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AIR SUSPENSION DESIGN AND PERFORMANCE

Paul Stone *

B. Eng, MIMech.E.

SYNOPSTS

This paper gives information on air suspension design
congiderations and performance characteristics under the following

section headings :

(1) Introduction

(2) Theory

(3) Air Suspension Components
(4) Levelling Valves

(5) Application

* Paul Stone is Sales Manager, Commercial Vehicle Products,

Dunlop Ltd, United Kingdom
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INTRODUCTION

I,

S Ny
The development of air suspension goes back nearly a century when early

. 2ot
airsprings were manufactured using leather. o

It was not, however, until the mid 1930's that airsprings were seen on a
production vehicle, when they were fitted to an American car. This was
> .

soon abandoned due to rubber prices fluctuation apd on-going development

of steel as a suspension media, T

Consequently, it was not until the 1950's that air‘suspension as we know
q ¥ P

it today evolved,

With the rapidly changing demands of the tramsport industry, the suspension
engineer is faced with the need for a multi~function system that does more

than simply suspend a body-above an axle,

It is with this thought in mind that air suspension offers considerable

gscope.

L

=
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- The static load capacity of én-airspfing is expresééd,'genera11y, by:

F = ph | @
8ince both the pressure and area can change during the relé;ive movement
of one mounting surface to the other, the stiffness of phe”aifspring'can

' .

be written:

dn © Pan * A §q 2D

ﬁff

However, since the motion of the. alrsprlng is rapld the gas temperature

changes and is subject to the gas laws.

Consequently, for dynamic condltlons, and it is these that apply to a

vehicle in motion, we have;

—(—1:—E. = ..d_zl _E. 2 hals
dn_ "Pay *Angy (2.3)

It is generally accepted that the polytropic constant n = 1,38

Further expansion of equation 2.3 yields:

ad"lf; “P +A <1dh>(p+pa) o | | (2.4) -

,_0. .

Thus, the stiffness of an a1rspr1ng comprises of two dlstlnct terms - -

an area function and a pressure/volume functlon. N

In addition, for a given airspring installation condition, both %% and

l'{
N

(}'% ) gz>‘An are, generally, constants.

Subsequently, it can be readily seen that the stiffness of an airspring
is substantially proportional to the load pressure. This is particularly
true at higher pressures where the atmospheric pressure tern, pa, has

least influence.
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Mence, the airspring is a dev1ce whose stlffness is . proportlonal to the

load that it carries and, thus, has a varlahle rate charactermstlc.‘ﬂl

It is this characteristic which is so important to the sugpension engineer

in his requirement for constant ride quality for a vaf&ingvpayload.

Figures 1 and 2 illustrate the dynamic spring rate and natyral frequency, V,
static load characteristics for an airspring. ' _ ;]
How can we further modify the performancé of an airspring for a particular '_:.‘

installation?

We have seen from equation 2.4 that the stiffness comprise3, in principle,
of two terms, Let us now consider a particular airspring and its supported
load, hence, pressure and area are defined since F = pA; ‘equation 1.

B

Firstly, we will.considerlthe p‘%% term. .

"

L Thls can be modified for the rolllng dlaphragm alrsprlng by changes in plston

profile, Naturally, this does not apply to the bellow type alrsprlng.

Secondly, we will considér the én (p.Q'pa) (E-% . %%) teym;.‘ﬂere we can

alter the value of the term for both bellow and rolllng dlaphragm alrsprlngs

by increasing or decrea31ng the volume.
Thus,

Cdf - dA dp _V__ S

T Pa A Ty @.5.
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Vitv

a0 1 av) v IR
or = p Eﬁ + An (p + pa)(} v - E%) Ve v - R
~ Thus, we have a unique product which has:

(a) Near constant frequency for a large variation in supported '_

Jload.

(b) A means of varying its dynamic properties to enébleiﬁhe-

suspension engineer to fine tune.

.
.
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-3, AIR SUSPENSION COMPONENTS

3.1 Airsﬁrin&s:
'There are three basic types:

(a) The convoluted bellow airspring which can compromise one,

two or three convolutions of the rubber/fabric element, = Fig. 3

(b) The rolling ‘diaphragm alrsprlng whlch ccmprlses a cyllndrlcal
.ruhber/fabrlc element, Wthh can have a self sealing bead
"at both ends, a top mounting plata and a 1ower pston.t
‘The cyllndrlcal element when assembled and 1nf1ated forms a
~10be whlch can roll up and down the plﬂton to accommodate
”suspen51on motion. - “ 1'  S T , - Fig. 4_:
4. . )
(c) The yolliug diaphragm airspring which can be adapted to work
';as‘alhgavy duty unit by the addition of a metal sleeve to

s the exterior. - o S ' - o - Fig. 5

. As previously stated, a characteristic of the airspring is that its.
dynamic rate varies gubstantially in proportion to the instantaneous

value of the static load pressure.
This statement applies particularly well for load conditions where
the load pressure is very high and the cons@anf term for atmospheric . -

pressgure haé less effect.

The'gffects'of application of ;his‘charac;eristic to the vehicle -
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are 11lustrated by the curve of bounce frequency (hz) V. sprung
’.I
mass (kg9 for an air spring supportlng a simply supported mass. Fig. 6
‘|ﬁ‘ - .

f¢ airspring stiffness is of finite value at zero static

1oading'(due to the presence of the P.atm term in the equation for

sﬁring s;iffness), the theoretical'value for bounce frequency at

zero load pressure is infinity, -

However, 48 Bprung mass js lncreased bounce £requency quickly

. )

stablllses at a near constant value, unt11 a load pressure value
is reached wherein little or no furthef change in bounce frequency
occurg at sll for further increase in‘losd pressure,

B o ‘
This characteristic thus describes an apparent ideal situation which
has the folloWLng advantages,

- hlgh statlc 1oad pressure allows construcLlon of small

b L
[}

alrsprlngs prov1d1ng eagler 1nstallat10n.
= .low vertical stiffness, low bounce frequency,

= " allowing say 50% change in sprung mass, near constant

4

bounce frequency, laden to unladen.

- -_thus‘optimum damper tuning, laden to unladen, hence

'absolute anti-vibration control,
i

- 51noe appllcatlon of the hlgh pressure alrsprlng requires
. ;he prov151on of a HP c1rcu1t, p0531b1e reallsatlon of full

v cIosed loop body to earth p051t10nal control is establlshed
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through the levelling system.

It is considered that the convoluted bellow, rofl?ng diaphragm and
heavy duty rolling diaphragm airsprings w111 Batiﬁfyfﬁhe commercial

vehicle industry's suspension needs for some time to come.

The needs of the commercial vehicle indﬁstry_fo: the 21lst Century
are less easily defined, but with the adven; of the "micro—chip“
and the move towards ''system management" ic is considered that an
active suspension system offering 1mproved r1de/hand11ng and

" packaging may belrequired,

With thls in mlnd Dunlop have examined what type of sprlng element :
would be required. A Hydro-pneumatlc system has: been con51dered

and is now described.

THE HYDRO-PNEUMATIC SYSTEM

The Basic System ‘ .o Y

The prinéipal features of a hydro-pneumatic éuspension for a bus
are shown in - ' o - _ ' . _ | Fig.7
The road wheel input operates on a rolling lobe 1iquidldisplace;

which causes the volume of a liquid/gas sphere to vary with the input.

The liquid/gas sphere comprises, two compartments which are separated -

by a flexible membrane..
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The volume of liquid dlsplaeed by the rolllng lobe dlsplacer

is transferred to, or from, the sphere thus Causlng an equal

change in the gas volume via expansion or compres51on. '

Suspension stiffness at the road wheel, is governed by fluid
displacement .as defined by the application‘of Gas‘Law and’

airspring theory,

Design Features

Dunlop's-eonsiderable experience with the design and manufaeture

~of the Hydrolastle and Hydragas systems has enabled SPEC1flc

de31gn parameters to be 1a1d down which are eompatlble Wlth

current technology.

- The preliminary specification is shown in the following‘table{

{

Spring element capacity: deeign : 6660'1b

Spring element overload B lSZl o }.'
‘Maximum static loed pressure 400 peié;_?;j
Maximum systeﬁ pressure o - _‘approx 1600 osig.
.System burse pressure ‘ ) ‘ ._ approx 3000‘p31g
Wheel travel '.gszgund g:.
Operating temperature Tange _' L ~50° C to +50° C

System to be self levelllng for: changes in payload.

In order to compensate for changes im_payload and temperature a
levelllng system is considered to be of paramount 1mportance.‘ Thus,
in addition to the flu1d dlsplacer and gas sprlng, a 1eve111ng

sphere is 1neorporated in the system.
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N e
by

The 1eve111ng‘sphere is 1dent1cal to the gas sprlng spnere. .The

gas compartment of the gas sprlng and 1eve111ng sphere are 1neer~-.
connected whrlst the liquid slde of the levelllng sphere is connecLedl
to a pressurised supply which is controlled v1a a 1eve111ng (he1ght)

valve.

.Changes in payload will cause the design height of the digplacer to

change unless the mass of gas in the gas spring is adjueted.

This adjustment is therefore achieved by transferring gas to, and " .

from, the levelling sphere via displacement'of_its_separator membrane,

Separator membrane movement is controlled by the modulation of

» -‘.1' )
pressurised liquid against it. "

.L} ‘
Since the gas spr:ng and 1eve111ng spheres are lnterconnected the

‘effect of gas volume changes will have a.31gn1f1canL effect upon the

stiffness of the system.

Consequently, the two spherer are 1solated durlng normal eteady
 state payload condltlons in order to prov1de a constant volume gas
. spring. ' S o 7' e _" ' ";fff

The two spheres are only 1nterconnected when there is a change 1n

payload, and this function is controlled v1a_the 1eve11rng system,
The dimensions of the principal components of the system are

gshown in - . | o A _ Fig. 8
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Levelling System

The levelling system consists of: S “_- ' o C

- an engine-driven high pressure hydraulic punp ‘which supplied'/

liquid (usually o0il) to the levelling or height valve.

- a 3~position directional contrel valve which qbntrols the supply-

"

of liquid to, or from, the levelling sphere. - ¢

- a 2-position pllot operated valve -interpoged between the gav’

spring and levelling spheres, operated via the levelling valve,
According to the nature of the signal high pressure 11qu1d is

delivered to or exhausted from the levelling sphere, via the levelling

valve, to a reservoir.

_.10...




. LEVELLING VALVES =

oA

The 1evelllng
for the supply of compressed alr fo and from the alreprlng in‘response

to changes ‘in payload thereby, malntaxnxng a constant rlde helght.ﬁf"

o

] .
e

valve stage. ’ ,},15‘“i5 7:',-;"jﬂ 'i. th fl_;ﬁf'ﬂl

Pl Cpnsequently, the valve does not'respond;tp"transient.whee}.inputs andrf

_conserves the sLore of compressed alr.‘%

[

-.1

(1) . Improved 1eve111ng accuracy

I (2)“_ M;nlmum axr consumptlon ;“?u {,;

L(3)“-.Reduced cost";;‘ttliji”'f€1f{1e@-f*ﬁf~;f

W

Three years minimum service life .’

"Consequently,'therno delayjleveilipg valve:wesidevelbped;wi;hfthe objeetiyes.h

1Subsequent1y,'vehiele,deyelbpment whieh.ineluded'airfconsumptionlmeesurement,




‘to form an integral part of am air suspension system,
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suspension charge tlmes -combined with ride and handling 1nd1cated that
a valve with restricted service port flow characterlstlcs fulfilled the

basic objectives,

Typical results, appertaining to a coach, are shown in Taﬁﬁes } and 2.
With the advent of the micro-chip and systems management, it is possible
to devise an elctro-mechanical system which continuously monitors the
suspension attitude and makes adjustments according to a pre-arranged

programme.

N - - - - ' - - » # b
Initial investigations indicate that such a system will provide:

o accurate positional .control
- improved system reliability ¢
- the opportunity to "fine tune" a levelling system to.suit

a particular vehicle requirement, ' .

Dunlop are therefore, examining how this electronic system can be extended

x L)

In this respect, a single deck air suspension city bus has been fitted with

an electronic levelling system, Development evaluation is on~going.

The basic system comprises a photo-electric sensing device which transmits

a signal to an electronic control unit., The ECU compares sthe signal with

'

a reference level, appropriate changes to the airspring ‘height are then

actioned, if necessary. . _ 7 : Fig. 11

- 12 -
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H‘The'use of.suqh a

" it offers: . -

A

f'n(iii): Varlable, contmnuously 1eve11ed vehlcle p1atform'he1ght to :

S dv) Individual controllof each wheelfs;a;ion,?i.é._frqh;.@nee15-..

rear kneel, offside, nearside etc.. o LT

:-v1ta1 dlagnostlc 1nformat10n w1th regard to overall perfurmance of the e

',vehicle suspension behaviour. S ”5_7'ﬁ'j.=_ LA _" A




| APPLICATION =~ & e

The wide range of payloads‘;haﬁ a. suspension system"hasito-eperate ever'f

are shown in -

'medla, on the bounce frequency, ‘1s 111ustrated in'—:5‘~F”

5.1 Semi Trailer

The ride characteristics of a number of semiftreilers ,‘
fitted with different types of suspension have been .

analysed.

Trailer 1  Rubber suspension - :
Trailer 2 ' Standard multi-leaf suspension.” . .. ==~~~ . el
: : L e
Trailer 3  Air suspension . . - a0 S P
| o : N e e T

Acceleration measurements were taken above the trailer axles DR

: S o v 1lp-:.‘.’.? o l " . \
for the part-laden - the most pften met condition -'atid empty };!
. _ . . . N L

conditions,

The vehlcles were then drlven at- 40 mlles per hcur over a

standard- test surface.

The recorded data was then_analysed'to-prqcuce‘BotH-iIBrd |

octave acceleratlon frequency spectra and a measure of the_ '

peak’ acceleratron 1evels recorded over: the test surface.

s

Each acceleratlon frequency spectrum deplcts a plot of then '

r.m.s. 'g' 1eve1 (vertlcal axrs) contalned in each 1/3rd

- 14 - .<



5.2

5.3

‘trailer under each of the varlous test condltlons in’ a less detalled Q-;h

“Peak acceleratlon levels are shown 1n Flgure 17 for the two frequency:fiifﬁﬁll

. bands 1 - 8 ¢/s and 8 " 40 c/s.-'

- In conclusion, 1t will be noted that the a1r spspenslon trallers R

._produced acceleratlon 1evels much 1ower than those of the other types‘,fmlf'I'

~ damage. An.umportant factor in today's env1ronmental consc1ous world

62

:'octave frequency band (the centre trequencxesrof each band.are' o é
'ha:shown on the horlzontal ax13) over. the frequency range 0 - 100 c/s Ijﬁg;i};lfl
o ltogether w;th the overall r.m. s. 'g levels 1n both the "ride i;i::ﬁ..ll‘ é

ltrequency range" of 0 —-40 c/s and the range over.ehrch measurementsﬁ‘éf. d
vere recorded (0 - 100 c/s) These levels are - shown§on the spectrom . "i ?
"11near" levels and’ are a summatlon of the 1/3rd octave levels ;
over their respectrve frequency ranges. These frequency spectra are: ‘ .'?";
shown on Figures 14 and 15. ‘ : . :
. TNENY

_ Bt _ | 1

The overall T.m.5, g‘ 1evels in_ the 0 - 40 c/s frequency range haver R =

a been plotted agalnst the various traller conflguratlons 1h Flgure 16.fﬁiﬁi:“ :

These provide a means of comparing the r1d1ng propertles of each f{”,lu'f¥3 i

form, = - L S ST
. ;

!‘. e

and would therefore, prov1de a 31gn1f1caqtly betterirlde resultlng x ”:Ldﬁf" *

; 1n 1ess damage to the vehlcle and 1ts cargo. L
- |
a ..;’ .

Bus i
Ride measurements for the upper deck of a city bus gre ‘shown L Vj,?lﬁifftf“i
in - S H:,_ N ";::-f‘j':ﬁ;:’wifiril".ﬂff ,;{ Figofla s !
' | o . . - . ":::_“' I- '\‘ l “:Il|7:.'_.‘ - . . ' '. e E

Road Damage : _- : e ;i. h

In addition, research conducted by M I R A, and T R R.L, has

d '.’

'1nd1cated that a correctly damped 1ow rate suspen31on reduces road Rt
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To conclude, an air suspension system offers:

4.

Variable rate suspension,
Constant ride height,

Near constant ride frequency for large changes in payload.

t

!

Protection to vehicle, cargo and driver,
Development of electronic mult~function levelling system,
Development of high pressure system to improve packaging,

Reduced road damage.

Improved braking.
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Hydro Pneumatlc System

Component dlmensmns s

Dlsplacer Umt S T R B
Diameter____ 8"
Installed he!ght S 10"‘_-.7.'
- Piston diameter. - 27
‘Effectivearea____ 17. 5in?
Dlsplacement per mch wheel mput _18 7|n
Rollmg Iobe to be constralned | "

- Gas Spring Sphere B T s
~ Spherediameter =~ 77in |
LiquidVolume - -,115i_n_3_-f

~GasVolume .~ M5in°
~ MaterialGauge "~~~ 8swg
| Separator membrane movement

| B Bump__._,_1 35m

'i'; - Rebound _1.85in |

Levelling Sphere o

Sphere Diameter____ o ____ 84in |
Volume _ R 310in'3.
Material Gauge _ B 8 swg |
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.M SUMMARY OF * AIR  CONSUMPTION FOR COACH

UNLADEN

FULLY IADEN

URBAN" - MOTORWAY

URBAN

- MOTORWAY

' .Average free air
. used/mile
= Ft3/mile

s NGD.LIVI

. D.L.v.

078 7 | - 0

012 .| o

2,78 'f ' ;;o.ss.a;‘r

0.65 < 0.

,'Average flow rate
‘free air . '
- Fta/min.

N.D.L.V.

. DQL:V. -

.20, | 0.54 .

o283 | o

,_-jverage flow rgﬁ%”
. to 110 p.s.di.

N.D.L.V.

. DWLLV. .

0.1 | o0

10,0337 | o .

Air used stop/_‘lw

start
= ped

CN.D.L.V. |

D.L.v.

.16

T 015

0.53 -

Charge up time .

‘:?medium revs})

" N.D.L.V. .

D.L.V.

_'Z‘mins‘SS Becs

‘i min .24 ‘secs o

.3 mins 29 secs rfi‘

: 1 min 42'secs

TABLE 1 =~
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. GENERAL - SYNOPSIS OF . RESULTS |

[ " |",".

 N.D.L.V.

C DL,

/" COMMENTS

" Unladen Vei'sus

. Pully Laden Versus

"' Unladen
A :
- Pully Laden

. Levelling Capability
‘- Unladen

i7" Levelling Capability.
. Fully Laden

~ Unladen. -

‘Levell.mg Capab;l;ty

"Fully Laden

Unladen

Fully Laden -

.V . .
Fully Laden

Unladen .

Levelling Capab.ll.zty o

H'-_. .

TR

~>D L, V. more economcal S

D. L V. more economcal' '

.‘;-':-- '- ‘:. e

More'air used in

. laden condition

wool Vo

- More. air. .used in’
Jaden condition
P L R o

16mm approx.. ‘

“ 4 2mp ajaprox._', L

3 8mm a PPIOX.

8mm approx.. -

TABLE 2 -
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Pay load as % of total sprung mass
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R -

'Effective area -

"l -

Force

Adiabatic force

Stiffuess

Isothermal (static) stiffness
Adiabatic {dynamic) stiffness
Bohnqe frequenc§ 

Air spring height

Incremental change in height .

Polytropic constant

Gauge pressure

Adiabatic pressure

Absolﬁte pPressure

Atmospheric pressure

Air spring pregsure:f; .
Incfemgntal-change iﬁ'pfgsgure.ff'
Volume. o

Incremental change in volume |
. ' N oo

" Sprung mass

Rate of‘change in area with height

Rate of change in pressure with height

4

Rate of change in volume with height o
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SESSION C

P. Stone

At this moment in time it hasn't been fully declded yet because . ﬁQ
of the EEC regulations which are going to be changed. The overall o
EEC loadings. It looks as though Belgium will still go higher

than the EEC allowance if you fit air suspension.
What is the allowance? ;h
P, Stone

The allowance will go from 38 to 40 in general thoughout the EEC
with the exception of the UK and that is being debated by the EEC
Parliament at the moment. Belgium will go 40 to 44 T think is
the figure that they were gqueting.

J. Wilkinson
Thanks Paul, next question. iﬁ
P. Sweatman

About the height control valve in air suspension. When tilt
testing for stability of a vehicle we have looked at how long it
takes for a height control valve to come into action on the
downhill side on the tilt deck. 1t can take 20 to 30 seconds
for that pressure to build up. Which type of valve is that? e

P. Stone

That is the delay type valve which is reacting there. But,
referring back to the bus industry, some bus manufacturers have
had severe problems in the tilt test, certainly in the EEC.
Where they are concerned about this they have fitted tilt
switches with mercury roll switches which as soon as the tilt
reaches a certain angle automatically throwing air on that
gide and the levelling valve comes in later on. So yes there
are certain PSVs in Europe which have problems and a tilt switch
is fitted to get out of that particular problem. It is a
functional delay valve.



