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PNEUMATIC SUSPENSION SYSTEM WITH OPTIMAL CONTROL OF
DAMPING, STIFFNESS AND RIDE-HEIGHT

M. Zudeik”, M. Musil™

Summary: The application to improved vehicle dynamics regsiithe stiffness

and dumping coefficient change to be instantaneldasiever many other authors
say that the duple-volume spring can change tliftnesis with no power input, it

is not so precisely true. The electromagnetic aciga which are used as

controllers have power input and also own dynamM& can see that the
dynamics of the controllers’ actuators has an imaot influence on the whole
controlled semi-active system. The behavior ofstygtem which includes valves
dynamics is far worse than we would expect whenneglected the valves
dynamics.

1. Introduction

The motivation for an automotive suspension sysiéth independent control of stiffness,
damping and ride-height comes from the trade-of#®Ilved for the conflicting requirements
of comfort and handling. The application to imprdweshicle dynamics requires the stiffness
change to be instantaneous and no change in rigatiauring stiffness change. The duple-
volume system can change the stiffness with no powpeit, and no ride-height change due to
stiffness change. In this paper, is shown a desigmneumatic automotive suspension system
with independent control of stiffness and dampifdnere is used a primary volume as an air
spring and an auxiliary volume which is connectedught electromagnetic valve to the
primary volume. Opening and closing of the valMearmges the effective volume of the air
springs and thereby changes the stiffness of thepaing. In the suspension system is also
used a viscous one jacket dumper with a fast electignetically controlled valve which
changes damping force. In this paper, we made teftor comparison between a passive,
active and two different types of semi-active suspen systems. One of the semi-active
suspension models is created without the dynammdeta of electromagnetic valves. The
actuators can work only in on/off state, what \pilbvide that this semi-active system is the
worst possibility of the semi-active systems which candogated, with the some control
strategy. In this simulations results we used tQ&Lcontroller.
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2. Dynamics models of suspensions

Let asconsider the passive, completely active and sethreasuspension system with two
degrees of freedom schematized in Figure 1. We tieefbllowing notation:

-m, is the sprung mass;

-m, is the unsprung mass consisting of wheel and agimy parts;

-k, k., ks, are the elastic constants between the sprungrspmiung mass;
-k, is the elastic constant of the tire;

-b,b,, b, are the damping coefficients of the damper betwhersprung and unsprung
mass;

-b, is the damping coefficient of the tire;
-F, is the control force produced by the actuator sugpension parts;

- K, is the controlled force obtained by the controlemi-active suspension parts,
dumper and spring;

-x (), % (t) are the state variable of the sprung mass;
-%, (1), %, (t) are the state variable of the unsprun mass;

-W(t),v'v(t) are the function representing the disturbance;

X1 5 I x
m; my

k; ] b,
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Fig. 1: Model of a considered suspensions systamsagsive, b. active, c. semi-active)
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The equations of motion for the passive system lmarsimply written using matrix
equation for the state space (1) or (2).

X(1) =AX (1) +Bw (1) (1)
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The active and semi-active systems can by descrilfedthe some matrix equation for
both of the considered systems (3), or (4). Thimdifices in the state space equation between
the active and semi-active system is only in thetrotied force, which is written in the

second input vect(gr(t) .
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3. Mathematical models of suspension parts.

In the case of the active system, we have assuhwditie force between the sprung and
unsprung mass is exactly the same as the forceredgwom the LQ controller. In case of
semi-active system it is necessary to create exaethematical models of controlled
suspensions parts and they are the semi-activegsand semi-active viscous dumper.

3.1 Semi-active viscous dumper

The supplied force of a viscose dumper Fig. 2, marcalculated as the force caused by the
resistance which is between the moving piston d&eddylinder wall (5) and as the flow
resistance trough the controlled valve (6). The safinthese both forces represented the
controlled damper force (7). We used the follownagation:

- R is the radius of the dumper cylinder
- 1, is the radius of the dumper piston

- 1, is the length of the piston
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- X, is the displacement of dumper control valve
- Y, Is the bright of the valve

- v, is the piston velocity — ‘L‘_'

- 17 is the dynamics viscosity of dumper oil vt min [ Xvemas 1

- b, is the dumping coefficient cost by piston motionthe P,
cylinder

- by, is the dumping coefficient cost by flow resistatroeigh
the valve

e | ]

Qe
- k, is the correlation coefficient between the vallaght " T ]

and its height, Fig.2 P

R

—

Fig. 2: Viscous dumper

Fp, =B,V = 2rnl, v (5)
In[rpj
R
12n | R* 1 1
F. .= =_ P —y= —_ 6
0 = BV vk xi\{ Koo < v (6)
Ft=uvt=Ep+EQ=(hp+hq)w=(bp+ Km%]w 7)

The characteristic of the dumper we have used iirsespensions models is shown in Fig. 2.

1
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Fig. 3: The valves correlation coefficient and dempharacteristic
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3.2 Semi-active pneumatic spring whit auxiliary valime.

The characteristic of the spring is nonlinear viytsteresis. The force produced by the spring
depends on several parameters. They are: thebetiiceen the primary and auxiliary volume,
pressure in the primary volume, rate of openingh& controlled on-off electromagnetic
valve, displacement of the piston and frequencthefpiston motion. When we consider that
the temperature in bought volumes is still almbst some and equal to the temperature of
surroundings, than the force can by calculatedduatons (8) - (18). We used the following
notation:

- p, Vi, M, o, are the parameter in the primary

volume, pressure, volume, mass and density; =D ELMg.Valve
- p,V,,M,,p, are the parameter in th H ,/ Sw=Xwp. Y
auxiliary volume: pressure, volume, mass, density
Va M2 P, v, M,

- Vo, M, are the parameter at the static state

. U
the primary volume: volume, mass; Py

— 1

- M,, are the parameter at the static state in S_P/”
auxiliary volume: mass, density; Pa

- Py, 0, are the pressure and the density at N
static state in bought of the volumes;

- m_is the sprung mass; Xp 7\

- m is the mass flow trough the controlled
valve; Fig. 4. Semi-active spring

- v is the air flow velocity;

- Vi IS the maximal flow velocity;

- S Xpr Y are the flow area in the valve, the bright of ¢lad and the height of the gap;
- S, is the piston area;

- X, Is the motion of the piston;

-g, U, k are the constants which represented the gravibyy tresistance and the
exponent of the adiabatic variation.

VloK ( Mlo_ m)K
= 8
: pO[Mlko(Vlo_Av)K] ©

P, = Py (M] (9)
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Mio20 =Vi0.20P0
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The considered spring is shown in Fig. 4. and bbegacteristic is shown in Fig. 5.
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Fig. 5: The characteristics of semi-active pneuonsring whit auxiliary volume
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3.3 Electromagnetic valve (solenoid actuator)

The electromagnetic valve is an electro-mecharnistem where the moving plunger (piston)
is moved (when is opening) by the force of the isoi@ actuator and (when is closing) by the
spring. The solenoid, which is used as an actuatihre spring and dumper valves, has a very
simple construction, consists of a plunger or igston which is moved in by the field
generated by current in the coil. A spring is usedrder to bring the plunger back to its
original position. In Fig. 6 a simple schematictloé actuator is shown. The actuator may be
expressed as an equivalent consisting of two imdsidh series. The first inductor would be
representative of the inductance caused due t@dhecontaining the plunger (iron core),
while the other would be the one without the plungé core). These two inductors appear in
series. The equivalent of the actuator is showovbah Fig. 7.

_J\\N\’,_% qu L

—0@

Waltage Source

Fig. 6: Electromagnetic actuator Fig. 7: Equivalent of the actuator

Using the basics physics knowledge of electromagifietd we can calculate the effective
inductance (20). Because we need to calculateotioe f the actuator (22), first we have to
calculate the variation of inductance with resgeqgtosition (21) and the current in the circuit
(19). After we know the actuator force we can dsthla differential equation of motion for
the plunger (23). We used the following notation:

R is the equivalent resistance of the whole coil emhecting wires.

- IWV.®.BH 416 the current in the circuit, input voltage, meaiic flux, magnetic
induction and the intensity of magnetic field;

LI, z, R
the whole coil;

' are the inductance, length, number of windings thedmiddle diameter of

Lhz are the inductance, length, number of windingthefcoil with iron plunger;
_Llaz, are the inductance, length, number of windingthefcoil with air;
- %o X are the static plunger position, current plungesigon;

- Ho:rHa gre the permeability of free space and the redgiermeability of air;
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- Hi s the relative permeability of iron. It is a hgamonlinear function.#s = B,/ Hl,

lezl_l

L is the intensity of magnetic field in coil withom plunger.

- M are the mass of the plunger and moving parts abnwith him;
- IOVis the dumping coefficient of the plunger calcutbtiee some way as is shown in (5);

-k is the elastic constant of the return spring;

The nonlinearity is shown in Fig. 9. The Dynami¢ssolenoid actuator is shown in Fig.
8.

_ d _ d _ d dx, di
VERI+ (@)= RIF (LX) 1)= RI+ I LX)+ L)
d_ 1 (o4, 0%
E_TMEV RI IdtL(XV) dtj (19)
Bl’Z: /u0:url,2| 22
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4. LQR Controller.

The LQR controller is based on minimizing of paréeng chosen to by optimized. We have
chosen the acceleration of the sprung mass, tattveedisplacement between the sprung and
unsprung mass and the relative displacement betthedire and the road (24), (25). The LQ
algorithm is well known procedure. First we havestablish the quadratic criteria function
(26) with penalizations matrices Q and R. In owgecthe R is only one value and we sad it
equal zero. For the diagonal values in the matrixeQused the values=l 0", =10. To

obtain the optimal constants of the controller Hrah calculated the optimal force between
the sprung and unsprung mass (29), we need to 8@\VRiccati equation (28).

y=C X +B W+F u (24)
_k k _h B X 1]
X m m m m X, 0 m
x=%|= 1 =1 0 0f 2|+ 0w+l 0l (25)
X, =W o 1 0o ol |-1 0
%
J=M|y"Qy +u"Rul (26)
10 0
Q=|0 g, 0|, u'Ru=ru? (27)
0 0 q,
Q,=Co'Q Cpo, n=C,'QFy, ry=F o Q Fo+R)
A, =A_-Fr;h’, B,=Fr;F] , C,=Q,-nr;'n’
A.'P+PA -PB P+C =0=P (28)

u=-Kx@t)=="0"+ P X () (29)
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5. Simulation model

For the numerical simulation we have created foifflerént types of suspension models

shown in Fig. 10. A passive suspension model, fallfive suspension model, semi-active
suspension model where the dynamics of the coatsols not considered, and a semi-active
model where the spring and the dumper are contralieectly by means of electromagnetic

valves which are working in on-off mode. For cohwf the semi-active suspension parts is
used in both cases only one electromagnetic actuatth same construction, bud different

dimensions for the dumper valve and for the pneignsatring valve.

x1

excitation P excitation X2-W In1

ddx1 Outl——Jp| |:|

Passive displacement

x1
| excitation X2-w In2
ddx1
Active LOR
Out2——Jp| |:|
stability
x1
+—— P excitation X2-wW In3
ddx1
Semi -active LQR
x1 out3|——ppl [ ]

| P exitation X2-W

In4 acceleration

ddx1

LF

Semi -active .LQR EI .Mg.V

Fig. 10: Simulation model.
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6. Simulation results with bump excitation.

Below we have simulated a few results which prowdensight about the working and
behavior of the considered suspension models. Tdigsdations results shows the responses
of the considered models when the excitation busgiill the same dimensions which are
shown in Fig. 11.a, bud the velocity of the cachianging Fig. 11 - 13. In Fig. 14 are shown
the performance indexes of all four types of susjwers in each window. In each row are the
performances indexes on response by different itgldo the first column are the
displacements of sprung mass. In second columocgrgEderate the stabilities and in the third
are the performance indexes of sprung mass actietesa

0.05 | | | ‘ | ‘ | | |
iy | | | | | | |
E | | | | | | | | |
~ | | | | | | |
E | | | | | | | | |
[)) | | | | | | |
E | | | | | | | | |

| | | | | | | | |
0 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
The bump profile length of bump (m)
0.1
| |
—~~ | |
€ o 1 1
Q I I
| |
o1 | |

Fig. 11: The excitation response on crossing buynp km/h.
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Fig. 12: The excitation response on crossing buynpSokm/h.
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Fig. 13: The excitation response on crossing buynidkm/h.
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Fig. 14: The performance index’s calculated fromrissponse by crossing the bump:
1. Passive suspension, 2. Active suspension, 3i-&give suspension without inherent
control valves dynamics, 4. Semi-active suspensitimelectromagnetic valve.

7. Conclusions

In this paper, we made efforts to make comparisgwéen four different types of suspension
systems. There were compared a passive, activetvamddifferent types of semi-active
suspension. One of the semi-active suspension siodas made without the models of
electromagnetic valves. The other one is creatdid a@tail models of electromagnetic valves
which are used to control the semi-active spring @mmper. The actuators can work only in
on/off state, what will provide that this semi-a&etisystem is the worst possibility of the semi-
active systems which can by created, with the scomérol strategy. In this case we used the
LQR controller. On the simulation result it is algato see that the active system is the best
and the passive the worst. Bud we also can se¢hthatynamics of the controllers’ actuators
has an important influence on the whole controfiethi-active system. The behaviour of the
system with includes valves dynamics is far wolsmtwe would expect when we neglected
the valves dynamics. Also we can made a concluthan more of smaller valves will
provided a better result as we obtain, using only walve to control the stiffens of the spring
and the dumping coefficient of the viscous dampeparametric models of all presented
components ware created, it would be possible tkenaamultidisciplinary optimization and
so enhance the results of the semi-active suspesggiem dynamics.
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