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A bstract: Inthis paper the results of the dynamic
behavior (natural frequencies and mode shapes changes) for a
group of two, three and five blades as aresult of changes made
with the lacing wire are presented. Generally, the influence of
two changes of the lacing wire on the blade group natura
frequencies. position on the blade and elasticity, will be ana-
lyzed. The investigation is made on the model of blade with
rectangular cross section with or without stagger angle. First
three tangential bending natura frequencies and mode shapes
and influence of the lacing wire on them are discussed in this
paper. Numerical calculation based on the finite element
method and NISA package for determination of natura fre-
quencies and mode shapes of packeted blades is used. Three-
dimensional finite element models of the blade group are
made by using twenty node isoparametric solid elements. The
number of degrees of freedom is different for each model
(more than 6000 DOF). The results of the investigation are
given in tables and graphics of natural frequencies changes
versus lacing wire position and natural frequencies changes
versus lacing wire elasticity.

Key words: natural frequencies; lacing wire; blade group

1. INTRODUCTION

An accurate dynamic anaysis of blades or
blade groups is of a great interest for the reason-
able design of the steam turbine. Operating prac-
tice of steam turbine shows that damages to blades
constitute a considerable proportion of al the dam-
ages to the steam turbine, therefore the dynamic
analysis of blades or blade groups is of great sig-
nificance.

One of the most important dynamic parame-
ters for any construction including turbomachine
blades is its natura frequencies. One of the main
steps for a good design of turbine blading is deter-
mination of natural frequencies and mode shapes.
The natural frequency changes of turbine blade are
directly connected with changes of the resonant
stress response of blade.

A blade group exhibits more complex dy-
namic behavior than a free-standing blade. The
cantilever mode frequencies are influenced by the

nearest blades, the shroud and lacing wires mass
and the elasticity. In addition to the cantilever
modes, fixed-pinned modes appear in groups be-
tween the cantilever modes.

The work presented in this paper is a small
part of a project that should contain an investiga-
tion connected with turbine blade fatigue behavior
under static and dynamic stress fields especidly in
the zone of high stress, during the critical condition
of blade operating, where the fatigue crack usually
initiates.

This paper shows the results of investigation
of the dynamic behavior (natural frequencies and
mode shapes changes) for a group of two, three
and five blades as a result of changes made with
the lacing wire. Generally the influence of two
changes of the lacing wire, its position on the blade
and its eadticity will be analyzed. The investiga-
tion is made on the blade with the rectangular cross
section with or without a stagger angle. First three
tangential bending natural frequencies and mode
shapes and influence of the lacing wire on them are
discussed in this paper.

2. NUMERICAL INVESTIGATION

The numerical calculation of the natura fre-
quencies is done by using a complex program
package NISA which is based on the Finite Ele-
ment Analysis Method. We choose this software
because it contains a great number of modulus that
help while generatings the mesh of the system
model, and it gives opportunities of a detail struc-
ture anaysis. These programs during the dynamic
system analysis use the standard FEA model:

[K] [D] = [M] [D] [W]*

where [K] is gtiffness matrix, [M] — mass matrix,
[D] — displacement matrix (mode shapes), [W]? —
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diagonal matrix containing eigenvalues (natural
frequencies).

For the purpose of the investigation more than
thirty FE models described bel ow were made:

e Group of two blades with a rectangular
cross-section mounted on the root block
without a stagger angle, connected with a
lacing wire with a diameter of 3; 4; 5and 6
mm, located at 0.5; 0.62; 0.75; 0.87 and
1.0 of the blade height (H) from the bot-
tom (Fig. 1).

e Group of three blades with a rectangular
cross-section mounted on the root block
without a stagger angle, connected with a
lacing wire with a diameter of 3; 4; 5and 6
mm, located at 0.5; 0.62; 0.75; 0.87 and 1.0
of the blade height (H) from the bottom
(Fig. 1).

e Group of five blades with a rectangular
cross-section mounted on the root block
without a stagger angle, connected with a
lacing wire with a diameter of 3; 4; 5 and 6
mm, located at 0.5; 0.62; 0.75; 0.87 and
1.0 of the blade height (H) from the bot-
tom (Fig. 1).

e Group of three blades with a rectangular
cross-section mounted on the root block
with a stagger angle of 20 and 40 degrees,
connected with alacing wire with a diame-
ter of 3; 4, 5 and 6 mm, located at 0.5;
0.62; 0.75; 0.87 and 1.0 of the blade height
(H) from the bottom.

| m
;

Fig. 1. FE models of group with two, three and five blades

The number of elements used to model each
blade and blade group was different. Three dimen-
sional twenty node isoparametric solid elements
were used for blade modeling. The lacing wire was
modeled with three dimensional beam elements.

3. RESULTS OF THE INVESTIGATION

A part of the results of the investigation in the
graphics (Fig. 1 to Fig. 15) and Table 1 to Table 4

are given. The variation of the natural frequencies
and maode shapes with the lacing wire elasticity and
location changeing are shown.

On the Figs. 2, 4 and 6 the variation of the
first, second and third tangentia bending mode
with the elasticity of the lacing wire for the blade
group of two bladesis shown.

On the Figs. 3, 5 and 7 the variation of the
first, second and third tangentia bending mode
with the location of the lacing wire relative with
the blade height for the blade group of two blades
is shown.

On the Figs 8, 9 and 10 the variation of the
first, second and third tangentia bending mode
with the location of the lacing wire relative with
the blade height for the blade group of three blades
is shown.

On the Figs. 11 and 12 the variation of the
first, second and third tangentia bending mode
with the location of the lacing wire relative with
the blade height for the blade group of five blades
is showen.

Into the Table 1 to Table 3 the increase of the
natural frequency of the first, second and third
bending mode for the group of two, three and five
balades are given.

The variation of the first three tangential bend-
ing modes and natura frequencies for the group of
three blades connected with one lacing wire with d =
5 mm on the different location are given into the
Table4 and onthe Fig. 13to Fig. 15.

45

42 A

.

— —=— 092 087 | mode 1x
3 081 —»—075 —e—069
——062 —=—056 05

natural frequency [Hz]

3 35 4 45 5 55 6 d[mm]
diameter of the lacing wire

Fig. 2. Variation of the first bending mode with the elasticity
of the lacing wire for the group of two blades

: ﬁ g

— -, mode 1x

——
——d=3nm —=—d=35mm d=4mm d=45mm
——d=5nm —o—d=55nm —+—d=6mm

natural frequency [Hz]

500 470 450 425 400 35 30 35 0 H

location of the lacing wire

Fig. 3. Variation of the first bending mode with the height of
the lacing wire for the group of two blades
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Fig. 4. Variation of the second bending mode with the Fig. 9. Variation of the second bending mode with the height
elasticity of the lacing wire for the group of two blades of the lacing wire for the group of three blades
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Fig. 5. Variation of the second bending mode with the height

of the lacing wire for the group of two blades Fig. 10. Variation of the third bending mode with the height of

the lacing wire for the group of three blades
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Table 3

Increase of the natural frequency
of the third bending mode (3x)

Nr. of Stagger Location of the lacing wire (H)

dces @9° 1 o087 o075 062 05

group % % % % %
2 0 277 345 05 0.7 296
3 0 442 678 08 13 528
5 - _ - - _
3 20 449 701 08 138 554
3 40 4.6 77 097 236 6.6

Table 4

Variation of the first three tangential bending
modes with the location of the lacing wire

First three tangential bending modes

mode 1x mode 2x mode 3x
e
¥ |
v
d=5mm
1.0xH 39.78 219.03 576.57
0.92xH 41.32 224.85 583.54
0.87xH 41.92 226.44 582.3
0.81xH 42.64 226.8 569.96
0.78xH 43.28 226.58 562.38
0.75xH 43.24 222.66 556.87
0.69xH 43.64 213.98 553.28
0.62xH 43.73 206.08 558.9
0.56xH 43.42 200.3 568.31
0.5xH 42.66 197.51 574.23
0.44xH 41.46 197.86 567.9
0.37xH 39.91 200.62 558.75
0.31xH 38.15 204.27 553.13
551
£ o]
g 51 /
£ w v
T mode 1x
L oomm  amm — s o]
1 0.87 0.75 0.62 0.5

location of the lacing wire H

Fig. 11. Variation of the first bending mode with the height
of the lacing wire for the group of five blades

N
a
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Ef H=300 mm
= 230
£ 220 ' ~
g 210
o
= mode 2x+
S 200
=]
o
o

190

3 4 5 6 d[mm]

AujaMeTap Ha GaHJaXKHA XKHIA

Fig. 12. Variation of the second bending mode with the height
of the lacing wire for the group of five blades

a
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¥ x4 |
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Height H

30

Fig. 13. Variation of the first bending mode with the height
of the lacing wire
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170
v 14d
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1 092 087 08l 078 075 069 062 056 05 044 037 031
Height H

Fig. 14. Variation of the second bending mode with the height
of the lacing wire

= 6007 .
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| v A ' I
500
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Height H

Fig. 15. Variation of the third bending mode with the height
of the lacing wire

4. CONCLUSION

Based on the analysis of the numerical calcu-
lation the following conclusions about variation of
the natural frequencies of the first three tangential
bending modes for the groups of two, three and
five blades can be made:

Mech. Eng. Sci. J., 28 (1), 1-5 (2009)
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— All three blade groups (with two, three or
five blades) show a very simular form of variation
of the natural frequencies with the lacing wire elas-
ticity or height location changes.

— The natural frequencies are increase with
the increase of the diameter of the lacing wire
(Figs. 2, 4 and 6).

— The natural freguencies are increase when
the location of the lacing wire is near the noda line
of the mode, and decrease when the location of the
lacing wire is near the line of the maximum ampli-
tude of the mode (Figs. 14 and 15).

— When the location of the lacing wire is near
the nodd line the natural frequencies change more
with the diameter changes. On the other hand when
the location of the lacing wire is near the line of
the maximum amplitude of the mode the natural
frequencies are not senditive to the diameter
changes (Tables 2 and 3).

— When the group is made of more blades
(five) it becomes more sensitive to the elasticity of

the lacing wire changes than the group with less
blades (Table 1 to Table 3).

— The first bending mode and the natural fre-
gquency are more sensitive to the elagticity of the
lacing wire changes, and the third mode has the
smallest variations (Table 1 to Table 3).

— The increase of the stagger angle has small
influence on the increase of al first three bending
modes and natural frequencies (Table 1 to Table
3).
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COIICTBEHM ®PEKBEHIIMUN HA ITAKET JIOITATKHN CO BAHJAXKHA 2KUITA
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Kanyuynn 360opoBu: concreenn (ppekBeHINN; GaHaXKHa KUIa; TaKeT JONaTKU

Bo 0BOj TpyA ce MpHKakaHW pe3yITaTUTE Off HCTPa-
KYBAIbETO Ha MPOMEHHUTE HA JIMHAMUYKOTO OJIHECYBAHHE
(concrBenn ppekBeHIUU U (DOPMH HA TOHOBHUTE) HA Ta-
KETH CO JIBE, TP U IIET JIONATKH, BO 3aBUCHOCT Off GaH-
[aXkHaTa Xula. Bo MpuHIMI, aHATM3UPAHO € BIMjaHUECTO
Ha IBE KAapaKTEPUCTHKH Ha OaHJaXKHATA YKHIA BP3 COI-
crBeHnTe (PPEKBCHIMH HA TAKETOT: MOJI0K0ATa Ha MOCTa-
ByBarbe Ha Jiomarkara u Kpyrocra. Mcrpaxkysamara ce
HalpaBeH! HAa MOJICJIHM HA JIOMATKH CO YIPOCTEH, MPaBoa-
rOJIEH HApEYeH MPECeK, MOCTABEHH II0f] PA3JIMIYEH aroj

Mauu. unnc. nayu. ciiuc., 28 (1), 1-5 (2009)

BO OJJHOC Ha OcCKaTa Ha POTOpOT. PasrmenyBaHo e Bnu-
jaHueTo Ha OaHfla)KHATa KUIA BP3 COICTBEHUTE (PpPEK-
BEHIIUY Ha OPBUTE TPY TOHA HAa CBUTKYBakh¢ BO TAHTE€HIIU-
janeH mpasell. 3a HyMepuuKa IIpecMeTKa U CUMyJIalyja Ha
MOfIeNIOT KopucTeH e mporpamckuoT mnakeT NISA, Oa-
3MpaH Ha METOAOT Ha KOHEYHH eJIeMeHTU. Mopenure Bo
NIPECMETKUTE CE CO pa3NuyeH Opoj cTelmeHu clrobofa Ha
nBumkere (moBeke oy 6000 DOF). [ToOueHuTe pe3yaTaTi
ce IPUKaKaHU TaGellapHo U BO OOJIMK Ha AMjarpaMu.
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MATLAB PROGRAM FOR CAM DESIGN OPTIMIZATION
OF PLANAR CAM MECHANISMSWITH TRANSLATING ROLLER FOLLOWERS
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P.O Box 464, MK-1001 Skopje, Republic of Macedonia
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A bstr act: The problem of cam-profile determina-
tion and its optimization, as pertaining to cam mechanisms
with tranglating roller followers, is analyzed in this paper. The
key variables that need to be monitored for roller followers are
the pressure angle and the cam-profile curvature. In this paper
a Matlab program is made, based on “Symbolic Math Tool-
box” that calculates a minimum radius of base circle (mini-
mum cam size) under a maximum-pressure angle constraints
and an optimum roller radius, so as to avoid the phenomenon
known as undercutting, i.e. to avoid high contact stresses. The
input program parameters are any function that describes a
follower-displacement program, the maximum pressure angle,
the rise of a follower and four phases such as lower dwell, rise
phase, upper dwell, and return phase. So the output parameter
is the optimum radius of the base circle, the optimum roller
radius and the synthesized cam-profile. The program provides
a visua graphical presentation of a synthesized cam-profile,
its animation and calculates its geometric properties.

Key words: cam; roller; pressure angle; MATLAB

1. INTRODUCTION

The process of systematically choosing the
mechanism parameters in order to produce a given
displacement program of the follower, while
minimizing the cam size and regarding all impor-
tant constraints of mechanism variables, is called
cam design optimization, that is a subject of analy-
sisin this paper.

But, it is possible to choose values of the
mechanism parameters to produce theoretically the
prescribed motion of the follower which satisfies
the underlying kinematic constraints, but it is struc-
turally inadmissible or physically unfeasible. In
fact, the profile synthesis procedure can generate
curves that do not close, so that it is an unfeasible
design, or curves that, athough closed, contain
cusps (a defect known as undercutting). The cusps
are inadmissible because of the large contact
stresses that they produce, and hence should be

eliminated early in the design stage. In the case of
tranglating roller followers, the conditions for cam
size minimization and cusp elimination are dis-
cussed and analyzed below in this paper.

2. EMATICS RELATIONS FOR KNIFE-EDGE
FOLLOWERS

The knife-edge trand ating follower, shown on
Fig. 1, is not usually found in practice, because of
large contact stresses that it produces. However, it
has theoretical and practical importance for cam
mechanisms with roller followers.

- ‘

S(e)

|«

ol el
Fig. 1. Geometry of acam with atrandating knife-edge
follower

Let us consider Fig.1, where OF and OC are
lines attached to the fixed frame and to the cam
respectively. Line P isthe path of the tip of the fol-
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lower, linesT and N are the tangent and the normal
of the cam profile at the contact point Q. More-
over, ¢ and s denote an angular displacement of
the cam and a trandationa displacement of the
follower, where s can be considered as a sum of a
constant ¢, which is the design variable, as yet to
be determined, plus a positive-semidefinite func-
tion o(¢) whose minimum value is zero and its
maximum being equal to the tota follower lift, h.
Thus,

s(p) = c+o(p) (1a)

and hence,

s(p)=c(p), s@=0c(p). (ib)

Furthermore, let 8 and p(6) be the polar coor-
dinates defining the contact point Q. From the ge-
ometry of Fig. 1, one can write

S(p) = p(0)sin(p+0) ,

e= p(6) cos(p +0) @

a=p+0+y-rx (29)
where o is the pressure angle, and y can be ob-
tained, regarding to the [1], by expression

-4 p(®) }
y =tan {— . (2b)
p'(0)

From basic polar-coordinate relations, we

have
X=pcosfd, Yy=psnd.

Upon expansion of egs. (2), we obtain, re-
spectively,

s=pcosfsing+ psindcose
S=XSiNg+ ycose (33

e= pcosdcosp—psSindsing

e=XCosp—YySng (3b)
Next, egs. (3a) and (3b) are rewritten in avec-
tor form as
cosp —sing|| x| _|e
[an) cosg }[y} _M @
or
Q()p(p) =t (9) )
where matrix Q(¢p) being orthogonal, i.e.,
Q'Q=QQ" =1, det@Q=1  (6)

Furthermore, 1 denotes the 2x2 identity ma-
trix, and hence eg. (5) can readily be solved for the
the vector p(¢), namely,

o) =QT()r(o)=| I 20 | ()

or

X = s(p)sing + ecose (8a)

y=s(p)cosp —esing (8b)

Note that r (@) represents the coordinates of a

point of the cam profile in a coordinate system
fixed to the machine frame, and p(¢p) represents
those of the same point in a coordinate system
fixed to the cam disk. Also note that egs. (8a) and
(8b) are needed for cam profile determination.

3. CAM PROFILE OPTIMIZATION UNDER
A MAXIMUM PRESSURE-ANGLE
CONSTRAINT

According to the [1], [2] the minimum radius
of the base circle under a maximum pressure angle
constraint is given as,

kq

= 9

¢ 2tan(lM ( a)
kq

== 9b

o= (%)
kq

= 9c

ZSinaM ( )

where c is design variable, e is eccentricity (offset
of the path of the follower tip), b is a minimum
base radius and

k,=0'(p)-tana,o(p) (9d)
where ¢ isavaluethat satisfying equation,

(¢ )~tanaya'(p ) =0, pa<p<p, (9€)

and Ag =g, —¢, IS the cam angle of rotation for
the rise or the return phase.

4. CAM PROFILE DETERMINATION FOR THE
ROLLER FOLLOWERS

In previous section, the Cartesian coordinates
describing the cam profile for a trangating knife-
edge follower were obtained (8a) and (8b). Based
on those results, the corresponding methodology

Mech. Eng. Sai. J., 28 (1), 7-12 (2009)
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for determining the cam profile for a roller fol-
lower is explained bellow. The layout of this type
of the cam mechanismisshownin Fig. 2.

Let e, e, and r be the unit tangent and nor-
mal vectors of the cam profile and its radius of
curvature, respectively. If we are specifying a
value a of the roller radius, the profile of the corre-
sponding cam can be obtained from the relation,

re=rg+ aey (10)

where r, and ry, shown in Fig. 3, are the position
vectors of corresponding points — points sharing a
common normal—on the cam profile for the roller
and for the knife-edge followers, respectively.

S(9)

Fig. 2. Layout of atrandlating roller-follower cam mechanism

(-

€n

Fig. 3. Geometry of acam profile and apath of theroller center R

According to the[1], the roller radiusis given
as a fraction v of r, the minimum absolute value
of the radius of curvature, then

Maw. unc. nayw. ciiuc., 28 (1), 7-12 (2009)

a=vig=— O<v<l (118
km
where
ky =max{k (@)}, O<p<2zr  (11b)
4
iy = s(s—S")+(s—€)(2s—€) (110)

VIs® +(s-¢)%]°

and a values of ¢ are obtained as zeros of function
H(¢) given by the expression,

H(p) =[s* +(s-€)*]-[s(2s-s ") + 35" (s-€)] -
—3ss+s5'(s-€)]:[s(s—S") +(s—€)(2s—€)]

So the design procedureis:

1. Determine the minimum base radius under
amaximum pressure angle constraint (eg. 9¢).

2. Find the zeros of the function H(¢). Using
egs. (11a), (8b) and (8c), calculate the roller radius.

3. Using egs. (8a) and (8b), determine the
cam profile for the corresponding cam without a
roller (pitch-curve).

4. Based on the eq. (10), calculate the carte-
sians coordinates of the points of the cam profile
with aroller.

5. CONCLUSION

Based on [1], [2], [3] and [4], we have made a
MATLAB program that calculates the minimum
radius of the base circle (minimum size cam) under
a maximum-pressure angle constraint and an opti-
mum roller radius for high contact stresses avoid-
ance. The program also provides animation of the
optimized and synthesized cam-profile and calcu-
lation of its geometric properties as well as cen-
troid coordinates, cam area and principal moments
of inertia. For one example it is presented in the
appendix shown bellow.

APPENDIX

1. Figure 4: MATLAB program for cam de-
sign optimization and determination of its geomet-
ric properties.

2. Figure 5: Determination of the cam profile.

3. Figure 6: Determination of the geometric
properties of cam.

4. Figure 7: Principa axes of inertia.
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J A planar cam mechanism with translating_roller_follower

Choice of cam type

[“]Cam g properties ?

(%) Transiating-Roller Followwer
() Radial Translating-Roller Follower

[] Animation after cam profile determination ?

Attention For example
Input the follower displacement program as a function t=t() taking into consideration
that the follower motion program has form = ¢ + ht() where 'c'is design variable, for cycloidal motion

‘*h'is the follower total displacement, and %' in interval [fi1, fi2] is given by expresion for simple harmonic motion

¥ = (-1 2-11) where ' is cam rotation angle. for 3-4-5 polymnornial motion

1 () = x-sin{2 pixX2ipi
100 = (1-cos(pi D2
t () = 10%"3-15 x"4+6 "5

Input cam parameters

Foll displ t (motion) function Cam phases in degrees
tod= ®-sin(2*pi* e (2*pi)
lower dwell phase 36
Maximum pressure angle & total rise of follower rise phase 144
AlfaM= [ 3p upper dwell phase a0
h= =0 return phase an

Input the roller radius in form as a maximum percent a relation to minimum radius of cam profile curvature
50

Output cam parameters

Eccentricity Roller radius |

Base circle radius Design variable "c”

Fig. 4. MATLAB program for cam design optimization

J Figure 1: Cam with follower
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Fig. 5. Determination of the cam profile
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cam_geometry

The geometric properties of cam

centroid coordinates Cam area

cx= | -178458 A= ses73218

cy = -15.8794

principal moments of inertia

centroid moments of inertia J1= | 46794763217

Ix= 2609973.5569 JQ:I S03090.71586 '

Jy= | 24825934813

angles between x, v and principal axes

= | 435082
centroid product of inertia alfal = |

Jey= | -20853622352 | alfa2 = -46.4918

(o] (o=

Fig. 6. Determination of the geometric properties of cam

) Figure 2: Cam profile with its principal inertia axes Ei@|®
File Edit View Insert Tools Desktop Window Help "
D& k&AM e® £ 0B =
7.1] SO o A A I AR boeenes AR
N
S TS RS SN 2 O T -

T W P VA B I IV
L W S AN S e S
Nt

-80 -60 -40 -20 0 20 40 60

Fig. 7. Principal axes of inertia(1 & 2)
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Peszume

INPOTPAMA MATLAB 3A OIITUMU3AIIMOHA CUHTE3A HA PAMHU BPEI'OBU
MEXAHNU3MHU CO TPAHCJIATOPEH WIEH BOJAEH CO POJTHA

HMame Kopynocku, UBan Munkockn, Xpucrujan Munkockn

Mawuncku paxyaitieini, Yrusepauitieit ,, Ce. Kupua u Meitioouj*
. gpax 464, MK-1001 Ckoiije, Peitybauxa Makeooruja
dame@mf.edu.mk / ivanm@mf.edu.mk / hristijanm@mf.edu.mk

Knyunn 360poBu: Gper; posiHa, aron Ha npuTucok; matlab (MATLAB)

ITpepMmeT Ha aHanK3a BO OBOj TPY[, € ONTHUMU3AINO-
HaTa CUHTE3a Ha PaMHM OpPEeroBM MEXaHM3MHU CO TPaHCIa-
TOPHH 4JIEHOBH BOJIeHU cO ponHa. Kaj oBue MexaHHU3MHu,
KJIy4HM IlapaMeTpd Ha Kou Tpeba fla ce BHUMAaBa Ce aro-
JIOT Ha MPUTHUCOK M KpUBMHATa Ha IPO(UIOT Ha GpEror.
Bo tpynoT e HanmpaBena mporpama MATLAB, Ga3upaHna
Ha ,Symbolic Math Toolbox"“, koja ru npecMeTyBa MHUHU-
MAaITHAOT Pajnyc Ha OCHOBHHOT KPYT (MUHAMATHA IUMEH-
3uM Ha Operor), Of acHeKT Ha MaKCHMaJleH JO03BOJICH
aroJ Ha MPUTHUCOK, X ONTUMAIHUOT PajidyC Ha POJIHATA Off
acleKT Ha ofj0erHyBambe Ha (PEHOMEHOT MO3HAT KakKo
ioilicekysarbe, T.. Ol acCIeKT Ha ONOETHYBame BUCOKHU

KOHTaKTHU Hamperama. Ble3HuTe mapaMeTpu ce: Koja
6mi1o (pyHKIMja KOja TO ONUIIIyBa 3aKOHOT Ha JIBUKEHHE
Ha BOJCHHUOT WJICH, MAKCHMAIHHOT aroj Ha MPUTHUCOK,
ONIOT Ha BOJICHMOT WIEH 1 YeTnpu (pas3u: ¢azata Ha TOIHO
MHUpyBame, (pa3aTa Ha MOAHUrame, pazaTa Ha TOPHO MUPY-
Bame 1 (pazaTa Ha mMpUOIMKyBame. 3ne3nnre mapamer-
pH ce: ONTHMAJICH PaiuyC Ha OCHOBHHOT KPYT, ONITUMAaJICH
paauyc Ha posxHa U npocwmr Ha 6perot. OBo3MOKeHa € U
BH3yeNHa Tpauyka npe3eHTanuja Ha TpouiIoT Ha Ope-
rOT, IpecMeTKa Ha T€OMETPUCKUTE KapaKTepUCTHKH Ha
Operor, a MOXHa ¢ W aHWUMalja Ha poTauyjata Ha Ope-
TOT.

Mech. Eng. Sai. J., 28 (1), 7-12 (2009)
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PROJECTIONS OF 4D SURFACES

Risto TaSevski
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Abstract: A geometric and mathematical model, as
well as a computer algorithm of 4D surfaces’ projections are
presented in this paper. The definition of the 4D surfaces’
projections is provided by the functions with two variables.
4D surfaces presentation is reduced with presentation of 4D
points in 4D geometric space. The points are visible on the
display after the transformation in 3D and 2D space. Deter-
mined points are connected in the mesh of horizontal and ver-
tical isolines. With the analysis of 4D surfaces the analogy
between 3D surfaces and 4D surfaces is confirmed.

Key words: 4D geometry; 4D space; 4D surface

1. 4D POINT

The point is defined with a determined num-
ber of coordinates or parameters regarding the
space in which it exists. In 1D space the point is
determined with one coordinate 4(x), in 2D space
with two coordinates A(x,y), in 3D space with three
coordinates A4(x,y,z), as well as the point in 4D
space is determined with four coordinates
A(x,y,z,w). If the point 4 of 4D space A(x,y,z,w) is
projected in 3D space, 4 projections are obtained
on the coordinate hyperplanes A(x,y,z), A(x,y,w),
A(x,z,w) and A(y,z,w) and 6 projections on the co-
ordinate planes A(x,y), A(xz), A(,z), A(xw),
A(y,w) and A(z,w) (Fig.1).

Fig. 1. 4D point

2.4D SURFACES AND COMPUTER
ALGORITHM

4D surfaces are surfaces in which the position
of each point is determined with four coordinates.
The presentation of 4D surfaces is reduced to the
presentation of points in 4D space. 4D point
T(x,y,z,w) is transformed into 3D and 2D point
T(x,y) and shown on the screen. For the computer
algorithm creation matrices for 4D transformations
— scaling, translation and rotation are used.

Matrix for scaling

Sx 0 0 0 0
0 S 0 0 0
0 0O Sz 0 0],
O 0 0 Sw 0
O O 0 o0 1
matrix for translation
1 0O 0 0 0
0 1 O 0 0
0O o0 1 0o O0f,
O 0 o0 1 0
Ix Ty Tz Tw 1

matrix for the rotation around the xy plane

1 0 0 0 0
0 1 0 0 0
0 0 cosa —sina 0
0 0 sina cosa 0
0 0 0 0 1

Matrices for the rotation around other planes,
xz, xw, yz, yw and zw, are obtained with the anal-
ogy to the previous.

4D surface is defined by 4D function
fxy,z,w) =0,

that can be set with 2 variables
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zZ(xy)=0  and w(xy)=0,

after that, the coordinates of 4D points T(x,y,z,w)
could be determined. 4D points are transformed
and connected using a simple algorithm:

Begin

s1=x2-x1/bragli;

s2=y2-yl/brrad;

for(i=0; i<sl1; i++){
for(j=0; j<s2; j++){
function = f(x,y,z,w);
line(T(x[l.y[j]), T(x[i+1].y[j+11));
Iy
end

4D points could be connected to a mesh of
horizontal (bragli) and vertical (brrad) isolines.
The user interface of the designed computer pro-
gram provides setting of the border variables
x1<x<x, and y;<y<y, and a coordinate hyperplane
in which the projecting would be performed (Fig.
2).

4D Surfaces El
Menu for edit of 40 surfaces
W - ANz |cos[y]"c:os[n,l]+sin[x] ’DI_ LRd ’DI_
W - anis |2“sin[x]"cosLl,l] B -25pi; {u< W
z - ais |cova]"sqrtLv"y] : ‘xyz
W - axis |y*cos[y] Ok Cancel

Fig. 2. User interface for setting 4D surfaces

3. THE COMPUTER PROGRAM
VERIFICATION

The computer program verification has been
performed with setting of simple 2D and 3D struc-
tures. The analogy has been performed between 2D
structures — parabola, 3D structures — hyperbolical
paraboloid and 4D structures — 4D hyperbolical
paraboloid.

The basic equation of a parabola is
x?=2 py.

If 2p = 1, then the equation is reduced to

x? = vy, from which 2D points are produced.

f(xp,z,w) = (x,x2,0,0); xeR

Within the limits —z<x<7z and —7<y<nxz
the geometric shape on the fFig. 3 is produced.

Fig.3. Parabola f{x,y,z,w) = (x,x*,0,0) for — 7 < x < 7 and
—-T<y<”m

The hyperbolical paraboloid is obtained with
sliding of hyperbola along the parabola. This is
presented with canonical type of equation as

2 2
Y o

p 9

If pzqzé, then the equation is reduced to

z=x2— y2 from which 3D points are produced.

f(x’yazaw):(x’y’xz _)”2’0); X,yER

Within the limits of —z7<x<zand —7z<y<rx
the geometric shape of the Fig. 4 is produced.

Fig. 4. Hyperbolical parboloid fx,y,z,w) = (x,y.x* — %,0)
for—7<x<mand —wr<y<rw

The projection of the hyperbolical paraboloid
on the xz coordinate plane is parabola, as well as
the projection on the yz coordinate plane is hyper-
bola. According to the analogy, projection of the
4D hyperbolical paraboloid on the xyz coordinate
hyperplane is hyperbolical paraboloid. That means
that x, y, z coordinates must have value like the
hyperbolical paraboloid has and then the w coordi-
nate is added. From this statements the next equa-
tion (function) is derived

fy,zw) = (x,3,x% -y 2xp); x,yeR

Mech. Eng. Sci. J., 28 (1), 13-16 (2009)
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Within the limits of-7<x<7z and —z<y<7x
the geometric shape on the Fig. 5 is produced.

Fig. 8. 4D surface set with the function f{x,y,z,w) = (xcos(x),
ysin(x),sin(y) + cos(y), sin(y) + cos(y)) for — 7z < x <7
and —7T<y<nm

Fig. 5. 4D hyperbolical paraboloid f{x,y,z,w) = (x,y,x*— *,2x)
for —-7<x<m and —wr<y<rw

4. GEOMETRIC ANALYSIS OF 4D SURFACES

Geometric analysis is consisted of presenta-
tion of the complex 4D surfaces projections on the
xyz coordinate hyperplane (Fig. 6 — Fig. 9).

Fig. 9. 4D surface set with the function f{x,y,z,w) = (cos(x),

sin(x), cos(y)\[y2 ,sin(y)) for —z<x<z and -z <y<nx

5. CONCLUSION

The contribution of this paper consists of the
way of perception of 4D space. More precisely, 4D
surfaces projections are geometrically processed

Fig. 6. 4D surface set with function using the function with two variables. The created
fx.y,2W)=( \/;2 xcos(r), \/;2 sin(y)) computer program, based on the presented geomet-

ric algorithm, has an ability to analyze the 4D sur-
faces’ projections in an easer and faster way. Veri-
fication using analogy has shown that the computer
program gives accurate results and can be used for
presentation of 4D surfaces.

for —r<x<7mand —zw<y<rx
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Pesume

INPOEKIIMU HA 4]1 ITIOBPIINHU

Pucro TameBckn
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Kanyunn 300posn: 4]] reomeTpuja; 4/ nponrop; 4]1 nospiiHa

Kpeupan e reomerpucku, MaTeMaTUYKUd MOJEN U
KOMIIJyTEPCKM alropuTaM 3a IPETCTaByBamke Ha IPOEK-
mun Ha 4]] moBpmMHEM 3afajeHu co (PYHKIHMU CO JBE
npomensnBu. [IpercraByBamero Ha 4]] moBpmmHEH ce
cBelyBa Ha IpeTcraByBame Ha 4]l Touku Bo 4[] reomer-
pucku npoctop, mMeHo 4Jl-toukuTte ce TpaHcopMupaat

Bo 3/ u Bo 2] mpocTop U ce nMpuKaxKyBaaT Ha ekpaH. [lo-
OMEHNTE TOYKU CE MOBP3yBAaaT BO MpEXa Off XOPH3OH-
TallHU ¥ BEPTHUKAlHU U3BOAHUNU. VI3BplleHa e aHanu3a
Ha npoeKuuuTe Ha 4]1 MOBpUIMHK CO IIOMOLI Ha Halpase-
Ha a”asoruja nomery 31 u 4]] moBpIIMHUTE.
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EXPERIMENTAL ANALYSIS ON THE STRESS DISTRIBUTION OF THE MAIN BEAM
ON THE ROOF STRUCTURE IN THE SPORTS HALL IN SKOPJE
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A b s tra c t: This paper presents the stress and the de-
formation analysis in the main beam by examining the testing
load. The main beams describe the space grid steel beam with
a span of 73 meters. The testing has analyzed the behavior of
the structure by loading as well as the stress and the deforma-
tion in the critical parts of elements. With a purpose to define
the loads correctly as their location, the modeling of the struc-
ture and computer-numerical simulation with testing load were
first finished.

Key words: Carrying roof structure; main space grid girder;
modeling; low alloy structural steel; stress analy-
sis; structural testing

1. INTRODUCTION

The testing of the roof structure at the sports
hall in Skopje was performed by the joint team of
the Faculty of Mechanical Engineering in Skopje
and the Faculty of Civil Engineering in Skopje.

The main steel roof structure is a space grid
which contains two, main expanse grid steel beams
with a spam of 73 m and main plain beams that are
put in a square way (Fig. 1).

The main beams are with a free span of app.
73 m and the same are curved with a radius of the
curved line R = 174 m, and an arrow of 3.80 m in
the middle. The upper and the lower parts are made
of warm shaped piped profiles with a squared
square area of 400x400x16 and 400x400x20. It’s
filled (vertical and diagonal) and also is made from
warm shaped and piped profiles with a squared cut.
The looks of the main beams are shown in the Fig.
2.

The two main beams with a square area of
2,68%5,69 m, are across stiffed 1/3 from the span
with three spaced grid bridges in the upper half
from the main spaced grid.

Fig. 1.

Fig. 2
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With the project, it is considered that the ma-
terial for the beams is alloy steel S355J2H (St52-
3N) according to EN10210 (DIN 17100), or
C.0563 according to MKS (JUS) C.BO.500.

2. TECHNOLOGY OF MANUFACTURE,
PRODUCTION, CONTROL AND TESTING
OF THE ELEMENTS AND SEGMENTS
OF THE STRUCTURE IN A WORKSHOP
AND IN A MONTAGE

Taking this kind “S” of quality and responsi-
bility of the welding structure it is of great impor-
tance to finish the analysis that is needed to be
done, starting from the phase of fabric production
and the work site creating the separate elements,
their enlargement, forming the grid beams from the
platform in the montage, until their final set of
supports.

The testing and the control of the workshop
and the montage contain:

— testing the welded joints from the tech-
nological rehearses of the welders,

— control of the curved line of the sides
in the main beams,

— control of the quality in the surface and
corrosion protection in the fabric,

— dimensional control of the square area,

— control of the preparation for the weld-
ing of butt and angle welds,

— control of the parameters in the tech-
nology of welding,

— control of the order in the realization in
the separate welds,

— control of the temperature while heat-
ing,

— 100% visual testing and dimensional
control of the welds in the separate beams,

— Ultrasound research of the separate
welds,

— 100% radiographic control of the butt
welds,

— Control of the deformation in the
welded elements.

2.1. Enlargement of the main beams at a montage

On the base of the building location a scheme
that is curved with the radius in the bend R = 174
m and the length equal with the main beams L =
72.9 m was made. In that way one flange in the
whole length is formed, and it has controlled the
position of the different thickness in the square

area which represents special importance because
it has the same dimensions (400400 mm), and
there is a deference in the thickness (16 and 20
mm).

By welding the curved segments with the
length of L = 8+12 m enlargement of the beams at
the building location is made.

2.2. Welding and enlargement of separate sections
of the main space grid beams
at a montage

On the base grids (front and back grid) are
formed on the main beams. Butts are welded on the
flanges, as the angles are welded in the filled (di-
agonals and verticals) front and back grids, before
they are prepared for the montage (connected).

In the Fig. 3 and Fig. 4 the welding on the
ground of some welds at separated sections is pre-
sented.

Fig. 3

Because of their large weight and the prob-
lems connected to the carrying and the instability,
the front and the back grids on the main beams
GN1 and GN2 on the first base are made % of the
span. The formed quarters are transported to the
location of the arena of the hall and they enlarged
the %2 of the span. The formed halves on the back
and the front grids from the beam are lifted and set
on the ground from one side and on the auxiliary
column that is set in the middle (Fig. 4).
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Fig. 4

On the already set front and back halves of
the beam, a connection is made by forming the up-
per and lower horizontal grids. After removing the
auxiliary column from the main beam GN2, the
look of the beams GN1 and GN2 is showed on the
Fig. 5. The main beams GN1 and GN2 are con-
nected to each other horizontally and they are con-
nected to the three space grid structure (bridges)
set on a 1/3 of the span as it is showed in the Fig.
5.

Fig. 5

Mauu. unnc. nayu. ciuc., 28 (1), 17-25 (2009)

3. MODELING OF THE STRUCTURE
AND COMPUTER SIMULATION BY TESTING
LOAD ON THE MAIN BEAMS

The structure is modeled with final beam
elements by using the computer package SOFISTIK
and a computer estimate is made on the main grid
beams GN1 and GN2. The testing load for the ex-
perimental research is simulated by loading the
disposed joints (total 16 joints) from the lower
zone.

A computer estimate is made for the 4 phases
of loading. Every single phase shows: deflections,
static forces and moments and the stress in the
separated elements of the structure in the main
beams.

Figure 6 shows the behavior of the main beam
GNI1 (the deformation) for the proper phase of
loading.
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The largeness of the testing load for the sepa-
rate phases of analysis in the proper joints (phase
4) is presented in the Fig. 7.
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The diagram in the Fig. 8 presents the large-
ness of the stress in the separate measurement
places (0 to 29) provided by the computer estimate,
and in the Fig. 9 the largeness of the deflections of
the joints.
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Theoretic-computer obtained deflections —
graphic representation
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4. EXPERIMENTAL RESEARCH
4.1. Preparation for the research

The research is done with a purpose to fortify
the stressed-deformational condition, as to observe
the behavior of the structure under the tested load,
in other words the simulated load in the condition
of exploitation.

The preparation for the research contains:

1) Production of 4 steel platforms for loading
the structure with tested load.

2) Preparation of a steel rope, which is needed
to be connected in the prepared ends for hanging
on the platform in the defined joints from the lower
flange of the structure.

3) To level the platforms, and connect them in
the exact place, in the defining joints of the struc-
ture after the already done scheme (Fig. 10). Every
platform will be hanged in 4 joints from the lower
flange of the structure by the steel rope.

4) The total load predicted for the research is
160 t, in other words 40 t per platform. Concrete
blocks are used like a load with exact defined
weighs and dimensions.

PL4 PL3

Fig. 10

4.2. Disposition of the measured places

In the research the following parameters were
predicted to be measure for:

— horizontal translation in the sliding support
(K1, K2, K3),

— vertical deflections in more joints (U1, U2,
U3, U4, U5, U6, U7, U8, U9, and U10),

— the measure of the deformations in more
points in the elements (sections) of the beam.

The disposition of the parts for measuring the
horizontal translation and the vertical deflections
are showed in the Fig. 11, and for deformations are
showed in Fig. 12.

PL4 | PL3 PL2 | PL1

B .

u7 U3 Ul us U9
Us U4 U2 ueé U 10

Fig. 11
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Fig. 12
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4.3.The measuring equipment

For measuring the horizontal translation in
the sliding support, comparators with precise
0.01 mm are used.

The deflections in the joints are measured
with Linear Variable Differential Transducer
(LVDT) with precise 0.1 mm.

To measure the deformations in the ele-
ments, and estimate the stress in the same parts of
the elements, strain gages (SG) which are set in the
exact defining parts of the elements are used. The
measuring equipment used to determine the defor-
mations is showed in the Fig.13.

For measuring the deformations (stresses) the
following measuring equipment is used:

— Strain gages LY21-HBM,

— Wheatstones BridgeUPM60.

Before the beginning of the testing the cali-
bration also known as the proportion of the meas-

ure largeness especially for every parts of elements
has been confirmed.
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4.4. Realization of the research

The measuring of the translation and the de-
flections in the joints and the deformation in the
elements (bars) is realized in few phases in which
step by step symmetrically the structure is loaded
and unloaded, in other words the beams GN1 and
GN2, until it gets the maximal predicted load that

Maw. unnc. nayu. ciuc., 28 (1), 17-25 (2009)

is 160 t, by constantly observing the “reaction” of
the structure. At the same time the movements in
the horizontal (in the sliding support) and the verti-
cal direction (deflections in the joints) are inter-
preted, like the deformations in the bars in the
places of the measuring gages. The order of the
total testing load is:

— platform 1 (PL1) 40 200 kg,
— platform 2 (PL2) 40 350 kg,
— platform 3 (PL3) 39 900 kg,
— platform 4 (PL4) 39 900 kg.

In the analysis with the experimental testing
load the following phases are predicted:

— 1*" phase: 25% from the maximal predicted
load (1/2 PL 1 and ¥ PL 4) (40150 ke),

— 2" phase: 50% from the maximal predicted
load (PL 1 and PL 4) (80100 kg),

— 3 phase: 75% from the maximal predicted
load (PL 1, 1/2PL 2, /2 PL 3, PL 4) (120425 kg),

— 4™ phase: 100% from the maximal predicted
load (PL 1, PL 2, PL 3, and PL 4) (160150 kg).

Testing procedure

Fig. 14. Loading platform
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Fig. 15. Total load

4.5. The results from the experimental research
with the testing load

In the research the following results are ob-

tained:
Beam GN1
— Vertical deflection

L= | 17.01 | 26.73 | 36.45 | 46.17 55.89

M.L.|U7|U8|U3|U4| Ul |U2| U5 [U6|U9|UL0

0 [30(16(27]|26| 48 14|90 (39| 4 | 21

33119(30(29| 52|17 |94 |42| 8 | 25

1 (3|3 (33434 ]|3|4]| 4

3 3 4 4 4

43 |28 (42 (42| 66 |31[107|54|17| 34

2 | 13|12|15(16| 18 |17| 17 |15]|13] 13

The obtained results of the deflection for the
separated phases of the research are presented
graphically on the Fig. 16.
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Fig. 16. The change of the deflection under different length

parts of the beam for different phases

— Horizontal translation in the sliding support

Loading phases |K;(mm) | K> (mm)
1 0.8 1
2 8 7,2
3 16 15
4 25 23

K — translation into the left sliding support

K, — translation into the right sliding support

Real deformations and stresses in some parts
of the elements:

13 16 18 16 13

5313959 (58| 84 |47 |123|70 |28 | 44

Loading phases

3 [23(23|32(32|36 (33|33 (31|24 23

23 32 35 32 24

67 |58 |78 7710569 |142|89 |41 | 57

4 |37]42 |51 (51|57 |55]52(50|37]| 36

40 51 56 51 37

L (m) — Distance between support and node
ML — Measuring location

Average value of the deflection obtain by easurement

M.M| U7/U8 | U3/U4 | U1/U2 | U5/U6 | U9/U10

L= 17.01 | 26.73 | 36.45 | 46.17 55.89

s |1 3 3 4 4 4
S

22| 13 16 18 16 13
<79)

% 3| 23 32 35 32 24
S | 4] 40 51 56 51

o1 |2|3|4|5|6 | 7|89 11|14
el -1 |35 |3 2-1]0]1]2]=2]0]12
—lel|28| 2627 |8 |20]-12] -6 |-11]-15]-11 |43
éDe 295 |s7|10|10]21|-12] -7 |-13]-13]|-11 |55
o| 61| 1,1[12,002,1 (2,1 |44]|-25|-1,5|-27|-=27|-2311,6
el 1|35 |3|2]-1]0]1]2]=2]0]12
Ule |80 |47 |144)34 |47 | 69| -84 | -10 | 62 | 90 | -75 | 99
éDe 81|50 (13937 |49 |70 | -84 | -11 | -64 | -88 | -75 | 111
5 (17,0[10,5[29,2| 7,8 [10,3|14,7|-17,6| 2,3 |-13,4|-18,5|-15,8|23,3
|1 |35 |3|2]-1]0]1]2]-=2]0]12
| e|190]130(280 111|129 |142|-154 | -63 |-124|-151 |-161 | 180
éDe 191 (133|275 | 114|131 | 143 | -154 | -64 |-126 | -149 | -161 | 192
o 40,1(27,9(57,8(23,9(27,5|30,0|-32,3|-13,4|-26,5|-31,3|-33,8 40,3
|1 |35 |3|2]-1]0]1]2]-=2]0]12
T | e 260229279 |225 214 184-359 | 71 |-245|-203 | -249 | 246
é De|261|232(274 (228|216 | 185 |-359 | -72 |-247 | -201 | -249 | 258
o |54.8]48,7(57,5|47,4|45.4|38.9| 75.4 |-15.1|-51.9|-42.2|-52.3|54.2
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o 33,6(17,4[18,126,0027,7]-14,5| -7,6 |-17,0|-18,3| -6,5 | -9,7 [5,5(18,3]- 1,5]-0.8

€ (224(117({162{165(191(-141|-116|-107|-125| -80 {-197|33| 94 [ 38|12

Phase 4

De(235(122(168(170|210(-138|-111|-105(-127| -76 |-185|35| 82 32| 8

s [49,4125,6[35,335,7144,1|-29,0|-23,3|-22,1]-26,7-16,0[-38,9(7,4]17,2|6,7| 1,7

¢,— deformation in zero position

e — measured deformation in phases
De=e—e,

o=E-& (Nmm®)

When you take in place the characteristics of
the strain gages, the measuring base and the mod-
ule of the elasticity it obtains K=0.21 which can
count the obtained deformation that is used to get
the stress.

For an example of SG16 in phase 4:
o=Ke=021-122=25.6 N/mm?.

5. THE COMPARED ANALYSIS

AND THE REVIEW OF THE OBTAINED
RESULTS FROM THE THEORETIC
AND EXPERIMENTAL RESEARCH

Next are the tabular and the diagram presenta-
tion of the obtained (theoretic and experimental)
largeness of the deflection in several joints from
the beam, the horizontal movements in the sliding
support, the same is with the stress in the separated
bars from the main beams GN1 and GN2, and with
their comparable analysis that is picturesque and
simple to get to the conclusion for the theoretic and
experimental response and the behavior of the
beams under the action from the testing loads
which are needed to be transferred over the beams
into the reinforced concrete columns to the con-
crete fundaments.
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1516171819 | 20 | 21 | 22 | 23 | 24 | 25 |26] 27 | 2829 The main beam GN1
AVERAGE VALUE OF MEASURED DEFLECTION

Co oM -51-6)-5-19) -3 151212 | 4)-12]-2/1216]4 MM U7/U8 | U3/U4 [ U1/U2 [ US/U6 | U9/U10
=le|24[12|11]26|26|-12|-10|-14|-15|-10|-29|3|29|-2|-6 L= 17.01 | 26.73 | 3645 | 46.17 | 55.89
E 1 1 3 4 4 4
£De| 35|17 17 (31 ]45| -9 | 5 [-12]-17] -6 |-17|5|17|-8]-10 ) 3 16 13 16 3

6|7.4(3,6(3,6(65|95(-1,9|-1,1]25|-3.6|-1.3]-3.6 |1,1|3,6 |- 1,712,1 3 23 32 35 32 24

4 40 51 56 51 37

ef|-11|-5]-61]-5(-19| -3 51 -2 2 4 | -12 (-2(12] 6 | 4 TEORETICAL DEFLECTION
|c|76(36(35|62(45(-53|-44|-49|-50|-38 | -39 |4 [22|-9|-14 1 10 13 14 13 10
z 2 22 29 31 29 22
£IDe| 87 |41 41|67 |64 |-50|-39|-47|-52|-34|-27]6]10]-15]-18 3 34 47 50 47 34

5 |18,3]8,6 (8,6 [14,113,4/-10,5|-8,2|-9,9 |-10,9] -7,1 |-5,7 1,3 2,1 |3.,2}-3.8 4 47 65 71 65 47

TOLERANCE (%)

col-11] 5| 6|-5]-19] -3 5| 2|2 |4]|-12|2]12]6|4 4 | 156 | 214 | 214 | 215 [ 221
| c|149] 78 | 80 |119]113] -72 | 41| -83 | -85 | -35 | 58 [24] 99 | -1 | 0
éDeMO 23 | %6 11241132 69 | 36 | 81 | -87 | 31 | 46 l26| 87| -7 | 4 The average values of the already measured

deflection in the separated joints, are received
theoretically and experimentally in the experimen-
tal loading and they are given in the Fig.17 and
Fig.18.

The obtained theoretic values for the deflec-
tions are bigger than the deflections received from
the experimental research. The deviations are in
the zone from 16 to 22 %.

The distance — the positi on of the LVDT
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Fig. 17. Experimental deflections from the testing loading

The distance - the position of the LVDT
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Fig. 18. Theoretic deflection from the simulation
of the testing loading

The average values of the horizontal transla-
tion on the sliding support are provided experimen-
tally and theoretically and they are showed in a
table and in a graph.
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Horizontal translation GN1

Horizontal translation
Experimental values Theoretic values
MM K1 K2 | S.V. K1 K2 S.v
Phase | mm | mm | mm | mm mm mm
1 0.8 1 0.9 7.02 7.02 7.02
2 8 72 | 7.6 | 15.06 | 15.06 | 15.06
3 16 15 | 155 ] 2391 | 2391 | 2391
4 25 23 24 | 33.114 | 33.114 | 33.114

35 ‘

—— Experimental values -

30 +-{ —™— Theoretic values

B+— -

20

I A

10

1 2 3 4

Fig.19. Translation in the sliding support for different phase
of loading

For every single strain gage the theoretic and
experimental values of the stress for the separated
phases of the loading are showed graphically:
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Fig. 20. Theoretic and experimental values for the stress in
SG2

The legend is related to all of the strain gages
(from SGI1 to SG30) and the appropriate bars in
which the measuring places are set.

From the entire previous presentation, it can
be concluded that the accomplished values for the
translations, deflections and the stresses from the
theoretic analysis, compared with those from the
experimental research in an enormous amount are
coincided. Concessions are in allowed and ex-
pected areas.
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Fig. 21. Theoretic and experimental values for the stress
in SG3
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Fig. 22. Theoretic and experimental values for the stress in
SG4

6. CONCLUSION

On the base on the complete theoretic and ex-
perimental researches, as the complete analysis on
the obtained results it can be considered and con-
cluded the following:

— The maximum stress in the elements of the
structure in the worst combination of loads
(1+24+3+4), which rarely can happen, is 195.1
N/mm?. And it is known under the allowed stress.

— Because it is about an incredible responsible
structure, with a permission that is taking place, a
research on the structure with an experimental
loading is complete. A load which amounts 80%
from the projected maximum load is simulated on
the structure.

— A mathematical model of the structure is
complete and the experimental load for every sin-
gle phase of loading is simulated in separated
joints.

— The results are got with a theoretical and
experimental research and they are enormously
coincided.

— In the research with the experimental load-
ing it is not noticed the compliance in any of the
elements of the structure.

— On the basis of the research of the material,
the research for confirming the technology of the

Mech. Eng. Sci. J., 28 (1), 17-25 (2009)
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welding, the research for the welded joints and
connections and the research with the experimental
load, it can be concluded that the structure is made
excellent and in total it has the requirement for the
“S” (“B”) category of quality of the welded con-
nections as the request for the important standards
from this division.

— The completed knowledge from the re-
search has big importance for the metal industry in
R. Macedonia and for the experts, the architects,
the mechanical and the civil engineers who work in
area of the steel structures.
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EKCIHHEPUMEHTAJIHA AHAJIN3A HA HAITIOHCKATA COCTOJBA HA IN'TABHUTE HOCAYHA
HA IOKPUBHATA KOHCTPYKIIUJA HA CITIOPTCKATA CAJIA BO CKOIIJE

3opan Boratunocku', Baanumup CrojManoBcku’
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bogatin@mf.edu.mk // vladimir.stojmanovski@gmail.com

Konyunn 360poBu: Hoceuka moxprBHa KOHCTPYKIIHja; TJIABEH MPOCTOPEH PEIISTKACT HOCAY; MOJIEIIHPAILE;
HUCKOJIETHPaH KOHCTPYKTHBEH YeNINK; aHaJIN3a HA HAIIOHH; HCIIUTYBAkE CO TPOOHO

OIITOBApYBaE

Bo Tpyznot e npukakaHa aHanaM3aTa Ha HallOHUTE U Jie-
(dopmanuuTe BO INIABHUTE HOCAYH NPU HCIUTYBaHkE CO IPO-
OeH ToBap. ['J1aBHUTE HOCAYM INPETCTaByBaaT IPOCTOPHO pe-
MIETKACTH YEeIWIHH HOCAa4YM CO pacmoH ox 73 merpu. Ilpu
HCTIUTYBAmbETO € ONpeJeiIeH OJHECYBABETO Ha KOHCTPYKIH-
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jaTa mpu ONTOBapyBame KaKO M HANOHHUTE W JedopMaruuTe
BO KpuTnuHuTe Mecta. Co Iies MpaBHiIHO Ja ce nedHHupaar
TOBapHTe, KAKO U HUBHATA JIOKALHja, IPETXOJHO € U3BPIICHO
MOJENUpame Ha KOHCTPYKIHjaTa U KOMITjyTepcka CUMYyIalyja
PH ONITOBAPYBABETO CO MPOOEH TOBAP.
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INVESTIGATIONS OF INFLUENCE FACTORS
IN THE PROCESS OF THE WIRE DRAWING

Igor Lazarev, Jasmina Caloska, Atanas Kocov
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P.O Box 464, MK-1001 Skopje, Republic of Macedonia
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A bstract This paper presents the analysis of the
wire drawing process by using analytical methods which have
been confirmed with the Finite Element Analysis. Also, the
point of interest in this paper was the influence of the friction.
The optimal friction that can insure minimum force for the
wire drawing process has been defined.

Key words: wire drawing; die; stress-strain condition;
friction; lubrication

BASIC CHARACTERISTICS OF THE PROCESS
OF WIRE DRAWING AND INFLUENCE
FACTORS

Cold drawing is the term applied to a range of
cold working finishing involving thin rod, wire,
extruded tube or sheet metal. Cold drawing of rod,
wire and tube may be considered to be the opposite
of direct extrusion in the material stock which is
pulled through a die rather than pushed through it.
As with all cold working processes, work harden-
ings occur and the grain flow in the finished prod-
uct runs in the direction of working. Namely, wire
drawing is a process where the circular wire is pro-
duced by cold drawing and involves pulling mate-
rial through a tapered die to reduce the diameter
from dy to d; (Fig. 1). While the process of wire
drawing is running, three characteristic die sectors
are formed in the material.

Sector | is the entrance of the material with
the initial diameter d,. In the case where the proc-
ess is running without opposite forces, the stresses
are not appeared in the material. Sector II is the
main sector of the plastic deformation process where
the material-wire changes the cross section area
and 3D stress condition appears. Sector III is the
part where the material is in front of the die exit
and linear stress condition is present. The material
is under the elastic deformation stress condition.

I
o R
1

i
& V- — — —
!

T 11 III

Fig. 1. Sections of the die for the wire drawing process

INFLUENCE OF THE CONTACT FRICTION
TO THE PROCESS OF WIRE DRAWING

Forces of the contact friction are necessary to
be put on minimum degree due to their handicap of
the wire drawing process. That is achieved with
previous dressing of the surface of material, with
the use of lubricants and securing condition for
liquid friction. Liquid friction rests on activity and
viscosity of lubricant, from conditions of its intake,
also from the speed of drawing, design of the die
and temperature in the deformation zone.

During the entrance of die, penetration of the
liquid in the zone of deformation can be handicap
because of high pressure over the material.

Conditions when the diameter is increasing
relating deformations resistance and lubrication are
worst because in that sector stress condition with
three axis pressure (6,<64<0,<0) appears.

According to these conditions, to satisfy the
terms of plasticity, the equation must be valid:

0, — 0x=—0; (1)
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The radial stress o, can significantly excel the
real stress o;. Subsequently, significantly are ob-
structing the conditions of penetrating the lubricant
in drawing die. During the usual process of draw-
ing the lubricant is inflicting on the surface of ma-
terial on a method of adhesion. In relations with
the described condition, the lubricant layer is at-
tenuate in the entrance of die, and on many points
is braking, therefore friction is going on a border

layer or on dry (Fig. 2).

!

Fig. 2. Lubrication in the deformation zone

With the enlargement of the dies angle, the
conditions of lubrications are degrading because of
increasing the possibility for collapsing the lubri-
cant layer.

In order to improve the friction conditions,
thereby to lower the resistance and increase the
speed of drawing, practicing duress importing of
lubricant in to the die. For that purpose two meth-
ods are worked out: hydrostatic and hydrodynamic.
Sometimes, they are used in combination.

Increased viscosity of the lubricant degrades
its removal from the surface of the drawn material,
but therefore it improves the conditions of entry in
die. In addition to certain point the resistances are
increased, thereby the drawing force is increased.
Therefore very often lubricants with a small coef-
ficient of viscosity are used and with high adhesion
power, specially during drawing of thin wall tube,
where even small variations of drawing force can
prejudice the process of wire drawing.

While selecting the lubricant, besides the
known influences, it is necessary to look after the
lubricant not to create chemical connections with
the drawing material or the die, to satisfy the basic
hygienic-technical needs and not to leave marks on
the surface of the drawn material.

The best lubricant effect is reached during
complete liquid friction. But because of complica-
tions to simultaneously satisfy all needs, not every

time that kind of conditions can be create. There-
fore, in many cases conditions of limit friction
must be tried to apply, respectively creating a
monomolecular lubricant layer on the contact sur-
face, well agglutinative on the drawing material.

A layer like that can be created from absorb
soup layer which is formed on the surface of the
drawing material, while friction with lubricant that
concerns a certain value on the surface active ma-
terials like salts of fat acids, components of chlo-
rine, sulfur and others.

CORRELATIONS BETWEEN DRAWING
FORCE AND FRICTION

For the analysis of the process of the drawing
wire we use low carbon steel C.0271 with an initial
diameter of ¢ 5 mm which we reduce to the diame-
ter of ¢ 4.45mm. First, we calculate the optimal

angle according to the empire expression after
Zibel:

2
O.lln(4545J
. =0.21rad,

0.67

2

or
Olopt =12°.

INVESTIGATION OF THE OPTIMAL ANGLE
BY USING ABAQUS FEA

The models of die and wire are drawn in an
axisymmetric two-dimensional projection, that se-
cures increase of the speed and efficiency of the
simulations and determinations.

If the input values in the ABAQUS FEA for
steel C.0271 are:

E=210.000 N/mm?,

1=03,
£ =7500 kg/m’,
plasticity =
— Data
Yield Plastic
Stress Strain
1] 392 0
2| 401 0.11
3 409 0.12
FI—
s 487 0.24
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Then the models are shown in the assembly,
discretization and at the end boundaries and dis-
placement (Fig. 3):

e die boundary to y-axis,

e wire boundary to x and z-axis,

e wire is given displacement to the negative
y-axis.

ke

ININEARAN]

AT

LW i
|

[N
IT1

spectively how the force is changing, when using
different values of friction for the same type of
material, using the same degree of reduction, dur-
ing drawing with the same die angle. On Fig. 5 is
shown the drawing force using friction ¢ = 0.02
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Fig. 3. Given boundaries and displacement

Results which are obtained from the analysis
by using FEM could be presented as they are
shown on Fig. 4 for the real stresses.

= drawing 4 ABADUS EXEPLT

r—-1 ol
_&3 s44ifrer Time =  3.00

MRt

Fig. 4. Real stress in the wire drawing process
of $5.0 mm— ¢ 4.45mm

By using ABAQUS FEA we can understand
the influence of friction on the drawing force, re-

Maw. unnc. nayu. ciuc., 28 (1), 27-30 (2009)

Fig. 5. Drawing force using friction ¢ = 0.02

The second case shows the drawing force us-
ing friction u = 0.06 (Fig. 6).
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RF2 Pl: TOOL-1 Node 1 in NSET SET-TOOL

Fig. 6. Drawing force using friction x= 0.06

The third case shows the drawing force using
friction = 0.1 (Fig. 7).

[x10"]
400 (et ——T

3.505 | | |___:||_|. 0 |.| T
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RF2 PI: TOOL-1 Node 1 in NSET SET-TOOL

Fig. 7. Drawing force using friction x#=0.1
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The fourth case shows the drawing force us-
ing friction £ = 0.14 (Fig. 8).

x10°]
440
4.00
3.60
320
2.80
240
2,00
1.60
120
0.80
0.40

ool L v 1
000 050 100 150 200 250 300 [x107

Time

RF2 PI: TOOL-1 Node 1 in NSET SET-TOOL

Fig. 8. Drawing force using friction x=0.14

Based on the four cases described above, the
diagram could be drawn to present the changes of
drawing force according to friction (Fig. 9).

F-p
4000
3000 /
B 2000
1000
0 002 004 006 008 01 012 014 016
m

Fig. 9. Influence of friction on the drawing force

By observing the diagram (Fig. 9) it can be
confirmed that the drawing force is increasing pro-
portionally with increasing the friction. But when
the force is increasing, the axial stress on the exit
of die is also increasing; thereby the danger of lac-

eration of wire is very high. Also, this means big-
ger consumption of electricity.

CONCLUSIONS

Friction is a very important element in the
wire drawing process. The intension of the process
is to have minimum of friction, because it leads to
achieving minimum drawing force, therefore mini-
mum consumption of electricity. To insure the
minimum friction during the process of wire draw-
ing the constructor must look for selection of lubri-
cant, selection of die, quality of surface of the
drawing wire, degree of reduction and temperature
in the deformation zone.
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A bstract: This paper examines the issue of the uni-
versal gear reducer assortment extension of the existing prod-
uct lines. It is well known the rigorous producer competition
on the universal gear reducer market. Also, a bigger part of the
producers is trying to extend their assortment in order to sat-
isfy the market’s needs. This paper offers some solutions in
resolving this issue.

Key words: analyses; assortments; universal; gear reducer

1. INTRODUCTION

The assortment of the products varies in re-
spect to the producer, the seller, and the customer.
The assortment of the products in respect to the
producer is the smallest of the three since the pro-
ducer always wants to cut operating costs where as
the market demand forces them to expend the vari-
ety of the products. The assortment of the seller is
usually the biggest since they sell products from
different producers. The assortment of the cus-
tomer is the smallest, but this is not a rule.

PROBLEM DESCRIPTION

The assortment of the products, in this case
the universal gear reducer, represents all universal
gear reducers that specific producer manufactures
and offers to the market. One should recognize
several aspects of the product assortment: width of
the assortment (number of different types of reduc-
ers), length of the assortment (number of different
types of reducer of the same type of reducer),
height of the assortment (number of different vari-
ants in scope of the same dimension — with foot,
flange, small flange), and the so called nth dimen-

sion assortment (connection with a special or regu-
lar electric motor, connection with an inlet sub
connector, etc.). Producers of universal reducers
copy the technical specifications of the leading
world producers mainly the SEW company, since
current standards do not define the technical speci-
fications of universal reducers. Therefore, the lead-
ing world producers’ standards are accepted as
their own, “internal” standard. On the other hand,
some smaller producers are trying to find gaps in
the product offer of the bigger producers, and gain
customers with reducers that are not offered in the
current “standards”. This paper concentrates only
on the analyses of the universal gear reducer’s axis
heights.

BASIC CHARACTERISTICS
OF AXIS HEIGHTS

Recommended numbers are from the standard
line R20 for the universal reducer’s axis heights.
However, almost all producers use the less dense
line R20/2 or R10 since R20 is highly dense and
therefore more expensive. This comes from the
great number of different tools and a great number
of components which is needed to be stored. This
approach is completely justified since the axis
height growth factor fits into the rotation moment
(g7) growth factor whose value comes out of the
regular values of f3 (Fig. 1).

One can see from Fig.1 the areas of the opti-
mal use of universal gear reducers.

Selection of the reducer is done by the follow-
ing formula:

T,>K,T. (1)



32 S. Kuzmanovi¢, P. Simonovski

i
Fig. 1. Graphical interpretation of the optimal usage area of
universal gear reducer (1 — area reducer optimal usage)

Where is: T; — output torque, K, — application fac-
tor whose value limits usually

L0<K ,<225. 2)

Similarity theory:

an =Yar =32 ~1.25. 3)

shows that the length growth factor and the axis
height ¢;, =1.25 which corresponds with the
growth factor of the order R10 or R20/2.

Rational coverage of the whole range of the
projected assortment is done if the universal re-
ducer family is observed with this value of the
growth factor (Fig. 2).

A
T

Tws = qrTn: = quTNI

Ty = qrTy; 1 — value
2 —value
v, 3 — value

A 4

Fig. 2 . Graphical interpretation of areas which covers
different values of the universal gear reducers

One can see from Fig. 2 the areas which cover
different values of the universal gear reducers.

Call-out names for rotary moments (7}) are
not the same with respect to producers. However,
producers are trying to generalize the values to
make possible the interchange of the reducers. This
is done by the same or similar connecting dimen-
sions. In this way producers are trying to gain the
market advantage.

1. Increase of the transmission ratio (i) of the
reducers:

e leaving the concept of coaxial reducers,

e manufacturing driving sprocket with small
number of teeth (z < 10),

e press of the first sprocket on the shaft or
bushing which is placed on the electromo-
tor shaft instead of placing it on the shaft,

e installing sprockets with big diameter into
the reducers housing by opening the fast
and/or slow chamber etc.

2. Increase of the reducers load — Tx:
e implementing higher quality materials,

e implementing higher quality of mechanical
and thermo-chemical processes,

e increase of the modules,

e implementing two sets of sprockets in the
same housing (smaller transmission ration
with bigger and bigger transmission with a
smaller load.
3. Increase of efficient coefficient (7):

e decrease of number of transmission cou-
ples,

e higher quality and bigger precision manu-
facturing,

o use of higher quality of (synthetic) oil, etc.
4. Decrease of the reducer noise and vibration

e increase of the contact coefficient by in-
crease of the helix angle,

e more precise and quality fabrication.
5. Increase of reliability and the product life
span:
e more accurate calculation (method of finite
elements),
e more precise and quality fabrication,
e use of higher quality materials, etc.

6. Mass decrease

e more accurate calculations (method of fi-
nite elements),

e rational approach in component modeling,
e use of higher quality materials.

7. Cut of production costs

e using up to date conceptual solutions for
reducers,

e using modern production technology,
e better work organization.

8. Increase of universality:

e using up to date conceptual solutions for
reducers,

e lowering the number of different parts.

9. Increase of possibility for recycling:

e Implementing modern reducer solutions
which will offer simple disassembly and
material unification.

Mech. Eng. Sci. J., 28 (1), 31-34 (2009)
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10. Ecological demands:

e implementing modern reducer solution
which will lower the possibility for lubri-
cant leakage,

e implementing good quality seals,
e implementing less toxic lubricants,

e implementing production technology which
is less pollutant to human environment.

11. Design improvement:
e devoting more attention to part design,
¢ devoting more attention to reducer color,

e by using modern graphical means of in-
formation which are placed on the reducer,
on its packaging and its documentation.

Of course, these demands are also fulfilled by
the competition, and therefore, it is very hard
maintaining a successful producer.

For these reasons, leading reducer manufac-
turers are leaning towards radical decisions by
manufacturing midsize reducers, which demand
bigger financial investments. Smaller manufactures
can not afford this, thus in some market segments
bigger manufactures can offer cheaper solutions
and gain the buyers. Since most of the buyers want
to obtain all reducers from the same supplier, even
from the same producer, they acquire the rest of
the reducers, which are with the same or similar
price like the competition, from the same manufac-
turer which gives a direct gain to the producer who
introduced the midsize reducer. Characteristics of
these midsizes are shown in the Fig. 3.

""""""""""" Ths =07 Tne= qTZTNl

Thz2=0rTn
7

TNl

, _ . .
Q midsize

[
Fig. 3. Graphical interpretation of the area which covers one
characteristic midsize of the universal gear reducer

By this approach, big producers gain some
advantage in the area with most wanted sizes since
they can offer a smaller (cheaper) reducer in 50%
is not for underestimating. Of course, this disturbs
the order which economically is justified because
big producers have large lines and a midsize so
they can treat it as a standard size in the same re-
ducer family.
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The load interval and the gear ration in which
the midsize is decided are dictated by the market.
Most wanted sizes are universal gears with the mid
size, whereas small and big gears are relatively less
wanted. Small gears are made as special gears
when small gears are wanted in large series. Of
course, producers of universal gears are interested
in manufacturing special gears when large series
are in question.

Most wanted gear ratios are the ones with a
mid size which are covered by two ratio gears
which have an ability for high gear ratio, or, if it is
not possible, then three ratio gears with small gear
ratios.

Which solution is picked, depends on the
adopted reducer concept line. All large producers
manufacture one, two, three, or multiratio gear re-
ducers. Small producers, mainly, do not make one
ratio reducers since it is a small market. Two and
three ratio reducers are made with the same box,
whereas, multiratio reducers are combined of two
and three ratio gears. Multiratio reducers are not
made from joining multiple reducer boxes, and
they are made as separate reducers. Their demand
is very low, thus most of the large producers do not
offer them. Specialized producers make them.

There should be the same coverage of power
for the two and three ratio reducers as for the rest
members of the line.

A

T

three ratio

Fig. 4. Graphical interpretation of the area which covers one
characteristic mid size for two and three universal gear reducers

»
|

i

With this approach one uses advantages of
mid the size. Nowadays producers also make an
electromotor, therefore they offer motor reducers,
which offer all advantages.

Reducer producers also demand to make spe-
cial reducer electro motors with different flanges
diameter and electro motor shaft end. Thus, they
can connect one reducer with different electromo-
tor powers, or in case of usage of standards of IEC
motors, then they have to supply with adapters for
IEC motors which will solve the problem of con-
necting different sizes of motor and reducers. This
additionally complicates the production but still is
payable.
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T three ratio price
two ratio price |

new

new

[
Fig. 5. Graphical interpretation of the area which covers
one mid size characteristic of two ratio universal gear reducer
and its prices

The increase of the biggest gear ratios influ-
ences the production costs. Bigger sprockets are
always offered. There are already gears with gear
ratios up to i = 12.5 (LENZE). Whith this ap-
proach, one ratio reducers in the area in which
competition offers one ratio reducers are more ex-
pensive, while in the area where competition offers
two ratio reducers are cheaper. Therefore, manu-
facturers of these reducers, to have a good busi-
ness, offer them with the same price as the compe-
tition or lower, and in the area of two ratio reduc-
ers, offer them with higher prices but lower than
the competition. The same goes for two (Fig. 5) or
higher ratio reducers.

With these and similar approaches, leading
reducer manufacturers strive to secure successful
marketing of their reducers and to secure their fu-
ture on the reducer market.

CONCLUSION

Based on this analysis, one can see that it is
justified to introduce mid sizes since it is possible
in most of the cases to have cheaper solution. This
will attract buyers who would buy the size that is
not the cheapest but it is from the same manufac-
turer, from which that manufacturer has an advan-
tage.

The gool of analysis this is to encourage small

manufacturers to start thinking of expanding their
reducer assortment.
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Bo TpynotT e ananu3upana npoGieMaTukara Ha fo-
IOJIHYBalkhEeTO Ha ACOPTUMAHOT HAa YHHMBEP3aJHUTE 3all-
YECTU PEAYKTOPU CO IPOLINPYBake Ha MOCTOJHUTE pe-
nosu. IMeHO, NO3HATO € JieKa Ha 11a3apoT CO yHUBEp3all-
HU 3aIYECTU PEAYKTOPU € NIPUCYTHA CUIHA KOHKYPEHIIU]ja

U IOBEKETO NMPOU3BOAUTENHN TEXKHEAT CBOjOT acOPTUMAH
Ha IPOM3BOJIM ia O 3roJIeMaT 3a IITO IOBEKe Aa ' 3a/0-
BOJaT nobapyBamaTa Ha Ma3apoT. Bo paMkuTe Ha OBOj
TPY/ cE MOCOYYBaaT HAa HEKOU Of MOXKHOCTHUTE 3a paspe-
1IyBakmbe Ha TOj IPOOJIEM.
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A bstract The contribution deals with neural net-
work application for the diagnostic system of the three-phase
asynchronous electromotor. The case study is done and can be
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1. INTRODUCTION

Over the past years, several technologies have
been introduced to help engineers to analyze and
design complex systems. One of these techniques
is artificial neural network technology. The artifi-
cial neural network (ANN) is a young discipline of
science, but it is necessary to respect the intensity
of its development.

The purpose of the ANN application is the
imitation of a human thinking by solution of a spe-
cific problem. Another advantage for the ANN ap-
plication is the ability of its adaptation to the situa-
tion and environment changes. The possibility of
incomplete data processing is anomalous.

The ANN technology has become very popu-
lar and is used in many fields. In the field of reli-
ability assurance of machines and facilities it can
be applied in technical diagnostics, which deals
with the application of diagnostic equipments dur-
ing the normal function of objects (facilities).

The task of the proposed diagnostic system is
to detect the risk of possible failure and to stop
working the controlled object on time. For this
purpose, physical diagnostic methods are used. The
changes of observed properties are being evaluated
to predict the possible risk of critical situation occur-
rence. For example, by the bearing lubrication con-
trolling: if some observed parameter (oil pressure,
bearing temperature) changes out of limits, the criti-
cal state is signaling and it comes to corrections.

Some applications are possible by the imple-
mentation of hardware neural networks (neuro-

processors) in the computer control of automatic
diagnostic stations. The whole diagnostic system is
then controlled by a computer, which is directly
connected with controlling object operations. It
informs about actual operation state, maintenance
and it provides systematic data capturing about
reliability of functional parts of the object.

2. NEURAL NETWORK DESIGN

For the practical example of a possible neural
network design, a three-phase asynchronous elec-
tromotor has been chosen, because it is included in
many machines and facilities. The motor works by
the temperature of 21 degrees. The proposed neural
network will serve as an evaluation system, which
on the basis of measured parameters detects possi-
ble failure and prevent damage. To simplify the
problem, the task does not deal with the measuring
of parameters. The input parameters for the ANN are
customized signals from sensors. The output from
ANN is numeric information about the actual state of
observed parts of the electromotor. To each defined
number correspondents some text information.

Technical data of the electromotor

Type: Siemens 1LA7 130-4AA10, IM B3,
supply voltage: ~3x400 V / 50 Hz, power: 5.5 kW,
engine speed: n = 1455 min', synchronous speed:
ny= 1500 min "', number of couple pole: p = 4, en-
vironment temperature: —30°C to +40°C, weight
42.5 kg [6].

Measured parameters are:

— Overall vibration of the motor — is expressed
by the effective value of the vibration speed v,
(mm.s™"), which is measured in horizontal direction
vertically to the shaft. Allowed value for the elec-
tromotor is 2.8 mm.s .
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— Amplitude spectral density |F(f)| (dB). By
the spectral analysed used, the incipient failure of
some parts (e.g. unbalance, failure of bearings) has
been localized. In this case, the broken or released
rotor shafts are observed, because they can gener-
ate vibrations. This effect becomes evident in the
spectrum by increasing secondary zones in the net-
work frequency environment (50 Hz). The value of
these secondary zones is £3 Hz by using this elec-
tromotor. If the difference of the amplitude spectral
density by frequencies of 50 and 53 Hz (47 Hz)
decreases under 45 dB, the system indicates a seri-
ous error.

— Temperature of front bearing 7); (°C) and
back bearing (near ventilator) 7, (°C). The tem-
perature is being measured and by the increased
value the system informs about possible failure.
The allowed value for this type of bearings (type
6208 27 C3) is 120 degrees.

The training data for the neural network are
shown in Table 1.
Data from the table were proccessed by soft-

ware STATISTICA Automatizované neurdnové
site CZ (5). With special tools using, several neural

networks — type MLP (Multilayer Perceptrons)
were created.

Table 1
Input and output data for ANN

Example IIlI;)lg.f571 |F(50)|(1B|F(53)| 072{ Zé State defsi?itt?on
1 1,1 60 40 30 1 Faultless
2 13 55 49 32 2 Good
3 1,5 60 68 58 3  Bad
429 43 45 35 4 Critical
5 3 40 47 36 4  Critical
6 3,5 52 138 38 4  Critical
7 32 53 46 125 4  Critical
8 4,1 48 129 123 4  Critical
9 5,1 41 130 127 4  Critical
10 28 50 42 43 3 Bad

From these networks, one ANN has been cho-
sen, which best fitted the criteria of the minimum
training error. This ANN consists of four input
neurons, nine hidden neurons and one output neu-
ron. Some connections and weight values between

Table 2

Individual connections and weights between neurons

neurons are shown in the Table 2.

Ve (mm's ') —> hidden neuron 1~ —0.03467 [F(50)| — |[F(53)| (dB) —> hidden neuron 1
Ver(mm's™') —> hidden neuron 2 0.05063 [F(50)| — |F(53)| (dB) —> hidden neuron 2
Ver (mm-s™") —> hidden neuron 3 —0.04282 [F(50)| — |F(53)| (dB) —> hidden neuron 3
Ver(mm's™') —> hidden neuron 4 0.00448 [F(50)| — |[F(53)| (dB) —> hidden neuron 4

Ver (mmes ') —> hidden neuron 5 —0.00583

[F(50)| — |F(53)| (dB) —> hidden neuron 5

Ver (mm-s™") —> hidden neuron 6  —0.01966 [F(50)| — |[F(53)| (dB) —> hidden neuron 6
Ver (mm-s™') —> hidden neuron 7 —0.03473 [F(50)| — |F(53)| (dB) —> hidden neuron 7
Ver (mm-s™") —> hidden neuron 8 —0.02064 [F(50)| — |F(53)| (dB) —> hidden neuron 8

Ver (mmrs—1) —> hidden neuron 9 0.10031
Ty (°C) —> hidden neuron 1
Ty (°C) —> hidden neuron 2 —0.10242
Ty (°C) —> hidden neuron 3 —0.18504
Ty (°C) —> hidden neuron 4  0.11850
Ty (°C) —> hidden neuron 5 —0.09211
Ty (°C) —> hidden neuron 6  0.06817
Ty (°C) —> hidden neuron 7 —0.01128
T (°C) —> hidden neuron 8 0.01548
Ty (°C) —> hidden neuron 9 —0.03780
input part —> hidden neuron 1  6.85293
input part —> hidden neuron 2 —1.02415
input part —> hidden neuron 3 3.30132
input part —> hidden neuron 4 —0.10755
input part —> hidden neuron 5 6.63726
input part —> hidden neuron 6  5.40444
input part —> hidden neuron 7 —0.54379
input part —> hidden neuron 8 —0.47704
input part —> hidden neuron 9 —0.09159

0.10039

Ty, (°C) —> hidden neuron 7
T}, (°C) —> hidden neuron 8

hidden neuron 1 —> state
hidden neuron 2 —> state
hidden neuron 3 —> state
hidden neuron 4 —> state
hidden neuron 5 —> state
hidden neuron 6 —> state
hidden neuron 7 —> state
hidden neuron 8 —> state
hidden neuron 9 —> state
hidden part —> state

[F(50)| — [F(53)| (dB) —> hidden neuron 9
Ty, (°C) —> hidden neuron 1 —0.01532
Ty, (°C) —> hidden neuron 2 —0.01099
Ty, (°C) —> hidden neuron 3 —0.01525
Ty, (°C) —> hidden neuron 4 —0.01055
Ty, (°C) —> hidden neuron 5 —0.01755
Ty, (°C) —> hidden neuron 6 —0.02593

0.05410
0.01347

Ty, (°C) —> hidden neuron 9 —0.02231
-0.22940

0.09207
0.15536
0.27131
0.08191
0.69203
0.00472
0.02446

—0.26268

0.12864

—0.06109
0.07259
0.13751
0.01005

—0.08540

—0.03194

—0.00814
0.30810

-0.20215
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Graphics environment of ANN in program STATISTICA Automatizované neurénové site CZ is de-

picted in Fig. 1..

P STATISTICA Cz - [NS_2* - Tabulka v¥sledkd pro stav {¥stupne data}]
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—1B]x]
NEE]

DEEHE| &SR] & B o o | #h eidet dossii - Pidat doprotokoly = Fiidat do 115 word + 25 | G2 K2 .

arial CfuEl|e 7 u|E=EE|A-2-E-BlE | 8% =2 E & & |8~ i panene - Fpady - [B3 7] [EH ,|
32 | o = p—
# SANS (Vstupne data) SANS - ¥ysledky: ¥stupne data m j
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Fig. 1. Proposed neural network in program STATISTICA (5)

3. DISCUSSION

This all shows that the accuracy of network
results depends on the amount of training models.
This case study expresses the way, how the neural
networks can be designed and simulated. This pro-
posed model does not include the testing of train-
ing models, but only training of given models of
inputs and outputs. By the training set of input-
output data we can determine the output value
variation from desired value. In the case of differ-
ent output parameters, we can modify the weights
that the difference between actual and desired
value is minimal. The advantage of STATISTICA
Automatizované neurénové site CZ is the support
of automated creation, training and testing of neu-
ral networks.

4. CONCLUSION

In this contribution, a neural network applica-
tion in operating diagnostics of a three-phase asyn-
chronous electromotor is proposed. The case study
is very simple and can be used as a model for the
next development of neural network study.
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Kny4ynu 300poBu: HEBPOHCKI MPEXH; €JIEKTPOMOTOP; HOBEPIUBOCT

Bo TpynoB e npeseHTHpaHa MPUMEHA HAa HEBPOHCKA IICHO U MOXKe Jla OHjie KOPUCTEHO KaKO MOJIE]I HA METOMO-
MpeKa 3a IUjarHOCTUYKU CUCTEM Ha TpH(a3eH aCUHXPOH JOTHjaTa 3a KOPUCTE:e Ha HEBPOHCKU MPEXKU.
€JIeKTpoMOTOp. IIpenMMUHApHOTO UCTPAXKyBamke € 3aBp-
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