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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 thts study, a new mathematical dynam,c model of displacement sensmve shock absorber 

(DSSA) Is proposed to predict the dynamic characterImcS of automotive shock absorber The 

performance of shock absorber Es directly related to the vehicle behawors and performance, both 

for handhng and ride comfort The proposed model of the DSSA has two modes of damping 

force (1 e soft and hard) accoidlng to the posmon of piston In this paper, the performance of 

the DSSA is analyzed by considering the tranment zone for more exact dynamtc character,sties 

For the mathematical modehng of DSSA, flow continuity equations at the compresslon and 

rebound chamber are formulated And the flow equations at the compressmn and rebound 

stroke are formulated, respectively. Also, the flow analys~s at the reservoir chamber ~s canned 

out Accordingly, the damping force of the shock absorber .s determined by the forces acting on 

the both side of piston The analytac result of damping force characteristics are compared w~th 

the experimental results to prove the effectiveness Espec.atty, the effects of displacement sense- 

tire orifice area and the effects of displacement sensmve orifice length on the damping force are 

observed, respectively The results reported herein will prowde a better understanding of the 

shock absorber 

Key Words : Shock Absorber, Damping Force, D,splacement Sensmve Orifice, 

Flow Continuity Equations, Stroke Dependent, P~ston Valve, Mathematmal Model 

1. In troduct ion  

The shock absorber is an important part of 

automotive which has an effects on ride charac- 

ter.sties such as ride comfort and dnwng safety 

There have been several studtes are earned out 

about the shock absorber At first, Lang (1973) 

proposed a simple mathematical model of the 
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passive shock absorber After that many studies 

have been carried out to analyze the performance 

of shock absorber (Stefaan et a t ,  1997) Cherng 

et al (~999) reported the nmse 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 at (2002) 

investigated the influence of damper properttes 

on luxury vehicle dynanuc behavtor through the 

simulation and test Llu et al (2002) reported the 

cha~acterlstlcs of nonhnear 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 a study reported about the 

DSSA. However, it was insufficient to understand 

the dynamic characteristics of the DSSA com- 

pletely (Park eta[. ,  1997; Cho and So, 1999), 

Therefore, in this study a new mathematical and 

simulation model 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 atttomotive 

is considered tor 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 o n  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 

of a DSSA. As can bc observed in Fig, I, the 

DSSA 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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Fig. 1 Fluid flow paltern of the DSSA at compres- 

sion and rebound stroke 

Basically the shock absorber consists of a pis- 

ton which moves up and down in a fluid-filled 

cylinder. The cylinder is fastened to the axle o, 

wheel suspension, and the piston is connected via 

the piston rod to the flame of' the vehicle. As the 

piston is forced to move with respect to the cy- 
X, >' ]inder, a pressure differential is developed across t 

the piston, causing the fluid to flow through off- 

rices and valves in the piston. The portion of the ....... " 

cylinder above the piston is known as the re- ad,~ 

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 ~he reservoir chamber, The 

reservoir chamber is partially filled with fluid 

and partially 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- Fig. 2 
ber. Figure I illustrates the typical configuration 
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force Each valves and corresponding chamber 

are described according to the fluid flow Ftgure 

2 illustrates the analytm model of the DSSA, 

whmh describes a flmd flow pattern according to 

piston movement 

The flmd flows at the compression stroke can 

be d~wded into two flows such as Q~ and Q= The 

first one, Q~ as a flow whmh flows from the corn- 

pressrun chamber to rebound chamber through 

the piston valve (1) and the other one, Oc Is a 
flow which flows from compresmon chamber to 

reservoir chamber through body valve (2) Where 

the valve numbers are noted in F~g 1. The flow 

Q,. which flows through the piston valve can be 

dlwded Into three flows Q . ,  O~o and Q~a The 

flow Qru flows through bleed valve(4) The flow 

Qro flows through retake valve (6) and the flow 

Q~d flows through dasplacement sensitive orifice 

(9) of piston valve, respectively The flow Qc 
which flows through the body valve (2) at the 

compressmn stroke can be divided into two flows 

Oct, Qcl The flow Qc, flows through bleed valve 

and the flow Q~r flows through a blow-off valve 

On the contrary, at the rebound stroke the 

fired flows can be dlwded into two flows O*, 

Qe* The first one Q* Is a flow which flows from 

the rebound chamber to compressmn chamber 

through piston valve (1) and the other one Q* is 

a flow whmh flows from reservoir chamber to 

compressmn chamber through body valve (2) 

The flow Q* which flows through body valve 

(2) can be divided into two flows Qc. Qco The 

flow Qc, flows through bleed valve and the flow 

Qco flows through suction valve (7) Also, the 

flow Q~* whmh flows through paston valve (1) 

can be divided into three flows Qr,, Qre and Qr,~ 
The flow On flows through bleed valve (4), the 
flow Qr/flows through blow offvalve (5) and the 

flow @-a flows through displacement sensmve 

orifices, respectively 

3. M a t h e m a t i c a l  M o d e l i n g  

o f  t h e  D S S A  

3.1 Flow continuity equations at the com- 
pression and rebound chamber 

The flow continuity equations of the compres- 

slon chamber at the rebound stroke, as described 

m F~g 3, can be expressed as follows, 

Vc apt Ar2+ (O~ Oc) (I) 
K Ot 

The flow continuity equation of the compression 

chamber at the compressmn stroke, can be ex- 

pressed as follows, 

vc OP~-=A,2- ( @ + Q~) (2) 
K at 

where N is a bulk modulus of elasticity of 

working fluid gc is a volume of compressmn 

chamber -Pc as a pressure of compressmn cham- 

ber fit# is an area of piston 2 Is a velocaty of 

p~ston 

Similar way, the flow contmmty equatmn of 

the rebound chamber at the rebound stroke can be 

expressed as follows, 

v, OPT 
K at - (Ap A,o,t) x -  Q~ (3) 

The flow continuity equatmn of the rebound 

chamber at the compression stroke can be ex- 

pressed as follows, 

V~ aP~= _ (A#-Aro,~) x + Q,, (4) 
K at 

where Vr Is a volume of rebound chamber Pr 
is a pressure of rebound chambe~ Arod IS  an area 

of piston rod 
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3.2 Flow equations at the compression 
stroke 

The flow rate of the piston valve Q,, which 

flows between the rebound and compressmn 

chambers at the compression stroke can be ex- 

pressed as follows, 

Q r -  Qr~ t Ofo - I-  Ortt (3) 

Here, each flow rates can be obtained as follows, 

(6) 
= C ~ ,  7(P~, -P, . )  

Here, when Pa2<P,o-, .Pro becomes zero 

(7) 
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@~,=C~A~(x)V/' 2p(P~ t5) (s) , '2 IE) 

Aos(x) 

h (x+a) +h} % < x <  {Zl- - ,~2))  "/2~ { & 

g']l ': - gt < X ~ &) 

w4-h (.V-el)+h} (-(z +a)<x<--z;, 
(9) 

where Ca is a coefficient of discharge. A~,~ is a 

bleed vabe(4 )  or(lice area of piston valve. Aa,,  

A,~2 are areas of piston valve port restriclion (3)+ 

P,a and Pa2 are pressures at the piston valve port 

restriction (3). O,m is a maximum flow rate of 

the intake valve (6)~ P,c~ is a cracking pressure 

of inlake valve (6). P**~ is a pressure of intake 

valve (6) at the maximum flow rate O,,~. Figure 

3 shows detailed configuration of displacement 

sensitive orifice. Au~ is an area of displacement 

sensitive orifice, as shown in Fig. 3. 

The flow rate O~a becomes zero when the 

displacement of piston detach from displacement 

sensitive orifice. And the flow rate of the body 

valve O~, which flo~s between the reservoir and 

compression chambers at the compression stroke 

can be expressed as Follows ; 

Each flow rates of Eq. ([0) can be obtained as 

follows �9 

(12) 

Here, when t~3<Pb~,  O~j becomes zero. Where 

A~,b is a bleed vabe  orifice area of the body 

valve (2). Ad3 is a port restriction area (8) of 

body valve. PJa is a pressure at the port restric- 

tion of the body valve (2). /9, is a pressure of 

rcscrvoir chamber. @,~ is a maximum flow rate 

of the blow off valve at the body valve. Pb~,, is a 

cracking pressure of the blow off" valve at the 

body valve. P~,,, 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 piston valve @*, which 

flows between rebound and compression cham- 

bers at the rebound stroke can be expressed as 

follows ; 

(),,- @, 0,J+ @~ 13) 

@, = C.A~%.,.,." ~ (P.1 Pc) (14) 

(t5) 

ltere, when t ~ < P t ,  c~, O~1 becomes zero. 
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tive orifice 

@. = C,,Aa, ix) V ~,@{P~ - P~) (16) 

where Qp~ is a maximum flow rate of blow off 

valvc (5) at ~hc piston valvc. P~cr is a cracking 

pressure of the blow off valve at the piston valve. 

/op,~ is a pressure of the blow off valve at the 

maximum flow rate of the piston valve. Qr,~ be- 

comes zero whcn file displacement of piston de- 

tach from displacement sensitive zone. And the 

flow r'~te of body valve O~*, which flows between 

the reservoir and compression chambers at the 

rebound stroke can be expressed as Follows ; 

* + 
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O~, = C~4bb( 2p (P.-  Pd3) 

= CaAaa~ 2o ( PeI- P.-) 

Oco = C cA ~ , / ~  ( P . -  P..) 
(19) 

Here, when Pa4<Pscr, Qcl becomes zero. Where 

Aa~ is a port restriction (8) area of the body 

valve. Pd4 is a pressure at the body valve port 

restriction (8), Q~m is a maximum flow rate of 

suction valve (7). P ~  is a cracking pressure of 

suction valve. P ~  is a pressure at the maximum 

flow rate of suction valve. 

3.4 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- 

bound 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 ; 

P~ V~- m~R T (20) 

where Pa is an air pressure of the reservoir cham- 

ber. Va is an air volume of reservoir chamber, nz~ 

is an air mas~ of reservoir chamber. R 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 T 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~ V~= coy~st (21) 
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The time variation Va of air volume of reservoir 

chamber can be expressed as fbllows. 

v (t) = v.o- f Q dt (22) 

Where, Vao 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 Eqs. (20) and (22) as follows; 

moRT 
P~  Voo f oodt 

(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 damping force can be obtained as follows ; 

Fdamping = P~A~ - P~4p + F/rlc~io. (24) 

Ar=Ap-A,~d (25) 

Where Fa~p~ne is a damping force. F.~ric~io,~ is 

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 ] 

F_friction 

Fig. 4 

F damping 

F_friction 

T T T t T 
PC*AD 

Compression chamber 

Free body diagram of the piston 
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4. Results  of  the Analys is  

and Discuss ion  

4.1 A n a l y s i s  r e s u l t s  

A simulation model of the DSSA is shown 

in Fig. 5. The simulation model is structured 

by using the AMESIM ver4.0 of Imagine Co.. 

The input of excitation in simulation model is 

composed of displacenrcnt-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 fimction block f ( x )  and 

variable hydraulic restrictor. And the function 

block f ( x )  calculated the opening area of vari- 

able hydraulic restrictor by using the piston stoke. 

The main physical properties of the simulation 

model are listed in Table I. 

Figure 6 shows simulation results of stroke- 

damping force diagram t~r the excitation velocity 

of 0.1, 0.2, 0,3, 0.6 and 1+0 m/sec, 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 

:%.,' 
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.., �9 

- Fig. 6 

Fig, 5 Simulation model of the DSSA 
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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. It is well iltustrate the function of 

transient zone which prevent abrupt changes of 

damping force. To verity the reliability of simula- 

tion results of the proposed model, 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 

piston diameter 30 mm 

piston rod diameter 16 mm 

reservoir chamber inner diameter 32 trim 

reserwfir chamber outer diameter 42 mm 

initial oil height ir~ reservoir chamber 100 mm 

• mm 
0~a.0 Hz 

sire,sold displacemen~ input 

initial rebound chamber volume 6 3  c n l  ~ 

initial compression chamber vohlme 88.4 cm s 

initial reservoir chamber volume 65.9 cm ~ 

perfec~ gas constant 0.287 J/g/K 

absoh~te viscosity of gas 1.82e 5 Ns/m 2 

hydraulic oil density 850 kg/m a 

hydraulic oil bulk modulus 1,700 MPa 

hydraulic oil kinematic viscosity 5e--5 m2/s 

hydraulic oil temperature 40~ 
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Analytical result of the DSSA in damping 
force diagram 
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excitation velocity is ! m/sec and the width of 
orifice is 2 ram. 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 ram, respectively. As shown in Fig. 8, 
it can be observed that the increasing rate of 
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Fig, 11 The variation of the pressure of rebound 

and compression chamber according to the 

change of the excitation velocity 



Study on the Damping Performance Characteristics Analysts of Shock Absorber of Vehwte by 527 

dampmg force increase gradually according to 

the decrease of orifice height 

Figure 9 shows the variatmns of damping force 

cbaractenstm according to the soft zone length 

varmtmns of displacement sensitive orifice The 

excttatmn velocity is 1 m/sec. Figure 9 shows the 

characterlstms of stroke-damping force when the 

soft zone length is vaned into 12, 14, 16, 18 ram, 

respectively As shown m figure, ~t can be ob- 

served that the damping force varms m transient 

range w~th the vartatmn of the orifice length 

Nevertheless, there is no change of the damping 

force in soft zone 

Figure 10 shows varmtmns of the flow rate 

through displacement sensmve orifice according 

to the changes of displacement sensmve orifice 

area Figure 1 l shows variations of the pressure of 

the rebound and compression chamber accor- 

ding to the changes of excitation velomty In the 

figure, sohd line stands for the pressure varIatmn 

of the inbound chamber and dash hne stands for 

the pressure varlatmn of compression chamber, 

respectively In the figure, excitation velocity 1 0 

m/see whmh ts corresponds to the 4 Hz exmta- 

tmn frequency And the results shows well the 

chaaacterIstms of pressure varmtmn aecordmg to 

the excitanon velocity both m rebound and com- 

pression chambers 

5. Conclusions 

In th~s study, a new mathematmal nonlinear 

dynamic model is proposed to predict the per- 

formance of the DSSA A typmal twin-tube type 

passive shock absorber of automotive is consi- 

dered for the study of operating principles of 

the DSSA For the mathemaucal modeling of the 

DSSA, a flow contInmty equatmns at the corn- 

pressrun and the rebound chamber are formu- 

lated And the flow equatmns at the compressmn 

and the rebound stroke are formulated, respec- 

tively Also, the flow analysis at the reservoir 

chamber IS carried out by considering the real 

propmty of the an and woikmg fired A~cold- 

lngly, the damping force of the shock absorber is 

determined by the forces actmg on the both side 

of ptston 

The analytical results of the DSSA m stroke- 

damping force are compared with the experi- 

mental results to prove the effecnveness of the 

proposed slmulatmn model And the effects of 

displacement sensmve orifice area and soft zone 

length on the damping force of the DSSA are 

observed, respectively. Flow rate through dis- 

placement sensmve orifice according to displace- 

ment sensmve orifice area shows the efficiency of 

the proposed method Pressure of the rebound 

and compressmn chamber are analyzed reason- 

ably according to the proposed method The 

results reported hereto will prowde a better un- 

derstanding of the shock absorber Moreover, ~t 

is beheved that those properties of the results can 

be utilized m the dynamic design of the autom- 

otive system 
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