon. Semi-
active Hoo/LPV control for an industrial hydraulic damper. ECC 2009 - European Control Conference,
Aug 2009, Budapest, Hungary. hal-00385059

HAL Id: hal-00385059
https://hal.science/hal-00385059
Submitted on 18 May 2009

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00385059
https://hal.archives-ouvertes.fr

Semi-active’H,,/ L PV control for an industrial hydraulic damper

S. Aubouet? and L. Dugard and O. Senameand C. Poussot-Vassaind B. TaloR

Abstract— In this paper, a new control strategy is developed determined using identified models. Finally, an efficiend an

to improve comfort and roadholding of a ground vehicle complete industrial solution including a high-level carier
equipped with an industrial damper. This damper can be and a low-level force control-loop is proposed.

controlled by means of a small servomechanism which adjusts . - . .
the damping rate. The main controller is a linear parameter This paper is organized as follows: the SOBEN damper

varying (LPV) static state-feedback controller synthesized in and its actuator are described and modelled in Section Il. In
the Ho/LPV framework to compute the required damping  Section lll, the control strategy is developed. In Sectign |

force that minimizes the movements of the vehicle’s body some simulation results are given in time and frequency and
on one hand, and the deflection of the tire on the other gnqy the interest of semi-active suspensions when compared

hand. A scheduling strategy is developed on the basis of the . . . . . .
real damper behavior to improve performances without using with passive ones. This paper is concluded in Section V and

active damping forces which would be useless for such a semi- finally, some possible future works are proposed.
active system. Here the controller takes the constraints of

the technology and the damper behavior into account and is II. PRESENTATION AND MODELLING OF SOBEN
easy to implement in an industrial application. The control of DAMPER

the servomechanism is provided by a simple PID controller

that ensures that the damper provides the required force. Tk A. SOBEN damper

performances are illustrated on an identified nonlinear moc| The system under study is the semi-active hydraulic
of the damper embedded in a quarter car model. The comfort damper designed by SOBEN and represented on Figure

and roadholding level of the semi-active suspension are dlied - . . . .
using some adapted criteria and compared with the passive 1. The oil flow in the damper is controlled with a single

ones. Some simulations emphasize the comfort and roadhoidj ~ Servomechanism. This actuator is also represented one~igur

improvements of this control stategy that will be tested by 1.
SOBEN on a testing car in the near future.

I. INTRODUCTION Linked to the

-
sprung mass

The main role of suspensions is to improve comfort by
isolating the vehicle chassis from an uneven ground and
providing a good roadholding to ensure the safety of the
passengers, especially during a bend. Suspension control
based on quarter vehicles has been widely explored in
the past few years to improve vertical movements. Active
control laws have been developed: Skyhook [13], [l
control [7], LPV [6] or mixed synthesis [1], [19], and semi-
active control laws [18], [20], [9] using a mix one-sensor
control strategy [14], model predictive techniques [4]] [8
and quasi-linearization and frequency shaping [10]. Semi-
active suspensions are very interesting because of their lo Fig. 1. New SOBEN damper
energy consumption when compared to active ones and their
high performances when compared to passive ones.

The contribution of this paper is a semi-active contro
stategy that optimizes the vehicle behavior considerirg t
constraints of the actuator and the damper behavior in t
controller. A semi-active suspension control strategyedas . .
on H../LPV techniques has already been developed ihepresented on a so called force-deflection dlagrar_n. .
[12]. Here this previous study is completed: the perfornganc . These experiment results have been used to identify a

specifications are scheduled, and the damper limitatioms a§|mplified model of the damper given by Equation 1. This
model has been proposed by [17] for magneto-rehological

1GIPSA-lab,  Control  Systems  Departement, ENS,EG,dampgrs. This is a static nonlin.ear model that. gives the
Domaine  Universitaire, 38402 Saint-Martin d'Héres, FRARNC damping force using the deflection and deflection speed.
olivier.sename@npg.fr,|uc. dugard@npg.fr.fr Here this model has been applied to an hydraulic damper

SOBEN S.AS., Pdle Meécanique d'Alées Cévenes, Vallon ith high hvsteretic behavior: the f d t |
de Fontanes, 30520 StMartin de Valgalgues, FRANCEWItN & Nigh nystereuc benhavior: the Torce does not only

sebast i en. aubouet @oben. fr depend on the deflection speed, it also depend on the

Actuator | inved to the

unsprung mass

Deflection

Some experiments have been done with SOBEN’s testing
ench. Different sinusoidal excitations have been applied
the damper with varying amplitudes and frequencies.
e damping force and the deflection are measured and



deflection. Therefore this hysteresis can be modelled by tmesponse. Moreover the experiments show that controltieg t

following simple model: flow in the damper is equivalent to controlling the damping
rateC (N -s/m) of the damper. For a given excitation signal
Fy = Ay tanh(Agv + Azz) + Agv + Asz (1) and a varying input current, the average slope of the force-

speed diagram gives the damping rate. Therefdteas been
. ) ) ) .~ directly identified on the experiment results. It corregpen
z is the deflection andd;, i € [1,5] are the identified 1 14 linear static gairi? of the actuator modefs,.; given

parameters. o by Equation 2. The input is the currehtand the output is
The experiment results wused to identify they . damping rate.

damper are a set of sinusoidal deflections: amplitude

1.5,3.5,5,7.5,8.5mm with a frequency of 12Hz and C(s) G

amplitude2, 7,12, 18mm with a frequency ofl.5Hz. The Gact(s) = 1(s) = ()2 +2m= + 1 (2)
optimization has been done on the whole experiment set 0
in order to identify an accurate model in high frequencies
(12Hz) as well as in low frequenciesl.6H~z). An
identification algorithm solving the nonlinear data-figtin
problem in the least squares sens has been used to identify
the model given in Equation 1.

The performances of the identified model have been tested
with another set of experiments, with different sinusoidiad
flections: amplitudd, 2, 3, 6mm with a frequency ofl2H z
and amplitude3, 6,11, 16mm with a frequency ofl.5H z.

The measured force-deflection diagrams are compared with Fig. 3. Servomechanism
the simulated force-deflection diagrams on Figure 2. The
accuracy of the identified model is shown on this diagram, This actuator has been chosen for its dimensions and

because the curves are almost superposed. resistance to high pressures. Here one of the objectives was
to simulate the complete system and check the compatibility

where I is the damping forcey is the deflection speed

Input current

Solenoid

Force deflection diagram

4000, of this actuator with the developed control strategies.
The actuator presented on Figure 3 and modelled by
3000} Equation 2 provides the damping ratethat corresponds to
Measur ed force Ay in the identified model. Therefore the semi-active damper
2000(- can be modelled as:
=
g 10001 FS = A1 tanh(Agv + A3Z> + Cv + A5QZ‘ (3)
2 where(C' is given by Equation 2.
ol
C. \ehicle model
~io0or M o The vehicle model used in this paper is a vertical linear
Identified force quarter car model represented on Figure 4. The identified
%02 0015 -001 -0005 0 0005 001 0015 002 damper model given by Equation 3 has been embedded in
Deflection [m] the quarter car model.
Fig. 2. Measured and identified damping force Mg Z
S
This model will be used by the high-level controller k%‘/E .
to compute a realistic required damping force taking the oef
behavior of the damper into account. Mus 2
us
B. Actuator ke = Tire *

Ground

The actuator chosen for SOBEN damper is the flow control
solenoide valve represented on Figure 3. The oil flow in
the damper at a given deflection speed can be controlled
by changing the input current of the servomechanism.

The step response of the actuator shows that the syste . . . .
behaves like a simple second order with the current agll'he equations of this model are given by Equation 4.
input and the oil flow as output. The bandwidily and mgZs = k(zus — 2s) + F
the damping coefficient: have been deduced from this step { Masius = k(2s — 2us) — Fs + ke(zr — 2us)

Fig. 4. \Vertical quarter car vehicle

(4)



TABLE |

measured. These signals are available in the application
QUARTER CAR PARAMETERS AND VARIABLES

considered herewu is the controllable damping rate of

Ms, Muys Sprung, unsprung mass . . .
ke Suspension. tire stiffness the susper_nsmnz,u = zf the rate of road eIevat{onTchange
2 Ground vertical position (unknown input) andi = [zs — zus, Zs, Zus — 2r, Zus] the
Zs, Zus gprung, unsprung mass acceleration state variables vector of the following nonlinear system to
Zsy Zus prung, unsprung mass position .
Zdef = Zs — Zus Suspension deflection be observed:
Fs Damping force
rT=A-2+D-2-u+ R-w,
0 1 0 -1
. . —— 0 0 0
This model will be used later as reference model for A= 6”5 0 0 ' E
simulations. kg _ kg
IIl. CONTROL ARCHITECTURE OF THE DAMPER 8 o 8 v
Here the controller developed to improve the vehicle per- P=1 ¢ ¢° o 7 :
formances aims at controlling the new semi-active SOBEN 0o - o0 —-L
damper using a semi-active control strategy based on its rea g — (00 -1 0 )T

behavior.
The non linear observer has been designed such that:

A. Control strat L .
ey ) ) ) « The estimation error is not affected by the unknown
The overall control architecture is presented on Figure (554 disturbance

5. 51 is the controlled model and includes the model of | the gpservation error on the deflection and deflection
the quarter car, the nonlinear identified damper model and speed are exponentially stable

the model of the servomechnism given by Equation 3 and , The sprung and unsprung masses are estimated without
4. S, is the observer designed by [21] and presented in  ine effects of D.C. offsets.

Section IlI-B. This observer estimates the state variables Ai O O O B O
T = [25 — Zus, &s, 2us — 2r, Zus|” Of the quarter vehicle. The  ; _ /éz gl 23 8 - % 8 Cu

LPV static state-feedback force controllgs receives the

observed state variablesas an input and gives the required A2 Cy OM 4s 0 0
damping force in order to improve the vehicle performance< ) Y1 — 1) ( 0 ) Y2
This controller is scheduled by the paramet¢hat increases

= zZ1 — —22 u

or decreases the performances required in such a way th at' =
the required force™* is always semi-active and adapted to . ( 14,4 Ay ) . ( o O ) . ( O )
the actuator abilities. The controllél; computes the proper =l mn o z ™, o )Y —mus ) Y2
servomechanism input current that allows the damper to where:

provide the required damping forée&'. This controller needs 4, — Ok 1 ) Ay = ( —o 0 )
the real damping forcé,.,; which is obtained using some ams 0 0 . o0
measurementsd/ and through a calculation procedure. ThisB, = 0 _ ) B = ( 0 (@ )
part is confidential due to patented results. ;oo\ 01
=1 o 0)'02:(0 0)’
Zr ZS,ZUS ~ 0 0 0 0
Ground Véhicle Observer | X a1 —a» 0 0 0 0
M Az = Ay =
| S1 S, ( 0 0 > —ar —az 0 0 |
Force 0 0 —a r
T
calculation A MI( - 00 01 ) Ti=(g 0 0 0),
= = , A1 = Cp, 2= W,,
Actuator 4_/Frea| Forc 2 ( ke ) ' b ¢
controller | F* U °°”Sz”er w.: cutoff frequency,c,: filter constant,O: is the null
4 " V4 “ matrix with proper dimension and is the observer gain.
T P™ Zdef=X(1) For more details about the synthesis and the performances
c of this observer, see [21].
Fig. 5. Control architecture C. Ho/LPV force controller

TheH., approach is interesting to tackle frequency spec-
ifications. Here the objective is to minimize the four traarsf
B. State observer functionsz, /2., zs/2, (comfort), z,s/z- andzg.s/z. (road-
A disturbance decoupled nonlinear state observer for lalding) at given frequencies. More details are given in a
semi-active suspension has been designed by [21] assumprgvious work [3].L PV techniques can be used to schedule
that the sprung mass and unsprung mass accelerations @@ controller according to measured varying parameters.



This has been used in [6], [12] to adapt the performances

spemﬁcgtlons and to improve the robustness of the coattoll Wi(s)(p) = 2= (Pmaz — P) - SG1+1
system in [22]. e f 2rfe;
| ims at improv Wa(s)(p) = 2 = (pmaz — ) - =257
The solution proposed here aims at improving the four Zs mazx 1 5
performances using &f{.,/LPV controller with varying W3(s)(p) = 2= = (Pmaz — p) - % ®)
performance specifications. This work completes the Wa(s)(p) o o iy
4 = — =

preliminary results [12]. The controller has been synthesi w TP Trry T1
using a linear quarter car and damper model. The schedulingwheref —1Hz, fo, =20Hz,G1 = 1,Gy =2, G5 = 1

parameter is computed according to the difference betwegﬂd Gy = 1.
the real damping force and the force the damper can actuaIIyThe weighting functiong¥; and W, have been chosen

provide, on the basis of identified models. This solutioR, inimize the accelerations and vertical movements of
allows the controllerS; presented on Figure 5, to computey, o sprung mass in order to improve the comfort of the
a realistic and semi-active required force that the damp%hicle.W?, and W, aim at reducing the tire and suspen-
is able to provide, using an identified damper model,, geflections in order to reach a better roadholding. A
The performance objectives are adapted on-line 10 thgy,eqyjing strategy is proposed in [12] to avoid activedsrc

damper abilities. The required force received by the aotuatby changing the weighting function of the control signal

controller Sy as an input isf™ = u + C' - Z4ey, where the " are “the four weighting functions are scheduled by the

damping rateC’ can be seen as the average damping rajg, .ameter, which allows the performance objectives to be
of the damper, and: as the added energy to achieve theyecreaged ifo is small, and increased b is high. This

varying performance, computed by thé../LPV force parameter is computed according to (6) - (9).
controller. The generalized parameter dependent gdp}

considered for the synthesis is given by Figure 6 and th

equation bellow: Fsl =4 tanh<A22.def + A3Zdef) + Grnin'édef + A5Zdef

FSQ = Al tanh(AAQfédef + ASZdef) + Cmazédef + ASZdef
(6)

T A(p) By B T
P(p) : z = Cl D FE w E;rnin — mm(F}, F?) (7)
y ¢ O/ \u Fot = max(F), F?)
F* = min(max(F*, Fm™), Frmer) €)]
Z4 Zef w
z y <
-~ 2 Z i mazx» Frea - F*
?@ S Vehicle p= minc | l ) €10,1] 9)
3[ws | Zus-Z1 - u €max
v ~ wheree, .. IS a given maximal force error.
In [12], the actuator constraints are only two extremal
P(s) linear damping rates. Hereis evaluated using the identified
damper model presented in Section Il in order to determine
the upper and lower reachable force obtained with the
K extremal outputs of the actuator: the extremal dampingrate
\ Cmin @ndC,,... The reachable force range of the damper is
ForCe represented on Figure 7. Zoneis active and unreachable,
ontroller Zone 2 is semi-active but unreachable and Zohés the
reachable damper force range. The minimum and maximum
p of the extremal forced”! and F? computed in Equation

6 are determined with Equation 7 and used as limits for
the saturation of the required ford&" given in Equation 8.
Therefore this saturated required force is a reachableforc
where the state variables VeCtor= [zquarter, Tweighting]  reference. Themp is computed with Equation 9 = 0 if
includes the state variables vector of the quarter car (d) arF,co; = F*, p = 1 if | Freas — F* |> €maz @and p is
the state variables vector of the weighting functions (pemproportional to the force error if Frcar — Fr |< €maz- If
formance specifications). = [z1, 29, 23, z4] are the weighed p = 0 the weighting functions have small gains and the
performance outputs to minimizg,= z is the observed state specified performances are the lowesto K= 1 they are the
variables of the quarter car model, = %, is the ground highest. This solution allows the controller to decrease th
variation andp € [0, pmaz] = [0, 1] is the varying parameter performance objectives if the damper is not able to provide
used to schedule the controller. The weighting functionthe required force.
given by Equation 5 include the performance specifications The controller K(p) synthesized is aLPV static
detailed in [3]. state-feedback. Therefore withu = K(p)z =

Fig. 6. Generalized plant and weighting functions
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In this section, some simulation results are given and show
the interest of the semi-active control proposed in thisepap
The quarter car model given by Equation 4, and the model
of the damper with the actuator given by Equation 3 are used
K(p)[zdefs #ss 2us — 2, %us], the closed-loop system as a reference model for the following simulations.
is given by: Here the performances obtained are analysed using the

pseudo-Bode diagrams presented on Figure 9. The method-

z\ _ [ Alp)+ BK(p) B x ology to compute these diagrams is detailed in [3], [11].
z ) - < C+ EK(p) D ) < w ) The following systems are compared on Figure 9:
« Passive linear damper with low damping rate:

C = 1500Ns/m : P,
« Passive linear damper with high damping rate:

C =3000Ns/m : P,
o Semi-active damper withL PV control proposed in

Fig. 7. Identified SOBEN damper force range

cLip) = (

The H., problem consists in minimizing, or bounding
to a givenv., level, the system gain betwedjw|, and
lIzll2 (L2 to Lo induced norm). The solution of this
problem is given by the Bounded Real Lemma extended to
LPV systems and the objective is to minimizg such that:

Section IlI-C,
x =xT »0,U = KX « Semi-active damper wittAD D control (Acceleration
xAWT +UTB + Amx+BU By xcT 4+ uTpT Driven Damper).
( clffEU o ol ) - The ADD semi-active control uses the measurement of

the sprung mass acceleration and the measurement of the
deflection. This control law is detailed in [14] and has been
used in this paper for comparison. The comfort level of the
vehicle has been increased by the controller proposedsn thi

. . .paper and by theADD controller, but the roadholding is
established in .[15]‘. [16] has to be. sqlve_d. The IOOIytolo'getterwith theL PV solution. The results are very satisfying
approach detailed in [2] consists in finding the unknown

) . when compared to the passive dampers. They are also better
matricesX, U and a scala,, that solve a finite set of LMI. P P b y

This ensures the quadratic stability of the closed-loo < than the semi-activel DD comfort oriented control which
. . d ity FHS‘ ammages the roadholding. Moreover the solution proposed
using a single Lyapunov function trough the evaluation o

the orevious LMI at each cormer of the polviope onlv. Thi s adjustable: the weighting functions are chosen, and the
previous L1 _polytop Y- 1S ctuator bandwidth is considered in the controller. This is
polytope is defined by the extremal varying parameters. Th?ﬂ)t possible with thet DD controller

the LPV controller is a linear combination of the controllers Consider now some time results.presented on Figure 10
computed at each comer. Here there is Only one parametﬁrﬁere the quarter car model has been submitted to a given
p € [pmin, Pmaz|. Thereafter, the controller is given by:

random ground profile.

g{ef%ep tﬁfgﬁ]ets(loar@ bé(l’;;gsewherep min AN Prmaq .The accelerations of the sprung masses represented on
' Figure 10 show that the comfort levels 6V, P, ADD

are equivalent to each other and better tiranTherefore the
D. Servomechanism controller accelerations are well minimized by the semi-active suspen

sions. The tire deflections graph shows that the roadholding

Here the principle of the actuator controllé;, repre- of P; is the worth. Ther. PV and P, are equivalent to each

sented on Figure 5, is briefly presented. Using the realther and a bit better tha#D D. Time and frequency results
damping forcef..q;, the required forcé™ and the observed are coherent. The force-speed diagram given on Figure 10
deflection speed,. s, the damping rate errat. is computed shows that the force provided and required are not always
by SS1, represented on Figure 8. Then the servomechanissemi-active. This is due to the fact that the constraints
input current/ is computed by a simple PID controller with are based on an identified damper model that models the
high frequency filter and integral term saturation to controhysteresis of the real damper. Therefore the hysteresis is
the damping rate. This PID controller has to be at least temdlowed by the controller when this hysteresis is realistic
times faster than the force controller given in SectionGll- Furthermore the figure shows that the required force and

where the decision variables afé and U.

This inequality contains a parametere [pmin, Pmaz]-
Therefore this infinite set of LMI (Linear Matrix Inequaljty
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Required and provided damping force
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Fig. 11. Damping force control

the force actually provided are superposed. It means on the
one hand that the required force was semi-active and on the
other hand that this force was reachable, because the damper
simulated has been able to follow the force reference. The
performance of the force controller is also illustratedhwit
the results of Figure 11.

V. CONCLUSIONS AND FUTURE WORKS

In this paper, an identified nonlinear static model of
the damper and its actuator have been developed using
experiment results. Then ®.,/LPV static state-feedback
controller was synthesized using a linear quarter car model
to compute the required damping force that minimizes given
performance criteria. As this control strategy leads to an
active force which is unreachable with such a semi-active
damper, a scheduling parameter has been introduced to avoid
the required force reference to be active. This parameter
allows the controller to decrease the performance obgstiv
if the required force is not in the reachable force rangemgive
by the identified model. The abilities of the real damper are
considered in the controller. Then a local controller isduse
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to control the servomechanism and regulate the damping rafe]
so that the damper provides the required force. Therefere th
proposed control architecture includes a global controhef
vehicle behavior and a local control of the servomechanism
based on the real damping force. The results presented
emphasize the performance improvement of the propose@]
control strategy in terms of comfort and safety.

Future works will consist in implementing and testing this [7]
control strategy with SOBEN on a testing car. Then a global
attitude control strategy using the four suspensions véll b i8]
developped and implemented.
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