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Abstract

An elastic dynamic model of high-speed multi-link precision press considering structural stiffness of rotation joints was established by
the finite element method. In the finite element model, rotation joint was established by four bar elements with equivalent stiffness, and
connected link was established by beam element. Then, the elastic dynamics equation of the system was established, and modal superpo-
sition method was used to solve the dynamic response. Compared with the traditional elastic dynamic model with perfect constraint of
the rotation joints, the elastic dynamic response value of the improved model is larger. To validate the presented new method of elastic
dynamics analysis with stiffness of rotation joints, a related test of slider Bottom dead center (BDC) position in different speed was de-
signed. The test shows that the model with stiffness of rotation joints is more reasonable. So it provides a reasonable theory and method

for dynamic characteristics research of sucha multi-link machine.
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1. Introduction

With the development of aerospace, automobile, transporta-
tion and metallurgy, the high-speed precision press has been
widely used. High speed, high precision and automation are
the most important characteristics of the press. However, high-
speed increases the inertial vibration force of motion links,
which leads to the increase of elastic deformation and wave of
links. Compared with the ideal curve, the motion curve of the
slider has errors, which influences the dynamic characteristics
and accuracy of the high speed press. To design a high speed
and high precision multi-link press, the elastic deformation of
motion links and motion pairs on their dynamic performance
must be considered. The parameters of the joints, especially
for kinematic joints, are very crucial for the machine tool dy-
namics, which is complicated and plays an important role in
the surface quality and machining accuracy of the parts [1-3]
and the stability of the machining process [4].

In the past several decades, several studies have focused on
the definition of accurate mathematical models, both for single
flexible body and multibody systems, by using the kineto-
elasto (KED) dynamic analysis method, the Floating frame of
reference (FFR) formulation, the incremental finite element
method and the Absolute nodal coordinate formulation
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(ANCF). Mi et al. [5] analyzed the influence of preload of
screw-nut joints and slider-guide joints on dynamic character-
istics of a horizontal machining center. The results show that
the preloads have significant effects on the horizontal machin-
ing center dynamic stiffness. To predict the dynamics of a
high-speed machine tool, Zaghbani and Songmene [6] pre-
sented a methodology for estimating the machine tool modal
parameters while the machine is operation by using opera-
tional modal analysis. As the different states will lead to dif-
ferent static and dynamic characteristics for machine tools, the
finite element dynamic model based on single state cannot
predict these variations. Lu et al. [7] built a model of a hybrid
machine tool with three degrees of freedom and analyzed the
static stiffness during the machining workspace based on the
stiffness matrix. Van Brussel et al. [8] studied the dynamics of
a three-axis machine tool by using Finite element method
(FEM) and found that it possessed position-dependent dynam-
ics. Symens [9] and Paijmans et al. [10] studied the dynamics
variation in a machine with the position of the tool in its work-
space for designing high-performance motion controllers.
Erdman et al. [11, 12] proposed a kineto-elastodynamic ap-
proach based on flexibility matrix methods. Nath and Ghosh
[13] presented a systematic finite element method for kineto-
elastodynamic analysis of high speed mechanisms. In addition,
the response of a slider-crank mechanism was found by Vis-
comi and Arye [14] to be dependent on five parameters classi-
fied as length, mass, damping, external piston force, and fre-
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quency. Jou [15] and Fung [16, 17] refined the time-
dependent boundary condition of the flexible connecting rod
in a slider-crank mechanism and investigated the transient
responses on the basis of different rotating speeds. Shabana
and Yakoub [18, 19] studied the theoretical model of a three-
dimensional beam element. They proposed a four-node beam
element model by using several new nodal coordinates and
verified the model with numerical simulations. Berzeri and
Shabana [20, 21] analyzed the elastic forces of a beam ele-
ment by decomposing the strain into the axial strain and the
bending strain. The strain was described with various combi-
nations of the simplified models of the axial strain and the
bending strain. Sopanen and Mikkola [22] derived the mathe-
matical formulation of the elastic forces of the three-
dimensional beam element and examined the precision of the
method with numerical simulations. Hussein et al. [23] studied
the basic theory of some numerical methods for solving dy-
namic equations. The computational efficiency and accuracy
of several implicit and explicit integration methods were com-
pared. However, there is no detailed consideration of influence
on the dynamic response for above documents by elastic
properties of motion pairs. Most of them modeled motion
pairs as perfect components, the constraints they impose on
the behavior of the entire system are modeled through a set of
perfect kinematic constraints.

Motion pairs are essential components of multibody sys-
tems, rigid or flexible. In fact, in most multibody systems,
especially high speed precision machines, motion pairs mod-
eled as perfect ones are not appropriate. In actual joints, clear-
ance, friction, lubrication and stiffness will play an important
role and can have a significant effect on the dynamic response
of the system [24]. For instance, caused by the structural char-
acteristics and material characteristics of bearing bush, maybe
stiffness of the motion pair is lower than flexibility link, so
modeled joints as perfect components cannot really reflect the
mechanism dynamic characteristics. Ravn [25] and co-
workers studied the effect of clearance on system response,
including the effect of lubrication and link flexibility, but they
ignored the elastic deformation of motion pairs. Dubowsky,
Deck and co-workers [26, 27] considered the effect of link
flexibility for both planar and spatial cases with joints charac-
teristics; they only used an approximate formula to express the
contact stiffness between the journal and bearing bush but
ignored structural characteristics.

In the present formulation, elastic bodies are modeled by us-
ing the finite element method. For beam elements, the location
of each node is represented by its Cartesian coordinates in an
inertial frame, and the rotation of the cross-section at each
node is represented by a finite rotation tensor expressed in the
same inertial frame. The kinematic constraints among the
various bodies are enforced via the Lagrange multiplier tech-
nique. Although this approach does not involve a minimum
set of coordinates, it allows a modular development of finite
elements for the enforcement of the kinematic constraints [28,
29].

Oscillatinglinkage
upper linkage

deputy slider toggle linkage

fixed seat

crank linkage connection piece of main
slider connection piece

lower linkage
Fig. 1. A new type of high speed multi-link press.

In the view of the lack previous research on rotation joints
stiffness, the equivalent structural stiffness of rotation joint
was accurately calculated by using the finite element statics
calculation first. Then a complex elastic dynamic model of a
high-speed multi-link press with the rotation joints characters
was established by finite element method, where rotation joint
is equivalent to bar element with appropriate stiffness. And
elastic dynamic response of the complex elastic dynamic
equation was solved by modal superposition method. Lastly,
the results of the new model were compared with the tradi-
tional kineto-elasto dynamic analysis method with perfect
constraint of joints. To prove the accuracy of the new model, a
related test was designed and tested.

2. Elastic dynamics modeling of multi-link press

2.1 Multi-link press model

The principle of a new type of high speed multi-link press is
shown as in Fig. 1. The press with a set of slider-crank
mechanism is the first level of transmission of the crankshaft
(L1, L2 and m1). Toggle links (L3) are symmetrically distrib-
uted on both sides of the movement axis of the slider. One end
of the toggle is connected to deputy slider (m1), and the other
is connected to oscillating link (L6). Upper end of upper link
(L4) is connected to the fuselage, and its lower end is con-
nected to the oscillating link. Upper end of lower link (L5) is
connected to oscillating link, and its lower end is connected to
main slider (m2). Thus, a completely closed loop transmission
structure is created. Deputy slider does reciprocating motion
in vertical direction driven by the crankshaft (L1). Links on
both sides of the mechanism do synchronous oscillation in
plane by further driving of toggle links. Finally, they realize
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Fig. 2. Beam element and its coordinate relations.

the main slider movement.

2.2 Finite element model of connected link

As shown in Fig. 2, a uniform-section beam element is used
to simulate flexible links of the mechanism. The horizontal
and vertical displacements of beam unit are both unit coordi-
nate function x and a function of time t. The horizontal and
vertical displacements of an arbitrary point are named as W (t)
and V (t), respectively. The longitudinal and lateral displace-
ments are all described by using third-order liner polynomials.

M

W(x,t) =a, +ax+a,x" +ax’
V(x,)=b, +bx.

There are a total of six undetermined parameters in the for-
mulas above, so eight generalized coordinates in the node A
and B of the beam element need to be set.

The generalized coordinates array of the element with six
generalized coordinates form is as follows:

"

Each of undetermined coefficients of Eq. (1) can be ob-
tained according to the boundary conditions as follows:

u :[ul u,

VO,0)=u(t)  V(Lt)=u,t)
W(O,0)=u,(t) W(L,t)=us()
W(0,0) =u,(t) W(L,t)=u,(t).

2.3 Finite element model of rotation joints

Generally, the linkages between each joint, connecting rod
and the rack are connected with bearings. But it is difficult to
establish accurate motion components (bearings, journals,
rack, etc.) and consider various nonlinear factors such as con-
tact, stiffness and clearance in an elastic dynamic system of
multi-link press. There is no doubt that it increases the diffi-
culty of the system modeling and solving. In addition, in our
machine, the surface coarse degree of the bearing bush is low
and the friction coefficient is small, so the contact friction is
relatively small between journal and bearing bush. Particularly,
compared with elastic deformation caused by inertia force, the
dynamic response of slider vertical direction influenced by
frictional force is smaller. Therefore, this paper makes the
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Fig. 3. (a) The elastic deformation of frame; (b) bending deformation
of the journal; (c) tensile or compressive elastic deformation of bearing
and bearing bush.

following equivalent hypothesis: the friction between journal
and bearing is ignored, rotation joints only have radial force.
The rigidity characteristics of rotation joint are obtained by
finite element statics analysis. Then a rotation joint is equiva-
lent to the corresponding four bar elements. So it can be
formed to the overall elastic system dynamic model.

2.3.1 Equivalent model of rotation joints

Rotation joint consists of journal, bearing and bearing bush.
Under the action of axial force, journal comes into being
bending deformation, and bearing, bearing bush are stretched
or compressed into an oval as shown in the figures below.

So the total deformation of the rotation joint can be ap-
proximated to:

AL=Al +AlL +AL . )]

The equivalent strain of rotation joint is:
—_ AL
£=—1. 3

2 )

So stiffness characteristics of rotation joint are replaced by
bar element. As shown in the figure below is a bar element
with two nodes A, B in its both ends. Assuming that longitu-
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Fig. 4. Equivalent bar element.

dinal displacement in node A and B are u,(#) andu,(7) . Two
nodes are effect by axial force f,(rf) and f,(¢), respectively.
u(x,t) express any location of the longitudinal displacement.

Unit elastic dynamics equation is obtained in the same way
based on Lagrange analysis method as follows:

mii+ku=f . 4)

To establish the system differential equations, the matrix is
extended as follows:

1 00 1 00
3 6
00 0 0
_ _ 00 0O
m=pAL | )
— 00
3
0
| (sym.) ]
A 00 A4 00
L L
00 0 0O
- _ 0O 0 00
k=E y ,
— 0 0
L
00
| (sym.) 0]

u=[u,(t) 000 u,() 00 0],
= 000 £) 00 0]

Equivalent bar element is regarded as the lightweight pole,
which is similar to the spring. And the quality of joint is put
on the corresponding node in the form of concentrated mass

F
E¢ :ng'. (5)

Substituting Eq. (3) into Eq. (5):

~

xR

E= .
AxAL

(©6)
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Fig. 5. Mesh generation.

So the equivalent bar element model and its corresponding
parameters are obtained.

The element generalized coordinates under absolute coordi-
nates are as follows:

vs=[Uu, 00 U, 00].

So the unit movement differential equation of rotation joint
equivalent element under absolute reference frame is obtained.

mbﬁbe + kbUbe =1 @)
where

m,=R"mR ®)

k,=R'kR ©)

fL,=Rf. (10)

2.3.2 Stiffness calculation of rotation joints

Statics analysis of the rotation joint is done by ANSYS.
Solid185 is chosen as the unit type. The elasticity modulus E
of journal, bearing and link (Material for them is 40Cr) is
2.1ell Pa. And the elasticity modulus E of bearing bush (Mate-
rial for it is ZCuPb10Sn10) is 1.15ell Pa. Poisson's ratio ¢ is
0.28. Mesh generation is shown in the following figure.

Deformation results of rotation joint are calculated as shown
in Fig. 6 when the applied force on the journal is 15 tons.

According to the deformation nephogram and Sec. 2.3.1,
the general equivalent deformation of rotation joint with 15
tons of tension is as follows:

AL | = Al + AL+ Al =6.94x10"m.

t
Equivalent strain:

_ AL 694x10°
7, =0k 090 m_ o6, o4,
R 1.4x10"m



F. Hu et al. / Journal of Mechanical Science and Technology 30 (10) (2016) 4657~4667 4661

ANSYS,
JUN 18 2015
10:38:37

NODAL SOLUTION

STEP=1
SUB =1
TIME=1
vy (avG)
RSYS=0
DMX =.522E-04
SMN =-.348E-04
SMX =.356E-05

rack

SU348E-04  -.2638-04  —.17jExp4 - .9228-05 - .699E-06
-.3058-04  -.220E-04 ——-.1358-04  -.496E-05  .356E-05
File: E:\y i ufenxi.x_t
@
ANSYS)
NODAL SOLUTION
JUN 18 2015
STEP=1 10:41:11
suB =1
TIME=1
vy (ave)
RSYS=0 s
DMX =.710E-04 axis AL =3.72x10"m

SMN =-.710E-04
SMX =.186E-05

)i S\

I ! —
-.710E-04 -.548E-04 -.386E-04 ~.224E-04 -.623E-05
~.629E-04 ~.467E-04 ~.305E-04 -.143E-04 .186E-05
File: E:\y iy ix_t
A ANSYS

NODAL SOLUTION

AR
vy, 4| o
AR ,{45

Ve
TAVAVAV,Y, vi §

bearing

bearing bush

-.780E-04 -.712E-04
-.746E-04

-. 61
~.678E-04 -
File: E: i ix_t

©

Fig. 6. (a) Elastic deformation of shaft support; (b) elastic deformation
of journal; (c) elastic deformation of bearing and bearing bush.

Equivalent elastic modulus:

CLSxION
" Axg  9x107*m*x4.96x107

t

=336x10"N/m’.

Similarly, equivalent deformation and the equivalent elastic
modulus with 15 tons of pressure are as follows:

AL, =4.32x107m
E =540x10"N/m*.

So, values of the equivalent modulus of elasticity in the
model can be obtained:

Fig. 7. Elastic dynamics model of the mechanism with perfect kine-
matic constraints.

Fig. 8. Elastic dynamics model of the mechanism with rotation joints
deformation.

=1.68x10",

P E /2 if F,20
U E 72=27x10",
E

if F,<0

Etoy —%:2.17“0“.

The bar linkage is tensile when F, >0. However, the bar
linkage is compressive when F, <0. Stiffness of rotation
joint perpendicular to the axial is assumed as the average of
E and E, .

2.4 Differential equation of system movement

According to the traditional theory of elastic dynamics
model with perfect kinematic constraints, the elastic dynamics
model of the mechanism in Fig. 1 is established with 21 ele-
ments, 19 nodes, 67 degrees of freedom elastic dynamic mod-
el as shown in Fig. 7.

According to the theory of elastic dynamics research with
the stiffness of rotation joint, the elastic dynamics model of
the mechanism in Fig. 1 is established with 93 elements, 91
nodes, 104 degrees of freedom elastic dynamic model as
shown in Fig. 8.

Relationship between the generalized coordinates of dy-
namical model with link and rotation joint, such as the links C,
E and the rotation joint ¢ between them, is shown as follows:

Relationship of generalized coordinates between the rota-
tion joint and links is as follows:

U

¢l

U

=U
=U

Ues
U,

clv2
cll cmz™ Yes
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Fig. 9. (a) System generalized coordinates of link C ; (b) system
generalized coordinates of link E; (c) system generalized coordi-
nates of rotation joint e.

The movement differential equation of the system can be
obtained after all equations of these elements are given. The
motion differential equation of the element  is as follows.

maiijnie +kUS = fa- mail.j;i ¢ 1)
or

mbiljbi(‘ +k,U, = [y (12)

Define array for rigid body acceleration of the system can
be shown as:

The array U, and U has the same dimension. U,,p'1s
a six-dimension array, and U isan N, dimension array, and
the former is only part of the latter. The relationship between

them is listed as follows:

U(eanrb)i =BU (13)

B, (k,I,Gi,k))=1. (14)

So

MU+KU=F;-M,U, (15)
or

MU+ KU = F (16)
where

MEa orb)i BiTm(a m'b)iBi a7

K(Baurb)i = BiTk(nurb)iBr (18)

EZ<zl‘b)i = Bin;anrh)i' (19)

After adding up all motion equations of elements under the
generalized coordinates, the motion differential equation of
the system is established.

MU+KU=F-MU., (20)
where
M= i M + i M
= =
K=fKaf+§K; @21)
= =
F= iF + in
= =

The kinetic energy of the elements distributed quality is on-
ly considered in analysis of the system mass matrix, and some
kinetic energy of concentrated parameters is not considered,
such as quality of rotation joints, quality of the slider and so
on. For these concentrated parameters which should be super-
imposed to the mass matrix, the system mass matrix is revised
as follows:

M=M+3 M+ M 2)

bi*®
i=1 i=1

Considering the damping effect in Eq. (20), the movement
differential equation of the system is established as follows:

MU +CU + KU =F - MU, . (23)
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3. Numerical solutions of elastic dynamics

3.1 Multi degree of freedom vibration equation decoupling
based on the modal superposition method

As mentioned above, Nth natural frequency and the corre-
sponding dominant vibration modes A4, (r =1, 2,..., n) can be
obtained through Egs. (24) and (25). Regularization process-
ing of principal mode vector is done first. Assuming that:

0 =—A 4)

where C, =./A"MA, is referred to the regularization factor.
@, is rth regularization mode which satisfies the following
conditions:

o/ Mo, =1. 25)

Regular modal matrix @ is made up after the regulariza-
tion processing of nth order principal mode.

o=[p 9 .. 9] (26)

By using regular modal matrix, the system mass matrix can
be translated into a unit matrix, and system stiffness matrix
can be translated into a diagonal matrix.

O MD=1 7)

: . . (28)

Because each regular modal vector is linearly independent
and can be used as a set of basal of n dimensional linear space,
so any vector of the space can be regarded as the linear com-
bination of the basal. The system of generalized coordinates
vector U is expressed as below:

U=ne +n¢,++n,p, =0n 29)
where
n=[n n, ]

Therefore, the system of non-damping free vibration equa-
tions can be transformed into the following equation:

O MP7+ O KDy =0. (30)
Considering Egs. (26) and (27)

ii+Qn=0. 31)

Eq. (31) can be expanded for many independent equations
because Q is a diagonal matrix.

ﬁ|+a)|277|:0
i, +@in, =0
m, w?nz (32)
i, +on, =0.

So, decoupling of the multi degree of freedom vibration
equation is realized. The problem of n degrees of freedom
vibration is converted to the superposition of n independent
single degree of freedom vibration equations.

3.2 Assumption of regular modal damping

The decoupling theory above is mainly for no-damping free
vibration model of the system. But in the process of practical
work, the elastic component is always affected by various
damping effects. Therefore, the damping must be considered
when the dynamic response of the structure is calculated.

Because the reasons for damping are various, in most cases,
the damping principle cannot be known exactly, and the form
of system damping matrix C is difficult to determine. Con-
sidered from the perspective of easy to solve, the damping
matrix is assumed to be a linear combination of system mass
matrix and stiffness matrix in the process of analysis

C=aM + K 33)

where a and # are constant.

Assuming that
C=al+pQ. (G4
So
26,0,
C-0'Co- 20, (35)

2,0,

This damping matrix is called a regular damping matrix.
where, £¢&,...&, is the damping ratio. Therefore, the free vi-
bration equation of the system considering the damping effect
is translated into as below:

fi+Ch+Qn=0. (36)

It is easy to see that the introduction of regular damping ma-
trix in the form of diagonal matrix can make the equation
above uncoupled. That can be written as n single degree of
freedom damped vibration equations. And the damping ratio
is assumed as 0.05 [30].
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ﬁ1 + 2§1w17?1 + w12771 =0
772 + zé/zwzﬁ'z + 5022772 =0 37)

i, + 28,00, + om, =0.

3.3 Real kinematic solution of the mechanism

This section introduces a method to solve the dynamic re-
sponse of each cycle. The basic idea is similar to modal super-
position method in solving the multi degree of freedom sys-
tem vibration equation. The process solves the characteristic
value for system natural frequency and vibration mode, de-
coupling the equation, and working out vibration coordinates
of several minimum modes of vibration. Then the generalized
coordinates are reversely solved. As the mechanism is a time-
varying system; the exercise period T of the system is divided
into n time unit. In each time unit, the mechanism is used as
fixed-length system. Step length of each time unit is as fol-
lows:

At=T/n. 38)

Considering the ith time unit (¢, <7<¢), the mass matrix
and stiffness matrix of the system take the value in start time
of the unit, and keep to M, K" . Each natural frequency
and the corresponding vector of each vibration mode at the
moment are obtained by solving the characteristic value. So

the decoupled equation of each mode is as follows:
1,0+ 26,000, (0 + (") 0,00 = N, (1) (39)

If the response n,(¢,,), 7,(¢,,) of the ith time unit at starting
time ¢, is known, it can be solved as below:

1 5 o . .
n,(t)= —j N.(t)e s sin (1. - 7)d T

6}
@,
£ e . ) raion
+—77’( ”'2 e cos(@V At —y,) 1) ((:I) e Msinw At
1- é’y @Dy,
(40)
n@)=—[ N, (r)[—[, @& 5 5in 00 (1, — ) + e cos @ (1, 71)](11
@, T
() (1)
AU .)[ e e sintaiat -y )+ %”’gz e’*’""”“cos(wf,:’m—w,.)}

(i)
. . o\, . o),
-, (tk,)[ié’(’u(”) e M sinwAt —e Y cos @At |

(41

Egs. (40) and (41) can be converted into the form of linear
equation as follows:

{al‘”n(t,-l) +bn(@, )+ "n(t) +d\"n () = ¢ (42)

al’'n(t, )+ b0 ) +cn@) +dPn@) = e

where

. 1 _ (1), i
a =———=e"" " cos(),'At —y,)
JI=¢;
b = 1 coon DA
= —?e smaw,, t
a)dr
=1
i) _
dv =0
i 1 i (i) .
0 — ' oD G )
e _T.[ N (7)e sinw, (¢, —7)dr
@, Lit
; IG) . i i
al’ =@ ™| sin(@P At —y, )+ L cos(@P At —y,)

J1-¢;
b;i) — ef;,w,")m gr

=sin @} At — cos o} At

1-g
(i) _

¢’ =0

4 =1

e = .[I‘ N,_(r){— s

e sin (1, — ) + e cos ) (1, - 7) 7.
Ji-¢
In addition, considering the periodic system motion state,
there are the following boundary conditions:
t)=n.(t,
’L( ) 7}( ) (43)
1,(8,) =11,(t,).

Further changes of the generalized coordinates of U can be
calculated by Eq. (29).

OB WA (@4

3.4 Elastic dynamic response of the slider vertical direction

The elastic dynamic response of a high-speed multi-link
press is a concern for the designers, and the response value
affects the characteristic of mechanism dynamic accuracy. So,
the vertical direction response of U on both ends of the link is
analyzed. According to the mathematical theory and model
parameters above, elastic dynamic response with rotation joint
characters or not under different speed are obtained as shown
as follows:

As shown in Figs. 10 and 11, with the improvement of the
crankshaft speed, elastic dynamics response value of the slider
increased. But vertical direction elastic dynamic response
without considering rotation joints characters is smaller than
the one considering rotation joints characters at the same
speed; and with the increase of rotational speed, the growth of
dynamic response value with rotation joints characters also
becomes bigger.

In the operation process, the designers care more about the
elastic dynamic response of the slider near the BDC, and it
determines BDC position precision of the press. When the
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crankshaft angle is 90 degrees, the slider moves to BDC posi-
tion, and its vertical direction elastic dynamic response value
is shown as in the figure. The change of the slider BDC posi-
tion with the increase of rotation speed is obtained according
to Figs. 10 and 11.

As shown in Fig. 12, with the increase of the speed (200-
600 spm), the growth of elastic dynamic response value of
BDC position is 0.118 mm when considering rotation joint
characters. But the elastic dynamic response value without
rotation joint characters is smaller, and the growth is 0.027
mm during 200 spm-600 spm.

Therefore, the elastic dynamic analysis method regardless
of rotation joint characters cannot explain the elastic dynamic
characteristics of high-speed mechanism perfectly. With the
speed increase of mechanism, dynamic characteristics of the
response value of the low stiffness part are more obvious.

i i . Data Data

Displacement) _(Displacement Signal & X
of sliding near diti acquisition collection
5D sensor conditioner card brocedure

Fig. 13. Testing process of BDC position.
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Fig. 14. BDC position test system.

Fig. 15. Test site.

4. Experiment

According to the analysis above, a related test is designed to
verify the rationale of the mathematical model. When the
slider moves near the BDC, the displacement sensor, data
acquisition card and data acquisition program are used to test
the BDC position of the mechanism. After the data processing
of the collected main slider displacement curve near the BDC,
each cycle BDC position is obtained. Then, variable curve of
the BDC position can be obtained through data analysis.

Fig. 13 shows the test process of the BDC position. First,
displacement of the slider near the BDC is converted into
voltage signal by displacement sensor. Second, voltage signal
is regulated by displacement signal conditioner. Then, the
voltage signal is collected by data acquisition card. In the end,
the collected voltage signal is converted to displacement of the
slider by data acquisition program, and the real-time display
and preservation is done by computer. According to the prin-
ciple of the above test process of BDC accuracy, the test sys-
tem is shown in Fig. 14.

The test site is as shown in the figure below:

An eddy current displacement sensor with 2 mm measuring
range is used to collect the motion curve of the slider near its
BDC position. The sensor is fixed on the working table under
the slider as shown in Fig. 15. Lower surface of the slider is
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Fig. 16. Collected BDC position of acceleration processes.

used as induction of the electric eddy current displacement
sensor. In the process of slider movement (acceleration proc-
ess from 200-600 spm), the measurement system continuously
picks up the signal.

Through the filtering processing of collected data, hundreds
of motion curves of the slider near its BDC position can be
obtained. The corresponding data processing program is de-
veloped to obtain limiting value of each motion curve (i.e.,
BDC position of the slider) by LabVIEW software. Then the
BDC position of the slider during 200-600 spm is collected as
shown in Fig. 16.

As shown in Fig. 16, with the increase of speed from 200 to
600 spm, the BDC position reduces 0.13 mm. The speed is
accelerated instantaneously, so the influence of temperature on
the slider position is negligible. Namely, the change of vertical
elastic dynamic response of the press system is around 0.13
mm. The value is similar to the elastic dynamic response with
rotation joints characters. However, the elastic dynamic model
with perfect kinematic constraints cannot completely reflect
the real motion state of the mechanism.

5. Conclusion

(1) An elastic dynamic model of high-speed multi-link press
considering structural stiffness of rotation joints is first estab-
lished in this paper. Comparing elastic dynamic response of
improved model with traditional method modeled motion
pairs as perfect kinematic constraints, the elastic dynamic
response value of the improved model is bigger than the tradi-
tional one. With the increase of rotation speed, the growth
response value of the traditional elastic method is 0.027 mm.
However, the improved model is 0.118 mm.

(2) To validate the rationale of the improved model, a re-
lated test was designed. Test results show that the change of
BDC position is 0.13 mm with the increase of speed. And it is
closer to the response of the improved model, so the improved
model considering structural stiffness of rotation joints is more
suitable for the research of elastic dynamic characteristics of
such high speed mechanism.
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Nomenclature

m : Equivalent mass matrix

k : Equivalent stiffness matrix

j_’ : Generalized force array

u : Acceleration array

2 : Material density

A : Element cross-sectional —area

/ : Length of element

E : Equivalent elastic modulus

F, : The axial force of bar linkage

B, : Coordinates to coordinate matrix
1,(i,k) : The matrix used to make up the model
C : The damping matrix

spm : Stroke per minute
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