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Abstract—Clearance in the joints of multibody mechanical

systems such as linkage mechanisms and robotsarasource of
vibration, and noise of the whole system, and w&fathe joints
themselves. This clearance is an inevitable mattet cannot be
eliminated, since it allows the relative motion vbeén joint
components and make them assemblage. This papsenpsean
experimental verification of the obtained simulatiesults of a slider
— crank mechanism of one clearance revolute jdihe simulation
results are obtained with the aid of CAD and dymasimulation
softwares, which is an effective method of simualatimultibody
systems with clearance joints and have many adgestaThe
comparison between both simulation and experimestallts shows
that the simulation results are so close to thegmental ones which
proves the accuracy and efficiency of this methbenodeling and
simulation of mechanical systems with clearancetgoi

M. Megahe!

They used slider-crank mechanism with only one lkegeo
joint with clearance as a case study. Flores [@fisd the
effect ofwear occurring in revolute joints in which the ambu
of clearance is not of constant value as it charmes the
whole mechanism life according to the theory dialbgy. He
combined this model with his previous model for alewe
joint clearance, to simulate a slider—crank medraraving
only one real joint. Flores [3] investigated thendsnic
response of a multibody system with multiple cleasgjoints.
Different tests are performed to parametrically ngifg the
effect of the clearance size, the crank input speed the
number of clearance joints on the dynamic perfocaaof
such a system. Liu et al [4] developed a FEM mauel
approximately represent cylindrical joints with afance.

Keywords—CAD and dynamic simulator softwares, Clearancd Ney compared the FEM results with those obtainsitigu

joints, , Experimental results, Slider — crank nagbm.

|. INTRODUCTION

OINTS are one of the main components that are fsed

constructing and building of mechanical systemsyTare
used to connect two or more links and allow rekatmotion
between them. They are modeled classically as aal idr
perfect. For instance, the journal and the beaoing revolute
joint are considered to be always concentric dutirgmotion
of the mechanism. However, there is always a gapden
them which allows the journal to move freely anddurces
chaotic movements within the bearing boundariesnduthe
motion of the mechanism. Hence, modeling of cleeggaints
becomes an important matter in order to study tearance
effect on the dynamic performance of mechanicatesys,
obtain simulation results for the kinematic and ayrc
variables of the system closer to that of a reatesy, identify
the vibration and noise levels resulted from cartalues of
clearances at the joints, or determine the maximates of
clearances at the joints to produce vibration amidenbelow a
certain limits, etc. All of that attract the attemt of many
researchers to study how to model and simulate amechl
systems with clearance joints.

Flores et al [1] studiethe effect of the friction between
the journal and the bearing wall on the responseaof
mechanism using a modified coulomb’s friction lawhey
also studied the effect of lubricated joint on Kr@ematic and
dynamic results.
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Hertz model and Perssadneory to study their limitations and
constraintsMukras et al [5] suggested a procedure to analyze
a planar multibody system considering wear at égolute
joints. The used analysis was carried out by madeli
multibody systems with clearance revolute jointsheyf
combined this modelwvith Archard's wear model used to
compute the wear as a function of the evolving dyica and
tribological data. This procedure was verified lymparing
the predicted wear from the theoretical model wilfat
occurred with an experimental slider-crank mechanigth a
clearance-joint between the crank and the conrgeotid. Park
and Kwak [6] made an optimal design formulatiorréduce
the effects of undesirable dynamics due to joisucdnce. A
slider-crank mechanism with one clearance-joint used as a
demonstrative example. Rhee and Akay [7] studied th
dynamic response of a four bar mechanism with one
clearance-joint. The motion of the mechanism rogken pin

at the ground connection was modeled using a Lgigan
approach. Zhu and Ting [8] made the uncertaintylyaisa of
planar and spatial robots with clearance-jointshe Tused
models are based on the probability density functidich
expresses the motion of the endpoint of a plandiotro
manipulator. Zhang and Huang [9] made a robustaatze
design for function generation mechanisms with tjoin
clearance. Their model enables them to quantifyeffiect of
uncertainties on the accuracy of function genenatio
mechanism. Their model enables them to choose ptimal
tolerances for individual components in order tmimize the
assembly cost and satisfying the required mechaasmaracy

in the same time. Dupac and Beale [10] investigateeffect

of slider clearance in flexible linkage mechanisiithverack.
The impact at slider joint is modeled by restitotmoefficient.
The results pointed out that clearance and impeiiaks
change the dynamical behavior of the system anid ¢fifect
cannot be neglected. Bai and Zhao [11] make a dymam
analysis for space robot manipulator with jointacknce. The
contact force in joint clearance is modeled usimglinear
spring-damper element and the frictional force iedeied
using coulomb's friction law. A two flexible linkobot with
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one clearance joint is used to demonstrate the estigg
methodology.Megahed and Haroun [12, 13] studiedeffect
of multiple clearance

used to model the normal contact force betweenlugxgoint
components. A slider—crank mechanism with singld &mo
clearance joints working in horizontal and vertipddnes is
used as an application example. They [14] usedstrae
methodology again to study the effect of clearasgierical
joints on the dynamic performance of Multibody syss. A
spatial four bar mechanism with two spherical jpintith
clearance is used as a case study. The methoddyfirsg the
effect of joint clearance using CAD and dynamic dimtors

softwares proposed by Megahed and Haroun [12, &3] h

many advantages over simulation of mechanical systby
writing computer codes. It enables us to considerenthan
one clearance joint in the system, while this magtalifficult
by using computer coding. In addition to that, modpand
simulation is much easier, and changing systemigoragtions
to simulate for different cases or simulate differéypes of
mechanisms needs less effort and less simulatioa than
computer coding method which needs an individualecfor
each mechanism with certain configurations. Analysi the
dynamic performance of mechanical systems withrateze

joints using CAD and dynamic simulator softwaress ha

another important advantage. Most of mechanisngdess or
engineers use solid modeling and animation softsvdoe
designing mechanical systems or
SolidWorks/CosmosMotion. Hence, our method of sating

mechanical system with clearance joints using CAM a

dynamic simulator softwares will enable them tolude the
effect of joint clearance in their design easilgther than

make a separate computer code, which needs a good
knowledge of multibody dynamics, methods of modglin

clearance joints and also a strong mathematicdignraund to
form an effective integration technique which isedisfor
simulating mechanical systems with high accuracy Bss

simulation time.The proposed method of using CADJ an
dynamic simulator softwares for analyzing the dyitam

performance of mechanical systems with clearanicgsjdas
many advantages. However, an experimental veriicabf
the simulation results obtained by this method &hbe done
to in order to ensure its accuracy and efficieniey.this
experiment a mechanical system or mechanism witle et
one clearance joint should be considered, and omeooe of
the kinematic or dynamic variables should be meabsand
compared with that obtained from simulation resdince, in
this work a slider- crank mechanism with one claaeajoint

is considered as the experimental mechanism. Tiuersl
acceleration is measured by an accelerometer, &ed

measured signal is transmitted to PC via an extedata
acquisition system. The measured signal is onlimaitared

mechanisms such as

Section 4 comes to show the developed computational

algorism for simulating mulibody systems with ckmace

revolute joints on the dynamijoints. Section 5 shows the simulation resultslioles — crank
performance of Multibody systems using CAD and dgita mechanism while section 6 presents the experimental
simulator software package$he contact force approach isprocedures and

comparison between simulation
experimental results. Ends with section 7 whichlioaitthe
conclusions of this work

Il. MODELING OF CLEARANCE REVOLUTE JOINTS

The existence of clearance at any revolute jointsativo
extra degrees of mobility to the mobility index the whole
system. Hence, a mechanical system which contdihsaat
one clearance joint becomes dynamically drivenesysfl5],
in which the kinematic equations only cannot bedusefully
determine all the system coordinates. Instead,dyreamic
equations in addition to the kinematic equationsusth be
used. Hence, modeling of clearance joints depemnidsagly
on how to calculate the interaction forces betwgeint

components during the motion of the mechanism. The

components of the revolute joint or journal — begroint are

in the form of two aligned short cylindrical surésc with

slightly different radii equal to the value of dleace inserted
into each other. Therefore, the interaction foreeéneen the
joint components takes normal and tangential coraptsn
during the contact or impact periods as shown gn Fi

Bearing

Plane of
collision

Journal

@ (b)
Fig. 1 (a) revolute clearance-joint (b) joint cattéorces [13, 14]
While the contact forces approach zero when thenpdu

moves freely inside the bearing boundaries. Botles®f
contact are expressed after:
F=0 If  6<0
1

F=F, +F If 620

Where O is the relative penetration depth (Fig. 1). Acdogd
to the contact conditiony) is given by:

and recorded on the PC. A comparison between the

experimental and simulation results is done todeaé the
simulation results, and ensure the accuracy ofptloposed
method This paper is organized as follows, aftéoduction
section 2 describes the modeling method of Clearasolute
joint. Section 3 presents the equation of motiomaidtibody
systems according to the multibody dynamics appresic

o=e-cC @)

Where € is the eccentricity of the journal center relattoe

the bearing center (Fig. 1-a) arfél is the value of the joint

clearance.
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The tangential contact forcd~r mainly is the frictional

force between the journal and the bearing. In thisrk
Coulomb’s friction law is used to model the tang@ntontact

(z=i,]) ®)

force. Ft .Interested readers on how to calculate the Where V, and E, are the Poisson’s Ratio and Young's

tangential forcd=; according to Coulomb’s friction law see modulus associated with each body respectively.rabis of
[12, 13]. However, the normal contact force is mlede curvature is taken as positive for convex surfaresnegative

according to the continuous contact force mode| [13. The

for concave surfaces. The hysteresis damping cisiti can

mathematical model used in this work for the camins be expressed by the following form

contact force model is the Hertz model [16] modifiby
Lankarani and Nikravesh [17]. This model assumas when
the journal makes a contact or an impact into tkaribg
surface a normal force to the plane of contactatdliston is
produced. The normal force equation consists of ferce
terms, the first is the elastic force term whictaifunction of
the journal penetratiod and the second is the energy
dissipation term which is a function of the pengbravelocity
as expressed by:

F, =KJd"+DJ (3)

0 0<0

5] 0<5<dpm (9)

max

Cmax 5 2 d max

Where D is the damping coefficienC,,, is the maximum

value of the damping coefficient, ard,,,., is the maximum
value of penetration depth.

The value of maximum penetration depth, . is taken

. 0 .
The first term K 0" represents the elastic force and theccorging to the recommended values for the jousrmaring

second termD d” accounts for the energy dissipatide, is

materials from CosmosMoation library. However thdueaof

the generalized stiffness parametdd is the hysteresis the maximum damping coefficienC,,, is estimated as

damping coefficient an(ﬁ. is the relative impact velocity.

The exponenn depends on the contact surfaces materials and * FI'St the value of Cp,

equals to 1.5 for metallic contacts.

In this work simulation of the slider — crank mentsan is
done by SolidWorks/CosmosMotion software packades T
software gives many facilities to make a completdids

follows

is taken according to the
recommended values for journal — bearing matefrals
CosmosMotion library, then run simulation accorditog
this value.

 After running simulation and an average value d&f th

modeling of the mechanism parts, assembly them, and penetration velocity (\/avg) just before impacts (at the

simulate for the results. Simulation of mechangatems by
this software is done by the embedded ADAMS sinmutat
engine. Hence, in order to simulate the mechanisith w
clearance joints using SolidWorks/CosmosMotion gafe
according to the continuous contact force modehdaptation
is made to the continuous model [12, 13] to obttie
necessary parameters of the ADAMS functions. THeviing
are the equations and procedure of obtaining thenpeters of
the contact force equations that should specified t
SolidWorks/CosmosMotion to simulate for the resulore
Interested readers on the original equations ofctirginuous
model and how to adapt them with ADAMS methodolsge
[12,13]

The generalized stiffness paramdfedepends on the
geometry of the contacting surfaces and their maysi
properties, which is given by [16]:

K=" RR
o +0) |R+R

In which the material parameted; and UJ- are given
by:

(4)

instants of 0=0) is calculated and the maximum
damping coefficientC__ are calculated using (Eq. 10 and
Eqg. 11) as follows:

_ 2

n,, =3 1-r?) (10)
4Vavg

Cmax = Handl'I:laX (11)

* More accurate values @ __ are obtained by updating
the value oI\/aVg using the resulted value Qjmaxat the

preceding iteration till the value &@,___is stabilized or

meet the required accuracy. In our simulation vepstd
when the integer part of the value is stabilized.

Ill. EQUATION OFMOTION OFMULTIBODY SYSTEMS
ADAMS uses the multibody dynamics approach for

simulation multibody mechanical systems. The follayis a
brief description of multibody dynamics methodolofyr
simulating multibody systems.

The position of a rigid bodyi (Fig 2) is defined by the

position and orientation of body reference framé#ew:
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As stated before, the multibody system or mechainistie
presence of clearance joints is a dynamically drisgstem in

q=[r ¢l (12)

Wherer, =[R Ry R] are the translation coordinatesWhich the kinematic equations as well as the dyoami

represented by the Cartesian coordinates, ghdre the
rotational coordinates which could be described Eyer
angleg =[¢ 6 ], or Euler parameters

@ =[Sc Pe Qe re]. The velocity and acceleration of the

body i in terms ofa and respectively.
g =l @l (13)
G =l @l (14)

Y

. Bodvi

Fig. 2 Body i local coordinates

The equation of motion of a rigid body i in term§ o
Cartesian coordinates is given by:

M'd, = Q.

Where Qé is a vector of all external forces acting on toeyp

It is worth mentioning that when the body is in&ddn planar
multibody system or mechanism works in verticalnglathe
gravitational force of the body acts as an extefoate to it

and should be added to the vector of external &fgte

However, in case of horizontal plane motion thesction of
the gravitational force of the body acts perpendicto the
plane of motion; hence it does not included in vieetor of

(15)

equations are used to obtain the generalized quateti of the
system. Using the Lagrange multipliers techniques th
constraint equations are added to the equatiomaation of
all bodies in the system and reduced to the fothgwiorm:

M cild]_[Q.
C, 0[] |Q
Where:

« M is the system mass matrix that contains all mass
matrices of all bodies in the system

. Cq is the generalized Jacobian matrix of the kineenati

constraints foany number of bodies,

» A is a vector of Lagrange multipliers, and it is dige
calculate the reaction forces at the connectedsjoin

+ Q,is a vector of all external forces acting on thelibs
of the system
+ Q, is vector that groups all the terms of the acegien

constraint equations that depend on the veloaitidg, and
it takes the following form

Qd = _Ctt - (qu)qq - 2thq
Where ¢, is the twice differentiation of the vector of
constraint equationg(q,t) with respect to time

7)

(18)

Solving Eq. 17 which combines the kinematic andafyit
equations of all bodies of a multibody system wéturns a

vector of Lagrange multiplierd and a vector of generalized
acceleratiorfj .Lagrange multiplayers vectordis used to
obtain reactions at the system joints. The germsdli
acceleration vectofjis integrated twice to obtain generalized

velocity vectors =[¢, ¢,--¢,] and generalized

vectod =[¢, d,...q,]. The

kinematics of the system at a certain time stepused for
calculating at the next time step forces at thareece joints

position resulting

external force§),. Interaction forces at the clearance jointsvhich are included in the vector of generalized eexl

which calculated according to the proposed modmisbbth
dry and clearance joints are considered as extéone¢s on
the associated links.

The kinematic equations in multibody dynamics ar
described in the form of harmonic allegorical coaisit
equations as follows

C(aq,t) =0 (16)

Where C(q,t) is a vector of all joints constraints’ and
specified motion trajectories in the multibody syst The
equation of each constrain depends on the typeirf and the
degrees of freedom that it allows.

forces, the vectorQ, that groups all terms of acceleration
coordinates, and the constraint Jacobean mqix All of

(t_}hose are used again to calculate the system kinesiar the

next time step by solving Eq. 17 again. This proceds done
until reach the final simulation time.

IV. COMPUTATIONAL ALGORISM

The flow chart of the computational algorism usen f
simulation of multibody mechanical system with ciwe
joints by SolidWorks/ CosmosMotion software is désed in
Fig. 3
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Build-up the mechanism'’s links under SolidWorks (SW
making a solid model and specify material densityefach, an
then the software will automatically calculate thass

properties

Use the assembly features on SW to define joints’
constrains

From CosmosMotion properties manager, use “motor”
property to specify the motion of each degree eédiom,
and “3D Contact” property to define the parametérsach
clearance joint(K,(:maX O max U --€1C.)

¥

Specify the solver and integration parameters
(integration type, initial time step, max. time
step...etc.) to CosmosMotion

Initial conditions

> 4(0.0(0).9(0)

y
Calculate the value of the penetratipn
depthg , which depends on the
system position and configuration g
the previous step time

—

Is there
contact

020

Yes

Compute the
contact forces]

Fy.Fr

MULTYBODY
FORMULATION (Fig.4)

Y
Obtain:

o), q(t), at)

No

Update
t=t+ At

Yes

Fig. 3 Computation algorism flowchart [12, 13]

)

User
defined
blocks

\

Blocks
performed
by the
software

Qe =

Interaction forces
at clearancejoint s(F)

otherexternal forcesand torques|

Q, =-C,-(C 9,09 -2C,q

Integrated
for pos. and
vel. (g, Q) at
time (t + At)

4

A

Assemble
M Cq Q. Q4 >

Fig. 4 Multibody dynamics formulation for a systevith clearance

|

Solve linear DAE

M C[d]_[Q.
C, O[] |Q

for g A

joints

The computational procedures are based on three mai
assumptions. The first is that the value of cleegaat each
joint remains constant during the motion of the haism.
This means that no wear occurs at the joints. Eword is
that all mechanism links are rigid; the dimensiofshe links
are constant during the motion of the mechanisne [Hst
assumption is that the clearance joints are dmt,jaon which

no lubricant exists at the journal — bearing gap.

V  SIMULATION OF SLIDER — CRANK MECHANISM

As stated before a slider — crank mechanism with on
clearance joint (Fig. 5) is used in this work tdidate our
method of modeling and simulation of multibody meawcical
system with clearance joints, which we have pre=kim our
previous work. We choose slider — crank mechanispabse
it is a so famous mechanism and its performanéanigliar to
most of people who works in mechanism design. Wesicier
also one clearance joint only in the mechanismoalgh our
modeling and simulation method is applicable fosyatem
with multiple clearance joints. Because considerimgre than
one clearance joint produce a higher peaks in ¢énfopnance
curves [12,13] which needs a special sensors Hraheasure
a signals of very high amplitudes. These sensa®uair of our

facilities

A.Mechanism Data

The dimensions, masses and inertias of the linkshef
mechanism used in simulation and experimentatienliared
in table 1. The parameters of the clearance-janslisted in
table 2 while integration parameters are listedaisle 3. The
crank, which is the driving link, rotates with a nstant
angular velocity of 300 rpm ccw. However, the craakes a
transient period of 0.2 sec to move from standslilfeach a

constant angular velocity of 300 rpm.

The transient period in simulation is taken eqoathat in
experimentation for the sake of comparison betwbeth
finally. This period (0.2 sec.) has a strong relativith the
speed control system of the experimental mechanikioh is
discussed in details in the section of experimematThe
initial configuration of the mechanism is takentwihe slider
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is full extended in the &xis, the journal and the beariof
each joint are concentrid:he all mechanism parts are m:
from steel, while the bearing of the clearancetjaiade frorr
brass.

Connecting rod

Crank
Clearance

Ground

Input-output
direction

Fig. 5Slider —crank mechanism with one clearance revolute

TABLE |
DIMENSIONS AND INERTIAS OFMECHANISM LINKS
Body Length [m] Mass Moment of inertia
[kd] [kg.m?]
Crank 0.08 2.37 0.01201
Connecting rod 0.32 0.72 0.0006926
Slder e 228 e
TABLE Il

CLEARANCE JOINT PARAMETERS

Stainless steel Young's 207 Gpa  Static Friction Coef 0.08
modulus

Brass Young's modulus 97 Gpa  Static Friction Vel 0.0001 m/s
Poisson'’s ratio 0.3 Max. Penetratic 0.00001 m
kinetic Friction Vel. 0.01016  Restitution coef 0.55
m/s
Kinetic Friction Coeff. 0.05 Clearance 0.5 mm
Bearing diameter 15.00 mm
TABLE IV
INTEGRATION PARAMETERS
Max. number of 100 Min. time ste| 0.0000
iteration 1s
Initial time step 0.000 Accuracy 0.0000
1¢ 001
Max. time step 0.001 Jacobiar 100%
S pattern

B Results and Discussion

The slider —crank mechanism is simulated in two differ
cases. Ta first when all joints are ideal or perfect. Tlread
when a 0.5 mm clearance only exists on the joinineat the
slider and connecting rod (s er joint). Analysis of the
performance of the slider erank mechanism is done throu
obtaining simulationresults of slider displacement (Fi6),
slider velocity (Fig. ), slider acceleration (Fic8), and the
applied torque to the crank (Fig. 9).thre slider velocity curvi
(Fig. 7) a stairs shapes appear sometimhese stairs refer to
a constant velocity of the skd followed by a sudden chan(
This actually occurarhen the slider moves freely without @
external force or restriction of the mechanithrough the
clearance of the joint (free moden an impact happeand,
the velocity changes inst@meously (impact mode). The
stairs are reflected to high peaks on the slideelacatior
curve (Fig. 8), andrank torque curve as the impact foat
the s —cr joint is transmitted directly to the crank thghuthe
rigid connecting rod, and as a reghik¢ crank torque increas
suddenly to maintain the crank moves with constargular
velocity.
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Fig. 9Applied crank tcque atw = 300 rpm

The contact force at the— cr joint is shown in Fig. 10.

High peaks appear sometimes. These peaks indibait
impacts happen at those times. The impacts mosippér
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when the velocity of the mechanism at th— cr joint place variables such as contact force at the clearaniog yehich
reachits highest value and tends to decrease, thenlider needs a very small sensor that can be insertecinéoy smal
continue moves with its previous velocity through 1 gap of about 0.5mm and withstand a high impactef®,
clearance of the joint until make an impact. Thisrsy impac’  which is really difficult. In addition to the, validating the
is followed by a series of small impacts until thleder is simuation results of slider acceleraticonly can fulfill the
stabilized and begs to follow the mechanism moticagain requirements of checking the accuracy and effigienfcthe
(contact mode)The different modes of contact between proposed method of molieg clearance joints, since slider
journal and the bearing of the clearance joint miyrthe acceleration mathematically depends on the cakxdldrces
motion of the mechanism can be shafrom Fig. 11, which values at cleara® joints. Hence, accurate values of sl
represents the motion of the journal entelative to bearin acceleration meanaccurate values of calculated forcat
center.When the contact mode occurs the journal centsl clearance jointby the proposed methe

approximately on 0fam circle. When free mode occurs

journal center lies inside the 0.5mm circle, whihe points A TestRig Design

lies outside 0.5 mm circle refer to the impact mén which ~ The testrig is divided into three parts (1) Medban; slider

the journal penetrate on the bearing su — crank mechanism wita 0.5mmclearance exists on the s —
cr joint (2) Speed contraysten; a speed controller should be

used to maintain a constant input speed to the anism (3)

" 800 Measuring instrumentsA system of online measuring

slider accelerationand recording the measurirdata, the

following are a detailed explanation of et

1. Mechanism Data

ontac
[EE=:

C

The mechaism used in this experiment i: slider — crank
mechanism with one clearance joint. The clearax¢gseon
the joint connected the crank and connecting r-cr joint).

05 The dimensions and inertias of the mechanism liare the
Time [§] same as thenechanism of the simulation case for the sak

. o comparing between the experimental and simulagsalts
Fig. 10 Contact force at scr joint atw = 300 rpm Figs. 12 and 13 shothe test rig design. The crank whict
o€ - the driving link isin the form of circular disc with 4 hol
[P away from the disc center with 50, 60, 70, and 80 central

distances. Those holes are made to allow us togeh#me
crank length to do many experiments. However, iis
experiment the length of 80 mm only us The Mass moment
of inertia is relatively high to act as a flywheel reduce th
effect of changing the crank speed due to changjirige loac
toque. In order to ensure a smooth motion of tides| the
prismatic joint is made of a ball sleeve and vismooth
guides. The design of the test rig allows us ta $lisel —
crank mechanism with positive and negative offsietwever,
the experiment is carried ¢ on slider — crank mechanism
with zero offset. The sleeve of the cr joint is changeable so
we can use different sleeves to obtain different valoé
clearance at this joint, in addition to using iarg perfect o
with negligible clearance. The journal and the lmepof the
revolute joints of the mechanism are made fromlsaeel
brass respeately, in order to avoid rust and keep ir
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Fig. 11Simulation of the journal center relative to begragentel

atw = 300 rpm(dimensions in mn surfaces smooth.
2. Speed Control System
VI EXPERIMENTATION OFSLIDER — CRANK MECHANISM o . o
. The crank which is the driving link is actuated Bg
The efficiency and accuracy of th@oposed method ¢
modeling and simulation of mechanical

electric motor of 750 watt and 1450 rpm nominalezpeThe
and nani SYStems ' gheed of the motor is controlled by an invertere Thosi
plearance jointsising CAD and dy“am'c S|_mulat|_on softwa important point of the motor control is to maintaire tmotor
is ensured in this work by comparing simulationutts of speed constant while the load torque is changinge
slider acceleration with thexperimental one measured by - mercial available inverters in the market suppore or
accelerometerThe slider acceleration ichosen only to be . .o ~ntrol mode. Those modes are: V/f contral cghtrol
measured to validate the simulation restamong other i iise generatoetdback, vector control, and flux vec
kinematic and dynamic va_lrlables, since it can bell>e control. In our case the inverter operates accgrdlinvectol
measured by accelerometeis contrast with othedynamic
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control mode which gives speed accuracy abapY%.

Beside the control system, the speed fluctuatidntended to
be decreased to the minimum limit by changing thmes of
the mechanism design features. The reductionuatdhtion
is reduced by (1) using a high motor power moren ttfee
maximum power required which decreases the slighef
motor, (2) the relatively high inertia of the crahlelp in
reducing the crank speed fluctuation.

Connecting rod Crank

Slider A€ elerometer

il
pas

b5
&4 I

s

Fig. 12Mechanism construction: slider — crank mechanism
(Front View)

Fig. 13 Mechanism construction: slider — crank nasism
(isometric)
3. Measuring Instruments

The slider acceleration is measured using an accekger
as stated before. The used accelerometer modslaw& AS-

100HA, with a rated capacity of 98017/ s®. This
accelerometer is connected with a sensor inteddaexternal
data acquisition system (PCD-300A).This interfaegenhfour
channels which enable us to measure 4 differenlimga from
different sensors at the same time. In our casg onle
channel is used. The maximum sampling frequencyhef
interface is 5 kHz, which means that it can get®b@adings
per second or one reading every 0.0002 secondi¥han
important factor in choosing the data acquisitigstem, since

in our case we have a high peaks in acceleratioithwh

happened instantaneously or in a very short peofotime.
This device with this sampling rate will enabletadocate and
detect those peaks accurately. Fig. 14 represestheme of
the measuring system.

The sensor interface is directly connected to PLCUW&B
cable. The control software (PCD -30A) should kstdtied on

a PC having windows (98/ME/2000/XP) operating syste

This software is a LabVIEW software compatible witre
interface configurations. The software enablesouget online
measuring of the sensor readings and record theaménor

separated files. Each file can store a maximum imgadf
100,000 readings. Therefore, if we use a samphig of 5000
readings/sec, each file will store readings of @6osds, after
that a new file will be opened to record readingsthe next
period and so on

USB cable
(N-38)

r— | s]___ IS~ . _I

Sensor interface
(PCD 3004)
Control software

(PCD - 304)

Accelerometer
(AS- 100HA)

Fig. 14 Scheme of the measuring system

B.Experimental Results

The experiment is carried out on the slider — crank
mechanism under study in two stages. The Firstpvthere is
a very small or negligible clearance at All meckamijoints
(by changing the sleeve of the joint as mentionefbie). At
this case, the performance of the mechanism or more
specifically the experimental slider acceleratisncompared
with the simulation results of that of the idealalnanism. The
second stage, when a noticeable clearance of 0.&xists on
(s — cr joint). At this case the experimental glideceleration
is compared with that of simulation results of arlearance

joint mechanism. The second stage is the impogaritof the

experiment to validate the efficiency and accurafythe
proposed method of modeling joint clearance. Howewe
intend to perform an experiment on the ideal meidmarfirst,
in order to ensure the accuracy of the measuristesy, and
control system, as well as detect any problem ent#st rig
before running the desired experiment.

1. Experimental Results (Without Clearance)

Fig.15 shows simulation and experimental slider
acceleration. The steady state response of dlleofpplication
examples in the previous work [12, 13, 14] is thaimm
important part of simulation. However, in case omparing
the simulation results with the experimental, weehto focus
on the transient response of the mechanism. Tls®mnda that
in all application examples the input speed is tamtsfrom
starting of the mechanism till the end of simulatibme.
However, it is not the actual case when runninghgsieal
mechanism although we are using a speed contridrays

The speed of the motor cannot reach to constanievel
300 rpm from rest in zero time. The speed contysitesn
allows us to set a value for the acceleration timéncrease
the motor speed linearly. One characteristic of fipeed
control is by decreasing the acceleration timesgheed control
accuracy decreases at the transient responsenamsing it
to reasonable value, the speed control accuracyases.

In this experiment, the mechanism is run many tiraes
each time the acceleration time is increased, dsd the
mechanism is simulated using SolidWorks/CosmosNfiotio
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with the same acceleration times.sinulation time of 0.18
second is foundenough to obtain accurate results of

transient response, so an acceleration time ofs@c@ndis

usedin our simulation and experimentati

— Simulation — — Experimental
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Fig. 15 Simulation and experimeribn of slider acceleration
verticalplane at» = 300 rpm (without clearanc

2. Experimental Results (With Clearan

In this case the same slidercrank mechanism with tt
same dimensions and inertia &g tmechanism in simulatic
case, but with a 0.5 mm clearance on t— cr joint

- Estimaton of the clearance joint parame:

In order to compare the experimental and simulatisults,
the simulation should be rudepending on the actual values
the clearance joint parameters like generalizedfnstis

parameteK , maxmum damping coefficielC_,,, and other

parameters that appear in the contact force equgatkeor this
reason we have to estimate all those parametecioss a:
possible to the real parameters to obtain an atrshaulatior
results.

Four parameters of clearance joint have to be astd
which are the generalized stiffness paranK, material

exponent]l, maximum penetration depth, ., and maximum

damping coefficien€ ,,.In addition to that the four frictio

parameters.

The generalized stiffness paramdfer could be easily
calculated from Eqg. 4, and Eq. 5hish depends on tf
geometry and material properties of the journal ahd
bearing. The material expondhf is taken equal to 1.5 as us
before in the simulation cas€he maximum penetration deg

d,. is taken equal to 0.00001 m as a recommended
by CosmosMotion Library.
About the maximum amping coefficierC_, .it could be

obtained by the proposed procedure statesection 2 using
the Eq. 10 and Eq. 11. However, Restitutioncoefficient r
is a difficult factor to be estimated and stronglffect tte

value maximum damping coefficie@t,, .
The value of theCoefficient of Restitution is depending r
only on the surface and body materials, but it @lspends o

the geometry of both. For example the value of iRein
coefficient danges from ball to cylinder or cube and fr

2517-9950
No:3, 2012

large cylinder to small cylinder and so on, ana ale natura
of the surface. Therefore, the value of Restituttoefficient
of the journal -bearing combination of the clearance join
our case is detefimed experimentally from the test rig. This
done by running simulation different times, at edithe a

different value of maximum damping coefficieC, ., is used
and the simulation resuis compare with the experimental
one until rach to the accurate value C_, at which the
simulation result is nearest to the experimenta. drhen the

value of restitution coefficieris reversely calculated from the

obtainedC, .. Table 4shows some of the itetions and the

maximum deviation between theoretical and expertai
results at eachThe resulted value of restitution coefficient
our case is 0.55

Since friction parameters are difficult to be estied, in
this experiment the surfaces of the cleae joint components
are made very smootind the friction coefficients are tak
very small in simulation (Table . Therefore, error or wrong
estimation of the friction coefficients does natdeto a large
error in the simulation resul

TABLE IV
ITERATIONS FOROBTAINING THE COEFFICIENT OF RESTITUTION
Trail Max. Damping Max. Coeff. Of
Coeff.C__ ( percentagi Restitution (" )
0,
N /(m/s)) error %
1 25283 24% 0.7
2 25000 27% 0.722
3 26500 18% 0.64
4 27000 15.5% 0.62
5 2750( 12% 0.59:
6 27700 10.75% 0.564
7 27960 7% 0.55

3. Comparison Between Simulation and Experime
Results
Fig. 16shows the simulation and experimentaults of the

slider acceleration. It cabe observed that: the experimental

and sinulation results are close to each other. The maxii
percentage error is about 7%., which is an acceptioor to
demonstrate the accuracy and efficiency of our @sef
method of modeling and simulation of multibody mecical

systems with clearance joints
— Simulation —--— Experimental
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Fig. 16Simulation and experimentation of slider acceler ato =
300 rpm (with clearanc
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This error may be due to other mechanical inacéesain
the mechanism such as the existence of a very sfeallance |4
in other mechanism joints, geometrical toleranaas so on.
The accuracy of the measuring instruments may qiaate
also in this error 2]
There is also time lag in between the simulatior ar{
experimental with about 0.01 seconds. This lag begue to
the time lag in the response of the speed conyetem. (3]

V.CONCLUSION 4]

In this work an experiment is carried out to valelahe
efficiency and accuracy of the presented methodolof |5
modeling and simulation of multibody mechanical teyss
with dry clearance joints using CAD and dynamic wdisor
softwares. This method of simulation has many athges
and easy to be used. Hence, an experimental \&idicof the
simulation should be done to ensure its accuracyg afv]
efficiency. A slider — crank mechanism with one diyarance
revolute joint working in vertical plane is used this
experiment. The input motion to the mechanism @®mstant
angular velocity motion applied to the crank thriougn
electrical motor. The motor speed is controlledotigh an [9]
inverter directly connected to the motor. The id#fathe
experiment to validate the simulation results isitoulate the 1q;
experimental mechanism using our simulation metloo@, of
the resulted dynamic or kinematic variables have b&®
compared with the corresponding one of the sinuati
results. Slider acceleration is chosen to be thaigble. The
acceleration is measured by an accelerometer andtamuous [12]
reading or online measuring of the acceleratiomassmitted
to the computer via an external data acquisititesy.

The experiment is carried out in two stages. Th&t fine
when no or negligible value of clearance exists the [13]
mechanism joints, which is considered the caseedlijoints.

The second stage when a 0.5 mm clearance exigteegnint
connected slider and connecting rod (s — cr joifit)e first |14
stage of the experiment is essential to be donehick
accuracy of the measuring system, control system,detect
any problem in the test rig before running the meki
experiment.

For the simulation purpose in the second stageldsFance [15]
joint parameters need to be identified before mgni
simulation. All the parameters have been estimatedugh
the equations of the continuous contact force meseépt for 17
the coefficient of restitution which is difficulbtbe estimated
through theoretical equations. Hence, a serieteddtions are
done by running the simulation different times aodhparing
with the experimental results. The best value efréstitution
coefficient is the value that makes the simulati@sults
nearest to the experimental results.

Finally the comparison between the experimentadesli
acceleration and the simulation results shows ffieiency
and accuracy of our method of modeling and simufatf
mechanical systems with dry clearance joints

(6]

(8]

[11]

[16

VI. ABBREVIATIONS

s — cr joint is the joint connected the slider and connecting
rod in slider — crank mechanism
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