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PREDICTING OF MILLING FORCES IN A VIRTUAL MANUFACTURING SYSTEM

Branko Kokotovié, Milo§ Glavonji¢

Original scientific paper
Forces prediction along the tool path is one of the basic goal functions of the virtual machining system for CNC milling operations. In this paper, the
discussion is limited to the contour milling in the plane z=const, using the flat end mills. Predictions are based on the simulation of the instant values of
the milling force components during one tool revolution. Simulation uses discretized cutting geometry (discs) of end mill. This paper presents two
approaches for reconstruction of tool/workpiece contact area. The first one implies the approximation of the workpiece volume using the z-map. The
second presented approach calculates entry/exit angles at the 2D milling operations with the constant depth. Reconstruction of these angles is based on
the analysis of previously formed radial stock and description of the tool path. Presented procedures for the predicting of milling forces have been
implemented in the Matlab. Results of experimental verification of the proposed procedures are presented.
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Predvidanje sila glodanja u virtualnom obradnom sustavu

Izvorni znanstveni ¢lanak
Predvidanje sila duz putanje alata jedna je od osnovnih funkcija cilja virtualnog obradnog sustava za operacije CNC glodanja. U ovom radu, razmatranje
je ogranieno na glodanje kontura u ravnini z=const, ravnim vretenastim glodalima. Predvidanja se zasnivaju na simulaciji trenutnih vrijednosti
komponenata sile glodanja na jednom okretaju alata. U simulaciji se koristi diskretizirana rezna geometrija (diskovi) vretenastog glodala. Predstavljena su
dva pristupa za rekonstruiranje kontaktne povrsine alata i radnog predmeta. Prvi pristup podrazumijeva aproksimaciju obujma obratka pomoc¢u z-mape.
Drugi predstavljeni pristup odnosi se na izraCunavanje ulaznih/izlaznih kutova zahvata u operacijama 2D obrade glodanjem, pri konstantnoj dubini.
Rekonstrukcija tih kutova zasniva se na poznavanju prethodno formiranog bo¢nog dodatka za obradu i na opisu putanje alata. Predstavljene procedure
predvidanja sila glodanja su implementirane u Matlab okruzenju. Pokazani su rezultati eksperimentalne verifikacije predlozenih procedura.

Kljucne rijeci: glodanje, predvidanje, sile rezanja, simulacija, virtualna obrada

1 Introduction predictions are the basis for the off-line federate

For more than last two decades, software
environment has been developed in different areas of
engineering, which should provide pseudo-real experience
of behavior of the designed object or process. In the arca
of production engineering such a research direction is
recognized today as the Virtual Machine Tool (VMT),
Virtual Machining (VM), Virtual Inspection (VI), etc. The
concepts of VMT and VM [1] are often entangled. Yet,
VMT techniques development is primarily the outcome of
the machine tools manufacturers’ interest [2], as a
solution for increasing the quality of the designed
machine, with imperative to reduce the development
costs. VM concept implies models of hardware elements
of manufacturing systems and machining processes, and
its aim is the prediction and optimization of designed
manufacturing process. The prediction and optimization
refer, directly or indirectly, to the attributes of a machined
part, but as well to the effects on other entities of the
manufacturing system [3]. Finally, VM goal functions
implicitly or explicitly reflect techno-economic criteria
[4].

For cutting operations on the CNC machine tools and
virtual machining environment (VM) it is necessary to
ensure the prediction of: (i) cutting forces, (ii) vibrations
and (iii) temperatures in the cutting zone. Technology
redesigning implies goal functions which ensure keeping
of these values within certain limits. This paper is focused
to the force predicting.  Obtained predictions, for
particular conditions and part program are the outcome by
themselves, as a strong feedback in the process of
technology designing. On the other side reliable force

optimization along the tool path.

Section 2 of the paper describes the procedure, which
in VM provides predictions of milling force components
in 2D contour milling operations, with flat end mills. The
workpiece model in the form of the z-map allows
application also in conditions of significant variation of
the shape of tool/workpiece contact area. The contents of
static and dynamic database, as well as functional
modules are described. Also, an example of contour
milling, with the experimental verification (milling test)
of presented procedure is shown.

Section 3 includes the force predicting procedure for
final milling operations of contours in plane z=const at
the constant depth. Most of the modules have identical
function as in the Section 2, including the specific
reconstruction method of the tool contact area. This
procedure is illustrated by two examples of the contour
milling, with experimental verification of the predictions.

2 Predicting of milling forces along the programmed tool
path using the z-map model of the workpiece

One of important building elements of VM
environment is its database. This paper deploys a part of
research results in the domain of the architecture of
intelligent systems for the real time control. According to
[5] knowledge database is data structure with static and
dynamic information, which together create the world
model. Information from the database is organized as:
entity frames, system parameters, state variables and
maps. The frame (generic or specific) is a structure
formed as the list of attributes of a particular entity. The
state variables specify instant attribute values of specific
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entity or whole system. The system parameters specify
dynamic properties of a controlled object or process, in
the form of the constants or fixed procedures. The maps
are specific descriptive forms of a particular entity in
space. Database of the VM environment, discussed in this
paper, includes:

o The tool frame with attributes (tool profile) necessary
for updating of the workpiece volume and with cutting
geometry attributes, required for cutting forces
prediction at the elements of cutting edges.

e The workpiece map. This paper deploys the digital
interpretation of workpiece volume in the form of z-
map [6]

o The frame of the tool path element includes the
attributes of path element described by one block
(G01/G02/G03) in the part program and attributes such
as programmed spindle speed and feed rate.

o The frame of the point on the tool path. A set of points
is formed by the discretizing of tool path element. Each
point is associated with its coordinates and the actual
feed rate vector direction.

o The tool engagement map describes part of the tool
envelope which is in contact with the workpiece, in the
particular point of the discretized tool path.

o The force map is an output of the VM environment for
predicting milling forces. It consists of the predicted
representative values of milling force components
associated with the points of discretized tool path.

o The system parameters necessary for milling forces
predicting are specific cutting forces (force
coefficients) for the actual workpiece material and
cutting geometry of the mill.

There are two coordinate systems to be defined. One is
the fixed coordinate system of the workpiece Oxyyyzy,
with the origin at zero point of the workpiece. The other
one, the moving coordinate system Oxyz, has its origin on
the top of the mill. In the actual point of the discretized
path it is oriented by the feed-rate vector (vf) and spindle
axis (z), as shown in Fig.la.

7y ® ©
i

Figure 1 Discretized cutting length of the flat end mill (a),
Disc of the differential thickness (b), Differential cutting forces in
oblique cutting on the differential length of the cutting edge (c)

2.1 Procedure for force map construction

The procedure for force map construction for the
programmed tool path has modular structure. The module
used for predicting profiles of instant values of the milling
force components (module simIrev), at one revolution of
the discretized cutting length of the mill [7] as shown in
Fig. la

For the flat end mill with the nominal radius R,, with i
=1 + N; flutes and with j =1 + Ny discs of thickness dz
on the active mill length, differential cutting forces on the
elementary cutting edge (i, ) are:

dF't(l’J) :um(Ktc hs(i’j)dz"_Kte dL)>
dF.(i,j)=um (K, h,(i,j)dz+ K, dL), (1)
dF, (i, j)=um (K, hy(i, j)dz+ K, dL),

where:
u=1 for ¢(i, j) €[0,n], u=0 for ¢(i,j) € (n,2n).

Indicator m (0 or 1) indicates engagement of edge
element in position ¢(4, j), A j) . For the elementary part

of the edge with the angular position @ = ¢(, j) (Fig. 1c)

the contribution to the milling force components, along
the coordinate axes is:

dF, (i, j) = ~dF, (i, j)cosp+dF, (i, j)sing,
dF, (i, j) = ~dF, (i, j)sing — dF, (i, j)cosg, )
dF.(i, j) = dF, (i, ).

The force components acting on the whole mill are
obtained by integration:

Nf Ng Nt Ng
Fo= Y dFG ), Fy =20 Y dFGL)),
i=1l j=1 i=1l j=1 (3)
Nt Nd
Fo=3 3 4R, Fy=o|FI 4 F.
i=1 j=1
Resulting torque is:
Nf Ng
M. =R > dRG.)). )

i=1 j=1

The uncut chip thickness for the elementary edge length i
and the discj is obtained approximately as:

hs (i, ) = hs max (i, )sing(, ). ®)

For the mill runout in accordance with [8] two parameters
as shown in Fig. 2 are to be used:

p.(mm) offset of the axis of the fluted mill length
from the axis of rotation and
6. (rad) angular position of p, from the referent tooth

on the top of the mill (point S, Fig. 2a).

For the elementary cutting edge with the angular position
6 = 0(i, j)mesured from the referent tooth on the top of

the mill, the actual rotating radius (Fig. 2a) will be:

F(i,j) =, cos(0 — 0,)+ | R ~ psin* (0~ 6,) . ©)

Each elementary cutting edge will have calculated
maximum uncut chip thickness (Fig. 2b):
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hymax @ ) =8, +r(i, j)—r(i-1,j), i=2+Ng,

. . N (7
hsmax(lr])zsz +I’(1,])—I"(Nf,]), i=1.

Sz

Figure 2 Runout parameters (a) and max. uncut chip thickness (b)
of the elementary cutting edges of one disc

In case that (7) result in a negative value for A (7)), the
simulation is to be performed with /i 1,,(7,/)=0.

From the simulated profiles of the cutting force
components during one spindle revolution are extracted
their representative values (min, max) which are to be
associated to the current point of the discretized tool path.
Fig. 3 shows overall procedure of creating force map
along the programmed tool path.
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Figure 3 Procedure for costruction of milling force map

Input data structure consists of: the tool frame [T],
specific cutting forces [K], z-map of the blank (Zmap),
increment for discretization of the tool path and post-
processed (G code) part program (Mmap). The output of
the procedure is the force map, with the associated
representative values of the milling force components in
every point of the discretized tool path.

The modules plunger and digger are used for
updating the workpiece volume approximated using the z-

map. They are activated alternately, removing a part of
the workpiece volume, in accordance with the moving
tool swept volume, formed at the element of the
programmed path. Fig. 4 shows their effect in the block
By. The function plunger (Fig. 4b) removes a part of the
volume VywNVrt in the final point Ep(k). The function
digger (Fig. 4c) removes the part of the volume VywNVE.

Figure 4 Functions for updating the workpiece model

Module formater, uses the post-processed part
program and creates the frames of the tool path elements.
The frame refers to one element of the path
(G01/G02/G03). Its attributes are: coordinates of start/end
point, feed rate vector orientation at the start/end point, as
well as programmed feed rate values. For the arcs on the
path, there are also coordinates of the center, arc radius
and central angles at start/end point.

Module fragmenter performs discretization of the
actual tool path element, with the given increment. For
every point there is a formed frame with the attributes:
coordinates (x,y,z) and angle #; between positive direction
of x,, axis and feed-rate vector vy.

The reconstruction of the engagement map [9] in the
point of the discretized path is performed in two phases,
by the modules explorer and zfi2fiz.

The module explorer moves the control half cylinder
of the tool envelope (Cy, Fig. 5) toward the point of the
tool path, in accordance with the attributes of its frame.
There are identified elements of the workpiece z-map,
engaged on that half cylinder and their angle positions (¢)
in the local coordinate system Oxyz.

W
Figure 5 The half cylinder for the reconstruction of the engagement
map in the point of the discretized tool path

In this phase, the engagement map is presented by the
matrix:

My, =192z, ], v=1+ (WAp), (8)

where, according to Fig. 6a: Ag is the angular increment

of the z-map scanning along Cy, ¢, is current angular
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position on Cy. z , and z , are z-coordinates of the

upper and lower point of the engaged z-map elements on
Cu.

The module zfi2fiz is used for the transformation of
the engagement map (8) into the form (Fig. 6b)
convenient for the simulation of the instant cutting forces
at one revolution of the tool discretized by the discs. In
the reconstruction of the engagement map, in this paper, a
limitation has been put — one tool disc is associated with
up to two arcs on the control half cylinder.

@ ® Lia Lyis1d
Lyita 7
7 % i
L |
CH AP fer— Zpy, CH I i
NN R |
e ! N 3 o
0 ' 0 |egd

Figure 6 Elements for the description of the engagement map

Transformed engagement map is a matrix:
MBi,j = [(/]sa,d (/)ea,d ¢Sb,d (peb,d Zd]a d=1+ Nda (9)

where N, is a number of discs on active length of the
tool, ¢, , and ¢, , are entry/exit angle of the first arc
engaged by the disc d. ¢y, and ¢4 , are entry/exit

angle of the second arc engaged by the same disc.
2.2 Example of milling forces map construction

This section includes an example of the milling force
map construction, at machining of the simple contour, in
accordance with the procedure described in Section 2.1.
A milling test is performed for the same contour and
machining parameters, with the aim to evaluate
procedure. Experimental setup (Fig. 7) enables the
acquisition of the signal of two components (£, and Fy)
of the milling force along the machine axes and actual
positions of two servo axes (x, and yy). For the milling
forces measurement 4 component dynamometer with the
RMS (S1) was used. For measuring positions x,, and yy,
LVDT transducers (S2, S3) are used.

Machine: horizontal machining center HMC500/40
(Lola Corp.) with Fanuc 0-M CNC. Tool: flat end mill
DIN 327-2 Type N, @16mm, 3 flutes, HSSE, helix angle
30°, rake angle 11°, shaft @16mm. Workpiece material:
EN AW 7019 (AlZn4Mg2). Runout parameters: p, = 0,04
mm, 6, = 90°. Feed rate v =201 mm/min, spindle speed n
= 895 1/min. Part program, blank (a) and machined part
(b) are shown in Fig. 8.

The time series of the force components F, and F), at
the contour milling, are presented in Fig. 9. Time series of
positions x,, and y,, in this example is shown in Fig. 10a.
Off-line processing of the force measurement data
implies, for each sample, projecting of these components
onto the axes of the moving coordinate system of the tool:

F, = Fcosm; + F sing, (10)
F, =—F\,sinn; + F,, cosn;.

Figure 7 Experimental setup

N200 M3 S895 F201
N210 G43 H16 Z30.
N220 GO X-5.75 Y4.75

N230 G1 Z4.F1600

N240 G1 Z-8. F300

N250 G3 X-10.5 Y0. R4.75 F201
N260 G1 Y-19.

N270 X0.

N280 G3 X19. Y0. R19.
N290 X0. Y19. R19.
N300 G1X-10.5
N310 Y0.

N320 GO X0.

N330 G0 Z30.

Figure 8 Machining example for evaluation of milling force
predictions
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Figure 9 Time series of the force components on the dynamometer
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Figure 10 Time series of the tool positions (a) and reconstructed tool
path (b)

The angle 7; between feedrate vector and x,, for each
sample (k) is calculated using the instant speed values
along the coordinate axes (derivative of signals x,, and
Vw). One revolution of the tool is represented with
samples. Successive revolutions of the tool are marked
with ¢ = 1,2,..., n.. Points with the coordinates x(¢ n;) and
yw(t ng) are associated with the representative values
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(min/max) of the force components defined using the
samples from the intervals [(+—1)n; ¢ ng).

The program SimPath (Fig.4) is used for predicting
the representative values of the force components, for the
same conditions as in experiment. Parameters of the
simulation of forces at one spindle revolution are:

- increment for the tool path discretization: AL,=0,5

mm
- increment of the z-map basis: Am=0,5 mm
- tool discs thickness: dz=0,5 mm
- angular increment of the 1 tool revolution: A8 =1,0°.

Cutting forces for the considered workpiece material
and material of the tool and its cutting geometry
previously discussed, have been identified by the
experiment and based on the mechanistic method [10]:

[Kie Kool N/mm?)=[1113 384,2],
[Kie Kio] (N/mm) =[11,1 11,6].

Fig. 11 shows the results of the program Sim_Path,
with the predictions of the instant values of force
components for simulated 1 tool revolution, in the
position X-5.Y19 (block N300 of the program, Fig. 8).

5
Fx(min/max)=-196.5/836.8
Fy(min/max)=-978.1/-91.5

=91.6/1096.2

l\l\l\l\l’l’l’l‘l’l’/’l‘ﬁ'ﬂa
asvan| ||

-1000 L.

100 300 4

200
Tetaideg]

Figure 11 Example of the simulation results for one point of the
discretized tool path
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Figure 12 Predicted and measured representative values of milling
force components (upper and lower envelope)

In Fig. 11 is also included the updated model of the
workpiece in the current position, as well as the
reconstructed engagement map using described modules —
explorer and zfi2fiz.

For constructing the milling force map min. and max.
values of force components are used, obtained from the
profile of their instant values (simulated one tool
revolution) in each point of the discretized tool path.

Assuming the constant velocity along the tool path, it
is possible to present predicted representative values of
the milling force components as the functions of time. In
that way it is possible to form comparative graph of the
predicted (F.,) and measured (F. ) representative values
along time axis (Fig. 12).

— Ixpmaxp
— xy,max,m

20

_—

220 -10

Figure 13 Predicted and measured representative values
of Fy force along the tool path

Fig. 13 shows the example of the force map with the
distribution of representative values (lower envelope) of
F,, force along the tool path: predicted (F,maxp) and
(Fy,max,m) Obtained from experiment.

3 Predicting of milling forces in final machining of 2D
contours with the constant depth

Achieving of specified accuracy of the machined
contours implies final machining operations with the
uniform stock formed during the previous pass of the
same or different tool. Depending on the shape of the
contour, stock amount, radius of the tool used in the
previous operation and radius of the tool for the finishing
of the contour, the engagement map will be variable along
the tool path. This issue has been described in literature,
and some procedures for the prediction of force for
finishing of rectangular pockets have been discussed [11].

N210 GO X75. Y10,
N220 G1 Z-12. F1000
N230 G1 Y-15, F250

N240 G3 X63.75 Y-34.486 R22.5

N250 G1 X40. Y-48.198 EENW  [JSL [CTE
N260 G1Y-70. EETW [EESA TS
N270 G1 X5.359 Y-90.

N280 G0 Z60. @

Figure 14 Illustration of typical modes at final milling
of the planar contour with constant depth
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This paper includes a more systematic approach. Fig.

14 shows various modes at the final milling of a particular

contour. Generally, it is possible to define the following

regimes (Fig. 14c), at final milling of planar contours:

NW  Zero width of cut, at start/end phases of the milling
of contour

TW Variable immersion (engagement) angle in entry
and exit phase of the mill into/from the workpiece
material

SL  Machining along linear segment of the path with
the width of the cut equal to the remaining radial
stock (nominal stationary conditions)

SA  Milling with circular interpolation. The width of cut
is a result of the remaining radial stock, radius of
the contour and the radius of the tool for the final
pass (pseudo-nominal steady conditions)

TE Transition mode at the end of the path element,
described with one block of the NC program

TS  Transition mode at the start of the path element,
described with one block of the NC program.

Prediction of milling forces along the programmed
path, at final machining of contours with the flat end mill,
with the constant depth is based on several premises:

e Reconstruction of the engagement map at points of
discretized path is achievable from the description of
the path (NC program) and constant parameters: the
depth of cut a, tool radius R; for final pass, radial
stock value 9, used in programming of the previous
milling pass, the radius of the tool Ry, used in the
previous milling pass of the contour and the
parameter which defines the side (left/right) of the
machining.

e The reconstruction of the engaged map along the
programmed path implies the procedure which is
performed in steps. Each step performs the analysis
of the actual program block (an element of the tool
path) and the following one.

e Predictions of the representative values of the milling
force components are performed based on the
reconstructed engagement map and the profile of the
instant values, obtained by the simulation of one
revolution of the tool (module SimIRev, Section 2.1)

The procedure for milling forces predicting, as
presented in this section, is limited to the programming of
the tool path in the mode G40 (without compensation of
tool radius). Processing in one step includes:

e Calculation of entry/exit angle (¢, ¢.) at the starting
segment of block B; according to the initial
conditions transferred from the previous step of the
procedure.

e (Calculation of the limits of specific intervals of block
B; based on the description of blocks B; and B;.;. In
the points on B;, within each interval angles ¢, and ¢,
are to be calculated according to the certain function.
The limits of the intervals on the path element as well
as the angles are to be calculated according to the
particular rule. Subprogram of the rule is to be
initiated depending on the form and the spatial
relation between B, and B}, elements.

Each subprogram for a single rule calculates initial
conditions which are translated into the following step of
the procedure. Fig. 15 gives an example of calculation in
one step, within the module for the reconstruction of
entry/exit angles along the tool path. For all points from
interval L,;, during phases PR1 and PR2 , entry/exit
angles are calculated as the result of the initial conditions
transferred from the previous step. These angles (g5, @.)
are independent from the relationship of the element B;,
the previous and the following element (stationary
conditions) during SR phase.

For points within segmet of the length Ly,( measured
from the end of the B; ), there are two intervals where the
change of the entry/exit angles is defined by different
functions.

Figure 15 An example of translated initial conditions and
characteristic lengths in analysis of one toolpath element

3.1 Translation of initial conditions

Calculation of the entry/exit angle (¢, ¢.), for the
initial conditions, transferred from the previous step, is to
be performed independently from the appropriate rule for
the actual pair of path elements. This paper deals with the
following structure for the description of translated initial
conditions:

o1 02 Gt Pl G2 P12
21 122 G21 P21 G22 P22 (11)
TC=

a1 L2 GA PA G2 P2
with:

t Number of initial condition which is translated
to the following step of the procedure,

Lil, L2 Limits of the /™ initial condition (length along
the path measured from the start point of the
element B)),

Gil Specification of the geometrical element for
identification of the entry angle (¢,) for the "
initial condition,

Pil Additional point of an element for the
identification of the entry angle (¢,), for the i™
initial condition,

Gi2 Specification of the geometrical element for the
identification of the exit angle (¢.) for the i

initial condition,
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Pi2 Additional point of an element for the
identification of the exit angle (¢.) for the "

initial condition.

Intersection of the milling tool projection (circle) and
the appropriate geometrical element, which is used for
description of the modified volume formed by the action
of the block B;-; is to be determined in the reconstruction
of the engagement map for the given initial conditions.
Since the solutions for the intersection points are often
double, the additonal point should be given, which is
closer to the true intersection point. Geometrical elements
Gil and Gi2 are to be defined in one of the following
three ways:

e [0 ¢ 0 o o] for constant value of ¢, and/or ¢,
on the segment (Lil, Li2),
I x1 y1 s y0]if ¢ and/or @, are defined as

the intersection of the milling tool circle (R,) and
the straight line defined with the coordinates of its
two points,

® 2 x. yo R 0]if @, and/or @, are defined as the

intersection of the tool circle (R;) and the arc with
the radius R and the center (xc, yc).

3.2 Rules

Calculation of the characteristic intervals on the path
segment B; and the entry/exit angle (¢, ¢.) in the points
of that segment is to be done by the activating particular
rule (subprogram). Initialization of particular rule is
performed depending on the line type of B; and B;y; and
their spatial relationship.

The rule classification is presented in Fig.16. The
change of the direction refers to the angle between the
feed vector in the point of transition between segments B,
and Bj;;. The change of direction to the right means
clockwise direction of rotation of that vector.

Classification from Fig. 16 implies in total 54 rules of
transition between the subsequent path segments.
Example of calculation of characteristic intervals on the
path segment B; and angles ¢, and ¢, according to a
single rule, is illustrated in Fig. 17.

rule_[G1]

G1
) L | Path offset to the left
Block Bf G2 R| Path offset to the right
G3[T g1

] G2 | | CL | Change direction to the left
Block By G3 | | CR| Change diretion o the right
CT | Without change of direction

Figure 16 Rules classification

Initial elements are coordinate pairs (x,y) of start and
end points (S, E and N) of path segments B;and Bj;,. T is
a current point of the discretized element B;.

Calculations deploy primitive functions (subroutines):
e AngleLL (the angle between two vectors)
o Length (the distance between two points)

e OffsLin (coordinates of the points of the offset line
segment for the specific offset size and side: to the
left (L)/ to the right (R), view down the feed rate
vector.

o [ntLinArc (coordinates of the line/arc intersection
point, the closer one to the specified point).
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L_{ B = AngleLL([S EL.[E N])
L= R8s
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e For 3 <R, tg(%j cos(m —B) exists

Lo,=L, ———
277 sin(m - B)

Length(7,E)< Ly, = (9, =0,90,=0) .
o For: Length(7,E)> L, A Length(7T,E)<L, :
LI0=[S.E]; L20=[E,N]
L11=0OffsLin (L10,(R, —=3).R)
L21=OftsLin (L20,(R, =8),R), AT =[x;.y;.R,]
K =1IntLinArc(AT,L21.N)
¢, =(m /2)—AngleLI([T K],L10); ¢, =0

, that is:

Figure 17 Example of a single rule
3.3 Milling tests

The verification of the presented procedure for the
prediction of forces at the final contour milling, with the
constant depth, has been illustrated with two examples
shown in Fig. 18.

R8(R, N
165 ) (roRe | 165
B —{p201] (P20

74

16.5 16.5

Figure 18 Examples of the final contour milling with constant depth

Table 1 Specific parameters for final milling of contours P201 and 202

Contour P201 P202
Number of mill flutes 4 3
Runout parameters p/6,/ mm/° 0,03/30 0,045/100
Spindle speed n / 1/min 895 800
Feed rate v; / mm/min 268 201
s,/ mm/flute 0,075 0,084
Tool radius in prev.pass R, / mm 16 25
Mode Down Up

Nominal radial stock left after previous pass o = 2
mm. Axial depth a = 6 mm. End mills: DIN 327-2 type N
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(3 and 4 flutes) HSSE, with helix angle 30° and rake
angle 11°. Worpiece: ENAW 7019 (AlZn4Mg2). Other
parameters for final milling of these contours are given in
Tab.1.

Parameters of the simulation of the instant values of
the force components (1 tool revolution) are the same as
in example in Sec. 2.2. Programmed tool path for contour
P201 implies the following rules for calculation of angles
o/p.: GI/GI/CL/L, G1/G2/CT/L, G2/G1/CT/L and
G1l/G1/CL/L. Finishing of the contour P202 implies
execution of the following rules: G1/G3/CT/R,
G3/G1/CT/R, G1/G1/CR/R and G1/G1/CL/R. Calculated
entry/exit angles along tool paths are shown in Fig. 19.

hm”
10,
(A

Xw [mlg ] ) H HH ‘ \

il

Xw [mm] 10

-40
Figure 19 Entry/exit angle along the discretized tool paths in the final
contour milling passes a) path P201 b) path P202

Min/max values of particular force components are
obtained by the simulation of a single tool revolution in
each point of the discretized path for calculated angles ¢,
and @.. Comparative views of the representative values
(lower envelope) of the component F), (predicted (F), min p)
and obtained from experiment (F) yinm)) are given in Fig.
20.

20 yw[mm]

Xw [mm] 40 40

Figure 20 Predicted and experimentally obtained representative values
of the component F, at the final milling passes, a) path P201 b) path

P202

4 Conclusion

Procedures for prediction of milling forces, in the
form of force maps, presented in this paper, could be
treated as one of the most important building blocks in
virtual manufacturing environment. Required input data
structure is slightly expanded (specific cutting forces) in
comparison with the files which are generally formed
during standard CAM session.

Reliability of these procedures was proven through
their softvare implementation and milling tests, for class
of milling operations. The first procedure (using z-map) is
suitable for rough milling operations. System of rules and
concept of translation of initial conditions were used in
development of the second procedure, which is suitable
for finishing of planar contours.

There are several reasons for greater quantitative
differences between measured and predicted values in
some segments of toolpaths. One of them is the fact that
model of rigid bodies was used. On the other side,
experimental results are influenced by additional change
of uncut chip thickness caused by significant compliance
of the dynamometer. Lower accuracy of predictions in
Fig. 12 are partly caused by chosen resolution of z-map.
Finally, in examples in Fig. 20 expected errors (start/end
sections of the tool path) are caused by absence of
workpiece model in reconstruction of tool contact area.

5 References

[1] Ko J. H.; Yun W. S.; Cho D. W.; Ehmann K. F.
Development of a virtual machining system, part 1:
Approximation of the size effect for cutting force
prediction // Int. J. of Machine Tools & Manufacture. 42,
1(2002), pp. 595-605.

[2] Altintas Y.; Brecher C.; Weck M.; Witt S. Virtual Machine
Tool, Keynote Paper of STC M // Annals of CIRP. 54,
2(2005), pp. 651-674.

[3] Li, J. G.; Zhao, H.; Yao, Y. X.; Liu, C. Q. Off-line
optimization on NC machining based on virtual machining
// Int. J. Adv Manuf. Technol. 36, (2008), pp. 908-917.

[4] Mandi¢ V. et al. Concurrent engineering based on virtual
manufacturing. // Tehnicki vjesnik-Technical Gazette. 19,
4(2012), pp. 885-892.

[5] World Modeling, Value Judgment and Knowledge
Representation. // Engineering of Mind / Albus J. S
Meystel A. M.: John Wiley and Sons, 2001, pp. 195-242.

[6] Lee, U. H.; Cho, D. W. An intelligent feedrate scheduling
based on virtual machining. // Int. J. Adv. Manuf. Technol.
22,(2003), pp. 873-882.

[7]1 Mechanics of Metal Cutting // Manufacturing Automation /
Altintas Y.: Cambridge University Press, 2000, pp. 4-64.

[8] Armarego, E. J. A.; Despande, N. P. Computerized
predictive cutting model for cutting forces in end-milling
including eccentricity effects. // Annals of CIRP. 38,
(1989), pp. 45-49.

[9] Jang, J. Z.; Wang, Q. F.; Hung, Z. D.; Chen, G. Cutting
area extraction from a Z-map model. // Int. J. Adv. Manuf.
Technol. 33, (2007), pp. 1010-1016.

[10] Budak, E.; Altintas, Y.; Armarego, E. J. A. Prediction of
Milling Force Coefficients From Orthogonal Cutting Data.
//" Journal of Manufacturing Science and Engineering,
Trans. of the ASME. 118, (1996), pp. 216-224.

[11] Bae, S. H.; Ko, K.; Kim, B. H.; Choi, B. K. Automatic
feedrate adjustment for pocket machining. // Computer-
Aided Design. 35, (2003), pp. 495-500.

1034

Technical Gazette 20, 6(2013), 1027-1035



B. Kokotovi¢, M. Glavonji¢

Predvidanje sila glodanja u virtualnom obradnom sustavu

Authors' addresses

Branko Kokotovié, M.Sc.(ME)
University of Belgrade

Faculty of Mechanical Engineering
Kraljice Marije 16

11120 Beograd 35

Republic of Serbia
bkokotovic@mas.bg.ac.rs

Milo§ Glavonjié, Ph.D., Full.Prof.
University of Belgrade

Faculty of Mechanical Engineering
Kraljice Marije 16

11120 Beograd 35

Republic of Serbia
mglavonjic@mas.bg.ac.rs

Tehnicki viesnik 20, 6(2013), 1027-1035

1035



	1 Introduction


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice





