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Modeling
Adjustable Stroke End Cushioning
Device for Hydraulic Cylinders

This paper describes the theoretical-experimental study of an auto-adjustable stroke end
cushioning device utilized in hydraulic cylinders, focusing the characterization of the bush
geometry effect on the cushioning achieved. A nonlinear model is presented which includes
the physical phenomena that exert a significant influence on the performance of this
hydraulic component, such as: friction, fluid compressibility and pressure energy loss in
the cushioning section. The model is validated through the comparison between theoretical
and experimental results, under different conditions of load, supply pressure and piston
speed. From this point it is possible to obtain a model applicable for the design of stroke
end cushioning devices in hydraulic cylinders. Consequent contributions related to
proportional directional valves modeling are also presented.
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Introduction

Over the years hydraulic circuits have been of tgreportance
in the automation and control of machines and egeiqt, both in
industrial and mobile fields. Since service andcpss requirements
are getting more rigid, hydraulic components hagenbdeveloped
in such a way as to increase their reliability linagplications. This
may be achieved through combining electronic prsiogs with
mechanical components, improving manufacturing gsses or new
constructive solutions for fluid flow control.

Stroke end cushioning devices are used in hydrayliaders
moving high inertial loads and/or when speeds aeatgr than 0.1
m/s. As a stroke end cushioning device is usedetiuae shocks
against the cylinder head, it must reduce the kiretergy acquired
by the piston-rod-load set during its operatiolNSEINGEN, 2001).

The most common cushioning system used nowadagpitde
the emergence of new technologies, consists afécieg valve and
a non-return valve. Alternatively, an auto-adjulgadevice may be
used which is characterized by its simplicity ofnswuction. Its
geometric shape derives from load type and the atipeal
requirements of the machine in which the hydraaftinder is
installed.

The critical design requirement for the auto-agjhkt device is
to brake the piston in the best possible way, aligwhe piston to
reach the stroke end with a speed of less thanms] avoiding
excessive pressure peaks during the cushioning @ogiding
gradual speed reduction.

In this context, this paper describes the mathealathodel and
the proper experimental procedures for the evalnatf the auto-
adjustable stroke end cushioning device performander dynamic
operational conditions. In addition to the hydraudylinder and its
load modeling, this paper contributes to the urtdading of
proportional directional valve behavior related thee parametric
variation due to the operational conditions.

Hydraulic cylinder modeling, which incorporates auto-
adjustable stroke end cushioning device, and ptigpal valve
modeling used to set the cylinder in motion, areeldaon classic
mechanics and fluid mechanics equations, using rewpetal
parameters obtained in steady state and also isiémat state.
Details about the test rig utilized to validate thathematical model
are also discussed.
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Nomenclature

Ax = cylinder chamber A area,’m

Ag = cylinder chamber B area’m

B, = viscous friction coefficient, N.s/m

Cd = discharge coefficient, dimensionless

f, = cushioning factor, (fs)/P&”

F; = friction force, N

Kv = total flow coefficient, (n¥s)/P&d'

Kvep A= €xperimental partial flow coefficient for port A,
(m?/s)/P&?

Kvep s = €xperimental partial flow coefficient for port B,
(m®/s)/P&”

M, = piston mass, kg

M, = total mass, kg

pa= pressure in cylinder chamber A, Pa

ps = pressure in cylinder chamber B, Pa

Peex = CYlinder pressure at port B, Pa

pr= reservoir pressure, Pa

ps= supply pressure, Pa

v = volumetric flow rate, riis

ava = cylinder flow rate at port A, ffs

ave = cylinder flow rate at port B, s

v = speed, m/s

V, = chamber A volume, n

Vi = chamber B volume, in

Greek Symbols

App = valve partial pressure difference, Pa

Ap = valve total pressure difference, Pa

Ap, = cushioning orifice pressure difference, Pa
Ap, = global pressure difference, Pa

. = effective bulk modulus, Pa

Auto-Adjustable Stroke End Cushioning Device

An asymmetric double action cylinder that uses -@mdjoistable
devices for the forward and return cushioning mosets is shown
in Fig. 1. This effect results from the cushionitapered bush
penetration into the outflow channel at the basg anthe piston
head of the cylinder. The passage of the hydrdluiid through the
narrow gap between the outflow channel and theioosty bush
increases the pressure in the corresponding chaanldeas a result,
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produces a force in the opposite direction of thevement, cushioning chamber (chamber B). The bush then miovtee axial

establishing a substantial reduction in the pisioeed. direction toward the setting element. At this moméne fluid has

to cross the narrow transversal section formed detw the

cushioning bush and the external wall of the floidlet channel.

e L Retutn outflow charmal Thereby the pressure in chamber B increases wihctishioning
of the cylinder Cushicring bush of the cylinder bush penetration into the cylinder head.

In Fig. 5 it can be observed that the cushioninghbbhas a
variable external diameter along its length. Trenefthe pressure
loss is not constant, its magnitude being defingdt increase or
decrease in the external diameter of the cushiooirsy. In the case
of the studied cylinder, the length of the busi24s7 mm and the
radial gap formed between the bush and channeévdretween
0.04pm and 0.01%m along the length.

Chamber B Piston  Chamber &

Crlinder head Crlinder base

Figure 1. Hydraulic cylinder with auto-adjustable stroke end cushion
(BOSCH REXROTH, 2000).

The parameters considered essential to size thisaaljustable
cushioning are: moving load, rod speed, assembkitipp and
supply pressure.

In Fig. 2 a hydraulic cylinder with an auto-adjuséastroke end
cushioning device and its main parts can be seerkid. 3 the
components of the cushioning device, includingtthe cushioning
bushes are shown.

(b) (c)

Figure 4. (a) Position of the bush on the piston rod; (b) Beginning of the
cushioning effect; (c) Reverse movement without cushioning effect
(MANNESMANN REXROTH, 1998).

PO

R esrrron S|

Figure 2. Parts of a hydraulic cylinder with auto-adjustable stroke end
cushion (BOSCH REXROTH, 2000).
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return cushionig X

—1

Piston rod

Piston

Figure 5. Geometric form of the cushioning bush studied (SCHWARTZ,
2004).

According to GUO (1996), the auto-adjustable devies the
following advantages when compared to the conveatione: a)
the auto-adjustable device has a smaller numbetoaftructive

Setting system of the parts, thereby reducing its ma}nufacturing costsarb)napproprigte

Bush that effects the bush and piston setting of the adjustable restrictor valve in tloawentional device
forwatd-cLshionig may provoke excessive pressure peaks during thieiamisg. On

Figure 3. Cushioning device in parts (BOSCH REXROTH, 2000). the other hand, the auto-adjustable device doesprexent this

problem since there is no manual setting; c) dutagocexistence of
an adjustable restrictor and a non-return valve, ¢bnventional
device may suffer leakage. Since the auto-adjust@dVice does not
have valves, leakage is eliminated.

However, the auto-adjustable device suffers sosaddiantages
according to LIEet al (2000), such as: a) the cushioning pressure is
directly dependent on the initial cylinder speedl;generation of

The fluid circulations during the cushioning momandt also at
the beginning of the piston movement in the oppoditection are
illustrated in Fig. 4. There are radial and axiapg between the
cushioning bush and the rod of the hydraulic cydindis shown in
Fig 4. When the bush initiates the cushioning éffémat is, when it
penetrates into the outflow channel, the pressises rinside the
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excessive cushioning pressures due to incorredtianiag sizing, s N
since the appropriate adjustment of the cushiomeguires an

understanding of transient behavior which is oftenknown by the
user; c) the cushioning pressure is at a maximutheabnset of the
cushioning and it decrease through the cushioniagh bstroke,
instead of maintaining an optimal cushioning effect 187 1S3 <45 | []

Test Rig D__

The experimental work required the development tésa rig,
which permitted the simulation of real loading atfans. This rig is
composed of an asymmetrical hydraulic cylinder wéth auto- 156
adjustable stroke end cushioning device, a prapuati directional
valve and a set of loading weights. The test riligetl is shown in @

Fig. 6, which is installed in the Laboratory of Hgdlic and M T WA
Pneumatic Systems — LASHIP — Mechanical Engineering Vi _ 155
a b
\ 7
N

Department — UFSC.

The hydraulic circuit of the rig adheres to 1ISO 921 (1SO,
1991) and ISO 1219-2 (ISO, 1995) and is presemtdeig. 7. The <—— |
Hydraulic Power and Conditioning Unit (HPCU) possesvo
pumps of 8.33x18m’/s (50 L/min) each, being able to operate to a
work pressure up to 21 MPa (210 bafgble 1 identifies the
components of the circuit shown in Fig 7.

Proportional directional valve [

||
| Hydraulic cylinders with
Loading auto-adjustable stroke
variable end cushion |

Figure 7. Hydraulic circuit used in the test rig.

sl

Figure 6. Test rig for auto-adjustable stroke end cushioning device
installed at LASHIP/UFSC.

Table 1. Identification of the hydraulic circuit components.

Description Circuit | Component
Axial piston pumps 0 P1, P2
Non-return valve 0 V1, V6
Manifolds with proportional flow and pressure valve 0 V2, V5
Pressure relief valve 0 V3, V4
Electric motor 0 M1, M2
Reservoir 0 Z1
Proportional directional valve - MANNESMANN REXROTHNRZ10E185-7X/ED3V 1 V1
Asymmetrical hydraulic cylinder - BOSCH REXROTH/ TBMS263/45/400Z1X/B1HHLM 1 1A1
Fe-Cu Ni Thermocouple 1 S7,54
Pressure transmitter - measurement range 0 to 20@neasurement uncertairty.4 bar 1 S1
Pressure transducer - measurement range 0 to 20@&asurement uncertainty0.18 bar 1 S2
Pressure transducer - measurement range 0 to 50@&asurement uncertainty0.18 bar. 1 S3
Pressure transmitter - measurement range 0 to @2Q0neasurement uncertaiity).4 bar 1 S6
Displacement transducer - measurement range -2200tonm, measurement uncertaifit9.23 mm 1 S5
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The flow rate and supply pressure are controllegroportional
valves in the manifolds 0V2 and 0V5 installed ire thydraulic
power conditioning unit.

During the tests, the flow rate in the hydraulidimyer is
controlled by a proportional directional valve 1V@vhere the
pressure and displacement are measured througlrahsducers
shown in Fig 7. The fluid employed is a mineral SO VG 32,

with viscosity 32x10 mé/s (32 Cst) and mass density 842 kg/m? a

40 °C. The working temperature is maintained at°@0+2 °C
through a fluid temperature control system.

The test rig loading is achieved through five stdekks with
17.8 kg each. These blocks are mounted one by mieechydraulic
cylinder rod, and the load range is 0 kg to 89 kg.

The electrical circuit for signal acquisition shownFig. 8 is
utilized to determine static and dynamic charasties of the
system. Pressure and displacement transducer sigmgleive
appropriate treatment in a signal conditioner arg stored in a
microcomputer through the data acquisition systenQXA
(REIVAX, 2001), which is capable of operating up 16 A/D
channels.
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Figure 8. Electrical circuit for signal acquisition.

Mathematical M odeling

To the nonlinear modeling, fluid mechanics and sitas
mechanics equations were applied, specifically theass
conservation law and conservation of energy toflind flow and
Newton’s second law of motion to the piston anddiog.
(LINSINGEN, 2001; DE NEGRI, 1987).

In Fig. 9 an illustrative drawing of the intercomtien between
the valve and cylinder is shown. The valve commahdscylinder
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through its main stage, which in turn is commantgdthe pilot

stage. In the upper part of the drawing the eleatraircuit that

controls the solenoids in response to an exteefatence signal is
shown. The main variables of the equations usedddel the valve
and hydraulic cylinder are also shown in Fig. 9.

PRRRRLTRLRARG

Figure 9. Main Hydraulic components of the test rig.

Proportional Directional Valve

The mathematical description of the behavior of
asymmetrical proportional directional 4-way vahende obtained
from Bernoulli’s equation (FOX and McDONALD, 199&pplied to
each one of the control orifices (3, 4, 5 and @nified in Fig. 10.
As represented in equations (1) and (2), each @loattifice is under
the effects of the pressure differences betweenspeaific ports of
the valve.

Gn =Cd.A3.\/%.(ps— Pa) _Cd'A“'\/E {Pa—p2) @
qm=Cd-As-\/%-(ps-pB)-Cd-As-\/%-(ps-PR) @
43 56
. =
i G B . . [
et |

:
"yl | Ta,

Figure 10. Representation the main stage of the directional four-way valve.

According to FURST (2001), a challenge faced byhydraulic
systems designer during the sizing stage is toimkram the
manufacturer’s catalogue the correct values for tequired
parameters. The lack of standardization among naatwrers in
characterizing products is the main reason for ttifficulty.
Another factor is the great differences betweerustidal practices
and proper mathematical treatment of the dynamialyais of
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systems since the product specifications do nasiden their use in
dynamic equations.

As a common treatment applied to valves with aicatitor
supercritical center, the equations for the flowotigh ports A and
B are described with only one of the above terrmgesone of the
two control orifices (3 or 4 and 5 or 6), will alysbe practically
blocked due to the overlapping between the spodltha body of
the valve (MERRITT, 1967; DE NEGRI, 2001). Therefousing
the total flow coefficientK, defined in FURST (2001), the flow
through the working ports A and B can be expressed

U

Q= KV.U lAp! (3)
U

G = KV. 25— [p, 4

n

The total flow coefficient is easily obtained fromalve
manufacturer’s catalogues, since it correspondbeaatio between
the flow through port A and the square root of a ehosotal
pressure drop (between port S and T) when a nomoramand is
applied as the spool displacement,)xcurrent {,) or voltage U ,)
(FURST, 2001). Figure 11 shows the flow curve verslative
valve opening used in the present study as it appea the
catalogue (MANNESMANN REXROTH, 1996). The adoption of a
constant value coefficient for the flow calculaticorresponds to the
linearization of curve 1 shown in Fig. 11, establigha straight line
that passes through both coordinates (0 %, O L/anial) (100%, 85
L/min).

q,," 1.416x10° m*/s (85 L /min)
4,,= 1.0x10° m®/s (60 L /min)
Ap’ =5.2 MPa (52 bar)

5 4

= -

L

150 - 3
t 717 P~AB—T D 2
£ 100 ad
zE FL]- -P—-BA->T - - - ol “F - = a1
23 o= - -1- - "1- = — T
Lz 50
[ i
15 20 30 40 50 60 70 80 90 100

Command value in % —

50% opening of the valve 1 Ap =10 bar constant

2 Ap = 20 bar constant
3 Ap = 30 bar constant
4 Ap =50 bar constant
5 Ap =100 bar constant

Figure 11. Characteristic flow curves of the proportional directional valve
(MANNESMANN REXROTH, 1996).

The use of equations (3) and (4) with constant cefits is
suitable for the analysis and design of electrorylic systems for
position control and trajectory tracking, as seerCUNHA et al.
(2002), LI (2001); SOHL and BOBROW (1999). Howevencsi in
this study the focus is the detailed characteopatf an internal
element of the cylinder, the flow coefficient cahbe treated as a
term independent of the operational conditions thictv the
cylinder, and consequently, the valve, are subditt@hus,
equations (3) and (4) assume the form of equat{Bhsand (6),
where the experimental partial flow coefficients defi reflect the
real behavior of the valve for the conditions unddnich the
cushioning device tests are carried out.

Kv, (5)

O = KVopa/BP

P

Cl\/B = KV@(pB' App (6)

In Fig. 12, the behavior of the partial flow coeificts during
the forward movement of the hydraulic cylinder iegEnted. The
coefficient KVepr is calculated dividing the real flow by the square

root of the pressure drop between the working amglguports (S

— A); In turn, KVexpB results from the division of the real flow by

the pressure drop between working port B and retorh (B —
T). In this same figure, the significant variatiohthese coefficients
can be observed at the departure of the cylindergtoment when it
leaves the cushioning region, as well as at the mbween the
cylinder reaches the cushioning region at the strekd of the
forward movement.

x10°

[wme Ky epr“
— Kv expB

25

Cushioning region (transient)

Drive of the actuator (transient)

1.5

L L e

Lt T

0.5

Flow coeficient [(m */s)/(Pa)'?]

-0.5
0

0.5 1.5

Time(s)

Figure 12. Behavior of the coefficients kvegpa and Kvegps with supply
pressure of 4.1 MPa and 50% valve opening.

In the region where the piston displacement occurth wi
constant speed, associated with a 50% valve openihg
corresponding flow coefficient can be calculated eémuation (7)

giving the value of 4.38x10m®/ (s.Pa?).

Kv =Ky, (7)

expA

/2

During the steady state condition the total pressliop in the

valve was 5.2 MPa (52 bar) and the correspondimg fate can be

calculated through equation 3, giving the valudxf0® m®/ s (60
L/min). This flow rate can be obtained from Fig., Mhich also

corresponds to the steady state condition, denadimgirthe validity
of the experimental data.

Thus, the data are appropriate for the mathematicadiel

validation of the valve-cylinder system, permittithg analysis of its
behavior and, consequently, the effect of the adfastable stroke
end cushioning device. It is important to emphasizat these
experimental partial flow coefficients are validr flhe conditions
under which they were determined. In this studyy thee is valid
therefore for a valve opening of 50%.

Hydraulic Cylinder

As seen in Fig. 9, the main forces acting on thiindgr are:

inertia force resulting from the acceleration of thass, forces due

to the pressures operating at each side of therpiahd friction

J. of the Braz. Soc. of Mech. Sci. & Eng.
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forces. Consequently, the movement equation fopte®n can be
written as:

(pADAA)_(PBE&,)zM‘I:Jzz.t—i(+B(;E$(;j%+|:al (8)

In turn, the application of the mass conservatipmagion for the
defined control volume inside each chamber, detemithat the
inflow subtracted from the outflow of each chamleguals the
variation rate of the volume over time added to tteem
corresponding to the expansion or compression @fflthid at this
control volume (MERRITT, 1967; DE NEGRI, 2001). Tefore:

_ . dx . V p (9)
=A 4+ A A
W =M et
_a 9% Ve AP (10)
% =M 4 " gt

Cushioning Device: Experimental Modeling

Considering that the cushioning device essentiptlyvides a
restriction to the fluid flow and assuming a quaidraelation
between the flow and the pressure difference, bebavior is
represented in the following expression:

A = f.A/DP, (11)

In Equation 11 the cushioning factéy is defined, which is
dependent on the geometric form of the passagmsdmtween the
cushioning bush and the channel at the cylindee loashead and,
consequently, on the flow conditions established thg piston
movement. The adoption of this cushioning factansaio overcome
the difficulty identified by the authors, throughebretical-
experimental comparisons, of using models of flavotigh orifices
or idealized ducts described in the fluid mechatitesature (FOX
and McDONALD, 1995). This difficulty arises becaube passage
section has an extremely variable geometry (SCHWARZDO4) as
can be seen in Fig. 4 and Fig. 9.

The small amount of researches related to the costy in
hydraulic cylinders has caused difficulties in ahitag results by
other researchers for equivalent situations. Throalg exhaustive
search for similar studies, including the publioat of the main
research centers in hydraulic and pneumatic teolggokuch as
IHT- Institute of Hydraulics and Automation - Fnid, IFAS -
Institut Far Fluidtechnische Antriebe und SteveemdFAS
Germany and Center for Power Transmission and MdEiontrol —
United Kingdom, it was possible to identify onlyethtudy presented
by LIE et al (2000). However, LIEst al (2000) use the problem
approach of the laminar flow between a fixed plalate and
another one in movement. This problem approachneagound to
be appropriated to model the real system discusstis paper.

The cushioning factdk, is calculated according to Equation (11)
using experimental data on a flow through the pgss®ction and
the corresponding pressure drop (SCHWARTZ, 2004).

In Fig. 12 and Fig. 13 the variation of this factdth cylinder
displacement is presented. In these figures sis @® presented,
each carried out with an 89 kg load and differeperation
conditions, as indicated in Table 2.
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Figure 13. Behavior of the cushioning factor as a function of the position
under different working conditions (see Table 2).

-a= Factor1 i
—w— Factor2
— Factor3
—e— Factord
—8— FactorS
—+— Factorf

-

Ctéshioning factor [(m?’a’s)f(Pa)”?]

0.38 0.385 04

0.385 0.39
Position (m)

Figure 14. Enlarged view of the cushioning region of the graph given in
Fig. 12.

Table 2. Parameters used in the experiments relating to Fig. 12 and Fig.
13.

Test parameters
Factor ps(Pa) v (m/s) Load (kg)
1 3 MPa 0.36 m/s 89 kg
2 4 MPa 0.28 m/s 89 kg
3 5 Mpa 0.33 m/s 89 kg
4 8 MPa 0.38 m/s 89 kg
5 10 MPa 0.40 m/s 89 kg
6 15 MPa 0.45 m/s 89 kg

In Fig. 14 and Fig. 15 five tests are presentecerefeach was
carried out with different loads from zero extermass (only the
piston mass) up to total available mass, with supplessure
maintained at 4.1 MPa (41 bar) and piston spe@d3&t m/s for all
tests.

ABCM
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Figure 15. Behavior of the cushioning factors as a function of the position,
for different loads.
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Figure 16. Enlarged view of the cushioning region of the graph given in
Fig. 14.

Through these tests it can be evidenced that theviiar of the
cushioning factor, at the moment that the pistoaches the
cushioning region, is not influenced by the workicanditions of
the hydraulic cylinder. Thus, one concludes that ¢hshioning is
only related to the geometry of the cushioning b{88HWARTZ,
2004).

The greatest dispersion among test results occefereb the
cushioning bush initiates the penetration at thenokl, when the
cushioning device does not affect the real behavidhe cylinder
and, consequently, the cushioning factor calculatests not
influence the simulation results. In the region vehe effect of the
cushioning factor is significant, the maximum disien of the
results is + 6x18 m*/ s/(Pa)'2.

To make the mathematical model consistent, the owedb
effect of pressure loss in the orifice of the va{Be-T) and in the
cushioning orifice is considered. It follows that:

Ap, =Dp, +Ap, (12)
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Substituting equations (6) and (11) in (12), thpregsion of the
flow that leaves chamber B is obtained, overridiggation 6:

Ap, (13)
f2+ ( Kv, )2

expB

=Ky,

EXPB'fC'

Qe

Theor etical-Experimental Results

Parameter s of the System

ThemassM, and the piston aread{eAg) were experimentally
determined for the hydraulic cylinder. The volunoéil (V, e Vg)
include the internal volume of the chambers ofdihénder and the
tubes up to the valve.

As previously seen,Kvg,a —and Kvegg having been
experimentally determined for a valve opening ofdQ@ives an
accurate relation between the flow and the presinae

Another experimentally determined parameter wastugaulic
cylinder friction (MACHADO, 2003), whose graph is@avn in Fig.
16. The friction graph was obtained with the hydicaeylinder
placed in a horizontal position. Applying a constaaltage in the
proportional valve, a difference of pressure isated that provokes
the movement with constant speed. As in this camliof steady
state there is no external force applied to théndgtr, the force
originating from the pressure difference corresponal the total
friction force.

600

[ Experimenla[
| = Llnear regression | *
400F E

200F 1

Force (N)

-2001 1

-400F 1

-600} * .

-800 i k
-0.8 -0.6 04

-0.2 0 0.2 0.4
Speed (m/s)

0.6

Figure 17. Friction graph of the hydraulic cylinder.

Supply pressures is another parameter to be observed. In Fig.
17 considerable variation of the supply pressur@éntified, as
much at the departure of the cylinder, as at thenemt it reaches
the cushioning. Since the pressures are interdepéndhe
impossibility of keeping the supply pressure comistaakes the
pressures in the chambers of the cylinder fluctirate similar way.
Thus, the operational conditions are modified amel ¢ushioning
capacity of the auto-adjustable device is reduced.

This latter fact can be understood considering tiwatsizing of
cushioning devices in hydraulic cylinders uses ghpply pressure
as a parameter. Pressure variations during cyliogeration will
modify the damping capacity of the cylinder sindewiill be
operating under different conditions to whose undhich it was
sized.
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The oscillations in supply pressure that occuhatiteginning of
the cylinder movement and at the moment that tiskioning effect
starts resulting from a high response time of #iefr valves 0V3
and 0V4 (Fig 7). In turn, it is possible to obsemvd=ig. 17 that the
supply pressure is regulated at 5 MPa (50 bar) wihere is no flow
through the cylinder, that is, at the beginning abdhe stroke end
of the piston. During the displacement at constpd#ed, a 20%
reduction in this pressure occurs due to the stetatg errors of the
valves. These operational errors are typical défelalves and can
be improved by employing an accumulator.

In order to validate the theoretical model, experital supply
pressure was used as an input parameter for théematical
model.
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Figure 18. Pressures in the hydraulic cylinder chambers.

AnalysisWith the Original Cushioning Device

Firstly, system behavior results utilizing experirta values for
the supply pressure, the flow coefficients of thelve and
cushioning factor will be presented aiming to vate the
mathematical model.

Through resources available in the software usedifoulation,
it was possible to employ the experimental valugsioed with the
test rig, presented in Fig. 6, as parameters ditimp the model.
Specifically, through the data and acquisition eyst AQX
(REIVAX, 2001), one gets vectors with the dynamihavior of
these variables, with a sampling time of 1 ms. Atllg the same
sampling time in the simulation software, a synaism between
the experimental parameters and the simulatedwas®btained.

In Fig. 18 the pressure behaviors in the hydragiitinder
chambers as a function of time can be observed: Her pressure
behaviors are synchronized, that is, both experiaiemd simulated
pressures increase at the point when the cylindbieges the
cushioning effect.

In Fig. 19, the behaviors of the simulated and erpental
pressures against the piston displacement are shBimce the
supply pressure, the flow coefficient of the valwrel the cushioning
factor are experimental data, one can observe ttietdynamic
model employed describes satisfactorily the behavwid the
pressures in the hydraulic cylinder chambers. Hsailts obtained
have a maximum error of 10%, being consistent wiltlose
previously reported for theoretical-experimentaudsts in the
hydraulic field as, for example, in SOHL and BOBR@¥999) and
MATTILA and VIRVALO (2000).
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Figure 19. Pressures in the hydraulic cylinder chambers as a function of
time.
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Figure 20. Pressures in the hydraulic cylinder chambers as a function of
piston displacement.

The behavior of the cylinder speed against thelaigment is
presented in Fig. 20. For both the experimental aimdulated
results, the speed presents a non linear drop digfiiacement due
to the irregular surface profile of the cushionimgsh in the axial
direction. This explains the high pressure peathatbeginning of
the cushioning effect seen in Fig. 19. A new reidncof the orifice
occurs when the piston is near of the stroke emdygking a
pressure increasing and, consequently, reducingspieed again.
Analyzing these results, one can observe thatherétical model
describes the dynamic behaviors in full agreemerih whe
experimental results.

Based on the results presented in Fig. 19 and Zg.the
validity of the mathematical model that descridestbehavior of the
valve-hydraulic cylinder system is proved. Consetjyeit can be
used in the characterization and sizing of the icusihg device.
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Figure 21. Theoretical-experimental
cushioning factor and supply pressure.

speed, using the experimental

The comparison between the experimental and theaket
cushioning factors created through a sequenc@eéiiequations as
a function of the position of the hydraulic cylimde shown Fig. 21.
Using this theoretical factor a comparison was miefgveen the
simulated and experimental speeds as shown in Zig. This
demonstrated the validity of the developed modelt thses a
mathematically expressed cushioning factor, whi lse modified
in subsequent studies.
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Figure 22. Comparison between and theoretical
cushioning factors.
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Figure 23. Comparison between the experimental and simulated speeds
using a theoretical cushioning factor.

Design of Cushioning Devices

A validated mathematical model is an important toolthe
design of dynamic systems. In the present discusis will be
used in the design of new cushioning devices, Isigitafor
operational and loading conditions for which thiesvide has not
been capable of promoting the deceleration desired.

As operational situations distinct from those ekpentally
measured will be analyzed, firstly the experimenaes for the
supply pressure and the flow coefficients of thdveawere
substitute for constant values, obtaining, for ep@mnthe results
shown in Fig. 23 whergs = 4.1 MPa (41 barkKvgpa = 6x10’
m¥/s/(Paj’? e Kveps = 3.7x10" m/s/(Paj’ The lack of oscillation
in the supply pressure reduces the pressure pediamber B from
around 15 MPa (150 bar) as seen in Fig. 19 to ar@iMPa (90
bar). From this brief analysis the effect that waeiations in supply
pressure in real hydraulic circuits have on therimal pressures of
the circuit is clear. It is therefore possible ¢ach pressures higher
than those of the maximum working conditions forickhthe
component was manufactured.
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Figure 24. Cylinder chamber pressures with constant supply pressure.
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In Fig. 24 some cushioning pressure curves, oldabyeGUO
(2002) for the cushioning bush investigated in therk are
presented. Curve 1 shows an ideal behavior andtier curves

C. Schwartz et al

values higher than 30 MPa (300 bar) being obsedugtihg the
cushioning effect. Since catalogue data presestsdhue of 21 MPa
(210 bar) as the maximum working pressure for thysiraulic

correspond to real situations. In situations 2 arttie same speed cylinder, this cushioning device is considered etaghte.

was employed, whereas cushioning sizing varied &k tHe
cushioning bush surface profiles. Curve 4 descrébezishioning
pressure for a lower speed compared to that ofroteves.
Comparing Fig. 23 that describes the behavior ef ghessure in
chamber B using constant supply pressure, withsprescurve 3 of
Fig. 24, it can be concluded that the model deelojp this work
represents the cushioning effect correctly.
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Damping frave’

T t t

15 20

t
25
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Figure 25. Behavior of the cushioning pressure for an ideal case and a
real situation of application of the cushioning device (GUO, 2002).

Let's assume a working condition where the suppbsgure is
constant at 12 MPa (120 bar), the piston speed34 fn/s, the
cylinder is located in a vertical line and the lmagdis 1200 kg.
Using the original cushioning bush andv oga = 3.5x10’
(m¥s)/Pd"?andKV e = 1.5x10" (m?/s)/Pd”, the hydraulic cylinder
speed presents the behavior shown in Fig. 25.ntb= observed
that the cylinder motion is not properly cushiongidgce its value at
stroke end is higher than 0.1 m/s, indicating tiefficiency of the
cushioning bush in this situation.
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Figure 26. Simulated speed with a loading of 1200 kg and supply pressure
of 2.1x107 Pa.

26 demonstrates, for the same operational conditidhe
behavior of the pressure in the hydraulic cylindeambers, with
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Figure 27. Simulated chamber pressures with a loading of 1200 kg and
supply pressure of 2.1x107 Pa.

In order to provide the cushioning effect for thisrking
condition, initially only the behavior of the cushing factor was
modified maintaining the same length in the cusimgmegion. As
this did not give successful results, both the mrshg factor and
the cushioning region length were altered. Aftéerapting several
simulations, a new cushioning bush was found whield an
alteration of the cushioning region length from 724nm to 34.2
mm, as is shown in Fig. 27.
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Figure 28.. New cushioning factor compared with the original one.

In Fig. 28 the piston speed behavior using this oashioning
bush can be observed. Comparing this performanttethat in Fig.
25, the new profile of the cushioning factor prdsegreater
efficiency for these working conditions. As shown Fig. 28 the
cylinder arrived at the stroke end with a speedsictrably lower
than 0.1 m/s.
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Through Fig. 29 the efficiency of the new cushignfactor is
established. Comparing these curves with those igf 6, the

In turn, the sensitivity of the system to poss#iterations in the
geometry of the cushioning bushes was observed.eMeny the

pressure peak of approximately 3%Ha (300 bar) is reduced to cushioning capacity of an auto-adjustable devicpedds on its

approximately 2.1x1Pa (210 bar).
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Figure 29. Simulated speed for the new cushioning factor.
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Figure 30. Simulated chamber pressures for the new cushioning factor.

Conclusions

Firstly, it can be concluded from this study thdtet
mathematical model developed here for the cushiprdevice,
which makes use of a factor obtained experimentels shown to
be appropriate to describe the physical phenomemarurring
during the cushioning effect.

Some important aspects were observed during thdyssuch
as the variation in the supply pressure, an ural@siraspect of
hydraulic circuits. Thus, the supply pressure matyamly affect the
cushioning sizing requirements but also the peréoree of the
hydraulic circuit. Also, it was necessity to coreidthe flow
coefficient of proportional valves as a functiontloé pressure drops
at the valve, in order to make detailed analysasipte.
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application. Also, it is important to consider #ystem performance
during the design stage, in order to adequately #iz cushioning
bush for a given operational situation.
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