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ABSTRACT

Today’s global market is fiercely competitive. This circumstance, combined with increasing pace of technolo-
gical development and customers demanding high-quality custom or semi-custom solutions, produces a highly
dynamic engineering context. For example, aeronautical sector requires high-performance machining of inno-
vative hard materials, both metallic (titanium) and composite, therefore the objective to decrease the manufac-
turing time and costs becomes a hard challenge that can be tackled only with a proper research effort.
According to the classical approach, machine tools designers are supported only by CAD and FEA software,
but when performance specifications become particularly demanding, those software aren’t able to estimate
with the required level of uncertainty the final effect of alternative design choices: in these cases, new tech-
niques are necessary to allow a direct evaluation of performance required by the customer (e.g. material re-
moval capacity, tracking accuracy,...), reducing therefore the risk of product failure already from the first proto-
type.

New software tools and methodologies, available today, allow, by integrated simulation models, to analyze the
complex interaction between machine structure (represented by a FE model), control system, cutting process.
This paper exploit this approach and outlines a design methodology that permits the estimation of the final
machine performance and the identification of the components that mainly concur in limiting them. The pro-
posed approach is applied to propose structural and control modification to a machining center.
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formance depends on the machine dynamic behavior, like

1 Integrated Machine Tool design for dynamic per- the ability to remove in a short time a large volume of

formance work piece material (i.e. the “material removal capability”)
Design of a production machine is a very complex activity, and to move along complex trajectories with a prescribed
that must consider diverse objectives and constraints, accuracy (the “tracking capability”). In order to reach the
e.g.: cost, ergonomics, occupied space, operational flex- optimal tradeoff in dynamic performance, the designer
ibility, power consumption, etc. Some key machine per- acts on numerous design parameters, some of them
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Figure 1 integrated design strategy for machine dynamic performance optimization
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linked to commercial components, like ball-screws and
bearings, others to custom made structures (typically
welded steel plates or cast iron). The relationship be-
tween those elements and the global machine perfor-
mance is often very complex, taking also into account that
modifications of the mechanical structure usually require
a new tuning of the control system.

While optimizing the mechanical structure, today designer
can rely on the fundamental help of Finite Element Analy-
sis that allows the forecast static and dynamic machine
compliance. This information is surely relevant but doesn't
constitute alone a performance factor with a value recog-
nized by the end-user: the gap between this data and the
real machine capability is usually filled with the designer
experience, who must be able, for example, to translate a
required machining capability into an equivalent specifica-
tion on the dynamic compliance. This approach is very
effective when developing traditional machines, for which
a significant experience is available, but involves a strong
risk in the development of innovative solutions.

The alternative approach proposed in this paper is to de-
velop modeling strategies and analysis methodologies
able to directly forecast the performance asked for by the
end user. The analysis is based on a comprehensive
structural model of the machine, conceived to be inte-
grated with the cutting process on one side and with the
control system on the other. For that reason it must in-
clude an adequate description of the spindle, the motors
and the sensors. Depending on the analysis goal, the
structural model, after an adequate reduction of the num-
ber of degree of freedoms (by a Component Mode Syn-
thesis approach [3]), can be assembled to a model of the
drive system and/or to a cutting process.

The numerical examples shown in the paper refer to a
milling machine with three linear axes and an horizontal
spindle. The machine, produced by Mandelli Sistemi, has
been modeled by the authors following the depicted ap-
proach: Some sensitive performance data are reported in
the following only as percentage values to respect the
company confidentiality.
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Figure 2 The analyzed machining center

Y and Z axes are gantry (i.e. driven by two parallel ball-
screws), while the X axis has a single ball screw. The
structural model is then assembled with a numerical
model that reproduce qualitatively the behavior of an in-
dustrial drive [16].

2 Structure — control interaction

High performance machines should be able to follow a
path rapidly and precisely. An example is presented to
show how the integrated model helps to identify best
structural modifications that minimize the contouring error.

The dynamic performance is evaluated as radial error
along a circular test trajectory, described in the following
table.

Diameter 20 [mm]
Feed 5000 | [mm/min]
Acceleration 1 [m/s?]

Table 1: circular test specification

The mechatronic model is assembled and tuned accord-
ing to the classic control theory and to the industrial prac-
tice (notch filters and feed — forward are also considered).
Frequency Response Functions computed during the Z
axis position loop tuning show that a resonance near 14
hz limits the achievable gain (usually called Kv): higher
values, as that one used in the following figure (Kv in-
creased by 60% respect the final value), generate an un-
acceptable dynamic amplification near the resonance
frequency.
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Figure 3: closed position loop response of the Z axis
with very high Kv gain

The closed loop position bandwidth is therefore limited at
1.5 hz (-3dB). The simulated circular test shows an unac-
ceptable contouring error of 0.9 mm.

The integrated model is therefore used to identify an op-
timal structural modification in order to modify the limiting
vibration mode. lts shape is shown in the following figure:
the entire structure of the X and Y axes oscillates along
the Z axis. In order to identify the structural components
that mostly influence this mode, the analysis of the poten-
tial energy, stored in the elastic structure, is used.
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Figure 4 Shape of the rﬁode that limits the achievable
gain of the Z axis
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Figure 5 Potential and Kinetic energy distribution in differ-
ent machine components




Figure 5 shows the potential and kinetic energy of the
structure oscillating at the first mode: 70% of the potential
energy is associated to the two screws of the Z axis: for
this reason an increase (by 100% in this example) has
been proposed for the Z axis ball screws diameter.

With the new screws the natural frequency of the ex-
amined mode is increased by 37%: a new drive tuning
propagates a positive effect on all control parameters
related to the Z axis, shown in Table 2: the position loop
gain in increased and the feed-forward filter time constant
decreased.

X axis Y axis 7 axis
Proportional gain of the | +0% +0% +10%
velocity control loop
Speed integral constant | +0% +0% -100%
time
Proportional gain of the | +60% | +60% | +60%
position control loop (Kv)
Feed forward filter, time |-1000% | -1000% | -1000%
constant
Mode 1 frequency from 14.4Hz to 19.8Hz

Table 2

As shown in Figure 6, the position loop bandwidth of the
modified machine is increased from 1.5Hz up to 3Hz.
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Figure 6 closed position loop response of the Z axis
with two different ball-screw diameters
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Figure 7 circular error with small and enlarged Z axis
ball-screws

A corresponding effect can be seen on the contouring
error, shown in the Figure 7 (were also initial and final
transient oscillations along a circular trajectory with con-
stant speed are visible). The radial contouring error is
now 0.1 mm, about ten time less respect the original ma-
chine.

3 Interaction between machine and cutting
process

In many structural components, especially for in the au-
tomotive and aerospace industry, up to 90% of the ma-

terial is removed from the workpiece during cutting, there-
fore it is necessary to focus the research efforts on the
Material Removal Rate (MRR) maximization in order to
decrease the manufacturing time and the corresponding
costs.

Basically, MRR is limited by the available spindle power
or torque and/or by the occurrence of a high level of vibra-
tions that affects surface quality (important for finishing
operation), cutting edge and spindle bearings integrity
(mainly for roughing operations).
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Figure 8. Simplified dynamic milling model - regener-
ative effect

Cutting processes produce two types of vibrations: self-
excited vibrations and forced vibrations. Forced vibrations
are simply due to the dynamic response at tool and work-
piece due to cutting force excitation, that in milling is
usually highly discontinuous. Self-excited vibrations have
instead a more complex source. To some degree, all mil-
ling tools and workpieces exhibit vibrations as their teeth
cut into the workpiece, leaving a wavy surface. If the
waves of the following cuts match in phase, the chip
thickness is constant and the milling process is stable.
When the waves are out of synchronization (as in the
previous picture), the chip thickness varies, and the sys-
tem can become unstable: minute regenerative vibrations
grow to undesired high vibration levels, described as ‘re-
generative chatter’.

Chatter vibrations in machine tools have been extensively
investigated in the past 40 years [4]-[14]. In particular, the
concept of stability lobes, introduced about 39 years ago,
initially for turning, can be employed to know in advance
under what cutting conditions the machine will be most
stable. A stability lobes diagram (SLD) shows the boun-
dary between chatter-free machining operations and un-
stable processes, in terms of axial depth of cut and spin-
dle speed (see Figure 9): it is characterized by a critical
depth of cut, that is the limit under which cutting is stable
for all spindle speeds, and by several stability pockets,
where the stable depth reach higher levels.

3.1.1 Factors that influences the cutting process

Cutting stability, in terms of SLD, is influenced by several
factors. Such factors can be grouped into two main cate-
gories: process factors and dynamics factors. In Figure
10, a fish bone diagram of the influencing factors is de-
scribed. Process factors are related to tool geometry,
workpiece material, cutting conditions, etc.: in general,
they should be taken into account by the process planner
for a global optimization of the machining operations. On
the other hand, dynamic factors involve also the machine
behavior and determine how a machine tool suites the



prescribed requirements in terms of cutting capability
(when it is limited by regenerative chatter).
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Figure 9. Example of Stability Lobes Diagram

Since the dynamics performances are clearly the product
of a complex interaction between structural behavior, con-
trol, spindle characteristics, an holistic design approach is
necessary in order to evaluate the effects of alternative
design choices on the stability limit.
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Figure 10. Fish bone diagram for Cutting Stability

The relationship between SLD and the above-mentioned
influencing factors can be analyzed exploiting a reduced
set of quantities indicated by theory, for example adopting
the 0"-order approach described in [14]. In particular, the
critical depth of cut in peripheral milling is influenced by
the following terms:
K
1. [A0]=f @..9,..,— | where @, is the en-
Kl
trance angle of the end mill into the workpiece,
@, is the exit angle, K; is the radial cutting

coefficient and K; the tangential cutting coeffi-
cient.

2. [Grool—WP (a))] that is the matrix expressing the

relative dynamic compliance between tool and
workpiece, measured along feed (X) and ortho-
gonal direction (Y), so that X and Y define the
milling plane; it is constituted by both the direct

terms, i.e. G ,.i_wp (w) and Gy oor-wp (@),

and cross terms i.e. nym,_wp(a))and

ny tool-WP (a)) .

[Ao] can be traced back to process factors, while [Giowp]
is the relative dynamic behavior “observed” between tool
tip and workpiece, and it takes into account the mecha-
tronic performance of the whole machine tool, including
tool, workpiece and spindle.

Process factors Ag and dynamic factors G are strictly in-
terconnected: the importance of a specific pattern identi-
fied in the dynamic compliance matrix depends on the
analyzed machining operation, namely on the matrix [Ao]:
the relationship between SLD and G(w) needs to be fur-
ther examined in order to define corresponding design
criteria, as described in the following paradigmatic cases.

Dynamic Compliance: minimum of the real part

The critical depth of cut (b) is strictly related to the mini-
mum of the real part of the tool tip dynamic compliance:
this minimum corresponds to a natural frequency of the
system and it is located at a slightly higher frequency. For
a structure that is well described as a single dregree of
freedom system, as it is often the case in turning, ber is
inversely proportional to this minimum, as described by
the notorious Tlusty’s formula [5]:

-1

b = 2K min(Rel(G(@)) @

where G is the dynamic compliance along the considered
DoF.

When milling is considered, the Eq. (1) does not holds,
since the interaction between feed and orthogonal direc-
tion may amplify or mitigate the effect of the single reson-
ance for each terms of the compliance matrix

[GrooZ—WP (a))] Moreover, the importance of compliance

directions varies as a function of the direction of the aver-
age cutting forces, which depend on the cutting parame-
ters (see the following paragraph). However, the value of
the minimum of the real part of dynamic compliance
represents surely the first criterion to have a general idea
of the performance in terms of cutting capability.

Directions relevance and coupling

Before computing SLD, the compliance matrix is weighted
and reoriented by a pre-multiplication with matrix [Ao].
This basically means that the importance of the dynamic
compliance direction depends on the considered cutting

parameters, in particular @,,, @, , and all those that

impact on K:; and K. For instance, a machine tool may be
very compliant in the x direction, but showing a good per-
formance in terms of cutting capability because the consi-
dered cutting operations load mainly the y direction. Ma-
trix [Ao] also “reshuffles” the directions, introducing an
interaction between x and y compliances: if two important
resonances, one in x and the other in y, are near in fre-
quency, Tlusty’s formula may be unreliable and the sta-
bility performance must be determined considering simul-
taneously x and y directions.

Beyond the first lobe. ..nothing
In the SLD, lobes can be numbered with respect to the

tool passing frequency (TPF) that excite the system. The
“1*! lobe” corresponds to a TPF that is equal to the reson-



ance amplified by regenerative mechanism (the “chatter
frequency”), the 2" lobe corresponds to a TPF that is an
half of chatter frequency, and so on for the 3 , 4™ ..., =™
lobe, that accumulate toward the null spindle speed axis.
Beyond 1% lobe, the stability limit increases indefinitely,
up to very high values, usually impeded by tool breakage.
Therefore, the dynamic behavior of the system at fre-
quencies sufficiently lower than the TPF is irrelevant. This
is the reason why, for high speed milling machines, the
low frequency modes, that usually involve the whole ma-
chine structure, are less important than spindle and tool
dynamics (usually characterized by higher resonance
frequencies). Note that a high TPF does not imply neces-
sarily a high cutting speed, but only a high spindle speed;
sometimes necessary in order to maintain a cutting ve-
locity at an acceptable level when tool diameter is particu-
larly small.

How much does TPF have to be higher than the maxi-
mum frequency to be considered? The effect of a vibra-
tion mode on the dynamic compliance spans beyond its
natural frequency. It means that the complex value of the
FRF at a certain frequency may be influenced by the ef-
fect of a mode at a lower frequency: this influence decays
with the distance between the mode frequency and the
FRF range under consideration. The decay ratio is a func-
tion of the natural frequency itself and the damping ratio.
Defining the threshold a as the ratio between the mini-
mum of the real part associated to a mode shape and the
residual value of the contribution of this mode at higher
frequencies, the extent of the range in which this contribu-
tion is still important can be computed as follows:

opJaps 126+ a-208 1 2EE TN 2bat £+ Eo +1-07))

span

()

o

where @), is the natural frequency of the considered

mode shape and § the damping ratio.

Hence, the influencing dynamic content must be found
also at frequencies lower than TPF, according to the val-

ue of @.

span *

As f is usually very small, @,

span

is rarely

greater than the 5% of @, .

Process damping

The so called Process damping is a mechanism that in-
crease cutting stability at low spindle speed. It is generat-
ed at the interface between the tool flank and the ma-
chined surface during dynamic cutting (see [15] for a
comprehensive treatment). However, even to date, mod-
eling of the process damping is still difficult.

Roughly speaking, when the chatter frequency that is
supposed to limit the cutting capability is progressively
higher that the TPF, vibrations provoke a plastic impact
between the tool flank and the machined surface that,
dissipating energy, helps in stabilizing the process. This
means that the limiting depth of cut associated to high
order lobes progressively increase as the spindle speed
vanishes. Process damping depends strongly on cutting
edge geometry, in particular increases with cutting edge
wear.

Due to process damping, the useful frequency range of
dynamic compliance presents also an upper bound: by
experience, this boundary frequency can be posed equal
to around 30 times the TPF. However, the effects of
process damping can be perceivable also for resonances

that are 5 times the TPF (it depends on tool geometry and
machined material).

3.2 Methodological guidelines

Chatter theory provides the conceptual framework to es-
tablish design guidelines for development of new machine
tools that fulfill cutting capability requirements. The idea is
to identify a set of basic cutting operations that the ma-
chine must execute, together with the associated perfor-
mance target. Now, dynamic compliance can be com-
puted from machine integrated model and, from it, the
SLD can be computed as well.

Then, the analysis of influencing factors can be exploited
to identify patterns in tool-workpiece dynamic compliance
that are limiting cutting capability. The designer can use
this information to define proper design modifications.

The methodology is illustrated by example in the following
paragraphs.

3.3 Effect of possible structural modifications on
the machining capability

To demonstrate the proposed approach, the effect of
possible mechatronic machine modifications on machin-
ing capability are analyzed in the following.

In order to predict the machining capability, the relative
dynamic compliance between tool and workpiece must be
estimated. The FRF, depicted in the following figure, has
been computed using the mechatronic machine model,
with the active drives control, because they can have a
significant influence on the achieved damping of low fre-
quency modes, as it will be shown in the following.
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Figure 11 Dynamic compliance between tool and
workpiece

As previously discussed, chatter is more likely to occur at
frequencies near minimums of the real part of the dynam-
ic compliance. A typical situation, occurring also in this
case, is to face two distinct regions of negative com-
pliance: at “low” frequencies, related to the first global
modes of the machine (here between 10 and 80 hz ap-
prox), with a significant axes participation and at medium
frequencies (here between 500 and 900 hz), with a signif-
icant participation of the spindle and head region (modes
at even higher frequency are usually related to local tool
compliance and therefore interesting while designing a
new machine).

3.4 A first test: effect of drive tuning on low speed
milling

The effect of alternative drive tuning on the machining

capability is investigated: the considered milling operation

is characterized by a low Tool Passing Frequency, in or-



der to mostly interact with the low frequency modes: tool
diameter: 80 mm, 6 cutters, cutting speed Vi =160m/min
— 318rpm. The workpiece material is an unalloyed steel
(Ki=1800N/mm?; K.=800N/mm?). The effect of the higher
frequency resonance (near 710 hz) is negligible, because
of the process damping, previously discussed.

Feed direction (v)
Rotationsense: C Y

| Down-Milling
Figure 12 cutting test 1 data (low TPF)

A less aggressive drive tuning, characterized by lower
gains, can increase the damping of the low frequency
modes (here around 20hz), bringing to a higher minimum
of the real part (especially in the X direction), as hig-
hlighted in the following figure.
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Figure 13 higher damping of low frequency modes
with a softer tuning

The corresponding lobe diagram shows, as predictable, a
better material removal capability with the softer tuning. At
higher frequencies the control action vanishes leaving an
unchanged dynamic compliance: as a consequence, the
two SLD coincide at high rpm.
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Figure 14 SLD with two different drive tunings

3.5 A second test: effect of head mass reduction
on a high speed milling

A second study has been conducted for an higher fre-
quencies machining operation on Aluminium (Al 7050:
Ki=800N/mm?; K,=300N/mm?):

tool diameter: 14 mm; 4 cutters

cutting speed: Vi=580m/min. -->6590rpm )

radial depth of cut: 7 mm (@in = 90°, @out = 180°)

Given the TPF, the mostly involved resonance is near 700
hz, with a local deformation of the spindle and the head.

A test has been executed to evaluate the effect of a ge-
neric reduction of the head weight: this is generally desir-
able, in order to obtain a better low frequency behavior,
but it can increase the dynamic compliance at higher fre-
quencies, where inertia is very effective in opposing ex-
ternal disturbances.

A distributed weight reduction of 200 kg has been applied
to the existing head (leaving more detailed re-design of
the component to a successive phase, to be executed
only in case of positive results).

The following figure shows how the dynamic compliance
increases, especially in the X direction. The correspond-
ing SLD, not reported for brevity, quantifies a reduction of
the bijim from 10.45 mm to 9 mm.

It is therefore fundamental to adopt an holistic approach
when conceiving alternative design solutions, to avoid
that a predictable performance increase, e.g. in terms of
low frequency dynamic behavior, produces also unat-
tended worsening in terms of higher frequency cutting
capability.
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Figure 15 worst dynamic compliance in the medium
frequency range due to a head weight reduction

4 Conclusions

A machine tools designer, while defining its mechanical
structure, must consider very different and competing
requirements, like the material removal capability and the
dynamic accuracy along complex trajectories. Traditional
CAE tools, like the Finite Element packages provide use-
ful insight in the static and dynamic behavior of structure
but are not able to directly forecast the machine perfor-
mance required by the end user. An integrated analysis
approach is therefore proposed and demonstrated, able
to joint an accurate representation of the mechanical
structure with the cutting process and the control system.
The modes shapes identified as critical from the control
and/or cutting process point of view are then analyzed, by
an energetic approach, to identify structural components
that mostly influence the mode and should be target of
design modifications.



The proposed approach has been applied testing the ef-
fect of two different structural modifications and two dif-
ferent drive tuning on a machining center model.

In order to provide an effective tool to industrial users, a
set of automated analysis functions are currently under
development, to be able to optimize the machine structure
with a multi-objective approach.
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