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Study on the Damping Performance Characteristics Analysis
of Shock Absorber of Vehicle by Considering Fluid Force
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In thus study, a new mathematical dynamic model of displacement sensitive shock absorber
{DSSA) 15 proposed to predict the dyname charactenisuics of automotive shock absorber The
performance of shock absorber 1s directly related to the vehicle behaviors and performance, both
for handling and ride comfort The proposed model of the DSSA has two modes of damping
force (1e soft and hard) according to the position of piston In this paper, the performance of
the DSSA 1s analyzed by considering the transient zone for more exact dynamic characteristics
For the mathematical modeling of D3SA, flow continuity equations at the compresston and
rebound chamber are formulated And the flow equations at the compresston and rebound
stroke are formulated, respectuvely, Also, the flow analysis at the reservoir chamber 15 carned
out Accordmgly, the damping force of the shock absorber 1s determined by the forces acting on
the both side of piston The analytic result of damping force characteristics are compared with
the experimental results to prove the effectivencss Especially, the effects of displacement sensi-
tive orifice area and the effects of displacement sensitive orifice length on the damping force are
observed, respectively The results reported herein will provide a better understanding of the
shock absorber
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passive shock absorber After that many studies
have been carried out to analyze the performance
of shock absorber (Stefaan et al, 1997) Cherng

1. Introduction

The shock absorber is an important part of
automotive which has an effects on ride charac-
teristics such as ride comfort and driving safety
There have been several studies are carried out
about the shock absorber At first, Lang (1977)
proposed a simple mathematical model of the
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et al (1999} reported the noise effects of the shock
absorber using acoustic index method Koenraad
{1994) proposed a mathematical model of mono-
tube type gas charged shock absorber Herr et al
{1999) proposed a mathematical model of twin
tube type shock absorber Simms et al (2002)
mvestigated the mfluence of damper properties
on Juxury vehicle dynamic behavior through the
simulation and test Liu et al {2002} reported the
chaiacteristics of nonlinear dynamic response for
the twin-tube hydraulic shock absorber Never-
theless, there have been few studies carried out
about DSSA
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Recently, there is 2 study reported about the
DSSA. However, it was insufficient to understand
the dynamic characteristics of the DSSA com-
pletely (Park et al, 1997; Cho and So, 1999},
Therefore, in this study a new mathematical and
simulation medel of the DSSA is proposed and
analyzed, which considered the transient range
of displacement sensitive orifice. A typical twin-
tube type passive shock absorber of automotive
is considered for the study of the operating princi-
ples of the DSSA. For the mathematical modeling
of the DSSA, flow continuity equations at the
compression and rebound chamber are formu-
lated. And the flow equations at the compression
stroke and at the rebound stroke are obtained,
respectively. Also, the flow analysis at the reser-
voir chamber is carried out. Accordingly, the
damping force of the shock absorber is deter-
mined by the forces acting on the both side of
piston.

And the effects of displacement sensitive orifice
area and soft zone length on the damping force of
the DSSA are observed, respectively.

2. General Configuration and
Operating Principles of DSSA

Basically the shock absorber consists of a pis-
ton which moves up and down in a {luid-filled
cylinder. The cylinder is fastened to the axle or
wheel suspension, and the piston is connected via
the piston rod to the frame of the vehicle. As the
piston is forced to move with respect io the cy-
linder, 4 pressure differential is developed across
the piston, causing the fluid to flow through ori-
fices and valves in the piston. The portion of the
cylinder above the piston is known as the re-
bound chamber, and the portion of the cylinder
below the piston is known as the compression
chamber. And the volume which surrounds the
cylinder is known as the reservoir chamber. The
reservoir chamber is partially filled with fluid
and parttally filled with a gas phase, normally air.
The fluid flow between the compression and res-
ervoir chambers passes through the body valve
assembly at the bottom of the compression cham-
ber. Figurc 1 illustrates the typical conftiguration

of a DSSA. As can bc observed in Fig. 1, the
PSSA has an additional flow passages in the cy-
linder wall of a typical passive shock absorber.
And this displacement sensitive orifices can be
divided into three zone such as the soft, transient
and hard zone. Here, the transient zone has taper-
ed scheme to avoid abrupt changes of damping
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force Each valves and correspondimg chamber
are described according to the fluid flow Figure
2 1llustrates the analytic model of the DSSA,
which describes a fluid flow pattern according to
piston movement

The fluid flows at the compression stroke can
be divided into two flows such as &, and &, The
first one, &), 1s a flow which flows from the com-
pression chamber to rebound chamber through
the piston valve (1) and the other one, (J: 15 a
flow which flows from compression chamber to
reservolr chamber through body valve (2} Where
the valve numbers are noted m Fig 1. The flow
&) which flows through the piston valve can be
divided 1nto three flows &, @ro and & The
flow @, flows through bleed valve{4) The flow
Qro flows through mtake valve {6) and the flow
GJra flows through displacement sensitive orifice
(9) of piston valve, respectively The flow Q.
which flows through the body valve (2) at the
compression stroke can be divided into two flows
&ers Ger The flow G, flows through bleed valve
and the flow & flows through a blow-off valve

On the contrary, at the rebound stroke the
flud flows can be divided into two flows &7,
&e The first one QF 15 a flow which flows from
the rebound chamber to compression chamber
through piston valve (1) and the other one {7 13
a flow which flows from reservorr chamber to
compression chamber through body valve (2)
The flow Q7 which flows through body valve
{2) can be divided 1nto two flows @, @eco The
flow €., flows through bleed valve and the flow
t)co flows through suction valve (7) Also, the
flow €} which flows through piston valve {1}
can be divided into three flows O, Qwr and Qg
The flow @, flows through bleed valve (4}, the
flow &y flows through blow off valve (5} and the
flow @r: flows through displacement sensitive
orifices, respectively

3. Mathematical Modeling
of the DSSA

3.1 Flow continuity equations at the com-
pression and rebound chamber
The flow continuity equations of the compres-

sion chamber at the rebound stroke, as described
m Fig 3, can be expressed as follows,

Ve 0F: _ 4 . £ 1 s
YW_ Apx“}“(Qr‘FQc) (l)

The flow continuity equation of the compressien

chamber at the compression stroke, can be ex-
pressed as follows,

e O = (@4 Q0 2

where K 15 a bulk modulus of elasticity of
working flmd V. 15 a volume of compression
chamber F; 1s a pressure of compression cham-
ber Ap 1s an area of piston % 1s a velocity of
piston

Similar way, the flow continuity equation of
the rebound chamber at the rebound stroke can be
expressed as follows,

P4 Ad @ O

The flow continuity equation of the rebound
chamber at the compression stroke can be ex-
pressed as follows,

V, 9P, _
K ot

- (Ap—Arod)x+Qr (4)

where V; 15 a volume of rebound chamber P
18 & pressure of rebound chamber A4 15 an area
of piston rod

3.2 Flow equations at the compression
stroke
The flow rate of the piston valve @, which
flows between the rebound and compresston
chambers at the compression stroke can be ex-
pressed as follows,

&r=&nt &ro " & (9

Here, each flow rates can be obtained as follows ,

Qr=CaApw,/ %(Pc—Pdo
= Cullar,/ %(Pdl—Pr)

- 2 _ — Pp— P
Qro=Callaz,/ p(Pc Fus) Qm——*le_ P {n

Here, when Pue< P.er, Pro becomes zero

{6)
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7(P67f)f) (8)

Q= Cahast),/ i

w{i(ﬁzwrh} la<y<latal)
Auslx) =1 wh

w{—;i(x—zl} -I-h} (—lzatz <x<—z)
8 2

i—a<yi<a) (9)

where Cyg is a coefficient of discharge. Ape is a
bleed vatve(4) orifice area of piston valve. Aa,
Az are areas of piston valve port restriction (3],
Py and Py are pressures at the piston valve port
restriction
the intake valve (6).
of intake valve {6).
valve {6) at the maximum flow rate Q. Figure

Pier is a cracking pressure
P is a pressure of intake

3 shows detailed configuration of displacement
sensitive orifice. Ay is an area of displacement
sensitive orifice, as shown in Fig. 3.

The flow rate .y becomes zero when the
displacement of piston detach from displacement
sensitive orifice. And the flow rate of the body
valve &), which flows berween the reservoir and
compression chambers at the compression stroke
can be expressed as follows ;

Q CriAdB ( 07Pd3) :Qci"" ch (10)

bl\)

Each flow rates of Eq. {10} can be obtained as
follows ;

=l

Fig. 3 Detailed confliguration of displacement sensi-

tive orifice

(3}). Qi is a maximum flow rate of

Gei= CdAbb»\ (P Pa) (e
}dS Pbcv) ’
er=Eom ( 5 Pbm) {12}

Here, when Pus<\ Prer, Qe becomes zero. Where
Az is a bleed vatve orifice area of the body
valve (2). Au is a port restriclion area (8) of
body valve. Fys is a pressure at the port restrie-
tion of the body valve (2). P, is a pressure of
reservoir chamber. @um 15 a maximum flow rate
of the blow off valve at the body valve. Py is a
cracking pressure of the blow off valve at the
body valve. Phn is a pressure of the blow off
valve at the maximum flow rate at the body valve.

3.3 Flow equations at the rebound stroke

The flow rate of the pisten valve &F, which
flows between rebound and compression cham-
bers at the rebound stroke can be expressed as
follows ;

6 = Qrit Qrrt Qra (13)
Chi= (/dApb\ ( Py — P {14
Pdl PPC?") N

m l 5

rr= o P — Poor) (s

Here, when Fi < Poer, &rs becomes zero.

Qm:cmds(x}v-"‘!f;(P,—PC> (16)

where QJam 15 a maximum flow rate of blow off
valve {5} a1 the piston valve. Pper is a cracking
pressure of the blow off valve at the piston valve.
Pom 18 a pressure of the blow off valve at the
maximun: flow rate of the piston valve. e be-
comes zero when the displacement of piston de-
tach from displacement sensitive zone. And the
flow rate of body valve )}, which flows bhetween
the reservoir and compression chambers at the

rebound stroke can be expressed as follows ;

::Qci+Qc0 “7)
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ch: Cd£4-bb1/ %’(Pa“Pds)

L (18)
e A P
= Cuttan] 2 (Pu—P)
QcoszAd:i\/l(Pa_Pdd)
? (19)
:Q (Pdii_Pscrr)
- (Psm_'Pscr)

Here, when Puy<< Pser, Qo becomes zero. Where
Ay is a port restriction (8) area of the body
valve. Py is a pressure at the body valve port
restriction (8}. Qs is a maximum flow rate of
suction valve (7). P is a cracking pressure of
suction valve. Ps, is a pressure at the maximum
flow rate of suction valve.

34 Flow analysis at the reservoir chamber

Because the piston rod passes through the re-
bound chamber, and is connected to the rebound
side of the piston, the area of the rebound side
is less than the area of the compression side of
the piston. Accordingly, as the piston moves, the
combined volume of the compression and re-
hound chambers changes by an amount equiva-
lent to the inserted, or withdrawn piston rod
volume. The amount of fluid equivalent to the
inserted, or withdrawn, piston rod volume must
be transferred to, or from, the reservoir chamber
which normally surrounds the cylinder. Air pres-
sure of the reservoir chamber can be expressed as
an ideal gas equation as follows ;

FPaVo=meRT {20)

where P, is an air pressure of the reservoir cham-
ber, V, is an air volume of reservoir chamber. #z,
is an air mass of reservoir chamber. K is a gas
constant. T is an temperature of air in the reser-
voir chamber.

Generally, the mass of air is assumed constant
because the chamber is sealed. And the tempera-
ture 7 of the reservoir chamber assumed constant
to simplify the analysis. Accordingly, the air of
the reservoir chamber can be expressed as ideal
gas equation as follows ;

P, Vi=const (21)
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The time variation V7 of air volume of reservoir
chamber can be expressed as follows.

Velt) = Vao— [ Quat (22)

Where, Vi is an initial air volume of the reser-
voir chamber. Therefore, the air pressure varia-
tion of the reservoir chamber can be obtained
from the Egs. (20} and (22) as follows;

p=—meRL (23

3.5 Damping force of the shock absorber

The damping force of the shock absorber is
determined by the forces acting on the both side
of piston. Figure 4 shows free body diagram of
the piston.

By considering the forces acting on the piston,
the dumping force can be obtained as follows;

Fdamping=PrAr_PcApiFfri(:tion (24)
ArzAp_Amd (25)

Where Fusmping is a damping force. Fercrion 18
the friction forces, which acting on piston rod.
Here, the friction forces are another factor that
determines damping force. But, in this study, the
friction forces are ignored to simplify the analysis.

| Rebound chamber

IF_damping
F_frictionl
Pr+Ar X, %
L I 1
Piston

F_friction l

R

Pc*Ap

‘ Compression chamber |

Fig. 4 Free body diagram of the piston
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4. Results of the Analysis
and Discussion

4,1 Analysis results

A simulation model of the DSSA is shown
in Fig. 5. The simulation meoedel is structured
by using the AMESIM verd.0 of Imagine Co..
The input of excitatien in simulation medel is
composed of displacement-velocity transformer,
which transforms a input displacement into the
velocity. Reservoir chamber is modeled with the
real air properties by using pneumatic module
of the AMESIM. The displacement sensitive ori-
fice is modeled with function block F(x) and
variable hydraulic restrictor. And the function
block f{x) calculated the opening area of vari-
able hydraulic restricior by using the piston stoke.
The main physical properties of the simulation
model are listed in Table 1.

Figure 6 shows simulation results of stroke-
damping force diagram for the excitation velocity
of 0.1, 0.2, 0.3, 0.6 and 1.0 m/scc, respectively.
The damping force changes from soft to hard
mode due to the displacement sensitive charac-
teristics around the stroke at 20 mm, as shown

R

Fig. 5 Simulation model of the BSSA
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in Fig. 6. Especially, as can be seen in Fig. 6, the
damping force changes smoothly around the tran-
sient zone. [t is well iliustrate the function of
rransient zone which prevent abrupt changes of
damping force. To verify the reliability of simula-
tion results of the proposed modei, experimental
results are presented in Fig. 7. As can be observ-
ed in Fig. 7, the experimental result shows very
similar tendency with the result of this study.
Figure 8 shows the variations of the damping
force characteristic according to the variations
of the displacement sensitive orifice area. The

Table 1 Simulation parameters

T

30 mun

pistc-)ri diameter
piston rod diameter : Emm
reservoir chamber inner diameter - 32 mm
rcscrvo;chambcr outer diameter 42 mm-
initial oil height in reseﬁf—oi“rughamber 100 mm
sinusoid displacement input 40 min
0~4.0Hz
initial rebound chamber volume 63 cm’
initia} compression chamber volume [ 88.4cm®
initial reservoir chamber volume 65.9 cm®
perfect gas constant 0.287 J/g/K
absolute viscosity of gas 1.82e-5 Ns/m*
hydraulic oil densty 850 kg/m?
hydraulic oil bulk modulus 1,700 MPa
hydraulic oil kinematic viscosity Se-5m?/s
hydraulic oil emperature 40T
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Fig. 6 Analytical result of the DSSA in damping
force diagram
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Fig. 8 Effects of displacement sensitive orifice area
on the damping force diagram of the DSSA
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Fig. 9 Effects of the soft zone length of the displace-
ment sensitive orifice on the damping force
diagram of the DSSA
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excitation velocity is 1 m/sec and the width of
orifice is 2 mm. Fig. 8 shows the characteristics
of stroke~damping force when the height of dis-
placement sensitive orifice is varied into 0.5, 1.0,
1.5, 2.0, 2.5 mm, respectively. As shown in Fig. 8,
it can be observed that the increasing rate of

V=1.0 misec, orifice widsh (w) = 2 mm

84 2.5 mm
s
T 1
£
[ o o
T 4 -4 orifice height (h) = 0.5 mm
3z
2 A 1.0mm
34
1.5mm
124 ] 20mm
s 25 mm
16—
T T M T T
0.0 0.1 0z 0.3 0.4 08
time [sec]
Fig. 10 Flow rate through displacement sensitive

orifice according to displacement sensitive
orifice area

[v=o e |

30
20~
1 m

pressure of rebound & compression chamber [ber]

8.0 0.2 a4 D& c.2 1.9 12 14 1.6 1.8 2.0

leme (s8¢
Fig, 11 The variation of the pressure of rebound
and compression chamber according to the

change of the excitation velocity
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damping force increase gradually according to
the decrease of orifice height

Figure 9 shows the variations of damping force
charactenstic according to the soft zone length
variattons of displacement sensitive orifice The
excitation velocity 15 | m/sec. Figure 9 shows the
characteristics of stroke-damping force when the
soft zone length 1s varied mnto 12, 14, 16, 18 mm,
respectively As shown m figure, it can be ob-
served that the damping force varies 1n transient
range with the variation of the orifice length
Nevertheless, there 15 no change of the damping
force 1n soft zone

Figure 10 shows varianons of the flow rate
through displacement sensitive orifice according
to the changes of displacement sensitive orifice
area Figure 11 shows variations of the pressure of
the rebound and compression chamber accor-
ding to the changes of excitation velocity In the
figure, solid line stands for the pressure variation
of the 1ebound chamber and dash line stands for
the pressure variation of compression chamber,
respectively Lo the figure, excitation velocity 1 0
m/sec which 15 corresponds to the 4 Hz excita-
tion frequency And the results shows well the
chaiacteristics of pressure vartation according to
the excitation veloctty both i rebound and com-
pression chambers

5. Conclusions

In this study, a new mathematical nonlinear
dynamic model 1s proposed to predict the per-
formance of the DSSA A typical twin-tube type
passive shock absorber of automotive 18 consi-
dered for the study of operating principles of
the DSSA For the mathematical modeling of the
DSSA, a flow continuity equations at the com-
pression and the rebound chamber are formu-
lated And the flow equations at the compression
and the rebound stroke are formulated, respec-
tively Also, the flow analysis at the reservoir
chamber s carrred out by considering the real
propeity of the ai1 and wolking fluud Accord-
mgly, the damping force of the shock absorber 1s
determined by the forces acting on the both side
of piston

The analytical results of the DSSA 1n stroke-
damping force are compared with the experi-
mental results to prove the effectiveness of the
proposed simulation model And the effects of
displacement sensitive orifice area and soft zone
length on the damping force of the DSSA are
observed, respectively. Flow rate through dis-
placement sensitive orifice according to displace-
ment sensitive orifice area shows the efficiency of
the proposed method Pressure of the rebound
and compression chamber are analyzed reason-
ably according to the proposed method The
results reported herein will provide a better un-
derstanding of the shock absorber Moreover, 1t
1s believed that those propertes of the results can
be utilized 1n the dynamic design of the autom-
ofive system
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