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1. Introduction

The modeling of physical systems is of great im-
portance within all engineering fields because it allows us
to understand the behavior of the system without having
to experiment on it. It also allows the determination of
certain characteristics of the system, and can give impor-
tant information on operating conditions with the use of
relatively simple and inexpensive procedures. Moreover,
it is an essential tool for the design of control strategies,
which are very important at industrial level [1].

Nearly all the systems that an engineer may work
with are dynamic, i.e., things are usually changing so that
there is no status quo or lasting steady state. To be sure,
many of important facets of a design may be based on
steady-state consideration, but a new device or system
will fail if it cannot withstand transient peak loads, re-
spond quickly enough to a changing input, or operate
without violent oscillations when disturbed. Dynamic
analysis can predict such problem before a system is built;
a system analysis which does not include the effects of
significant dynamic phenomena is very likely to be worth-
less [2, 3]. Therefore, it is of utmost importance to have
models that are able to predict the dynamic behavior of
the system. One of these models, which is the focus of the
present paper, is the Bond Graph (BG) model.

The Bond graph model was first developed in
1961 at MIT, Boston, by Paynter [4] and further by Kar-
nopp, Rosenberg [5] and Thoma [6].

BG are a multidisciplinary and unified graphical
modeling language which provides, from this point of
view, a convenient and useful tool for model builder con-
ception. BG is a modeling and simulation tool, providing
many possibilities. It allows both a causal and a behav-
ioral system analysis. From the behavioral point of view,
BG tool allows to deal with the enormous amount of equa-
tions describing the dynamic behavior of different phe-
nomena which occur in the system. It allows, independent
of the physical nature of the studied system, precisely by
its graphical nature, to display the exchange of power in a
system, including storage and transformation and the in-
strumentation diagram (sensor location in the real proc-
ess). Furthermore, BG is subject to evolution, that is to
say, the model can be refined by adding graphically more
elements like thermal losses or inertia and storage effects,
without having to start all over again. This property is
very attractive and is one of the main advantages of the
BG method [7]. An exhaustive review of the BG modeling
and its characteristics may be found in [8-11]. For a com-

prehensive review of the applications of BG, the reader is
referred to [12].

The aim of the present paper is to use BG method
in modeling of hydro-pneumatic suspension. A hydro-
pneumatic spring consists of two fluids acting upon each
other, usually gas over oil. A compressible gas, such as
nitrogen is used as the springing medium, while a hydrau-
lic fluid is used to convert pressure to force. In a pneu-
matic or air spring, the external force directly compresses
the gas, whereas in a hydro-pneumatic suspension, hy-
draulic fluid is used [13-17].This system consists of me-
chanical, hydraulic, thermo-fluid and control subsystems.
Therefore, it is a multidomain system and BG is a good
candidate to model it.

The organization of this paper is as follows: sec-
tion 2 deals with a brief introduction to hydro-pneumatic
suspension systems. In the third section, the present sys-
tem is described. In section 4, BG model of an active hy-
dro-pneumatic suspension system and its equations are
presented. In section 5, the simulation results and valida-
tion studies are reported. Finally, the conclusions drawn
from the current work is presented.

2. Hydro-pneumatic suspension
2.1. Historical overview

Hydro-pneumatic suspensions have been intro-
duced on battle tanks in the 1950's. The first hydro-
pneumatic struts were fitted to a prototype tracked vehi-
cle, as a result of research done by two German compa-
nies; Frieseke and Hopfner from Erlangen, and Borgwald
from Bremen, into the use of compressible fluids in sus-
pension systems [13].

This type of suspension system is popular due to
its nonlinear characteristic and versatility. The nonlinear
characteristic causes the spring rate to increase as the load
is increased. It also reduces body roll and pitching, results
in more constant wheel loads and usually eliminates the
necessity for a sophisticated bumps top. Many controlla-
ble suspension systems make use of hydro-pneumatic
springs because the hydraulic fluid can easily be chan-
neled through ducts, orifices and valves. By adding or
removing hydraulic fluid, the vehicle dynamics and the
ride height can be altered [13].

The main objective of hydro-pneumatic suspen-
sion is to eliminate the body roll of a car when cornering
at a high speed. Additionally, the hydraulic system can
enable self-leveling, variable ride height, and assisted



jacking. Furthermore, it can provide the hydraulic power
to assist the braking systems and the power steering. In
some car models, the high-pressure hydraulic system also
operates the clutch and gear change. Generally speaking,
the idea of using a hydraulic circuit as a suspension in-
stead of springs and dampers is quite effective, and has
been in use for half a century. The first automotive com-
pany to use this kind of suspension was Citroen [14].

Main components are: reservoir, high-pressure
pump, main accumulator, the "load-bearing" shock-
absorbers, the height control valves.

2.2. The suspension subsystem

The suspension subsystem is fed directly from
the main accumulator. The fluid feed immediately splits
into front and rear branches, each passing through a height
control valve (Fig. 1). When each valve is activated, high-
pressure fluid inflates the pair of load-bearing shocks.
When the valve is in the neutral position, the pressure
level remains constant between the pair. When the valve is
deactivated, the fluid in the shock pair drains directly back
to the reservoir.

" Height Control 3
Valves

Fig. 1 The schematic of the suspension subsystem

Sharing the pressure between left and right shock
absorbers proved to have many benefits. The tendency to
equalize pressure between them accomplished horizontal
self-leveling, even at high speeds. But it proved more ad-
vantageous to have pressure separated fore and aft. This
was accomplished through the independent height control
valves on the front and rear axis. If the load on the rear of
the car increased, the rear valve would be activated and a
greater volume of high-pressure fluid would be allowed
into that pair.

3. Setup of the intended system

The focus of this paper lays on an Active Hydro-
Pneumatic suspension (AHP). At the heart of each AHP
suspension strut, there is a force controller, which is re-
sponsible for tracking a certain desired force (calculated
by other, higher level or "outer loop" controllers). The
innermost control task is to set and track certain pressure
in the cylinder, which translates into the force then exer-
ted by the piston. The reference force (pressure) is the
result of several higher (outer) control loops that, for in-
stance, compensate the cars tendency to roll in corners or
pitch with changing longitudinal acceleration [15].

It is important to note that everything discussed
here concerns a single wheel only. In the car, however,
(except for the pump) four of these systems are required,
one for each wheel.
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3.1. Components

The setup of the hydro-pneumatic system is
shown in Fig. 2.
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Fig. 2 Basic set-up of the system

Here, one suspension strut is made up of a:
-cylinder, which is connected directly to the wheel;
-hydraulic capacitor or "gas spring", consisting of
two chambers, one connected to the oil circuit, the other,
separated by a membrane, contains gas;

-laminar resistance between the cylinder and the ca-
pacitor;

-hydraulic pump connected to the car's engine;

-4/3 servo valve which controls the in- and outflow
of oil to and from the system.

Pressures in the cylinder and capacitor (p, and
Ps), the system pressure pPsys and the pressure in the reser-
VOIr Pres are measured by suitable sensors and are avail-
able for the use in controllers.

This could be the oil leaving the system through
some worn out fittings, especially in the valve, where it
may be that a certain amount of oil does not flow into the
system, but directly into the reservoir for instance. We
then have the control current for the valve |, which, for
positive |, injects oil into the system, and for negative |
allows oil to leave it. The position of the plunger is Xy; it
is zero at the neutral (middle) position, positive if it is
"above" that position, negative when it is "below" it. We
also allow for some external force Fex(t), which could
result from the car running over a bump on the road for
instance.

As mentioned above, a certain pressure in the
cylinder translates (via the effective surface of the
plunger) into a force. This force, diminished by some fric-
tion, will accelerate the body of the car sitting on top of
the cylinder.

3.2. Inner control loop

We shall now take a quick look at the existing
controller in the inner loop. By its structure it is a PI con-
troller. Its input is the difference between current and ref-
erence force exerted by the cylinder, and its immediate
output is a desired oil flow into (or out of) the system. As
the actuator is the valve, which takes a specific control
current and "translates" it into the wanted oil flow, an in-
verse valve model is used to determine the necessary con-
trol current needed.



3.3. Outer control loops

The cascaded control system of AHP suspension
contains two "layers". Several (parallel) components cal-
culate the desired force (or reference force) on the outer
layer, which is then to be set and tracked by the inner
loop.

4. Bond Graph model

The modeling of the system has been performed
through BG simulation technique which is an effective
tool for modeling and simulation of physical systems. It
facilitates the exchange, storage and dissipation of energy
among interacting physical elements efficiently. The
bonds of the model portray the paths of the exchange of
power within the constraint structure and atomic elements.
It is to be noted that all bond graphs including the present
one are lumped element representation [16].

BG model of the system shown in Fig. 3 is de-
scribed as follow.

o

Fig. 3 BG model of the system
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The force exerted to the vehicle from the road is
denoted by SE;, which is considered an external force
equal to Fey. SE; is the weight of the vehicle and I, de-
notes a quarter of the vehicle inertia. Friction coefficient
between the cylinder wall and the piston is denoted by R;.
Element Cs, which is an activate bond, is an observer that
monitors piston displacements. Element TF is used to
convert force to pressure, and velocity to volume-flow-
rate. In fact, this element transfers energy from mechani-
cal domain into the hydraulic domain. The volume flow
rate of hydraulic oil, Q, in Fig. 2, is considered as SFs.
This parameter is considered as an input to the system,
and is calculated via Eq. 6. SFy is considered as leakage
flow rate, Q; in Fig. 2, which is neglected in the present
study. Oil compressibility is defined by element Ci.
Element R, is the resistance due to pressure drop in the
orifice located between the cylinder and the capacitor.
The oil volume entering the capacitor is described by ele-
ment C, which is activated because the hydro-static pres-
sure of oil in the capacitor is neglected in the present
study. The last portion of the bond graph in Fig. 3 is the
nitrogen tank, for which the ideal gas law is considered to
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prevail. As seen in Fig. 3, the entire system states are Qs,
P4, O10, and (4. These are, respectively, the piston dis-
placement, the piston speed, the in-cylinder oil volume,
and the oil volume inside the capacitor.

In the aforementioned model, the control subsys-
tem has not been considered and the controller output (1)
has been regarded as a model input (Fig. 4), which moti-
vates the valve. As mentioned earlier, for positive | val-
ues, oil is injected into the system, and for negative | val-
ues, oil is allowed to leave the system.

4.1. The governing equations of the system
The system equations derived from the BG

model are described as follows:
First equations

. P . P
q5=f5=f4=_4_>q5=_4 (1
l, l,
Second equations
Pi=e,=¢+e,—e,—¢; e =SE=F,;
e,=SE,=—mg; e, =F =-F;
q
e, =Ae =Ag, =Azi;
Cp
P4 = Fext + I:fr —mg _Ciqlo (2)
10
Third equations
quZ f10: f7+ f8+f9_f11; f7 :Azfs:Azf4:%P4;
4
fs :Qv s f=1, :Lelz :L(en —€5)
R, Ry
1 1
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e, =€, :qi’ e ——SEI(), Rd CIO :
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v K
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K K a | . Vu =0 ) .
PV, = Png — F’g =P, (—J ; ;
g
q _Ap +Q,-Q - qi—P[ Va jK 3)
10 |4 4 v 1 Rd C]O a VM _q]4

Fourth equations

q14 =f, =1y
11 “
=— — — P a
q14 Rd I:CIO qu a (VM _qMJ ] (4)

In the above equations, friction force (F¢) and oil
flow rate from valve (Q,) are defined as in [15]

m
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K,Sat(1) [P, — 20 | >0 (6)
Q(.P)= ’
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10

Where Sat () is a limited function acts on input
signal of the valve. Saturating | at =I5 as the opening frac-
tion of the valve is, of course, physically limited. In the
present study input signals as shown in Fig. 4 are under
saturation limit.

4.2. System parameters

Oil pressure in the cylinder

In bond graph view

1
&y =P :C_qlo > Gho =Vz;
10
VZ 13
—C, = E° =4.08x10 (7)
P, =35x107;
— Gyg, = Co8y, = 4.08x 107"° x35%10°;
— Gy, =1.428x107°;
PaVaK = PsOVSOK;
1 1
P, |« 1.36
SV, =V,| =& | =113.107 [ﬂj‘ ‘=
0 P, 35
=1.3057x107* (®)

Therefore accumulator volume and initial volume
of nitrogen:

=1.3057x107*

So

Vy =

Finally, system parameters are shown in Table 1.

P, = iVz
Vs,
Table 1
System parameters
M =l ,= 365 kg K=1.36 E =2x10" Pa A,=10.2x10" m’
Ry= 2.08x10°Pa/(m’/s) Q=0m’/s Kv=59x10" m’/s/Pa'’A Psys = 180x10° Pa
Pres= 10°Pa Va=1.13x10" m’ Pa=42.6x10° Pa K,=1937 s/m
Fo,=150N dy,=20 N/(m/s) Fmp =100 N K, =-50 s/m
Vz=8.16x10" m’ Vu=13057x10"m’ | C;y=4.08x10" m’/Pa Fex= 71584 N
4.3. Initial condition 10
0+
The above set of equations is amenable to nu- 4
merical methods after defining a proper set of initial con- )(rel(ml;11)D i —B.G. Resuh
ditions. The vector form of the initial conditions is pre- -20 4 m [16]Result
sented in Eq. 9
-30 4
Gs, 0 -40
P -50
x=| o<l O ©) )
Cho, 1.428x10" Fig. 5 Piston position Xreq
Qua, 0 50
5. Results 15
: : H i 40 —B.G. Result
Figs. 6, 7 and 8 are, respectively, the piston posi et e [16] et

tion Xy, the oil pressure P,, and the nitrogen pressure P in
the system versus time.

It is observed in these figures that during the first
time interval, pressure (in both cylinder and capacitor)
builds up to a certain level. Oil is forced into the system,
but at the beginning (as the piston is not moving) most of
the oil has to go into the capacitor. The increase of P, and
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Fig. 6 Oil pressure Pz
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Ps starts to create a force which is greater than that gene—
rated by the external force. Then the plunger is accelerated
outwards. When it starts moving, the available volume in
the cylinder increases, resulting in oil flow back from the
capacitor, and the subsequent decrease in pressure. After
the plunger (and the considered part of the car mass) starts
moving, it comes to a stop due to stoppage of the oil flow.
In the second time interval, associated to the second pulse,
the opposite of the above description is relevant (i.e. oil is
taken from the capacitor resulting in a lack of pressure,
which in turn results in deceleration, as the external force
of the car is bigger than that generated by the piston).

For the sinusoidal part above descriptions are
true but there is not too much to discuss for the sinusoidal
part, because oil is entered into or is left from the system
frequently in low periods.
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Fig. 9 Oil volume in the cylinder V

Moreover, by solving the state equations, the pis-
ton speed and the oil volume inside the cylinder may be
calculated as shown in Figs. 9 and 10. As mentioned be-
fore, the downward movement of the piston increases the
cylinder volume, affecting both oil volume and reservoir
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pressure to decrease, as is seen in these figures. For up-
ward movement of the piston, the opposite of the above
description is relevant again.

6. Conclusions

An introduction is made to the main principles of
active hydro-pneumatic suspension system and how the
combination of fluid, gas and several accumulators in a
suspension can provide both a good level of comfort and
good handling. Bond graphs have been introduced to
model physical systems in a domain independent way.
Domain independency stems from the fact that physical
concepts are analogous for the different physical domains.
As a typical hydro-pneumatic suspension system includes
various phenomena in the field of hydraulic, thermo-fluid,
mechanical and control, the BG approach may render it-
self a convenient choice for analyzing such systems. In
this study a submodel for one wheel is created. The model
uses adiabatic ideal gas compression assumption for
spring force and dynamic friction submodel for the fric-
tion force. The simulation results have been in accordance
with others results. Overall, the present results show that
the bond graph is indeed a suitable method for such appli-
cations.
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M.D. Emami, S.A. Mostafavi, P. Asadollahzadeh

AKTYVIOS HIDRO-PNEUMATINES PAKABOS
SISTEMOS MODELIAVIMAS IR IMITAVIMAS
NAUDOJANT GRAFU TEORIJA

Reziumé

Siame straipsnyje apraSytas aktyvios hidro-
pneumatinés pakabos sistemos modelis. Tai yra palyginti
naujas pakabos projektas, kuriame sistema veikia be klasi-
kiniy mechaniniy elementy, tokiy kaip spyruoklés ir amor-
tizatoriai. Vietoj hidraulinés sistemos panaudotas plunzeri-
nis cilindras, tekéjimo ribotuvas, hidropneumatinis akumu-
liatorius ir galingas hidraulinis siurblys kartu su greitavei-
kiu valdymo voztuvu. Kiekvienos aktyvios hidro-
pneumatinés pakabos sistemos pagrindas yra jégos ma-
tuoklis, ribojantis veikiancia jéga. Sistemos modeliavimas
atliktas naudojant imitavima grafy teorijos technika. Visi
sistemos komponentai buvo pakeisti ju grafy teorijos pa-
kaitalais. Pagrindinés lygybés buvo sudarytos ir i§sprgstos
naudojant grafy teorijos modelius. Grafy teorijos rezultatai
palyginti su kitais rezultatais ir nustatyta, kad grafy teorijos
iSvados sutampa su kity modeliy i§vadomis. Taigi, grafy
teorijos taikymas yra dar vienas geras budas sudétingy
sistemy komponentams ir fiziniams modeliams projektuoti.
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MODELING AND SIMULATION OF ACTIVE
HYDRO-PNEUMATIC SUSPENSION SYSTEM
THROUGH BOND GRAPH

Summary

This article presents a model for active hydro-
pneumatic (AHP) suspension system. This is a relatively
new suspension design, in which the system works with-
out the classical mechanical parts of a suspension, such as
steel springs and dampers. Instead, a hydraulic system is
used which consists of a plunger cylinder, a flow resis-
tance, a hydro-pneumatic capacitor and a strong hydraulic
pump together with a fast response servo valve. At the
heart of each AHP suspension system, there is a force
controller, which is responsible for tracking a certain de-
sired force. The modeling of the system has been made
using the bond graph simulation technique. All of the
components of the system have been replaced by their
bond graph counterparts. The governing equations are
written in terms of bond graph models, and are solved
simultaneously. Bond graph results are compared to the
results of others. The bond graph method succeeds in re-
producing the same outputs as the other methods. How-
ever, the ability of the bond graph modeling in adapting to
new changes in the system components and physical mod-
els makes it a good choice for complex systems.

M.J1. Emamu, C.A. Mocradaewu, P. Acagomnax3anex

MOJIEJINPOBAHUE 1 UM TUPOBAHUME
AKTUBHOW CUCTEMBI I'MJIPO-
[THEBMATHUYECKOH ITOJIBECKU C
NCIIOJIB30OBAHUEM TEOPUU I'PADOB

Pesome

B 310l cTaThe mpencTaBiieHA MOJAEIb aKTUBHOM
CHCTEMBI THIPOITHEBMATHYECKOW MOJBECKH. JTO CpaBHU-
TEJBbHO HOBBIN NMPOEKT MOJBECKH, B KOTOPOM CHCTEMa pa-
0oTaeT 0e3 KJIAaCCHYECKMX MEXaHWYECKHX JJIEMEHTOB, Ta-
KHMX Kak NpY>KUHBI U aMOpTU3aTopsl. Bmecto ruapasinye-
CKOM CHCTEMBI HCIIONB30BaH ILTYH)KCPHBIA IHUIMHID, OT-
paHUYUTENh TEYCHUS, THAPOITHEBMATHUYCCKHHA aKKyMYJIsi-
TOp W MOUIHBIM THUAPABINYECKAN HACOC C OBICTPOACHCT-
BYIOIIAM cepBoKiIanaHoM. OCHOBOM KaKIOH aKTUBHOMN
CHCTEMBI THAPOITHEBMATHYECKON IOJBECKH SIBISIETCS OT-
paHuUMTENDL NEHCTBYIOIIEH Harpy3ku. s mMopenupoBa-
HUA CHUCTEMbBI HMCIIOJIB30BAHO HWMHUTHUPOBAHHUE TEXHUKOU
Teopun rpadoB. Bee 37eMEHThI CHCTEMBI ObLITH 3aMEHEHBI
nyOnukaramu Teopud rpago. OCHOBHBIE YpaBHEHUsI CO-
CTaBJICHBI U PEIICHBI UCIOJB3Ysl MOJCIHA TCOPUH TpadoB.
PesynbraTel Teopuu rpad)oB COMOCTABICHBI C JPYTHMH
pe3yibTaTaMd M YCTaHOBJEHO COOTBETCTBHE BBIBOJIOB
Teopun rpad)oB ¢ BBIBOJAMH IPYyTrux Moneneld. Takum 00-
pPa3oM HCIIONB30BaHUE TEOPHH TpadoB U MPOSKTHUPOBA-
HUSI KOMIIOHEHTOB CJIOXKHBIX CHCTEM U (PU3MUYECKUX MOJE-
JIel ABNSETCA eIle OJHIM XOPOIINM MPEAI0KCHUEM.
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