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ABSTRACT

In this paper, we present a new Linear Parameteyi?da LPV/H» motion adaptive suspension controller that
takes into account the three main motions of tHeclke vertical dynamics: bounce, roll and pitch ion$ that
affect the passengers’ comfort. The new approauis,dy using a detection of the vehicle motionslestigning
a controller which is able to adapt the suspen$iwoes in the four corners of the vehicle accordioghe
dynamical motions, in order to mitigate the roadticed vibrations. The main idea of this strategp igse three
scheduling parameters, representative of the matistnibution in the car dynamics, to adapt andritiste
efficiently the suspension actuators. The motiotectéon strategy is following two possible methodsnotion
mode energy method (obtained from the literature) a load transfer distribution one. A full 7 degref
freedom (DOF) vertical model is used to descritee libdy motion (chassis and wheels), and to symhehbie

LPV controller. The controller solution is derivéd the framework of the LPV/iH and based on the LMI
solution for polytopic systems. Some simulatiorutisswill demonstrate the effectiveness of thisrapgh.

Keywords Vehicle dynamics, LPV/H control, suspension control, motion detection,iarotode energy, load
transfer distribution

1. INTRODUCTION

The vehicle is an extremely complex system whichs@is of multi-subsystems in
order to enhance the driving comfort, stability agsafety thanks to either passive
solution (seat belt...) or active solutions usimgrious actuators (ESC- electronic
stability control, ABS- anti-lock braking systempntrolled suspensions...). Together
with many recent breakthroughs in the automotivdugtry, many studies have been
fulfilled on either the suspension control aspeststhe steering-braking control
strategies, or a combination of them. (e.g. sed2])

Furthermore, the suspension systems play a keyirralehicle dynamics. Indeed, a
well designed suspension system may consideraljbyowe not only the passenger
comfort but also the car road holding. Several mrtesign problems for suspension
systems have then been tackled with many approatliresy the last decades. In [3],
the authors presented several control strategreseimi-active suspensions (based on
the Skyhook, Groundhook, ADD, and LPV approachim8mther works concerning
quarter car model have dealt with optimal control[4], adaptive controin [5] or
robust linear control in [6]. Suspension contraldems have also been resolved using
a half car model as in [7] using an optimal contf8] using multi-objective control
and [9] using decoupling strategies. Finally a falir vertical model has been
considered to handle simultaneously the bounceh @mnd roll motions, as in [10]



using a mixed kHH. multi-objective control, and in [11] developing.ldontrollers for
two decoupled vehicle heave-pitch and roll-warpsystems.

On the other hand, the vehicle motions depend derably on the road conditions,
and it is well recognized that the vehicle dynam(icsterms of comfort and road
holding) will benefit from the online adaptationthie suspension performances. Some
studies have been developed to adapt the suspeasioators according to the road
environments (see [12] and [13]). Recently, in [&4inotion mode energy method is
developed and used in [15] to propose a switchedraloto handle the bounce, roll
and pitch motionswWhile, in this paper, the motion detection strategysed (together
with a load transfer distribution one), anothertooinapproach is proposed to avoid
the abrupt changes due to switching, to ensureaglstability of the closed-loop
system and to simplify the control implementatiteps

The main contribution of this paper is to proposeMalti-Input Multi-Output
(MIMO) LPV controller to enhance the car verticayndmics using suspension
actuators only. Since the passengers’ comfort islgndandled in this work, the
objective is to improve the road induced vibratinsulation on the bounce, roll and
pitch motions. The MIMO suspension control stratagydesigned in the LPV
framwork in order to allow for real time perform@&nadaptation according to the
vehicle dynamics. Moreover, thanks to LP\//Hamework, the suspension controller
ensures the stability and performances of the dlosgstem for all parameter
variations. Additionally, by using a suitable ségy of varying parameters, the
controller admits a smooth transition from a motinade to others. Finally, the
authors wish to emphasize the advantages of usitygome suspension controller that
iIs compatible with the controllers of the other sylstems (such as steering and
braking systems).

The paper is outlined as follows. Section Il isaed to the brief description of the
full vehicle model used for synthesis and validatiSection Il presents two methods
allowing to detect the different motions of vehic&ection IV describes the design of
a LPV/H. suspension controller that will adapt to the threetions of chassis. In
section V, the results of the proposed method aesemted with some time domain
simulations. Finally, some conclusions are givethalast section.

Throughout the paper, the following notations Mad adopted: subscripts (f,r)
and j= (I,r) are used to identify the vehicle front, rear aedt, Iright positions
respectively. The subscripts,t) stand for the forces provided by suspensions and
tires, respectively. The indgx, y, z)denotes forces or dynamics in the longitudinal,
lateral and vertical axes, respectivedysij holds for the suspension deflection at each
corner of the vehiclen = ms + musti + Musfr + Musr 1 + Musrr IS the total vehicle mass.

2. VEHICLE MODELLING
In this work, a full car vertical model is used fine analysis and control of the
vehicle dynamic behaviors. This is a 7 degreeseddom (DOF) suspension model
which is obtained from the nonlinear full vehicleodel (referred in [2],[16], [17]).
The corresponding parameters can be found in thle {§. It involves modeling not
only of the chassis dynamics: vertica)(roll (¢ ) and pitch ¢ ), but also figuring out



the vertical displacements of the whedsi(). The dynamic equation of the 7 DOF
vertical model is given as follow:

ms_:zzs =—Lyfl — Fs"fr — Fgpp — Fyr + Fd;

1\9 — (_str e F?fl)tf + (_Fm' I E\‘i'f)tf' iy mhav\’ + My 1)

I_\‘(D = (Fw‘r e Fsrl )lf e (Fs fr +stl)lf - mha.\' +Md_\'

MusZus;; = _Fs',-_,- +Ft:;j
wherelx (resp ly) is the moment of inertia of sprung mass arourel ldmgitudinal
(resp. lateral) axis, h: the height of center obwvyy (COG), zs the vertical
displacement of COG¢ the roll angle of the sprung mass,the pitch angle of the
sprung mass, and.sj the vertical displacements of whedls;; are the vertical tire
forces, given as:

EZU‘ = _kt,'j (ZHSU' - Z”ij) (2)

whereksj : the stiffness coefficient of the tires.

Suspension modeThe vertical suspension forcEs; at 4 corners are modeled by a
spring and a damper (see [18]) with non linear att@ristics for simulation and linear
ones for control design. The equation below alltavsrodel the suspension force used
in control design:

Fs,-j — ki‘j (ZS,-‘,- - Zus,-j) TCif (Zfij — Z-LIS,'J,') + Mgm (3)
wherekj: the nominal stiffness coefficient spring); the nominal damping coefficient
andu; " : the suspension contralj(*~. = 0 holds for passive suspension).: are the
deflection positions for the four suspensions aedgiven by:
sy =2s—lpsing +15sin 6,
Zs;, =2s—lysing —tysinf, (4)
Zs,, =2+ 1sing +1,8in6,
Zs,, =Zs+1-sing —1,sin0,
Assuming that the roll and pitch angles are smadugh and denotingm=[zs 6 ¢]T
andxs = [zsfi Zstr Zn Zn] T ,the linear approximation of (4) gives us:
1 1 1 1
Xy — Iy —ty & —Iy Xm -— TTxm (5)
—ly =l L I
By substituting the tire force equation (2) and shspension force equation (3) to the
dynamic vehicle equation (1) and assuming that, ¢hassis body is rigid, the
characteristics of spring and damping are linead the displacement around the
steady point is small enough, the linear modelvsmgby: (see [19], [20] and [15] for
more details).

{ M3y, = TBy(%, — ) + TKy(x, — xg) + Tu ©)
M, %, = By (xs - xu) + K (xs - xu) + Kl(Zr - xu) —u

wherexu = [Zusf1 Zustr Zusi Zusn] | : the vertical displacement of each wheel.
M; = diag [mhlmly]; M, = dl‘ag[mllsf/aWllleraWlllé‘l‘]amlts?’l’] 5
BS = dlag [Cf[ ) th Crl, CH’]; KS' = dlClg [ka/ ) kaI‘a ksrl 9 kSi‘i’];
K = diaglk g1, ki prokirt s Kerr]s u = [ulj}ll"",u?;o 3 uZ"",uﬁw]T;

Denotingz = [xm' x."]T and replacing equation (5) into equation (6)¢&et:



M+ B+ Kz=Kz +Thu (7)

( My O3\, ( TBTT -TB;\.

e g = ( O4x3 M,y B = *BSTT B |
_ TKVTT —TK; ) _ 0354 .

KZ - ( —IQ-TT K‘ + Kr ) > K, = ( KI 5

T
Tﬂ_( —I4x4 )

the equation (7) can be rewritten in state spawa &s follows: (9)
x(t) = Ax(t) + Byz,(t) + Bou
where z, = [z, z,¢r zm 2)!  COrresponds to the road profileteneach wheel,
w= [yl e =] 1o the suspension control forces and

= 077 7 . _ 07x4 D 07x4 .
A= < _MZ_IKZ _MZ_IBZ ’ Bl - MZ_IT(Z ’B2_ MZ_lKr : (9)

In the remaining sections, this 7DOF model is usediesign a LPV control with
suspension actuators (see Fig.1). One uses alstClipped strategy (as [3]) that

insures the dissipativity caracteristic of the sewtive suspension. Theclipped

method is derived thanks to the force/deflection relatishown in Fig. 2. The
principle is simple: for a given deflection speed; ), if the controller gives a force
F* out of the achivable force area, the force pravide the system will be the
projection F of F on the admissible force range, ensuring the sethiemess

property. This method will be integrated in the glation.

Roadprofile — 5| FIN] 4
NLFull Vehicle Model
‘ - R
FDZ
Motion Detection T //Aﬁ_/
——— éd&‘f[m/;]
LPV/Hinf Suspension bownce —~2 ’ F(’g ———————— Achicvablc Forces
K©) roll — p,
pitch— p;
Fig 1: Suspension control plant using motion dedect Fig 2: Clipped approach

3. MOTION VEHICLE DETECTION

The study of vehicle dynamics is a complex fielacsi it requires to account for
translation modes (lateral, longitudinal, verticat)d rotation ones (roll, pitch, yaw).
As emphasized in many works, there is a strong loaypetween these motions, even
if the vehicle dynamics are often decomposed toesebme local problems (braking
control, steering control...). This paper is coneer with the improvement of the
vertical dynamics that include the vertical motitime pitch and roll rotations. More
particularly, as considered in previous studie$]([10],[11],[21]...) the objective is to
develop a suspension control strategy that aimeducing the effect of the road



induced vibrations, and then to enhance the passg€ngomfort. Note that the road
holding objective could be considered as well sith@e7 DOF model accounts for the
wheel position dynamics (this will be the scopduitire works). Moreover, as stated
in the introduction, the vibration insulation fdret vertical, roll and pitch motions will
be based on a motion detection strategy. Suchexttl@t can be based on the motion
mode energy method proposed in [15], or on an estm of the several load
transfers.

3.1 Motion mode energy method

This approach (see [15], [14]), is briefly presenbere. The mode energy method is
based on calculating the energy contribution ofheaibration mode to the entire
vehicle vibration. A mode energy level of one mntis the energy dedicated to a
mode and calculated by the sum of the system patemergy and kinetic energy in
one mode. To carry out this work, the system sageal must be known. In fact, the
state space vector consists of the bouwga®ll &, pitch gand the displacements of the
wheelszj , and the corresponding derivatives. Therefonee fposition sensors are
used to measure the displacements of the chagbithariour wheels. Two gyrometer
sensors are needed for roll and pitch angles.

B . bounce — g1

® 5

LT jl‘ g‘g 3 B » Sensors Mode energymonitor "L — £z
‘,M ‘Eﬁjl pitch— p;

Fig. 3. Motion detection using motion energy method
From the state space matrixs4in equation (8), we calculate the eigenvalue matri
Q = diag|\ A and the eigen-vector matrix: U— 4 P
YA PHAF
whereA = diag [Az A2,..., A7] andW = diag [¢1, ¢s,..., @], with Ai,¢4, 1= 1,2...7are
the eigenvalues and their corresponding eigenvediothe state matrix A.

A modal matrix is then formed to change the refeeeframe from the physical
coordinates (with coupled equations of motions) piencipal coordinates (with
uncoupled equation of motions) as follow:

F=[W WA]" (20)
The measured system state vector can then be teawas a superposition of the
motion-modes thanks to the modal matrix G as:

x(t) = 7q(t) (11)
whereq(t): the modal amplitude vector in principal coordafitameq = [q1 ...q7] T
andq(t) = pinv(")x(t).
Let consider thé‘“lmotion modex;(t), the projection ofy into the physical coordinates
is given by[di(t) di(t)], i = 1,2...7, wheredi(t) = real(¢qi(t)), d i(t)= real(@Aigi(t)).
Moreoverdi(t) can be expressed fik;i(t) dui(t)] whered refers to body vibrations and
dui refers to wheel ones. Now this modal analysis edus calculate the energy level
for each vibration mode. The kinetic enesfyand potential energgpi stored in the™"
mode are derived, the sum of which, gives the gnéegel e for the i vibration
mode:



ek;(t) = 3M,d? (1)

= g TTda(t) =dui(t)
epi(t) = ;H du(t) — 21(1) ) (12)
ei(t) = eki(t) +epi(1)

where Mm= diag[ms; Ix; ly;Musfi ;Musfr ;Musn ;Musrr ] @and

H = diag[Kst ;Ksfr ;Ksri ;Ksrr ket ke Ke ;K ]
#i is the projection of the road excitation in@itin thei®™ motion-mode in the same
coordinate frame with the vehicle motion-mode. Asntioned before, we focus only
on the body motion modes (bounce, roll and pit&89.the energy for these motions
and the contribution ratio of each motion modehi® ¥ehicle vibration are calculated
only. Now, the energy contribution ratigs, 0,03 of thei!" mode {=1,2,3 correspond
to bounce, roll and pitch respectively) are defibgd

L (13)

E
whereE(t) = e(t)+ez(t)+es(t). Of course,
pr+p2t+p3=1 (14)

It is worth noting that these ratios will be usedsaheduling parameters to adapt the
suspension control in order to improve the vibratinsulation. Indeed, obviously,
o020 # [0 1], whenpi = 0, it means that there are no energy contribution"of
motion-mode, converselp; # 0, i vibration mode is detected.

3.2 Based on load transfer distribution vehicle dynamics
This method consists in a load transfer distribustrategy which allows to provide
varying parameters that tune the suspension beisaxab the four corners, as
represented in Fig. 4:

e See o bounce g,
Roadprofle—> 4 &g Y N Load transfer | roll —p,
‘Wﬁ‘\q{" i st itch—p,
i %j pitch—p

Fig. 4. Motion detection using load transfer
Roll monitoring by lateral load transferpf): The main idea is based on the
evaluation the lateral load transfer when the Jeh& running (see [22]). Once there
exists a load transfer from the left to the righhile side or vice-versa, it means that
the vehicle is faced with roll vibration. Computitige right and left vertical forces
allows to define:

p2=|(F, —F,)/(Fy +F,)| (10)

with:
F,=m;x&+msxhx ji
P (1)

£}=
r

- £
F,o=mgX5—mgxhx

whereF; andF;r are the vertical forcesy is the lateral acceleration. Note tizat]
[0 1]. Whenp: = 0, there are no lateral load transfer, no radtion. Conversely, if
p2# 0, the vehicle is in the roll motion.

Pitch _monitoring by longitudinal load transfer): Using the same principle as
previously , the longitudinal load transfer (sed]}ds defined during the cruise. A




dynamic load distribution that can transfer loatine®n the front and rear wheels as
the vehicle accelerates or brakes will typicallyciex a pitch vibration. The pitch
monitor is then defined as:

L L

(FZf X K_P:_r X U)

L e
where the front and rear normal forces are given as

{ Fp =m; X (%.Cos(qb) + %.sin(qb)) — Mg X Gy X jz’

p3=| | (12)

Iy i .  (13)
F, =mg X (4.cos(¢)—7.sin(@)) +mg xax X 7
whereax is the longitudinal acceleration. Note that//[0 1]. In reality, when the
vehicle is accelerating the load is transferrethéorear wheels, and during the braking
it is transferred to the front wheels. The longitadl load transfer distribution is
handled as: Whilsps = 0, there are no longitudinal load transfer, mohpmotion.
Conversely wheips # 0, we detect the pitch motion.

Bounce monitoringgh):

Thanks to two load transfer distribution monitorisgstem for roll and pitch
motion, we will use an another scheduling parametéo monitor the bounce motion.
This parameter is chosen as:

p1=|(1—p2—ps)|. (14)

By this way,p: U [0 1], whenp: #0, the vertical motion ¢ should be taken into
account.

Remark In this load transfer distribution method, we ch@aly two accelerometers
to measure the lateral and longitudinal accelematione gyrometer sensor to measure
the pitch angle. Thus, it is easier than the lasthwd to implement in real time
system.

4. A MIMO LPV/H. SUSPENSION CONTROLLER
In this section, a MIMO LPV suspension control regosed thanks to the motion
mode energy strategy, to mitigate the road indwféetts. This controller is designed
in the H, framework, which allows, using parameter depenaezighting functions,
to get real-time adaptive performances.

4.1. Suspension control structure model
The controller is tuned thanks to the LPV/ Hstrategy using a full 7 dof vertical
model. The generalized plant is taken into accaannthe Fig.5 and includes the
parameterized weighting functions. As discussedipusly, we used the three varying
parameters to schedule the weighting functionghfercontrol objectives. These filters
are selected as follows:
— 3
Wes (21)= o1 s/(27f,) +1
mass betweej;10] Hz

2
° W = -
¢ (@) 'ozs/(2nf2)+1

is shaped to reduce bounce amplification of therspr

aims at attenuating the roll angle in low frequency



o Wy(m)= ,03# reduces the pitch motion in low frequency.
s/(2r,) +1

The authors stress that the interest of paramefsgraiant weighting functions is to
allow for performance adaptation to the behaviothef vehicle dynamic. Indeed,
the suspension actuators will be tuned accordirigdorarying parameters in order
to meet the desired performance. For example, msadathe bounce motion is
concerned, when the scheduling parametes 7, the gain of the weighting

functionW.s (1) is large, and therefore the bounce motion wilpbealized. In the

same way, whep, oz are large, the roll and pitch angles will be restiic

Fae &My, ]

Roadprofle ————» Woled !
-

y @
&CC

Zgef

Fig. 5. Suspension generalized control plant
It is worth noting that, while the suspension mogédnt is a LTI system, the
generalized plant (which consists of the suspengiodel and weighting functions) is
a LPV system thanks to parameter dependent weglitinctions. The suspension
controller is designed therefore using a LPV sgwteFinally, according to the
interconnection between the 7 DOF vertical ma#lek and the weighting functions
defined above, we obtain the following parametguethelent suspension generalized

plant(2g4(0)):

A(p)E +Bi(p)W+ Bau
:C[(p)§+D||(p)lT‘+Dlgl-I (15)
whereé = [ xert Xutf] T, Xt are the states of the weighting functions.
#=[z122 zz 2] " are the controlled outputs,

w=[zj Fdaz Max;y] : the input disturbance signals,

Y = Ziesj andu = u;j 7*: the suspension control signals,

p=[p 00 L]0 1]: the varying parameters.

LS LT pe
[

Zev(p) :

4.2. LPV/H., polytopic solution

The LPV/H, problem consists in finding a stabilizing conteo)lscheduled by r, of
the form:

Xe =Ac(p)Xc+Be(p)y
Ke(p): { ug“ = C.(p)x,
that minimizes the H norm of transfer function from the input disturbaes and
controlled outputs. The synthesis of a such coetralan be derived by using the
framework of LPV/H, based on the LMI solution (see [25], [26]) for yobic

systems (here in the framework of quadratic stzddiibn).

(16)



First, in order to allow for application of the gtapic approach, the generalized
plant (20) has no direct transfer between the ignud the output (i.e £ = 0).
Moreover the input, output matrices are independenparameters i.e pBD12], [Co;
D.1] are independent op = [0 02 p3]. Then, the polytopic system is a convex
combination of the systems defined at each vertexpolytope defined by the bounds
of the scheduling parameters. In our case, the thagying parametergf( o> p3) are
already defined in a polytopic way. The desired tler is also the convex
combination of three controllers synthesized at¢eahrertex of the polytope. Thanks to
polytopic approach, the global suspension contralln ensure the global stability
because each of controllers at a vertex is quadihtistable.

5. SIMULATION RESULTS

To validate the proposed controller strategy, satohs are performed on a full non
linear vehicle model that includes non linear suspn forces based on a Rénault
Megane Coupé. The following scenario is used fating the efficiency of the
proposed LPV/H:

e The vehicle runs at 60km/h in a straight line opmad (1 = 1, whereu
represents the adherence to the road).

* A 5cm bump occurs simultaneously on the left agttriwheels (from t = 0.5s
to t = 1s) to excite the bounce motion.

* Then a 5cm bump occurs on the front wheels (fiom3s to t = 3.5s) which
induces a pitch motion.

* A 5cm bump on the left wheels (from t = 5s to t.55) and a lateral moment
disturbance also occurs in this tinh@t cause the roll vibration.
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Fig. 6. Road profile

The parameter scheduling using the motion modeggmeethod are given in Fig 7.
Then, Fig.8, Fig. 9 and Fig.10 illustrate the thnegn motions: bounce, roll and pitch
respectively of the vehicle in the controlled suspens case and compared to the
passive case. Thanks to the LPV suspension ctartrgive us better performance
objective for the vehicle when it reduces the afigaliion of these motions related to
the passive suspension model.



time[s]

Fig. 8 Chasis position

eponse of pitch motior

Fig. 9 Roll angle Fig. 10 Pitch angle
6. CONCLUSIONS

The paper has presented a new LPV adaptive suspeasitrol to enhance the
vehicle vertical dynamics. A single suspension Lé®witroller is designed in order to
mitigate the vehicle vibrations and therefore gotwa the ride quality. It is worth
noting that this strategy permits to have a smaathptation when the vehicle has to
face road changing without switching between sdveomtrollers that would be
dedicated to a specific mode. The authors stregsuging the LPV framework allows
also to simplify the implementation procedure. Tiext step of this work will be the
implementation of this strategy on a test benchmankailable at Gipsa-lab in
Grenoble, developed in collabora-tion with a higbknology start up "SOBEN". It
consists of vehicle equipped with four controllaBlkectro-Rheological dampers, and
of 4 DC motors generating different road profileparately on each wheel. First
results on road estimation are presented in [27].
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